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Editors’ Preface 

The continued success of VITAMINS . ~ N D  HORMONES indicates that these 
volumes are meeting a need for critical summaries of the progress of vitamin 
and hormone research. 
Only those who have attempted to write a critical scientific review realize 
how much intense work and careful thought have entered into the prepara- 
tion of the chapters contained in the present volume. The material has been 
gleaned from variety of chemical, physical, biological and medical jour- 
nals, then autiously digested and carefully presented. The Editors wish to 
express their appreciation to each author for his contribution to  the success 
of this publication. 

Book reviews of previous volumes have offered constructive criticisms 
that have been helpful to the Editors in planning for future volumes ot 
VITAMIXS AXD HORMONES. To some reviewers and readers i t  has seemed 
that each volume is a series of disconnected articles. Since there are many 
vitamins and hormones and since the research on each must be reviewed 
from the chemical, biological and clinical viewpoint before the subject is 
completely covered, the contents of any one volume must necessarily be 
somewhat unrelated. The subject matter of successive volumes will in- 
tegrate more and more until VITAMINS AND HORMOXES eventually becomes 
a complete reference to all active research in the vitamin and hormone 
field. Meanwhile, each chapter will serve as a thorough summary of progress 
in a small area of these fields and point the way toward which future re- 
search should be directed. 

ROBERT S. HARRIS 
KENNETH V. THIMANN 

August, 1945 
Cambridge, Massachusetts 
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I. INTRODUCTION 

In discussions on the possibility of setting up standard values for the 
requirements of vitamins by man and animals most opinions lie between 
two extremes. According to one school of thought the problem presents 
little difficulty, On the principle that the speed of a navy is that of its 
slowest ship the deciding factor in determining the adequacy of any diet 
will, in the long run, be that vitamin which is present in the least amount 
in relation to the physiological requirement. The provision of extra supplies 
of other nutrients mill not afford any compensation, and the requirement 
of each vitamin may therefore be considered separately as a simple ques- 
tion concerning that vitamin only. At the other extreme, the view is held 
that the requirement for one vitamin will be influenced so profoundly by 
the intakes of others that it is impossible to fix a minimum requirement 
which will remain constant when the other constituents of the diet are 
changed. Thus the standard value for the requirement of one particular 
vitamin, as estimated under experimental conditions with a basal diet 
which is intended to contain adequate amounts of all other vitamins, is 
considered to be liable to grave inaccuracy when the basal ration is re- 
placed by an ordinary mixed diet of uncontrolled vitamin content. 

The purpose of this article is to collect evidence on the “interrelation” 
of vitamins. This term has been widely interpreted to include not only 
instances in which the intake of one vitamin influences numerically the 
requirement of another, but a150 caae8 in which vitamins participate in 
related physiological or biochemical systems, or are concerned in the 
development and maintenance of the same tissues. Some notes on termin- 

i 
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ology may not be out of place. “Interrelation” has been used in a general 
sense to cover all aspects of interplay between vitamins. “Association” 
implies that two vitamins are concerned in the same sphere of influence, 
whether defined physiologically, biochemically, or morphologically, but 
does not infer a direct chemical or physiological connection, or imply 
that the requirement of one is necessarily influenced by the intake of the 
other. “Interaction” is reserved for instances in which a direct connection, 
either chemical or physiological, between two vitamins has been proved. 
For interaction in which the requirement of one vitamin is reduced by a 
liberal intake of another the term “synergism” as used by Hickman (1) 
may be appropriate. The term “secondary deficiency” means a deficiency 
of vitamin which is not merely due to a low dietary intake, but which is 
“conditioned” or aggravated by some other factor, such as an inadequate 
supply of another vitamin. It is not used in the sense accepted by some 
workers to designate the less conspicuous of two superimposed deficiencies, 
for which “concurrent” or “minor” would seem to be more apt descriptions. 

Since no serious attempt to deal with the interrelation of vitamins seems 
hitherto to have been made, the author in his search for material has been 
denied the usual assist,ance afforded by the bibliographies of previous 
reviews. Apologies are offered to the authors of any relevant work which 
has inadvertently been overlooked. 

11. THE INTERRELATION OF VITAMINS IN VITRO 

It will be convenient to discuss instances of interrelations between 
vitamins under separate headings according to the circumstances under 
which they have been observed. Clearly, however, such classification will 
often depend on the particular aspect of the complete story which has so 
far come to light. An interrelation which has already been found inv ivo  
may later be found in vitro, or vice versa, as indeed has already occurred in 
one instance. Classification is therefore based on the evidence at  present 
available, and the distinctions drawn between different types of interrela- 
tion may not always be genuine, 

1. Carotene, V i tamin  A ,  Linoleic Acid, T O C O ~ ~ T O ~ ,  and Ascorbic Acid 

The potency of the tocopherols as antioxidants enables them to protect 
many of the readily oxidizable constituents of fats, including carotene 
and vitamin A. Some of the work in this field was reviewed briefly by 
Mason in Volume 2 of this series (1944). Golumbic.(2) studied the action of 
tocopherols in stabilizing animal fats and related substances, and found 
that their antioxidant power was shared by hydroxychromans and hy- 
droxycoumarans. Quackenbush, Cox, and Steenbock (3) found that, 
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a-tocopherol protected carotene when dissolved in ethyl linolate. It may be 
recalled that the oxidation of carotene in purified esters, with a correspond- 
ing loss in biological activity was reported many years ago by IIume and 
Smedley-Maclean (4). According to Quackenbush and his colleagues, 
tocopherol \\-as no better than hydroquinone as an antioxidaat for carotene 
in vitro, but was much more effective in protecting the carotene, and so 
securing full biological activity, when the solution in ethyl linolate mas 
administered to rats. This relatively greater power of tocopherol in pro- 
tecting carotene in the alimentary tract was ascribed to its remaining with 
the fatty phase during digestion, nhereas hydroquinone n-ould presumably 
be largely separated into the aqueous phase. Recently Hove ( 5 )  estrncted 
a lipoxidase, capable in vitro of osidizing carotene in the presence of linoleic 
acid, from the stomach of rats, but not from their intestines. This enzyme 
is inhibited by a-tocopherol. Hilditch (6 )  has found that tocopherol pro- 
tects preformed vitamin A in margarine when i t  is exposed to  air a t  room 
temperature. 

Another vitamin which may be concerned in the oxidation of fats is 
ascorbic acid, which according to Golumbic and Mattill (7) enhances the 
activity of tocopherols in preventing the oxidation of certain vegetable 
fats. Aqueous colloidal solutions of Carotene, n ithout tocopherol, are also 
protected by ascorbic acid (8). It is clear, therefore, that the \-itanrim 
mentioned, and also the “essential’) linoleic acid, may interact in fatty 
mediums either as substances liable to osidation, or as antiosidants. I t  
seems probable that future research will rcvcal other instances of intcr- 
action in fatty media, and possibly will implicate other vitamins. Already 
Pavcelc and Shull (9) have sh0n.n that biotin is inactivated by rancid fats, 
from which it is protected by tocopherol. While in some cases the chemical 
behavior of the vitamins in fats may be related to their physiological 
activity, in others their reactions when exposed to osidative influences may 
merely conform with those of the other constituents of the fat. 

2. Ascorbic Acid and Ribo$avin 

Kon and Watson (10) found that the exposure of cows’ milk to light 
caused a rapid destruction of ascorbic acid. Since the effective raysn-ere 
found to be in the visible region, in which ascorbic acid has no absorption, 
i t  n-as obvious that the reaction was activated by some other substance 
or substances capable of absorbing visible light. Later i t  was found by 
Hopkins (11) that ascorbic acid is rapidly destroyed when exposed to 
sunlight in the presence of riboflavin. The riboflavin itself n-as converted 
to lumichrome and other products, which were however still capable of 
acting as sensitizers for the oxidation of ascorbic acid. Hand, Guthrie, 
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and Sharp (12) showed that the photochemical oxidation of ascorbic acid 
in milk was due to the presence of riboflavin and could be prevented by 
the removal of oxygen. 

111. THE ASSOCIATION OF VITAMINS IN FUNCTION 
1. Ascorbic Acid, Vitamin P,  and Capillary Resistance 

The best example of combined action of vitamins in performing a single 
function, if the evidence so far available may he accepted, is perhaps to be 
seen in the interaction of ascorbic acid and vitamin P in preventing capil- 
lary hemorrhage. The early attempts of Bentsath, Rusznyak, and Seent- 
Gyorgyi (13, 14) to demonstrate that guinea pigs needed an additional 
vitamin to supplement the action of ascorbic acid did not carry cvonviction. 
ZiIva (15) and Moll (16) were both unable to confirm the claims of Szent- 
Gyorgyi and his colleagues, who mas himself unable to repeat his experi- 
ments (17). Scarborough (18) and Zacho (19), however, confirmed the 
action of vitamin P, in the form of citrin or other flavone pigments, in 
maintaining capillary resistance. Citrin alone considerably increased 
capillary resistance, but the simultaneous presence of both citrin and 
ascorbic acid was said to be necessary for the maintenance of resistance 
at its normal level. Bacharach, Coates, and Middleton (20) have proposed 
the introduct,ion of a biological test in which capillary resistance in guinea 
pigs given adequate doses of ascorbic acid was found to vary consistently 
with graded doses of vitan4n P, which \\'as given either as crystalline hes- 
peridin, or as an aqueous exLract of orange peel and pulp. An experiment 
in the converse direction, to fi id whether capillary resistance is correlated 
with the ascorbic acid intake w: on vitamin P is controlled at an adequate 
level, seems highly desirable. 

2. Vitamin A ,  Riboflavin, and Ascorbic Acid in Dark Adaptation 

The preservation of normal powers of dark adaptation is another func- 
tion in which, according to some workers, more than one vitamin is con- 
cerned. Kimble and Gordon (21) found that most individuals in their 
experiments who had poor dark adaptation and a low level of vitamin A 
in the blood could be brought into the normal ranges for both these criteria 
by dosing with vitamin A, Other individuals, however, failed to show the 
usual response. This led to the belief that other factors must be involved 
in the utilization of vitamin A for the synthesis of visual purple, and both 
riboflavin and ascorbic acid were tried as supplements to the action of 
vitamin A. Several otherwise normal subjects with poor dark adaptation 
and low blood vitamin A were given 200,000 I.U. of vitamin A daily as 
halibut liver oil, but failed to respond. I t  is perhaps rather difficult in thc 
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absence of fever or liver disease to understand why the blood vitamin A 
remained low when such vassive doses of halibut livep oil were given, 
unless the normal post-absorptive rise was intentionally avoided by taking 
blood samples shortly before administering the daily dose. According to 
Kimble and Gordon, however, normal values for blood vitamin A and 
normal dark adaptation were usually restored at once in these cases by 
giving 1 mg. of pure riboflavin daily in addition to vitamin A. In other 
subjects who did not benefit from this treatment, satisfactory improvement 
was obtained by giving ascorbic acid. 

The possibility that ascorbic acid may be concerned in dark adaptation 
has also been suggested by Stewart (22). He reports that in attempts to 
improve dark adaptation by additions of food to the diet, oranges produced 
much greater improvement than did eggs or tomatoes, when given in 
amounts which provided equal quantities of carotene. Pure ascorbic acid, 
in daily doses of 150 mg., produced as great an improvement in dark 
adaptation aa did daily doses of 24,000 I.U. of vitamin A. Examination of 
dietaq histories appeared to indicate that good adaptation was invariably 
shown by subjects with good intake of vitamin A and ascorbic acid, and 
poor adaptation by those with low intakes, although there was a large 
intermediate group impossible to interpret. 

IV. THE ASSOCIATION OF VITAMINS IN RELATED BIOCHEMICAL SYSTEMS 
1. Vitamin A ,  Riboflavin, and Visual Purple 

Morton (23) has given various grounds for criticizing Wald’s theory 
(see Wald in Volume 1 of this series) that visual purple is a complex made 
up of vitamin A and protein. Thus he points out that we have no precedent 
from which to expect that the colorless vitamin should form a rose-colored 
complex, or should give products which are abnormally photo-sensitive, 
Moreover it is difficult to understand why the photo-degradation products 
of vitamin A, transient orange and indicator yellow, should be sensitive 
to pH. Morton recalls that Adler and Euler (24) reported that a high 
concentration of riboflavin is present in the retina of fish in free, rather 
than phosphorylated form. Since free riboflavin is present in no other 
part of the body they have suggested that it may not function as a redox 
catalyst in the eye, but may take part in the visual processes by virtue of 
its photochemical properties, such as fluorescence and sensitivity to light. 

Although neither free nor phosphorylated riboflavin has an absorption 
spectrum similar to that of visual purple, Morton further recalls that 
intense red intermediate products are formed when riboflavin, ‘or related 
compounds such as lumiflavin, are reduced in strongly acid solution (25,26). 
A red compound, presumably a flavin-pyridine-nucleotide, is moreover 
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produced when yellow enzyme is reduced in the presence of excess of tri- 
phosphopyridine-nucleotide (27), and is considered by Morton to be the 
“closest physiologically plausible analog” to visual purple which is so 
far known. The rdle in dark adaptation assigned by Morton to vitamin A is 
to effect the reduction of a yellow riboflavin complex to form visual purple. 
In this process the vitamin A itself is assumed tr, be oxidized to the corre- 
sponding aldehyde. At this point, Morton and Goodwin (28) have strength- 
ened the chain of conjectures with a valuable addition to the experimental 
evidence. Vitamin A aldehyde, prepared by the oxidation of the vitamin 
with potassium pcrmanganate, has been shown to be identical with retinene, 
as observed in extracts of light adapted retinae, in regard to itsspectro- 
scopic absorption maxima, both in the ultra violet region and in the anti- 
mony trichloride reaction. While much more experimental evidence is 
necessary before a decision can be made whether this new theory of the 
interaction of two vitamins should supplant the older single vitamin theory 
of Wald, it will in any case serve a useful purpose in focusing attention 
more sharply on the chemical aspects of the problem, and the difficulties 
to be faced. The new theory, of course, agrees well with Kimble and 
Gordon’s conclusion that riboflavin therapy may improve dark adaptation. 
The intervention of ascorbic acid, which has also been mentioned in regard 
to dark adaptation, in a photosensitive system for the reduction of ribo- 
flavin would not be surprising in view of the observation of Hopkins that 
these vitamins interact in vitro. 

2. Thiamine, Niacinamide, and Riboflava3 in Carbohydrate Metabolism 

The actions of these three vitamins are associated in so far as they are 
all known to be concerned in the intermediate metabolism of carbohydrate. 
The possibility that thiamine might be concerned in Carbohydrate meta- 
bolism of animals was investigated by Peters and his colleagues as early as 
1930. At first it was ‘thought that the vitamin was concerned in the oxida- 
tion of lactate (29) but later it appeared that the vitamin was connected 
in some way with the breakdown of carbohydrate at  the pyruvic acid 
stage (30, 31, 32). Later, Lohmann and Schuster (33) proved that cocar- 
boxylase, the detachable prosthetic group of the decarboxylating enzyme 
carboxylase, consists of thiamine combined with pyrophosphoric acid. 
The presence of cocarboxylase in yeast, liver, kidney, and other biological 
material indicates that thiamine is essential for the carbohydrate metab- 
olism of many types of tissues. Both riboflavin and niacinamide are also 
known to participate in carbohydrate metabolism as essential components 
of dehydrogenase systems. Since the discovery of the old “yellow enzyme” 
of Warburg and Christian (34, 35, 36, 37), numerous other flavoproteins 
have been found in which riboflavin constitutes part of the mono- or 
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di-nucleotides which act as the prosthetic group of these enzymes. Nia- 
cinamide also fills familiar roles as a constituent of di-phosphopyridine 
nucleotide, the coenzyme 1 of Euler (38), and of tri-phosphopyridine 
nucleotide, the coenzyme 2 of Warburg (35, 39, 40). 

While there is thus ample evidence that these three members of the 
vitamin B complex all participate in carbohydrate metabolism, it would be 
an obvious fallacy to conclude that their activities are necessarily confined 
only to this sphere. Thus the coenzyme concerned in the oxidative deamin- 
ation of a-amino acids (41) has been shown by Warburg and Christian (42) 
to be a dinucleotide containing riboflavin. Ratner, Nocito, and Green (43) 
have recently discovered an oxidase for glycine which is also a flavoprotein. 

3. The Interaction of Thiamine and RibofEavin as  Studied in the 
Living Animal  

In addition to the association between the roles of thiamine and ribo- 
flavin which has been demonstrated in the study of enzyme systems or 
tissue preparations in vitro, we have some knowledge of the interplay of 
these vitamins in the living animal. Sure and Ford (44) have found that 
in rats deficient in thiamine the riboflavin content of the tissues was slightly 
decreased, while the excretion of riboflavin in the urine was much increased, 
particularly in chronic deficiency (45). This suggests a poor assimilation of 
riboflavin. On the other hand, deficiency of riboflavin caused a slight 
decrease of thiamine in the tissues, although its excretion in the urine was 
not altered. Approaching the problem from a slightly different angle, 
Supplee, Jensen, Render, and Kahlenberg (46) €ound that deficiency of 
thiamine interfered with the mobilization of riboflavin in the .liver which, 
normally occurs during the digestion and assimilation of food. This mobi- 
lization was also affected in deficiency of pantothenic acid, but not of 
pyridoxin. According to Singher and his colleagues (47) , however, deficiency 
of thiamine caused an increase of riboflavin in the liver, while conversely 
in riboflavin deficiency the thiamine content of this organ is increased. 
Deficiencies of other vitamins, whether of pyridoxin, pantothenic acid, or 
biotin were found to have no affect on the hepatic thiamine and riboflavin. 
While, therefore, opinions seem to differ on one point, i.e., the effect of 
thiamine deficiency on the riboflavin content of the liver, there seems to be 
agreement that the metabolism and storage of these two vitamins are to 
some degree interrelated. 

.J.' Riboftauin, Niacin, and Protein &f dabolism 

It may be recalled that early work by Hartwell (48) and by Reader and 
Drummond (49), before the recognition of the multiplicity of the vitamin 
B complex, showed that when the protein content of the basal diet was 
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increased it was necessary also to raise the vitamin B allowance in order to 
maintain a good rate of growth. More recent investigations (50, 51) have 
suggested that riboflavin is necessary for the assimilation of protein, and 
its resynthesis into tissue proteins. In this role its action appears to be 
linked with that of niacin. Sarett, Iaein, and Perlzweig (52) found that 
the urinary excretion of both riboflavin and niacin by dogs varied in an 
inverse relation to the protein intake, and concluded that they are =SO- 
ciated together in protein metabolism. The site of the interaction is appar- 
ently the liver. Thus Sarett and Perlzweig (53) found that when groups 
of rats were given diets high and low in the vitamin B complex, or high 
and low in protein, little difference could be detected between the ribo- 
flavin and niacin content of the carcasses in the four groups. In the liver, 
however, riboflavin and niacin were increased by high protein, but were 
unaffected by the allowance of vitamin B complex. In contrast, the thia- 
mine content of both the carcass and liver varied directly as the intake of 
vitamin B complex, and was independent of the protein intake. 

5. The Vitamin B Complex, Choline, Ascorbic Acid, and Vitumin A 

There is evidence, therefore, from different angles to suggeat that 
riboflavin and niacin are concerned in the metabolism of both carba- 
hydrates and proteins. Numerous intricacies in the overlapping of func- 
tions of these vitamins, and of others, will doubtless continue to be revealed 
as research develops. Already Griffith and Mulford (54) have claimed that 
niacin, but not other vitamins, alleviates the severity of the symptoms of 
choline defitiency in rats. There is also evidence that ascorbic acid status 
in the rat mny be affected by deficiency of thiamine and other vitamins. 
Ray, Gyorgy, and Harris (55) found that the indophenol-reducing capacity 
of the eye-lens was diminished by deficiency of the vitamin B complex, 
but were unable to trace the cause of this abnormality to  the absence of 
any individual member of the complex known at that time. According to 
Rotlicek and Joachim (56) the ascorbic acid content of the lens, and of 
certain other organs, was reduced in animals which were deprived of thia- 
mine, but which were given the other members of the vitamin B complex 
as autolyzed yeast. The reduction in thiamine deficiency was much greater 
than in simple starvation. Sure,. Theis, and Harrelson (57) found slight 
reductions in the ascorbic acid contents of most of the organs, not only in 
deficiency of thiamine, but also in deficiency of riboflavin and of vitamin A. 
In deficiency of pyridoxin, hon-ever, no noteworthy change mas found. 

y, ‘rHE .~SSOCIATION OF TTIT.4MINS WITH THE DEVELOPMENT AND 

MAINTENAKCE OF TISSUES 
If the widest possible view is taken of the effect of vitamins we may 

conclude that all tissues are ultimately affected to some degree by all 
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vitamins. Thus absence of any vitamin will eventually affect the rate of 
growth of the whole organism, and failure in growth will in turn influence 
the normal development of all parts of the body. It is clear, however, that 
certain tissues are more seriously affected by the absence of some vitamins 
than of others. The purpose of this section is to give examples of spe- 
cialized tissues which are liable to serious injury through deficiency of 
more than one vitamin. 

I .  Vitamin A ,  Ascorbic Acid, Vitamin D,  and Vitamin E in the Formation 
of Bones and Teeth 

Concentration of attention on the important role of vitamin D in the 
calcification of bone may lead to neglect in the study of the scarcely less 
important parts played by other vitamins. The characteristic skeletal 
lesions in infantile scurvy have, of course, been recognized for centuries. 
In the young child, the growing ends of the bone are most affected. Thus 
radiographs of the limbs in human infantile scurvy (58) often show detach- 
ment of the epiphysis from shafts of bone, or fractures near the end of the 
shaft. Recently, Mellanby (59) has discovered that vitamin A is also con- 
cerned in bone formation. Deficiency of this vitamin in puppies resulted in a 
disorganization of the activities of the osteoblasts and osteoclasts, with 
the result that many bones became cancellous and overgrown, with loss 
of their fine molding and outline. Moore and Sykes (60) have made similar 
observations on the bones of calves deficient in vitamin A. We have clear 
proof, therefore, that vitamin A, ascorbic acid and vitamin D are all 
essential for bone formation. Possiblya minorr61emay be played by vitamin 
E, either directly or through its influence on vitamin A metabolism or on 
the pituitary gland. Thus Barrie (61) reported that deficiency of vitamin 
E in rats leads to imperfect calcification of the skull, which she associates 
with marked degranulation of the anterior pituitary. Recently, Weiss- 
berger and Harris (62) have found, by means of experiments with labeled 
radioactive phosphorus, that the phosphorus “turnover” of the bones is 
increased in rats which have been deprived of vitamin E, or have been 
given excessively large amounts. 

It is evident that these same vitamins are concerned in the development 
of teeth. The value of vitamin D in dentition has been the particular study 
of May Mellanby (122), who has recently suggested that the reduction 
in the incidence of caries in London school children is due to improved 
nutrition, including the increased use of vitamin D in margarine. An elegant 
demonstration of the well-known effect of ascorbic &id deficiencies on 
teeth in experimental scurvy was afforded by the experiments of Fish and 
Harris (63) who, by giving guinea pigs diets adequate or deficient in 
ascorbic acid for alternate periods, mere able to produce corresponding 
bands of normal and degenerate structure in the incisor teeth. The effect 



10 THOMAS MOORE 

of vitamin A deficiency on the teeth of the rat has been studied by Wolbach 
and Howe (G4) and others. The rich brown or orange color which distin- 
guishes the outer fibrous layer of the anterior surfaces of the incisors is lost, 
and the teeth often become deformed and overgrown. T. Moore (65) has 
recently shown that similar depigmentation and deformation occur in 
rats which have adequate vitamin A reserves, but ivhich are deficient in 
vitamin E. Since dental depigmentation also occilrs in fluorosis (66) and in 
magnesium deficiency (67) it is obvious that a similar lesion may result 
from various dietary abnormalities, which may or may not be interrelated. 

2. Nerve Degeneration in Vi tamin  DeJiciencics 

Nervous incoordination is a symptom common to deficiency of several 
vitamins, although structural damage to the nerves, as opposed to func- 
tional derangement, appears t o  be caused more readily by deficiency of 
some vitamins than of others. The classical opisthotonus of pigeons in 
thiamine deficiency was onp of the first signs of dietary deficiency to  receive 
recognition. Kon and Drummond (68),  however, could trace no relation 
between the acute nervous symptoms and degenerative changes in the 
nerves, which were no worse than in starved pigeons which were not 
suffering from vitamin B deficiency. Similarly in rats which had been 
subjected by Chick, Sadr, and Worden (69) to a diet deficient in vitamin 
Be until they had become liable to the frequent occurrence of epileptiform 
fits, no degeneration of the nervous system could be detected by histo- 
logical methods. The flaccid palsy of the hind quarters observed by Chick 
and her colleagues (70) in pigs deprived of filtrate factor (pantothenic 
acid?) did not however respond to treatment even when the general condi- 
tion of the animal improved, and permanent injury to the nerves must be 
inferred. Nerve degeneration also occurs both in advanced deficiency 
of vitamin A and of vitamin E, although other lesions involved are very 
different in these two deficiencies. Thus in the absence of vitamin A, injury 
to the nerves is associated with overgrowth of bone (59), while in the 
absence of vitamin E the accompanying lesion is muscular dystrophy (71). 
Any distinction of vitamins according to whether or not their absence 
causes nervous degeneration must not, however, be too rigid. Much may 
depend upon whether the deficiency of the vitamin is acute or chronic. 
Thus lesions of the'nerves are found in human beri-beri, and in experi- 
mental animals which are given a diet low in thiamine over a prolonged 
period (72). 

3. S k i n  Lesions in Vitamiw Deficiencies 

Injury to the skin occurs in deficiency of insny vittmins. In some 
instances the lesions prdduced are highly characteristic, as in pellagra 



INTERRELATION OF VITAMINS 11 

when fully developed in the human, and we have no evidence that they 
can be caused by deficiency of any vitamin except that specifically con- 
cerned. Sometimes, however, closely similar abnormalities may be found in 
deficiencies of different vitamins. Although hyperkeratosis is usually 
considered. to be characteristic of deficiency of vitamin A (73, 74, 75, 76, 
77, 78), D. G. Moore (79) has reported that similar lesions are found in 
pellagra-like conditions, while Wiltshire (80) and Fox (81) have reported 
that hyperkeratosis is an early sign of scurvy. More direct evidence of the 
association of nutrients in preserving the normality of the skin has been 
advanced by Birch and Gyorgy (82) who have made the interesting observa- 
tion that the skin lesions in deficiency of vitamin Bs closely resemble those 
seen in deficiency of essential fatty acids. They suggested that fats may 
have a sparing action on vitamin Be. As the result of further experiments, 
Birch (83) suggested that vitamin Bs is connected with the utilization of 
unsaturated fatty acidq. 

VI. THE INFLUENCE OF FATS ON THE RELATIVE REQUIREMENTS 
OF VITAMINS 

1 .  Thiamine, Vitamin D and Vitamin E, and the Quantity 01 Fat in the Diet 

The quantity of fat present in the diet may affect considerably the 
requirement of vitamins. Moreover, since the need for one vitamin may he 
raised by increasing the intake of fat, while that for another is lowered, 
it seems probable that a balanced intake of vitamins which is appropriate 
when the diet is low in fat may become unbalanced when the diet is high 
in fat, or vice versa. Thus Evans and Lepkovsky (84) and others (85) 
found that a diet high in fat reduced the requirement for thiamine, and 
Booth, Henry, and Kon (86) found that certain fatty acids have a slight 
antirachitic value, thus reducing the requirement for vitamin D. Conversely, 
Gottlieb, Quackenbush, and Steenbock (87) have shown that a diet rich 
in fat increases thc requirement for vitamin E. 

2. The Influence of Marine Fats 

The above evidence indicates that the quantity of fat in the diet has an 
important influence in deciding the relative amounts of vitamins which 
will be required. The situation is further cQmplicated by the influence of 
the quality of the fat concerned, which will vary in its action according 
to its nature, inchiding the degree of unsnturation and other chemical 
properties, and the degree of freshness. The unsaturated acids of marine 
fats are often injurious when given in large amounts to rats (88) or in com- 
paratively small amounts to herbivora (89). In rats, Yoshida (90) found 
that the deleterious action of marine fatty acids could be counteracted 
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by an increased allomnce of riboflavin. In rabbits, guinea pigs, and calves, 
however, vitamin J3 has been found most effective in counteracting the 
toxicity of marine oils. The tendency of these oils to cause muscular 
(legeneration, and the value of vitamin E in preventing this injury,were 
jvell known 1)cfore (httlicb, Quackenbush, and Steenbock (87) found that 
fats in gencral increase the requirement for vitamin E. Thus Madsen (91) 
had found that cotton-seed oil, a rich source of vitamin E, was effective in 
prr\-cntinR dystrophy in rahbits and guinea pigs, but that its beneficial 
acition \ \as lost if cotl-liver oil W:LS included in the diet. In the experiments 
of , \ ~ o I T ~  (92), hot\ ever, a-tocopherol prevented dystrophy in rabbits 
w-cn 1% hen cod-liwr oil was given. Mackenzie, Mackenzie, and McCol- 
lum (93) have prol)nLly gone a long way towards reconciling these and 
otlicr conflicting results by finding that tocopherol will prevent muscular 
dystrophy induced in rabbits by cod-liver oil provided it is given separately 
from tlrv oil. If tocopherol and cod-liver oil arc ingested within a few minutes 
of cwh other thc protective action of the former is lost. The marine oil:?, 
t h r f o r c ,  sCem ctlpuhle of destroying \.itamin in the alimentary tract. 
111 thi, :ind pi~olmhlp in other \says they make demands on the vitamin E 
rrsrrvrs uliidi :ire hc:ivirr than those of fats in general. If all the foregoing 
c\ itlrnw c:m 1)e :ic.ceptcd we must infer that the relative amounts of 
thianiinc, \-itantin I), vitaniin E, and riboflavin needed will depend not 
only o i i  thc cpantity, Init also on the quality of fat in the diet, and even 
on thc prorrthirc in feccling. The converse effect, i.e., the relation between 
vitamins arid the formation of fats, docs not fall within the scope of this 
revie\\,, hiit has hccn discussed by McEIenry ant1 Cornett in Volume 2 
of this wries. 

I'Ir. THE SI-NKRGISM iwr;TWEmi VITAMIN A . .wD VITAMIN E 
TIii\ spncrgism may he worth consideration under a separate heading, 

sinw it has I)wn studied more intensively and directly than any other 
instuncr of iiitcraction. Two distinct groups of experiments have been 
carrivtl oiit in proving theimportanceof vitamin E in promoting the efficient, 
iitilimti(~n of Titamin A. 

1.  'I'hc I )p fwt ivc  Storage of Vitamin A in Animals Deficient in Vitumin E 

lInoro, Martin, ant1 Rajogopal (94) first noticed that the vitamin A 
rr5cr~cs  of the livers of rats vhich hnd'been kept on a diet deficient in 
L ituniri IC, hit high in vitamin A (va. 150 I.U. daily) were much lower 
than t1w rcscrws of similar animals n hich had received the same allowance 
of vittuuin I\ together. I\-ith siippleinents of wheat-germ oil concentrate. 
In s ~ i n c  experiments ttic differences were as much as tenfold. Moore (95) 
subsequently olwrvcd the same effect when synthetic a-tocopherol was 

1 
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substituted for the wheat-germ oil concentrate. He found that the effect 
of vitamin E on the storage of vitamin A in rats was much less decided 
when the vitamin A was given in the form of carotene. Bacharach (96) ex- 
amined the liver reserves of rats given a diet with and without vitamin E 
for relatively &ort periods. Under these altered experimental conditions the 
difference found between the two groups was much smaller than in Moore’s 
experiments, but it was in the same direction, and mas held to bestatis- 
tically significant. 

A variation of the original procedure was next adopted by Davies and 
Moore (97). Young rats, having high reserves of vitamin A, were restricted 
to a basal diet deficient in both vitamins A and El and the rate of disap- 
pearance of vitamin A was studied with and without the addition of supple- 
ments of a-tocopherol. Although the vitamin A reserves of animals killed 
at  intervals decreased in both groups, the decrease was much more rapid 
in the absence than in the presence of tocopherol. When after prolonged 
restriction to the basal diet vitamin A had disappeared from the livers 
of the rats without vitamin E, the animals given tocopherol still had sub- 
stantial reserves. The deficiency of vitamin A in the rats without vitamin 
E could therefore under the circumstances of this experiment be con- 
sidered as “secondary” to or “conditioned” by the vitamin E deficiency. 
The rats deficient in vitamin E also developed the depigmentation of the 
incisor teeth which had previously been observed in deficiency of vitamin A. 
This waa at first held to provide further evidence of a secondary deficiency 
of vitamin A, but in later experiments pigmentation was found in rats 
deficient in vitamin E even when they had adequate reserves of 
vitamin A (65). 

2. The Efect of Vitamin E on the Growth Responses of Animals given 
Small Doses of Carotene or Vitamin A 

The experiments of Hickman and his colleagues (1, 98, 99, 100) differed 
from those of Moore in several ways: (1) the doses of vitamin A and caro- 
tene chosen mere much lower, being about the levels used in routine 
biological tests; (2) the animal were not kept on the basal diet long enough 
to develop severe deficiency of vitamin E; (3) measurement of growth 
responses was used instead of estimation of vitamin A reserves as an indica- 
tion of synergism. The phepomenon was therefore viewed from a fresh 
angle. In extensive experiments with rat8, Hickman, et al. found that 
vitamin E, as mixed tocopherols, increased the groxth-promoting power of 
vitamin A alcohol, vitamin A acetate, or cod-liver oil. Thus in two groups 
of rats which were each given about 2 I.U. of vitamin A alcohol per animal 
daily the mean growth rate waa about twice as great when a daily supple- 
ment of 0.3 mg. of tocopherol was given than it was without this supple- 
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ment. Tocopherol also increased the time taken to deplete young rats of 
vitamin A, and also their survival time a t  the end of the experiment after 
dosing with vitamin A had been stopped. High doses of more than 1.5 
mg. of tocopherol were less effective than smaller doses in increasing 
growth. When small doses of carotene up to  1.7 I.U. daily were given, 
instead of vitamin A, increased growth was observed with doses of up to  
0.5 mg. of tocopherol, but larger doses of tocopherol sometimes actually 
depressed growth. With large doses of carotene, growth was little affected 
by the tocopherol intake. 

Hickman and his colleagues also found that certain other antioxidants 
besides the tocopherols shared their ability to cause increased growth in 
conjunction with vitamin A or carotene. These included lauryl hydro- 
quinone, ascorbic acid, and palmityl ascorbic acid, but hydroquinone and 
p-aminobenzoic acid were ineffective. Combinations of diff ererit ‘‘co- 
vitamins” were sometimes more effective than the single substances. Thus 
a mixture of tocopherol and palmityl ascorbic acid caused more rapid 
growth than either substance given singly, The rale of tocopherol, in com- 
mon with that of the other antioxidants, is assumed to be the protection 
of carotene and vitamin A in the intestinal tract. This implies a general 
extension of the conclusions reached by Quackenbush and his colleagues 
in the particular instance of carotene in ethyl Iinolate, referred to on 
page 3. In  agreement with the theory that the action of tocopherol is 
exerted in the intestinal tract, Hickman found that in one human subject 
the fecal excretion of carotene was increased when tocopherol was given. 

Recently, Guggenheim and Hock (101) hove confirmed that tocopherol 
both increases the storage of vitamin A in the liver, and increases the 
stability of carotene in the intestinal tract. In their experiments, small 
amounts of vitamin A or carotene were given for periods of a few days to 
rats which had been depleted of vitamin A. The minute reserves of vitamin 
which were accumulated varied according to the tocopherol intake, irre- 
spective of whether it was given as the pure compound, or combined with 
the carotene supplements as a natural vegetable material. Thus when a 
fixed amount of carotene was given as lettuce, which is rich in tocopherol, 
the amount of vitamin A stored was much greater than when the carotene 
mas given as carrot, or some other vegetable less rich in tocopherol. With 
doses of pure carotene in oil, the addition of tocopherol not only greatly 
increased the storage of vitamin but also caused a marked increase in the 
percentage of the ingested carotene which was excreted in the feces. The 
synergistic action of tocopherol, therefore, presents i n  acute problem to 
investigators who attempt to assess the efficiency of utilization of carotene 
from measurements of its disappearance during passage through intestinal 
tract. While the role of tocopherol as an intestinal antioxidant has been 
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proved beyond reasonable doubt, however, it  must not be concluded that 
this is the whole story. The experiments of Davies and Moore, mentioned 
above, indicate that reserves of vitamin A already laid down in the liver 
are affected by subsequent dosing with tocopherol. This suggests that the 
synergistic action is also exerted in the blood stream or tissues. 

VIII. THE EFFECT OF MASSIVE DOSING WITH ONE VITAMIN ON THE 

REQUIREMENT OF OTHERS 
The effects of massive dosing with one vitamin on the subject’s require- 

ments for others may be conveniently reviewed under different .sub- 
headings, according to whether the massive dosing is in itself harmless 
or toxic. In the first case liberal but harmless dosing with one vitamin, 
when not “balanced” by the concurrent administration of other vitamins, 
may precipitate the appearance of symptoms of deficiency of another 
vitamin. This may be due to the promotion of rapid preliminary growth, 
which will increase the demands for other vitamins. In the second case 
we have to discuss the possibility that the ill effects of toxic overdosage 
with one vitamin may be alleviated by liberal dosing with another. 

1. Unbalanced Dosing 

Scandinavian workers (102, 103, 104) have claimed that when human 
subjects suffering from multiple dietary deficiencies are dosed with thia- 
mine alone the symptoms of niacin deficiency are developed. Similarly, 
Sydenstricker (105) has reported that when niacin alone is given to pella- 
grins certain signs of their disease, presumably due to deficiency in other 
factors, are intensified. An attempt by Klopp, Abels, and Rhoads (106) 
to produce riboflavin deficiency in man by giving large doses of thiamine 
was however unsuccessful, no more than a transitory rise in the urinary 
excretion of riboflavin being observed. 

Experiments with animals have indicated that unbalanced dosing with 
moderate superfluity of certain vitamins has little effect. Bruce and Phillips 
(107) found that the giving of excess of vitamin A, thiamine and ascorbic 
acid had no ‘effect on results in estimations of vitamin D, while an excess 
of vitamin D did not influence the assay of vitamin A. Collett and Eriksen 
(108) found that moderate superfluity of vitamins A and D had no antago- 
nistic action towards ascorbic acid. 

2. The Alleviation of Toxic Overdosing 

It has long been known that rich sources of vitamins A and D may be 
toxic when given in great excess, and that benefit may sometimes be derived 
by giving liberal allowances gf water-soluble vitamins. More than 20 years 
ago, Hopkins (109) mentioned that excess of cod-liver oil was injurious 
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to rats unless their allowance of yeast extract was raised. The problem is 
complicated since subsequent research has shown not only that vitamin A 
(110) and vitamin D (111) are each tosic in the pure form, but that they 
may be accompanied in their unsaponifiable concentrates by toxic impuri- 
ties, and that even the fatty acids of marine oils may be injurious (88). 
In addition, early work suggested that isoamylamine and choline are 
responsible for the toxicity of some cod-liver oils, and that they produce 
symptoms similar to vitamin B deficiency, which may be prevented by an 
increased allowance of yeast (112). As antidotes for these various tosic 
substances a list of vitamins has been reported which is hardly less 
numerous. Not only the vitamin B complex, but ascorbic acid and the 
opposite member of the vitamin A-D partnership have been claimed to  
have beneficial effects. 

3. Hypervitaminosis A Treated with Ascorbic Acid, Vitamin D, and Thiamine 

Mouriquand and his colleagues (113, 114) made early claims that excess 
of cod-liver oil interferes with the cure of scurvy in guinea pigs, and this 
observation was confirmed fifteen years later by Collett and Eriksen (108). 
It is not clear, however, whether the interference was due to vitamin A. 
Recently, Vedder and Rosenberg (1  15) examined the injuries produced by 
giving escessive amounts of jew-fish liver oil in rats. This oil is a rich 
source of vitamin A, which is believed by these authors to be associated 
with toxic impurities. The hemorrhages and skeletal fractures caused by 
this oil bore a remarkable resemblance to those seen in human or esperi- 
mental scurvy. The urinary escretion of ascorbic acid was reduced, and i t  
n-as found that the ill effects of jcn-fish liver oil could be almost conipletely 
counteracted by giving large doses of ascorbic acid. Moore and Wang (110) 
have recently observed internal hemorrhages, differing from the diffuse 
types previously described, in rats given great excess of pure vitamin A 
acetate. They agree that the combination of bone fractures with hemor- 
rhages is reminiscent of scurvy, but have failed to confirni either the re- 
duced urinary excretion of ascorbic acid, or its beneficial action when given 
in large doses (I 16). Recalling the siiggestion of Thoenes (1 17) that vitamins 
A and D are physiologically antagonistic, T'edder and Rosenberg (115) 
also tested the protective value of calciferol, and found that in appropriate 
dosage it shielded their aninials a t  least partially froin injury hy jcw-fish 
liver oil. Since in hypervitaniinosis A the bones 1 I ( T O I U ~  soft and fragile, 
while in hypervitaminosis D they arc subject to cscessi1.c calcification, i t  
is possible that thc two pathological processes may in a general way tend 
to  cancel out. Moore and Wsng ( I  lo), however, w r c  again unsuccessful 
in an attempt to repeat this experiment, although much may depend on 
choosing the correct doke of calciferol. In early experiments, Harris and 
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Moore (118) found that the reduction in groivth rate caused by giving 
escess of a crude vitamin A concentrate could be restored by increasing 
the allowance of the vitamin R complex. It is uncertain, hon.ever, whether 
vitamin A was the only toxic constituent of the concentrate, while no 
information is available as to which member of the vitamin 13 comples 
iv:ts involved. 

4 .  Ilypei,vila?iiiiiosiss D l‘rcaktl wilh lfiitamiu A and I’hiaminc 

Gross-Selbeck (1  19) has reported that liberal dosing with vitamin A 
affords protection against injury through escess of vitamin D. According 
to Light, Miller, and Fry (120), the acute symptoms of overdosing with 
vitamin D could be counteracted at  some levels by an increased allowance 
of yeast. Harris and Moore (121) found no improvement in rats given 
escess of vitamin D n-hen their allowance of yeast extract n-as raised, 
but slight benefit resulted from combined treatment with yeast extract, 
wheat-germ estract, and lemon juice. 

IX. CONCLUSIONS 

It would perlmps be unduly sanguine to trust thnt every item of the 
esperimental evidence in favor of the foregoing examples of interrelation 
between vitamins would bear the test of repetition. Even greater faith 
would be necessary to  accept each single author’s interpretation of his 
observations as being inevitably correct. In many instances, hon-ever, a 
weight of evidence obtained by several investigators seems to place beyond 
reasonable douht thc ability of one vitamin to influence thc hehavior or 
action of another. 

Any attempt to co-ordinate, rather than to cdlect together, the wain- 
ples of interrelation so far reported might a t  the present stage only make 
confusion \vorsc confused. ]If \ve accept the c\.itlenrc now nvitilable a t  its 
taw vuluc, however, we must infer that interplay bet\vecm vitamins is 
estensivc and complicated. The various rcilcs of rihoflavin may be taken as 
affording a good illustration of the coniplcsity of the problem: (1) We are. 
told that this vitamin reacts with ascorbic acid i n  vitro under the influence 
of light. (2) It is present in the retina where it possibly interacts with 
\.itamin A in the formation of visual purple, and on separate evidence is 
concerned with vitamin ,I and mcorbic acid in dark adaptation. (3) It is 
associated with thiamine and niacinamide in oxidative mechanisms for 
carbohydrates. (4) Possibly it takes part 6 t h  niacinanlide in protein 
metabolism. (5) There is a suggestion that it has sbine correlation with 
synthesis or metabolism of ascorbic acid. ( G )  Finally it is snid to  prevent 
the injurious effect of marine fatty acids, which are in turn antagonistic 
towards vitamin E. Such a “diversity of interests” may be claimed for 
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several other vitamins, which leads, at least on paper, to a complicated 
netivork in lvhich almost any two factors which have not been proved to 
interact directly may be assumed to influence each other through their 
relations with a third factor. For example, v e  have no evidence of direct 
interaction between thiamine and vitamin El but if thiamine is “spared” 
by raising the proportion of fat in the diet the requirement of vitamin E 
will correspondingly be increased, since it is influenced in the opposite 
direction. To add further to the complexity of the picture we may recall 
that drugs of the sulfonamide class demand increased intakes of certain 
vitamins, although this is a matter beyond the scope of the present review. 
This subject is treated elsewhere in this volume. 

It should be an aim of future research, therefore, to separate those 
instances in which there is a direct interaction between vitamins, of either 
theoretical or practical interest, from the less important instances in which 
the influence of the first vitamin on the second is merely one out of many 
of its effects on metabolism as a whole. An interaction strictly confined 
to two vitamins, in which the requirement or the metabolism of one is 
considerably affected by the intake of the other, is obviously of greater 
interest than a less specific interrelation, in which the requirement of one 
vitamin is only slightly affected by the intake of any of several other 
vitamins. 

If in the main t,he evidence in favor of the interaction of vitamins is 
acceptable, there would appear to be no reason to deny that the require- 
ment of the subject for one vitamin will be materially affected by his 
intake of others. In considering the adequacy of natural diets, moreover, 
we must also allow for the effects of certain other nutrients on vitamin 
requirement. Thus the consumption of unboiled egg white containing avidin 
will increase the demand for biotin, while the requirement for vitamin D 
will be influenced inter alia by the relative and absolute intakes of calcium, 
phosphorus, and phytic acid. While these difficulties in arriving a t  an 
accurate assessment of vitamin requirements should be fully recognized, 
however, the adoption of a hypercritical attitude towards attempts to 
standardize requirements would only delay progress. Current estimates of 
requirements should be accepted and applied on the understanding that 
finality has not yet been reached. Future research should aim at the com- 
pilation of more comprehensive tables, in which provision can be made to 
allow for the effect of such interactions between vitamins, or other nutrients, 
&s are found to have practical importance. 
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I. INTRODUCTION 

The term “vitamin” was originally applied to accessory organic food 
factors that could not be synthesized by the body. In recent years, how- 
ever, it has become clear that the line between what can and what cannot 
be synthesized is not a sharp one. Marked species variations exist and even 
within the same species a variety of circumstances determine whether a 
particular factor can be synthesized in amounts which are adequate, in- 
adequate, or not a t  all. It has therefore become customary to  designate 
as a vitamin any factor which may under particular conditions be required 
as an accessory food constituent. The present discussion includes factors 
of the B group which clearly satisfy that criterion. 

Synthesis of vitamins in the body may occur in the tissues themselves or 
through the agency of parasitic micro-organisms. In the case of vitamin C, 
animals which do not require it in their diet, such as the ruminants and 
rodents, appear to  synthesize it in their tissues. With the B group, however, 
such synthesis as occurs is brought about largely by micro-organisms. A 
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complete consideration of this field should include not only the accom- 
plishments of the intestinal bacteria, but micro-organisms in general, 
regardless of their habitat. We shall limit ourselves to  such knowledge as is 
available about the production of I3 vitamins by intestinal bacteria. 

As is the case with most scientific developments, our knowledge of this 
subject has proceeded in several distinct and logical phases. Early experi- 
ments on the exclusion of bacterk in thc neonatal period laid the founda- 
tions of the subject sonic time before tlie existence of accessory food factors 
was known. The discovery of the vitamins was promptly followed through 
by workers in plant and animal nutrition who furnished evidence that 
these growth stimulating substances were produced by bacteria. The 
identification of the various members of the B complex ushered in a new 
phase-the study of the synthesis of these specific entities in the gastro- 
intestinal tract of various experimental animals and finally in man. Lastly, 
the discovery of intestinal bacteriostatic agents-notably the insoluble 
sulfonamides-has provided the investigator with a new tool for studying 
this phenomenon. We shall attempt to outline briefly the development of 
the subject through these different phases. 

11. HISTORICAL BACKGROUND 
The belief that the intestinal bacteria exercise an important and perhaps 

vital function was freely expressed by Pasteur (1) and a number of studies 
to  test this point were undertaken during the latter part oi the nineteenth 
century. n’uttall and Thierfelder (2) observed impaired growth of guinea 
pigs raised in a sterile environment for 13 days. Schottelius (3) found that 
sterile chicks died regularly within 17 days, and similar unto\vard results 
were noted in frog larvae by h4me. Metchnikoff (4) and in toad larvae by 
Moro ( 5 ) .  The most convincing studies of this kind \yere carried out somc- 
what later by Schottelius (6) who inoculated ailing and poorly growing 
sterile chicks with pure cultures of colon bacilli with resulting prompt 
recovery. In these experiments the beneficial effect of the intestinal bacteria 
might conceivably have been due to direct digestion of food rather than 
to the elaboration of some essential assimilable factor. 

More definite evidence that intestinal bacteria elaborated a nutritive 
factor was obtained by Osborne and Mendel (7) in 1911. They noted that 
rats on certain purified diets declined in weight and became coprophagous. 
The decline in wight  could be arrested by incorporating in their diet 
feces from normal rats. When the rats were offered a choice between their 
own feces and those of normal rats, they invariably chose the latter. The 
superiority of the feces from the normal rats was attributed to the bacterial 
flora which, as nas  tlien well known, was greatly influenced by diet (8). 
Sterilization of the feces reduced their beneficial effect but did not abolish 
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it, indicating that a thermostabile factor was concerned in addition to 
either the living organisms or some thermolabile product. 

The first indication as to the type of nutritive factor produced by bac- 
teria came, interestingly enough, from a plant physiologist, Bottomley, in 
1914 (9, 10). He observed that the addition of bacteria to  peat stimulated 
the growth of wheat seedlings. The growth promoting factor could be 
concentrated by chemical procedures similar to those used by Funk (11,12) 
in purifying his recently discovered “vitamin” (later known as vitamin B)- 
a rat growth promoting factor. In testing his fractions, Bottomley used 
seedlings and also a micro-organism, Azotobacter chroococc~~m-probably 
the first instance of microbiological vitamin assay. 

A completely independent study implicating the intestinal bacteria was 
that of Theiler and his associates (13) in ruminant animals. In  the attempt 
to reproduce experimentally a South African paralytic disease known as 
‘L1amzietke” they fed cattle an espcrimental diet deficient in vitamin B 
and noted that evidences of deficiency failed to develop although pigeons 
on the same diet developed polyncuritis promptly. They assumed that 
either the vitamin requirement of cattle was estremely low or that it had 
been satisfied by bacterid synthesis in the intestinal tract; the latter 
explanation seemed the more probable. 

Thus far, although bacterial synthesis of vitamins was strongly suspected, 
there was no cvidcnce that a specific bacterium produced a substance 
capable of promoting animal growth. Thc first demonsixation of this kind 
appears to  be that of Pacini :~nd Russcll (14) who sho\wtl that typhoid 
bacilli contributcd to the medium in which they \wrc grown :I factor which 
stimulated the growth of rats, Thoir rcason for choosing this particular 
organism \\‘as the prevalent belief that patients with typhoid fever grew 
from one to several inches during the course of their illness. Similar results 
with unidentified bacteria (symbiotes) were shortly afterward reported 
by Bierry and Portier (15). 

111. COPROPH.\GP .4ND REFECTION 

Although Osborne and Mendel had shown that feces from healthy rats 
contained a growth factor, it remained for Portier and Randoin (1G) to  
demonstrate that feces from animals on a deficient diet also contained the 
protective factor, thereby eliminating the possibility that the effect wa3 
due to  any unabsorbed dietary residue or excreted surplus in the animals 
yielding the feces, and pointing strongly to int~estinltl synthesis in thc 
deficient donor animals. 

In  1923, Steenbock and his coworkers (17) observed that rats on :L 

deficient diet shon.ed improved growth when allowed access to their own 
feces. The effect could be duplicated by incorporating yeast in the diet 
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and was therefore attributed to production of the B factor in the intestine. 
This effect of autocoprophagy was subsequently observed by a number of 
other investigators (18-22) including Heller, et at?. (23) who carried the 
observations further and adduced evidence implicating spore bearing 
bacteria. It is clear that autocoprophagy is protective against B deficiency, 
but does not provide complete protection (24-26). 

In 1928, Fridericia (27) described what he believed to be a new protec- 
tion phenomenon which he called ‘refection.’ The observation was made 
that young rats reared on a B-deficient diet contai&ng rice starch failed 
to thrive except for a few individuals that promptly resumed normal 
growth and at  the same time exhibited characteristic pale bulky feces with 
a high content of starch. This protective phenomenon could be transmitted 
from animal to animal by feeding feces. Fridericia showed that the agency 
of refection did not pass a Berkefeld filter and was thermolabile. He 
therefore advanced the hypothesis that it was due to implantation of B- 
producing micro-organisms in the gut. 

The phenomenon of refection was studied by a number of other workers 
(28-33) some of whom were able to reproduce it (28,30,34,35) and others 
not (36). It occurred only when the diet was high in starch, notably when 
potato starch was fed. Although Fridericia (27, 37) showed that the 
reaction and the bacterial flora of the cecum of ‘refected’ rats differed from 
controls, he was unable to incriminate particular bacterial species, nor 
could he show that the intestinal contents of refected animals were richer 
in vitamin. 

It is still not clear why on a particular diet certain animals will become 
‘refected’ and others not. The original hypothesis that the phenomenon 
is produced by implantation of a B-producing flora provides the most 
plausible explanation, but is still unproved. The observations on refection 
were valuable, however, in that they led to other work which threw con- 
siderable light on the phenomenon of biosynthesio, notably that of Guer- 
rant, Dutcher and their collaborators (25, 26, 38, 39) at  Pennsylvania 
State College. These workers demonstrated that both vitamin I3 and G 
were synthesized in the cecum of rats when fed on diets containing dex- 
trinized starch, that some synthesis occurred when the carbohydrate 
furnished was lactose, but not with other simple sugars. The ceca of animals 
on the dextrinized starch diet were enlarged and showed a preponderance 
of yeast on culture in contrast to those of the animals on simple sugars 
which showed a preponderance of colon bacilli. Cecectomy was found 
to diminish the protective power of the feces against B deficiency except 
in instances where part of the remaining colon assumed the structure and 
function of the cecum (38, 40). 

Of equal importancd to this work on the rat were the work of Bechdel 
and his collaborators (41-43) in cattle. Following the early observations 
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of Theiler (13) mentioned above, they were able to rear calves to maturity 
on a B-deficient diet, and showed that these animals reproduced normally 
and after freshening secreted milk only slightly below the normal in B 
content. They further located the cause of the protection in the bacteria 
of the rumen. 

The past decade, in which such marked progress has been made in sepa- 
rating and identifying the different vitamins of the B group, has brought 
forth a number of studies on intestinal biosynthesis iin animals and, more 
recently, in man. Many bacteria have been studied in pure culture. The 
development of accurate assay methods and the discovery of the intestinal 
bacteriostatic agents used with notable success in this field by Elvehjem 
and his collaborators (44,45) as well as Sebrell and his co-workers (46,47), 
have been invaluable tools in contributing to the rapid progress that has 
been made in the past few years. 

IV. THE BACTERIAL SYNTHESIS OF THIAMIN IN, ANIMALS 
In 1914, Cooper (48) showed that alcoholic extracts of fowl’s and rabbit’s 

excreta possessed antineuritic potency. He postulated that although part 
of the vitamin content of the stools was derived from the unabsorbed 
residue, a substantial part was probably derived from bacterial synthesis. 
However, extracts of B.  coli failed to exert a measurable antineuritic 
activity. Guerrant and Dutcher (24, 25) later were able to show that the 
stools of rats on a B-deficient diet contained appreciable thiamin. The 
vitamin was apparently utilized by the screened animal, inasmuch as its 
requirement for the vitamin (26, 38) varied inversely with the extent of 
synthesis. The location of m&ximum synthesis (39) was found to be the 
large colon, particularly the cecum. It seemed probable that in cecec- 
tomized animals, part of the colon may assume the function of the cecum 
(38, 40). 

Extensive and more detailed studies h8ve been performed on thiamin 
synthesis in the rumen. McElroy and Goss (49, 50) fed ewes a purified 
ration for 30 days and found that the amount of thiamin per gram of dry 
material.was over ten times as high in the rumen content as i t  was in the 
feed. They found no measurable synthesis in fistulated cows on a thiamin 
poor ration, although the milk secreted contained an adequate amount of 
thiamin (50). Wegner, et al. (51, 52) were able to demonstrate thiamin 
synthesis in the rumen of a fistulated calf. Others (53) have observed this 
phenomenon in most instances, but not in all. Apparently synthesis of 
thiamin does take place in the gastro-intestinal tract of the cow and can 
often be demonstrable in the rumen. In this connection a study of this 
phenomenon in all sections of gastro-intestinal tract of ruminants should 
be quite informative. 

Thiamin synthesis by a wide variety of micro-organisms has been studied, 
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particularly during the last few years. Among the bacteria that were found 
capable of producing thiamin are the following: Pjei fer 's  bacillus (54), 
Bacillus vulgatus (55, 56), B. proteus, and B. subtilis (57, 58), B. adhwrens, 
(58), B. lactk aerogenes, B. alcaligenes jecalis (58, 59, 60), some strains 
of dysentery bacilli (61), strains of diphtherial organisms (62), B. aerogenes, 
B.  vulgatus, B. vulgaris, B. mesentericus (BO), E. coli (58,60,63,64),  Pseudo- 
monas jluorescens, Proteus vulgaris, Clostridium brrtylicum (65), B. bi$dus 
(66, 67). 

v. THE BACTERIAL SYNTHESIS OF RlBOFL.4y'IN IN ANIMALS 

The synthesis of riboflavin, like thiamin, was observed in various animals. 
In the rat the site of synthesis seems to be.the colon (25, 26, 40). When 
synthesis of riboflavin is increased the requirement of the rat for the 
vitamin diminishes. In the rumen of sheep (49) there is even greater 
synthesis. The rumen contents showed a riboflavin value about one hundred 
times that of the feed used (68, 69). In  the row marked synthesis also 
takes place (51, 52, 53, 68). The daily output of riboflavin in the milk alone 
was found to be ten times the intake (68). This impressive amount of 
synthesis affords adequate explanation for the observation that the ribo- 
flavin content of the ration of the cow (70) and goat (71) does not appre- 
ciably alter the amount of riboflavin secreted in the milk. Riboflavin 
synthesis also occurs in the feces of fowl, particularly after passage (72) 
from the body. 

Synthesis of riboflavin by isolated bacteria has also been studied. It 
was found to be synthesized by the lactic acid bacillus (73), strains of 
dysentery bacilli (61) and diphtherial organisms (62), E. coli, B. aerogenes, 
A .  jecalis, B. vulgatus, B. mesentericus, B. vulgaris (60) , Pseudomonas 
Jluorescms, Proteus vulgaris, Clostridium hutylicum (65). 

VI. THE BACTERIAL SYNTHESIS OF NICOTINIC ACID I N  ANIMALS 

n'umerous workers (72, 74, 75) have reported that the rat can thrive 
well on a ,black tongue producing diet. Balance studies (76) showed that 
rats excreted as much as 40 y of nicotinic acid in excess of the intake. The 
fecal output alone was three times the intake, a strong evidence for intes- 
tinal synthesis which has been,shomn to occur in the cecum (77). It has 
also been claimed to take place in the tissue of the rat (78). Ruminants (79) 
also thrive we11 for a long period on a ration deficient in nicotinic acid with 
no ill effects. In  sheep the excretion of nicotinic acid (80, 81) remains sub- 
stantial despite a deficient intake and the nicotinic acid level in the blood 
(81) is comparable in value to that of animals fed a stock ration. A study 
of the rumen of the calf (51, 52) showed clearly that nicotinic acid is syn- 
thesized to a considerable extent. Similar results were obtained in the 
cow (76). 
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Although there is little doubt that nicotinic acid synthesis takes place 
in the rat, sheep, cow, and other animals, the simple measurement of 
nicotinic acid excretion does not seem to be an adequate index. From all 
available evidence the only index of nicotinic acid deficiency appears to 
be the urinary F2 fraction of Najjar and Wood (82-86). This was confirmed 
by workers using the F2 assay (87, 88) and the so-called trigonelline frac- 
tion (89, 90) which is mainly, if not all, FP (91, 92). The F) fraction, a 
derivative of Wniethylnicotinamide (80, 91, 93 -95) was found to be 
excreted in substantial quantities in rats and pigs n-hile on a nicotinic- 
acid-deficient diet, a fact which indicates synthesis of the vitamin. 

Numerous bacteria have been found to synthesize nicotinic acid in 
pure media. E. coli, B. arrogenea, A .  fecalis, B. vulgatus, B. mesentericus 
(60), Aerobacter aerogenes, Pseudomonas jluorescens, Proteus vulgaris, and 
Closlridium butylicum (65). 

VII. THE BACTERIAL SYNTHESIS OF PYRIDOXIN IN ANIMALS 

Most of the work on the synthesis of pyridoxin has been performed in 
ruminants, although it has been shown to occur in the cecum of the rat 
(77). There is a considerable increase of this vitamin in the rumen and 
reticulum content of ewes as compared to the feed (49). Similar synthesis 
has been observed in the rumen of the calf and the cow (68, 51) to an 
extent that milk from a cow (68) on a deficient ration contains about as 
much pyridoxin as that secreted by COKS consuming a normal ration. 

The common bacteria that have been shown to synthesize this vitamin 
are : Pseudomas jluorescens, Proteus vulgaris and Clostridium butylicum (65). 

VIII. THE BACTERIAL SYNTHESIS OF PANTOTHENIC ACID IN ANIMALS 

Shortly after the identification of pantothenic acid with the chick 
antidermatitis factor (96) and as a necessary vitamin for the rat (97), 
evidence for its synthesis was reported in the rumen of ewes (49), COWS 

(68), and calves (51). This synthesis is evidently appreciable since the 
pantothenic acid output in milk alone was about twice the intake (68). 
Pseudomonas jluorescens, Proteus vulgaris, and Clostridium butylicum were 
found to  synthesize pantothenic acid in a pure medium (65). 

Ix. T H E  BACTERIAL SYNTHESIS OF l%IOTIN IN ANIMALS 
In the rumen of the calf (51) as well as that of the cow (98) biotin was 

found to be synthesized in considerable amounts. The rumen contents 
sampled four hours after feeding showed about five times the value of 
biotin as compared to that of the feed (51). 

Rats have been shown to thrive \wll on a biotin-free diet. However, 
when sulfaguanidine or succinylsulfathiazole is incorporated in such a diet 
(44-46) a deficiency develops which can be prevented or cured by the 
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administration of biotin. Furthermore, rats on a biotin-low ration excrete 
the vitamin in amounts greatly in excess of the intake (45). Such synthesis 
was depressed after the administration of sulfaguanidine, but not totally 
abolished. The cecum of the rat is again the main location for synthesis. 
The bacteria (60, 65) that have been shown to synthesize biotin in pure 
media are: E .  coli, B. aerogenes, A .  fecalis, B .  vulgatus, P .  vulgaris, Pseudo- 
monas jluorescens, and Clostridium butylicum. 

X. THE BACTERIAL SYNTHESIS OF FOLIC ACID IN ANIMALS 
The rat apparently can synthesize folk acid to supply its requirements 

of this vitamin. No signs of deficiency develop on a ration deficient in 
folic acid (44, 47, 99, 100). However, when the insoluble sulfonamides are 
included in the diet of the rat, deficiency develops with poor growth (44)) 
leukopenia, granulopenia (47, 101-103), and achromatrichia (100). All 
these manifestations of deficiency were corrected by the administration 
of either crystalline folic acid or folic acid concentrate. The blood picture 
of dyscrasia was previously observed in the monkey (104-108) and the 
chick (109) on a diet deficient in the vitamin without necessitating the 
use of sulfonamide. The deficiency in these animals seems to be a folic 
acid deficiency (108-1 10). Aerobacbr aerogenes, Pseudomonas fE~:orescens, 
Proteus vulgaris, and Clostridium butylicum were found capable of syn- 
thesizing folic acid in a completely vitamin-free medium (65). 

XI. THE BACTERIAL SYNTHESIS OF INOSITOL IN ANIMALS 
The Synthesis of inositol by the bacterial flora of the mouse has been 

definitely established by Woolley (111). Cultures of the intestinal contents 
of the mouse in a synthetic medium, showed that the intestinal organisms 
were capable of synthesizing the vitamin. This phenomenon furnished 
adequate explanation to the observation (112) that deficient mice with 
alopecia exhibited spontaneous cures while subsisting on an inositol-free 
regime (113). The amount of the vitamin stored was found to be lower in 
the bodies of mice with alopecia aa compared with that stored by mice 
showing spontaneous cures. Moreover, the bacterial flora of the former 
showed poor synthesis as compared with the latter, when such flora waa 
grown in synthetic media. 

The bacteria that have been shown to synthesize inositol in a vitamin- 
free medium are Aerobacter aerogenes, Pseudomonas jiwrescens, Proteus 
vulgaris, Clostridium butylicurn (65). 

XII. FACTORS INFLUENCING BACTERIAL S Y N T H E S I 6  IN T H E  ANIMAL 
ORGANISM 

The definite influence of the dietary intake on the intestinal flora of 
widely separated species was clearly demonstrated by Herter and Kendall 
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(8) using the monkey and the cat as experimental animals. They showed 
that when both animals were put on a diet high in carbohydrate, the 
intestinal flora was predominantly an acidophilic non-proteolyzing type. 
However, on a diet high in protein there was a change to  a flora of strongly 
proteolyzing type. Rettger and Horton (1 14) found appreciable differences 
in the intestinal flora of rats receiving an ordinary diet an? those fed the 
experimental diet of Osborne and Mendel (7). On the experimental diet the 
flora became more simplified with fewer types of bacteria present, and a 
definite increase of the Gram-positive organisms with a marked increase 
in B. bifidus and a suppression of B. coli. There seems to  be little doubt 
that different diets will produce marked differences in the intestinal flora 
in different species of animals. With this radical change in the flora, one 
can readily expect a corresponding change in the metabolites and products 
of those bacteria, vitamins included. 

1. Carbohydrates, Proteins, and Fats as Injluencing Factors 

The influence of isolated carbohydrates in the differential growth of 
micro-organisms, particularly the enteric group, is well known. Guerrant 
and Dutcher (25) showed that the ingestion of dextrinized corn starch as 
the sole carbohydrate in the diet favorably influenced the bacterial syn- 
thesis of thiamin and riboflavin in the intestinal tract of the rat, to such 
an extent as to lower their requirements (26) for these two factors. This 
enhancing effect of dextrinized corn starch was in sharp contrast to  the 
poor synthesis obtained when commercial starch (undextrinized) , sucrose, 
glucose, and lactose were used. In  this connection the results obtained 
by Najjar and Holt on humans are of interest. One experimental subject 
who had been for months on a highly purified diet with dextrimaltose (rich 
in dextrin) as the carbohydrate in the diet, synthesized and excreted in 
the stools (Table IV) an average of 250 y of thiamin per day. When rice 
was ingested in p!ace of dextrimaltose for 7 days the amount synthesized 
dropped to 36 y per day. When dextrimaltose was reinstituted the value 
went up to 507 y per day, A similar suppression was observed when sucrose 
was used ; however dextrose showed an apparent stimulation. Apparently 
dextrimaltose and dextrose were more potent in furthering thiamin syn- 
thesis. Considering the refection phenomenon as indicative of increaaed 
vitamin B synthesis in the intestinal tract of the rat, we observe that 
such synthesis occurs only when either rice starch (25, 30, 31), dextrin 
cont,aining starch (27), or potato starch (28, 29) is used. Furthermore, 
guinea pigs (103) thrive well when 15% of yeast is added to a synthetic 
diet containing dextrin. However, if dextrin is replaced by sucrose or if 
sulfaguanidine is added to  the diet, they fail to  do so. Apparently dextrin 
promotes bacterial synthesis of an unknown factor not furnished by yeast, 
which sulfaguanidine suppresses and sucrose fails to promote. It thus 
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seems reasonably clear from the evidences cited that dextrin and dextrin 
containing carbohydrates appear to create more favorable conditions for 
the promotion of synthesis. 

The synthesis of riboflavin in the rumen is apparently suppressed (52) 
by increasing the nitrogen content of the feed. The fat of the diet has been 
reported (115) to  influence thiamin synthesis in the intestinal tract of the 
rat. The stools of rats on a thiamin-deficient diet containing lard with 
sucrose as the carbohydrate were potent. When lard was withheld the 
stools lost their potency. Even roughage (26) has been thought to influence 
synthesis in the rat by affording more favorable conditions for the growth 
of micro-organisms. It seems more likely that the inclusion of roughage 
in the diet, through its laxative effect, results in the presence of more 
unabsorbed food substances in the colon and therefore a richer substrate 
for the growth of micro-organisms and increase in synthesis. 

2. Vitamins As InJluencing Factors 
The results of Heller, et al. (23) suggest that  B factors in rat feces were 

probably concerned in stimulating the growth of spore-bearing organisms 
which, in turn, were shown to be capable of synthesizing vitamin B. More 
definite and clear-cut evidence, however, was furnished by Wegner, et al. 
(51). They reported that the addition of thiamin to the feed of a calf 
apparently stimulated greater production of riboflavin, pantothenic acid, 
pyridoxin, and biotin. Nielsen and Elvehjern (44) showed that biotin 
synthesis in the rat was high on a stock diet and low on u pantothenic- 
acid- or n riboflavin-low ration. Woolley (1 11) obtained greater synthesis 
of inositol when pantothenic acid was added to the diet of experimental 
mice. Furthermore, inositol-deficient hairless mice receiving pantothenic 
acid but no inositol (112), in many instances regained their hair, suggest- 
ing that inositol synthesizing micro-organisms require pantothenic acid 
for effective growth and possibly riboflavin as well. However, there is 
room for speculation as to why mice develop alopecia when given inositol 
but not pantothenic acid iinless both are intimately involved in hair 
growth or pantothenic acid is necessary for the absorption of inositol(11G). 
Welch and Wright (117) showed that the vitamin K deficiency in rats 
induced by sulfasuxidine can be corrected by supplementing the diet with 
folk acid and biotin without resorting to vitamin K administration. The 
effect thus exercised is presumably exerted through stimulation of bac- 
terial synthesis of vitamin I< by organisms not too sensitive to  the action 
of the sulfonamide (118). This probably holds true unless the folic wid 
and biotin are involved in the utilization of vitamin K, a possibility that 
does not seem likely. 

hlartin (119) showed that under the conditions of his experiment rats 
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grow well on a diet containing thiamin, riboflavin, nicotinic acid, panto- 
thenic acid, pyridoxin, and choline. The addition of both inositol and 
p-aminobenzoic acid did not produce a more favorable growth. However, 
the addition of either inositol or p-aminobenzoic acid alone precipitated 
a need for the other. This was thought to be due to alteration of intestinal 
synthesis produced by the administration of one vjtamin or the other. 

That one organism needs a certain particular growth factor in order to  
synthesize another (120) is clearly exemplified in synthetic media. Kogl 
and Fries (121) showed that two different fungi can grow well together in a 
synthetic medium because one requires thiamin and the other needs biotin 
and the required vitamin in each case is furliished by the other fungus. 
Neither of the two fungi could grow in a synthetic medium in pure culture. 
Even more striking is the work of Muller and Schopfer (122), who showed 
that a yeast and a mold in a synthetic medium grew well together in 
symbiosis, because one supplied a component of thiamin which the other 
needed but was not able to synthesize. This, a t  least, should furnish one 
explanation for the symbiotic phenomena so often observed between micro- 
organism (123), micro-organisms and plants (124), as well as micro-organ- 
isms and animals as we have attempted to show in this review. 

3 .  l’he Role of Su~onamides as Influencing Factors 

With the introduction of sulfanilylguanidine (sulfaguanidine) by 
Marshall and his associates (125) as a poorly absorbed anti-bacterial agent, 
it became possible to study not only the separate vitamin requirements 
in animals but also the possible extent of synthesis that might take place. 
By merely suppressing such synthesis, obvious signs of the particular 
deficiency develop. It also affords opportunities for the study of the re- 
quirements of a vitamin on different dietary regimes by abolishing, mhen- 
ever possible, the interfering factor of synthesis. The metabolic interrela- 
tionships suspected between the different components of the B complex 
can also be studied more comprehensively. Most, if not all, of the work 
suggestive of this phenomenon is doubtless jeopardized by the fact that 
intestinal synthesis might vary with the conditions used. Thus the develop- 
ment of signs of thiamin deficiency in a pellagrin (126-128) after the 
administration of nicotinic acid and vice versa may not only be due to  
greater demand for one when the other is administered but t o  possible 
suppression of synthesis. There is strongly suggestive evidence, however, 
that a metabolic relationship does esist betmen thiamin and nicotinic 
acid (129, 130), pyiidosin and pantothenic acid (131) and others not within 
the scope of this review. 

The use of the insoluble sulfonamidcs for the study of intestinal synthesis 
lias been most productive. The demonstration that folic acid and biotin 
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are synthesized (44, 45, 132) in the intestinal tract of the rat has been 
made conclusive. The failure in growth following the administration of 
the drug was promptly corrected by liver extract and only partially by 
p-aminobenzoic acid. When the sulfonamide was withdrawn there was no 
immediate growth response. All this pointed to  the fact that bacterial 
synthesis in the intestines was responsible for some factors supplied by 
liver other than p-aminobenzoic acid. It was subsequently found that 
folic acid concentrate and biotin corrected the deficiency produced by either 
sulfaguanidine or sulfasuxidine. Thus the rble of folic acid and biotin in 
the nutrition of the rat was clarified and their synthesis established. Similar 
deficiencies were reported (46, 78, 133, 134) with blood dyscrasia (47, 135, 
136) and vascular changes (137). The effect of the drug was not a toxic 
one but primarily an inhibition of intestinal synthesis. This was shown 
(138) by a study on rats fed sulfaguanidine in a synthetic diet with added 
vitamins except folic acid. There was a positive response in growth upon 
supplementation with yeast and with feces of rats not ingesting the drug. 
However, supplementation with stools of sulfaguanidine rats produced no 
response. Although it is possible that the sulfaguanidine excreted in the 
feces of the drug-fed rats was partly responsible for the lack of response, 
there is little doubt that the effect is primarily a suppression of synthesis 
rather than toxic. The use of liver extracts and p-aminobenzoic acid paren- 
terally in such experiments could afford additions1 conclusive proof of the 
drug action. Uncovering the rble and synthesis of biotin and folic acid with 
the use of the insoluble sulfonamides brought to light a strong suggestion 
that newer factors, as yet undiscovered, are suppressed by the drugs. Tt is 
suggested that there might be more than one new factor in liver or the 
extract (110, 139) and folic acid concentrate (100) that will counteract the 
effect of sulfasuxidine. Since p-aminobenzoic acid has been shown incapa- 
ble of counteracting the deficiency produced by sulfasuxidine (133, 140, 
141), it becomes quite probable that there might be a multiplicity of 
factors that liver or yeast supply which the drug suppresses through inhibi- 
tion of intestinal synthesis. 

4 .  Other Factors Affecting the Vitamin Economy in the Intestines 

The accumulated literature hitherto cited on animals leaves little room 
for doubt that bacterial synthesis of vitamins in the intestinal tract of 
different species of animals does take place to  a considerable degree. The 
quantity synthesized of a particular vitamin appears to be of considerable 
importance. In  many instances i t  is enough to supply the need of the animaI 
for that vitamin with an adequate margin of safety. In  other instances, the 
synthesis is totally inadequate to supply the quantity required for normal 
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well being. I n  few cases, however, the amount synthesized of 2, vitamin is so 
close to  that required by the organism, marginal and fluctuating, that in a 
group of animals under the same conditions some would develop deficiency 
while others would not. Thus, among a number of chicks (142) on a vitamin- 
K-deficien t diet, some will develop hemorrhagic disease and others will 
escape ; still others will show spontaneous recovery after having exhibited 
symptoms. An identical process occurs in mice on an inositol-free diet 
(111,112). Furthermore the quantity synthesized per se does not necessarily 
explain why some animals require a certain vitamin and others do not. 
The Zocation of synthesis, therefore, seems to be of paramount importance 
since synthesis might occur in places where .most of the vitamins are ab- 
sorbed or where little or ho absorption can take place. It is indeed note- 
worthy that ruminants are not in the least dependent on their vitamin 
intake. Bacterial synthesis in the rumen is adequate and so high up in the 
tract that it becomes available for absorption by the intestinal mucosa. 
It is furthermore possible that synthesis might very well take place below 
that level and still be of use to the animal. Non-ruminants, not so favorably 
endowed, are dependent on the intake of more than one vitamin, although 
synthesis of others completely furnishes adequate amounts. One significant 
factor, however, should be well considered, i.e., the difference in the absorp- 
tion of the various vitamins. The fact that the cecum is the main synthetic 
apparatus of the rat has been definitely established (38) and repeatedly 
observed (40, 77). In this organ (77) biotin, folic acid, pantothenic acid, 
and pryidoxin were shown to be synthesized to a greater extent than other 
citamins. Deficiency of the first two can be produced only with sulfon- 
amides, whereas the last two can be produced by dietary deprivation. It 
would seem, then, that most probably biotin and folic acid are absorbed 
adequately to cover the need of the animal, but pyridoxin and pantothenic 
acid, though similarly synthesized in substantial quantities, are not as well 
absorbed since a deprivation of one or the other of these two from the diet 
will result in deficiency. This explanation holds true provided the require- 
ments of Ba and pantothenic acid are not well beyond such amounts ‘V 
are normally synthesized. 

XIII. BACTERIAL SYNTHESIS OF THIAMIN IN MAN 
Najjar and Holt (143) have shown in their experimental subjects: (a) 

that appreciable thiamin was found in the stools of human subjects, (b) 
that such thiamin did not comprise the unabsorbed residue from the diet, 
(c) that it wm not an excretion product of the body into the stools, (d) but 
actuslly synthesized by bacteria, (e) and that it is utilized by the organism 
to furnish a t  least part of the required thiamin. 
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C. G. 

A .  P. 
R. A. 
S. B. 
C. P. 
G. B. 
D. K.  
1. s. 

f r .  K. 

Wine young adults ingested for a pcriotl of 18 months a synthetic diet 
consisting of vitamin-free casein, crisco, and dextrimaltose,l including salt 
mixture and a vitamin mixture, consisting of a constant intake of all the 
available crystalline vitamins, including decreasing amounts of thiamin. 
Towards the end of the experiment when the thiamin intake was dropped 
to the level of 187-230 y daily, which was only the amount supplied by the 
dextrimaltose, the study of thc stool thiamin was started (Table I). All 
subjects ultimately developed signs of deficiency except one, G. n., who 
remained for a period of three months on an intake of 187 y daily until 
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230 
230 
187 
230 
187 
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TABLE I 
?'he Relation o j  Free l'hiamin Output in Stools to the Orisel of SUmplonis 

_- 
I 

(9 .8)  
(5) 
(4 .7)  

(11.5) - 
250 

52 
143 
53 

Thiamin 
Subject Intake 

Y day _____. _. 

I1 111 IV V VI VII VIII 

(0) (8 .5)  Rx Rx Rx Rx Rx 
(0) (4 .5)  -- (16) ( 2 . 4 )  Rx I t s  
(1) ( 5 . 5 )  Rx Itx Rx Rx Its 
(3) (15.5) Rx Rx Rx Rx 1 Rx 
38 90 Experiment Discontinued 
- 507 (40) (69) Rx Rx Rx 

148 106 146 133 37 - - 
36 182 (17) (12) Rx Rx R x  
37 43 (16) (27) (6) (9.6) (22) 

. .__________ ___ 

Free Thiamin Excretion in Stools 
r $87 Jar 

Rx, Therapy instituted. 
( ), Presence of symptoms. 
-, No collection made. 
In each case where symptoms were present the daily thiamin output was below 

30 y with the exception of C. P. It is noteworthy that  during his sympton~less 
periods, C. P.  showed a much higher level of output as compared to  the other suti- 
jects. 

the experiment was terminated, a t  which time he was vigorous and healthv 
in every respect. 

The amount of free thianlin synthesized in the stools appears to bear 
a definite relationship to the presence or absence of symptoms. The thiamin 
output in the stools before the development of symptoms was relatively 
high,-above 30 y daily. However, with the  reduction of thiamin output 
to a level below this figure, there was a simultaneous development of 

1 The casein obtained froin the Sheffield Farms Co., Inc., contained no measurable 
thiamin, but 0.75-1.0 y per gram of riboflavin. The dextrimaltose used was found to 
contain no measurable riboflavin but 0.6-0.9 y per gram of thiamin. 
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symptoms. This finding was consistent in all subjects during the periods 
of observation, with the exception of C. P. It is well to point out that this 
subject showed a much higher level of output of free thiamin than the 
others, before as well as after the development of symptoms. The fall in 
his thiamin output was, however, comparable in magnitude to that of the 
others. It is quite significant that G. B., the only subject who maintained 
a consistently high level of excretion throughout the egperiment, did not 
show any signs of deficiency while subsisting for three months on an 
identical diet. 

That bacteria were responsible for synthesis of thiamin in the intestinal 
tract was proved through the use of sulfmuxidine as a bacteriostatic agent. 
Two subjects (Fig. 1) were given 1.5 g. of the drug every four hours. A 
zero level of excretion was reached on the fourth and sixth day. Twelve 

DAW ONSUlfASUXfDfN€ INTAKE 

FIG. 1 

other subjects receiving the same diet with daily thiamin intake of 1230 y 
also showed zero excretion of free thiamin after sulfasuxidine therapy. 
The output of combined thiamin took a longer time to reach minimal level, 
although greatly reduced, it did not reach zero level in six days. 

The possible destructive effect of the drug on thiamin per se was ruled 
out. Further proof of synthesis was the fact that in seven subjects out of 
nine there appeared, in many instances, more total thiamin (free and 
combined) output in the stools alone than there was in the food eaten. In  
almost every instance, however, the total urine and stool output of total 
thiamin exceeded the intake. The possibility that thiamin in the stools 
represents an excretion product from the body into the gut mas ruledout. 
As is clearly shown in Table I1 there was no increase in stool thiamin after 
intravenous administration of the vitamin. The other possibility that the 
stool thiamin might comprise the unabsorbed residue was explored and 

* 
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Enema 

Thiamin 50 mg. 
Thiamin 50 mag. 
Cocarboxylase 50 mg. 

excluded. The total thiamin output was, in many instances, higher than 
the intake. Following administration of sulfonamide, the thiamin stool 
output was abolished, indicating that none of the ingested thiamin reached 
the lower gut even when the intake of thiamin was above one milligram. 
All the ingested thiamin mas absorbed. The thiamin so synthesized in the 
bowel is apparently absorbed and utilized by the organism. The correla- 
tion between the presence of symptoms of deficiency, along with a low 
stool thiamin and the lack of such symptoms with a high thiamin output, 
is indeed highly suggestive. Furthermore, the development of symptoms 
simultaneous with the drop of stool output to  a deficiency level lends more 
emphasis to this point, particularly when it is realized that the subjects 

Urinary Output 

Before Enema After 2nd Enema 

160 1,615 
162 5,200 
55 44 

TABLE I1 
Thiamin Output in  Stools Following I.V. Injection of 60 mg. of Thiamin 

Micrograms per day (Weekly Specimens) 

Subject Before Injection After Injection 

H. K. 1 2.7 

TABLE I11 
Urinary Excretion of Thiamin Following Thiamin and Cocarboxylaae Enernata 

Subject 

A. P. 
S. B. 
c. P. 

were a t  about the critical level of intake, and for a long periodwere ingesting 
a minimum amount. More concrete evidence of utilization of the syn- 
thesized thiamin in the gut was produced by the use of high enemata. 
It is clear from Table 111 that good absorption of free thiamin took place 
through the gut but no absorption of combined thiamin (cocarboxylase) 
occurred. This explains the good correlation that existed between symptoms 
and free thiamin output and absence of such correlation with combined 
thiamin. A study of the stool thiamin output from a low ileostomy fistula 
in a baby showed the presence of measurable thiamin which was abolished 
by the use of sulfasuxidine. Apparently thiamin synthesis is not confined to 
the large gut, but occurs also in the ileum where good absorption would be 
expected. 

An attempt was made to study the influence of different carbohydrates 
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c. P. 
D. I<. 
J. S. 
G. B. 

on the synthesis of thiamin. Four subjects that had been ingesting dextri- 
maltose as the sole carbohydrate in the diet were given different carbo- 
hydrates as a substitute (Table IV). It seems that rice and sucrose produced 
a diminution of the a.mount synthesized,. while dextrose produced an 
apparent stimulation. The reduction produced by rice appears to be sig- 
nificant and indeed challenging, inasmuch as beriberi has long been known 
to be prevalent among rice consdming communities. It is common knowl- 
edge, of course, that rice per se is almost devoid of thiamin. 

250 Rice 30 507 
143 Sucrose 35 182 
53 Maltose 37 43 
52 Dextrose 133 37 

TABLE 1V 
The Effect of Different Carbohydrates Ingested for One Week on Thiamin Synthesis in 

the Stools 
Free Thiamin Output in Stools 

(Microgram8 per day) 

Subject 1 Dextrimaltose 1 Carbohydrate Substituted 1 Dextrimaltose 

XIV. BACTERIAL SYNTHESIS OF RIBOFLAVIN IN MAN 
The synthesis of riboflavin was investigated (144) using a procedure 

similar to that employed for thiamin. A synthetic diet supplemented with 
crystalline vitamins ivas ingested for a period of twelve weeks and furnished 
70-90 y of riboflavin daily. Riboflavin was found to be synthesized in 
much greater amounts than thiamin. The daily urinary output alone was 
two to three times the intake and the combined excreta averaged five to  
six times the amount ingested. The daily fasting hour excretion (Fig. 2), 
after a preliminary drop, was maintained throughout a t  a level well within 
the normal range. When the subjects were given sulfasuxidine there was 
no suppression of synthesis, notwithstanding its continuous intake for a 
period of five weeks. In  faet, the only effect, if any, was an increase in the 
riboflavin output in the stools, although synthesis of free thiamin in the 
same subjects was promptly abolished. The riboflavin in the stools was 
shown not to be an excretion product of the body into the bowel. With this 
evidence at hand it seems likely that this factor was synthesized mainly 
by organisms not susceptible to the drug. Indeed smears and cultures of 
the stools revealed the presence of an abundance of bacteria, a clear indica- 
tion that the drug did not eliminate all bacterial growth and accounts for 
the persistence of riboflavin synthesis. 

Bacterial studies have shown B. coli communior to be predominant in 
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the subjects that have thus far been studied. It is clear (Fig. 3) that B .  coli 
communior is capable of synthesizing appreciable amounts of riboflavin. 
It appears that as the organism multiplies to reach a peak count after 

40 - 
SUBJECT (W) 

RIBOfLAV/N /ffUK€ 90 DAILY 

XU& LOADrEJlfU 

2602 

so 105 (10 
45 (suLr!suxIDuljJ 

I S  10 0 

MYS ON RIEOFlAWN DEFICIENT DIET 

16-24 hours incubation, the riboflavin content of the medium shows a 
corresponding and gradual decline. With continued incubation the count 
declines steadily and the riboflavin content shows a corresponding increase. 
The uninoculated broth control showed a drop during the first eight hours 
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of incubation to a level that was maintained throughout. This behavior 
suggests that most, if not all, of the riboflavin is synthesized and held 
within the bodies of the bacteria. Liberation into the medium occurs after 
bacterial disin tegration. 

XV. ~ J . ~ C T E R I A L  SYNTHESIS OF NICOTINIC ACID IN MAN 

Ellinger and Coulson (145) in a recent report showed that the urinary 
output of N1-methylnicotinamide chloride, an Fz compound (86, 146, 147), 
was markedly diminished when sulfasuxidine or sulfaguanidine were admin- 
istered to subjects subsisting on a uniform diet and environment through- 
out the experiment. The reduction, in output was not the result of an 
interference of the drug with nicotinamide metabolism. Control subjects, 
who were given the soluble sulfathiazole, showed higher drug levels in the 
blood and failed to show a reduction in the output of Wmethylnicotinamide 
chloride. The authors concluded that suppression of synthesis of nico- 
tinamide in the intestinal tract produced by the insoluble sulfonamide was 
an obvious explanation of the results obtained. The results are undoubtedly 
very suggestive of' synthesis, although interference of absorption of the 
vitamin cannot be excluded, because the diet used n-as apparently not 
vitamin-free. 

Najjar and Holt (155) studied the urinary excretion of the Fz compound 
on four subjects who ingested a diet of Crisco, Vitamin-free Casein (Shef- 
field) and Dextrimaltose no. 2 for a period of three months. The daily 
urinary output of FZ was equivalent to the excretion response after the 
intake of 20-30 mg. nicotinamide, although the daily intake of each sub- 
ject amounted only to 1.5-2.0 mg. derived from the Dextrimaltose2 and the 
casein.3 When full doses of sidfasuxidine were given for a period of a month, 
none of the subjects showed a decrease in the E ' Z  output. These results are 
indicative of synthesis of the vitamin although sulfasuxidine failed to in- 
hibit the process. 

x\.'I. BACTEItIAL ~YN?.HI~:SIS OF l<rOTIs  .4KD FOLIC ACID I N  MAIN 

Oppel (148) produced quantitative evidence in respect to biotin. Human 
.subjects were found to excrete in the urine more biotin than they ingested 
in the diet. The stool output of biotin also was more than the amount 
ingested. Both urine and stools contained three to six times the biotin 
content of the diet. The conclusion was therefore drawn that bacterial 
synthesis \vas responsible. The results of Najjar and Holt (113) contain 

2 The nicotinic arid assay on Dcxtrinidtose no. 2 was obtainrd through the 
courtesy of Dr. Warrrn RZ. Cox, Jr. ,  Mead Johnson and Company. ICach gram of 
Deatrimaltose contained 8.G micrograni. 

The nicotinic scid asslty on the casein was obtained from thc Shefficltl Farms Co., 
and reported to  contain 0.3-0.9 gamma per gram. 
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stroiigly suggestive evidence that the bacterial synthesis is quite adequate 
to take care of the need of both biotin and folic acid by man. Their subjects 
subsisted on 7 synthetic diet which did not include biotin and folic acid 
in the vitamin supplements. The diet, except for dextrimaltose, was not 
materially different from that used to produce biotin and folk acid de- 
ficviencies in the rat (47, 132) when synthesis of these two vitamins was 
abolished with sulfonamides. The daily intake of folic acid furnished by 
dc~xtrimaltose4 amounted only to 14-17 y for each subject. The other two 
items of the diet, T’itamin-free Casein and Crisco, might have contributed 
traces of the vitamin if a t  all. These subjects were kept on the diet for 
eighteen months, during which time there was no evidence of any blood 
changes, skin lesions, electrocardiographic or X-ray changes, nor any 
arterial damage that could be detected or affect the blood pressure, as 
repeated measurements of blood pressure were normal. 

X\‘II. vIT.1MIX SYXTHESIS AND ITS IMPLIC.4TIONS I N  HUMAN NUTRITION 

The ability of humans to synthesize thiamin, riboflavin, nicotinic acid, 
and folic acid through bacterial action has been discussed. This fact in 
itself presents a new approach and a different outlook on the controversial 
subject of “Vitamin Requirements in Man.” It affords, to begin with, an 
adequate explanation for the different results obtained by different wurkers 
(149-152). From the data heretofore shown on thiamin (1433) and riboflavin 
(144) one is impressed by the fact that even under identical conditions of 
diet, and environment there was a good deal of variation in the quantities 
synthesized by one individual as compared with another. One subject 
would show Consistently high values while another consistently low ones. 
Since such vitamins are absorbed and therefore used to  advantage, one 
could certainly expect a smaller dietary need for one subject and a higher 
one for the other, assuming that their metabolic requirement for the 
vitamin in question is similar. We are mindful that this difference in 
synthesis is but one factor out of a number that might determine the 
amount required; nevertheless, i t  is an important one. It acquires even 
more import when fuller knowledge of the effect of diet on synthesis is 
obtained. The requirement of a particular factor might be quite different 
when a high protein, carbohydrate, or fat diet is ingested, not only because 
of a different metabolic need for the vitamin, but because it might affect 
synthesis one way or the other. Indeed a favorable dietary regime might 
markedly lower an otherwise high i-equirement. In  the case of riboflavin 
(144) the subjects were kept for over three months on an insignificant 

Folic acid assay on dextrimaltosc (no. 2) was made through the courtesy of 
Dr. Warren M. Cox, Jr., Mead Johnson and Company. Using S. lac& It. the folic 
acid content was found t o  be 0.056 y per gram. 
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intake of riboflavin without showing any clinical or chemical signs of 
deficiency. The urinary fasting excretion was maintained at  a level within 
the normal range for all this period with no sign of decline (Fig. 2). It is 
conceivable that had those subjects been allowed to continue on the diet 
for a year or more, signs of deficiency might develop. It still remains hard 
to explain the lack of any chemical signs of even reduced stores after as 
long an interval as twelve weeks. To speculate further, bacterial synthesis 
might, after intimate knowledge of its workings, be harnessed to supply a 
larger share of the vitamin required. 

Another aspect that this problem presents is a redefinition of what we 
now call requirement. By nutritional requirements we often infer the 
amount of a factor that is necessary to ingest in order to maintain a normal 
state of health. This mode of expression in the light of our present knowledge 
of bacterial synthesis.falls short of expressing the physiological need of the 
particular vitamin. In cases where no synthesis occurs (and these probably 
are non-existent) the physiological need of a factor $an well coincide with 
its nutritional reqirement. The nutritional dietary requirement of biotin is 
nil, but its physiological requirement is qualitatively undebatable and 
quantitatively not as yet determined. The nutritional requirement of 
thiamin must be measurably less than the physiological requirement. The 
difference is accounted for by the amount synthesized. If synthesis is sup- 
pressed by the sulfonamides, one can obtain a clear and quantitative 
estimation of the physiological requirement of thiamin. Thus a clearer 
understanding of what is implied by requirements has become quite neces- 
sary, let alone allowances, since the exploration of actual physiological 
requirements, a t  least in animals, lends itself to ordinary experimental 
procedures. 

The widespread use of the sulfonamides and its effect on known and as 
yet unknown factors is indeed challenging. There is little doubt that the 
soluble sulfonamides (153, 154) are retained in the intestinal tract in such 
concentration as to exercise active bacteriostasis. The length of time that 
such drugs are used ordinarily by a patient can hardly be expected to 
precipitate a state of deficiency in the average case. As prophylactic agents 
to a number of diseases, sulfonamides are and will be used for varying 
lengths of time. The possibility of inhibiting synthesis for periods long 
enough to have a deleterious effect should certainly not be ignored. 

XVIII. CONCLUSION 
The synthesis of B vitamins by bacteria has been reviewed from its early 

phases. The accumulated knowledge gained through successive research 
in this field leaves no doubt regarding the fundamental importance of this 
phenomenon and its vital rale in the nutrition of plants and animals, in- 
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eluding man, It is also apparent that those factors synthesized by micro- 
organis'ms are not mere by-products of their metabolic activity, but are 
necessary for their growth and multiplication. In  this respect, the metabolic 
requirements of unicellular organisms for the water-soluble vitamins is 
quite similar to  that of man and other higher forms of life. It is indeed 
fortunate that bacteria residing in the gastro-intestinal tract do not com- 
pete with the animal for these factors but synthesize them in sufficient 
amounts to render them available to their host. The extent to which this 
bacterial synthesis is used to advantage by the host seems to  depend on the 
location and extent of synthesis. Ruminants do not seem t o  be dependent 
on a dietary intake of these factors because synthesis occurs in the proximal 
portion of the gut and affords a chance for adequate absorption. Man 
and the rat are not endowed with a rumen, but have to depend on synthesis 
in more distal portions of the intestinal tract, mainly the large gut. It is 
not surprising then to find that, unlike ruminants, they are dependent 
on their dietary intake for some of the needed vitamins, without which 
deficiency develops. In such instances, where a dietary supply is necessary, 
there is little doubt that part of the requirement is, nevertheless, supplied 
by bacterial synthesis. Other B vitamins, h&vever, are provided ade- 
quately without the need of an outside source. 

A number of factors have been shown to influence the extent of this 
bacterial synthesis. The constituents of the diet: proteins, fats, carbohy- 
drates, and the different vitamins 'appear to play a significant part. The 
widespread use of bacteriostatic agents (the sulfonamides), particularly 
in protracted therapy or prolonged prophylaxis, should obviously call for 
vigilance because of their action in suppressing synthesis of the various 
members of the B complex. 

The phenomenon of vitamin synthesis by bacteria presents important 
considerations in the nutrition of man. Its full significance, however, 
should await a more complete knowledge of the human need for the B 
vitamins than we now possess. At the present time, we are certain that at 
least part of our requirements are furnished by bacterial action in the 
intestines. It is, therefore, comforting to know that we can at least rely 
to some extent on this mechanism to supplement the average American 
diet should the ever persistent vitsmin vendor fail in his benevolent task. 
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I. INTRODUCTION 
In recent years, there has been a growing realizntion that the sciences oi 

nutrition and of pharmacology have a common frontier. For many dec- 
ades, we busied ourselves with studies of the dietary needs of the “normal” 
individual, and with determinations of the tosic or pharmacological effects 
of drugs on animals receiving an “adequate” diet. Many recent studies, 
however, have involved the use of drugs in highly purified diets of known 
composition. Some have been undertaken to determine t.he effects of these 
drugs on the nutritive state of animals, others to  test the influence of spe- 
cific nutrients on drug action. In either case, the results of these studies 
have enriched both sciences and appear to  be playing a part in shaping the 
future of each. 

The most widely and successfully used drugs in nutrition experiments are 
the sulfonamides. Although they have been employed in this way only 
during the last three or four years, several scores of reports dealing with the 
results of their administration to  rats and other cxperimental animals have 
already appeared. A large majority of workers have employed sulfaguani- 
dine or succinyl sulfathiazole (sulfasuxidine), although experiments with 
sulfanilamide, sulfadiazine, sulfathiazole, sulfapyrazine, and snlfapyridine 
have been reported.* 

*See S. Ansbacher, Vitamins and Hormones 2,215 (1944), and B. C. J. G. Knight, 
this volume, p. 105. 

”0  
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The historical basis for this use of the sulfonamides is to be found in 
experiments dealing with the synthesis of vitamins by intestinal bacteria. 
For such a process to be of nutritional importance to  rats or other animals, 
it is obvious that not only must needed vitamins be manufactured in this 
way but also they must be made available in significant amounts to the 
animals in question. It has been shown that both of these conditions are a t  
times fulfilled. The first step was the demonstration, made some 30 years 
ago, that rats were benefited, under suitable experimental conditions, bx the 
ingestion of feces. It thereafter was indicated by an orderly progression of 
researches that the benefits experienced were derived from vitamins in the 
feces, that these substances had been synthesized by intestinal bacteria, and 
finally that coprophagy was not essential in order for the animal harboring 
the micro-organisms to profit from their activity. 

Osborne and Mendel in 1911 (1) reported that rats receiving special diets 
and showing “symptoms of nutritive decline” improved clinically and re- 
sumed growth following the ingestion of feces from rats on stock diets. They 
suggested that these effects might be dependent on the living bacteria in the 
feces ingested. Steenbock, Sell, and Nelson in 1923 (2) found that the growth 
rate of rats on diets low in “vitamin B” was improved by allowing them to 
ingest their own feces. They presented evidence to  indicate that it was the 
vitamin content of the feces which was inportant and suggested that either 
the vitamin of the food had not been assimilated and was therefore excreted 
with the feces or that it had served its purpose without being destroyed and 
was subsequently voided in the urine and absorbgd by the feces. Heller, 
McElroy, and Garlock (3) confirmed and extended the experimeiital find- 
ings of Steenbock, et al. In  seeking the correct esplanation for the presence 
of “vitamin B” in feces, they considered the further possibility, previously 
suggested by Cooper (4), that the vitamin might have been synthesized by 
intestinal bacteria. They were able to  obtain evidence, from in vivo and in 
vitro studies, which supported the point of view that this mechanism was 
operative and they concluded that certain unidentified spore-bearing 
organisms manufactured “vitamin B” in the intestinal tract and stored it 
within their own bodies. 

In  1926 there was introduced into the biochemical literature a concept 
which was destined to exert a profound influence on our thought concerning 
the r81e of intestinal bacteria in the nutrition of higher animals. The idea 
presented was that vitamins might not only be synthesized by the bacteria 
of the gastro-intestinal tract but might also be released in significant 
amounts into the surrounding medium from which they could be absorbed 
and utilized by the host. This mechanism was a t  first suggested as applying 
only to rats after the development of a condition designated as “refection.” 
I t  was later shown to have a mare generai significance, 

Fridericia (5 )  who made the original observations on the phenomenon of 
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refection dcfincd it as a transmissible change in the intestinal content, 
 nabl ling ruts to gro\\ and thrive u ithont “R-vitamin” in the food. Fridericia 
and coworkers ((i) demonstratcd that while only a few of the rats receiving 
a dcfirirnt diet containing rica-starch became rcfected spontaneously, the 
vondition could he transmitted routinely to animals ingesting this diet by 
feeding them feces from refected animals. Such feces were white and bulky 
and contained a large amount of undigested starch. Fridericia, et al. showed 
further that the refected state could be initiated and maintained only by 
the use of diets containing uncooked starch. They reported that “vitamin 
13’’ was present in the feces of refected rats in comparatively large amounts 
and that refected animals had an unusual intestinal flora. They suggested 
that the nature of the intestinal flora might be a critical factor but their 
attempts to identify the infectious agent of refection were not successful. 

Izoscoc (7) corroborated many of the findings of Fridericia and coworkers 
and presented experimental data which suggested that in order for refected 
rats to  continue in that state it was necessary for them to ingest some of their 
own (or similar) feces. Roscoe also referred to the convincing experimental 
evidence presented by Goldberger and his colleagues (8) that so-called 
“vitamin l3” consisted of a t  least two factors, and discussed experiments 
which demonstrated that refected animals were protected from dietary 
deficiencies of “both” factors. 

In most later experiments refection was prevented by the substitution of 
other forms of carbohydrate for raw starch. It ivas found, nevertheless, that 
even without refection the host animals, both ruminants and to a lesser but 
important cstcnt non-ruminants, might benefit from the synthesis of vita- 
mins by thc bacteria of the digestive tract. 

Rechdel, Honcyn-ell, Dutcher, and Iinutsen in 1928 (9), searching for an 
explanation as to why cattle, unlike any other species of animal studied, 
were able to grow to maturity, give birth to normal offspring and produce 
inilk of normal dietary composition on a ration highly deficient in vitamin €3 
complex, demdnstrated, first, thnl rumen extract from a heifer on a deficient 
diet contained “vitamin B” and, second, that an organism of the genus 
Flavobactem’um, found to  be about 90 per cent predominant in the rumen 
microflora, was able in vitro to synthesize ‘%itamin B”. After the tlemonstra- 
tion that “vitamin B” is in reality a group of v-ater-soluble vitamins of 
great complexity, more detailed studies of the synthesis of individual mem- 
bers of the group were undertaken by McElroy and coworkers (10-14), 
Wegner, Booth, Elvehjem, and Hart (15), and others. It has been shown that 
biotin (lo), riboflavin (and vitamin I<) ( l l ) ,  pyridosin (12), thiamine (13), 
pantothenic acid (14) and nicotinic acid (15) are all synthesized in the ru- 
men of sheep or cows in amounts sufficiently large to permit these snimals 
to dispense \vith dietary sources of these vitamins. 

Guerrant, Dutcher, and Tomey in 1935 (1G) after a consideration of per- 
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tinent experimental data, stated: “The cow is not unique in its ability to  
synthesize the I3 vitamins in its digestive tract. The cow does have the ad- 
vantage over the rat in that the vitamins are synthesized higher up in the 
alimentary canal of thc cow (rumen), thus enabling this animal to secure 
(on a ration deficient in the I3 vitamins) full benefit of the synthesized 
prcducts without the necessity of reingestion of feces.” The difference 
between the ruminants and non-ruminants is very real. The intestinal bac- 
teria of rats and ‘mice elaborate many vitamins but it has never been 
demonstrated that a non-refected rodent, without coprophagy, can obtain 
from this source enough or even a significant portion of its requirements of 
such vitamins as thiamine, riboflavin, pantothenic acid, and pyridoxin. In 
the case of both fat-soluble and water-soluble vitamins which are needed in 
relatively small amounts, however, the situation may be different. There is 
evidence that bacterial synthesis may furnish the rat or mouse with vitamin 
K, inositol and possibly other factors in amounts which may approach or 
even equal the normal requirements of the animal for these substances. 

Greaves (17) described the maintenance of rats on vitamin-K-free diets 
through 3 generations and reported that only 12 of 77 animals exhibited 
prothrombin values below 50 per cent of normal. In an attempt to explain 
this phenomenon, he demonstrated not only that the feces of the animals in- 
gesting the deficient diet contained vitamin K but also, by experiments 
involving section of the common bile duet or the establishment of bile 
fistulas, that the resistant animals were dependent on this supply of the 
vitamin. These data, together with the previous report by Almquist and 
associates (18, 19) that bacteria normally inhabiting the intestinal tract 
synthesize vitamin I(, left little doubt as to  the mechanism whereby experi- 
mental animals were protected against the development of signs of vitamin 
K deficiency. It should perhaps be noted in passing that the hemorrhagic 
diathesis of the new-born, preventable by the administration of vitamin K 
either to the mother or less effectively to the new-born infant itself, occurs a t  
a time in the life of the infant when the bacterial flora of the gastro-intestinal 
tract has not yet become established. It is believed that intestinal synthesis 
of vitamin K in older children accounts for the short period of danger from 
the hemorrhagic diathesis (20). 

Following his demonstration that inositol is an anti-alopecia factor for the 
mouse (21) and the observation that there were numerous spontaneous 
cures (22), Woolley made a more intensive study of the latter phenomenon. 
He was able to  demonstrate (23) that mice, when given adequate panto- 
thenic acid, are able to synthesize inositol and add it to  their body stores. 
From his experimental data it appeared that one site of synthesis was prob- 
ably the intestinal tract and that the organisms responsible were Gram- 
negative but not identifiable as E.  coli. Since inositol deficiency could be 
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produced in a small percentage of mice fed a deficient diet, Woolley con- 
cluded that, the inositol synthesized by these organisms was either insuffi- 
cient to  meet all of the requirements of the mouse or else the organisms did 
not become established in all animals. 

Similar, although less extensive, data have been reported for biotin and 
the L. casei factor. Landy and Dicken (24) and Burkholder and McVeigh 
(25) demonstrated the in vitro synthesis of biotin by E. coli and other 
bacteria, and Mitchell and Isbell (26) &owed that the output of biotin in 
the urine and feces of their experimental rats was greater than the dietary 
intake. Thompson (27) demonstrated the in vitro synthesis of the I,. casei 
factor by organisms normally inhabiting the gastro-intestinal tract. Korn- 
berg, Daft, and Sebrell (28) reported the occurrence of granulocytopenia in 
a small percentage of rats fed a purified diet and the correction of this con- 
dition by crystalline L. casei factor. From analogy with the studies on vita- 
min K deficiency, they suggested that intestinal synthesis of the I,. casci 
factor might account for the infrequency of the appearance of the granu- 
locytopenia. 

With this background1 in mind, it is quite understandable why the an- 
nouncement in 1940 by Marshall, Bratton, White, and Litchfield (29) that 
a new drug, sulfaguanidine, had been found to be an effective bacteriostatic 
agent for intestinal organisms should have been received with great interest. 
The possibility was immediately envisioned that t,his drug, when incorpo- 
rated in diets of highly purified food materials, might prove a valuable tool 
in the production of vitamin deficiencies in rats and other animals. The 
success of the investigations thus instigated is unquestioned. It is not 
equally certain, however, that the mechanism of production of the deficien- 
cies is as simple as was first assumed. 

The first reported use of sulfaguanidine in nutrition experiments was by 
Black, McKibbin, and Elvehjem (30). These investigators found that when 
this drug, a t  a level of 0.5 per cent, was fed to rats in a purified diet, a dimi- 
nution in growth rate resulted. When liver extract or p-aminobenzoic acid 
was administered growth was resumed. The effect of liver extract was imme- 
diate but that of p-aminobenzoic acid delayed. Black, et al. interpreted 
theSe results as indicating that the sulfaguanidine had inhibited the bacte- 
rial synthesis of unknown growth factors which the liver extract supplied 
and that the administration of p-aminobenzoic acid permitted the gradual 
restoration of the intestinal flora to normal. Mackenzie, Mackenzie, and 
McCollum (31) using purified diets containing 1 or 2 per cent of sulfaguani- 
dine, confirmed the experimental findings of 13lack and coworkers and re- 
ported further that the thyroid glands of the animals receiving the drug 

Additional discussion of this subject will be found in I'itarnins and Hormones, 
this volume, pages 23-48. 
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became hypertrophied and hyperemic. Daft, Ashburn, Spicer, and Sebrell 
(32) reported extensive hyaline sclerosis and calcification of blood vessels in 
rats receiving purified diets containing 1 per cent of sulfaguanidine. Welch 
(33) announced that sufasuxidine behaved similarly to sulfaguanidine in 
reducing the growth of young rats fed purified diets but that its action dif- 
fered from that of sulfaguanidine in that it could not be antagonized’by 
p-aminobenzoic acid. 

From this beginning, the list of anatomical and physiological lesions re- 
sulting from the use of sulfonamides in purified diets was rapidly extended. 
Black, Overnian, Elvehjem, and Link (34) found a state of hypoprothrom- 
binemia in their young rats receiving sulfaguanidine which could be pre- 
vented by vitamin I. ,  by p-aminobenzoic acid or by a factor in liver extract. 
Spicer, Daft, Scbrell, and Ashburn (35) reported the development of 
leukopenia, granulocytopenia, anemia, and hypocellularity of bone-marrow 
in rats given sulfaguanidine or sulfasuxidine and the prevention of these 
dyscrasias by certain liver extracts known to contain the L. casei factor. 
(“folic acid”). Daft, Ashburn, and Sebrell (36) added to this list of lesions 
hyaline necrosis and calcification of voluntary muscles, necrosis of heart 
muscle, hemorrhage into various organs and subcutaneous tissues, liver 
damage and dermatitis with alopecia. The dermatitis could be cured with 
biotin. Ashburn, Daft, Endicott, and Sebrell (37) noted that occasionally 
the necrosis of heart muscle was so severe as to permit beginning or actual 
cardiac aneurysm. Martin (38) reported that black rats given sulfaguani- 
dine a t  a level of 1 or 2 per cent in purified diets showed a marked graying, 
equal in extent to that seen in rats on diets deficient in pantothenic acid. 
Administration of concentrates of “folic acid” restored the color of the hair. 
Wright and Welch (39), using sulfasuxidine, also observed the development 
of schromotrichia and in addition noted the occurrence of porphyrin-caked 
whiskers. Both conditions could be prevented by the administration of 
biotin plus concentrates of “folic acid” but not by excess pantothenic acid. 
West, Jefferson, and Rivera (40) described hemorrhagic necrosis of the ad- 
renals as well as alopecia and pigment deposition on the fur and whiskers as 
a result of the administration of sulfapyridine. These signs disappeared 
following treatment with pantothenic acid. Nielsen and Black (41) found 
that rats given sulfasuxidine developed marked symmetrical alopecia on the 
belly and on the hind quarters despite the fact that the vitamin supple- 
ment which these animals received contained among other factors biotin, 
pantothenic acid and a superfiltrol eluate (“folic acid” concentrate). Inositol 
supplementation prevented the onset of this condition. Kornberg, Daft, and 
Sebrell(42) reported that the use of sulfapyrazine, sulfadiazine, or sulfathia- 
aole resulted in the development of a hypoprothrombinemia so severe that 
there was a marked prolongation of the clotting time of whole blood as well 
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as multiple, massive hemorrhages. Kornberg, Endicott, Daft, and Sebrell 
(93), by Ion-ering the casein content of diets containing sulfadiazine or sulfa- 
thiazolc, perniittcd the development of marked lesions of the kidneys. 
These lesions could be prcvcnted by the inclusion of adequate casein, sodium 
bicarbonate, urea or sodium chloride in the diet. 

The anatomical and physiological lesions reported to have been induced 
in rats by feeding sulfonnmides in purified diets are listed in Table I. 

TABIAE I 
Lesions Induced  it^ Kals  by Feeditjg Sulfonamides i n  Purified Diels 

Lesion 

1)iniinution of growth rate. . . . , . , . , . , . . . , . . . . . . . , . . , . . . . . . . . . . . . 
Increase in prothrombin time of plasina.. . , . . . . , , . , . . . . . . . . . . . . . . 
IIemorrhagcs. . . . . , . . . , . , . . . . , , . . . , . . . . . . . , . , . , . , . . , , . . . . . . . . . 
Increase in  clotting time of whole blood.. . . . . . . . . . . . , . . . . , . . . . . . . 
Ilerinatitis nnd alopecia. . . . . . . . , , . , . . . . . . . . . . . . . . . , . , . . . , . . . . . . 
IIemorrhagic necrosis of ndrenals. , , . . . . , . . . . . .-. . . . . . . . . . , . . . . . . 
:llopccin+. . . , . . . , . . . . . . . . , . , . . , . . . , . , , , , . , . . , . , . . . . . . . . . . . . . . . . . 
Porphyrin-staining of fur nntl nhiskers. . . . , . . . . . . . . . . . . . . . . . . . . 
Hyaline necrosis and calcification of voluntary muscles.. . . . . . . . . , 
Leukopenia . . . . . . . . . . , . . . . . . . . . . . . , . . , . , . . . . . . . . . , . . . . . . . . . . . . . . , 
Granulocytopenin. . . . . . . , . . . . . . . , . , . . . . . . . . . . . . . . , . . . . . . . . . . . . . , 
Anemia. . . . , . . . . . . , . . . . . . . . . . . . . . . , , , . . , , . . . . . , . , . . . . . . . . . . . . . . . 
Hypocellularity of bone-niarro\v. , , , , , , . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  . , . . . . . .  . . . .  
kers*. . , . . . . . . . . , . . . . . . . . . 

Alopccin* . . . . . . . . . . . . . . . . . . . . . . , , . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Hynline sclerosis and calcification of blood vessels. , . . . . . . . . . . . 
Kecrosis of heart muscle.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Cardiac aneurysm. . . . . . . . . . . . . . , , . , . . , , , , . , . . . . . . . . . . . . . . . . . . 
Liver damage (hydropic degcneration of hepai ic cells). . . . . . . . . . . 
Hypertrophy and hypereniia of thyroid. . , . . . . . . . . . . . . . . . . . . . . 
Kidney damage. . , . , . , , . . . . . . . . . . . . . , . . , . . , . , . . . . . , . . . . . . . 

* Repetition because more.than one factor reported t o  be involvsd. 

Following the enumeration and description of these lesions, investigations 
in the various laboratories have developed along two lines; first, the identifi- 
cation of the deficiencies involved and to some estent a more complete 
clinical and physiological study of the deficiency diseases and, second, an 
investigation of the mode of action of the sulfonamides in producing the 
deficiencies. 

We will first consider in greater detail the nature of the deficiencies which 
have been produced. 
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11. IDENTIFICATION OF DEFICIENCIES 
1. Vitamin K Deficiency 

Among the vitamin deficiencies caused by the administration of sulfon- 
amides in purified diets, the first to be identified was that of vitamin K. In  
the first report on this subject, Black, McKibbin, and Elvehjem (30) re- 
corded the observation that the administration of sulfaguanidine did not 
lengthen the clotting time of whole blood. Black, Overman, Elvehjem, and 
Link (34) were able to demonstrate, however, that the reduction in growth 
of young rats receiving this drug was accompanied by a state of hypopro- 
thrombinemia, as measured by the prothrombin time of 12.5 per cent 
plasma. This effect on the prothrombin level of the blood was counteracted 
by vitamin I<. Of interest, also, is the observation of Black, et al. (30), that 
both effects of the drug could be prevented by the administration either of 
p-aminobenzoic acid or of a liver fraction. The active component of this 
fraction appeared to be distinct from p-aminobenzoic acid and was shown 
to possess properties which corresponded very closely to those of the “norit 
eluate factor” (“folic acid”). Welch and Wright (44) noted occasional spon- 
taneous bleeding in their rats receiving sulfasuxidine and observed, also, 
that this drug caused an increase in prothrombin time similar to  that 
caused by sulfaguanidine. They reported that the effect on the prothrombin 
level could be largely overcome by a grass juice powder rich in vitamin K 
or by crystalline biotin plus a “folic acid” concentrate. Day, Wakim, Krider, 
and O’Banion (45) reported corroborative results concerning the effect of 
sulfasuxidine on the prothrombin time. They found that cecectomy was 
helpful in producing vitamin K deficiency, especially in conjunction with 
the administration of the sulfonamide, and that p-aminobenzoic acid par- 
tially counteracted the effect of the drug. 

Kornberg, Daft, and Sebrell (42) presented evidence indicating that the 
bleeding originally observed by Daft, et al. (36) was the result of a deficiency 
of vitamin K. By the use of sulfapyrazine, sulfediazine, and sulfathiazole, 
they succeeded in producing, rapidly and consistently, so severe a hypopro- 
thrombinemia that it manifested itself by multiple massive hemorrhages 
and by a marked prolongation of the clotting time of whole blood, The order 
of effectiveness of the drugs used appeared to  be as follows: sulfapyrezine 
most effective, sulfadiazine and sulfathiaaole next, and sulfanilamide, sulfa- 
suxidine and sulfaguanidine least effective. The type of casein in the diet as 
well as the nature of the sulfonamide administered was demonstrated to  
play a part in the rapidity of the production of vitamin K deficiency and its 
severity. p-Aminobenzoic acid was shown to counteract the effect of 
sulfadiazine in producing deficiency signs (43). The administration of 
crystalline biotin and crystalline L. casei factor (“folic acid”) on the other 
hand, appeared to have little or no effect (42). 
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2. Biotin DeJciency 

The typical alopecia and dermatitis of “egg-white injury” was ade- 
quately described some years ago by Boas (46). Du Vigneaud, Melville, 
Gyorgy, and Rose (47) found that this condition could be treated success- 
fully with crystalline biotin. Daft, Ashburn, and Sebrell (36) noted the 
appearance of this typical syndrome, previously observed in rats only after 
the feeding of unheated egg-white, in animals given sulfaguanidine or sulfa- 
suxidine in purified diets. Remission of symptoms occurred following the 
oral or parenteral administration of crystalline biotin in daily doses of 0.5 
to 10 Ng. for 14 days. These findings were confirmed in all essentials by the 
independent observations of Nielsen and Elvehjem (48) and of Martin (38). 
Further corroborative data were later presented by other investigators. 

8. Puntothenic Acid Dejiciency 

West, Jefferson, and Rivera (40) are among the few investigators who 
have employed diets containing sulfapyridine. Their dietary regime differed 
from that of other workers, also, in that yeast, at a level of 0.4 g. per rat per 
day, was given as a source of the B-vitamins. Deficiency signs, consisting of 
hemorrhagic necrosis of the adrenals, alopecia, and rusty discoloration of the 
fur and whiskers (presumably by porphyrin) developed in animals receiving 
the drug while control rats receiving a similar diet but no sulfapyridine 
developed no lesions. Animals with deficiency signs were successfully treated 
by increasing the yeast supplement or by giving an individual daily supple- 
ment of 1 mg. of calcium pantothenate. The authors concluded that they 
had induced a pantothenic acid deficiency in their rats by means of sulfa- 
pyridine. 

It is of interest in this connection that other investigators have noted 
similar deficiency signs which were not preventable or curable by panto- 
thenic acid. Martin (38) and Wright and Welch (39) observed achromo- 
trichia in rats receiving sulfaguanidine or sulfasuxidine and adequate panto- 
thenic acid. The latter investigators also noted porphyrin-caked whiskers 
in their animals. Remission of both signs followed therapy with biotin and 
concentrates of L. cusei factor (“folic acid”). Endicott, Kornberg, and Daft 
(49) observed that rats given sulfadiazine, sulfathiazole, or sulfanilamide 
and 200 pg. of pantothenic acid daily developed adrenal necrosis with or 
without hemorrhage. No prophylactic or therapeutic tests of L.  casei factor 
or biotin were made. From these various data it might be concluded that the 
achromotrichia, porphyrin-caked whiskers, and adrenal necrosis observed 
in these experiments are not specific signs of pantothenic acid deficiency. 
Martin so interpreted his results. Wright and Welch, however, reported 
that their animals, even when given excessive pantothenic acid, had 
extremely low hepatic levels of this vitamin unless they mere given, also, 



58 FLOYD 8. DAlW AND W. €I. SEBRELL 

biotin and a “folic acid” concentrate. They interpreted these results as indi- 
cating that the achromotrichia and porphyrin-caked whiskers which 
develop in these animals are actually signs of pantothenic acid deficiency, 
and that they result not from a dietary lack of this vitamin but from a 
failure in its utilization. In their view, biotin and “folic acid” are essential 
for the proper utilization of pantothenic acid. 

4 .  Vitamin E Deficiency 

The sulfaguanidine- and sulfasuxidine-containing diets used by Daft, 
Ashburn, and Sebrell (36) with which they obtained hyalinization, necrosis, 
and calcification of voluntary muscle were known to be marginal in vitamin 
E. They contained 2 per cent of cod liver oil and 3 per cent of Wesson oil 
and no other fat. As was pointed out by Ashburn, Daft, Endicott, and 
Sebrell (37), however, control rats receiving similar diets without the drug 
only occasionally showed a hyalinized or necrotic muscle fiber. It was to be 
presumed, therefore, that these lesions resulted or were greatly intensified 
by the administration of sulfonamides. Daft, Endicott, Ashburn, and 
Sebrell (50), using diets containing lard as the sole fat, with or without 
sulfasuxidine, showed that a high incidence of lesions resulted from the 
administration of the drug (9 of 12 animals as compared to 0 of 12 not re- 
ceiving sulfasuxidine) and that a weekly oral supplement of 3 mg. of a-to- 
copherol prevented the appearance of the lesions. It is uncertain at the time 
that this is written whether or not the apparently obvious conclusion that a 
vitamin E deficiency was induced will need to be modified in the light of the 
findings of Milhorat and Bartels (51). These investigators have reported 
that the substance active in reducing the creatinuria in patients with pro- 
gressive muscular dystrophy is a combination of inositol with a-tocopherol. 
They have indicated that this compound is normally synthesized from the 
two vitamins in the stomach. 

6. L. Casei Factor (“Folic Acid”) Deficiency 

Considerable confusion exists at  the present time concerning this newest 
member of the vitamin B family, both in regard to its physiological prop- 
erties and in regard to nomenclature. This confusion has arisen largely 
because of two circumstances, first that this vitamin exists in nature in 
several closely related forms, and second, that as a result of the limited 
availability of the pure material, most of the experimental work to date has 
been carried out with concentrates. Before describing the effects of L. cawi 
factor on animals receiving sulfonamides, it appears desirable to present a 
discussion of nomenclature and a summary of certain pertinent data con- 
cerning this vitamin. 

There is evidence for the existence of at  least five compounds having simi- 
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Source of Compound 

. . . . . . . . . . . . . . . . . . . . . . . .  Liver*. 
Yeast* 
Fermentation’ 
Spinach. 
Yeast . .  . . . . . . . . . . . . . . . . . . . . . . .  
Unannounced*. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . .  

lar physiological properties, three of khich have been obta indin  crystalline 
form. Table I1 summarizes information concerning the biological activities 
of these five substances. There is included in the table, also, reference to  a 
sixth compound which on the basis of present knowledge appears to  be so 
distantly related to the others as to  justify its being placed in a separate 
category. 

Three names are commonly applied to one or more member of this group 
of compounds; the L. casei factor, folic acid and vitamin B,. 

“Vi tamin  B,”. Hogan and Parrott (52) in 1939 described an anemia in 
chicks due to a dietary deficiency of an unknown factor. They named this 
factor “vitamin B,” (53). This annotation was particularly unusual in that 
the subscript “c” indicated the chick. O’Dell and Hogan (54) later presented 
a technique for the assay of the antianemia factor and discussed its chemical 

Activity for 

L. casci S. loch‘s Rat Chick 

loOyo 100% Yes Yes 
100% 50% Yes Yes 

Yes Yes 85% 6% 
Yes Yes 100% 100% 

<I% < 176 Yes 
<O.OOl% 1007, so NO 

- 

* Have been obtained in crystalline form. 

properties. Its isolation from liver in crystalline form was announced by 
Pfiffner and coworkers (55) in 1943. These investigators retained the name 
“vitamin B,”. They reported that the crystalline material stimulated the 
growth of L. caiei Q and stated “it appears probable that the chick anti- 
anemia factor, Peterson’s ‘eluate factor’ and William’s ‘folic acid’ factor are 
the same.’’ 

“L. casei factor” (“Eluate jaclor”, “Norite eluate factor”). Snell and 
Peterson (56) reported in 1940 that, among the substances required by 
Lactobacillus casei E, was one found in yeast, liver and other natural mate- 
rials, which could be adsorbed on norite and eluted therefrom with ammoni- 
acal alcohol. They referred to  this substance as the “eluate factor”, and de- 
scribed methods for its concentration. Stokstad (57) and Hutchings, Bo- 
honos, and Peterson (58) carried the concentration somewhat further. 
Hutchings, et al. also described chemical properties of the factor and showed 
that a concentrate stimulated the growth of several strains of lactic acid 
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bacteria. Hutchings, Bohonos, Hegsted, Elvehjem, and Peterson (59) in 
1941 showed that a similar concentrate had growth activity for the chick. 
Mills, Briggs, Elvehjem, and Hart (60) corroborated this finding and re- 
ported that their norite eluate preparation also had antianemia activity for 
the chick. They pointed out similarities in chemical properties between the 
“norite eluate factor”, “factor U” of Stokstad and Manning (61), the alco- 
hol precipitate factor of Schumacher, Heuser, and Norris (62) and Hogan 
and Parrott’s antianemia factor (“vitamin B,”). In 1943, Stokstad (63) 
announced the isolation of one crystalline preparation of the “norite eluate 
factor” from liver and another from yeast. The two preparations seemed to  
be closely related but not identical. Stokstad stated that the compound 
obtained from liver appeared to  be the same as that prepared by Pfiffner, 
et al. ((‘vitamin Bo”). The following year, Hutchings, Stokstad, Bohonos, 
and Slobodkin (64) an?ounced the isolation in crystalline form of a third 
closely related compound. It has been stated that this substance was ob- 
tained by a fermentation procedure (65). They modified their previous 
nomenclature and referred to these three compounds as “L. casei factors.” 
On the basis of absorption spectra data, they concluded that none of them 
could be identical with the “folic acid” prepared by Mitchell and coworkers 
(66) from spinach. 

“Folic acid.” Mitchell, Snell, and Williams (66) in 1941 reported that they 
had obtained from spinach in nearly pure form an acid nutrilite which they 
named “folic acid.” Streptococcus lactis R was used as the test organism in 
the purification procedures. Mitchell, et al. did not define “folic acid” but 
they described their concentrate as having similar activity for L. cusei (and 
L. delbriickii) and for X. lactis. The name “folic acid” is euphonious and was 
quickly and almost universally adopted by workers in the field as a generic 
term for all substances with similar physiological properties whether derived 
from liver, yeast, spinach, or other natural materials. In 1944, however, 
Mitchell, Snell, and Williams (67) defined “folic acid” as a growth factor for 
Streptococcus lactis R. As will appear, this definition destroys the general 
usefulness of the term. “Folic acid” from spinach has apparently not been 
obtained in crystalline form. 

Stewart, Daft, and Sebrell (68) have presented evidence for the existence 
in yeast of another substance closely related to the three “1,. cassi factors” 
which have been mentioned. This fourth “L. casei factor” is active for the 
rat but has little or no activity for L. casei e or 8. lactis R. A concentrate of 
this material was rendered active for these microorganisms by treatment 
with acid or alkali. 

Keresztesy, Rickes, and Stokes (69) announced the isolation of a sub- 
stance which was less than 1/100,000 as active for L. casei as for S. lactis. 
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This compound, called factor SLR, is inactive for the rat (70) and chick (71) 
which differentiates it sharply from the other five substances we have 
mentioned. Stokes, Keresztesy, and Foster (72) have presented evidence 
which indicates that S. lacfis and all other strains of lactic acid bacteria 
which can utilize factor SLR, are able to do so because they can convert it to 
one of the “L. casei factors” or a similar active compound. 

According to the definition of Mitchell and coworkers (G7), factor SLR, 
despite its lack of activity for the rat, for the chick and for L. casei is “folic 
acid.” Activity for S. lactis under dcfined conditions is their sole criterion. 
By the same definition, the compound of Stewart, ef al. (G8) is not “folic 
acid” and the fermentation product of Stokstad and coworkers ((34) barely 
qualifies. It appears obvious therefore, that the term “folic acid” must be 
redefined or must be used in a very restricted sense (in fairness to  the origi- 
nators of the name, i t  should be noted that they have never suggested its 
use as a generic term). The name “vitamin B,” has the great disadvantage 
that it introduces the confusing practice of using alphabetical subscripts 
indicating species. For these reasons, and to conform to the terminology of 
a t  least one other laboratory currently active in the field, we have adopted 
the not altogether satisfactory term “L. casei factor” of Hutchings, et al. 
We use i t  in this review as a general term indicating any substance having 
activity for the rat and chick, and either active for L. casei and S. lactis or 
capable of being changed to an active form by treatment with acid, alkali, 
or an enzyme preparation such as that described by Mims, Totter, and 
Day (73). 

I t  appears that the isolation of the L. casei factor has made possible the 
successful culmination of several independent lines of investigation. This 
newest member of the vitamin B complex was recently announced (74) to be 
identical with vitamin M, a factor needed by the monkey t o  prevent nutri- 
tional cytopenia (75, 7G). There is evidence that it is also the factor U of 
Stokstad and Manning ( G l ) ?  and i t  has been identified (78) as a guinea-pig 
factor (GPF 1) (79). A concentrate has been said to  contain a growth factor 
for mice (80). I t  is possible also that the panmyelophthisis of Gyorgy and 
coworkers (81) is related in some way to R deficiency of the L. casei factor. 
In addition, data have been reported by Watson, Sebrell, McKelvey and 
Daft which suggest that concentrates of this vitamin may have therapeutic 
activity in patients with X-ray leukopenia (82). These authors reported 
negative results in cases of refractory anemia. Sharp, Vonder Heide, and 
Wolter (83), on the other hand, reported an appreciable increase in the 

Chicks on a diet very similar to  the one previously used for the development of 
factor U deficiency (61) respond by an increase in weight to the administration of 
L .  casei factor from liver (77). 



62 FLOYD S. DAFT AND W.  H .  SEBRELL 

hematocrit and slight changes in other erythropoietic phenomma follov ing 
treatment of patients ivith refractory anemia with an I,. cawi  factor (“vita- 
min B,”) concentrate. 

In  1942, Spicer, Daft, Sebrell, and hshburn (35) reported the develop- 
ment of leukopenia, granulocytopenia, and anemia, accompanied by a 
hypocellularity of bone-marrow , in rats given sulfaguanidine or sulfasuxi- 
dine. It IVBS noted that the blood dyscracias could be prevented or corrected 
by concentrates prepared from liver, which vere known to  contain the L. 
casei factor. These findings were corroborated by Aselrod, Gross, Uosse, 
and Sningle (84), by Ransone and Elvehjcm (85) and others. Kornberg, 
Daft, and Sebrell (8G) reported the development of similar lesions in rats 
given sulfadiazine, sulfathiazole, or sulfanilamide. The leukopenia, granu- 
locytopenia, and anemia were again corrected by certain liver concentrates 
I\ hich were knov n to  contain the L. casei factor. No positive identification 
of the active principle in the concentrates could, of course, be made until i t  
was obtained in a pure state. Following the isolation of “vitamin B,” by 
Pfiffner, cl al. (55)  and of fermentation L. casci factor by Hutchings, et al. 
(64) we were privileged to test these crystalline materials in rats made 
granulocytopenic or anemic by sulfaguanidine or sulfasusidine. As reported 
by Daft and Sebrell (87), both compounds irere found to  be active in restor- 
ing the level of cells in circulating blood and in permitting the animals to  
increase in 11 right. 

Concentrates of the 1,. cnwi factor have been reported to possess additional 
activities for rats given sulfonnmides. I3lack, ct al.  (34) found that concen- 
trates of this factor prevented the development of hypoprothrombinemia in 
rats receiving sulfaguanidine. Welch and Wright (44), using sulfasuxidine, 
made similar observations. Iiornberg, et al. (42) on the other hand, found 
no effect of crystalline I,. casei factor on the hypoprothrombinemia induced 
in rats by sulfadiaxine. 

Martin (38) reported that certain concentrations containing this vitamin 
possessed chromotrichial activity for rats which had become gray while 
receiving diets containing sulfaguanidine. These animals had received ade- 
quate pantothenic acid throughout the experiment and were receiving biotin 
during the period of therapy with I,. casci factor concentrates. Wright and 
Welch (39), using sulfasuxidine, presented corroborative data and reported 
further that similar concentrates in conjunction I\ ith biotin prevented the 
development of porphyrin-caked whiskers in their sulfasuxidine-fed animals 
and also caused an increase in the pantuthenic acid content of the liver. 
The reported increase \vas from a level characteristic of pantothenic acid 
deficiency to a normal level. As discussed in n previous section, Martin 
interpreted his results as indicating that the L. casci factor (“folic acid”) 
is a chromotrichial factor while Wright and Welch interpreted their data 
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and those of Akirtin as indicating that the I,. casei factor and biotin are 
needed for the 1)iqwr utilization of pantothenic acid. 

G .  Inositol Dr.Jicicncy 

Nielsen and Black (41) have reported that rats given sulfasusidine in a 
so-called synthetic diet, with supplements of thiamine, riboflavin, pyridoxin, 
and pantothenic acid and with or without additional supplements of biotin 
and an L. casei factor concentrate, developed a symmetrical alopecia. Inosi- 
to1 supplementation prevented the onset of this condition and animals 
receiving it grew bctter and “had a more tidy appearance.” No reports con- 
firmatory of these observations have as yet appeared. 

7. Unidentijed Deficicricics 

‘I‘he hynline sclerosis and ca1cific:rtion of blood vessels (32), the probably 
rclntcd nccrosi.; of licart muscle (36) with, occasionally, bulging of the wall 
a t  thc npe\r suggcstiiig beginning or actunl cnrdiac :ineui*ysni (37), and the 
liydropic s\vclling of liver cells (36, 37) have not been identified as related 
to a deficiency of any known vitamin. Thcse chnnges have not been observed 
in rats receiving \\-hole dried liver or certsin liveiv extracts which suggests, 
although it does not conclusivcly prove, that dietary deficiencies were in- 
volved. If ive are de:tling here \\ ith deficiencies of vitamins, the following 
:ippcar to  have bcen nbsolvctl (3G) ; thi:imine, riboflavin, pyridosin, panto- 
tlicnic wid, nirotiiiic acid, choline, and biotin. 

8. Oilier Lcsiom 

a. ~ ‘ h y w k !  arid h’clcrtcd Chur~gcs. Mackcnzic, hhckenzie, and ; \ f c c o h n i  
i*cported in 1041 (31) that r:its given sulfaguanidine a t  a level of 1 or 2 per 
cent in a purified diet dewloped !-yprrtrophied and hypereniic thyroids. 
IIistologically, the glands slio\vcd marked 1iyperplasi:L \vith a great diminu- 
tion of colloid, and an increase in height of the thyroid epithelium. The 
administration of yeast, of p-nminobcuzoic acid, or of csccss iodine did riot 
prevent these chnnges, and. Xuckenzie :rnd Mackenzie (58) found that they 
caould be obtninetl equ:illy \\.ell with :I drug-containing stock diet. These 
investigators, in xlclition to sulfaguanidine, employed sulf:idinzine, sulfa- 
tliiazolc, sulhpyridine, sulfanilamide. and thiourea with similar results. 
In a later publication, Mackenzie and Rinckenzie (80) reported that: (1 )  
sulfaguanidine definitely depressed the basal metabolic rate of rats, (2) this 
drug produced an alteration of the cellular pattern of the anterior pituit:try 
including :L progressive increase in thc number of so-called thyroidectoniy 
cells, (3) the presencc of the hypophysis was essential for thc production of 
the thyroid lcsions by sulfnguanidine. and (4) all of these changes could be 
prevented by the administration of thyroxin. They reported further that the 
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thyroid hyperemia and hyperplasia could be produced in the mouse and dog 
as well as in the rat. The list of active sulfonamides and thiourea6 was some- 
what enlarged and i t  was noted that thiourea was about 8 times more active 
than sulfaguanidine a t  the same dietary level and that sulfanilamide wm less 
active than sulfaguanidine, sulfadiazine, or sulfapyridine. The authors con- 
cluded, concerning the mechanism of action of the drugs, that the primary 
effect was a depression of the rate of formation of colloid, that a lowering of 
the BMR resulted and that the thyroid hyperplasia was a reflection of in- 
creased pituitary action resulting from this depression. 

Astwood, Sullivan, Bissell, and Tyslowitz (90) reported very similar re- 
sults and reached somewhat similar conclusions, These investigators found 
sulfadiazine to be by far the most active sulfonamide tested although less 
active than thiourea. They postulated that a single hypophyseal factor is 
concerned with both hyperplasia and oversecretion of the thyroid. The 
sequence of events they consider to be as follows: First, inability of the 
organism to synthesize thyroid hormone a t  a normal rate, with consequent 
reduction in the amount of circulating hormone; second, a resultant produc- 
tion of excess thyrotropin by the pituitary which stimulates the thyroid to  
hyperplasia and to the release of the thyroid hormone stored therein; and, 
third, a reduction of the BMR due to exhaustion of the stored thyroid hor- 
mone plus reduction in its rate of synthesis. 

Franklin and Chaikoff (91) have presented evidence which indicates that 
the mode of action of the sulfonamides in preventing the synthesis of thy- 
roid hormone is by interfering directly with the conversion of inorganic 
iodide to diiodotyrosine and thyroxin. By means of in vitro experiments 
with radioactive iodine as indicator, they were able to demonstrate that 
sulfonamides do not interfere with the capacity of surviving thyroid slices 
to remove iodine from Ringer’s solution but do interfere with its introduc- 
tion into the benzene ring. 

6 .  Kidney Lesions. There is an extensive literature dealing with renal 
lesions following the administration to experimental animals or to man of 
various of the sulfonamides. Such lesions have not been reported from 
sulfanilamide and they are comparatively rare from sulfaguanidine and 
sulfasuxidine but are not infrequent from many others of this family of 
drugs. The occurrence of these lesions is frequently explained as due to  
mechanical injury by the passage through the  kidney of relatively insoluble 
conjugates such as the scetyl derivatives. These derivatives as a rule are 
more soluble in an alkaline than in an acid or neutral medium, and on this 
basis sodium bicarbonate is frequently administered clinically with the 
sulfonamides. 

Recent work, although it has supported the point of view that sodium 
bicarbonate tends to  prevent the occurrence of kidney lesions, has thrown 
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considerable new light on the mechanism whereby this is effected. In  addi- 
tion to  sodium bicarbonate, several other substances such as urea (92, 93), 
sodium chloride (93), and other salts (93), and a high protein diet (93) have 
been found to  exert a preventive effect on the development of the lesions. It 
has been demonstrated, also, that the passage of various substances through 
the kidneys non-specifically facilitates the clearance of the sulfonamides 
(94-96). Kornberg, Endicott, Daft, and Sebrell (93) have shown that the 
incidence and severity of kidney lesions resulting from the administration of 
sulfadiazine show an excellent correlation with the amount of conjugated 
drug deposited in the kidneys, even though the free drug is less soluble than 
the acetylated derivative, the usual Conjugated form. 

It is well-known that as a general rule the rate a t  which a given sulfon- 
amide is administered determines or profoundly influences its level in the 
blood. It appears most probable also that for a given amount of drug, ad- 
ministered at  a given rate, the length of time it circulates in the blood (of 
which the blood level is a rough measure) in turn influences very consider- 
ably the fraction of the drug which is acetylated or othern-ise conjugatedP 
There is evidence, further, that the amount of conjugated drug which the 
animal must dispose of in a given length of time determines to a considerable 
extent the amount deposited in the kidneys. Finally, as noted above there is 
an excellent correlation between the amount of conjugated drug deposited 
in the kidneys and the tlegrce of damage which these organs have sustained. 
It is obvious, therefore, that there are several points a t  which bicarbonate, 
urea, and sodium chloride might intervene to prevent renal damage by the 
sulfonamides. They might, conceivably interfere with absorption; they 
might loner the blood level by increasing the rate of excretion of the free 
drug and thus reduce the likelihood of conjugation; they might interfere in 
some way with conjugation; or they might facilitate the passage of conju- 
gated drug through the kidneys, by increasing its solubility or otherwise, and 
in this way prevent or minimize the damage to these organs. 

Kornberg and coworkers (93) have presented evidence which indicates 
that urea and various salts, given at high levels, do not interfere with ab- 
sorption of sulfonamides but do cause a marked decrease in the level of drug 
in the blood. A probable explanation of this action has been presented by 
Peters and coworkers (94,96) and by Earle (95). These authors suggest that 
certain of these substances increase the rate of renal clearance of the free 
drug. The results of Kornberg, cf al. suggest also that sodium bicarbonate 
has the further effect of decreasing the damage inflicted by the passage of a 

J It should be noted in this coiiiirrtian, however, t ha t  the diLta of Kornberg, et al. 
(93) indicate tha t  the blood level of the drug cannot be the only factor which in- 
fluences the degree of conjugation for there is a niarked individual variation between 
animals receiving identical treatment and showing similar blood levels. 
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given amount of conjugated drug through the kidneys. It appears probable 
that this effect depends on the increased alkalinity of the urine caused by  
the sodium bicarbonate and the increased solubility therein of the conju- 
gated drug. 

111. MECHANISM OF PRODUCTION OF VITAMIN DEFICIENCIES 
As has been noted, sulfonamides were introduced into experimental diets 

in the hope that these drugs would reduce the number of intestinal organ- 
isms, that the synthesis of vitamins by such organisms would thereby be 
decreased and that this would lead to the production of new or more severe 
vitamin deficiencies. The achievement of the anticipated vitamin deficien- 
cies has been abundantly realized. That the mechanism of production of 
these deficiencies is as predicted is accepted apparently without question by 
most investigators. There is truly a considerable amount of esperimental 
evidence I\ 1iir.h supports this assumption particularly in the case of thc 
deficiency of vitsmin I<, where the body of supporting data is quite impres- 
sive. Furthermore, no alternative theory has received any experimental 
support. On the other hand, there are a few puzzling facts which must be 
explained before this postulated mechanism can be accepted without reser- 
vation as being generally applicable. 

In favor of this mechanism are the following observations : 
1) Coliform organisms have the proven ability to synthesize a nuinbcr of 

vitamins (25). 
2) The administration of sulfonamides to rats causcs a reduction in the 

number of these organisms in the animals’ gastro-intestind tracts (97). 
3) This reduction in the number of coliforni organisms is accompanied 

by a diminution in the intestinal synthesis of various vitamins (as measured 
by the amounts found in feces).4 

4) This is followed by the appearance in the host animals of deficiency 
diseases. Among these diseases are several which are curable by vitamins 
which have been shown to be present in the feces in diminished amounts. 
Examples: vitamin I< (34), biotin (36), L. casei factor (87). 

5 )  p -  Aminobenzoic acid, which inhibits the bacteriostatic action of sul- 
fonamides, also prevents the development of vitamin deficiencies in the 
animals receiving these drugs (34, 99). 

In  the case of vitamin K deficiency there is the following further evidence: 
6) The cecal contents of rats with vitamin K deficiency produced by 

sulfonamides show little vitamin K activity as compared to  the cecal con- 
tents of control animals (43). 

4 This has been xhown for vitamin K by Kornberg, et al. (43). The work of Light tlnd 
coworkcrs (98) indicated that the administration of sulfonamides led to  n decrease 
in feces of unidentified growth factors which, from other work (38, 48,87), were proh- 
ably biotin and the 1,. casei factor. 
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TABLE I11 
Lrsious atid T‘ilaniitts Implicated --- ____ 

Vitamin implicated 

(Used successfully in 
prophylactic or thera 
peutic experiments) 

K 

Biotin 

Pantothenic acid 

E: 

I,. casei factor 

Inositol 

Unidentified 

N o  vitamin involved 

Increase in prothrombin time 
of plasma 

Hemorrhages 
Increase in clotting time of 

whole blood 

Dermatitis and alopecia 

Hemorrhagic necrosis of 

Alopecia 
Porphyrin-staining of fur and 

adrenals 

whiskers 

Hyaline necrosis and calcifica- 
tion of voluntary muscles 

Leukopenia. 
Granulocy topenia 
Anemia 
Hypocellularity of bone-marrov 
Achromotrichia 
Porphyrin-caked whiskers 

Alopecia 

Hyaline sclerosis and calcifica- 
tion of blood vessels 

Necrosis of heart muscle 
Cardiac aneurysm 
Liver damage 

Hypertrophy and hyperemia of 

Kidney damage 
thyroid 
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(35, 37, 49) 
(38, 39) 
(39) 

(41) 

(32, 36, 37, 49) 

(36, 37) 
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(36, 37, 40) 

(31, 88-90) 

(92-96) 

7) The production of vitamin K deficiency by sulfadiazine, whether ad- 
ministered orally or parenterally, is related to the concentration of the drug 
in the cecal contents (43). 

8) Similarly, the antagonistic effect of p-aminobenzoic acid appears to  be 
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associated with the presence of this substance in the cecum, even when it is 
adniinistered parenterally (43). 

9) Cecectomy increases the incidence of vitamin K deficiency in rats fed 
diets containing sulfasuxidine (45). 

10) The order of effectiveness of the sulfonamides in producing a defi- 
ciency of vitamin li (in rats) (42) approximates the order of their bactqrio- 
static potency against intestinal coliform organism; (in mice) (100). 

11) Rats showing an acute deficiency of vitamin K following sulfonamide 
ntlministration show no lack of ability to absorb apd utilize the vitamin. 
S o  evidence of increased requirements of the animals for this vitamin has 
been found (42). 

It \\ill be noted from the foregoing that the direct evidence is almost but 
not quite complete for the production of vitamin deficiencies through the 
anti-bacterial activity of the sulfonamides. It can hardly be denied that the 
sulfonamides do inhibit vitamin synthesis by intestinal bacteria. It seems 
almost certain also that this synthesis would have benefited the host ani- 
mals. Finally, the inhibition of synthesis was followed by the appearance of 
vitamin deficienries. We cannot say with certainty, however, that the inhi- 
bition cazrscd the deficiencies to appear. It is conceivable that some other 
effect of the sulf'onamides is the critical factor or a t  l e d  a contributory one. 
I t  may be necessary to retlure or eliminate the bacterial population in the 
intestines by a method other than the action of drugs in order to settle this 
point to our complete satisfaction. 

Of perhaps more immediate interest are three observations which appear 
a t  this writing to be dificult to reconcile with the proposed mechanism. 

1) There is no evidence to indicate that vitamin E can be synthesized by 
intestinal bacteria. This vitamin is not normally present in feces (101) and 
does not appear to be synthesized by rumen microorganisms (102). 

2) The order of bacteriostatic potency of the sulfonamides does not 
agree with their order of effectiveness in producing vitamin E deficiency, 
biotin deficiency, L. casei factor deficiency, arterial lesions, heart lesions, or 
hydropic degeneration of liver cells (36, 19, 103). 

3 )  In experimental animals, p-aminobenzoic acid readily antagonizes 
the effects of sulfadiazine (43) but much less readily the effects of sulfasuxi- 
dine (33). In bacteriostatic tests: on the other hand, p-aminobenzoic acid 
inhibits the effects of sulfasuxidine much more easily than those of sulfadia- 
zine (104, 105). 

I t  cannot be said that these objections serve to discredit or disprove the 
theory. I t  is possible that each may he met through more extensive investi- 
gations. The recent announcement of Afilhorat and Bartels (51), for ex- 
ample, that the biologically cffective form of vitamin E is a compound with 
inositol, may have a bearing on the correct explanation for the development 
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of muscle lesions in rats receiving sulfonamides even though these lesions 
are preventable with a-tocopherol. As to the order of effectiveness of the 
various sulfonamides in producing deficiency signs in experimental animals, 
it is conceivable that sulfadiazine and other members of the group have been 
displaced from their correct positions by their known effectiveness in reduc- 
ing the basal metabolism. Alternately, it is possible that organisms not 
belonging to the coliform group may be involved and that in their case there 
exists a different order of bacteriostatic potency of the sulfonamides. In 
this connection it will be recalled that Woolley (23) has attributed the 
intestinal synthesis of inositol to non-coliform organisms. The objection 
most difficult to meet at  the present time appears to be the unexpected re- 
sistance of sulfasuxidine to p-aminobenzoic acid in the dietary experiments. 
All of these points appear worthy of further investigation. 

IV: CONCLUSION 

The significance of the results of these investigations cannot be properly 
evaluated as yet but we know that they have proved of interest to workers 
in several fields. To the clinician they have suggested that some of the so- 
called toxic effects of the sulfonamides may have a dietary origin or aspect 
and that they may be amenable to treatment, either prophylactically or 
therapeutically, with specific nutrients. To the pharmacologist they have 
reemphasized the importance of diet in studies of the toxicology and phar- 
macology of drugs. In the field of bacteriology they have reawakened 
interest in what we may from the teleological point of view call the function 
of the intestinal bacteria or more broadly, in the influence of these bacteria 
for weal or woe on the host animal. To the investigator in the field of 
nutrition the use of drugs, particularly of the sulfonamides, in experimental 
diets has proved a most valuable tool. From the list of signs which have 
developed in animals receiving these drugs and which are as yet unas- 
cribable to a deficiency of any known vitamin it appears that the future for 
this type of experimentation holds much promise. 

It is perhaps unwise to attempt to predict the future course of scientific 
investigations. From the present vantage point, however, one is tempted to 
suggest that these researches will eventually be regarded as a part of a much 
greater field of experimentation, one which concerns the dietary necessities 
of an individual subjected to the stress of some unusual insult-in this case 
one of pharmacological nature. 
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I . INTRODUCTION 
The development of the zygote into a multicellular and highly differ- 

entiated organism requires oxygen and a great variety of building materials 
which are supplied by the outside world . A growing embryo or fetus depends 
upon a continuous flow of supplies ; interruption of the communication with 
the outside world leads to arrest of development or death of the developing 
organism . While this statement holds true for all classes of animals, the 
supply problem is solved in different ways in the various classes (1, 2) . In 
this article only disturbances of prenatal mammalian nutrition will be 
discussed . 
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Inadequate nutrition of the embryo or fetus may have many causes such 
as faulty implantation of the ovum, disease of the placenta, interruption of 
the umbilical blood flow, transmission of tosic substances through the 
placenta and maternal dietary deficiencies. Only the last cause is to Iw con- 
sidered in thc following pages. 

11. EFFECT OF fi~A’rEE1NAL INANITION UPON THE I’REN.ZT.\L 1)EVELOI’MEKT 

OF THE OFFSPRING 

The fate of the mammalian fetus in an underfed or starving mother has 
long been a subject of speculation and experimentation. The older literature 
on the subject was reviewed by Jackson (3), who mentions a number of 
studies in which underfeeding of the mother resulted in normal develop- 
ment of the fetuses (4,5) while in other experiments, a reduced birth weight 
of the young was found ( G ) .  Such contradictory results are easily esphined. 
The various investigators used different species of animals ; the inanition 
was of different degrees and commenced a t  different stages of reproductive 
life. The diets employed before or during gestation were hardly comparable. 
More rccent experiments point to a definite influence of maternal inanition 
upon the prenatd development of the young. A thorough study of the effects 
of inanition in the pregnant albino rat was made by Barry (7). It was found 
that starvation instituted shortly after copulation resulted in resorption. 
Starvation begun after the eleventh day of gestation permitted continu- 
ation of pregnancy and in the majority of cases the gestation period was 
prolonged. There were a few absorptions but no premature deliveries. About 
one third of the offspring were stillborn and thc average number of young 
per litter was reduced. The average weight of the young born of mothers 
starved (luring the last half of pregnancy was 40 per cent below the normal 
birth weight. There was no constant relation between thc percentage loss 
in \wight of the mothers and the weight of the newborn. The various organs 
of the fetus reacted differently to starvation of the mother. The spleen, 
eyeballs, epidiclymidcs, testes, and brain manifested a fairly normal growth 
during prcnatnl inanition, while the suprarenals, liver, lungs, thyroid, and 
thymus showd :L marked retardation in growth. Macomber (8) studied the 
influence of food restriction upon reproduction of the rat. Like others (9, 
10, 11) he found that underfeeding led to suppression of the estrus cycle. 
When the total amount of food consumed by normal female rats was re- 
duced 30 per cent, the interval between periods of estrus was prolonged or 
the cycles ceased. Only one of 10 females could be made pregnant and G 
young were born which were underweight. 

Jonen (12) found in fasting experiments on rabbits that the embryos died 
soon when the period of starvation began within the first few days of 
pregnuncy. If fasting began in the second half of pregnancy, premature 
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delivery occurred ten to  twelve days later. The fetuses were smaller and 
lighter than those of control motherb and their cartilage and bone showed 
definite changes. 

Poorly nourished cows may bear calves of normal size for the breed, 
according to  Eckles (13). This author believes that the nutrition of the 
cow during gestation does not influence the size of the calf a t  birth except 
under the most extreme conditions continued for a long time or in case of 
lack of some indispensable constituent. 

The literature concerning the effect of maternal inanition upon the human 
fetus is hard to evaluate. Many studies were made during or after World 
War I in which the birth weights of infants before and after the food short- 
age were compared. According to Jackson (3) who reviewed the literature 
on this subject no significant differences were found in Austria, England, 
or Germany. In Russia, on the other hand, where conditions of famine 
could be observed h certain districts, many authors reported a reduction 
in the weight of newly born infants during the critical years. Gerschenson 
(11) states that in obstetrical hospitals in Odessa, the percentage of mature 
infants with a lowered birth weight (2500-3000 g.) was twice as high in 
the years of famine (1921-1922) as in the years of prosperity (1924-1926). 
Since this study excluded stillborn and premature children it does not 
express fully the effects of famine on prenatal development. Ivanovsky (15) 
remarks in a report on the physical modifications of the population of 
Russia under famine : “The number of births decreased enormously, while 
on the other hand the number of children either prematurely or still-born, 
monsters, and children with different anomalies, considerably increased.” 

In the 19th century, and probably even before, many attempts were made 
to reduce the birth weight of the infant hy underfeeding the pregnant 
mother, the purpose of this procedure being to facilitate delivery (3). The 
question was revived when Prochownik (16) suggested qualitative dietary 
changes in place of the quantitative restrictions previously practiced. A diet 
high in protein and limited in carbohydrates and water was recommended 
in cases of contracted pelvis. Such diets prescribed by many clinicians were 
considered ineffective by Bondi (17). Today they are of historic interest 
only (18). 

Thus it would appear that a moderate reduction of the maternal food 
intake does not materially influence the fetus. However, recent studies in 
man based on a better knowledge of nutritional requirements and evaluated 
by statistical methods have shed new light on the influence of maternal diet 
on fetal development. They have shown that quantitative and qualitative 
factors of the maternal diet affect the condition of the infant a t  birth with- 
out causing “inanition” of the mother. These studies will be discussed later 
in a special section (p. 91). 
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111. EFFECT OF MATERNAL PROTEIN DEFICIENCY UPON THE PRENATAL 
DEVELOPMENT OF THE OFFSPRING 

The protein requirement for reproduction varies in different species. In  
t,hc rat a dietary protein content of 5 per cent or less in the diet was found 
insufficient for ovulation and reproduction (19, 20). Macomber (21), how- 
ever, stated that the reduction in the amount of protein had little effect 
upon conception and pregnancy beyond a reduction in fertility, and a slight 
effect upon the weight of the young even when the reduction was extreme. 
There is good evidence that qualitative protein deficiency interferes with 
reproduction, since diets containing wheat (9) or gliadin (22,23) as the main 
sources of protein lead to cessation of estrus cycles. Addition of casein or 
lysine restores ability to reproduce. 

In  the rabbit very severe protein restriction has little effect upon estrus 
and ovulation although the animal may lose as much as 25 per cent of its 
initial body weight (24). The reports concerning the effects of low protein 
diets upon the prenatal development of pigs are contradictory (25, 26). In 
sheep fertility is not seriously impaired by diets low in protein, but those 
lorn in phosphorus and protein are unfavorable (27). Diets poor in protein 
affect pregnant mares, but not the development of the fetus (28). 

Iv. EFFECT OF MATERNAL FAT AND CARBOHYDRATE I)EFICIENCY UPON THE 

PRENATAL DEVELOPMENT OF THE OFFSPRING 

Less than 50 per cent of female rats fed a completely fat-free diet show 
regular ovulation (29). If the ovulating females are bred to  normal males 
they may gain weight and produce litters. The young are underweight and 
of reduced viability. The reproductive capacity of rats showing the fat- 
deficiency syndrome can be restored by a few drops of corn oil, olive oil, 
and the likc. Linolenic or linoleic acid (30), and also arachidonic acid.(31) 
prevent and cure the fat deficiency syndrome. There is no proof that with- 
drawal of carbohydrate interfcres with normal reproduction in the rat (9). 

v. EFFECT OF htATERNAL MINERAL DEFICIENCY UPON THE PRENATAL 

DEVELOPMENT OF THE OFFSPRING 

1. Calcium 
Extreme calcium deficiency produced by a diet containing about 0.01 per 

ccnt calcium manifests itself in retarded growth, decreased food consump- 
tion, reduced activity and sensitivity, prostration, paralysis, and a reduced 
span of life (32). Although there are no reports available concerning the 
reproduction of such animals, it can be assumed that their general weakness 
does not permit mating. 

There is little proof that moderate calcium deficiency interferes with 
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pregnancy. Older statements that female rats fed relatively low-calcium 
diets did not breed can now be explained by the fact that these diets were 
deficient in the vitamin B-complex. Macomber (33) found that a maternal 
diet lorn in calcium (but supplemented by yeast and cod liver oil) affected 
the fertility only by increasing the intra-uterine mortality. However, the 
young which were carried to term were found to be normal a t  birth. Accord- 
ing to this author, pregnancy in the rat makes relatively small demands on 
the mother's calcium stores, since the young are largely cartilaginous a t  
birth. If, holyever, rats are held for several generations to a diet low in cal- 
cium, the skeletons of the young become progressively more slender and the 
ribs in the animals of the fourth generation become fragile and suffer spon- 
taneous fractures (34). The fact that pregnancy in the rat can be terminated 
successfully on a maternal diet low in calcium does not mean that an ade- 
quate calcium supply is unnecessary for satisfactory reproduction. It has 
been shown by Sherman and Campbell (35) that a diet adequate in the sense 
that it maintained normal growth and successful reproduction could be im- 
proved by an increase of its calcium content. The females on an increased 
calcium intake showed a longer period of ability to reproduce, bore more 
young and reared a higher percentage of them. Low-calcium diets likewise 
fail to interfere with successful termination of pregnancy in sows (36) ; the 
effect of the deficiency requires several generations to manifest itself (25). 
A ration very low in calcium and resulting in a decline in the calcium content 
of the blood plasma, does not interfere with reproduction in cows (37). 

2. Phosphorus 

A review of the studies dealing with the effect of phosphorus deficiency 
upon reproduction can be found in communications by Eckles, et aE. (38) 
and by Friedman and Turner (24). The interpretation of many reports in 
this field is difficult, since the diets employed were often deficient in several 
nutritional factors, particularly in protein. The effects of phosphorus de- 
ficiency on reproduction in dairy cows and rats can be summarized as fol- 
lows (38) : Uncomplicated phosphorus deficiency in mature dairy COWS pro- 
duced experimentally and continued for two to three years does not cause 
abnormal estrus but reduces the breeding efficiency, since sterility and abor- 
tions are observed under such conditions. In rats fed a diet containing 0.1 
per cent phosphorus, (Ca/P ratio between 2.8 and 3.8 and cod liver oil 
added) Eckles and coworkers (38) observed the following types of repro- 
ductive failures : Complete cessation of estrus sometimes following a success- 
ful pregnancy or successful lactation ; regular estrus cycles but no normal 
breeding; resorptions in utero; irregular cycles but normal breeding; under- 
sized, weak litters, some of which grew slowly and were successfully weaned. 
A diet extremely low in phosphorus (0.017 per cent) resulted in marked 
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skeletal rarefaction and rickets. When the factor of inanition was excluded 
by paired feeding, no other characteristiq change was found. Ovulation took 
place in about one half of the females fed such a diet (39). The animals were 
very small. Although reports concerning reproduction were not available, it 
can be assumed that such rats are unable to mate. 

3. Calcium: Phosphorus Ratio 

A careful and extensive study was made by Cox and Imboden (40, 41) 
concerning the r61e of calcium and phosphorus in determining reproductive 
success in rats. A Ca/P ratio of 1.0 a t  a calcium level of 0.49 per cent was 
thought to be the ideal mineral level and ratio for successful gestation and 
lactation. At a constant phosphorus intake of 0.245 per cent, increasing the 
calcium content of the mother’s diet from 0.017 to 0.490 per cent improved 
the reproductive success. In spite of the great differences in the mineral 
content of the diets used in these experiments, the chemical composition of 
the young was within the range observed in analyses of stock rats, and the 
averages were practically identical. The maternal organism regulates obvi- 
ously the mineral elements supplied to the fetus-within certain limits. A 
Ca/P ratio of 5.0 in the maternal diet resulted after several pregnancies in 
a lowered ash content of the bones. The “diet R” employed by Warkany 
(42) to induce congenital changes in the skeleton of rats which may be 
termed “fetal rickets” had an approximate Ca/P ratio of 6.0 (p. 89). 

The findings of Cox and Imboden (40, 41) were confirmed bj Bodansky 
and Duff (43) who found that the normal calcification of the fetal skeleton 
depends not only upon the maternal mineral intake but also upon normal 
function of the parathyroid glands of the mother. 

4. Sodium 

Restriction of rats to a diet containing only 0.002 per cent sodium but 
adequate amounts of other nutritive essentials results in delayed sexual 
maturity and in disturbances of the estrus cycle which resemble those of 
vitamin A deficiency (44). Mating of 12 sodium-depleted females with nor- 
mal males resulted in 2 pregnancies. On autopsy in one female 5 fetuses 
were found and in another female only one fetus. These fetuses appeared 
normal but small. 

5.  Potassium 

Female rats raised on diets extremely low in potassium grow slowly and 
show delayed sexual maturity and ovulation. When mated with stock males 
no impregnations occur (45). 
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6.  Manganese 

Diets low in manganese permit sexual maturation and ovulation in female 
rats. If females reared on such diets are mated with normal males, they give 
birth to litters of normal size but do not suckle their young. When placed 
with normal females some of the young can be raised, but they remain small 
and inferior to the controls (46). Such young are apparently abnormal and 
have some congenital debility (47). The effect of manganese deprivation 
needs further study. Skeletal changes have been described in such offspring, 
but the obspvrvations were made on such a small number of animals (48) 
that evaluation is difficult. 

7. Copper 

Ewes fed a diet deficient in copper may give birth to abnormal lambs (49, 
50). The newborn lambs are unable to stand to obtain milk from their dams. 
Those that can get up sway and collapse; their hind quarters seem para- 
lyzed (“Swayback”). The brains of the affected animals show areas of de- 
myelination in the white matter, which may be of microscopic size or appear 
as a gross cavity. In the spinal cord secondary degeneration of the motor 
tracts has been found (51). The incidence of this disease can be greatly re- 
duced among the offspring, when the ewes receive salt licks with copper 
supplements. 

8. Iodine 

Iodine deficiency during pregnancy results in the birth of stillborn or 
defective offspring (52). Manifestations of prenatal iodine deficiency have 
been described in horses, cattle, pigs, and lambs. The thyroid of the off- 
spring is enlarged, hyperemic, and poor in iodine. According t6 Smith (53) 
1,000,000 pigs were lost in 1917 because of prenatal iodine insufficiency. 
Such pigs are born hairless and their skin is myxedematous. The gestation 
period is somewhat prolonged and the young are born full size. The hoofs 
are underdeveloped and brittle. The heart has a persistent foramen ovale. 
Smith showed that these defects can be prevented by the administration of 
potassium iodide or of thyroid gland of sheep. 

In rats goiter can be produced experimentally on diets deficient in iodine. 
Remington (54) has devised a goitrogenie diet which permits raising of 
females to maturity. When mated such rats produce a normal number of 
young which have hypertrophic and hyperplastic thyroids but show no signs 
of debility. Nelson and Warkany (55) have interbred such goitrous rats for 
five generations without observing any signs of injury to the young. 

Prenatal iodine deficiency occurs in domestic animals in many areas of 
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the Northern and Northwestern States. It is of great interest that the corre- 
sponding condition in man-endemic cretinism-apparently does not occur 
in the United States, although endemic goiter is prevalent in many sections. 
However, in certain districts of Switzerland, Austria, and in many other 
mountainous districts of Europe and Asia endemic cretinism is frequently 
encountered (56, 57j. It is one of the few ivell-recognized pathologic mani- 
festations of prenatal dietary deficiency occurring in human beings. Endemic 
cretins are usually born of goitrous mothers. In contrast to athyroid 
(sporadic) cretins, they usually show a t  birth an enlarged thyroid gland 
which is poor in colloid and iodine. Many infants with congenital goiter die 
soon after birth, since the compressed trachea interferes with respiration. 
In the children who survive, degenerative processes in the thyroid result in 
atrophy of the glandular tissue and in hypothyroidism. The symptoms of 
endemic cretinism consist in dwarfism, retarded ossification, myxedema, 
deafness, delay in sexual maturation, and mental deficiency. Endemic goiter 
disappears when the population is supplied with iodine by the addition of 
potassium iodide to the salt or water. It is hoped that endemic cretinism 
can also be abolished by these prophylactic measures. 

9. Iron 

When female rats are fed diets deficient in iron, the iron content of the 
young is reduced to one half of normal, and if the same female is kept on 
such a diet the following litter will consist of young that have only one 
fourth of the normal amount of body iron (58, 59). It has been stated by 
several investigators (60,61,G2, G3) that female mice and rats kept on a diet 
deficient in iron for several months produce offspring that develop anemia 
after birth. According to Fetzer (64) rabbits fed a diet deficient in iron can 
supply from their own body the iron necessary for fetal growth only up to  a 
limit beyond ivhich fetal death occurs. Infants born to  women suffering from 
hypochromic anemia exhibit a normal blood picture a t  birth but develop 
moderate to severe degrees of anemia during the first year of life. This form 
of anemia may be prevented by administration of iron to the mothers during 
pregnancy or may be corrected by administration of iron to  the anemic 
infants (65). A form of congenital nutritional anemia has been described by 
Parsons and Haw ksley ((36). 

VI. EFFECT OF MATEI~NAL VJTAMIN DEFICIENCY UPON THE PRENATAL 
DEVELOPMEKT OF THE OFFSPRING 

1 .  Vitamin A 

Vitamin A deficiency results in a change of the vaginal smears of female 
rats. There appears an incknsed number of cornified cells, while the leu- 
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cocytes become sparse until the cyclic changes are replaced entirely by the 
phase of keratinized cells (9, 67).  Estrus and ovulation continue in such 
animals as indicated by their frequent matings, but fertilization or implanta- 
tion often fail or resorption takes place (68, 69). At certain levels of defi- 
ciency a part of the matings may result in litters ('70). A thorough study of 
the gestation prriod in  ita am in-A-deficient rats was made by Mason (71, 
i 2 ) .  At levels of vitamin A deficiency necessary t o  induce vaginal cornifi- 
cation hut insufficient to produce serophthalmia, resorption of all or of part 
of the fetuses occurs during early pregnancy. These early fetal deaths are 
caused by disturbances of the fetal nutritive supply resulting from placental 
injury. Localized areas of infection, leucocytic infiltration, and cellular 
necrosis are observed a t  the junction of the ectoplacenta and the maternal 
decidua ( i1,72,73).  When the fetuses fail to  undergo early resorption their 
growth is often retarded and they die during late pregnancy, as a result of 
placental damage. In such cases gestation is frequently prolonged (74) be- 
cause of a disturbance of the birth mechanism. Growth of the fetuses varies, 
some being undersized, others excessively large. Many young are born dead 
and the majority of those born alive die within a few days after delivery. 
Some of those which live through to  the \waning stage have xrrophthnlmia. 

H. Mellanby (75) studied the effect of maternal dietary deficiency of 
vitamin A on dental tissues in rats. From the age of 3 to 4 weeks female rats 
were fed the deficient diet for different periods before experimental breeding 
n7as begun. The young of mothers who had been on the diet 2-1- to 25 weeks 
prior to  the birth of their litters showed gross dental abnormalities soon 
after birth. Their incisor teeth were very abnormal in shape, the tccth were 
retarded in development and the molars were misshapen. There ivere also 
changes in the mothers' teeth but in all experiments the abnormalities were 
more pronounced in the young than in their mothers. 

In cattle and in sheep estrus and impregnation are not so much affected 
hy vitamin A deficiency, but gestation is disturbed; the birth of (lead or 
ivcak calves with or without eye lesions and suffering from severe diarrhea 
has been reported (76). The eye lesions which are seen particularly in im- 
mature animals simulate infectious keratitis. In sheep deficient in vitamin A 
the'delivery of dead or non-viable lambs has been reported (77). In pigs the 
estrus cycle becomes irregular, being more frequent and of longer duration 
than normal. Breeding during the early stages of deficiency results either in 
abortions or in the birth of dead pigs a t  farrowing time ('78, i 9 ) .  

The congenital blindness of the offspring of ~itnrnin-~4-rlcficient mothers 
deserves special discussion. Congenital blindness in the offspring of poorly 
nourished animals has often been reported. Ihr ly  rommiiniratioris I\ err 
neither specific in the statement of the deficient nutritional element nor in 
the analysis of the eye defects. According to Moore, Huffman, and Duncan 



82 JOSEF ’WARKANY 

(80) two types of congenital blindness must be distinguished: the “true 
vitamin A type” of blindness, which is obviously a severe form of xero- 
phthalmia (71, 76, 81, 82), and another type of blindness which is asso- 
ciated with a constriction of the optic nerve (83-89). The latter type mas 
difficult to explain a t  the time of the publications and Moore, el aZ. state: 
“It seems doubtful that vitamin A could be concerned with such bone mal- 
formations as in the cases reported in this paper, but such an explanation 
might be plausible, if the absence of vitamin A, in some indirect way, raised 
the intracranial pressure.” In a later paper, however, Moore (88) established 
a relationship between carotene and this type of blindness in calves. Since 
then Wolbach and Bessey (90) have demonstrated that the nervous lesions 
of vitamin A deficiency are caused by a disproportionate growth of the 
central nervous system in relation to the surrounding bone and theconstric- 
tion of the optic foramen can now be considered also a “true” manifestation 
of vitamin A deficiency. Davis and Madsen (91) made quantitative studies 
of carotene intake of cattle and of plasma levels of carotene and vitamin A 
in heifers during pregnancy. Cattle with a plasma carotene level of 25 erg. 
and n vitamin A level of 16 pg. per 100 ml. usually show no signs of vitam+ 
A deficiency (88, 92). However, higher levels are required for normal repro- 
duction. Heifers with plasma carotene levels from 30 to 60 pg. and vitamin A 
levels from 10 to 20 pg. per 100 ml. had calves that were either dead or 
weak and blind. The calves of heifers rvith carotene levels of 78, 96, 143 pg. 
and vitamin X levels of 22 and 24 pg. per 100 ml. were of good quality. 

The manifestations of prenatal vitamin A deficiency described by Hale 
(93-95) were of an entirely different type. This investigator fed gilts of 
known stocks a diet consisting of white kafir, cottonseed meal, limestone, 
and salt. This deficient diet was given for 150 to 200 days before breeding 
and during the first 30 days of gestation when the formation of the eye is 
completed in the pig. After this stage the diet was supplemented by cod 
liver oil in order to,make successful termination of pregnancy possible. The 
offspring of sows treated in this way were blind owing to anophthalmos or 
microphthalmos. They showed also other malformations, such as accessory 
ears, cleft lip and palate, subcutaneous cysts, and misplaced kidneys. Sows 
fed the same experimental diet but supplemented by cod liver oil or green 
fodder farrowed normal pigs. The occasional appearance of congenital mal- 
formations in the offspring of sows fed a diet deficient in vitamin A had been 
described before (96), but Hale deserves credit for proving in classic experi- 
ments that genetic factors can be ruled o.ut as the cause of the malforma- 
tions (95). From a nutritional point of view the experiments need further 
interpretation, since the diet used was probably deficient in several factors. 
Hale recognized clearly the importance of the maternal diet in the early 
stages of pregnancy “when so many of the vital organs of the embryo are 
being formed.” 
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Hale (95) questioned whether congenital blindness due to maternal vita- 
min A deficiency could be induced in rats. Cannon (97) enumerates a 
number of authors who investigated reproduction in vitamin-A-depleted 
rats and failed to discover congenital malformations in the offspring. He 
also reported failure to induce congenital anomalies by maternal vitamin A 
depletion in the young of rats. 

Warkany and Schraffenberger (98) controlled the vitamin A intake of 
female rats from the time of weaning by feeding a diet deficient in vitamin A 
and by adding 25 pg. of carotene every tenth day. Such animals obtained 

A B 

Fig. 1 .  A. Section of Eye of Normal Newborn Rat  
B. Section of Eye of Abnormal Newborn Rat, Offspring of Vitamin-A-Deficient 

Mother 
The iris, ciliary body and anterior chamber not developed. Cleft in the retina 

through which connective tissue enters the eye. 

enough carotene for growth and maturation but apparently were unable to 
store vitamin A. As soon as regular cycles were established, these females 
were placed on a purified diet entirely free of carotene and vitamin A and 
then were bred. They developed signs of vitamin A deficiency within a 
few days and only very few were able to carry their offspring to or near 
term. The few young obtained showed either external abnormalities of the 
eyes or defects discoverable by histologic examination. Fig. 1B show such 
an abnormal eye. In this section the anterior chamber, the iris, and the 
ciliary body are absent. The vitreous has not formed and in its place is 
connective tissue which enters the eye through a cleft in the lower half of 
the retina. Below this cleft the retina is everted. This is typical of coloboma 
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retinae, which represents a malformation of the eye caused by arrestc 
development in an early embryonic period. The retina is completely di 
organized and resembles cerebral cortex more than retinal tissue. At tl 
present time only the sections of the eyes have been thoroughly studic 
but it can be said that other soft tissues as well as the skeleton show sigi 
of arrested development. Abnormalities of the eyes have been recognizc 
in embryos of such vitamin-A-depleted rats as early as the 16th day of prl 
natal life. 

6. Vitamin B 

Before the B complex was subdivided into the various €3 vitamins h o n  
at the present time, Evans and Bishop (9) showed that absence of "vitr 
min B" from the diet resulted in disturbance of the normal estrus cycle ( 
rats. It was shown later that the absence of either thiamin (99) or rib( 
flavin (100) from the diet results in anestrus. In rats in which inseniinatio 
is obtained before deficiency symptoms become severe, intra-uterine resorr 
tion, early interruption of pregnancy, prolongation of gestation, difficult, 
in parturition, and occasional delivery of small and weak young have bee 
observed (101). In rabbits miscarriage occurs as tt rule if an absolute lac 
of vitamin B exists in the diet during the first half of pregnancy. The sam 
deficiency in the second half of pregnancy results in delivery of inferic 
young (102). 

Beriberi in infants is usually considered to be the result of breast-feedin 
by a mother who has latent or manifest B1 deficiency. However, several case 
have been observed in infants so soon after birth that the existence of con 
genital beriberi seems established (103, 104, 105). In a case described b 
van Gelder and Darby (106) the motherwho had been on an inadequate die 
for 4 months preceding delivery did not exhibit any marked clinical finding 
of beriberi. The infant was born cyanotic and almost aphonic, with extreml 
tachycardia and a greatly enlarged heart. When the infant was 42 hours oh 
an initial dose of 50 mg. thiamin was administered and this treatment wa 
repeated several times. Eighteen hours after the first administration o 
thiamin the infant was dramatically improved. Urinary thiamin assays an( 
dextrose-, pyruvate- and lactate-blood levels, in the fasting stage and fol 
lowing ingestion of dextrose, indicated a state of thiamin deficiency in thc 
mother. It is possible that such cases occur more frequently in children bu 
are unrecognized. In India (107) and Japan (108) stillbirths and prematurf 
deliveries are frequently the result of maternal BI deficiency and the infan 
mortality in these countries is severely atfected by the maternal dietaq 
habits. A tendency to hemorrhage-in the newborn infants of mothers defi 
cient in vitamin B has been described (109, 110). 

It has been mentioned that a lack of riboflavin in the diet of rats ma: 
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result in anestrus (99); in such rats, cycles can be restored by giving ribo- 
flavin unless the deficiency has lasted about 10 weeks. Then the damage be- 
comes irreparable. Low levels of riboflavin (3 pg. per g. of diet) may permit 
normal reproduction but in the second generation a decreased ability to 
withstand deprivation of riboflavin or of thiamin has been noticed (1 11). 

When mature female rats are placed on a diet lacking riboflavin and Itred 
to  stock males, they give birth to normal offspring if they conceive im- 
mediately. If conception is delayed they may resorb their young or hewme 
sterile before pregnancy takes place (112). It is not possible to state how 
long it takes to  induce sterility since individual rats behave differently in 
this respect. This variability may he caused by differing abilities of the 

A R 

Fig. 2. A .  Normal Palate of Newborn Rat 
B. Cleft Palate 01 Newborn Itat, Offspring of Riboflavin-Deficient, hIothrr 

intestinal bacterial flora to synthesize riboflavin. It is of great interest that 
there exists between normal fertility and sterility a stage in which defective 
offspring develop. This at least is the interpretation we give to the follo\ving 
axperiments. In 1940, it was reported by Warkany and Nelson (113) that 
female rats reared and bred on a deficient diet gave birth to young one 
third of which had congenital skeletal malformations. The diet consisted 
of yellow corn meal, wheat gluten, calcium carbonate, sodium chloride, 
and viosterol (diet I). On this diet the females were retarded in growth and 
maturation, but when they vere finally bred many became firegnant :md 
a number of them delivered young a t  term. Some of the young could be 
recognized as abnormal by external inspection (Fig. 3B-D); in others skele- 
tal defects mere manifest only after clearing (Fig. 4R-D). The malforma- 
tions consisted in shortening ?f the mandible, tihia, fibula, radius, m d  
ulna, in fusion of ribs, sternal centers of ossification, fingers and toes, and 
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A 13 c I) 
Fig. 3.  .2. Soin id  Seaborn Rat 

B-I). Abnormal Xewborn Ruts Showing Short >landibles, Various Degrees of Syn- 
dactylism and Clubfoot (B) 

A B C D 

Fig. 4. A .  Cleared Specimen of Normal Newborn Rat 
B-D. Cleared Specimens of Abnormal Pu'ewborn Rats 

Showing shortness of tibia (B); shortness of mandible, radius and ulna and absence 
of tibia (C) ; shortness of mandible, absence of radius, tibia and fibula (D). 
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in cleft palate (Fig. 2B). There were great variations among specimens 
since the degree of the abnormalities as well as the number of the affected 
structures varied. In the same litter normal young and young of differing 
abnormality could be found (114). However, while som? bones were more 
or less often affected, others were a.lways spared. Thus a definite pattern 
was recognized in these malformations (pattern of diet I). Histologic 
examination revealed that not only osseous but also cartilaginous structures 
\+ere deformed. They showed a lack of division in the longitudinal and 
transverse directions, thus resulting in a reduction in the number of the 
skeletal elements. The faulty and delayed ossifikation was considered sec- 
ondary t o  the abnormalities of earlier stages of the skeleton (115,116). 

TABLE I 
Breeding Results on Alternating Diets 

~~ 

Diet I . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Diet I + Liver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Diet I + Liver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Diet I . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Diet I + Liver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . .  

Offspring 

Normal 

0 
0 
8 
6 

10 
8 
0 
3 

Abnormal 

In order to prove the nutritional origin of these malformations, females 
of the same strain of rats were bred on an adequate stock diet and others 
on diet I supplemented by 2% dried liver. The offspring of these females 
never showed abnormalities of the pattern of diet I (117). When females 
who had produced abnormal offspring on diet I were changed to diet I plus 
liver they always had normal offspring. When changed back to diet I their 
next litter did not always contain abnormal young but subsequent litters 
usually did. Table I shows the breeding results of a female that was bred 
eight times with the same male on alternating diets. She produced abnormal 
or mixed litters when on diet I, and always normal litters when on diet I 
plus liver. 

A search was made for the preventive factor in liver. Addition to the 
maternal diet of iodine, manganese, liver ash, casein, cod liver oil, and 
wheat germ oil were not preventive, but a mixture of 5 crystalline vita- 
mins of the B-complex: riboflavin, thiamin, niacin, pyridoxin, and panto- 
thenic acid, prevented the abnormalities. Further experiments showed that 
in this mixture the riboflavin alone had preventive power (112). This result 
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was in accord with the fact that diet I is poor and liver rich in riboflavin. 
I t  was also sho~vn that on a highly purified maternal diet in which the 
vitamin-13-complex was represented by crystalline substances, abnormalities 
of the pattern of diet 1 were obtained in the offspring, if riboflavin mas 
omil tPd from the maternal diet. When riboflavin was added no abnormal 
young ivere obtained (118). Thus it was shown that the pattern of.diet I 
c.odd I)c prevented by riboflavin. 

.\ttcmpts were then made to  ascertain in which phase of the development 
the fate of the affected sinictures was decided. It was shown that the mal- 
formations of diet I could be prevented by liver as late as the thirteenth day 
of gestation (119). This indicated that the malformations were not deter- 
mined before the 13th day of prenatal life. Histologic sections showed that 
the malformations were already present in cartilaginous structures, which 
indicated that the deviation from the normal development occurred before 
or a t  the stage of chontlrification (115, 116). Chondrification begins in the 
rat on the fourteenth and fiftecnth days of prenatal life. Thus one can 
assume that the malformations are determined not before the thirteenth 
and not after thc fifteenth days of gestation. A critical stage exists then in 
the 13- or I 1-d:ry rat embryo in which the presence or absence of sufficient 
ri1)oflavin is of a decisive influence on the development of the embryo. At 
ahout this timc most of the affected parts of the skeleton undergo rapid 
changes ( 1  19). Undifferentiated mesenchymal structures develop into the 
\\ ell-differentiatcd membranous skeletal elements which are the forerunners 
o f  the cartilaginous and OSS~OUS skeleton. This change from mesenchyme 
into the membranous skeleton seems to be impaired by a deficiency in 
riboflavin (112). 

Taylor, et al. (120) examined the effect of high levels of pantothenic acid 
on reproduction in the rat and the mouse. The breeding performance of rats 
and mice fed Purina dog chow, containing 14 mg. of pantothenic acid per 
gram, was compared with that of animals receiving the same diet and sup- 
plements of 100 mg. of calcium pantothenate. There was an increase of 21 
to  27 per cent in litter size in the supplemented group as compared to the 
controls. Weights of the brain and heart in day-old rats were smaller in the 
supplemented group. On a purified diet free of choline rats can grow to 
maturity and reproduce (121). 

3.  Vitamin C , 
Vitamin C depletion in early pregnancy results in abortion or absorption 

of the fetuses (122, l23), while deprivation during the latter half of preg- 
nancy leads to  stillbirths or delivery of premature or weak offspring with. 
scorbutic changes (122). In spite of many reports suggesting that pregnancy 
has an attenuating effect on scurvy, much of the data is contradictory (72). 
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The human fetus absorbs ascorbic acid from the placenta (124) and restric- 
tions of women's diet during pregnancy lead occasionally to abortion but 
not to deprivation of the fetus (125). The fetus seems to draw the vitamin C 
from the mother as long as appreciable amounts of ascorbic acid are present 
in the maternal plasma (126). Several studies have shown that the vitamin 
C content of the blood plasma of the fetus is higher than that of the mother 
(126, 127, 128, 129). The fetus seems to act parasitically on the mother 
with respect to vitamin C and vitamin C deficiency is not rare in pregnancy 
and puerperium (126, 130, 131). In spite of its parasitical action the fetus 
does not always obtain the required amounts of vitamin C from the mother 
and congenital scurvy occurs in man (132). 

The only species known definitely to require a di'etary source of vitamin C 
are man, monkeys and guinea pigs. It is possible that in mice, rabbits, swine 
and cattle vitamin C is required under certaih conditions (45). A report by 
Philipps, et al. (133) indicates that dietary ascorbic acid is necessary for 
reproduction of cattle. These authors found that cows which had failed to 
reproduce conceived after injections of ascorbic acid. 

4 .  Vitumin D 
Although an extensive literature exists on congenital rickets, there is little 

known about the effects of pure maternal vitamin D deficiency upon the 
development of the fetus. It is well established that in the rat absence of 
vitamin D from the maternal diet does not affect calcification of the skeleton 
of the fetus unless the Ca/P ratio assumes extreme values (134, 41). Thus 
the congenital skeletal changes induced in rats by a maternal rachitogenic 
diet (42) depend upon a high-calcium and low-phosphorus content as well 
as upon a lack of vitamin D. Female rats fed a modified Steenbock &nd Black 
rachitogenic diet which contains a supplement of 2% dried liver (diet R) 
produced young 45 per cent of whom had congenital skeletal malformations. 
Pronounced curving of the radius, ulna, tibia and fibula as well as angulation 
of the ribs occurred in the offspring (Fig. 5A). It is of interest that the 
histologic picture of the affected bones was not characteristic of rickets, 
since there was no abundance of osteoid (Fig. 5B). However, the same diet R 
resulted in typical rachitic changes in infantile rats. Since a similar observa- 
tion has been made in cattle (135), it must be assumed that a rachitogenic 
diet results in different skeletal changes before and after birth. 

Lack of vitamin D in infants results in rickets even in the presence of a 
favorable Ca/P ratio in the diet. A pure prenatal vitamin D deficiency 
could probably lead to rickets in human fetuses, but itsis doubtful whether 
such cases ever occur. In the instances of congenital rickets reported by 
Maxwell, et al. (136, 137, 138) the maternal diets were deficient in vitamins, 
minerals and energy. 



A 

JOSEF WARKANY 

:t3 
Fig. 5. A. Cleared Specimen of Abnormal Newborn Itat 

Showing curved radius, ulna, tibia and fibula and broadening of the distal parts of 
the ribs. 

B. Section of Proximal Epiphysis of Abnormal Newborn Rat 
Showing abundant cartilage and irregular line of ossification (Silver-stain) . 

These abnormalities can be prevented by supplementing the maternhi diet with 
vitamin D. 

6. Vitamin E 

A lack of vitamin E in the diet results in sterility in the female rat, al- 
though the animals appear healthy, show normal growth, normal estrus 
rhythm, normal ability to conceive and normal implantation (139, 140). 
Vitamin E is not necessary for the early phases of reproduction. Adminis- 
tration of this vitamin as late as the 5th day after comlation makes possible 
normal termination of pregnancy (141). Up to the tenth day of gestation 
the pregnant uterus appears normal on gross examination and serial sections 
of embryos show also normal development. On the tenth day the pregnant 
uteri develop a softening of the implantation sites, which show a blue dis- 
coloration because of blood in the amniotic cavity. Sections of the embryos 
reveal rarefaction of the mesenchyme and failure of the blood-forming tis- 
sues. There are changes in the e~topla~centa a s  evidenced by the more com- 
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pact appearance of the fetal portion and the failure of the mesodermal ele- 
ments. Necrosis begins on the fetal surface by the 13th day. The decidua 
basalis retains its normal appeara,nce until it degenerates on the 15th day. 
By the end of the 21st day only the implantation sites indicate the preceding 
pregnancy (140). 

It is uncertain whether vitamin E is necessary for reproduction of animals 
other than the rat and mouse (142). Goats and rabbits can reproduce on a 
vitamin-E-free ration (143). It hoq been suggested, however, that vitamin E 
can be useful in the treatment of sterility of other mammals (142, 144) 
including man (145). 

6. Vitamin K 

Moore, et al. (146) reported that female rabbits fed a vitamin-K-defi- 
cient diet for 40 days and mated with normal males aborted during the late 
first or early second trimester of pregnancy (8th to 14th day). Retroplacen- 
tal hemorrhages were considered responsible for the abortions. The pro- 
thrombin levels were lowered in the rabbits but they did not reach a critical 
level, which suggests a11 unusual susceptibility of the placenta to deprivation 
of vitamin K. Abortions occurred again if the females were bred once more 
while fed the deficient diet, but normal term pregnancies resulted when 
vitamin K was added to  the diet, 

It is well established that a prothrombin deficiency cxists during the first 
few days of the neonatal period in man and that administration of vitamin 
I< to the mother before delivery or to the infant increases the prothrombin 
values (147). But there is little evidence that the hypoprothrombinemia of 
infants is due to a dietary deficiency of the mother. 

VII. RECENT STUDIES ON THE RELATIONSHIP OF MATERN.4L NUTRITION TO 

FETAL DEVELOPMENT IN MAN 

In recent years a number of carefully controlled studies have been under- 
taken to ascertain whether maternal nutrition influences the course of preg- 
nancy or the development of the fetus. These studies were done on a large 
scale; the diets were evaluated quantitatively and qualitatively; the infants 
were carefully examined and the results were statistically analyzed. 

A study of the influence of the prenatal diet on the mother and child was 
made by Ebbs, et al. (148). An analysis of the prenatal diets of 400 women 
with low incomes was made a t  the beginning of observation, usually a t  mid- 
pregnancy. The patients mere classified into 3 groups; those receiving a poor 
diet throughout pregnmcy ; those having it supplemented diet; and those 
receiving :t good diet. These mothcrs were observcd during the prenatal 
period, during labor and convalescencc. The infants were rated at birth and 
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a t  the ages of 6 and 12 months. The additional food supplied to the mothers 
of the supplemented group consisted of 45 g. protein, 46 g. fat, 60 g. 
carbohydrate, 840 cal.; 1.45 g. calcium, 15 mg. iron, 50-80 mg. vitamin C, 
350-400 I.U. vitamin B, and 2000 I.U. vitamin D. The observation in the 
Prenatd Clinic averaged four and one half months. There were more eases 
of anemia, toxemia, and threatened miscarriages in the poor diet group, 
while the total number of complications in this group was about double 
that of the supplemented group. There was a definite difference in the fate 
of the fetuses in the two groups, since in the poor diet group more miscar- 
riages, stillbirths and prcmatures were observed than in the supplemented 
and good diet groups. The birth weights of the infants did not seem influ- 
enced by the type of the maternal diet. It is also of interest that the inci- 
dence of illness in the babies up to the age of 6 months and the number of 
deaths resulting from these illnesses were many times greater in the poor 
diet group. 

Williams and Fralin (149) studied the diets of 514 pregnant women and 
found that only 10 diets could be termed good, 209 fair and 295 poor when 
compared to the recommended dietary allowances of the National Research 
Council. However, there was no evidence that complications of pregnancy, 
stillbirths or neonatal deaths could be correlated to dietary deficiencies, ex- 
cept that 84 per cent of a group who presented a history of nausea and 
vomiting in early pregnancy had an intake below the pregnancy standard 
of 600 units of vitamin B. 

Burke, et al. (150-151) studied the influence of the maternal nutrition 
during pregnancy upon the condition of the infant at birth. The observa- 
tions on 216 women selected from the prenatal clinics of the Boston Lying-in 
Hospital, and their infants are reported. The nutritional data were obtained 
by carefully taking a record of the food intake a t  various periods, the food 
likes and dislikes, the amounts purchased and the money spent for food and 
by various other methods of cross-checking which permitted an accurate 
evaluation of the maternal diet. Nutritional standards were set up for the 
rating of the dictary intakes from the fourth through the ninth month of 
pregnancy. Nutritional essentials such as protein, calcium, phosphorus, iron 
and the vitamins were rated as excellent, good, fair, poor and very poor; 
the daily caloric intake was included in the rating. The maternal diets wcre 
finally classified as excellent, good, fair, poor and very poor. Only 14 per 
cent of the women consumed “excellent or good” diets, 17 per cent “fair to 
good,” 29 per cent “fair”, 23 per cent “fair to poor” and 17 per cent “poor 
to  very poor” diets. Thus 40 per cent of these women were malnourished 
during the prenatal period. The infants were studied a t  birth and during 
the first 2 weeks of postnatal life. They were classified as “superior,” “good,” 
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“fair,” and “poorest.” A definite relationship was established between the 
maternal diet and the condition of the infant (Figs. 6 and 7). 

In  another publication Burke, et uE. (152) correlated the protein intake 
of the mother to the infant’s measurements a t  birth. A significant relation- 
ship was found to exist between the protein content of the mother’s diet 
and the birth length of the infant. A similar correlation existed between the 
mother’s protein intake and the birth weights. These authors believe “that 
less than 75 g. of protein daily during the latter part of’pregnancy result 
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Fig. 6. Nutrition Studies During Pregnancy by Burke, et. d., Am. J .  Obstet. Gyn- 
ecol. 46, 46 (1043) 

in an infant who will tend to be short, light in weight, and most likely to 
receive a low pediatric rating in other respects.” 

The Interim Report of the People’s League of Health in England on 
“Nutrition of Expectant and Nursing Mothers” (153) contains data of a 
large scale nutritional experiment. The investigation which lasted from 
March 1938 to the end of 1939 was planned to show’whether additions of 
vitamins and minerals would benefit the course of pregnancy and labor and 
the newborn child. An inquiry into the diet of 5022 expectant mothers 
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ONE FAIR 

'HYSICAL OR . 
COUNT POOR 

AGAINST GENERAL 
INFANTS CONDITION 
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INFANTS INFANTS 
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shoved there was no well-marked deficiency of first class protein among the 
women answering the questionnaires. A shortage of calcium was noted in 
70 per cent and an iron deficiency in 98 per cent of the diets. As regards 
vitamins, the deficiency of A was the most common, since more than 50 per 
cent of the women took less than required. The intake of vitamins 731 and C 
were low but not extremely low. One half of these mothers were given the 
following daily supplements: Saccharated iron carbonate (1.2 g.), equivalent 
to  0.20 g. ferrous iron, calcium lactate (2 g.) equivalent to  0.26 g. calcium, 
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COUNT COUNTS 
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MINOR) DEFECT 
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Fig. 7. Nutrition Studies During Pregnancy by Burke, e l .  al., Am. J .  Obstet. Gyn- 
ecol. 46, 47 (1943) 

minute quantities of iodine, manganese, and copper, adsorbate of vitamin 
B1 containing all factors of the B complex (1 g.), vitamin C (100 mg.), 
halibut liver oil 0.36 g. (vitamin A 52,000 I.U., and vitamin D 2500 I.U. 
Per 65). 

Evidence was found of benefit to the infant from the improved diet of 
the pregnant mother. The chances of a woman carrying her child to term 
were improved by the diet. The number of premature children born to  the 
niothers receiving the supplemented diet was significantly lower than that 
born to mothers who did not receive the supplements. The relatively greater 
proportion of deliveries a t  'term among the treated women is of importance 
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in view of the fact that 50 per cent of infantile deaths under one month are 
due to  prematurity. 
An experiment of supplementary feeding in pregnancy on a large scale was 

reported by Balfour (154). The material was well selected and classified as 
to parity, age and economic conditions. There were 11,618 women who 
received supplements and 8095 who did not. Both classes received milk in 
some form. The supplemented group receivedvitamins A, D, and B-complex, 
calcium, phosphorus, and iron. There was a significant reduction in the 
stillbirth and neonatal mortality rates of the fed group as compared with 
t>he controls. 

The importance of prenatal nutrition fqr the development of the teeth 
and jaws is well recognized (155, 156). While earlier studies were concerned 
chiefly with maternal metabolism of calcium, phosphorus and vitamin D, 
recent experimental studies (75) direct attention also to other nutritional 
factors. 

VIII. GENERAL CONSIDERATIONS 

The ova of mammals develop within the maternal genital tract. Thus they 
are well protected from mechanical injuries as well as from nutritional 
deficiencies. They are as a rule not exposed to  fluctuations of the nutritional 
supplies as are the ova of lower classes, since the maternal tissues serve as a 
reservoir from which the developing organism can draw the required chemi- 
cal substances. It is obvious that thc protection thus afforded is not un- 
limited and that starvation, severe disease or death of the mother may also 
result in death of the oviim. But it was until recently the consensus that thc 
cliot of t,lie mothcr \vats of no importance to the fetus which was considered 
:I parasite capn1)lc of exhausting the maternal stores to  the cxtreme. This is 
obviously not the case. It can be gathered from the foregoing review that 
dietary maternal deficiencies result frequently in resorption, abortion, still- 
birth, prcrnaturity and weakness of the offspring. It is also shown that con- 
genital malforinations of the off spring can bc induced by maternal nutri- 
tional deficiency. This ncw knowledge in the field of nutrition deserves 
special discussion, since it demonstrates theeffect! of dietary deficienciesupon 
the earliest processes of growth and differentiation. Little is known about 
the environmental causes of congenital malformations and these nutritional 
s td i e s  will undoubtedly give a new impetus to research in this field. 

It was thought until recently (2) that prenatal mammalian nutrition is 
an all-or-none phcnornenon. It, was believed that either the embryo is cap- 
able of supplying itself :dcquately from the mother's tissues or that, i t  will 
die in case of failure. Tlierc is some truth in this conception, but it is not 
entirely correct. Obvioiisly there exist some borderline deficiencies which 
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lead to interesting consequences. The discussion of these deficiencies is in 
part still theoretical, since the critical .dietary levels of these borderline 
states have not been determined but it seems that for vitamin A deficiency 
they will soon be established (91). 

In the case of a borderline riboflavin deficiency the mothers have ap- 
parently sufficient amounts for maintenance of the estrus cycles and for 
gestation. The fetuses are able to grow to almost normal size but certain 
processes of differentiation are disturbed. A reduction of riboflavin below 
the critical level leads to sterility or embryonic death, while an increase 
beyond this level results in the birth of normal young. It is understandable 
that such a borderline deficiency may lead to the production of normal, 
abnormal and even mixed litters, since slight variations of the growth or 
position of the embryos and minor fluctuations of the riboflavin level may 
decide whether the individual will be normal or abnormal. Moreover a 
constant diet does not guarantee a constant blood level, since synthesis of 
riboflavin by the mother's intestinal bacteria and coprophagy may account 
for significant variations (112). 

Stockard (157) has emphasized that the structural response of the embryo 
to arresting agents is specific for the embryonic stage during which the 
agents act. Developing organisms go through critical moments, periods of 
accelerated growth and differentiation in which they manifest a marked 
sensitivity to injurious factors, while they are relatively immune to the same 
noxae a t  other periods of development. It is of interest that Hale (95) as 
well as Warkany and coworkers (119) were able to establish critical periods 
in which the manifestations of the respective vitamin deficiencies are deter- 
mined. An adequate diet after the critical period may make possible suc- 
cessful termination of pregnancy but it does not repair the malformations 
which have become established. Thus addition of cod liver oil to the diet 
of the sow 30 days.after mating does not prevent congenital eye defects in 
the pigs; and the pattern of diet I can not be prevented in the offspring 
when the mother rats receive supplements of liyer after the fourteenth day 
of gestation (p. 88). It can be shown that a t  the critical period between the 
thirteenth and fourteenth days of prenatal life rat embryos show a remark- 
able differentiation of most of the skeletal parts affected in the pattern of 
diet I (119). 

It was concluded that the arrest of development occurs in the membran- 
ous skeleton but it remains to be explained why a low level of riboflavin 
affects only some skeletal structures adversely while others are spared. In 
this respect the nutritional deficiency behaves like toxic agents for which a 
differential susceptibility of developing organisms has been repeatedly 
demonstrated (158). This differential behavior is noted in the pattern of 
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diet I as a rule in the transverse plane, since the skeletal parts near the 
mid-dorsal line are normal while the ventrodistnlly situated ones are more 
often deformed. Since the proximal and unaffected parts are differentiated 
before the distal and affected parts, one may conjecture that in a borderline 
deficiency there may be enough riboflavin for the early development of the 
membranous skeleton, while a deficiency exists when the later parts are 
formed. 

In the critical period, between the thirteenth and the fourteenth days, 
the rat embryo weighs only 40 to 112 mg. (159), while a t  birth deformed 
young may weigh 4000 to 5000 mg. Since riboflavin is known to be ncccssary 
for growth, one may wonder how such marked increase in size and weight 
is possible in the presence of a riboflavin deficiency. This apparent contra- 
diction can be explained by the assumption that differentiation requires a 
higher riboflavin level than normal growth. A mutual independence of 
growth and differentiation is well recognized in experimental embry- 

There exists a widespread belief among the laymen as well as among 
physicians that systemic and multiple congenital malformations are always 
the result of changes in the “germ-plasma,” that is, genetically determined 
and hereditary. This belief is not correct; in fact it has been shown repeat- 
edly that developmental processes can be altered by environmental dis- 
turbances in the same wag as by abnormal genes (160). It will be of great 
interest to  the geneticist that types of congenital malformations, which are 
sometimes genetically determined, such as microphthalmos, cleft palate, 
brachygnatliia and the like, can be produced in the offspring by maternal 
deficiencies of well defined chemical substances like vitamin A or riboflavin. 
Since it has been suggested that genes act as enzymes (1G1) it may be worth 
while to point out that riboflavin is known to be an essential constituent 
of a number of important enzyme systems which perform specific functions. 
Perhaps either EI nutritional riboflavin deficiency or a defective gene leads 
to the same Congenital abnormality, because the same enzyme system 
necessary for the normal development of the skeleton is disturbed. It seems 
possible that, nutritional experiments like those cited above will contribute 
to the understanding of gene actions. There is no conflict in the results of 
genetic and nutritional investigations into the causes of malformations. 

The postnatal behavior of offspring with congenital malformations has 
not yet been investigated. Some of the eyeless pigs obtained in the experi- 
ments of Hale (95) were used for genetic studies, but no other observations 
mere reported. In  the case of riboflavin deficiency the abnormal young could 
usually not be raised. However, if it becomes possible to produce regularly 
viable young with defective organs, many branches of experimental medi- 

ology (2) * 
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cine will benefit. It should be mentioned in passing that errors in embryonal 
development have played an important r6le in the theories of the etiology 
of tumors. 

Since animal experiments cited in the foregoing review have shown that 
dietary maternal deficiencies result often in reproductive failures, it will be 
asked whether comparable conditions ever occur in man. There can be no 
doubt that in foreign countries maternal nutritional deficiency is frequently 
responsible for a high infant mortality (163, 107, 56, 57) and it is probable 
that similar correlations exist in the United States (150, 151) and Great 
Britain (148, 153, 154). 

Nutritional deficiencies are not limited to  the low income groups. Mal- 
nutrition may develop in any expectant mother. Nausea, vomiting and 
perverted appetite are frequent occurrences in pregnancy. Diets restricted 
in certain nutritional elements are often prescribed and deficiencies of single 
dietary factors may accidentally develop. 

The appearance of the mother does not always betray her nutritional state 
and in case of deficiency the fetus may suffer more than the mother. It has 
been shown in animal experiments that a vitamin-A-level sufficient for 
maternal health may result in disaster to  the offspring (91); and vitamin- 
A-deficiency does not affect the teeth of the mother so severely as those 
of the young (75). A mother with latent beriberi may give birth to  a child 
with congenital manifestations of the disease (106). Female rats with a 
riboflavin deficiency so mild that they can undergo repeated pregnancies, 
often give birth to  young who have the most severe malformations. Female 
animals fed iron-deficient diets without developing anemia produce iron- 
deficient offspring that develop anemia (60-62). Iodine deficiency which 
causes only an enlargement of the thyroid in the mother may result in 
cretinism in the child (56). 

These examples will suffice to illustrate that in the struggle for nutritional 
factors between mother and offspring it is not always the fetus who obtains 
what he needs. The myth of the fetus as a parasite can be upheld only in 
regard to vitamin C (126, 127). 

The finding of critical periods in the development of the embryo, in which 
there is unusual susceptibility to nutritional deficiency (93, 119) opens new 
perspectives in the field of prenatal nutrition. It emphasiers the importance 
of a satisfactory nutritional state of the mother in the earliest periods of 
pregnancy. The organogenesis of the human embryo is practically finished 
ten weeks after conception, a t  a time when the expectant mother is not 
accorded any special privileges. Nutritional supplements are as a rule not 
given before the second half of pregnancy. Thus it may happen that an 
embryo is injured by nutritional deficiency in the early weeks of prenatal 
life while the mother appears in a perfect nutritional statc a t  the end of 



PRENATAL NUTHlTIONAL DN:BIClENCY 

pregnancy. Pu'utritional care and nutrition studies should ipclude the earliest 
periods of pregnancy as well as the late ones. 

Finally it should be mentioned that nutritional deficiencies are not always 
caused by incomplete diets. A surplus of one nutritional element in the diet 
may result in the deficiency of another one. The disturbing substance may 
interfere with the absorption of an indispensable factor (avidin-biotin) or 
destroy it (thiamin by enzyme of fish) or inhibit i t  by displacing it from its 
normal r6le (vitamin inhibitors) (162). Metabolic disorders of the mother or 
increased deniands of the offspring (twins) may in the presence of an adc- 
quate diet result in states of nutritional deficiency. 
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It is not intended that this article shall be an exhaustive record of the 
present state of knowledge concerning so-called growth factors for micro- 
organisms. War-time conditions affecting adequate access to  the literature 
make a complete review difficult, the more so since the subject is in rapid 
growth, with a wealth of new publications continually appearing. The 
writer has therefore aimed to give a general outline correlating various as- 
pects and to indicate some main trends of development. It is hoped that 
against this general background will be seen the rapidly -appearing new 
work which, for one reason or another, is not specifically mentioned here. 
Conscious omissions are made only for reasons of expediency within the 
above framen ork, and the selection of illustrative examples has been made 
on the same principle. This article will deal mainly with bacterial growth 
factors, and with cross-links with other nutritional studies. 

I. INTRODUCTION 
1. The Development of the Study of the Nutrition of Micro-organisms 

A general review of bacterial growth substances is best developed his- 
torically in order to show the evolution of some of the generalizations which 
have emerged, how the differentiation of the special field of bacterial nutri- 
tion came about , and why this limited viewpoint is no longer so fruitful as 
the wider perspective now possible. Concurrently, but a t  first quite 
separately, there developed also the study of the nutrition of yeasts, begin- 
ning effectively with Wildiers’ demonstration (420) which initiated the 
yeast “bios” problem (see Section VII, Biotin). The historical development 
of this field, directed to the determination of the exact nutrient requirements 
of yeasts, has been reviewed by Williams (423). Here discussion will be 
restricted to the bacterial field until the coming together of the two fields 
shoxed their underlying unity. 

The separate study of bacterial nutrition arose out of the desire to cul- 
tivate bacteria in vitro. Originally this was a purely technical problem of 
laboratory practice. The media used were complex and designed to simulate 
more or less closely the natural environment of the organisms, of which the 
majority first studied by bacteriologists were those associated with human 
and animal disease. What may be termed “c1S;ssical bacteriology” developed 
in the main by using the laboratory cultivation of organisms on complex 
media which were considered adequate if the organisms would grow therein. 

2. Bacterial Syntheses of Naphthoquinones and Vitamin-K-Active 

3. Kaphthoquinones and the Antagonism of Iodinin-Inhibition of Bac- 
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Knowledge of the chemical composition of the media was not then of im- 
portance. The practical problem became more acute as organisms were 
found which required special media or conditions of cultivation (e.g., 
gonococcus, meningococcus, pneumococcus, Hemophilus injluenzae, 
freshly-isolated tubercle bacillus, Johne’s bacillus, etc.). In  general the cul- 
tivation problem was solved empirically in a manner adequate for the 
immediate purpose; media were prepared in the laboratory in which most 
organisms would grow and which allowed the manipulations of bacteriolo- 
gists to be carried out. The riotous profusion of media which were com- 
pounded more or less empirically to  satisfy the growth requirements of 
various organisms testifies to the variety and fastidiousness of bacteria in 
their nutritional requirements. 

Quite early the advantages which would accrue from simple media were 
recognized, and several workers (e.g., Uschinsky, 395) attempted to  use 
media of simple and known chemical composition. Similar attempts were 
made during the following 30 years. Most of the early claims to have grown 
pathogenic bacteria in media of this type are now known to be invalid. The 
growth which was observed was due to the unsuspected presence of very 
small quantities of essential nutrients (“growth factors”) coming from im- 
pure organic compounds of natural origin (e.g., glucose, lactate, asparagine) 
or carried over in the inocula. The smallness of the quantities of these un- 
known essential nutrients which would permit visible growth was neces- 
sarily not appreciated. One school of workers, associated with Braun (44, 
45, 46) was successful in cultivating certain organisms of the Salmonella 
group in chemically simple media, many of these organisms having simple 
nutrient requirements, unlike the majority of organisms associated with 
animal disease, 

Another stimulus to  work on the cultivation of bacteria in media of known 
chemical composition came from a different direction .with the discovery of 
autotrophic ba.cteria by Winogradsky (434). But the non-pathogenic bac- 
teria did not receive until much later the attention which was lavished on 
the organisms of human and animal disease. 

It is significant that attention first became focussed on the nutrient re- 
quirements of those bacteria which are among the most exacting in this 
respect. This was either because the complex media they required for growth 
mere easily injured in preparation (owing to the presence of essential labile 
substances) and thus rendered nutritionally deficient, or because unusual 
nutrient supplements were required. Thus the question of the nutrient re- 
quirements of bacteria became differentiated as a particular problem of 
bacteriology in much the same way as the human and animal vitamin prob- 
lem forced itself on the attention of biochemists, namely as a problem of 
nutritional dejiciency . 
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As early as 1912, Twort and Ingram (390, 391) showed that Johne’s 
bacillus, which would not grow on complex media adequate for other acid- 
fast ba,cilli (including Mycobact. tuberczilosis hominis), would do SO if the 
medium were enriched by incorporation of the bodies of acid-fast bacilli 
(q., Mycobact. phlei) which were able to  grow on ordinary laboratory 
media. The reasoning which led them to this deserves quoting in theii 
own words: 

“Considering . . . the apparent close relationship between the tubercle bacillus 
and the bacillus of pseudo-tuberculous enteritis, and the fact that both these 
bacilli live in the bodies of bovines, we judged i t  probable that they would require 
the same chemical substances for building up their protoplasm, certain of which 
substances could be elaborated from artificial media by the tubercle bacillus but 
not by the bacillus of pseudo-tuberculous enteritis-in other words, that  the 
latter bacillys has lived a pathogenic existence from such remote ages that it 
has lost the originill power of its wild ancestor-whatever bacillus that may have 
been-and can no longer build up all its necessary foodstuffs outside the animal 
body. 

It was thought probable that  if these substances could be obtained ready 
formed, and were added to  some good artificial medium (Dorset’s egg medium) 
the bacillus would grow, and, further that these substances might be elaborated 
by allied micro-organisms such as the tubercle bacillus, and even stored up as 
reserves in their envelopes” (391, pp. 69-70). . . . 

“From the fact that from the remotest times the timothy-grass bacillus (Bacil- 
lus phlei ,  Moeller) found on Phleum pralense must have bcen continually ingested 
by ruminants in their food, the possibility of this bacillus being the wild ancestor 
from which Johne’s bacillus had ariscn is at once obvious, and if such be the case 
one might expect, from what has already been said, that B .  phlei would be a very 
suitable variety to URC in preparing the mediiini” (391, p. 77). 

These quotations contain in cssencc a general conception of bacterial nutri- 
tion and its wider aspects which the work of succeeding years has developed 
and enriched. Twort and Ingrani attempted to  isolate the active substance 
synthesized by MQco. plilei which was required by Johne’s bacillus. They 
thus made one of the earliest studies in the field of bacterial growth factors. 
Tmort and Ingram’s book (391) is certainly one of the few classics in the his- 
tory of bacterial chemistry. 

Not until 1917 was the existence of special growth factors for another 
bacterial species clearly recognized; these were the X and V factors for 
Hemophilus injtuenzae (58). Fildes (87) studied the differentiation of the X 
and IT factors required, either together or separately, by various organisms 
of the Hemophilus group, making one of the earliest comparative studies of 
nutritional rcquirements within n group of related organisms. Here again 
the existence of special nutrient requirements bccame apparent because the 
lability of the V factor led to  its destruction during heat sterilization. These 
observations were made at  a period when, as is clear from the name vitamin 
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or V factor, the study of human nutrition had led to the recognition of vita- 
mins and to their attempted isolation. From this time onwards the vitamin 
conceptions of animal studies affected the ideas of workers in bacteriology. 
Many premature attempts were made with impure animal vitamin prepara- 
tions to show effects on the growth of micro-organisms. The results werc 
necessarily equivocal for lack of pure vitamins. At the samc time it was 
shown, however, that some species of bacteria, able to grow in media defi- 
cient in certain vitamins of the B group, did in fact synthesize some of 
them, as shorn by animal feeding experiments. In 1934, Williams and 
Roehm (429) showed a marked growth stimulation of certain yeasts by 
crystalline preparations of natural vitamin B1. 

2. Analysis  of Complex Bacteriological Media 

The attack on the problem of bacterial nutrition through the analysis of 
complex empirical media began in the 1920’s, particularly with the work of 
Mueller (253) who sought to fractionate complex media for growing hemo- 
lvtic streptococci. Mueller did not succeed in his main object but he did dis- 
cover a new amino acid, methionine. This was the first discovery of a new 

of general biological importance coming through the study of 
bacterial nutrition. The contributions of Mueller and his school have been 

ever since. Arising out of the need to know what were the elec- 
.$ ode-active compounds present in culture media being used for oxidation- 
reduction potential studies of obligate anaerobic organisms, Fildes and 
-‘night (157, 158) found it necessary to  study the exact nutritional require- 
ments of various organisms. They also, with others, were led to attack the 
problem from the analytical side (154). 

3. Recognition of Physiological Cross-links 

The first clear link between the nutrient requirements of micro-organisms 
and animals came when vitamin Bl, thiamin, became available in pure 
form. Scliopfer (330,331,332) showed that thiamin was an essential growth 
factor for the mould Phycomyces blnkcsleeanus, and, later, Tatum, Wood, 
and Peterson (381) showed it had a marked growth-promoting effect on 
certain strains of lactic acid and propionic acid bacteria. Since then the 
number of known growth factors has rapidly increased, and the physiologi- 
cal cross-links between different types of organisms have become clear. The 
inter-relations between the gron th  requirements of various classes of or- 
ganisms and the way in u7hii.h studies in different fields have been comple- 
mentary is illustrated in Table I, which lists substances common to the 
growth requirements of various types of organism. (Consideration of the 
basal nutrients, carbohydrates, amino acids, salts, is omitted from this 
table, as from the rcviev as a whole.) It mill be seen that the substances 
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listed in Table I fall into several groups. Thus in Group A, thiamin, ribo- 
flavin, and pyridoxin were compounds new to chemistry which were first 
discovered as a result of their biological activities observed in the nutrition 
of higher animals. Group R substances were all known to organic chemistry 
and had been isolated from biological materials before their roles in the 
nutrition of micro-organisms were observed, or indeed before any special 
physiological functions for them were known. Group C, pantothenic acid 
and biotin, were, like Group A, new to chemistry but were first detected 
through their biological activities in the growth requirement of a micro- 
organism (yeast). p-Aminobenzoic acid is at present in a class by itself in 

TABLE I 
Inter-relations in Growth Requirements of Different Classes of Organisms 

First recognized as 
an essential nu- 

Substance: trient for: the nutrition of: 
Subsequently implicated in 

A. Thiamin (vitamin BJ Higher animab Bacteria, lower fungi, pro- 
tozoa, roots of higher 
plants 

Riboflavin (vitamin B2) " " Bacteria, insects, lower 

Pyridoxin (vitamin Bs) " 'I Bacteria. insects. lower 
fungi 

U .  Nicotinic acid 
Pyridine nucleotides 

Uracil 

Glutamine 
Pimelic acid 

Inositol 

8-Alanine 

C. Pantothenic acid 

Biotin 

D. p-Aminobenzoic acid 

Staph. aureua 
Hemophilus in- 

jluenrae 
Staph. aureua (an- 

aerobic) 
Streptococci 
C. diphtheriae 

Yeasts 

Yeasts 

Yeasts 

Yeasts 

Bacteria 

fungi, plant roots 
Higher animals, plant roots - 

- 
- 

Mouse, mold (Ashbya 

C. diphtheriae 

Bacteria, higher animals, 

Bacteria, higher animals, 

Higher animals, insects, 

goaaypii) 

insects 

insects, lower fungi 

lower fungi 

Component of enzyme 
systems, etc.: 

Co-carboxylase; thiamin 
-protein enzymes 

Several flavoprotein 

{ ~ m e ~ z ~ a r b o r y l -  

- 
- 

? role in biotin biosyn- 
thesia 

Part of pantothenic 
acid - 

that it is the first compound whose hitherto unsuspected biological activity 
was discovered, not directly as a growth substance, but indirectly through 
its neutralization of an artificial growth inhibitor which was interfering, as 
it now appears, with an essential metabolic reaction. Biotin, whose effect 
in animal nutrition was first discovered through its reversal of a natural 
inhibitor, avidin, was independently found as a growth factor for micro- 
orgnnims before its effect in animal nutrition was clearly recognized. 

4. Nomenclature, Ideology, Theory 

The history of the subject has now developed to the point where the 
older nomenclature is often a hindrance, since it has led to sterile discussion 
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and may hide the real nature of the phenomena which need to  be under- 
stood. Most of the known growth factors, accessory growth substances, 
growth promoters, vitamins, nutrilites, etc., as they have been variously 
named, have been discovered as a result of observation of the results of a 
nutritional deficiency. The biological test object has grolvn sub-normally, 
sub-optimally, pathological conditions have developed or there has been 
entire failure to grow, and a nutritional deficiency has been recognized. In 
order to  assay the content of biologically active substance in various pre- 
parations which can remedy the deficiency condition, suitable biological 
methods of testing have had to be designed. 

In the case of micro-organisms, not only have the substances being sought 
been highly active per unit weight but the amount needed to cause a biologi- 
cal response is extremely small, since so little actual increase in mass of cells 
is needed to  give an observable effect. Thus, great care needs to be taken in 
designing the growth response test to avoid effects due to inadvertent con- 
tamination with the active substance. These conditions emphasized the 
smallness of the quantities needed for a given biological response, and thus 
these substances tended to be grouped as a class separated from the grosser 
constituents of a diet. Furthermore, in order to obtain clear-cut results in 
testing i t  was easier on the whole to look for ‘all or nothing’ types of response 
rather than to measure rates of growth, as would have been needed to assay 
substances which could stimulate a growth already taking place slowly. 
Many known and unknown substances could affect rates of growth, but the 
new substances being sought, since they had very marked effects, were in 
many ways the most easy to define in terms of a ‘growth’ or ‘no growth’ 
response. In the earlier analytical studies of culture media much insistence 
was placed therefore, for practical reasons, on an observation of growth or 
no groivth ivhen an addendum was made to a deficient medium. Obviously 
the criterion of ‘no growth’ could be variously defined. But as long as it was 
sensitive enough to enable a clear course to be steered through the morass 
of growth accelerators and stimulators, and allowed a c1.ear recognition of 
the ‘active’ fractions in chemical fractionation procedures, even visual ob- 
servation of cultures could be a successful guide. For these practical reasons 
much emphasis was placed on the occurrence and detection of “essential 
nutrients,’’ without which the micro-organism could not grow. The defini- 
tion of growth usually was the formation of a mass of cells of the order of 
that obtained in classical culture media in the usual growth period (2, 3, 4 
days, etc.); and ‘no growth’ signified usually no visible traces of growth 
when examined by the naked eye. These criteria have served for the detec- 
tion and identification of a number of compounds needed for the growth of 
various micro-organisms, Clearly, however, a more detailed definition of 
what was meant by ‘growth’ could be instituted in every assay method. 
This has been done in much of the more recent work. Various aspects such 
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as the initiation of germination of spores and of cell-division, increase in 
amount of ccll-material built up, rate of increase of cell substance formed, 
etc., have been nieasuretl to determine the response to addenda to the cul- 
tural environment. In this way a more detailed knowledge is being built up 
of the chemical and physical composition of the environment which deter- 
mines g r o ~  th in thr general sense. hlueller (264) has iwll discussed these 
considerations. - 

Out of the birth-pangs of thc net\ ly developing field of microbial nutrition 
and metabolism various names ncrc coined to denote as a class the active 
substances sought. Williams (421) suggested the use of the uord nulrilite 
for those organic substances which in minute amounts function for yeast 
and micro-organisms in a similar manner to  the vitamins of animal nutri- 
tion. He remarked on the “unfortunate etymological implications” of the 
word vitamin and was against the undue extension of its use. The name 
nutrilite was unobjectionable from this standpoint, implying only an im- 
portance in nutrition and nothing as to the chemical nature of the substance 
(423). 

Gyorgy, dealing largely u ith animal nutrition (1 14), raised some aspects 
of the problems of nomenclature in discussing “what should be considered a 
vitamin.” He quotes his own previous proposal for a definition: “Vitamins 
are food constituents of organic origin, minute quantities of which have 
specific biologic effects and lack of which in the food produces pathologic 
disturbances, occasionally only under special conditions” (1 12). Gyorgy 
points out that a t  least ti\-o objections can be raised against this definition. 
Thus, choline is used not in “minute quantities” but in relatively high doses. 
Should it then be excluded from tlie group of water-soluble vitamins and be 
called only a “dietary essential”? (143). If choline be excluded on the ground 
that it is not used in minute quantities, then also ascorbic acid, nicotinic 
acid and pantothenic acid should be excluded from the category, since they 
are all required in relatively large amounts compared with others of the 
\\ ater-soluble group such as biotin, thiamin, riboflavin. Conversely, if cho- 
line be considered a vitamin, why not methionine, liich has choline-like 
effects on nutrition, and, for that matter, the essential amino acids as a 
whole? Gyorgy further points out that the cIassification of a vitamin depen- 
dent upon its character as a food constituent (as in his former definition) is 
no longer so valid, since certain vitamins synthesized by bacteria in the 
digestive tract are certainly used by host animals. 

Clearly the vitamin conception as first envisaged, from the point of vie\\ 
of a substance making good a deficiency in a diet,, has passed through a series 
of dewlopmental stages. The category no longer serves any very useful pur- 
pose, now that the analytical approach to  nutritional requirements has 
progressed so far and is being widened to a more general metabolic 
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approach. The substances which were first detected through the effects of 
their deficiencies were, first, those constituents of an adequate diet which 
xvere deficient in abnormal “natural” diets (e .g . ,  the thiamin-deficient 
polished rice diets which caused beriberi, or ascorbic acid-deficient diets, 
lacking in fresh fruit and vegetables, causing scurvy), and later, those sub- 
stances which were deficient in artificial diets compounded on what knowl- 
edge of nutritional requirements was available a t  the time. The major 
constituents (e.y., protein, carbohydrate, fats) required in a diet being 
known, the unknowns were those substances required in much smaller quan- 
tities which had hitherto escaped attention. But it is now clear that these 
vitamins do not form a class in any real sense; they appeared to form a class 
only as long as they were unknown. 

When the diets required for the normal growth of lower organisms such as 
bacteria, yeasts, molds etc. came to be examined, it was hardly possible to 
study deficiencies of diet in terms of the development of characteristic 
pathologies; what’was observed was the ensemble of phenomena character- 
izing growth, i ~ . ,  multiplication of a small number of cells to the mass of 
:ells of a fully grown culture. The measurement of such growthwas analogous 
to measurement of growth and maintenance of health in higher animals. 
Because of the much greater velocity of multiplication and of the 
concomitant building-up of cell material, differences in the rates of these 
processes are very easily seen with micro-organisms. There is much greater 
sensitivity t o  variation in the cultural conditions than with the higher 
animals. Hut the ideology of animal nutrition was carried over to a large 
extent to the field of micro-organisms, and it was largely for this reason that 
Lhe test for activity of supplements to a deficient culture-medium was so 
often designed in terms of “growth” or “no growth.” 

With the progress of the field of microbial nutrition, cases were found 
where this simplified approach was not so necessary or so fruitful. Mueller 
(254, 255) for example, began to measure the effects on the growth of C .  
diphthem’ae of active supplements added to deficient media by measurement 
of the actual amounts of cell substance formed. He could thus observe effects 
in terms of growth curves, which gave a more dynamic picture of the ef- 
fects of supplements. This type of approach was more flexible in that it could 
take account of a biological behavior less easily observed with higher or- 
ganisms, namely adaptability in nutritional requirements, and was also 
more suited for observing changes in rate of growth. 

At the same time the complementary inter-relation between nutritional 
requirements and the organism’s own synthetic abilities was becoming 
clearer. Once it had been recognized that many of the substances required 
by one set of organisms were substances synthesized by another set of or- 
ganisms, the latter thus not requiring those substances as dietary 
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constituents, a more general conception became possible, and it became 
clear that these substances played an essential part in metabolic processes 
common to both classes of organism.* 

From the foregoing it is seen how the aspect of the metabolic requirements 
of micro-organisms (and of higher animals) which first received most study 
was the nutritional one. On this basis the analysis of diets and nutrient 
media brought to light the chemical nature of many of the more elusive 
components of these nutrients. But emphasis on the nutritional aspect 
tended at  first to segregate these more elusive nutrient components as a 
class. and general names for the class were given, such as vitamin, essential 
growth factor, etc. When, however, the nutritional question is viewed from 
the standpoint of metabolism, many of the apparently difficult questions of 
definition and nomenclature disappear. The substances which an organism 
takes from its nutrients are used as material for building-up the new cells. 
These cells carry out a complex interwoven series of processes, which is the 
life of those cells, and consists in taking compounds from the environment 
and synthesizing other compounds to make new cells. The extent and rate 
of multiplication of new cells will depend on the efficiency with which the 
processes of construction are carried out, This efficiency (here used in the 
general and not only thermodynamic sense) will clearly depend partly on 
the availability of the materials of construction. This will in turn depend 
upon the rates of utilization and synthesis of the various materials of the 
enzyme systems whose continued functioning is the life of the cells. The 
fundamental biochemical processes of cell-life-the essential metabolism of 
the cells-form the cardinal feature, and certain of these processes are com- 
mon to the widest variety of cell. Where organisms may differ, however, 
is in the means whereby the materials for these processes are acquired. But 
here a sharp metaphysical distinction into “acquired from the environment’’ 
or “synthesized by the cell” is not possible. For it is clear that a certain rate 
of synthesis might be too slow to yield a required substance a t  the required 
rate. Effectively then the cell would depend upon an external source of 
supply, to a degree which would be relative to the rate of synthesis of this 
substance. Hence a given substance, required as a component of one of the 
essential metabolic processes, might appear in three different roles as a com- 
ponent of the nutrients. It might appear: (1) as an ‘essential’ nutrient, 
when its rate of synthesis by the cell was so slow as to be insignificant; (2) 
as a gron-th stimulant, when its rate of synthesis was somewhat faster but 
still slow enough to be a limiting factor; or (3) as a substance not required 
at  all for nutrition, because the cell could synthesize it so fast that i t  was 
not a limiting factor in growth. It is the metabolic process which is the 
essential thing and the compounds used in carrying it out are essential 
metabolites, i.e., the substrates used for the process, or the substances which 

* See footnote, added in proof, p. 228. 
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form parts (prosthetic groups, etc.) of the enzyme systems which carry out 
these essential reactions. Fildes (89) suggested the use of the term essential 
metabolite in the above sense. With the more dialectical orientation outlined 
above, discussions as to whether a given substance is an essential growth 
factor, vitamin, etc., or not, or whether it is only a growth stimulant, pro- 
moter or accelerator, etc., are clearly sterile. What matters is to  show how 
any given substance which affects growth plays its part. And very often it 
will be found that i t  has a relation to some essential metabolic process, the 
role it plays-in nutrition reflecting the mode by which the cell acquires a 
sufficient quantity of it a t  a sufficient rate. Throughout the review the 
term essential metabolite will be used in the above sense, leaving i t  to the 
collection of data here presented to  support the validity of this viewpoint. 

5. The General Implications of Nutritional Studies with Micro-organisms 

Table I reflects the way in which studies of the nutrition of micro- 
organisms have contributed to nutritional studies in general. Broadly there 
are two reasons for this. The first is the practical one of the ease and rapidity 
with which large numbers of experiments can be performed. But this alone 
would be no great advantage if it were not for the underlying unity of all 
biochemistry, just discussed. If nutritional requirements are seen as a re- 
flection of a given organism’s ability to synthesize essential metabolites, 
it is a t  once clear that findings concerning the nutrition of one organism give 
information about essential metabolic processes common to many 
organisms. For reasons which may be a t  bottom evolutionary, micro- 
organisms as a whole display the very widest variety of nutritional require- 
ments. This, coupled with the rapidity of experiment, gives the basis for the 
recent wide developments in the field of nutrition of micro-organisms and 
their influence on nutritional studies in general. 

11. THIAMIN 
Thiamin (Vitamin B1) was first shown to be an essential metabolite for a 

micro-organism in 1934 by Schopfer (330,331) who found that the fungus 
Phycomyces blakesleeanus would grow in vitro on a medium of known chemi- 
cal composition when thiamin was added, but not without it. This was the 
concluding step in previous work (329) designed to isolate the active 
material in various natural sources, which had been found a necessary addi- 
tion to the basal medium before continued growth could take place. When 
crystalline (natural) vitamin B1 became available Schopfer found, following 
a suggestion by Burgeff (332) that this substance might replace the active 
extracts he had obtained. As early as 1930; Williams and Roehm (429) had 
observed a marked growth stimulation of certain yeasts by a crystalline 
preparation of natural vitamin B1. 
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1. Thiamin in Bacterial Growth 

Thiamin was first implicated in bacterial growth by Tatum, Wood, and 
Peterson (381) who observed that it had a marked gromth-promoting effect 
on certain strains of propionic acid bacteria when added to a deficient basal 
medium. Not all the strains of propionic acid bacteria used required to  be 
given thiamin; some strains grew and fermented well on the basal medium 
alone; still others did not respond to the addition of thiamin alone and evi- 
dently required an additional growth factor. 

For Staphylococcus aureus, thiamin (or its constituent pyrimidine and 
thiazole components together) waa found by Knight to  be an essential 
nutrient (155,156). Unlike the propionic acid bacteria, all the typical strains 
of Staph. aureus which have been examined (156, 289) Appear to  need thia- 
min as an essential nutrient. No observations have been recorded of strains 
of Staph. aureus which can synthesize thiamin, as with the propionic and 
lactic acid bacteria; such strains may yet be found. O’Kane (273) records 
strains of Staph. JEavus which grew in a simple ammonia medium without 
added growth factors. 

Kiven and Smiley (272a) report that the intact thiamin molecule was 
required by 20 different strains of Streptococcus salivarius ; co-carboxylase 
(thiamin diphosphate) was 4Oy0 more active than thiamin, on a molar basis. 

Moller (250) for certain lactic acid bacteria found that thiamin had a 
stimulating effect on growth. Wood, Andersen, and Werkman (435) had 
previously included thiamin in the basal medium they used for showing that 
riboflavin u-as required by certain lactic acid bacteria. Wood, Geiger, and 
Werkman (437) using strains of heterofermentative lactic acid bacteria 
(in Orla- Jensen’s classification Befabacteria) found that thiamin or ribo- 
flavin could replace one another. When both compounds were absent from 
the basal medium no continued growth took place. Both stimulated the 
growth of cultures (Laclobacillus manniiopocus and Laclobacillus lycoper- 
sici), but neither compound was essential in the presence of the other. This is 
very interesting from the point of view of essentiaI metabolism, since it 
suggests either that the organisms can use alternative metabolic reactions, 
according to whether riboflavin or thiamin is available; or possibly the 
presence of the one substance allows the synthesis of the other. In  any case 
the observation thron-s interesting light on the conception of essential meta- 
bolism and suggests that here too the ‘essential’ may be only relatively so. 

The part of thiamin in the nutrition of propionic acid bacteria was further 
illuminated by Wood, Andersen, and Werkman (435) and by Silverman and 
Werkman (346) who found i t  possible to train certain. strains, which 
originally required the addition of thiamin, to  dispense with this substance 
and to give vigorous and continued growth on a basal medium not contain- 
ing it. Serial transfer in a medium deficient in thiamin was the method 
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used, and it was shown (347) that thiamin was synthesized by the trained 
organisms (Propionibacterium pentosaceum) which could phosphorylate the 
compound to co-carboxylase. 

In  the case of Staph. aweus no evidence of such training to  synthesize 
thiamin has been recorded. Hills (127), in his study of pyruvate metabolism 
by Staph. aureus, grew his organisms in minimal concentrations of thiamin 
and was thus able to obtain thiamin-deficient cells which showed sharp 
responses to the additlion of thiamin in metabolism experiments. If the 
organisms he used had shown a tendency to synthesize thiamin under these 

TABLE I1 
Utilization of Thiamin in Bacterial Growth 

Thiamin 

Organism 

--- 
acceler- is not esren- 

is essential ates tial as added is synthes- 
nutrient growth nutrient ized 

- - - Staphylococcus aureus + 
albus + 

Streptococcus salivarius + 
- - - < <  

(+) (( $avus - - - 
- - - 

Brucella: 
- - 

5 1 
-I- ;] 

Some strains of B. suis + 
" '( ' I  B. melitensis + - - 
" " '' B. abortus + 

Salmonella gallinarum + 
Bacillus larvae + 

a + 
b - 

- - - 
- - - 
- - - 

Propionic acid bacteria: 
- - 

- + + - - C 

Lactic acid bacteria, various - + ? (+) 
strains 

1 
'I 

Serratia marcescens, 
Pseudomonas aeruginosa, 
R .  subtilis, Eberthella typhosa 
Various dysentery bacilli 

- - 

+. + 
- - - 

C .  diphtheriae - - - 
I -  

References 

155, 15G, 288 
350 
200 
272a 

166 

141 
206 

346, 381, 436 

219,251,437 

156 

66 
83 

conditions (which were favorable for such a process), less clear-cut results 
would have been expected. 

Other bacteria whose relation to thiamin has been studied are listed in 
Table 11. 

There are a few indications as to the may in which thiamin is used by 
bacteria. In  Staphylococcus aureus, Hills (127) showed that the anaerobic 
dismutation of pyruvate to lactate, acetate, and CO, depended on the pres- 
ence of thiamin. Smyth (350), using strains of Staph. aurcus and Staph. 
albus, found that oxaloacetate could replace thiamin for limited periods in 
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this reaction. Apparently the function of the thiamin was to  catalyze the 
formation of osaloacetate from pyruvate and COz, the oxaloacetate then 
acting as a hydrogen carrier in the formation of lactate and acetate from 
pyruvate. Provision of oxaloacetate could therefore temporarily remove the 
need for added thiamin, while added oxaloacetate remained; thiamin was 
required for the continued production of osaloacetate, as in growth. Quastel 
and ’Vl’ebley (289) shoived that acetic acid oxidation by certain “propionic 
acid” (270) bacteria required thiamin. 

2. Adaptation in Thiamin  Synihesis by Baclem’a 

In  the groups of lactic acid and propionic acid bacteria the presence of 
thiamin in the nutrient medium is not under all conditions ‘essential’, but 
its effect in stimulating the rate of growth can be shown. This must be con- 
sidered in the light of “training” experiments (346, 347, 435, 436). These 
show that, not only is the demand for thiamin by various cultures subject 
to change, but the need for pre-formed thiamin in the nutrient medium is 
relative to the organism’s ability to synthesize the substance. The dispew- 
sability of thiamin as a nutrient is relhtive to  the ability of the organism to 
synthesize it, and does not mean that it is no longer required in the meta- 
bolism of the organism. 

3. Bacterial Synthesis 

To complete the picture we must include the numerous other species 
which have been directly shown to synthesize thiamin. These include all the 
bacteria esamined which have been chosen a t  random from among those 
able to gron- on simple mcdia not containing thiamin, for example: Pseu- 
domonas aeruginosa, R .  subtilis, Eberthella typhosa, Serratia marcescens (156), 
C. diphtheriae (83), Rhizobium irifolii (408,409,410); some dysentery bac- 
teria (66), Plytomonas tumrfaciens (244). With Rhizobium trifolii and Phy-  
tomonas tumrfaciciis the rate of synthesis was slow enough for an 
acceleration of growth to be observed when thiamin was added. When a 
stimulation of growth can be shown it is logical to conclude that the added 
substance plays an important part in the metabolism of the organism, es- 
pecially when this is coupled with the fact of synthesis by the organism. In  
the case of those organisms which synthesize thiamin but for which no ac- 
celeration of growth on adding thiamin has been recorded (perhaps because 
i t  has not been specially sought, since the organisms grew normally on 
ordinary media) it may be assumed that the rate of synthesis is great enough 
for it not to be a limiting factor under the conditions of test. It also seems 
safe to assume that the thiamin synthesized by bacteria is used in essential 
metabolic reactions, and that the synthesis is not a vestigial process no 
longer of use to them. On the contrary, there is much cumulative evidence 
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for the view that the metabolic reaction using thiamin is very general in the 
physiology of bacteria and many other types of organism. The place of 
thiamin in nutrition is best viewed as a special aspect of its place in meta- 
bolism, namely that it appears as a nutritional requirement when i t  cannot 
be synthesized adequately. 

West (407) made a very interesting observation on the nutrient require- 
ments of the bacteria in the soil of the rhizosphere of growing plants, as com- 
pared with the requirements of bacteria elsewhere in the soil and distant 
from the rhizosphere. The nutrient requirements were examined by using 
one medium not containing growth factors and a similar medium with added 
growth factors (thiamin, 6-alanine, nicotinic acid, inositol, biotin). Of 100 
species isolated from the rhizosphere a majority required growth factors, 
while of 100 species isolated from soil away from the rhizosphere the major- 
ity did not require these essential metabolites as nutrients. The suggestion 
was that the former group, of more exacting nutritional requirements, 
derived the substances they needed from material excreted by the roots. 
West showed that thiamin (assayed by Staph. aureus) and biotin (assayed 
by Rhizobium trifolii) were excreted by flas-seed grown in a sterile medium. 
The existence of essential metabolites in the rhizosphere due to  excretion 
from the roots would favor the selection in that sphere of a population of 
micro-organisms more or less dependent on an external source of essential 
metabolites. Elsewhere in the soil, the lack of these essential metabolites 
would favor the selection of micro-organisms with greater synthetic powers. 
A relation of this type may have influenced the evolution of the nitrogen- 
fixing legume nodule bacteria from free-living forms (see p. 165). 

The place of thiamin in bacterial physiology is summarized in Table 11. 
This should be read only in the light of what is written above, since the 
rigidity of categories necessarily given by a table suggests an unreal simpli- 
fication. Since the synthetic abilities of micro-organisms can alter, and can 
be changed deliberately, and the rate of synthesis may determine nutritional 
needs, the classifications are conditioned by this biological flexibility. 

4. Thiamin in the Growth of Organisms Other than Bacteria 

The picture of the ways in which thiamin is related to bacterial growth 
is paralleled with other types of organism. In particular, molds, lower fungi, 
protozoa (118) and the isolated roots of higher plants have been extensively 
examined. A collection of the observations illustrating t,he parallelism with 
the bacterial findings is given in Tables 111, IV, and V. 

6. Use of the Pyrimidine and Thiazole Portions of Thiamin 

It was found for Staphylococcus aureus that thiamin could be replaced by 
the component pyrimidine and thiazole portions of the molecule given to- 
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gether (156). This observation was extended to the lower fungi and protozoa 
and isolated roots of higher plants. It became clear that there was the same 
general trend in the relative degree of importance of thiamin in the nutrition 
of these organisms, and this was shown in rather more detail than with 
bacteria. It was found that some organisms required the intact thiamin 
molecule, others could use the separated pyrimidine and thiaaole portions, 
while still other species needed to be given only the pyrimidine OT the thirt- 

TABLE 111 
A Selection of Lower Fungi Showing Relative Nutritional Requirements for Thiamin 

or Zts Components 
Minimal nutrient requirements: References 

Organism Thiamin Pyrimidine Thiamle (General: 309) 

Phytophthora boehmeriae 1 

1 P .  cactorum,, P .  cinnamami 
etc. (about 10 species) 

Trichophyton discoides 
Ceratostomellae: fimbriala, London 

plane, penicillata 
Chalaropsis thielavioides 
Phycomyces blakealeeanus 

I 
Phycomyces nitens 
Ceratostomellae: i p s ,  pini, radici- 

cola; Polyporus versicolor 
Phytophthora fagopyri 
Sclerotium delphina, Rolfsii 
Sphaerulina trifolii 
Pythium polycladon 
Pythium butleti 

of perithecia 

tium, obscura, piceaperda, steno- 
cerus 

IlIucor ramannianus 

Absidia glauca and 
other lower fungi 

+ 
+ 
+ 

+ 
+ 
+ + + + + + 
+ 
+ 

+ 
+ 

+ 

318 

317 

38, 303, 333, 

198, 307 

317 
295, 307 
307 
307 
307 
307, 305 

125 

317 

337, 34s 

144, 269, 317, 

307 

332 

zole part, in which case the complementary component of the thiamin mole- 
cule was found to  be synthesized. This is illustrated in Tables 111, IV, and V. 

It may be concluded that all the organisms need thiamin for the per- 
formance of some common metabolic reactions. This generalization is 
further supported by the examination of the biological specificity of the 
thiamin molecule (see section 8) which iti found to be high, and, except 
for minor differences, to  be the same for bacteria, fungi, protozoa, 
and isolated roots. 
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In  addition to the organisms mentioned in Tables II-V, i t  may be men- 
tioned that Robbins and Kavanagh (304) examined 8 species of Torula and 
found, as with other organisms, that some species required an external 
supply of thiamin or its pyrimidine and thiazole components together, some 
required the pyrimidine and synthesized the thiazole, and some synthesized 

TABLE IV 
The Requirements of Various Species of Ustilago for Th iamin  or Tts Components 

( H a ,  338) 
Species Required ns nutrient: Syn thrsized : 

Pyrimi- 
Thiamin Pyrimidine Thiazole Thiamin dine Thiazole 

- - -  U .  scabiosae + or + and + 
f + - slowly slowly 

U .  violacea (+ and -) 
U .  violacea f .  sp.  

melandrya 
U .  longissima (+ accelerates accelerates accelerates slowly slowly slowly 

and - )  
U .  zeae, tritici, levis 

nuda, hordei, 
avenae, broniivora 

I +  
I -  - + +  + - 

TABLE V 
Requirements of Various Protozoa for  Thiamin  or I t s  Components* 

Organism Required as nutrient: 
Thiamin Pyrimidine Thiazole 

- - Glaucoma piriformis + 
Strigomonas oncopelti + 

" fasciculata + 
culicidarum + 

Euglena pisciformis - 
Chilomonas paramecium - - 

" oblonga longata + ? 
li globosa + ? ? 
'' coniformis + ? ? + + Polytomella caeca - 
'' agilis + ? ? 

? ? l L  globosa - 
Polytoma ocellatum - - 

caudatum - - 

- - 
- - 

" - - 
+ + 

" oblonga + ? iJ 
+ + 

- - - 
l L  obtusum 
'' uvella - - - 

*For specificity see (217, 218); cf. also addl. ref. (210b, 226a). 

References 

79, 223 
225 
226 
226 
73 
214, 216 

274 

213, 216, 274 
274 
274 
215, 216 
214, 216, 219 
216 
216 

both components. Schopfer (333) found that RhodotoruCa flava and Rt. rubra 
required only the pyrimidine and synthesized the thiazole. 

6. Yeasts 

Although yeasts were among the earliest micro-organisms for which ef- 
fects on growth by thiamin preparations were shown (429), the substance 
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appears to be synthesized more or less rapidly by most yeasts. There is 
apparently no case of a yeast for which thiamin is an indispensable nutrient. 
Even “old process” yeast can grow continuously in the absence of added 
thiamin, although very responsive to  the addition of thiamin under certain 
conditions (425). The effects of thiamin anai ts  components on yeast growth 
and fermentation have been studied by Schultz, Atkin, and Frey (338,339, 
341). 

7. Thiamin in The Growth of Isolated Roots of Higher Plants 

White (416,417) cultivated isolated tips from tomato roots in continuous 
passage for several years under sterile conditions in vitro, using a medium 
containing sucrose, nitrate, inorganic salts, and 0.01% yeast extract. The 
yeast extract was essential. It was found that thiamin was the substance of 
primary importance supplied by yeast extract under such conditions for 
pea-roots (29) and for tomato-roots (311,417). The need for thiamin in the 
growth of isolated roots of numerous higher plants has now been extensively 
studied (2,30,33,37,38,39, 61,312, 313,314). Bonner and Greene (41,42), 
using the Phycomyces assay to determine the distribution of thiamin, showed 
directly that thiamin was photosynthesized in the leaves and transported 
to  the roots. For slow growing plants, the rate of growth was accelerated by 
the addition of thiamin to the root nutrients; this did not occur with fast 
growers, where the rate of thiamin synthesis and transport was evidently 
not a limiting condition. 

As with the other organisms already discussed, the effect of the two com- 
ponents of thiamin on root growth has been examined. Robbins and Schmidt 
(312) found that the vitamin thiazole component alone had considerable 
effect, while the pyrimidine component alone was ineffective. Some synthe- 
sis of pyrimidine in the root was indicated by Phycomyces assay. Thiazole 
and pyrimidine together were as effective as thiamin itself (30,312). 

8. Speeijkity 

When i t  was found that the pyrimidine and thiazole compunents of thia- 
min could often replace thiamin, the opportunity was taken to  examine the 
question of the biological specificity of the molecule, since a large number of 
related pyrimidines and thiazoles had been prepared by the workers engaged 
in the synthesis of thiamin. Detailed studies on the specificity of the pyri- 
midine and thiazole portions of thiamin and of thiamin analogs have been 
made for Staph. aureus (159); Phycomyces blalcesleeanus (38, 305, 306, 
333, 334, 348); for various protozoa (236, 237) and for pea-roots (29, 30, 
37). [Comparative summaries are given in 159, 211, 3091. 

The structure of thiamin’(or of its component rings) was found to be very 
specific; few alterations could be made without seriously affecting the bio- 
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logical activity. This high degree of biological specificity was common 
among all the organisms examined. 

Rather than detail the results with the numerous compounds examined it 
will be sufficient to note some of the few points of difference in availability 
which have been observed as between different organisms. These differences 
are all relatively minor and are most easily viewed as indications either of 
the ability of the various organisms to convert a related compound to the 
master compound or, in some cases, possibly of a functional use of the 
derivative. 

pyrimidine moiety thiazole moiety 
<-.--- -”----- 

Thiamin 

a )  Pyrimidine Ring Substitution. The effect of varying the substituents 
in the pyrimidine ring has been tested in the presence of equimolar or greater 
concentrations of the vitamin thiazole. For Staph. aureus the results of 
altering the substitution in the pyrimidine ring show that essential groups 
required in that ring are: a -CHI group a t  2 and an -NH2 group a t  6. This 
holds also for the protozoa examined by Lwoff and Dusi (216,217,218,219), 
and for Phycomyces blakesleeanus and pea-roots (30). A thiamin analogue 
(‘isothiamin’) having CHI a t  4, instead of 2, and a ‘chlorothiamin’ having 
C1 a t  2 and CHI a t  4, both had about 1/10,000 of the activity of thiamin for 
Staph. aureus; the ‘chlorothiamin’ was inactive (at lo-’) for isolated pea- 
roots (30). 

When an equimolar mixture of pyrimidine and thiazole was given to 
Staph. aureus instead of thiamin the nature of the substitution at 5 in the 
pyrimidine was important. Thus, --CH2“H2, -CHz.OH and --CHz.NH * 

CSH permitted growth but --CH2.CO-NH2 or -CHs did not. The relative 
effects of these various substituents a t  position 5 was interpreted (159) to 
mean that for use the pyrimidine and thiazole portions were united by 
Staph. aureus to give the thiazolium compound thiamin itself, and that the 
two components were not used separately. With pea-roots similar differences 
are found in the availability of the substitution a t  5 ;  these also appear to be 
related to  the ability of the root-cells to form the link with the thiazole. 
Thus -CH2Br (loo%), -CH2.NH.CSH (100%) --CH2.NH2 (95%) and 
--CH,-OEt (25%) decrease in availability in the order shown, while -H, 
-CH2 * COOH and -CH2. CO * NH2 could not be used (30). 
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The substituted -CH2- groups a t  5 in the pyrimidine which were usable 
were the same for the four flagellate leucophytes examined by Lwoff and 
Dusi (217,218,219) as for Phycomyces and pea-roots. Thus all observations 
coincide in expressing a similar structural specificity for all the organisms 
examined, both for groups in the ring and in the group through which the 
linkage to the thiazole would be made to form thiamin. 

Direct evidence for the synthesis of thiamin by joining the pyrimidine 
and thiazole components was shown for Phycomyces blakesleeanus by Bonner 
and Buchman (38). They further showed that after growth the resting 
mycelium broke down the thiamin, with destruction of the thiazole and 
liberation of the free pyrimidine. With Staph. aureus Hills (127) found 
similarly that the destruction of the thiazole was more rapid than that of the 
pyrimidine. 

Those organisms (e.g., Glaucoma piriformis and Phytophthora cinnamomi) 
which require the intact thiamin molecule and cannot use the two com- 
ponents, evidently cannot link them together as other protozoa, Staph. 
aureus, Phycomyces blakesleeanus, and pea-roots can when the substitution 
in the 5 -CHz-group is suitable. 

b) Thiazole Ring Substitution. The structural specificity of the thiazole 
portion of thiamin (tested in the presence of equimolar or greater concen- 
trations of the vitamin pyrimidine) is less strict than i t  is for the pyrimidine 
component. If the 5-P-hydroxyethyl group proper to  the thiamin thiazole be 
replaced by a 5-y-hydrosypropyl or a 5-8-hydroxypropyl group khere is a 
much decreased biological activity, both with Staph. aureus and the four 
flagellate leucophytes of Lwoff and Dusi. Similarly with Phycomyces blake- 
sleeanus only 1% or less of the growth given by thiamin was obtained (40, 
306). The presence of a P-alanyl side chain instead of the 5-P-hydroxyethyl 
group rendered the thiazole inactive for Staph. aureus and Phycomyces (47, 
48, 120) but i t  was used by the flagellate leucophytes examined by Lwoff 
and Dusi, and by pea-roots (40): The flagellate leucophytes could also use a 
thiazole.with a P-aminoethyl group a t  5, unlike Staph. aureus. A CH, group 
at 2 rendered the thiazole inactive for Staph. aureus and for Phycomyces, 
lowered the activity to 30% for pea-roots (30) but it was active for the 
flagellate leucophytes Polytoma caudatum, P .  ocellatum and Polytomella caeca 
(218). The corresponding 2-hydroxy-4-methyl-5-~-acetoxyethyl-thiazole 
was inactive for the leucophytes and for Staph. aureus. Thiamin analogs 
having 5-P-hydroxypropyl and 5-y-hydroxypropyl groups in the thiazole 
ring were used by Glaucoma piriformis and Strigomonas oncopelti, but were 
much less potent than thiamin itself (224,226). 

With pea-roots, it was found (30) that for a positive effect an-OH group 
or a group metabolizable to-OH was required. Rut there was a relatively 
wide range of positions which this could occupy (see Table VI) and still 
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permit gronth. Compouiids 2, 3, and 4 show that the effect of moving 
the OH along a side chain at  position 5 in the thiazole ring is not great; and 
the effectiveness of compounds 5,’6, and 7 is probably related to  their 
hydrolysis to the corresponding hydroxycompounds by the root cells. Com- 
pounds 8 and 9 show that the side-chain bearing the -OH group can be 
altered to  the 4-position without making the derivative useless. 

The lowered activity (35%) of compound 10, where a methyl group is 
substituted for the H at position 2 in the vitamin thiazole, and the complete 
inactivity of compound 11, where there is -NH2 instead of -H at, the 
same position, is very interesting, and indicates that the 2 position can have 
some effect in determining the metabolic use of the thiazole, since these 
compounds both contain the 5-CH2.CH2.0H group of the vitamin thia- 

TABLE VI 

Pyrimidine Being Present in Excess] (SO)  
The Activitg of Thiazoles (at M )  in the Growth of Isolated Pea-Roots, [the Thiamin 

Relative 
egciency (.% of 
thiamin thiazole 

Compound position 5 position 4 position 2 activity) 
Substituents in thiazole ring in positions indicated: 

1 .  -CH2. CH2.OH* 
2. -CH (OH) * CH3 
3. --CHZ* CII (011). CH3 
4 .  -CH2.CHz*CII?.OII 
5. -CHz.CH,CI 
6 .  --CH,Br 
7 .  --CH:CHz 

9. -CH3 
10. --Crr2. C H ~ .  oIr 

. 8. - c H ~ .  CH, 

11. --CH,*CII2*OH 

Inactive wcre: --CI12. CH3, --CO.C:& 
with the correct CH, at 3 and I1 at 2. 

H 
H 
H 
Ir 
Ir 

Ir 

€1 
H 

I€ 
CH3 
NHz 

-CHO, 

100 
30 

100 
75 

100 
90 

100 
100 
75 
35 
0 

--IT at 5, each 

zole. I t  would be interesting to know whether compound XI has any in- 
hibitory cffccts on the activity of the vitamin thiazole (30). 

9. Bioqcnesis of Tliiainiri 

Buchninn and Richardson (47) and Harington and Moggridge (120) in- 
dependently examined the possibility that the thiazole portion of thiamin 
might be derived from a precursor a-amino acid compound by a reaction 
similar to that carried out by fermenting yeast on the amino acids phenyl- 
alanine, tyrosinr, and tryptophan, u hich yield the corresponding p-phenyl- 
ethyl alcohol, tyrosol and tryptophol, respectively (78). They sa\v that the 
-CH,. C’I12.011 group might be derived from a similar reaction with an 
a-aminopropionic acid (alanine) precursor. The compound a-amino-p-(i- 
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methylthiazolyl-5)-propionic acid was synthesized. Neither Staph. aureus 
nor Phycomyccs blakesleeanus could utilize the compound, but pea-roots 
were able to do so (37). 

Information about biosynthesis of thiamin in pea-roots was also obtained 
from the examination of specificity and illustrates the very useful weapon 
that such studies with any essential metabolite may give. 

Bonner and Buchman (37) used the Phycomyces assay to determine the 
fate of those thiazole derivatives which supported the growth of pea-roots. 
Derivatives with the following groups a t  position 5 :  -CH2.CH&1, -CH: 
CH2, -CH,.CH2.SH, -CH*.CHZ.NH~, -CHZ.CH(NH~) .COOH, all of 
which supported growth, were all found to yield the vitamin thiazole, 
shoving that the root-cells could convert these chains to -CH2.CH2.0H. 
But the derivatives with -CH(OH) .CH3 (11), -CHz.CH(OH) .CH3 (111) 
at 5 ,  and compound S (with -CH2. CH2.OH a t  5 but with -CH3 a t  2), al- 
though ablc to support growth, were not converted to the vitamin thiazole; 
that is, a functional use was made of these compounds as such. This brings 
out clearly that biological specificity in an essential metabolic process may 
be affected in a t  least t\vo ways; ( a )  by conversion to thc master-compound, 
(b)  by functional use of a derivative, both conditioned by the biological 
adaptability of the organism. 

Some information about biosynthesis in pea-root cells was gained also by 
an examination of the usc of possible precursors in thiazole synthesis. Thus 
i t  was found that the reaction: 

HCS*T\;Hz + CH,.CO.C€ICl.CHz.CHz.OI€ 
Thioformamide chloroacetopropyl alcohol 

which gives the vitamin thiazole in vitro, \\-as also carried out by the root- 
cells. The latter could moreover carry out the condensation using aceto- 
propylalcohol itself, which does not occur in vilro. But the root-cells could 
not condense CH3.CO.CH2.CH(OH) .CH3 with thioformamide to give 
4-methyl-5-a-hydroxyethyl-thiazole (compound 11, Table VI). This com- 
pound has some activity (30%) in root grolvth, however. The roots, which 
can make a functional use of it, cannot synthesize it from appropriate pre- 
cursors as they can the vitamin thinzole. There is thus a considerable 
specificity in the synthesizing enzyme systems of the root-cells; there is 
apparently a ‘thinminase’ which can link appropriate pyrimidines and thia- 
zoles; and a ‘thiazolase’ which can effect ring-closure to thiazole from suit- 
able precursors. In their discussion of the degree of specificity of different 
thiazoles in the growth of Phycomyces, Bonner and Erickson (40) suggested 
two reasons which might account for the fact that a number of thiazoles, 
differing somewhat from the thiamin thiazole, nevertheless had consider- 
able biological activity. They suggested that the carboxylnse proteins of 
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different organisms might differ so that slightly different thiamin analogs 
gave the most active enzyme system in particular organisms. Secondly they 
suggested that thiamin might have more than one physiological function. 
Different physiological functions might demand different structural re- 
quirements. In  any one organism the physiological function of greatest 
importance would determine the structural specificity. Thiamin itself would 
be the integrated structure possessing the optimum configuration for all the 
physiological activities in which it took part. Thiamin pyrophosphate is 
co-carbosylase in the enzymic decarbosylations of pyruvate, and this must 
be one of the functions for irhich thiamin is required. 

10. Specific Inhibition of T h i a m i n  Utilization 

Buchman, Heegard, and Bonner (48) observed a very interesting inhibi- 
tion of the activity of a carboxylase system by the pyrophosphate of the 
vitamin thiazole (4-methyl-5-@-hydrosyethyl-thiazole pyrophosphate). 
This inhibition was esplained as due to  a competition betn-een co- 
carbosylase (thiamin pyrophosphate) and the thiazole pyrophosphate, for 
the carbosylase protein, the thiazole pyrophosphate giving an inactive 
“enzyme analogue.” On the other hand, Niven and Smiley (272a) found 
that co-carbosylase was 40% more active than intact thiamin for Strep- 
tococcz~s salivarius. (See also Sarett and Cheldelin, addl. ref., 325a). 

In more detail the theory of specific anti-metabolite growth inhibitions 
is well illustrated by the behavior of the thiamin analogue pyrithiamin, 
which is 1-[ (4-amino-2-metliyl)-5-pyrimid~lmethyl]-2-niethy1-3- (0-hydroxy- 
ethyl) pyridinium bromide hydrobromide, i . p . ,  i t  is a thiamin analogue in 
which a pyridine ring takes the place of the thiszole ring of thiamin. Pyri- 
thiamin was tested as a substitute for thiamin by Robbins (301) using 
three fungi n-hich required thiamin or portions of the molecule, for growth. 
Ph ycomyces blakeslecaniu, \diich used thiamin or equimolar mixtures of the 
vitamin thiazole + pyrimidine, was unable to use pyrithiamin, but it split 
the molecule and used the pyrimidine portion, if supplied with the vitamin 
thiazole; the pyridine analogue of the thiazole was useless. Phytophthora 
cinnamonai, which requires the intact thiamin molecule and cannot utilize 
a vitamin pyrimidine + thiszole mixture, also could not use pyrithiamin. 
Pythiomorpiia gotiapodioidcs synthesizes the thiamin thiazole and requires 
only to  be given the thiamin pyrimidine. This organism could use pyrithia- 
min as source of the thiamin pyrimidine a t  a level of 0.5 to 1 .O mp mo1./25 ml. 
of basal medium, but a t  levels above 2 rnp mol. the compound u-as toxic. 
Some evidence of tosicity was also noticed with the other t\vo fungi but a 
quantitative study of its tosicity cis d zis thiamin was not made. Clearly 
enough, pyrithiamin was not an active isostere of thiamin, and its activity 
a t  low concentrations was due only to its being a source of the thiamin py- 
rimidine for those organisms which could not synthesize this. 
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The specific anti-thiamin inhibitory effect of pyrithiamin was clearly 
shown by Woolley and White (453) 1\ho tested several different species of 
bacteria, yeasts, and fungi for ability to grow in presence of pyrithiamin. 
Without exception, those organisms which needed thiamin in the medium 
for maximal growth, ie., which required pre-formed thiamin and could not 
synthesize it, were all prevented from growth by small concentrations of 
pyrithiamin. On the other hand, those organisms which did not require 

TABLE VI I  
Inhibitory Power of Pyrithiamin for Various Micro-organisms Correlated with 

Requirement of Thiamin  as Growth Factor (468) 
Inhibition index: pg. pyrithiamin required to  reduce to 3 maximal, growth promoted 

by 0.01 pg. thiamin/ml. medium, in case of those organisms which require thia- 
min. For those organisms which did not require added thiamin, the media 
contained none added and could not have Contained > 0.001 pg./ml. (by nusny). 
This figure was taken in calculating the inhibition index. 

Inhibition index Thiamin requirement 
Organism pyrithiamin/thiamin of the organism 

Ceratostomella fiinbriata 7 Intact thiamin 
11  

" 

London plane 19 " 

penicillata 10 I '  1 1  

Phytophthora cinnamomi 12 1 L  ' L  

Chalaropsis thielavioides 11 ' 1  ' 1  

Endomyces vernalis 130 pyrimidine 
Mucor ramannianus 800 thiazole 
Saccharomyces cerevisiae 800 pyrimidine + thiazolc 
Salmonella gallinarum 1000 
Staphylococcus aureus 2000 ' I  ' 1  

Neurospora crassa 400,000 None 
Escherichia coli 2,000,000 
Clostridium butylicum 2,000, OOO ' 1  

' L  " 

1 L  

Lactobacillus arabinosus 40,000 " 

' I  casei 5,000, 000 I 1  

'( delbruckii 5,000,000 < <  

" mesenteroides 5, 000, 000 
( (  pentoaceticus 5,000,000 < I  

Propionibacterium pentosaceurn 5,000,000 " 

Slreptococcus hamolyticus H 69 1) 4,000,000 I '  

, 

Streptococcus lactis R 5,000,000 ' L  

thiamin to be given (and which synthesized it) \rere not inhibited even by 
considerable concentrations of pyrithiamin. 

Table VII shows the inhibitory power of pyritliismin for various micro- 
organisms, correlating this with the requirement of thiamin as a nutrient. 
In each case of inhibition the effect of pyrithiamin could be abolished by 
a suitable concentration of thiamin; with Endomgccs ccrnalis, Ghich requires 
only the thiamin pyrimidine for growth, this portion of thiamin alone could 
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abolish the pyrithiamin inhibition. But Endomyces vernalis and Mucor 
ramannianus, which both synthesized thiamin when given, respectively, the 
correct pyrimidine or thiazole, apparently did not synthesize pyrithiamin 
when given the pyridine analogue 2-methyl-3-hydroxyethyl-pyridine, since 
neither was inhibited by the pyridine analogue up to a concentration of 100 
pg./ml., which could have produced an inhibitory concentration of pyrithia- 
min. By using the growth response of Endomyces vernalis the synthesis of 
thiamin by those organisms which did not require added thiamin (or thia- 
min component) was measured quantitatively. The amount of thiamin syn- 
thesized, though clearly adequate for the growth of the organisms, did not 
seem to be enough to antagonize the quantities of pyrithiamin used in the 
inhibition tests. With Esch. coli the presence of pyrithiamin did not induce 
increased production of thiamin, nor were antagonists to pyrithiamin 
synthesized (other than the mainly intracellular thiamin). Thus the resist- 
ance of these organisms was not due to the amounts of thiamin they syn- 
thesized, though sufficient quantities of thiamin could reverse pyrithiamin 
inhibition. 

To study the mode of inhibition by pyrithiamin, Woolley (447) developed 
a pyrithiamin-resistant strain (PF = pyrithiamin-fast) of Endomyces ver- 
nalis by sub-cultivation in the presence of pyrithiamin; the resistant strain 
grew as well in presence of 23 pg. pyrithiamin/ml. as it did in the absence of 
the compound. This concentration was 25 times that sufficient to inhibit 
half maximally the parent strain. The PF strain grew somewhat more slowly 
than the parent strain; its thiamin requirement remained the same, either 
thiamin or the thiamine pyrimidine being required for growth. Thus the 
trained PF strain had not become able to synthesize thiamin, as has been 
observed with training lactic and propionic acid bacteria to dispense with 
Dther essential nutrients including tbiamin (346, 347, 435, 436). In the ab- 
sence of added thiamin, the pyrithiamin was itself a growth factor for the PF 
strain. Several organisms were found to grow slightly better in some sub- 
inhibitory concentrations of pyrithiamin than in its complete absence. All 
these organisms were thiamin-synthesizers, with the exception of Mucor 
ramannianus. which synthesizes only the thiamin pyrimidine. These growth 
stimulations by sub-inhibitory concentrations of pyrithiamin may have 
been due to the substance supplying easily available thiamin pyrimidine, 
the inhibition effect not operating a t  the low concentrations used, as shown 
by the direct test (see Table VIT). The resistance of the PF strain of 
Endomyces vernalis to pyrithiamin was partly explained by the observation 
that pyrithiamin was destroyed and the pyrimidine portion of the molecule 
(identical n-ith that in thiamin) was released during growth in presence of 
pyrithiamin. Thus the PF strain had developed a pyrithiamin-splitting 
system which the parent strain did not possess. The parent strain could grow 
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when given only the thiamin pyrimidine, and the splitting of pyrithiamin 
by the trained PF strain would explain why pyrithiamin could be a growth 
factor for that strain, namely because it acted as a source of the vitamin 
pyrimidine. Destruction of pyrithiamin by the PF strain was, however, not 
the only means by which the PF strain had become resistant, because more 
than enough pyrithiamin to  cause inhibition of the parent strain could be 
demonstrated in the culture filtrate in which the PF strain had been grown; 
this inhibition could be abolished by thiamin, and was not due to the pro- 
&&ion of other antagonists. Other reasons for the resistance still remain 
obscure. Clearly pyrithiamin has marked selective inhibitory properties : 
organisms which cannot synthesize thiamin are strongly inhibited, and the 
more marked the need for thiamin the easier is the inhibition, while the 
thiamin synthesizers are not inhibited. The inhibition appears to be directly 
connected with thiamin function in the non-synthesizers of thiamin. With 
mice, a thiamin-deficiency disease could be produced by feeding pyri- 
thiamin, which was cured by thiamin (454). But the failure of thiamin- 
synthesizers to be inhibited is not directly connected with their ability t o  
synthesize sufficiently large amounts of thiamin. The ability to split py- 
rithiamin also does not account for the resistance of the thiamin-syn- 
thesizers, though i t  may account for the growth stimulation of sub- 
hhibitory concentrations. It looks as if pyrithiamin can block the intake of 
thiamin which is essential for the gronth of the non-synthesizers, but pyri- 
thiamin is unable to make effective' adverse intrusion into the metabolic 
chain when thiamin is synthesized intra-cellularly . 

The exact mode of action of pyrithiamin is thus still obscure; what is 
clear is that it must be closely concerned with interference with thiamin 
function, and this inhibition is due to structural similarity with the essential 
metabolite with which it interferes. 

111. RIBOFLAVIN 

1. General Considerations 

Riboflavin (vitamin B2) : 6,7-dimethyl-9-(d-l-ribityl)-isoalloxazine is 
known to be an integral part of several important enzyme systems of wide 
distribution in biological materials of all kinds (yeast, mammalian tissues, 
milk). It occurs in the prosthetic group of these enzymes, which are con- 
cerned with the mechanisms of cellular oxidation (108), particularly in the 
metabolism of various organisms of the lactic and propionic acid producing 
groups, of hemolytic streptococci and of some luminescent bacteria. The 
synthesis of riboflavin by various bacteria has also been recorded. Ribo- 
flavin is an important nutrient for some strains of lactic and propionic acid 
bacteria; other strains are' stimulated by it, while still other strains synthe- 
size riboflavin and no stimulation of growth is seen on adding it. Riboflavin 
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thus appears to be involved in bacterial growth in the same relative way 
already described for thiamin. There are metabolic mechanisms, important 
in the physiology of widely different species, in which riboflavin has an in- 
tegral part, and the dependence of any particular species or strain of bac. 
teria on an external source of supply of riboflavin is relative to  the ability 
of the given organism to synthesize it. Alterations in response to the addi- 
tion of riboflavin during subcult'ure have been studied. The observations 
concerning riboflavin and bacterial growth are summarized in Table VIII. 

TABLE VIII 
Riboflavin in the Metabolism of Various Bacteria 

Organism 

Hemolytic streptococci of 
various Lancefield groups 

Strept. fecalis 
Lactic acid bacteria 

Propionic acid bacteria 

Certain luminescent bacteria 

Dysentery bacilli 

Staph . aweus  

Rhizobium trifolii 

C. diphtheriae 

Riboflavin effect 

Essential nutrieAt (448, 449) 

Essential nutrient (342) 
Growth response relative t o  ability t o  synthesize; 

this is not fixed but can change. Thus.for  
some strains riboflavin is a necessary nutrient, 
for others a stimulant, and for others no stimu- 
lation is observed (157, 362, 363, 437) 

Growth stimulation; strains can be trained to  
dispense with its addition, probably by becom- 
ing able to synthesize i t  (436) 

Riboflavin involved in  growth and luminescence; 
some variants lose ability to  synthesize and 
then respond to  addition of riboflavin (69) 

Riboflavin synthesized; not required as nutrient 
(66) 

Riboflavin synthesized; not required as nutrient 
(273) 

Riboflavin synthesized; may be required in 
initiating growth (409) 

Riboflavin synthesized (83) 

2. Streptococci 

Recent studies of the exact nutritional requirements of various strains of 
hemolytic streptococci have resulted in their cultivation on media of com- 
pletely defined chemical composition (232, 342, 449). Riboflavin has been 
included in the media in all cases, on the grounds of its known behavior as 
a growth factor for other bacteria, but it has not been shown always to be 
an essential component of the media. For the strains of hemolytic strep- 
tococci grown by Woolley and Hutchings (449) and by Schuman and Far- 
re11 (342), which included members of Lancefield's groups A, B, C, D, 
riboflavin u-as essential; also for Slreptococcus fecalis (342). Earlier work, 
before these media of defined composition had been worked out, had indi- 
cated the important part played by riboflavin in the nutrition of various 
strains of hemolytic streptococci (290,448). 
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3. Lactic Acid Bacteria 

Riboflavin was first shown to be an .important nutrient for bacteria by 
Orla-Jensen, Otte, and Snog-Kjaer (275) who worked with a number of 
lactic acid bacteria, Numerous subsequent studies with organisms of this 
group have shown that the importance of riboflavin in the nutrition of these 
organisms varies from species to  species, and moreover can be deliberately 
altered in some cases. 

On the basis of earlier work, Snell and Strong (362, 363) examined the 
requirement of riboflavin for the growth of eleven different species of lactic 
acid bacteria. The basal medium was made deficient in riboflavin by photo- 
lysis a t  alkaline pH. Cultures were carried through five serial transfers in 
any given medium to eliminate effects of carry-over from the inoculum and 
to show that the medium could support continued growth. The growth of 
L. arabinosus, 'L. pentosus, B. brassicae, L. pentoaceticus, L. mannitopoeus, 
Leucoriosfoc mesentcroides, and S. lactis was as luxuriant in the absence of 
riboflavin as in its presence, Four of these species were examined and found 
to  synthesize riboflavin. On the other hand four species, L. delbriickii, L. 
gangori, B .  lactis acidi, and L. casei all required the addition of riboflavin 
and could not grow in continued sub-culture without it. Andersen and 
Werkman (6) found riboflavin required by an organism which produced d- 
lactic acid. Schutz and Theorell (343) found riboflavin to be present in all 
the species of lactic acid bacteria which they examined. 

Using thrce species of heterofermentative lactic acid bacteria (L.  man- 
nitopows,  L. brnclcacri, and I,. lycopersici), Wood, Geiger, and Werkman 
(437) csamiried the interrelation of growth factor requirements. Thiamin 
anti riboflavin stimulated the g rm th of L. mannitopoeus and L. lycopersici, 
but neither was essential in the presence of the other. When both compounds 
were omitted, continued growth did not occur. In  some cases when serial 
transfer was used l o  dccrease the carry-over in the inoculum, the organisms 
adapted themselves to growth in the absence of added thiamin or riboflavin 
(346, 436). Wood, Geiger, and Werkman (437) emphasized that it was es- 
sential in any nutritional work to have the organisms in a proper physiologi- 
cal state in order to get clear-cut, effects with any substance. They clearly 
recognized that bacteria were organisms whose properties could, within 
iimits, change, and that the response to a given substance in the nutrient 
medium might therefore vary with the synthetic powers of the particular 
cells in the inoculum. I t  as not possible to generalize, in the sense of saying 
that a given substance \\'as essential or non-essential for any given species. 
The effcet of a given substance in growth showed quantitative differences 
and thc cells of different generations, (ix., different sub-cultures) could 
show, within limits. nutritional differences. McIlwain (232) has also dis- 
cussed the general question of the interrelation and relativeness of nutrient 
requirements in the case of hemolytic streptococci. 
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4. Propionic Acid Bacteria 

Wood, Andersen, and Werkman (436) found that riboflavin had a stimu- 
lating effect on the growth of some strains. The effect of riboflavin was rela- 
tive to  the other constituents of the medium, being marked when the 
organisms were using ammonia as a nitrogen source; apparently it was not 
required in amino acid media. Other cultures were trained to  dispense 
with the need for added riboflavin when growing on the ammonia medium. 
Whether these organisms then synthesized riboflavin was not examined, but 
it seems probable that they did. 

5 .  Luminescent Bacteria 

It was observed by Doudoroff (69) that riboflavin had an effect on the 
luminescence and growth of certain variants of strains of Photobacterium 
phosphorescens (13,14) isolated from sand-dabs. When kept on yeast autoly- 
zate agar containing 1% glycerol and 3% NaC1 many of the strains dis- 
sociated producing ‘dark’ and ‘dull’ colonies. When riboflavin was added, 
cultures from the ‘dark’ or ‘dull’ colonies luminesced more brightly. Using 
:t Witte peptone liquid medium, an effect of riboflavin on growth was seen. 
The ‘dark’ or ‘dull’ variants which responded to riboflavin by becoming 
luminous could not gro\v immediately on the Witte peptone medium unless 
riboflavin (at about 5 X loe8 M )  was added. The ‘dull’ variants \\-ere stimu- 
lated in growth by the addition of riboflavin, 1)ccoming comparable with 
the original bright cultures, and the intensity of their luminescence in- 
creased in proportion to the amount of riboflavin added. I t  was concluded 
that the ‘dull’ variants had lost the ability to produce sufficient riboflavin 
for their needs, \\-hereas the original bright cultures could do so. Riboflavin 
evidently played a part both in the growth of the organism and in its light- 
producing reactions. The growth response was immediate with much smaller 
amounts of riboflavin than were needed to restore luminescence. Some ‘dull’ 
variants were .not restored to luminescence by riboflavin, however, the 
change in physiology here involved being clearly more far-reaching. This 
change is interesting, since it appears to involve a loss of synthetic power. 
By far the most frequently observed changes of synthesizing ability under 
experimental conditions involve an increase in synthetic power. 

6.  Synthcsis by Bnctcrin 

West and Wilson (409) showed that riboflavin was synthesized by Rhizo- 
bia, but there were indications that, initiation of growth with a washed 
inoculum was difFicult or impossible unless some riboflavin was present in 
the medium. This is a situation similar to the need for COZ in the initiation 
of growth by various organisms which produce ample COZ when once active 
metabolism has begun (106). West and Wilson observed that the concentra- 
tiog range of riboflavin and of thiamin which \\-as effective in initiating 
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growth with a witshed inoculum was narrow. Riboflavin was shown to be 
synthesized by strains of Staph. aureus and Staph. flavus (329) and by C. 
diphtheriae (83). There are other less clear bbservations indicating synthesis 
by organisms for which the substance is not a nutritional component of 
importance. 

7. Specificity 

The specificity of riboflavin in bacterial growth‘has been examined by 
Snell and Strong (362) using Lactobacillus casei and B.  2actis acidi (both of 
which require riboflavin) and using a number of synthetic flavins, in- 
cluding :- 

I. 6,7-Dimethyl-9-(d-l’-ribityl)-isoalloxazine (riboflavin), 
11. 6-Ethyl-7-methyl-9-(d-l’-ribityl)-isoalloxazine, 

111. 6 Methyl-9-(d-l’-ribityl)-isoalloxazine, 
IV. 7-Methyl-9-(d-l‘-ribityl)-isoalloxazine. 

d-ribi ty 1 
I 

CHs * 

CH, * 

CH I$ N 
Y8\ P\ / l \  

c7 c c zco 
I II I I 

C SNH Ce c 
\s/ \ l o /  \& 

CH N 
Riboflavin 

The 6-ethyl-7-methyl compound (11), in which -C~HF, replaces -C& at 6 
in the natural compound (I), was the only analog whose activity 
approached that of riboflavin itself. The 7-methyl (IV) and the 6-methyl 
(111) analogs showed decreased activity, in that order. Analogs having 
sorbityl or arabityl residues in place of the ribityl residue were completely 
inactive, as also were 6 , 7,9-trimethyl-isoalloxazine (lumiflavin) and 6,7- 
dimethyl-alloxazine, (in which the ribityl residue is eliminated), and ribo- 
flavin tetra-acetate. In the presence of sub-optimal amounts of riboflavin 
there was a slight detectable supplementary effect of certain analogs 
which were inactive alone. These mere: 

V. 6,7-Dimethyl-9-(d-l’-arabityl)-isoalloxazine 
VI. 6 , 7-Dimethyl-~-(l-l’-arabityl)-isoalloxazine 

VII: 6-Ethyl-7-methyl-9-(E-l’-arabityl)-isoalloxazine 
VIII. 5 , 6-Benzo-9-(d-l’-ribityl)-isoalloxazine 
Snell and Strong compared the activity of these riboflavin analogs with 

their reported activities as vitamin BZ by rat assay and in Kuhn and Rudy’s 
enzyme tests (174). The correlation was close, analogs inactive for the 
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bacteria being inactive for rats, with the exception of riboflavin tetra-ace- 
tate, which can be used by rats. Evidently, L. casei and B. lactis acidi are 
unable to  hydrolyze the ester linkages whereas the rat can. There have been 
reports that the E-araboflavin (VI) was nearly as active as riboflavin in the 
enzyme test (174) while the d-araboflavin (V) was inactive. In  rat growth 
the effects reported for these araboflavins are somewhat conflicting but never 
striking. 

Snell and Strong (363,364) developed the growth response of Lactobacil- 
lus casei to riboflavin as an assay method, and it was soon used, for example 
by Fraser, Topping, and Isbell (102) to assay riboflavin in the urine and 
tissues of normal and riboflavin-deficient dogs. The microbiological ribo- 
flavin assay has since been widely used (e.g., 394). 

IV. PYRIDOXIN 
1. General 

Pyridoxin: 2-n~ethyl-3-hydroxy-4,5-di-(hydroxymethyl)-pyridinel is the 
second pyridine derivative (the other being nicotinic acid) which has been 
found to  have key importance in the nutrition, and hence in the metabolism, 
of a wide variety of organisms. It was first clearly differentiated as a member 
of the vitamin-B complex in the study of rat nutrition (111). Isolation, 
determination of structure, and synthesis quickly followed (123, 124, 146, 
148,175,176, 177,371). The substance has now been found to be important 
in the metabolism of numerous organisms, including insects, bacteria, yeasts, 
and molds, In  Tables IX and X are collected most of the organisms for 
which pyridoxin has been shown to play a part in growth. As always in this 
field, a table tends to give too rigid and formal a picture. Some amplification 
and qualification is given in the succeeding sections. 

9. Bacteria 
Pyridoxin was first implicated in bacterial nutrition by Moller (249) who 

showed that it was required as an essential nutrient by certain lactic acid 
bacteria. Moller used specimens of the substance isolated from natural 
sources, the findings being confirmed later with synthetic material (250, 
251). Effects of pyridoxin in bacterial nutrition have since been extended to 
other species. There are now several bacterial species or strains known whose 
need for pyridoxin is very definite. How stable these nutrient requirements 
are is not yet determined; it has not yet been shown whether a strain which 
cannot normally synthesize pyridoxin can be trained to do so. However, 
this seems possible, since there have been found, among naturally-occurring 
strains, different degrees of dispensability of pyridoxin. Among the lactic 
acid bacteria some naturally-occurring strains have been observed which 
synthesize pyridoxin sufficiently slowly for a stimulation of growth to  be 
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Growth stimulant; pyri- 
doxin slowly synthe- 

TABLE IX 
Organisms f o r  Which Pyridoxin Has  an Effect on Growth 

2 

Higher animals 

Rat  

Puppies 

Insects 

Mosquito liirvae (Aedes aegypti) 
Tribolium conjusum 

Plinus tectue 

Sitodrepa panicea 

Bacteria 

Lactic acid bacteria: 
Bact. acetylcholini (Keil) Sil, Si?, 

etc. -8 strains 
Streptobact. planlarum P. 24: 
Bact. cucumeris fermentati BI 
and othersof Henneberg's original 

Lactobacillus casei (A.T.C.C. KO. 

Lactobacillus delbruckii 3 
Lactobacillus lactis B1-1 
Leuconostoc mesenteroides 

I 
strains 

7469) 

Lactobacillus arabinosus 17-5 
Lactobacillus pentosus 124-2 

Streptococci: 
Strept. hemolyticus. "Richards" 

(Lancefield type A) 

Pyridoxin effect 

Cures an acrodynis-like 

Cures a microcytic hypo- 
dermatitis 

chromic anaemia 

Essential nutrient 

Essential nutrient 

sized 
Pyridoxin synthesized 
Pyridoxin synthesized 

Essential nutrient 

Strept. hemolyticus. C. 203 8 (Lance- " L ,  

Strept. zymogenes H-6095 (Lance- " ' 1  

Strept. mastitidis (Lancefield type B) " ' 
Strept. fecalis ' I  l i  

Strept. lactis R .  (A.T.C.C. 8043) 

field type A) 

field type D) 

Prefers a more active 

J 
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377 
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359 

232 

277 

135, 449 
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342 
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Staphylococcus albus 

metabolite derived from 353a 
pyridoxin 

Growth stimulant 402 

demonstrable, while others synthesize pyridoxin so rapidly that no further 
stimulus is seen on adding it to the medium. Thus Bohonos, Hutchings, and 
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Peterson (28) examined a number of species of lactic acid bacteria and ob- 
served varying responses to pyridoxin. For Lactobacallus cnsei (American 
Type Culture Collection No. 7469; L. c a w i  E ;  L. hclwticus),  the response 
varied with the age of the culture used to supply the cells for the inoculum, 
with the number of serial sub-cultures from the stock culture, and n-ith the 
pyridosin concentration. Part  of the variation in response w a s  clue to dif- 
ferences in the amount of pyridosin actually stored in the cells of the 
inoculum. This is an important variable which has not always been carefully 
controlled in growth esperiments with bacteria. It is clear that this effect is 
different from that due to  mechanical carry-over of grov th factors in the 
inoculum, which has sometimes been a source of error. Washing of cells can 
mitigate this latter effect, but not that due to  stored gron-th factors. L. 
casei is known also to store biotin, but storage of riboflavin and pnntotlienic 
acid has not been observed. The storage effect can be mitigated by using 
starved organisms, obtained by growing cells in a partially deficient me- 
dium, as was done for thiamin-deficient cells of Staph.  azirezis (127). 

With allowance for the storage effect Bohonos, Hutchings, and Peterson 
shoned that L. casci, L. delbriickii, and  L. lactis required pyridosin in the 
media, n hile I,. arnbiriosiis and L. pentosiis grew just as n-ell I\ ithout added 
pyridosin as in its presence. The latter organisms 11 ere shon n to synthesize 
pyridosin. With Leitconostoc mcscnteroirlcs a stimulation of growth by pyri- 
dorin mas observed, although continued sub-culturc could take place on a 
pyridosin-free medium, i.e., synthesis took place, but not a t  a rate sufficient 
for maximum proliferation. It lvas shown directly tliat Lciicoriostoc mesen- 
teroides only synthesized about t the amount of pyridosin synthesized by 
L. arabinoszts and L. Zactis. Together these results provide a beautiful ex- 
ample of hon- the rate of synthesis of an essential metabolite will determine 
whether this substance \\ill appear as an essential nutrient (TI hen the rate 
is very slow), as a growth stimulant (11 hen the rate is greater but still sub- 
optimal), or as a factor not required at all in the medium (nhen the rate 
of synthesis is so great that it is no longer a limiting condition). For organ- 
ismsn-hich require pyridosin as an essential for gron th, the rate of synthesis 
is effectively zero. 

Another case where slow synthesis of p> ridoxin appears to take place was 
recorded by Vilter and Spies (402) for a strain of Stcrphylococczis albus. This 
organism showed a stimulation of grou th and acid production when pyri- 
dosin (0.3. to  1.2 pg./ml. medium) was added to a chemically-defined 
medium which already contained the two “essential” gro\vth-factors 
thiamin and nicotinic acid in concentrations a11011 ing moderate growth. 

Snell, Guirard, and Williams (355) found evidence for a physiologically 
active substance derived from pyridoxin n hich was much more active for 
Streptococcus laciis R than pyridoxin itself, and Snell (353) showed that 
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under the conditions of heat sterilization of media containing pyridoxin, a 
more active compound was formed. Autoclaving pyridoxin with cystine and 
glycine was effective in forming a more active derivative. Streptococcus 
lactis R appears to be somewhat more fastidious in its growth requirements 
than some other species which require pyridoxin, and it suggests that Strep- 
towccus lactis R is less able than these to synthesize a more complex sub- 
stance which is the real metabolite used in some essential reaction.* 

Various species and strains of Streptococcus (see Table IX) require 
pyridoxin as an essential nutrient. The nutrient requirements of these 
organisms are complex, and other essential metabolites besides pyridoxin 
must be given them. Here it is worth stressing that, just as the requirement 
for a given essential metabolite as a nutrient is conditional on the rate of 
synthesis of this substance by the cells, so too there may be considerable 
interdependence in requirements for different essential metabolites, because 
of the general interlinking of metabolic processes in the cells. Thus a nutri- 
tional requirement for a given essential metabolite may be conditional not 
only on its rate of synthesis but also on the rate of synthesis of another 
essential metabolite. 

3. Inter-relations of Cultural Requirements of Bacteria 
Illustrative of the way in which cultural conditions may influence nutri- 

tional requirements are the results mentioned above for lactic acid bacteria 
(28). For these organisms, the pyridoxin concentration required varied with 
the oxygen tension of the gas-phase in which the organisms were grown; the 
lower tlhe partial pressure of oxygen, the more pyridoxin was required. Thus 
again, a nutrient requirement mas not an absolute one but ivm relative to 
the functioning pf other metabolic processes. The results may indicate 
either (1) that the cells under lowered oxygen tensions were carrying out 
certain reactions involving pyridoxin on a greater scale than occurs when 
oxygen is freely available, and thus required more pyridoxin for a given 
amount of cell proliferation; or, (2) that a certain rate of pyridoxin synthe- 
sis was possible under high oxygen tensions which mas not maintained under 
the lower oxygen tensions, the rate then becoming insufficient to supply 
enough pyridoxin for growth requirements. 

An example of the latter possibility was found by Richardson (293) with 
Staphylococcus aureus. It was found (see section X) that uracil was an essen- 
tial nutrient for this organism only under anaerobic conditions. When 
growing aerobically the organism was able to  synthesize adequate amounts 
of uracil. 

Pappenheimer, Jr., and Hottle (277) observed another relation between 
pyridoxin requirements and cultural conditions with Streptococcus hemo- 

Note added i n  proDf. 
* lierent work indicates that pyridoxal and pyridoxnmine arc the inore active 

higher-stagc metabolites derived from pyridoxin (353a, 124a). One function of pyri- 
doxal (phosphorylated) is as the co-enzyme of tyrosine decarboxylase (109a). 
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Zyticus (Group A) C 2035, the pyridoxin required varying with the COz 
tension of the gas-phase. In absence of pyridoxin, no significant growth 
occurred a t  a COz tension of 0.4 mm. Hg, but a t  8 mm. tension of COz the 
growth was about half that of the maximal growth which occurred when 
pyridoxin was present in optimal amount (about 2.0 pg./ml. medium). 

A close connexion between the requirements of the.organism for adenylic 
acid and the COz tension was also found (see Section X,4 and Table XXV). In 
general, suitable pressures of COz could off-set lack of adenylic acid and to  
some extent lack of pyridoxin with Streptococcus hemolyticus C 2035, and 
decreased oxygen pressure (anaerobiosis) also decreased the adenylic acid 
effect. Further investigation of these extremely interesting relations between 
pyridoxin, adenylic acid, oxygen, and carbon dioxide may provide clues to 
the metabolic roles of both pyridoxin and carbon dioxide in bacterial 
growth, both of which are a t  present obscure. 

4. Yeasts 

Pyridoxin plays a part in the growth requirements of certain yeasts (74, 
340,354,425) and it appears probable that for this type of micro-organism 
it is an essential metabolite which is fairly easily synthesized, as effects with 
pyridoxin are confined to growth stimulation. Thus Williams, Eakin, and 
Snell (425) found that continued growth of certain yeasts could take place 
in a medium containing no pyridoxin, although marked stimulation was seen 
when pyridoxin was added. Under the conditions of test the presence of 
pyridoxin (+ p-alanine) rendered the growth response in a biotin titration 
much more sensitive. Williams (423) considers it probable that pyridoxin is 
synthesized by those yeasts which give continued growth in a medium 
lacking pyridoxin and which show stimulatory effects, and increased sen- 
sitivity to other nutrilites, on its addition. When pyridoxin evokes an in- 
creased rate of growth, i t  is clear that the rate of its synthesis must be a 
limiting factor in the growth processes, and it is understandable why the 
addition of preformed pyridoxin, by removing this limiting condition, can 
cause the response to other nutrilites to be more sensitive, as in the biotin 
response noted by Snell, Eakin, and Williams (354). 

Leonian and Lilly (201) examined 10 strains of Saccharomyces cerevisiac 
for the effects on 72 hr. growth (25’) of omission of various vitamins from 
the media; none of the strains showed decreased growth on omission of 
pyridoxin. Marchant (245) had strains which were much more sensitive to 
pyridoxin, and presumably were less effecient synthesizers of i t  than the 
strains examined by Leonian and Lilly. Two yeasts, Sacck. hanseniaspora 
valbymsis and yeast 2375, showed a marked stimulation with pyridoxin 
which could, for these two yeasts, replace a “bios VII” solution. A strain of 
Sacch. cereoisiae has been trained to grow on a completely synthetic medium 
without added vitamins; the yeast then synthesized thiamin, riboflavin, 
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pyridoxin, nicotinic acid, biotin, pantothenic acid, and inositol (200). The 
dependence of growth on inter-relationships between the various essential 
metabolites has been studied (425), and the point may be emphasized that 
the amount of one essentisl metabolite may greatly determine the degree of 
dispensability of another essential metabolite. 

5.  Roots of Higher Plants 

Stimulation of the groit th of isolated roots of higher plants has been ob- 
served (see Table X). I t  ~ ~ o u l d  appear that pyridoxin is normally 
synthesized in the green leaf and transmitted to  the roots (313). The specific- 
ity of pyridosin in isolated root growth (300) is analogous to  the specificity 
in the growth response for other types of organism (see Table XI). 

6.  L'ower Fungi 

Several lower fungi have already been found to require pyridoxin for 
grov th, vhile in some groups related organisms have not required i t  as a 
nutrient, probably being able to  synthesize i t  for themselves. 

Robbins and Ma (316) found it a nutritional requirement of C'era- 
tostoinella ulmi; Fries (103) found other Ascomycetes of the genus 
Ophiostoma (Ceratostornella) for 11 hich it was indispensable (0. fagi, 0. pili- 
feruni, 0. multiannulatum), n hile for other species (0. coerulium and 0. 
querczts) it was a gronth stimulant, although not indispensable. The latter 
species probably synthesize pyridoxin a t  a sub-optimal rate. Other species 
she\\ ing a growth-stimulant effect 11 ith pyridoxin have been noted (318). 

Very intercsting observations on diff erences in synthetic ability among 
X-ray induced mutants of Neurospora crassa were observed by Beadle and 
Tatum (12). Mutants \\ere found which grew normally on a complete (com- 
plex) medium but i t  hich gave practically no growth on a simple chemically- 
defined medium of mineral salts and sucrose, although this was adequate 
for the normal organism. Failure to grow on the chemically-defined medium 
n as shou n to be due to thc need for certain growth factors. It was shown 
that three mutants had lost the ability to synthesize p-aminobenzoic acid, 
two to synthesize the tliiazole portion of thiamin, and one to synthesize 
pyridoxin. l 'he  normal organism from \\ hich the mutants ivere derived could 
synthesize all three vitamins. A single gene diff erence apparently diff eren- 
tiated the mutant unable to synthesize pyridoxin from the parent organism. 

A further extension of these observations has shown that i t  may be pos- 
sible to by-pass the genetically blocked pyridoxin-synthesizing reaction in a 
mutant of this type by a change in the nutrient environment (374). When 
the pEl of the medium 11 as G or over, and only ammonium salts \yere used as 
source of nitrogen, the ability to synthesize pyridoxin reappeared. Nitrate, 
nitrite, amino acids, and amides could not be used in place of ammonia. 



GROWTH FACTORS IN MICROBIOLOGY 143 

These conditions of pH and N source were very specific, since the new con- 
ditions only permitted pyridoxin synthesis. The mutants requiring thiamin 
and p-aminobenzoic acid mere not able to synthesize these compounds 

TABLE X 
Organisms for Which Pyridoxin Has an E$ect on Growth 

Essential nutrient‘ 
I I  ( I  

I 1  I ‘  

Growth stimulant 
I 1  ( I  

“ ‘ I  
< 

Lower fungi 

Ceratostomella ulmi 
Graphium ulmi 
Ophiostoma (Ceratostomella) : 

0. fagi 
0 .  piliferum 
0. multiannulatum 
0 .  coerulium 
0. quercus 

Ceratostomella leptographioides 
Polyporus versicolor 
Neurospora crassa normal 

I ‘  “ X-ray mutant; 
“pyridoxinless” 

, 

Yeasts 

Saccharom yces hanseniaspora palb y- 

Yeast 2335 
Sacch. galactosus 

ensis 

Sacch. cerevisiae, 10 strains 

“Trained yeast” 
Sacch. cerevisiae 

11 1‘ various strains: 
“ I 1  

’ Higher plants, isolated roots 

Tomato 

“ (inbred) 

Carrot, Datura, sunflower etc. 

Pyridoxin effect 

Essential nutrient 
11  “ 

Pyridoxin = Bios VI I  
to ensure good crop 

No stimulation bypy- 

No stimulation by py- 

Synthesized pyridoxin 
Growth stimulant 
Not stimulated by py- 

rid o x i n 
Growth stimulated by 

thiamin and pyri- 
doxin 

i 

i 

ridoxin 

ridoxin 

I 
Probably essential nu- 

trient 
Pyridoxin less neces- 

sary ? synthesized 
Probably essential nu- 

trient I 
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under the conditions which allowed the “pyridoxinless” mutant to synthe- 
size pyridoxin. It was suggested that the new nutrient requirements of the 
mutant, in order for i t  to synthesize pyridoxin, reflected the biochemical 
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changes produced by the X-irradiation, ie., an alteration in the nitrogen 
metabolism involved in pyridoxin synthesis, this being a function of pH. 
The interplay of genetic control of metabdlic reactions and nutritional con- 
ditions is very beautifully illustrated by these mutants. The example sub- 
sumes a number of the themes of this article. Here i t  is clearly Seen that the 
nature of the nutritional requirement of a given organism is complementary 
to  the synthetic abilities of that organism; certain metabolic reactions are 
general and fundamental, and the means of carrying them out are supplied 

TABLE X I  
Biological Specificity of Pyridoxin 

Compound: 

Pyridoxin : 
2-Methyl-3-hydroxy-4,5-bis- (hydroxy 

2-Ethyl-3-hydroxy-4,5-bis- (hydroxy- 
methyl)-pyridine 

ethyl) -pyridine 
Derivatives of 2-methyl-pyridine : 
3-Hydroxy-4,5-bis-(acetoxymethyl) - 
3-Acetoxy-4,b-bis- (acetoxymethy1)- 
3-Hydroxy-4-methoxymethyl-5-hy- 

3-Hydroxy-4-ethoxymethyl-5-hy- 

3-Methoxy-4,5-bis- (hydroxymethyl) - 
3-Hydroxy-4,5-epoxydimethyl- 
3-Hydroxy-4,5-bis-(bromo-methyl) - 
3-Hydroxy-4-methyl-5-hydroxymethyl- 

droxymethyl- 

droxymethyl- 

Rat 
(393) 

1 

0 

1 
1 

0.2 

0.2 
0.02 
0.02 

0 

- 

Lactic CcraIo- 

bacteria ulmi root 
(28,251) (316) (300) 

acid zlomclla Tomato 

R E L A T I V E  A C T I V I T I E S :  

1 1 I 

1 

0.8-1.0 1 1 
0 1 1 

0.3-0.4 

0.3 

0.2-0.3 
0.6-0.8 

Inactive for rat and Lactobacillus casei: 3-Amino-4-ethoxymethyl-5-aminometh- 
yl-2-methyl-pyridine; 3-Amino-4-hydroxymethyld-amingmethyl-2-methyl-pyri- 
dine; 3-Amino-4-bromomethyl-5-aminomethyl-2-methyl-pyridine; 3-Hydroxy-4,5- 
dimethyl-5-aminomethyl-2-methyl-pyridine; Lactone of 3-hydroxy-4-hydroxymeth- 
yl-5-carboxy-2-methyl-pyridine; Lactone of 3-amino-4-hydroxymethyl-5-carboxy- 
2-methyl-pyridine. 

either by the environment (nutrients) or by the organism. Furthermore, 
the possibilities of synthesis themselves are conditioned by the environment, 
as shown with Neurospora “pyridoxinless” mutants. With bacteria, the 
biological means whereby daughter cells possess the main characters of the 
parent cells is much less highly differentiated and less sharply defined than 
in higher types of organism. Possibly for this reason, in bacteria the 
chemical composition of the environment is able to affect more directly 
the functioning of the cells, resulting in the phenomena of adaptive enzyme 
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formation and easily alterable processes of synthesis. In higher types of or- 
ganism, where an apparatus of control by genes exists, the controlling parts 
of the organisms are already becoming insulated from simple and direct 
chemical effects of the environment. With the group of X-ray induced mu- 
tants of Neurospora one gene appears to control pyridoxin synthesis. Such 
mutations when occurring naturally would tend to lead to a more parasitic 
habit for those mutants with more restricted synthetic powers. They could 
only survive in an environment where, for example, pyridoxin was already 
available, or where conditions were suitable for its synthesis,-conditions 
more specific than those required by the normal forms. This restriction 
would then condition the selection of other mutants which might arise in 
the new environment. 

7. SpeciJicity 

Observations on the activity of pyridoxin and closely related compounds 
with a variety of different types of organism are collected in Table XI. 
The results show the high biological specificity of the pyridoxin structure 

N 

bH2 . OH 
Pyridoxin 

and are indirect evidence for a common metabolic reaction involving pyri- 
doxin. The slight differences in availability, such as the inactivity of the 
triacetate for L. casei compared with its ready availability for the rat, Cera- 
tostomella ulmi, and tomato root, probably reflect the ability of the latter 
organisms to derive the master compound from the related one. 

8. Metabolism 

From the wide range of organisms of very different types, including higher 
animals and plants, yeasts, bacteria, and some fungi, into whose metabolism 
pyridoxin enters, in ways at present unknown, it is clear that the metabolic 
reactions involved must be fundamental to living matter. The existence of 
organisms which require pyridoxin as nutrient, because they cannot syn- 
thesize it, presents an opportunity to study this key role through examina- 
tion of the effects of pyridoxin deficiency. 
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V. GLUTAMINE 

1.  Glutamic Acid and Amino Acid Requirements of Bacteria 

Some species of bacteria can utilize ammonia as sole nitrogen source for 
the synthesis of all their nitrogen-containing substance, including protein, 
while other species show lesser synthetic ability and require one or more 
amino acids, which are used in part as structural units for protein synthesis. 
Many species and strains of bacteria show considerable adaptability in their 
powers of amino acid synthesis, and it has been found relatively easy.to 
train organisms to dispense with the need for certain amino acids by 
becoming able to synthesize them. Glutamic acid has been included in amino 
acid mixtures used in compounding media of known composition for culti- 
vating numerous species of bacteria. With the above qualifications as to 
adaptability -in_synhhesis, glutamic acid has in some cases been found in- 
dispensable; e.g., Woolley and Hutchings (449) found it indispensable for 
strain H-6905 of Streptococcus zymogenes. From numerous similar cases it 
has been concluded that the glutamic acid, with other amino acids required 
by the given organisms, has been used at least in part as a structural unit 
in protein synthesis. These introductory remarks are needed in order to set 
in perspective the findings with glutamine and glutamic acid which are to be 
discussed. 

2. Glutamine in Bacterial Nutrition 

Glutamine was first implicated in the growth requirements of micro- 
organisms when it was identified as the active labile substance present in a 
variety of sources, which was required for growth of certain strains of hemo- 
lytic streptocci on a deficient medium (242). 

Glutamine has now been shown to have similar growth-promoting effects 
with a number of other bacterial species: Streptococcus hemolyticus, majority 
of Group A strains (92); Strept. hemolyticus, C 2035 (277); Streptococcus 
oiridans (92); some strains of LactobacilEus casei (85, 286) and other lactic 
acid bacteria (288) ; a strain of Diplococcus pneumoniae Type I (92) ; a strain 
of B. anthracis (92). In order to appreciate the somewhat special role of 
glutamine as a growth factor, some detailed discussion of the experimental 
conditions of testing is nesded. This discussion illustrates once again the 
need to study the conditions under which multiplication is initiated and con- 
tinued in relation to the synthetic powers, metabolic and nutritional require- 
ments of the bacteria. 

The test organism used by McIlwain, Fildes, Gladstone, and Knight (242) 
was the well-known “Richards” strain of Strept. hemolyticus maintained at  
high virulence by repeated mouse-passage and kept in the intervals in rab- 
bit blood. These were conditidns calculated to preserve the character of the 
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test organism both as regards nutritional requirements and pathogenic 
properties. Cultures were transferred to nutrient agar aa required. After a 
variable number of sub-cultures on agar the coccus was of no use as test- 
object since it became able to grow on the basal medium alone, without the 
active tissue-extract it required when fresh from animal passage. The altera- 
t on in nutrient requirements was ascribed to the dcvelopment of the power 
to synthesize the tissue-extract factor, which power the organism lacked 
when maintained in blood. Because of this power to change its synthetic 
ability, short-period growth tests were used and the test-organisms were 
recovered from blood a t  short intervals. b i n g  organisms thus maintained 
in a highly fastidious state as regards nutritional requirements, it was even- 
tually found that the substance present in tissue extracts which it” re- 
quired by these organisms in order to proliferate was glutamine. 

Glutamic acid in much higher concentration (M/50)  produced about the 
same effect as M/5k0 (30 pg./ml.) glutamine; aspartic acid was ineffective. 
Further analysis of the effects of glutamine and glutamate were made (92) 
by varying the size of the inocuhm, whereby differences in utilizability were 
emphasized. The training of the organisms to dispense with the need for 
glutamine was also studied. 

The general conclusion drawn waa that those cultures which required 
glutamine did so because they were unable to synthesize it sufficiently 
rapidly to satisfy essential metabolic reactions in which glutamine played a’ 
part. The pathogenic “Richards” strain maintained by animal passage could 
be looked upon as one which had, during its evolution, become modified by 
loss of certain functioning enzymes concerned with glutamine synthesis. The 
loss was not absolute, since when the inoculum was large enough glutamine 
appeared to be synthesized in sufficient amount, especially when glutamate 
and iron were present in adequate concentration. The training to dispense 
with added glutamine was interpreted as due to an increased concentration 
per cell of the enzymes involved in glutamine synthesis from glutamate. 

3. Initiation of Bacterial Proliferation. 

An etfect of glutamine &as observed which was different from that ob- 
served with many other growth factors. For example, with Proteus vulgaris 
and a suitable deficient medium, the mass of growth is proportional to the 
amount of nicotinic acid present (88); a similar relation is found with other 
essential nutrients and forms the basis of many microbiological assay 
methods. But with glutamine this type of proportionality was not observed; 
when sufficient glutaniine waspresent to initiate growth, the mass of growth 
became, with time, not limited by the initial glutamine concentration. It 
appeared that when growth was started with a minimal amount of gluta- 
mine, more glutamine was synthesized from a constituent of the medium. 
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This synthesis, however, did not depend upon an alteration in the powers 
of the cocci in the medium; it appeared that the normal untrained (i.e., to 
synthesize glutamine) cocci could only start to multiply when in the 
presence of sufficient glutamine, and that when proliferation had begun i t  
proceeded just as in the presence of excess glutamine. Preformed glutainine 
was thus essential for the initiation of multiplication. This need for aspecial 
substance for the initiation of growth, which the organisms, when once mul- 
tiplying, can more or less efficiently make for themselves, is an interesting 
special case of which only a few examples have been studied. The need for 
COz in the initiation of growth of many heterotrophic bacteria which when 
actively metabolizing produce large quantities of COz appears to be similar 
(106). Both cases emphasize the need to consider microbial proliferation 
from the point of view of rates of synthesis of essential metabolites; to focus 
attention on nutritional needs alone hampers biological interpretation. 

The glutamine effect has been demonstrated with numerous strains of 
streptococcus (92). The need for glutamine was relatively most marked with 
the Group A strains, and least in Group H, while of other groups some were 
sensitive to glutamine and others not. Four strains of Streptococcus viridans 
required glutamine while 3 strains of Strept. fecalis were unaffected by it. 
The strain of Group -4 Strept. hemolyticus studied by Pappenheimer and 
Hottle (277) required glutamine, and later the glutamine requirements for 
massive growth were studied quantitatively (21, 22). 

4. Glutamine in the Growth of Lactic Acid Bacteria 

Feeney and Strong (85) investigated the growth response of Lactobacillus 
casei on a basal medium deficient in pantothenic acid which had been de- 
signed for pantothenic acid assay. It was found that the basal medium was 
inadequate to reveal the maximum effect of additions of pantothenic acid, 
growth being limited by deficiency of other factors, and a number of sub- 
stances were found which markedly influenced the growth of the test or- 
ganism under these conditions. These included glutamine, glutamic acid, and 
asparagine. Glutamine was stimulatory a t  very low concentrations; 0.1 
pg./ml. medium showed a detectable effect, with progressively greater 
stimulation with increasing concentration. The effect of glutamic acid was 
observable a t  100 pg./ml. medium, and of asparagine a t  10 pg./ml. medium. 

A comparative study of these substances and of their effects on one 
another showed that the relative effects varied at  different stages of growth, 
that of glutamine being more marked early in the growth period (cf. 92). 
The heaviest growth a t  24 hours was produced by asparagine and glutamic 
acid. together. In contrast to the stimulatory effects of these three 
structurally related substances, aspartic acid was strongly inhibitory; i t  
nullified the stimulatory effect of asparagine, but not of glutamine or glu- 
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tamic acid. As little as 0.1 pg. glutamine per ml. counteracted the aspartic 
acid inhibition. The following conclusions were drawn: glutamine is to be 
looked upon as the key substance (essential metabolite) and can be synthe- 
sized by the organism, large amounts of glutamic acid aiding the synthesis. 
This supports the conception of Fildes and Gladstone (92). Asparagine can 
in some measure replace glutamine but not SO efficiently, possibly by pro- 
viding easily available amide groups for the formation of glutamine from 
glutamic acid. The aspartic acid inhibition might be due to competitive 
inhibition of an enzyme concerned in the transfer of the asparagine amide 
group to  glutamic acid; cf. Gladstone’s antagonistic amino acid pairs (105). 
Asparagine might have other functions besides assisting in glutamine forma- 
tion. 

Pollack and Lindner (286) also observed stimulatory effects of glutamine 
and glutamic acid on a number of strains of lactic acid bacteria. The effects 
were recorded in terms of the mass of cells formed after 13 hours’ incubation, 
on a basal medium of known composition, including aspartic acid and as- 
paragine but not glutamic acid. With all 9 organisms there was practically 
no growth without glutamine and a definite response to 0.2 to 0.6 pg. glu- 
tamine/ml. medium in the 13 hours’ test. 1 (+)-Glutamic acid also had a 
strong growth-promoting effect but the amounts required varied for 
different organisms. For 5 of the 9 organisms glutamic acid was as effective 
as glutamine, while the remaining 4 organisms required a t  least 11 times 
more glutamic acid than glutamine for the production of equivalent growth. 
Pollack and Lindner included a strain of LacfobaciEZus casei in their series, 
and under the conditions of test glutamine and glutamic acid were equally 
effective. It is probable that cells used for inocula from different cultures 
will vary in their abilities to use glutamic acid or glutamine, in the same way 
as already mentioned for Strept. hemolyticus (92, 242). Variations in the 
ability of different lots of cells to make glutamine from glutamic acid would 
account for the different behavior of different cultures of the same strain of 
organism. 

Pollack and Lindner suggested that glutamine and glutamic acid were 
both used for a similar purpose but that different strains differed in their 
abilities to  use the two substances. This is in conformity with the views al- 
ready mevtioned (92, 83). They also observed that addition of NHI to the 
medium did not increase the effectiveness of glutamic acid with the 4 strains 
for which glutamine was most potent. From this, and because “the basal 
medium contained no source of ammonia other than amino acids and other 
organic compounds” [including asparagine-K], Pollack and Lindner con- 
cluded that i t  was “unlikely that glutamic acid was being converted to  glu- 
tamine.” But this does not follow; there is no evidence that the organisms 
could not de-aminate an amino acid or use the amide group of asparagine, 
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as Feeney and Strong suggested. And the failure of (ammonia + glutamic 
acid) to be as effective as glutamine with certain strains is entirely consis- 
tent with the view already noted, that such strains as required glutamine 
lacked the ability to convert glutamic acid to  glutamine because of a defi- 
ciency of the required synthesizing enzyme, not because of lack of ammonia. 
The observations of Pollack and Lindner are consistent with the interpreta- 
tion above, namely that glutamine is the required essential metabolite, and 
that the use of glutamic acid depends on the ability of any given cells to  
make glutamine from it. The enzymes required for this synthesis appear to 
be very easily acquired. 

5 .  Specificit9 

McIlwain (231) examined the structural specificity of the glutamine effect 
with Streptococcus hemolyticus, using the same strain and conditions for 
maintaining maximum sensitivity to glutamine as previously described 
(92, 242). An inoculum of only loo0 cocci was used. A wide variety of glu- 
tamine analogues and derivatives was found incapable of replacing 
glutamine, whose function was clearly very specific. Furthermore the test 
organism was presumably incapable of converting any of the compounds 
tested into glutamine, including such relatively simple operations as forming 
the y-amide of glutamic acid (glutamine), hydrolyzing an N-acetyl, N-  
leucyl or N-cysteyl grouping, or hydrolyzing the peptide link between the 
-COOH group of glutamine and the amino group of glycine, glutamic acid, 
or cysteine, since it could not utilize the corresponding peptides, nor could 
the organism open the rings of pyrrolidone-a-carboxylic acid or glutamic 
acid imide, by addition of NHs or HzO in the appropriate positions. 

From the inability of Slrepf .  hemolyticus to  utilize glutamine peptides 
(e.y., 2-leucyl-d-glutamine, cysteylglutamine) McIlwain (231) suggested that 
the organism had no enzyme capable of freeing glutamine from these pep- 
tides, and then, from the revcrsibility of enzyme systems, argued that i t  was 
also incapable of building up glutamine into normal peptides, as part of the 
synthesis of essential protein. But this conclusion does not appear to  be 
valid. Kurssanov (l i9) has discussed the problem of the ways in which a 
given reversible enzyme may exercise hydrolytic or condensation functions 
depending upon local conditions made possible by the micro-heterogeneity 
of the cell. And it seems quite possible, on grounds of enzymcspecificity, that 
the cells of Sfrept .  heinolyticzis might lpck enzymcs to split the particular 
peptides tested by McIlwain, while possessing enzymes capable of utilizing 
glutamine for the synthesis of other peptides essential to the cells. McIlwain 
concluded that the function of glutamine might be concerned with ammonia 
transfer. It was shown, ho\\-ever, that neither ammonium pyrrolidone-a: 
carboxylate (the product of breakdo\vn of glutanline in aqueous solution) 
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nor glutamic acid (the product of the.action of glutaminase on glutamine) 
were active. But, again following Kurssanov, the simple argument from 
enzyme reversibility is not conclusive. The direction of action of a reversible 
enzyme may be conditioned by the consequences of the micro-heterogeneity 
of the cell or by coupled energetic reactions. 

Pollack and Lindner (286) favoured the utilization of glutamine and glu- 
tqmic acid for protein synthesis. They calculated from the yield of cells per 
unit weight of glutamine or glutamic acid used that there could be about 
10-20% of glutamyl residues in the bacterial protein formed (assuming 
complete utilization), which is of the order found for the glutamic acid con- 
tent of various proteins. The glutamic acid or glutamine requirements of 
the bacteria were of the order of magnitude required to give this figure. 

6 .  Conclusion 

Clearly further work is required before the function of glutamine is under- 
stood. It is clear that the nutritional need for.glutamine is relatively easily 
overcome by the organisms examined hitherto. The general indication is 
that this takes place by an enzyme adaptation, leading to synthesis of glu- 
tamine by organisms which before training were unable to do this a t  suffi- 
cient rate. 

VI. PANTOTHENIC ACID AND D-ALANINE 

1 .  Steps in the Recognition of Nutritional Importance 

Both pantothenic acid and 8-alanine, which forms part of the pantothenic 
acid molecule, were recognized as important in the growth processes of 
living matter through nutritional studies with micro-organisms. Panto- 
thenic. acid itself is the first substance of general metabolic importance and 
of a type of structure new to biochemistry to be discovered in this way, 
thus reversing the order of events which had pertained until then. Me- 
thionine, which was also discovered during an investigation. of bacterial 
nutrition (253) is excepted from the previous statement since it belonged to 
the already well-known class of a-amino acids. B-Alanine was known to 
biochemistry as part of the peptides carnosine and anserine, but ww not 
known to have any particular metabolic importance. As will be seen, the 
growth-promoting effects of 8-alanine are probably due to its forming part 
of pantothenic acid. 

It will be interesting, when a new history of biochemistry comes to be 
written, to trace the ways in which the social and economic importance of 
“yeasts” has stimulated, directly or indirectly, much scientific investigation 
which has had a major effect in developing our understanding of the fun- 
damental biochemistry of living mdtter. 
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The history of the discovery of pantothenic acid has been well docu- 
mented elsewhere (424). 

The first indications of a ‘single effective nutrilite’ for yeast growth 
were observed by Williams and co-workers (426, 432) in studies of the 
yeast “bios” problem. 8-Alanine was found to be a yeast nutrilite (430) 
before i t  was known to be part of the pantothenic acid molecule. 

Various lines of study concerning growth factors for lactic acid bacteria, 
C. diphtheriae, hemolytic streptococci, as well as for vitamin B group 
deficiencies in chicks (anti-dermatitis factor) and rats (liver filtrate factor) 
came together when concentrated preparations of pantothenic acid became 
available for testing. I t  was soon shown that the active substance of the 
pantothenate concentrates appeared to be the common active factor re- 
quired by all organisms. Snell, Strong, and Peterson (360, 361) showed 
that pantothenate concentrates of Williams replaced the growth factor 
preparations from’liver which they had found essential for the growth of 
certain lactic acid bacteria and that the properties of the two active prin- 
ciples were the same, leaving no doubt that the active substance in the 
liver preparation was pantothenic acid. 

Mueller (257, 265) found that /3-alanine was a growth factor required by 
certain strains of C. diphtheriae, and later Mueller and Klotz (266) found 
that the “Allen” strain of C. diphtheriae responded more readily to pan- 
tothenic acid concentrates than it did to the hydrolytic products of the 
latter, or to an approximately equivalent quantity of p-alanine, R. J. 
Williams having suggested that pantothenic acid was a compound of 8- 
alanine and a hydroxy acid in amide linkage. This was then demonstrated 
directly (401) 

Woolley and Hutchings (448) found that an alkali-labile factor in liver 
required by certain hemolytic streptococci was replaceable by pantothenic 
acid concentrates, and that the two portions of the alkali-split molecule 
(inactive) could be recombined to give the active compound by methods 
which assumed that Williams’ suggestion of an amide linkage between 
p-alanine and an hydroxy acid was correct, thus giving strong evidence in 
support of this hypothesis. Before the actual structure of the hydroxy 
acid portion was established, synthesis of pantothenic acid was attempted 
(376, 448) by coupling p-alanine in amide linkage with certain hydroxy 
acids which it was thought might be the hydroxy acid portion of panto- 
thenic acid. These substances had some, but only very low, activity,showing 
that the correct hydroxy acids had not been chosen, although the slight 
activity observed supported the main conception. 

The structure of the non-nitrogenous part of pantothenic acid was re- 
poited as an a-hydroxy-y-lactone (247) and finally found to be a-hy- 
droxy-/3 ,fl-dimethyl-r-butyrolactone (pantoic lactone) (372, 427). Synthe- 

‘ 
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sis and the condensation of pantoic lactone with palanine to give panto- 
thenic acid itself, with resolution to  give the naturally occurring optical 
isomer followed (373, 428). Throughout the work which culminated in 
the determination of the structure of pantothenic acid and its synthesis, 
the determination of biological activity by microbiological assay methods 
played an important part (441). Pantothenic acid has the structure: 

HO * CH2 * C(CHs)z *CH(OH) * CO *NH* CH2 * CH2 * COOH 
U P  Y 

a,-pdihydroxy-P, 8-dimethyl-butyryl residue &&lanine residue 

The role that pantothenic acid plays in the nutrition of higher animals 
will not be discussed here; for this the review by Williams (424) should be 
consulted. Attention here will be concentrated on its role in the growth 
of micro-organisms. 

(Pantoic acid) 

2. Pantothenic Acid in the Growth of Bacteria 

a )  General. For some bacteria, pantothenic acid is an essential nutrient, 
for others only a part of the molecule (p-alanine or pantoic lactong; the free 
pantoic acid lactonizes easily and usually this part of the molecule is used in 
growth tests as the lactone) is essential as a nutrient. Still other bacteria 
have been found to synthesize i t  readily (386). The whole picture of pan- 
tothenic acid and its part in bacterial growth is most readily interpreted as 
that of an essential metabolite required in some fundamental processes 
common to all these organisms, which among themselves show differing 
powers of synthesis of this essential substance. This is reflected in their 
nutritional requirements. 

Table XI1 records a group of bacteria for which pantothenic acid itself 
has been found to  be an essential nutrient. In  reading Table XII ,  i t  must 
always be borne in mind that the findings refer only to the actual cultures 
examined. It is not permissible to generalize and to  .conclude that all 
strains under a given specific name mill have the same nutritional require- 
ments. The nutritional requirements are always relative to the synthesizing 
ability of the cells of the inoculum, and this may differ from strain to strain 
within a species, or even from culture to culture of the ‘same’ strain, de- 
pending on the cultural conditions, including the presence of other growth 
factors. 

b)  C. diphtheriae. Within the species C. diphtheriae, different strains show 
differing requirements for pantothenic acid, as shown in Table XIII. There 
seems little doubt that within the C. diphtheriae species it will be found that 
all the organisms require pantothenic acid as an essential metabolite. In  
the cases deliberately examined which could utilize 8-alanine i t  was found 
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Lactobacillus casei I 
Bacillus lactic midi 
Lactobacillus arabinosus 

ii pentosus 
G I  delbriiekii 

Bacillus brassicae 
Streptococcus lactis 
Leuconostoc mesenteroides 
Streptobacterium plantarum) 

B. C. J .  G. KNIGHT 

& I  thonii--15 
( I  pctersonii-20 

TABLE XI1 

173, 178, 190, 
247,283,361, 
362a 

173, 387 

Streptococci : 
Streptococcus hemolyticus “Ilichards” (Lancefield A) 230 

I I  “ Dochez NY5 376 
‘ I  epidemicus, strains X 40, X 32, (1 108, W\ 

116-7 
Streptococcus puogenas 

i zymogenes 

1I  saliuarius 
‘6 fecalis 

Pasteurella; hemorrhagic septicemia, 13 strains 
Protezds mmganii 
Pneumococcus; strains of Types I, 11, V, VIII 
Clostridium tetani . 
Clostridium welchii (perfringens) SR 12 
C, diphtheriae; certain gravis strains 
Shigella paradysenteriae (Flexner), certain strains 

448 

312 
349 
17, 18, 20 
279, 281 
291, 292 
267,288 
380 
83 
403 

TABLE XI11 
Pantothenic Acid i n  the Nutrition of C. diphtheriae 

Strain Nutrient required 

6 Exacting gravis Pantothenic acid Pantothenic acid not 

Certain intermedius Pantothenic acid Pantothenic acid not 

Non-exacting gravis P-Alanine Pantothenic acid syn- 

Mitis strains 8- Alanine Pantothenic acid syn- 

Certain %on-exact- Amino-acid-min- sized; not yet shown 

Allen strain (mitis) P-Alanine 
Intermedius straiiis 8-Alanine 

strains synthesized 

strains synthesized 

strains thesized 

thesized 
Pantothenic acid 

probably synthe- 

ing” strains era1 medium I !  in all cases. 

References 

83 

119 

83, 84 

257, 265 
84 
46 
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that pantothenic acid was in fact synthesized (83). Those exacting gravis 
strains which required the intact pantothenic acid molecule were unable to 
unite the two portions of the substance when given them together, since the 
hydrolysis products of pantothenic acid were inactive. A wide degree of 
difference in synthetic ability among strains of C. diphtheriae appears com- 
mon, since different nutritional requirements among a group of strains 
with respect to other substances (e .  g., pimelic acid) have also been observed. 
Mueller (263) found that only the naturally-occuring Z-carnosine (N-8- 
alanyl-histidine) and not the d form could be used by C. diphtheriae as a 
source of j3-alanine. The organism apparently had enzymes capable of 
splitting the one form but not the other. 

c) Pasteurella. Berkman (17) found Pasleurella strains which required 
pantothenic acid and needed the intact molecule; the two components 
together could not be used. 

S. Bacteria Using Portions of the Pantothenic Acid Molecule 

There is a group of bacteria for which the need for pantothenic acid is not 
so imperative as for those listed in Table XII. In some cases a stimulation of 
growth by pantothenic acid has been observed; presumably these organisms 
under the conditions of test were able to synthesize pantothenic acid only 
at a sub-optimal rate. In other cases one or other portion of the pantothenic 
acid molecule has been found to be a growth factor, the presumption being 
that, given the one portion, the organism can complete the synthesis of the 
whole molecule (see Table XIII). With some strains of BruceZla, Koser, 
Breslove, and Dorfman (166,167) observed a growth-promoting effect with 
pantothenic acid, although with several of the strains growth took place 
without added pantothenic acid. With one strain, BruceZZa suis 1662, the 
following effect was observed: 

(a) 8-Alanine or pantoic lactone separately accelerated growth. 
(b) j3-Alanine + pantoic lactone together, greater acceleration than (a). 
(c) Intact pantothenic acid, greater acceleration than (b). 

Other strains 'showed a similar but less marked effect. 
McCullaugh and Dick (227) have reported similar findings with BruceZZa 

suis, and later (228) observed acceleration of growth of certain Br.  
abortus strains. 

Numerous strains of C. diphtheriae of intemedius and mitis and some 
gravis types need 8-alanine (83,84,257,265) and it  has been shown (83) in 
some cases that these strains do synthesize pantothenic acid. They are 
therefore able to synthesize pantoic acid and join it Co the j3-alanine. 

Two cases have been recorded where an organism requires ai? nutrient 
only the pantoic acid (as lactone) portion of pantothenic acid, presumably 
being able to synthesize 8-alanine effectively. These organisms are: Aceto- 
hc ter  subozydans (A.T.C.C. No. 621) (392) and a strain of Strept. hemolyt- 
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icus, H 69 D (439). In the latter case pantothenic acid was more effective 
than the lactone, again supporting the idea that pantothenic acid was the 
ultimate metabolite required by the organism. No cases have been recorded 
of Streptococci which can utilize 8-alanine only. All these observations are 
paralleled by the utilization of the two portions of thiamin, discussed in 
Section 11, 5.  

4. Speci$city 

Although pantothenic acid appears to be relatively highly specific, some 
cases of a much lower activity by certain analogs have been observed. 
The specificity of the p-alanine portion appears to be greater than that of 
the pantoic acid portion. Condensation of a-alanine, 8-aminobutyric acid, 
aspartic acid and lysine, instead of 8-alanine, with pantoic lactone, gave 
biologically inactive products (405) , and Kuhn and Wieland (178), using 
Streptobacterium plantarum, found the leucine-pantoic lactone condensation 
product to be inactive. The difference in availability of 8-alanine from 
I-carnosine (available) and d-carnosine (not available) observed by Mueller 
(2G3) depended on the ability of the C .  diphtheriae strain “Allen” to split 
only the Z-form. 

Table XIV records the effects with various analogs of pantothenic acid, 
when the non-nitrogenous portion is varied by condensing different hydroxy 
acids with 0-alanine. Only very slight activity is found with any of these 
compounds, showing that even slight modifications of the molecular struc- 
ture very greatly decrease the biological activity. The same general picture 
is found with higher animals for which pantothenic acid has metabolic 
importance. 

With hydroxypantothenic acid i t  was observed (248) that the activity of 
this substance differed with different test organisms and with the mode of 
testing. In many cases growth curves could be obtained showing high activ- 
ity (up to about 20% of that of pantothenic acid) a t  low dosage levels, with 
progressively lower activity at increasing concentrations. This phenomenon 
is unusual but appears to be an example of an inhibition dGe to the ana- 
log’s blocking, when in sufficient concentration, some metabolic reaction 
in which pantot henic acid itself would normally be concerned. 

5. Pantothenic Acid Analogs as Growth Inhibitors 

Thesc observations of growth inhibitions with higher concentrations of 
hydrosypantothenic acid, where lower concentrations promote growth, 
connect with the question of deliberate modelling of inhibitory growth 
factor analogs. In the case of pantothenic acid this was first carried out by 
Snell (351,352) who prepired pantoyl-taurine, i.e., N-(a1y-dihydroxy-/3 , 8- 
dimethyl-butyry1)-taurine, in which an SOaH group is substituted for the 
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-COOH group of the 8-alanine portion of pantothenic acid. McIlwain (235, 
236, 238) independently made and tested the same and numerous other 
analogs. This is eot the place for more than a brief mention of the extensive 
examination which is now being made of growth inhibition by analogs of 
pantothenic acid and other growth factors. In general i t  may be said that the 
findings show that those organisms which require pantothenic acid as an 
essential nutrient are susceptible to  inhibition by analogs of pantothenic 

CO-((u, e, dihydroxy caproyl-) 
CHa*CH(OH) .CHz. CH(0H) *CO- ' 
H0.CH2.CH2.C(OH)(C€II). 

HO-CH2.CH(CH3).CH(OH).CO- 
CH(0H)CO- 

HO. CHz. CH(0R) CH(0H). CO- 
HO.CHz.CHz*CH(OH) .CO- 

TABLE XIV 

SpeciJicitg of Pantothenic Acid 

' 

Pantothenic acid analog 
(Nan-nitrogenous acid moiety, all joined 

to palanine) 

0 . 5  

0.5' 
0 
0 ,  

HO. CHz. C(CH,)z.CH(OH) .CO- : 
(pantoyl-) dextro 

' d  laevo 

247 

HO. CHI. C (CHI) (CH2OH). CH\ 
(OH). CO- (hydroxypantoyl-)( 

HO. CHz. CHz. CHZ. CH (OH). CO- 
(a, 6-dihydroxyvaleryl-) 

Test organism 

See Table XI1 
Lactic acid bac- 

teria 
Sacch. cerevisiae 

and lactic acid 
bacteria 

Slrept. hemolyt- 
icus. Dochez 
N Y 5  

Strept. hemolyt- 
icus H-6905 

Strept. epidemi- 
cus X 40 

Streptococcus 
lactis 

Lactic acid bac- 
teria 

Activity References 
ger cent 

100 Table XIT 
0 373 

(varies to25 I 
} 248 with 

test or- 

ism) gan- I 
Slight 376 

449 " 

acid. The mode of action appears to  involve the blocking of enzyme systems 
using pantothenic acid which are essential for the life of 'the organisms. 
However, to consider these growth inhibitions as due only to competitive 
or other inhibitions of enzyme systems normally using the essential me- 
tabolite, is probably too simple, as detailed analysis shows. Questions of 
different varieties of inhibitions, alternative reaction chains, adaptibility of 
the organism, functional use of analogs, etc., all complicate the picture. 
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6. Other Organisms Using Pantothenic Acid 

The fundamental role of pantothenic acid in metabolic processes of great 
generality in different forms of living matter is supported by the increasing 
numbkr of observations of growth stimulation or nutritional requirement. 

a)  Yeasts. The discovery of pantothenic acid was originally made in 
connexion with yeast growth and has been reviewed by Williams (423). 
Perhaps more with yeast than with any othcr type of organism i t  must be 
stressed that the growth response to pantothenic acid is different for differ- 
ent strains. Different strains have different synthetic abilities for the various 
growth factors, and their synthetic abilities themselves are subject to  
change. The response to pantothenic acid is therefore much affected by the 
conditions of the experiment, including the behavior of the actual cells used 
for inoculation.. Thus Torula cremoris examined by Koser and Wright 
(171) required pantothenic acid for prompt and abundant growth, although 
under mme conditions slower growth took place without added pantothenic 
acid; the growth response depended to some extent on the composition of 
the basal medium and upon the presence of nicotinamide and biotin. 

b) Lower Fungi. An X-ray induced mutant of Neurospora crassa required 
pantothenic acid for growth, the mutant having lost the power to synthe- 
size it (12). 

c )  Insects, etc. Pantothenic acid has been found important in insect nu- 
trition : mosquito larvae (377) ; Plasmodium lophurae (389) ; Tribolium 
confusum, Ptinus tectus, Silvanus surinamensis, Lasioderma serricorne, 
Sitodrepa panicea (98, 99). 

7. The Metabolic Function of Pantothenic Acid 

At present little is known about the biological function of pantothenic 
acid. Those organisms which cannot synthesize it provide suitable material 
for investigating its role, since ‘deficient’ organisms can be easily obtained 
for study of its metabolic effects. A beginning has been made by Dorfman, 
Berkman, and Koser (67) and by Hills (128) using pantothenic-acid-defi- 
cient cells of Proteus morganii. It appears that pantothenic acid may be a 
component of a pyruvate oxidase system. McIlwain (241) has recently 
made a detailed analysis of the effects of pantothenate and pantoyltaurine 
upon the metabolism and growth of Streptococcus hemolyticus. 

VII. BIOTIN 

1. Convergence of Nutritional Studies 

The history of the discovery and the determination of structure of biotin 
has been well documented recently (130,396,398) and need not be repeated 
here except to connect up with the topic of the review. Attention should, 
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however, be drawn to the way in which at  first apparently independent 
lines of research came together when it was found that biotin waa the bio- 
logically active substance involved in all the phases of this work, which 
concerned such diversified biological types as bacteria, yeasts, and higher 
animals. That this should have been so was a consequence of the funda- 
mental unity of all biochemistry. As with many other known essential 
metabolites biotin was discovered through the effects of a nutritional de- 
ficiency. 

The observations of Wildiers (420) on the growth requirements of yeast, 
when small inocula were used for propagation in media of simplified com- 
position, initiated the study of the growth requirements of yeasts in terms of 
the chemical composition of the medium needed for optimal growth. There- 
after, methods of study. and an orientation of viewpoint were gradually 
evolved which resulted in a clear conception of the problems of yeast nu- 
trition, which were seen to be no different in kind from those of other or- 
ganisms (423). 

Biotin was discovered and isolated by Kogl and Tonnis (160) using a 
yeast strain, “Rasse M,” and an increased rate of growth under defined 
conditions as the biological test. Biotin was shown to be very widely dis- 
tributed in biological materials of all kinds, including plant and animal 
tissues. Thus another part of the yeast “bios” complex, already separated 
into several distinct fractions, was identified. 

During the same period as Kogl and Tonnis’ work on yeast growth which 
led to the isolation of biotin, work was proceeding on the growth require- 
ments of Rhizobiu, the root-nodule nitrogen-fixing bacteria. Allison, Hoover, 
and Burk (3) found evidence for a highly active substance, which was not 
only specific but essential for the respiration of various strains of these 
organisms. Allison and Hoover (2a) showed that these organisms were 
unable to grow in carefully purified nutrient media of known chemical 
composition in the absence of this substance, which was named ‘coenzyme 
R’. This substance was found to be widely distributed in natural sources and 
was, moreover, readily synthesized by Azotobucter. Biotin having been 
isolated it became possible to compare its properties with those of co-en- 
zyme R. Direct tests and much collateral evidence showed that the active 
substances of the two preparations were probably identical, both Nilsson, 
Bjalfve, and Burstrom (272) and West and Wilson (410,411) showing that 
purified biotin preparations could supply the co-enzyme R requirements of 
Rhizobiu. 

The third line involving biotin was the study of animal nutrition, first 
with rats, later extended to other animals. Here characteristic symptoms 
of “egg-white injury” were observed by Boas (27) in rats fed a diet contain- 
ing egg-white as the Bource of protein. It was found that the animals could 
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be protected against the egg-white injury by some factor in potato starch, 
and a “protective factor-X” was postulated. Its distribution was studied 
and relatively large amounts were found in raw potatoes, yeast, milk, and 
liver. The subsequent history of the further characterization of the “pro- 
tecfive factor X,” the anti-egg-white injury factor, has been summarized by 
du T‘igneaud (398). The attack on its chemical nature, and the clear re- 
cognition that the effect was due to a nutritional deficiency, induced by the 
egg-white protein and remediable by the protective factor (which was 
therefore in the class of vitamins) was a t  first carried out largely by P. 
Gyorgy, \vho named the protective substance vitamin H. Later in associa- 
tion with du I‘igneaud and co-workers the chemical work mas intensified 
arid i t  was eventually suspected that vitamin H might be biotin. Tests with 
\vitamin H preparations shoved intense biotin activity (for yeast) and CO- 

enzyme It activity (for Bhizobia). Proof of the identity of biotin, co-enzyme 
R, and vitamin € I :  followed from a comparison using an authentic specimen 
of Kogl’s biotin methyl ester (115, 11G, 396, 399). With the identification 
of vitamin H as biotin, new sources of material became available for the 
determination of its chemical structure, which is now known to be: 

co 
N I4 
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C€I*CH,*CH2*CH2*CH2*COOH 

/ \  
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The chemical work has heen reviewed by I-Iofniann (130) and Melville 
(245a). For present purposes the effects of biotin in the nutrition of higher 
animals will be omitted and attention confined to micro-organisms. 

2.  Yeasts 

Following the initial work of Iiogl and Tonnis (IGO) the stimulatory 
effects of biotin on the grolvth of many different strains of yeast have been 
intensively studied and different methods of observing the activity of the 
substance have been developed. Snell, Eakin, and Williams (354), using a 
different strain of yeast from that used Ly.Kogl and Tonnis (‘‘Rasse ill”) 
found that its sensitivity to biotin was increased if the concentration of 
othcr nutrilitcs \vns so adjusted that the biotin concentration became the 
limiting factor in growth. Williams, Eakin, and h e l l  (425) showed that  
tlirce different strains of yeast were able to gro\v continuously from small 
iriocula in the absence of added biotin; under appropriate conditions a 
striking response to added biotin was observed. This was because, without 
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added biotin under the conditions employed, the rate of biotin synthesis wm 
limiting the rate of growth; hence the stimulation by an external source of 
supply. 

In general it would seem that most yeasts can synthesize biotin to some 
extent. Whether or not a stimulation is observed on adding biotin to the 
culture medium depends on the actual rate of synthesis. This rate is de- 
termined by a t  least two inter-related sets of conditions: (a) the syn- 
thesizing abilities of the cells used, (b) the composition of the medium. 
Yeasts are able relatively easily to change their powers of synthesizing 
biotin. Leonian and Lilly (200) trained a yeast to grow readily on a medium 
of defined chemical composition without added nutrilites and found that 
the knotvn yeast nutrilites, including biotin, were synthesized. Williams, 
Eakin, and Snell (425) studied the inter-relations of five yeast nutrilites: 
thiamin, biotin, inositol, pantothenic acid, and pyridoxin, in the growth of 
three strains of yeast. They observed phenomena which are of great interest 
to all studies of metabolic requirements, and are consistent with the view 
that nutritional requirements reflect the relative abilities of the cells in 
question to  synthesize essential metabolites. Since all the synthetic pro- 
cesses of the cell are undoubtedly closely interwoven it is not unexpected 
that one given essential metabolite should affect the requirements for 
another. Supplementary effects were observed, the amount of growth 
obtained in a given time increasing as the external source of supply of the 
known nutrilites was made qualitatively richer. These are effects which 
might be expected when the rates of synthesis of several essential metabo- 
lites are sub-optimal. Growth limited by suboptimal rates of synthesis 
could thus be improved step by step by adding the known nutrilites 01% by 
one. For strains “Gebruder Mayer” and “old process” yeast, omission of 
biotin from the medium seriously impaired growth, while for a strain from 
Fleischmann baker’s yeast, omission of biotin was less serious, although a 
marked stimulation was seen on its addition. Certain replaceability effects 
were observed. With the Fleischmann strain, adding biotin alone or pan- 
tothenic acid alone incr,eased the growth above that on the basal medium. 
But pantothenic acid showed its effect in less than 24 hours while biotin 
showed its effect first a t  36 hours, with thereafter more rapid growth than 
with pantothenic acid alone. It thus appeared that in the presence of biotin 
the yeast developed the ability to synthesize pantothenic acid relatively 
rapidly, whereas in the presence of pantothenic acid alone the ability 
to synthesize biotin more rapidly was not developed. Without biotin, but 
in the presence of the 4 essential metabolites, inositol, thiamin, pyridoxin, 
and pantothenic acid, growth was still more rapid than with biotin alone, 
or with biotin + pantothenic acid, suggesting that biotin synthesis waa 
facilitated by the presence of the other essential metabolites. 
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A similar effect with biotin alone was noted with the “old process” 
strain; practically no multiplication was observed until after 72 hours, when 
continued rapid growth began. In  this case the delay in groxvth appeared to  
be due mainly to the slowness with which the organism became able to  
synthesize thiamin at  an adequate rate. For the “Gebriider Mayer” strain, 
pantothenic acid appeared indispensable for continued growth and biotin 
could neither replace it, nor, under the given conditions, facilitate the 
ability to synthesize it. 

Leonian and Lilly (201) compared the relative requirements of 10 differ- 
ent strains of yeast for biotin, thiamin, inositol, pantothenic acid, and pyr- 
idoxin, using 72 hour growth. No strain grew significantly without biotin, 
all were restricted without pantothenic acid, one was dependent upon 
thiamin, etc. Again inter-relations in growth effect were observed and, in 
general, it could not be said that the nutritional need for any one substance 
was absolute; specific requirements depended on the presence of the other 
substances. 

3. Bacteria 

a) General. Biotin is now known to be important in the metabolism of 
many species of bacteria; many of these are listed in Table XV. For many 
bacteria biotin appears to be essential; there are many examples where 
lack of biotin prohibits growth entirely. If these organisms synthesize 
biotin a t  all i t  is at such a slow rate as to be ineffective, and in general they 
appear to be less able than the yeasts to be trained to  synthesize biotin 
effectively. On the other hand there are many bacteria which can undoubt- 
edly synthesize biotin readily (Table XV,C) and a few cases have been 
recorded where synthesis is evidently slow enough for a stimulation to  be 
seen on adding biotin (Table XV,B) 

Strictly i t  is incorrect to make a mechanical separation of bacterial 
species or strains into those for which biotin is essential as a nutrient and 
those for which it is a growth stimulant. Very limited rate and amount of 
growth may occur (see below) in a biotin deficient medium when a very 
slow rate of synthesis is possible. Depending on the condition of test this 
amount of growth may or may not be considered significant. But generally, 
in the observations recorded in the literature, a speed and massiveness of 
growth approaching that obtained in classic bacteriological media is the 
test of nutritional adequacy. When an organism responds in this degree to 
the addition of biotin (or other essential metabolite) to a deficient me- 
dium, then this metabolite can for certain purposes of classification be 
grouped as an “essential nutrient”. There appear to be large enough 
quantitative differences in rate of synthesis to permit, for convenience, a 
grouping of those organisms for which an external source of biotin is needed 
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TABLE XV 
Relations of Bacteria to Biotin 

.4. Bacteria for which Biotin is an important or essential nutrient 

Rhizobia: 
Bact. radicicola IV (Rh. leguminosarum) 
Rh. trifolii, 205 and 209 
Rh. meliloti, 131 
Rh. leguminosarum, 311 
(other strains synthesize) 

Cl .  butylicum 
C1. acetobutylicum. 
C1. tetani 
Cl. sporogenes 
Cl. feleimum (Carbone) 

Lactobacillus arabinosus 17-5 
Lactobacillus casei 
Streptococcus Eactis R 

a Group A strain C 2035 } Streptococcus hemolyticus 

Staphylococcus aureus (some strains; others synthe- 
size) 

Brucella: 

1 
Clostridia: 

Br. abortus 

Br. SUi8  

References 

25, 272 

411, 433 

181, 183, 284, 365 
180, 183, 276, 406 
180, 267,268 
183, 193, 284 
183 
366 
136, 190,250, 345 
356 

134 

287, 288 

166, 170, 227, 228 

228, 229 

B. Bacteria for which Biotin has a stimulalory effect and which may 
eynthes%ze it slowly 

Rh. leguminosarum H X (and other strains) 
Proteus vulgaris (some strains) 49 

433 

162, 287, 288 Staphylococcus aureus (some strains) 

C.  Bacteria which synthesize Biotin easily and show little i f  any stimulation by 
added Biotin 

Some strains of Rhizobia 
Mycobact. tuberculosis 
33. subtilis 
Aerobacter aerogenes 
Eberth. typhosa 
Proteus vulgaris 
Esch. coli 
Phytomonas tumefaciens 
Serratia marcescens 
Azotobacter vinelandii 
Alkaligenes fecalis 
B . anthracis 
Pseudomonas aeruginosa 
Pseudomonas Jeuorescens 

4 
188, 189 
188, 189 
49, 188, 189,386 
188, 189 
49, 188, 189, 386 
188, 189 
244 
19, 189, 386 
188, 189 
49, 188, 189 
188, 189 
188, 189 
386 
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for good normal growth. These are included in Table XV,A. Comments on 
some special cases follow. 

b) Rhizobia. The original observations on co-enzyme R, later identified as 
biotin, were made by Allison, Hoover, and Burk (3) who reported a highly 
active substance present in a wide range of biological materials which 
markedly increased the rate of respiration of Rhizobium trijolii cells, to 
Qo2 = 1000, and also of the root nodule organisms of alfalfa, pea, and bean; 
respiration stimulation was also observed with other bacteria. The CO- 

enzyme R was found to be synthesized in large amount by the free litring 
nitrogen-fiser Azotobacter vinelandii, an organism having “substantially 
the highest rate of respiration (QOZ = 5000) possessed by any organism.” 
It was recorded briefly that legume nodule bacteria could grow as well on a 
chemically defined medium containing highly active -preparations of the 
respiration factor, as when the latter was replaced by yeast extract. The 
nutritional problem was studied in greater detail by Allison and Hoover 
(2%) who attempted to isolate co-enzyme R. They showed that strains of 
Rh. trijolii, Rh. leguminosarum, and Rh. meliloti were unable to grow on a 
chemically defined medium without addition of co-enzyme R. On the same 
medium the free-living Azotobacter vinelandii grew well without added co- 
enzyme R. Allison, Hoover, and Burk (3) pointed out that in legume sym- 
biosis the host plant probably furnished the root-nodule Rhizobia n-it,h the 
essential co-enzyme R, which the free-living Azotobacter could synthesize 
for themselves. The observations of West (107) on the different, nutrient 
requirements of bacteria within and without the rhizosphere are of interest 
in this connexion (see p. 121). A t  this stage the work rested until biotin had 
been identified with co-enzyme R. Wilson and Wilson (433) have made a 
careful study of the role of biotin in the growth of Rhizobia. They found 
that it was possible to obtain continuous growth in serial transfer of Rhi- 
zobizcin trifolii 205 and Rhizobium meliloti 131 in media and under cultural 
conditions where rigorous precautions had been taken to exclude biotin, 
Growth was independent of the concentration of glucose or sucrose or the 
number of transfers. Unless specially purified, as these specimens were, 
glucose and sucrose were found to be contaminated with traces of biotin. 
Continuous transfer of these organisms, and of R. leguminosarunz 311 and 
R. trifolii 209, without decrease in growth \\-as.obtained in a purified medium 
containing synthetic glycerol as carbon source. But in all these continuous 
transfer esperiments on purified media the maximum growth was only 
about & that obtained with a similar medium to which the optimum 
amount of biotin was added. The organisms obtained with R. trifoli i  205 
after continuous transfer in the purified biotin-deficient media were ap- 
parently normal, i .e.,  theeability to infect and fix nitrogen in association 
with the clover plant and the respiration activity in glucose, measured by 
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the Qoz (N), were unchanged. Direct attempta to demonstrate synthesis of 
biotin by these organisms were unsuccessful, but an amount of biotin may 
have been present which was below the limits of detection by the method 
used. During continuous transfer for over a year on purified synthetic 
media without biotin, R. trifolii 205 did not vary markedly in rate or ex- 
tent of growth. Wilson and Wilson suggested two possibilities to explain the 
continued sub-maximal growth on biotin-deficient media: (a) the organism 
synthesized biotin to  a very limited extent, so that the biotin available re- 
mained a limiting factor for growth while an excess of other nutrients re- 
mained unused; (b) growth and metabolism proceed at  a greatly reduced 
level in the complete absence of biotin. Explanation (b) implies that the 
organism can use, although much less effect’ively, metabolic reactions for 
the building-up of its substance which do not involve biotin. It was found 
that one strain, R. leguminosarum HX, which was not stimulated by added 
biotin, did in fact synthesize this substance. Allison and Minor (4) also 
showed that some strains of Rhizobia synthesized ‘co-enzyme R’ and ex- 
creted it into the medium. Wilson and Wilson concluded that Rhizobia 
could be divided into three groups on the basis of their biotin requirements: 

(1) A few strains were unable to grow at  all in a biotin-deficient medium. 
(2) In a biotin-deficient medium the majority of strains examined grew 

very poorly and reached a population only about one tenth of that 
possible when biotin was added. But continuous serial transfer in the 
biotin-deficient medium was possible. These strains responded mark- 
edly to the addition of biotin. 

(3) A few strains attained practically maximum growth in the biotin- 
deficient medium. One such strain was shown to synthesize biotin. 

Explanation (b) above may of course explain the behavior of group 2, but 
the whole picture is more consistent with explanation (a) in which the 
nutritional. requirements reflect an increasing power to synthesize biotin 
in proceeding from group 1 to group 3. 

Comparisons bf the ability of different strains of the same species to 
synthesize biotin have been made with other organisms besides the Rhizo- 
bia, and similar differences are implicit from records in the literature. 

c) Staphylococcus aureus. Certain strains of Staph. aureus were grown in 
media of known composition, and the essential metabolites needed 
to be given were thiamin and nicotinic acid (104, 156). Continued serial 
sub-culture in this medium was possible giving a reasonable amount of cells. 
Nevertheless Kogl and van Wagtendonk (162) showed that a strain which 
grew moderately on a basal medium, containing nicotinic acid and thiamin, 
was much stimulated by added biotin (0.005 pg./ml.) the mass of growth at  
48 hours being increased 7 or 8 times. Inter-relations of the effects of the 3 
growth factors were observed; about I00 times less thiamin and nicotinic 
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acid were required in the presence of biotiu to give the same mws oi growth 
as W~EI given by thiamin and nicotinic acid without biotin. Porter and Pel- 
czar (287, 288) carefully studied the growth requirementa of some 17 rep- 
resentative strains of Staph. aureus. They found that certain strains were 
unable to grow in continued sub-culture on a medium of defined chemical 
composition including nicotinic acid and thiamin, and required to be given 
biotin before growth could occur; other strains which grew in the medium 
without biotin were not stimulated by adding it. The general picture with 
Staph. aureus therefore appears similar to that with Rhizobia, some strains 
requiring biotin aa a component of the nutrient medium while others do not, 
presumably because they can synthesize biotin more or less rapidly. Lmdy 
and Dicken (188) found that biotin was synthesized by the strain of Staph. 
a w e w  they examined. 

4 .  Bacteria2 Synthesis of Biotin 
The general picture of the role of biotin in bacterial growth is that of an 

essential metabolite required for use in some common and fundmental 
growth processes, and those organisms which cannot synthesize it readi€y 
enough are more or less dependent on an external source of supply. Thomp- 
son (386) studied quantitatively biotin synthesis by species of bacteria 
which could grow in a biotin-deficient medium. Serratia marcescens, Proteus 
vulgaris, Aerobacter aerogenes, and Pseudomonas jluorescens synthesized 
about 2.5 to 7.0 pg. biotin/g. dry cells; a much larger quantity was excreted 
into the medium. There were indications that while the synthetic powers of 
the different species varied as to total amount produced, the amount of 
biotin retained within the cells was relatively constant. The liberation of 
biotin during growth run closely parallel to amount of growth, indicating 
that the biotin excreted came from an overproduction, rather than from 
cell autolysis. Growth of the cells in media containing added single growth 
factors (riboflavin, nicotinic acid, pantothenic acid, etc., which these or- 
ganiqms'eould synthesize) did not came any detectable change in the 
amount of biotin synthesized, Table XV, C. 

5. Lower Fungi, etc. 

In addition to the higher animals, bacteria, and yeasts already mentioned, 
effects have been observed with many different species of lower fungi. 
Kogl and Fries (161) first showed that biotin was important in the nutrition 
of low& fungi when it was shown that it ~ v a s  one of the growth factors 
required by Ashbya (Ncmafo8pora) gossypii (50, 51). Many other lower 
fungi are now known to require biotin u6 a nutrient or to be stimulated in 
growth, and others have been shown to synthesize biotin (Table XVI). 
Insects. Biotin has been found important in the nutrition of Tribolium 
confwum (97, 98, 99). 
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hforrilia albicans 
Aspergi lhs  niger 
Aspergillus oryzae 
Epiphyton interdigitale’ 
a Penicillium 

6. Specificity 

Little direct work on the biological specificity of biotin using analogs 
and derivatives has yet been done. During the determination of the struc- 

TABLE X V I  
Biotin and the Growth of Lower Fungi 

189 

Biotin as nutrient References 

Ashbya gossypii 161, 313 
bfelanoapora destruens 125 
Mitrula paludosa (spore ger- 103 

M arasmius aylrosaceus 205 
Ophiobolus graminis 415 

mination) 

Neurospora (5 races) 52 
Diplodia inacrospora 370 
Ophiostoma (Ceratostomella) 103 

Ceralostomelta radicicola 318 
p i n i  

dlucor ramannianus 
Rhizopus suinus 
Fusarium niueum 
Il’usarium acenaceuiti 
Phytophthora erythroseptica 
Phytophthora gonapoides , 

Biotin not re uired as nutrient 
and probaby synthesized Referencer 

) 199 

Ophiostoma (Cernlnslotnclla) ? 
0. stenocerus 
0. coeruleum 
0. quercics 
0, jag i  
0. piliferurn 

103 

ture of biotin, du Vigneaud, ct al. (-100) obtained by barium hydroxide 
hydrolysis the dianiinocarbosylic acid : 

H2N NH2 
I 
CH 

I 
QC- 

I I 
H2 C 
\ /, 

CH.CH2 .CH2.CH2-CH2*COOH 

S 

by opening of the urea ring of biotin. This acid \\-as found to possess about 
10% of the activity of biotin itself in the assay using yeast growth st,imu- 
lation (356). I t  is possible t’hat this degradation product of biot,in can per- 
form to soinc cstcnt the function of biotin in metabolism; experiments such 
as. the respiration stimulation of non-multiplying Rhizobia cells might test 
this point. But an explanation more consistent ivitli trhe “essential me- 
tabolite” function of biotin ~\-ould appear to he that the diaminocar1)oxylic 
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acid served as a rather inefficient building-stone for biotin synthesis by the 
yeast (see p. 170). For most organisms (yeasts, bacteria, lower fungi) the 
biotin methyl ester is as effective as the fkee acid, but Shull, Hutchings, and 
Peterson (345) found that for their Lactobacillus casei strain only the free 
acid could be used and not the methyl ester, which the organism was unable 
to hydrolyze. For further discussion see the section added in proof, page 
228a. 

7. Pimelic acid 

Pimelic acid, HOOC (CH& - COOH, was discovered as a bacterial 
growth factor by Mueller (257, 258, 259, 262) for certain strains of C. 
diphthem’ae:-the “Allen” strain and some Park 8 strains. This was the 
first time any specific physiological function had been observed with this 
substance. Mueller showed that other dicarboxylic acids of the same homol- 
ogous series could not be used in piace of.pimelic acid. At present no other 
bacteria have been observed to require pimelic acid, and many strains 
even of C. diphtheriae do not need it as a nutrient. A possibility that the 
activity of pimelic acid might be due to its serving as a precursor in the 
biosynthesis of biotin was advanced by du Vigneaud, et al. (401). Exami- 
nation of the structural formula of biotin shows that pimelic acid could 
supply the fatty-acid side chain and contribute a further 2 C atoms to the 
ring. To test this hypothesis biotin was substituted for pimelic acid in a 
nutrient medium for the “Allen” strain of C. diphtheriae, which normally 
requires pimelic acid. It was found that maximum growth was obtained with 
0.15 pg./ml. medium, of either substance; at lower concentrations biotin was 
more effective than pimelic acid : 

Biotin Pimelic acid Bacterial N 
pg./ml. r d m l .  mg./lO ml. medium. 

0.0005 0.002 1 
0.0015 0.0042 2 
0.0035 0.0075 2.5 

‘ * 64 hr. cultures, 34-35’. \ 

This is the clearest evidence there is at present to account for the effect of 
pimelic acid as a bacterial essential nutrient. The particular strains of 
C. diphtheriae which require pimelic acid as a nutrient are probably strains 
lacking the ability to synthesize biotin. And this defective synthetic power 
would appear to concern the fatty acid side chain of biotin, since when 
pimelic acid is provided, the rest of the molecule appears to be synthesized. 
This is supported by the finding that C .  dzphtheriae “Allen” strain, using 
pimelic acid, was not inhibited by the antibiotin factor avidin, whereas in- 
hibition did occur when biotin was the external source of growth factor 
(see next section). (Cf. also 73a.) 
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8. The ilntibiotin Factor and Ractc?ial Metabolism 

Identification of biotin as vitamin H, the anti-egg-white-injury factor, 
and the demonstration that the vitamin H deficiency was caused by some- 
thing in egg-white has already been noted. Eakin, Snell, and Williams 
(75, 76) prepared concentrates from egg-white 11 hich could inhibit the 
action of biotin in vitro, in the yeast assay, similar preparations being 
equally active in producing egg-white injury in rats. The antibiotin factor 
was found to be a protein having some characteristics of’an albumin. This 
active protein (for which the name Avidin was proposed) was shonn to be 
able to combine stoichiometrically with biotin. Woolley and Longsworth 
(450) independently prepared the antibiotin factor from egg-white, and 
obtained preparations which were homogeneous on electrophoresis and in 
the ultracentrifuge. The data regarding molecular size indicated that the 
antibiotin factor had a molecular weight of about 70,000, and that i t  com- 
bined with biotin in a molecular ratio of 1 : 1. Woolley and Longsworth 
showed that the antibiotin factor inhibited the growth of C1. bzitglicum, 
which required biotin as a nutrient component. 

Numerous interesting consequences follow from the discovery of a 
naturally-occurring growth inhibitor such as Avidin,’ which throw an en- 
tirely new light on the problems of nutritional sufficiency. 

Growth inhibition by the antibiotin factor has been shonn with several 
micro-organisms which need an esternal source of biotin for growth: Yeast 
(Fleischmann strain) (75, 7G) ; Cl. btitylicum (193, 450) ; Lactobacillus casei; 
Lactobacillus arabinoszis 17-5; Streptococcus lactis R; Staphylococcus atireus 
X3, Y; C1. acetobtitylicum A-211; C.  diphtheriac “Allen” strain (193); this 
inhibition could be reversed by adding excess biotin. Landy, Dicken, 
Bicking, and Mitchell (193) have made an estremely interesting use of the 
antibiotin factor to discover bacteria which require an external source of 
biotin, in those cases where the organism has not yet been grown in chemi- 
cally-defined media. Having shown that many organisms, already known to 
require an external source of biotin, were inhibited in growth by antibiotin 
factor (see above) and that organisms knoih to  synthesize biotin (188) 
were not inhibited by the antibiotin factor, organisms whose biotin re- 
quirement mas unknown were examined for inhibition by the antibiotin 
factor. Several organisms were found which mere thus inhibited, and this 
inhibition could be completely reversed by excess of biotin. These or- 

1 There is a good deal to be said for preferring to name the egg-r\hite-injury factor 
the antibiotin fartor, as proposed by Woolley and Longsworth, rather than Avidin, 
since the former name relates i t  to the substance, biotin, &th n hich i t  unites in  pro- 
ducing a nutritional deficiency; furthermore there is evidence that there niay be a 
class of these antivitamin substances existing in nature. Woolley (444) has al- 
ready indicated the existence of an anti-thiamin factor. A uniform nomenclature 
would appear to be ~t convenience. 
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ganisms were: C.?. chauvei, C1. botulinum, Cl.  welchii, C1. histolyticum, Cl. 
sporogenes, Diplococcus pneumoniae, Lactobacillus casei, L .  acidophilus, and 
Bacillus brevis. That Cl. sporogenes required an external source of biotin had 
already been briefly reported by Peterson, McDaniel, and McCoy (284). 
On the basis of these findings, Landy, et al. (193) predicted that thislatter 
group of organisms would in fact be found to require an external source of 
biotin for growth. The finding that Lactobacillus casei required biotin (190) 
was obtained as a test of this hypothesis. It remains to be shown directly 
that the other organisms inhibited by the antibiotin factor do in fact require 
biotin as a nutrient. It seems probable that this will be found to be the case. 

The use of specific inhibitors operative against emential metabolites opens 
a new route of attack for the discovery of the external growth factor re- 
quirements of bacteria and other organisms. Once an essential metabolite is 
known it may be possible deliberately to design specific growth inhibitors 
(90) or to find naturally-occurring ones, like the antibiotin factor; 
these specific inhibitors will then enable a rapid survey of bacteria 
to be made to reveal their requirements for the specific essential metabolite. 

Since the antibiotin factor does not inhibit those bacteria which syn- 
thesize biotin, the antibiotin factor appears to combine only with the ex- 
ternally supplied biotin and cannot penetrate effectively to the sites of 
biotin synthesis and utilization. This is analogous to the findings with the 
synthetic inhibitory growth factor analogs (e.g. , pyrithiamin and thiamin, 
pantoyl taurine and pantothenic acid, pyridine-2-sulfonamide and nico- 
tinamide) where the inhibitory action is largely confined to those organ- 
isms which do not synthesize the growth factor. 

In conformity with this is the observation of du Vigneaud, et ul. (401) that 
the “Allen” strain of C. diphtheriue was inhibited by the antibiotin factor 
when using an external source of biotin, but n9t when using pimelic acid. In 
the latter case it seems probable that pimelic acid was used as a precursor in 
the biosynthesis of biotin, i .e.,  that biotin was synthesized out of the range of 
action of the antibiotin factor. This observation of the different effects of 
antibiotin itself supports the view that pimelic acid is a biotin precursor. 
Similarly du Vigneaud, et al. (400) found that the activity for yeast of the 
diaminodicarboxylic acid derived from biotin by opening the urea ring wm 
not inhibited by the antibiotin factor. This showed, not only that the 
lowered activity (10% of biotin activity on a molecular basis) of the dia- 
minodicarboxylic.acid was not due to unchanged biotin, but that the urea 
ring of biotin was concerned in the combination of antibiotin with biotin. 
Failure of antibiotin to inhibit the growth-promoting effect of the diami- 
nodicarboxylic acid would be in conformity with the view that the latter 
waa used as a biotin precursor in biosynthesis. 
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VIII. p-AMINOBENZOIC ACID 

1, Discovery of Biological Importance 

The essential metabolite p-aminobenzoic acid is the first substance of 
this class which has been discovered not directly by observation of a nu- 
tritional deficiency, but indirectly as an antagonist of a grov-th-inhibitory 
substance. The sulfanilyl anti-bacterial drugs, against n-hich p-amino- 
benzoic acid show its antagonistic effect, were evolved empirically n-ithout 
the deliberate design of blocking any known physiological function in the 
organisms to be attacked. The present case may serve as an example of 
another means of studying the biosynthctic net-work of micro-organisms, 
namely by finding natural antagonists of growth inhibitors. 

It is worth noting some points about the discovery of the metabolic 
importance of p-aniinobenzoic acid because they illustrate clearly one of 
the main theses of this reviex. When the Dept. of Bacterial Chemistry 
(directed by P. Fildes) of the (British) Medical Research Council was 
studying the esact nutrient requirements of hemolytic streptococci (242) 
sulfanilamide was being successfully used in the treatment of streptococcal 
infections, and the possibilities of the then new sulfonamide drugs were 
topical subjects for discussion. When, therefore, glutamino was found to  be 
very important in the growth requirements of a highly virulent strain of 
streptococcus, the following possibility suggested itself to biochemists 
familiar with competitive inhibitions of enzyme reactions ;---if the enzyme 
reaction concerned with the utilization of glntaminc by the streptococci 
involves the amide group, then the amide group of sulfanilamide niight 
enter into competition with that of glutamine. General conceptions of 
bacterial nutrition, which formed the theoretical background to the work of 
the laboratory (91a, 154), already emphasized that nutritional requirements 
reflect the ability to synthesize essential metabolites, the latter being sub- 
stances which play essential parts in chains of syntheses necessary for 
growth (90). Hence an immediate connexion between growth inhibitors and 
interference with essential metabolic reactions was always implicit. The 
effect of sulfanilamide was therefore considered from this point of view. 
Independently Lockwood (208) and McIntosli and Whitby (243) had 
suggested, from indirect evidence, that the inhibitory action of sulfanil- 
amide was due to inactivation of bacterial enzymes. Many unsuccessful 
attempts to show a reversal by glutaniine of sulfanilamide inhibitions of 
streptococci forced the conclusion that glutsmine was not the substance 
with the utilization of which the drug interfered. Other compounds of 
importance in bacterial growth also proved ineffective, but Woods (438) 
found that extracts of yeast could reverse the inhibition of streptococcal 
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growth by sulfanilamide. Working independently on a similar hypothesis 
Stamp (369) found that extracts of streptococci themselves could reverse 
the inhibition, and Green (109) obtained preparations from Brucella abortus. 
Thus natural antagonists of sulfanilamide were of wide natural distribution. 
Fractionation of yeast extracts and study of the chemical and other prop- 
.erties of the active substance suggested that i t  might be chemically related 
to  sulfanilamide itself. A similar conclusion was reached from a study of the 
quantitative relationship of sulfanilamide and preparations of the active 
antagonist in growth tests. A constant quantitative relation between in- 
hibitor and its antagonist was found which, according to  Woods, “was 
reminiscent of the competitive inhibition of .enzyme reactions by aub- 
stances chemically related to the substrate or product. From this point 

TABLE XVII 

Test organism: Streptococcus hemolyticus “Richards” 
Conc. of sulfanilamide: 3.03 X 10-4 M 

Substance Active at  conc. Y 

Anti-Sulfanilamide Activity of Substances Related to p-Aminobenroic Acid (438) 

p-Aminobenzoic acid 1.2-5.8 X 10-8 
0- $ 1  inactive 
m- < (  0.9 x 10-3 

I 1  

( 1  

p-Nitrobenzoic “ 1.8 x 10-4 
p-Acetaminobenzoic acid 1 .8  x 10-4 
Ethyl-p-aminobenzoatz (benzocaine) 3 .6  X 10-6 
Diethylaminoethyl ester of p-aminobenzoic acid 5.8 X lo-’ 

p-Aminobenzamide 1 .4  X 1 0 - O  

Inactive were : p-hydroxybenzoic acid ; p-toluic acid; benzoic acid; benzamide ; 

(novocaine) 

2-(p-Aminobeneylamino)-pyridine 0.9 x 10-8 

p-aminophenol (inhibits growth down to 3.5 X 10-6 M);  
p-aminophenylarsenic acid; sulfanilic acid (inhibits at 10-8 M )  . 

of view the factor would be considered to be the substrate (or product) of 
the enzyme reaction in question and sulfanilamide the substance of re- 
lated chemical structure inhibiting the reaction” (438). Testing of com- 
pounds structurally related to sulfanilamide (p-aminobenzene sulfonamide) 
was carried out, and p-aminobenzoic acid proved to have very high activity. 
This compound had not until then been known to  have any notable biolog- 
ical activity. The specificity of p-aminobenzoic acid in abolishing sulfanil- 
amide inhibition of streptococci is illustrated in Table XVII, from the 
original paper by Woods. Wyss (455) analyzed mathematically the effects 
of p-aminobenzoic acid and sulfanilamide on the growth rate of Esch. coli 
and concluded that the inhibition was of the competitive type. Woods’ 
findings concerning specificity of p-aminobenzoic acid in reversing sulfanil- 
amide (and sulfapyridine) inhibitions were obviously of cardinal 
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importance, and gave a new impetus to studies of bacteriostasis. While 
Woods did not succeed in isolating p-aminobenzoic acid from yeast, it was 
clear that in p-aminobenzoic acid a substance of great physiological im- 
portance had been recognized. The compound itself was later isolated from 
yeast by Blanchard (26), thus proving its occurrence in natural products. 

The general conception of a rational approach to  research in chemother- 
apy based on the objective of interfering with essential metabolic reactions by 
means of inhibitors modelled on  essential metabolites was published by Fildes 
(89, 90) and Woods (438). The very great amount of work in this field of 
antibacterial chemotherapy, to which the discovery of the biological effects 
of p-aminobenzoic acid and the theory of its reversal of sulfanilyl anti- 
bacterial agents gave rise, cannot be discussed here. Some of i t  has been 
reviewed by Ansbacher in the previous volume (8a). It will be sufficient to 
point out that we are only a t  the beginning of understanding the function of 
p-aminobenzoic acid and of the mode of action of antibacterial agents of the 
anti-metabolite type. It is already clear that the simple theory is too simple 
and that in order to explain all the phenomena of inhibition and reversals, 
including those by substances other than p-aminobenzoic acid, the whole 
physiology of the attacked bacteria will need to be known in far greater 
detail than a t  present. One valuable avenue of approach to this will be the 
detailed study of nutrient requirements and of the inter-relations of nutrient 
components in promoting optimal growth. For the present this review must 
be confined to consideration of p-aminobenzoic acid as a growth factor and 
inhibitions will only be considered so far as they bear directly on this. 

2. p-Aminobenzoic Acid as  Growth Factor 

On thc basis of the conception that nutrient requirements reflect the 
organism’s ability to synthesize its essential metabolites, Woods (438) pre- 
dicted that p-aminobenxoic acid might be found to be an essential growth 
factor for some organisms, since sulfanilamide appeared to block a normal 
essential metabolic reaction for which p-aminobenzoic acid was required. 
This prediction was verified when it was found (323) that the substance was 
required as a growth factor by Cl. acetobutylicum, followed by similar 
findings with other organisms. The following is a list of organisms for which 
p-aminobenzoic acid is an essential growth factor: Cl.  acetobutylicum (182, 
183, 184, 278, 323) ; Lactobacillus arabinosus (139, 204) ; Acetobacter sub- 
oxydans (185, 192, 392); C. diphtheriae gravis type, “Dundee” sub-type 
(53); Cl. butylicum strain 28 (1 of 7) (183); Cl. fe ls incum No. 41 (183); 
Neurospora mutant “aminobenzoicless” (382, 388) Microbiological assay 
methods have been based on these findings. It will be noted that in addition 
to bacteria, a mold mutant requires p-aminobenzoic acid. 



174 B .  C. J. Q. KNIGHT 

5. Xpeczficity of p-Aminobenzoic Acid as Bacterial Growth Factor 

This has been examined using Acetobacter suboxydans and Cl. acetobutyl- 
icum, and the results (Table XVIII) for these organisms are in substant.ia1 
agreement. There are some discrepancies in the observations recorded for 
CZ. acetobutylicum with a few of the compounds. Rubbo and Gillespie (324) 
reported that p-aminophenylacetic acid was 10 times more active than 
p-aminobenzoic acid, but other observers have failed to confirm this (183, 
456). Lampen and Peterson (183).found that the apparent activity of 
commercial p-aminophenylacetic acid fell from 0.1% of the patency of p- 
aminobenzoic acid to 0.00270, after two recrystallizations. Rubbo and 
Gillespie (324) and Landy and Wyeno (197) noted that p-aminophenylace- 

TABLE XVIIT 
Specificity of p-Aminobenzoic Acid as Bacterial Growth Factor 

Compound Organism 
Acelobacler C1. accloklvlicum 
subosydans 

References: (192) ' (183) (324Y 
% Activity compared with p-aminobenzoic acid ' 

p-Aminobenzoic acid 
o-Aminobenzoic acid 
m-Aminobenzoic acid 
o-Hydroxybeneoic acid 
p-Aminobenzoic acid methyl ester 
I 1  ' I  ' I  ethyl I' 

p- Aminobenzamide 
N-Acetyl-p-aminobenzoic acid 
N-Benzoyl-p-aminobenzoic acid. 
p-Aminobenzoyldiethylamiiiocthanol (pro- 

p-Glycylaminobenzoic acid 
caine) 

100 
0 
0 
0 

0.00 

0 

2.0 

- 

- 

- 

9.0 

100 
0 
0 
0 

<0.01 
<0.01 

0.4 
<1.0 
10-20 

- 

100 
0 
0 
0 

<0.01 
- 
- 
1 .o 

- I p-Aminophenylyly cine 0 
p-h'itrobenzoic acid - 90-100 10 
p-Aminobenzoic acid-N-d-riboside - 
'L " I' ' I  -.V-l-arabinoside - 104 - 
tic acid did not have anti-sulfanilamide activity, nor had the substance 
appreciable growth-promoting activity for Acetobacter suboxydans (183). 
On balance i t  would appear that the original observation of Rubbo and 
Gillespie requires re-investigation. The activity of "marfanil," p-(amino- 
methyl)-benzene sulfonnmide, which is not antagonized by p-aminobenzoic 
acid, opens a new aspect of bacterios'tatic activity of compounds closely 
related to the lattercompound. There are also considerable differences in the 
reported activity of p-nitrobenzoic acid. Generally, the specificity of the 
p-aminobenzoic acid structure is high; the lowered activity of derivatives 
appears related to the ability of the test organism to derive the master- 
compound from it. With substituted p-aminobenzoic acids, the 2-F com- 

- 90 
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pound ww about one-third as active as the parent compound; the 2-Br, 
2-1, and 3-COOH derivatives had only traces of activity (456). The key 
role of the p-structure agrees with the general effectiveness of the corre- 
sponding sulfanilyl structures and the ineffectiveness of the 0- and m- 
structures. The direct test of compounds related to  p-aminobeneoic acid as 
growth factors gives results in good agreement with the ability of these 
compounds to reverse sulfanilamide inhibition 

TABLE XIX 
Bacteriostatic h'fects of Compounds. Related to p-Aminobenzoic Acid (142) 

Compound Minimum concentration (jt.q./ml.) Max. 
for bacteriostatic effect over cnnc. 

64 hr. period tested 
E .  coli S. kcmolylicus I). pneumonia 

Sulfanilamide 40 12 50 
Sulfapyridine 4 10 10 
Sulfathiazole 0 . 4  5 5 
Sulfadiazine 0 . 4  2 2 
3-Methyl-4-amino-benzoic acid 300 300 - 4,000 

' I  3-Bromo-4- (' " 600 600 - 2,000 
2-Methyl-4- " " HC1 4,OOo - 8,000 
2-Acetylamino-4-amino-benzoic acid - 5,000 - 8,000 

8,000 200 - 8,000 3-Methoxy-4- " '( I <  

- 2,000 2-Chloro-4- 
3-Methyl-4-amino-benxamide 2,600 1,400 - 3,200 
5-Nitrothiophene-2-carboxamide 4 5 40 500 
5-Nitrothiophene-2-carboxylic acid 40 2.5 20 2, OOo 
Methyl-2-(5-acetylamino-thienyl)- 20 40 60 80 

1,ooo 6-Amino-3-carboxy -pyridine 5 12 

- 

<' - 200 " ' I  

ketone 
- 

4. Growth Inhibitors without Sulfonamide Groups Antagonized 
by p-Aminobenzoic Acid 

If p-aminobenzoic acid is the key substance with which the sulfanilyl 
drugs compete, then substances modelled on the p-aminobenzoic acid 
structure, but not containing the sulfonamide group, might be able to  
produce bacteriostatic effects comparable with those of the sulfanilyl 
compounds. Johnson, Green, and Pauli (142) tested a number of such com- 
pounds. The test organisms used were Escherichia coli, Streptococcus he- 
molyticus (Group A), Diplococcus pneumoniae Type 111. Twelve compounds 
showing bacteriostatic effects which could be reversed by p-aminobenzoic 
acid were found; nearly all were much less inhibitory than the sulfnnilyl 
compounds sulfanilamide, sulfapyridine, sulfathiazole, and sulfndiazine 
tested under the same conditions. Some of the results are collected in 
Table XIX, but the detailed tables of the original should be consulted. 
Among the active ring-substituted analogs the bacteriostatic potency 
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never exceeded one-fifth that of sulfanilamide or about 1/100th that of 
sulfathiazole or sulfadiazine. The bacteriostatic effect of inhibitory ana- 
logs was completely reversed by p-aminobenzoic acid, making probable 
that the inhibition was due to  interference with the metabolic reactions in 
which p-aminobenzoic acid is normally used. Certain conclusions can be 
drawn from the observations of the activity or inactivity shown by the 
p-aminobenzoic acid analogs (for the compounds found inactive see 
original). Monosubstitution by neutral or weakly electropositive groups 
at positions 2 or' 3 in p-aminobenzoic acid yields inhibitory compounds, but 
disubstitution at 2 , 3  or 3 , 5 gave non-inhibitory compounds. The 4-amino 
group could not be replaced, except by a nitro group, without loss of in- 
hibitory activity. In the case of the 4-nitrobenzoic acid, which slightly 
inhibited Esch. coli a t  high concentrations, the inhibition was only transient, 
and similarly v i th  p-aminobenzamide; it appeared that these could be 
rapidly changed by the organism to p-aminobenzoic acid, thus abolishing 
the inhibition. The high activity of the isostere analogs 5-nitrothiophene 
carboxamide and the corresponding carboxylic derivative, and of 6-amino- 
3-carboxypyridine, is very interesting; in contrast was the inactivity of the 
thiazole isostere, 2-amino-5-carboxythiazole and the furan isosteres, 5- 
nitro- and 5-acetylamino furoic acid. The active inhibitors were antagonized 
by p-aminobenzoic acid, i.e., the inhibition wae a true anti-p-aminobenzoic 
acid effect, and not due to inhibition of some other key metabolic reaction. 
The main conclusion which emerges is that the sulfonamide group or a 
substituted sulfonamide group, in place of the carboxyl group of p-ami- 
nobenzoic acid, is not the only way in which that molecule can be altered 
so that an active competitor can be made, although the -S02NH2 or 
-S02NH- groups are clearly highly efficient for this end. This may be 
related to the unphysiological character of the sulfonamide group itself 
which renders it impossible for the organisms to convert the sulfonamide to 
a usable structure, quite apart from the closeness of size and physical 
constants with which the 4 0 2 N H -  group may simulate the natural me- 
tabolite as an enzyme competitor. 

5. Growth Inhibition by p-Aminobenzene Xulfonamide Derivatives 
as Evidence for Need of p-Aminobenzoic Acid in Metabolism 

If it be allowed that inhibition by sulfanilyl derivatives and the annul- 
ment of this inhibition by p-aminobenzoic acid, with a high degree of 
structural specificity, be an indication that the latter compound is of meta- 
bolic importance, then the list of organisms for which p-aminobenzoic 
acid may be eventually shown to be an essential metabolite may be greatly 
extended. It will be seen from the following list that the sulfanilyl-p-ami- 
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nobenzoic acid antagonism is demonstrable with the very widest variety of 
organisms : 

Isolated tornato roots (35) 
Fungi : 

Diatoms : 
Yeast 
Virus : 

Neurospora crassa normal and “aminobenzoicless” 
mutant (38%) 

Trichoph yton purpureum (62) 
Nitzschia palea (419) 

(191) 
Lymphogranuloma venereum (93, 131) 

Numerous species of bacteria which do not require p-aminobenzoic acid as 
growth factor are inhibited by sulfanilyl compounds, the inhibition being 
reversed by p-aminobenzoic acid, e.g., meningococci (385) ; Esch. coli (149) ; 
Diplococcus pneumoniae (197); Staph. aureus (19i). In the two latter 
cases the specificity of p-aminobenzoic acid was examined; the 0- and 
m-compounds were not active in abolishing the inhibition. 

6. Synthesis of p-Aminobenzoic Acid by Bacteria 
Using Acetobacter suboxydans as test organism for p-aminobenzoic acid 

assay Landy, Larkum, and Oswald (194) showed that a largo number of 
bacteria which grew without added p-aniinobenzoic acid synthesized 
material which could supply the growth requirement of Acetobacter subox- 
ydans for p-aniinobenzoic acid. Short of actual isolation this test appears 
sufficient. It supplies good evidence for a general metabolic function of 
p-aminobenzoic acid. The sulfanilyl bacteriostatic compounds, as is well 
known, are not limited in their inhibition to organisms for which p-amino- 
benzoic acid is an essential growth factor, i.e., organisms which do not 
synthesize it. In this character these bacteriostatic agents differ from some 
of the other growth inhibitors modelled on essential metabolites, which act 
preferentially against those organisms which must acquire the essential 
metabolite from an outside source because they do not synthesize it. Why 
this should be cannot yet be explained. The difference could depend upon 
the locus in a chain of essential growth reactions at which the inhibitor 
acts. An inhibitor and an essential nutrient supplied externally could 
clearly compete from the moment of presentation a t  the initial stage where 
the normal metabolite is taken into the biosynthetic chain. But  there is 
no reason a priori why an inhibitor should not also compete with, or other- 
wise block, the utilization of an essential metabolite supplied endogenously 
by the cells’ own synthesis. This could be done either (a) by blocking the 
utilization of the metabolite once i t  has been formed; or (b) by preventing 
its formation, e.g., by a mass action effect tending to reverse the synthetic 
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reaction, so that the necessary rate of synthesis could not be maintained. 
What it is wished to emphasize here is that there is overwhelming evidence 
(1) of an intimate connexion between growth inhibition by sulfanilyl com- 
pounds and its abolition by p-aminobenzoic acid; (2) that p-aminobenzoic 
acid is synthesized by the very widest variety of micro-organisms; (3) that 
some micro-organisms which do not synthesize it, require p-aminobenzoic 
acid as an essential growth factor. This group of facts, seen against the 
background of similar findings with other essential metabolites, is too co- 
herent for it to be argued that the prime influence of the sulfanilyl dmgs is 
not against some physiological function conperning p-aminobenzoic acid. 

7. Interlinking of Metabolic Reactions Concerned with 
p-Aminobenzoic Acid 

The effect of various compounds other than p-aminobenzoic acid in 
antagonizing the inhibitory action of sulfanilyl compounds can be ac- 
commodated within this conception, not by assuming a direct non-specific 
effect, but by assuming that the non-specific antagonist, e.g., methionine, 
affects either biosynthesis of p-aminobenzoic acid, or the utilization of some 
higher stage metabolite for which p-aminobenzoic acid is used. Harris and 
Kohn (121) have examined this question. They found that methionine was, 
among all the natural amino acids tested, an antagonist for the inhibitory 
action of 4 common sulfanilyl drugs (-amide, -pyridine, -diazine, and -thia- 
zole) on the growth of Esch. coli. Unlike p-aminobenzoic acid, methionine 
was effective only against low concentrations of the sulfonamides and the 
concentrations needed to antagonize did not show a simple relationship to  
the concentration of sulfonamide. It was shown that I( - )methionhe was 
10 times more potent than d( +)methionine in antagonizing sulfonamide. 
The analog ethionine was itself inhibitory; its action could be neutralized by 
methionine, but not by p-aminobenzoic acid. Inhibition of growth was 
also observed with dl-aminobutyric acid, dl-norvaline and dl-norleucine, 
the last. two compounds but not the first being neutralized by methionine, 
and none by p-aminobenzoic acid. These inter-relations of inhibition and 
antagonism between amino acids seem to be related to similar amino acid 
inter-relations studied in detail by Gladstone (105). None of these amino 
acids, except methionine, antagonized sulfanilamide, and the effects appear 
to be related to a different serich of metabolic reactions from those directly 
connected with the function of p-aminobenzoic acid. Only with methionine 
is there an evident close link with the synthesis arid function of p-amino- 
benzoic acid. 

Harris and Kohn (121) discussed ways in which the interlinking of 
reactions concerned with p-aminobenzoic acid utilization and methionine 
might cause antagonism t3 sulfonarnide inhibitions. While their particular 
suggestions may or may not be correct, i t  is important that they have 

' 
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considered the problem from the standpoint of the interlinking of the 
metabolic reaction chains as a \\hole. Their thcoretical conception is there- 
fore a flcsible one and is valuable in stressing the fact that in considering 
(a) tlie biosynthetic routes whereby essential metabolitcs are made or into 
which essential nuti icnts arc incorporated when not synthesized in situ; 
and (b) the specific inhibitims of these biosynthetic reactions, the physiol- 
ogy of the organism must he considered :is a \\hole. Interference with one 
or a few points in the biosynthetic netuork necessarily affects the vital 
reactions as a whole arid thc organism may respond, directly or indirectly, 
by cessation of growth, or may adapt itself to circumvent the interference. 
One beautiful example of this interlinking has been recorded by Kohn and 
Harris (122). They had a strain of E s d .  coli \\ hich grew nell in an inorganic 
salt plus glucose medium (nitrogen source : ammonia). When sub-cultured 
serially in a nietliiini containing Z-methionine and santhine (lop5 A l ) ,  glycine 
and dl-serine (4 X 114 increasing to 
2 X 10-2 M ) ,  the organisms became unable to grow in tlic original medium. 
I t  was found that this was because the organisms had developed a need to 
be suppliccl \\ ith methionine. I t  \\ ould appear that the organism had lost 
the ability to synthesize methioninc. C'ultivation in presence of methionine 
or sulfanilltinide singly did not de\ clop methionine-requiring organisms. 
The authors urgiicd that sulfanilmide inhibits some biosynthetic reactions 
and that of thcsc the synthesis of methionine is among the first to be 
affected. '1'0 eiplain why cultivation in sulfanilamide alone did not change 
the niethioiiinc requirement, they suggested that resistance to sulfanila- 
mide, \I hen developed in a niethionine-free medium, must involve also an 
adjustment to protect methionine synthesis since niethionine is essential to 
the growth of the organism, while if methionine is present in the mediuni 
this readjustment \ \ odd  not be necessary. Then when this organism was 
transferred to the original ammonia medium it would have lost its ability 
to synthesize methionine. It is unconinion for an organism to lose easily its 
ability to  synthesize an essential metabolite merely by cultivation in its 
presencc, though some' cases have been recorded. The observation that 
cultivatim in the combined presence of sulfanilaniide + methionine can 
produce this loss of synthetic power is very intriguing because it offers a 
practical approach to the study of loss of synthetic powers, which may have 
~ i d e  theoretical iniportance from the point of view of evolution. It is to  
be hoped that this field will be followed up. 

ill) and sulfanilainide (2 X 

S.  Resistance to Growth Inhibitiojb Caitscd by p-Aminobenzene 
A!! t i  lfona uaides 

I t  has been shown that drug-resistant strains of staphylococci, obtained by 
cultivation in sub-bactcriostatic concentrations of sulfanilyl drugs, produce 
larger quantities of p-aminobenzoic acid than do the correspsnding drug- 
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sensitive strains (195, 368). Microbiological methods of estimating p -  
aminobenzoic acid were used, either by the growth response of Acetobacter 
suboxydans (192) or by the specific oxidation of p-aminobenzoic acid using 
the adaptive enzymes of a soil bacillus as obtained by Mirick (246). Landy, 
et al. (195) note that not all drug-resistant strains which they have examined, 
e.g.; of Esch. coli, Shigella dysenteriae, Vibrio cholerae, and Diplococcus 
pneumoniae, acquired an increased ability to produce p-aminobenzoic acid. 
Thus sulfanilyl-drug resistance is not necessarily related only to increased 
p-aminobenzoic acid synthesis. 

Further discussion of sulfanilyl drug inhibition would be out of place 
here. What the above record is designed to emphasize is the necessity for 
taking into consideration the whole physiology of the micro-organism when 
considering the findings of nutritional and growth-stimulation experiments 
on the one hand and of specific growth inhibitions on the other. Micro- 
organisms as a whole display a high degree of biochemical adaptability, so 
that apart from the ways in which alterations in the supply of one essential 
metabolite may affect the functioning of other metabolic reactions, there is 
the additional flexibility given by the possibility that the very mechanisms 
of the organism may also change. Thus the organism cannot be looked upon 
as a rigid mechanism into which may be fed nutrients to  be turned into 
more of the same living mechanism constructed in the same way. The con- 
ditions under which the growth takes place may determine to a large extent 
the properties of the synthetic network which is built up. 

IX. NICOTINIC ACID AND PYRIDINE NUCLEOTIDES 
The isolation of the pyridine nucleotides coenzyme 1 (cozymase) and 

coenzyme 2 and the determination of the components of their chemical 
structures showed the important part which the amide of nicotinic acid 
played in the functioning of these substances. Before this no biological role 
of nicotinic acid was known, although i t  had been obtained (70, 379) in 
early attempts to isolate the then undifferentiated “vitamin 13.” Nicotinic 
acid and the related pyridine nucleotides were first implicated in a nutri- 
tional role by studies with micro-organisms. Thus the already clearly 
differentiated “V” factor required for growth by certain bacteria of the 
Hemophilus group (154, 344) was finally shown by the Lwoffs (220, 221, 
222) to be either coenzyme 1 or 2, the compounds being interconvertible by 
the organisms. Shortly after, nicotinic acid was identified as an essential 
growth factor for Staphylococcus aureus (155, 156) and for C. diphtheriae 
(260, 261). These findings supplied a connecting link with work on the iso- 
lation of the anti-canine black tongue factor which was identified as nic- 
otinamide (80, 81); the extension to human pellagra and subsequent de- 
velopments are now well known (322). Thus observations on the metabolism 
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Or nutrition of very different types of organism were linked up and brought 
about advances in apparently widely different fields. The common factor is 
the fact that phosphopyridine coenzymes appear to be part of the essential 
equipment of all cells. 

1 .  Micro-organisms, ctc., Requiring Nicotinic Acid 
as Growth Factor 

a)  Bacteria inGenera2. There are a large number of bacterial specieswhich 
require nicotinic acid as an essential nutrient (Table XX). It is to be notcd 
that not all strains of any given species mill necessarily require nicotinic 

TABLE XX 
Bacteria Which Require Nicotinic Acid* as Groulh Factor 

Organism References 

Staph. aureus 
C .  diphtheriae 
Proteus znilgaris 
Proteus morganii 279, 280, 281 
LacticandYropionicacid bacteria (somespeciesandstrains) 190, 250, 360, 361, 362,366 

Brucellae 1-15, 166, 167, 1GS 
Pasteurellae 17, 18, 20, 165 
Dysentery bacilli 6-1, 65, 66, 102, 168, 172. 

19, 15.5, 156, 157, 159, 186 
83, 84, 260, 261, 26& 
88, 224a, 280, 326 

Acetobacter suboxydaus 30’2 

326, 403 
Hemophilus pertussis 132 
Streptococcus salivarius 310 
Salmonella pulloruni (some strains) 141 
Esch. coli, a strain 375 
B .  mesentericus 49 
C1. letani 86 
Leuconostoc mesenleroides 103a 
Pneumococcus 10, 291 

* Nicotinic acid is taken as the key compound; for specificity see Table XXII. 

acid, even if many do. Several species are known where strains ivhich require 
nicotinic acid and strains which synthesize it have been found, c.s., Esch. 
coli, some species of propionic and lactic acid bacteria and of Salmonellae. 
In these cases the synthesizing strains appear fairly common, while for 
other species, synthesizing strains are uncommon. Thus there is no well- 
authenticated case of Staph. awezis strains being able to dkpense with 
nicotinic acid as a nutrient, although numerous strains have been examined. 
This is not to say that such strains may not exist naturally, or may not be 
deliberately produced. Strains of dysentery bacilli which ordinarily requireci 
nicotinic acid have been trained to synthesize it (1i2). 

b)  Pasteurellae anad Nicotinarnide. Strains of several species of Pastcurella 
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have been found to require nicotinamide as grov th factor and to be unable 
to use nicotinic acid (17, 18, 20, 165). The relative effectiveness of nico- 
tinamide antl nicotinic acid have been compared for a number of bacteria 
(Table XXI). With the exception of C. lliphthrriac, vhirh uses the acid 
more effectively than the anlid($, there is a progressive increase in the 
effectiveness of the amide among the organisms listed. This can be in- 
terpreted as indicating a decreasing facility in synthesizing the amide froni 
the acid. The Pastezirclla species then represent organisms 11 hirh fail to 
carry out this reaction to any degree compatible with growth; for them, 
therefore, the amide itsclf becomes an essential nutrient. All the organisms 
listed are known to synthesize “V” factor (see below). 

c) Yeasts. In general the species of Sacchuroniyces cerreisiue which have 
been extensively esaniined for their nutrient requirements do not require 
an external source of nicotinic acid; they are all able to synthesize it, since 
they produce cozymase (423). Itogoss (320, 321) examined a large group 

TABLE X X I  
Rela l i f e  Growth-proitioting EJccl o j  ~ i c o t i n a ~ ~ ~ i d e  and Kicotitizc Acid (165) 

Ratio of activity 
Organism amide .acid References 

C .  diphtherLae 1 :10 261 
P T O ~ ~ U S  vulgaris 1 : I  88, 165 
Staph. auwus 5 : l  156 
Dysentery bacilli 10 :1 66 
Certain Pasfeurellue m (acid ineffective) 165 

The comparison of activities IVRS made usually on the basis of 21-48 hrs. gro~ttli 
effect. 

(114 st>rains) of lactose-fermenting yeasts, comparing tlteni with 7 strains of 
Saccliaromyces cercvisiae for their need for nicotiriic acid. It was found that 
the lactose-fermenting yeasts required an esternal supply of nicotinic avid 
for growth, while the non-fernienters of lactose grew well Tvithout it. 

For Torula cremoris Iioser and IYright (lil) found that nicotinaniide or 
nicotinic acid was required (together with biotin, pantothenate, antl 
thiamin) for pronipt and abundant growth in a basal niediuni of inorganic. 
salts, glucose, and amnioniuni phosphate. Kieotinamidc and biotin sup- 
ported slow growth; under certain conditions nicotinamide :ilonc sufficed. 
The findings were consistent ivith the theory that the org:inimi is deficient 
in its ability to synthesize the 4 factors mentioned, and t l int  the addition of 
one or two facilitated the synthesis of the others. 

d )  Roots of Higlwr Plants. Nicotinic acid is essential to the grov ~h of tltc 
isolated roots of numerous species of higher plants ( 1 ,  3 1 ,  3-4, 39). Tlic 
specificity of the nicotinic acid structure in plant-root growth is similar 
to  that in other organisms (34); only derivatives which yield nicotinic acid 
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by simple hydrolysis are active (see Table XXII). The isosteres thiaaole- 
5-carhoxylic acid and pyrazine-3-carboxylic acid were inactive. 

TABLE SXII' 
The Specificity of Nicotinic Acid i n  the Grozcth of Various Organisms 

Staph.  
aurew 
(158, 

l'yridine-3-carboxylic acid + 
Pyridine-2-carboxylic acid - 

Pyridine-4-carboxylic acid - 

References 186) 
Compound 

(nicotinic acid) 

(picolinic acid) 

(isonicotinic acid) 
Methyl nicotinate + 
Ethyl nicotinate + 
Propyl nicotinate 
Butyl nicotinate 
Xicotinuric acid (nico- + 

tinyl-glycine) 
Sicotinaniide + 
Nicotinic acid methyl 

Nicotinic acid ethyl amide . 
amide 

" (' diethyl- - 
amide (coramine) 

line) 
Methyl-3-pyridine (8-pico- - 

Pyridine-3-nitrile - 
Pyridine-3-sulfonate - 
Pyridine-2,3-dicarboxylic - 

acid (quinolinic acid) 

Proleur 
(88, 211. 

224a, 
280) 

+ 

+ 

+ + 
+t  
+ t  
+ t  + 

Laclo- 
bucillus 

D renlery arabi- Pea 
i'acilii nnsiis roots 

(661 (82) (34) 
Activity 

+ + +  

+ .  + + + +  
+ .  + + .  + + +  
+ + +  

+ 

+ 
+ + + 

+ + 
-50 mg. + { +200 mg. 

- 
- 
- 

Derivatives of nicotinic acid which were ineffective for Staph. aureus, Proteus 
vulgaris and pea roots :-pyridine-3,4-dicarbosylic acid (cinchomeronic acid) ; pyri- 
dine-3,5-dicarboxylic acid (dinicotinic acid) ; 3-amino-pyridine; trigonelline; are- 
coline. 6-Methyl-nicotinic acid n a s  inactive for dysentery bacilli. Derivatives 
differing in structure more widely were inactive. 

* Lwoff and Querido (224a) reported + effect; but Pelczar and Porter (280) found 

t Reported by Lwoff and Querido (22ia)  only; unconfirmed. 
1 Reported + effect with pyridine-3 nitrile using dysentery bacilli (64); this was 

this compound negative with over 250 strains of Protezrs. 

not confirmed (66). 

e )  Insects. Nicotinic acid was found indispensable for the development of 
the moth Galleria mellonella (325). Fraenkel and Blewett (99) in an esami- 
nation of the requirements of several insects for vitamins of the B-group, 
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found that Tribolium confusum and Pt inus  tectus both required nicotinic 
acid, whereas Lasioderma serricorne, Sitodrepa panicea, and Silvanus sur- 
inamensis did not. The difference appeared due to thc fact that the latter 
three organisms belong to the large group of insects which contain in- 
tracellular symbionts, which appear to be absent from Tribol ium and 
Ptinus, and that these symbiotic micro-organisms can synthesize growth 
factors, including nicotinic acid. When Sitodrepa and Lasioderma were 
grown in the absence of symbionts (100) their nutrient requirements became 
more exacting. The similarity with findings concerning the synthesis of 
vitamins by intestinal bacteria in higher animals is evident. 

2. Specijicity 

The biological specificity of nicotinic acid has been esamined for several 
species of bacteria, isolated plant roots and in mammalian nutrition. The 
comparative activities of various derivatives of the parent substance are 
very similar for the different organisms and mainly suggest the relative 
abilities of these organisms to use the derivatives as sources of the parent 
substance for the biosynthesis of more complex compounds, of which the 
phosphopyridine nucleotides are known esamples. There are indications 
that the nicotinic acid required by certain organisms is used for other 
purposes besides the synthesis of the known pyridine nucleotides (see p. 
195). A selection of compounds illustrating the specificity is collected in 
Table XXII. Certain conclusions may be drawn. With the exception of 
pyridine-4-carbosylic acid (isonicotinic acid) which was recorded as active 
a t  10-4 M for Proteus vulgaris (224a) all the other compounds which have any 
activity for the bacteria esamined are substituted at  position 3 in the py- 
ridine ring as in nicotinic acid ituelf.2 The biological activity of pyridine 
derivatives related to nicotinic acid therefore reduces to  the permissible 
variations in the substitution at position 3, and to  the effects of additional 
substitutions in the ring, Full details of compounds tested and found in- 
active will be found in the papers cited. 

There are some quantitative differences in the ability of different bacteria 
to use a given cornpound and in the ease with which different compounds 
can be used by the same species. Thus, among alkyl esters of nicotinic acid, 
the methyl ester gave delayed growth with Staph. aurcus, the time-lag 
being interpreted as due to the need to hydrolyze to  the free acid prepara- 
tory to amide and phosphopyridine nucleotide synthesis (159). With dys- 
entery bacilli [3 strains of Shigella paradysenteriae (18611 the methyl 

* Lwoff and Querido’s finding (224a) is open to question since, although they used 
the same specimen as that which Knight and McIlwain (159) found inactive for 
Staph. aureus, Pelczar and Porter (280) found some 190 strains of Proteua adgar is  
all unable to use the substance. 
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ester was readily available, but there was evidence of less ready availability 
with the ethyl, propyl and butyl esters, in that  order (66). The diethyl 
amide, not utilized by Staph. aureus a t  low4 M ,  was easily available to Proteus 
vulgaris; with dysentery bacilli the methylamide was more readily available 
than the diethylamide. The range of pyridine-3-derivatives utilizable by 
Proteus vulgaris appears to be somewhat wider than for Staph. aureus or 
dysentery bacilli. Thus Proteus vulgaris used pyridine-3-nitrile M ) ,  
3-methyl-pyridine ( lW4 M )  and even pyridine-3-sulfonie acid (224a) which 
the other two species could not use. For some species of bacteria, including 
Proteus itself under the appropriate conditions, pyridine-3-sulfonic acid can 
act as an inhibitor of growth promoted by nicotinic acid (cf. Section VIII). 

The effect of groups adjacent to the 3-carboxylic group is shown with 
quinolinic acid (pyridine-2,3-dicarboxylic acid) which was inactive with 
Staph. aureus (lW4M), activewith Proteus vulgaris at lW4M (224) but, not a t  
2 X M(280). With dysentery bacilli Koser, Dorfman, and Saunders 
(169) obtained delayed growth a t  10-4 M .  Knowing the relative ease with 
which decarboxylation of quinolinic acid can yield nicotinic acid it is not 
surprising that many specimeAs of quinolinic acid may show some, but 
much decreased, activity. I t  is clear that the 2-carboxylic group much 
interferes with the utilization of the compound. 6-Methyl-nicotinic acid 
mas inactive for Shiga dysentery bacilli. 

The derivatives of nicotinic acid which are biologically active for the 
bacteria parallel very closely those found to cure black-tongue in dogs 
(82, 452). In the above, a substance has been rated as inactive when 
tested up to about 10-4 M without effect, as compared with nicotinic acid 
or nicotinamide showing activity a t  concentrations of the order of lo-’ to 
lo-* M. In some cases, however, very high concentrations of pyridine de- 
rivatives have shown effects. Thus yuinolinic acid, trigonelline, and pyri- 
dine-3-carboxylic diethylamide (coramine) + nicotine, although inactive 
with Staph. aurcus a t  10-4 M ,  nevertheless did show some activity a t  lod2 M ,  
permitting growth after some delay (233). 

3. Chemical Synthesis of Nicotinamide by Heot-Sterilization of 
Culture Media 

Bovarnick (43) has found that nicotinamide may be synthesized non- 
biologically by heating together certain amino acids under suitable con- 
ditions, such as may occur in the heat-sterilization of culture media. Heating 
asparagine and glutamic acid together in presence of Mn and air yields 
nicotinamide, identified by isolation and characterization. These results are 
of importance to any conclusions which may be drawn as to the dispensabil- 
ity of nicotinic acid for any organism grown in heat-sterilized media. 
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4. Growth Activity of Analogs of Nicotinic Acid 

Certain compounds isosteric with nicotinic acid were examined by Koser, 
Dorfman, and Saundem (169) following a suggestion by Schmelkes (328). 
The pyrazine analogs of nicotinic acid and quinolinic acid were inactive for 
strains of Flexner and Sonne dysentery bacilli, but thiazole-5-carboxylic 
acid and its amide (isosteric with nicotinic acid) possessed low activity at 

to loF3 M, resulting in very slow growth with the same strains. It had 
been reported that the pyrazine compounds had caused prompt improve- 
ment in the condition of pellagrins, but later workers (57) found these com- 
pounds inactive against black-tongue in dogs, nor did they raise the “V” 
factor (coenzyme 1 or 2) content of human red cells when ingested. 

6. The Phosphopyridine Nucleotides; “V” Factor and the Hkmophilus 
Group of Bacteria 

The special nutrient requirements of the Hemophilus group of bacteria 
have long been recognized; two separate growth factors, the “X” and the 
“V” factor, were differentiated early in the study of bacterial growth re- 
quirements (58, 156,344). The “V” factor was detected because of its heat 
lability under certain conditions, and the “X” factor as associated with 
blood pigments. The latter was shown to be an iron compound and it has 
been clearly demonstrated that hematin will function satisfactorily as the 
essential nutrient component “X” required by certain organisms of the 
Hemophilus group (210a) [not all require “X” factor]; i t  is physiologically 
effective in the respiration of these organisms. The “V” factor was not 
idendfied until 1936-1937, when it ivm shown by A. and M. Lwoff (220,221, 
222) that its properties corresponded with those of either of the phospho- 
pyridine nucleotides, coenzyme 1 (cozymase) or coenzyme 2, and that either 
of these substances could supply the missing essential nutrient to a ‘ V - d e -  
ficient medium and thus support the growth of H .  parainfluenzae. Once the 
“X” and “V” factors had been differentiated (and before their identities 
had been established) the requirement for one or both of the factors was 
used to differentiate organisms of the Hemophilus group on a nutritional 
basis (87,1’73a, 212,294). Organisms classified as ofthe Hemophilusgroup on 
other bacteriological grounds were found separable into a t  least 3 sub- 
groups: those which required (‘”’ and “V” factors (e.g., H .  influenzae, 
Pfeiffer’s bacillus), “V” factor only (e.g. ,  H .  parain$uenzae), and “X” 
factor only (e.g., H .  canis). 

Fildes (87), discussing this classification of the Hemophilus group, 
suggested an organic relation between organisms of this group, the nutrient 
requirements reflecting changes in synthetic abilities. He regarded the 
sequence of development one of gains rather than losses in synthetic 
power. This waa one of the earliest suggestions (together with that of 
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Twort and Ingram (390, 391) concerning the ,Johne’s bacillus factor, (see 
Section XIV)] of an evolutionary relationship between allied bacterial 
species which was based on changes in the synthetic abilities of the or- 
ganisms, other characters of the organisms remaining the same. A system- 
atic comparative study of physiological functions might well provide a 
basis for a more rational classification of bacteria. Lwoff (212) has discussed 
the classification problems in relation to  the classification adopted in 
Bergey’s Manual,  and has proposed the exclusion of the two species, Morax- 
ella lacunata and M .  duplex, partly on the basis of their non-requirement 
nf either “X” or “V” factor (9, 212). The growth factor requirements 

TABLE X X I I I  
Growth Factor Requirements of Hemophilus Bacteria, Showing Increasing Faci l i ty  in 

Synthesis  of “V” Factor 
Growth-factor requirements 
7--- 

“V” “>it, 

Organism References (hematin) (pyridine nucleotide) 
H .  injluenzae (Pfeiffer’s 212 + + 
H .  conjunctivitidis (Koch- 212 + + 
H .  parainjluenzae (Rivers; 173a, 212, 0 + 

bacillus) 

Weeks bacillus) 

Kristensen) 291 
H .  pertussis 132 + nicotinic acid 
H .  canis (Kristensen’s 173a, 212 + 0 (“V” eynthe- 

H .  ducreyi (Ducrey’s ba- 212 f 0 (“V” synthe- 

H .  aphrophilus nov. sp. 145 + 0 (“V” synthe- 

H .  injluenzae niurium 212 + 0 (“V” synthe- 

bacillus) sized) * 

cillus sized)* 

(Iihairat’s bacillus) sized)* 

sized)* 

* It is probable that  the basal media used here contained nicotinic acid; it is 
not known whethet it had a growth-promoting effect. 

shown by organisms ordinarily classified in the Hemophilus group are 
shown in Table XXIII .  In all cases where “V” factor is not required as 
nutrient, it is synthesized. This has been mainly shown by the ability of 
these organisms to supply “V” factor to other bacteria which require it. 
Throughout this review many examples are given in which increasingly 
complex nutrient requirements within a group indicate a decreasing facility 
in synthesizing an essential metabolite; the Hevnophilus group is clearly one 
of these. The existence might be anticipated of organisms otherwise closely 
similar to characteristic members of the Hemophilus group, but requiring 
neither “X” nor “V” factor, because able to synthesize both. H .  pertussis 

\ 
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is apparently such an organism; it does not require “X” or “V” factor but is 
classified on bacteriological grounds in the Hemophilus group (Bergey’s 
Manual); as Hornibrook (132) has found, nicotinic acid has a growth-pro- 
moting effect. This organism thus has greater synthetic powers than those 
which cannot synthesize the phosphopyridine nucleotide when given the 
components nicotinic acid, ribose, and adenylic acid, and appears to be 
deficient only in its ability to synthesize nicotinic acid adequately. The 
classification problem cannot be further considered here; it is sufficient to  
stress that the nutrient requirements require to be taken much more into 
consideration than in the past, as an added and sensitive differentiation 
technique. There is much evidence that classifications which take into 
account nutrient requirements will be natural ones, being based on natural 
evolutionary relationships, and thus more rational than the classifications 
at  present in use, which tend to be based largely on diagnostic differences 
observed empirically and for which no rational coordinating basis is known. 

6.  Specificity in “V” Factor Activity 

Lwoff and Lwoff (221) found that H .  parainfiuenzae was unable to  use 
nicotinic acid, nicotinamide, adenylic acid (yeast or muscle), the diethyl- 
amide of nicotinic acid, or o-dihydropropyl nicotinamide. Schlenk and 
Gingrich (327)* extended this, testing ‘intermediate degradation products 
of cozymase. The following results were obtained: 

Substance 
Minimum conc. for detectable growth effect 

w n o l . / d .  medium 

Cozymase (co-enzyme 1)  0.2 x 10-6 
Dihydrocoz ymase 0.3 X 10-6 

Acid-treated dihydrocozymase 0.4 x 10-4 
Desaminocozymase 0.5 X 
Nicotinamide nucleoside (riboside) 0.1 x 10-4 
Nicotinamide + d-ribose + adenylic acid 

The organism can thus synthesize the adenine portion of the molecule 
given the nicotinamide nucleoside moiety, i.e., given the first step of 
linking nicotinamide to the pentose. The somewhat lowered activity of 
acid-treated dhy-lrocozymase also indicates some degree of re-synthesis 
when the degradation is not carried too far. Within the above limits i t  
appears safe to conclude that when biological material shows “V” factor 
activity for H .  injluenzae or H .  parainfluenzae this is presumptive evidence 
of the presence of one or other of the two phosphopyridine nucleotides. 
The “V” factor test has been so used both in assay methods (88, 163, 164, 
285) and qualitatively, to detect synthesis of “V” factor by numerous 
species of bacteria which do not require it as a growth factor. In all cases 
examined, bacteria which do not require “V” factor as an essential nutrient 

No growth with 1 p-mol./ml. 

*See Gingrich and Schlenk (103b) for an extended st,udy. 
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can synthesize it. The conclusion cannot be avoided that pyridine nucleo- 
tides are essential metabolites for the very widest, range of bacterial species. 
The early observations of Grassberger (107) and others on satellite colonies 
of H .  influenzae around other bacterial colonies, grown on media deficient 
in “V” factor, also showed a large number of organisms capable of synthe- 
sizing “V” and excreting it into the surrounding medium. This elegant 
technique could obviously ‘be used rapidly to survey many species of 
micro-organisms for their ability to produce any of the known growth 
factors. 

The observations of Bass, et al. (11), that preparations of beef and horse 
liver catalase could supply “V” factor activity for H .  injuenzae,  were 
interpreted by them as real, and not due to the presence of phospho- 
pyridine nucleotides as impurity, mainly on the results of comparative heat 
stability experiments. This interpretation is not yet acceptable in view of 
Schlenk and Gingrich’s findings (327, 103b) that nicotinamide nucleoside 
has high (‘I?” factor activity. A physiological function of catalase activity 
as replacing “V” factor activity was excluded by showing that destruction 
of catalase activity did not destroy the apparent “V” factor activity of 
the preparations. A cautious attitude to these observations is necessary 
until more is known about the exact composition of the catalase prepara- 
tions used. 

7. Physiological Function of the Phosphop yridine Nucleotides in 
IZ. parainjuenzae 

A. and M. Lwoff (222) studied the function of the two coenzymes by the 
use of organisms grown with limiting quantities of these substances as 
growth factor, thus obtaining starved organisms which were sensitive in 
respiration and methylene-blue reduction experiments. The intercon- 
version of the two coenzymes within the cells under certain conditions, 
the using-up of the coenzymes when functioning, and specificity with 
regard to substrates were studied; the existence of the triphosphopyridine 
nucleotide in a combined state, being potentially active as a coenzyme of 
the oxidation system of hexose monophosphate and then unable to undergo 
conversion to  the diphosphopyridine nucleotide, was observed. These 
studies of physiological function, which cannot be detailed here, show the 
value of a knowledge of specific nutrient requirements in preparing cells 
which give clear-cut responses because of their minimal content of specific 
nutrients [cf. Hills’ experiments with thiamin-starved Staph. a w e u s  (127)l. 

8. Diflerences of Synthetic Abilities of Bacteria in Relation to 
Phosphopyridine Nucleotides 

When some species of micro-organisms require a part, and others the 
whole, of the phosphopyridine nucleotide molecule, the simplest deduction 
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is that these organisms are displaying different degrees of facility in syn- 
thesizing an ultimate compound, or group of related compounds, common 
to them all. In all cases examined (using the "V" factor test with H .  
injluenzae or H .  parainfluenzae) bacteria synthesize phosphopyridine 
nucleotide, whether or not parts of the molecule are required as nutrient 
factors, The phosphopyridine nucleotides ,are therefore one group of 
u 1 t ima te essential me ta holites, whose genera 1 physiological functions are 
known. Different stages of complexity of nutrient requirements have been 
ohservecl with bacteria, all of which ultimately produce the phosphopyri- 

TABLE XXIV 
Nutrient ltequirements of Bacteria as Related to Phosphopyridine Nucleotide 

Synthesis 

In all cases phosphopyridine nucleotides are synthesized, except where required 
as nutrient-factor. 

KH8 

Observed stages in synthesis of phosphopyridine nucleotides: 

l a  
i----+ nicotinic 2 3 nicotinamide 4 coenzymes r--- Ib 1 and 2. --+ nicotinamide -+ --+ 
I 

+ acid nucleoside 

Amino acids 

Organism 
Escherichia coli (cer- 

tain strains) 
Eberthella tvphosa 
Escherichia coli (cer- 

tain strains) 
Proteus vulgaris - 
Staph. aureus 
C .  diphtheriae 
H .  pertussis 
Pasteurella strains 
H .  injluenzae 
H .  parainfEuenzae 

Minimal nutrient requirement with 
regard to phosphopyridine 

nucleotide structure 
KHS 

Amino acids 
NHa + nicotinic acid 

I '  + " " 

Amino acids + nicotinic acid 
" + ' I  ' I  

' ( + '( '( 
" " + nicotinarnfde 

Kicotinamide nucleoside 

Stages of syn,thesis in 
scheme which can 

be carried out Referenrps 
l a ,  2, 3, 4 88 

Ib, 2, 3, 4 159 
2 , 3 , 4  375 

2, 3, 4 88 
2, 3, 4 159 
2, 3, 4 83 
2, 3, 4 132 

3, 4 165 

4 327 

dine nucleotides, coenzymes 1 and 2 ;  schematically this is indicated a t  
the head of Table XXIV which shows how the increasing complexity of 
nutrient requirement is directly related to a decreasing facility of synthesis 
of the phosphopyridine nucleotides. The relative effectiveness of nicotinic 
acid and nicotinamide, illustrated above in Table XXI, expresses degrees 
of facility in accomplishing stage 2 in the above scheme. It may be that 
the series of organisms in Table XXI  is an  indication of progressive loss 
of synthetic ability in evolutionary development. In  any case, it is clear, 
that more complex nutrient requirements do not, in these cases, connote 
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the development of more comples or new metabolic reactants; the ultimate 
physiologically-active compound appears to be a phosphopyridinenucleotide. 
This does not exclude the synthesis of other unknown metabolites of 
which nicotinic acid forms part of the structure. 

9. Adaptation to Synthesize Nicotinamide 

From strains of dysentery bacilli which ordinarily require nicotinamide 
for growth, variants have been derived which were capable of moderate 
growth without added nicotinamide (172). The trained variants were 
obtained by serial sub-culture in presence of decreasing concentrations of 
nicotinamide, or by bulk inoculation of an amino acid basal medium and 
subsequent sub-culture on nicotinamide-free medium. The trained 
organisms mere shown to have synthesized the V factor required by 
Hemophilus parainfluenzae, ( i .e . ,  a phosphopyridine nucleotide or some- 
thing physiologically equivalent), and therefore to  have synthesized nico- 
tinic acid. In some cases the variants reverted to  their original condition 
of requiring nicotinamide when transferred successively in glucose meat- 
infusion peptone broth (172). This is a good example of the relation between 
requirement of an essential metabolite and the organism’s ability to supply 
it, either by synthesis or acquisition from the environment; the nutrient 
requiremeit reflects the ability to synthesize. The same process is exempli- 
fied on a wider biological scale by the data of Table XXI.  

10. Growth Inhibitors Related to Nicotinic Acid:  Pyridine-3-Sulfonic Acid 

On the theory of modelling bacteriostatic substances on the structure 
of known essential metabolites, so that the inhibitor shall interfere with 
the normal utilization of the latter, pyridine-3-sulfonic acid and its amide 
have been examined by Mcllwain (233). Here a sulfonic acid or sulfon- 
amide group replaces the 3-carboxyl group of nicotinic acid, as the sulfon- 
amide group replaces the carbosyl group of p-aminobenzoic acid (see 
Section VIII). The analysis of bacteriostatic effects which McIlwain 
observed cannot be detailed here. It is sufficient to note atfew main points. 
Inhibitions by pyridine-3-sulfonic acid and its amide were specifically 
reversed by nicotinic acid or close derivatives and not by other known 
growth factors, including the pyridine compound pyridoxin (vitamin B6). 

Clearly the inhibitions were related to nicotinic acid utilization with a 
high degree of specificity. The organisms used were Proteus vulgaris 
and Staph.  aureus, both requiring nicotinic acid as essential nutrient. 
Growth of Protezrs vulgaris promoted by nicotinic acid was inhibited by 
pyridine-3-sulfonic acid, but this compound hardly affected growth pro- 
moted by nicotinamide. Indeed in the case of nicotinamide-promoted 
growth, pyridine-3-sulfonic acid showed the unusual effect of accelerating 
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growth. Pyridine-3-sulfonic acid alone was not capable of promoting 
growth, but accelerated the growth of Esch. cola and hemolytic streptococci 
under certain conditions; neither of these organisms requires nicotinic 
acid as growth factors, both being synthesizers. This phenomenon, which 
has been observed also with other inhibitory substances related to  essential 
metabolites, is of importance for the study of the inter-relation of growth 
promoters and growth inhibitors, and indicates the narrow line of demar- 
cation which exists between the growth-promoting and growth-inhibiting 
action of a growth factor analog. With Staph. aureus addition of pyridine- 
3-sulfonamide inhibited nicotinamide-promoted growth in a manner 
characteristic of competitive inhibition, but had much less effect on nico- 
tinic acid-promoted growth. 

With Esch. coli, which synthesizes nicotinic acid and cozymase, inhibi- 
tion by pyridine-3-sulfonamide was small even a t  M and non-existent 
at smaller concentrations; this was annulled by nicotinic acid or its amide. 
Pyridine-3-sulfonic acid at M completely inhibited growth, but the 
inhibition was not annulled by nicotinic acid or amide or by cozymase. 
These inhibitions of Esch. coli were clearly of a different order from the 
much greater sensitivity shown by the organism which did not synthesize 
nicotinic acid. Here the inhibitions were clearly related to interference 
with nicotinic acid utilization. 

From the analysis of the inhibitions McIlwain made deductions about 
the reactions which were inhibited. Since pyridine-3-sulfonic acid consider- 
ably inhibited the growth of Proteus promoted by nicotinic acid but not 
by nicotinamide, this suggests that the action of the inhibitor is localized 
a t  the reaction converting nicotinic acid to the amide, or at a similar stage 
of amide formation from a higher.derivative. Growth promoted by cozymase, 
however, was much more strongly inhibited by pyridine-3-sulfonic acid, 
suggesting that nicotinamkle was not used by Proteus solely for the syn- 
thesis of cozymase. As the formation of the necessary compounds from 
nicotina,mide can proceed unaffected by pyridine-3-sulfonic acid, the 
inhibition must a t  least in part occur during degradation of cozymase to  
smaller units used in synthesis. These suggestions are mainly interesting 
as  indications for further experimental study, by this and other techniques, 
of the physiological r81e of nicotinic acid in these organisms. 

11. Physiological Function of Nicotinic A cid in Bacteria 

Considerable emphasis has been placed, in previous sections, on the 
relation between nicotinic acid utilization and the formation of phospho- 
pyridine nucleotide coenzymes. This has been because the latter are 
certainly two ultimate metabolites of which nicotinic acid forms an essen- 
tial part. It is thus evident that an important part of the nicotinic acid 
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required as nutrient by non-synthesizing bacteria must go to build these 
pyridine nucleotides, in other words at least one important role of nicotinic 
acid in biosynthesis is known. What remains to study is the mode of this 
utilization. But other functions for nicotinic acid are not excluded, and 
indeed there are indications of r6les other than pyridine nucleotide syn- 
thesis. The time is not yet ripe for an attempt to fit all the observations 
together into a coherent picture, but some of the salient points will be 
noted, in order to show the fertility of the techniques now available, and 
to indicate the need for further detailed work. Dorfman, et al. (65) examined 
the relative growth response of dysentery bacilli to nicotinamide and related 
compounds. It was found that coenzymes 1 and 2 were less active, on the 
basis of their nicotinamide contents, than was nicotinamide itself, while 
hydrolysis of the coenzymes increased the activity to the level equivalent 
to the nicotinamide content. It does not necessarily follow, however, that 
all the nicotinamide required as growth factor was not used to build the 
pyridine nucleotides. It may be that preformed coenrryme, provided 
externally, cannot be incorporated intact into the required enzyme loci 
of the organisms and that there is considerable inefficiency in utilizing the 
preformed compound, synthesis in situ from nicotinic acid being a more 
efficient process. Using nicotinic-acid-starved dysentery baeilli, Saunders, 
Dorfman, and Koser (326) measured the effect of nicotinic acid and 
derivatives on oxygen uptake and methylene-blue reduction rate with 
various substrates. The more deficient in nicotinic acid, the more sensitive 
was the response of the cells. With washed cells of Shigella paradysenteriae 
Sonne, oxygen uptake (glucose substrate) increased with increasing con- 
centration of added nicotinamide; nicotinamide was more effective than 
an equivalent quantity of nicotinic acid but as the experiment progressed 
the activity of the acid approached that of the amide, suggesting the 
conversion of acid to amide by the cells. A comparison of nicotinic acid 
esters showed decreasing activity in the order methyl, ethyl, butyl, propyl 
ester. The methyl ester was even slightly more active than the a,mide. On 
a molar basis nicotinamide was more effective than coenzyme 1 or 2; the 
activity of htact  coenzyme 2 was lower than that of coenzyme 1. Acid 
hydrolysis of the latter (giving free nicotinamide rather than nicotinic 
acid) brought the activity up to that expected from the nicotinamide 
content. Similar results were obtained with Proteus vulgaris. The response 
of nicotinic-acid-starved Proteus cells grown with glucose in the medium 
was sharply different when lactate was usedas respiration substrate instead 
of glucose. With lactate as substrate these cells did not show respiration 
stimulation by any of the nicotinic acid derivatives except the diphospho- 
pyridine nucleotide; the triphospho-compound (coenzyme 2) and all sim- 
pler nicotinic acid derivatives were inactive. A quantitative determination 
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of whether cells which have been treated with nicotinamide or methyl nico- 
tinate synthesize phosphopyridine nucleotide (e.g., by H .  parainjluenzae 
assay) might throw light on the questi4n of whether nicotinic acid was 
used by these organisms for purposes other than synthesis of the two 
known phosphopyridine nucleotides. In connexion with these studies of 
metabolism van Niel (270) stresses the importance of a paper by Morel 
(252, which I have unfortunately not been able to see) where i t  is shown 
that the particular period in the growth phase of Proteus has a profound 
influence on the response to nicotinamide. “During the 1ogarithmic.phase 
the dehydrogenase activity per cell remains constant and the metabolism 
of the organisms is not affected by added nicotinamide. After the inflection 
point the reducing power decreases by about 15% per hour, and for some 
time the full activity can be restored by nicotinamide”. This restoration 
is less effective as time goes on. A metabolic “wearing-out” of coenzyme 2 
could be shown in Proteus cells using glucose. With cells adapted to  
pyruvate and metabolizing only this compound, only cozymase disap- 
peared, and its content could be maintained by adding nicotinamide. It 
was concluded “that the coenzymes only wear out while functioning due 
to an occasional irreversible change of the amide; it was calculated that 
such accidents took place once in every 200,000 reactions”. The earlier 
important study of the physiological function of the phosphopyridine 
nucleotides in H .  parainfluenzae by A. and M. Lwoff (222)) who examined 
the effect of the growth substrates on the production of the tuo  coenzymes 
and on their consumption during metabolism, also appears to have direct 
bearing on these respiration studies. 

The need for consideration of the composition of the nutrient medium 
as a whole when examining the effect of specific nutrients on growth and 
metabolism is illustrated by observations of Kligler and Grossowicz (151). 
Using Salmonella paratyphi A, nicotinic acid was an essential growth 
factor when fermentable carbohydrate mas present but not in its absence. 
On the basal amino acid or peptone media, the organism grew poorly, 
but addition of fermentable carbohydrates practically prevented growth, 
while sucrose, which was not fermented, had no adverse effect. Addition 
of nicotinic acid to the basal medium + carbohydrate permitted good 
growth. Clearly the nicotinic acid was important for the utilization of 
carbohydrate fermentation in growth, as might be expected from the need 
to  produce phosphopyridine nucleotide coenzymes as part of the systems 
fermenting carbohydrates, The organisms were able apparently to use 
some other metabolic mechanisms, but not very effectively, when carbohy- 
drate was absent. 

Using the Thunberg tube technique, with methylene-blue, the following 
observations were made: with cells grown in absence or presence of added 
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nicotinic acid, the reduction time was the same, for lactate as substrate, 
whether or not cozymase was added. With addition of nicotinic acid instead 
of cozymase, the reduction time was significantly greater for the cells 
grown without nicotinic acid, i.e., a longer incubation time was needed 
before the nicotinic acid added to  the cell-suspension was converted to a 
form able to influence the reduction rate (e.g., coenzyme 1). Suspensions 
of cells grown in presence of minimal amounts of nicotinic acid activated 
reduction of methylene-blue more effectively than cells grown in absence 
of any nicotinic acid. The general conclusion was that the nicotinic acid 
needed to be converted to some other higher stage metabolite, e.g., coen- 
zyme 1, before it was active in carboliydrate.degradation. 

Although Kligler and Grossowicz do not record many experiments with 
Shigella paradysenteriae Flexner, they state that similar results were 
observed with this organism. The apparent conflict with the findings of 
other workers that nicotinic acid is an essential nutrient for this organism 
may be resolved by the fact that the basal media used contained glucose, 
for the utilization of which nicotinic acid was needed, while the basal 
media without nicotinic acid were inadequate for appreciable growth by 
the use of other metabolic mechanisms. In any case, this example stresses 
once more the need to take into consideration the total composition of 
the nutrient medium. The components of a medium cannot be looked upon 
as so many discrete bricks for the building of protoplasm; they are the 
materials from which this is built by means of complex inter-related 
chains of synthesis, the utilization and efficiency of which will depend on 
all the materials provided by the media. Thus when different materials are 
provided, grombh may take place by the use of different mechanisms for 
parts of the total biosynthesis. This variability in biosynthesis is a field 
which merits detailed study. 

12. Possible Relation of Bacteriostasis by Some Sulfanilyl Compounds to 
Nicotinic Acid Metabolism 

Although it appears clear that the predominant action of the anti- 
bacterial sulfanilyl compounds is against metabolic reactions involving 
p-aminobenzoic acid, and that in general the differences in bacteriostatic 
and therapeutic effects of the derivativrs of the parent p-aminobenzene 
sulfonamide (e.g., sulfa-pyridine, -diazine, -thiazole, -pyrazine, -guanidine) 
can largely be explained on the basis of their differing physical constants 
(15, 178a), the possibility exists that the substituent of the sulfonamide 
group in these derivatives may have a secondary effect in blocking utiliza- 
tion of some other essential metabolite. Whether this would make an 
important contribution to the over-all chemotherapeutic effect is another 
question. The possible effect of the pyridine ring of sulfapyridine against 
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nicotinic acid is immedmtely obvious, and similarly with the other sub- 
stituents where the pairs : -thiazole vs. thiamin-thiazole, -diazine us. 
thiamin-pyrimidine, are suggestive. There is some evidence that inhibition 
of certain functions in bacteria can take place because of these substituent 
structures. But it is necessary clearly to distinguish between such inhibition 
and any chemotherapeutic effect. The discussion here is confined to con- 
sidering these sulfanilyl derivatives in their interference with bacterial 
metabolism without immediate reference to  chemotherapy. 

West and Coburn (414) using Staph. aureus found that sulfapyridine 
inhibition of growth was annulled by preparations of coenzymes 1 and 2 
but not by nicotinic acid. Strauss, Dingle, and Finland (375), who used a 
strain of Esch. coli which required nicotinic acid for growth, and Staph. 
aureus, were unable to confirm this, but Spink, Vivino, and Mickelson 
(367) reported that the antagonizing effect of cozymase could be shown if 
the experimental conditions were correct. In  all cases p-aminobenzoic acid 
was a more effective antagonist. It requires proof that the coenzyme 
preparations used were devoid of p-aminobenzoic acid contamination, With 
Lmtobacillus arabinosus (requiring nicotinic acid for growth) Tepley, 
Axelrod, and Elvehjem (384) found that growth in a medium containing 
0.5 pg. nicotinic acid/ml. was prevented by 2.0 pg. sulfapyridine/ml., and 
this was counteracted by p-aminobenzoic acid (0.001-0.1 pg./ml.), or by 
high levels of nicotinic acid (100 pg./ml.). Nicotinamide, cozymase, and 
nicotinamide-ribose nucleoside also partially reversed the sulfapyridine 
inhibition. Sulfaguanidine and sulfasuxidine were less potent than sulfa- 
pyridine in inhibiting L. arabinosus. 

Direct experiments with isolated enzyme systems from yeast and liver 
showed no evidence of interference with the functioning of cozymase by 
sulfanilamide, sulfapyridine, sulfathiazole, etc. (7). Reasons were given 
for excluding the possibility that contaminating p-aminobenzoic acid in 
the enzyme preparation could have annulled the possible effects of the 
drugs. The sulfanilyl drugs have been used in metabolism experiments 
with washed cells of Shigella paradysenteriae Sonne, from cultures grown 
in nicotinamide-deficient media. Only sulfapyridine and sulfathiazole 
showed marked inhibition of the respiration-stimulation produced by 
nicotinamide ; sulfanilamide, sulfa-guanidine, -diazine, -pyrazine, -acet- 
amide were all practically inactive. The inhibition appeared to be competi- 
tive, and the inhibitor had to be added before the nicotinamide to produce 
its effect (19, 63, 68). Since p-aminobenzoic acid did not annul the inhi- 
bition, and since it was shown only by the pyridine and thiazole derivatives, 
it is clear that here was a direct interference with a nicotinic acid function. 
This appears to be due to some blocking effect by the pyridine and thiazole 
substituents; the relation of the pyridine ring to  nicotinic acid is clear, 
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while the thiazole derivative may have isosteric similarity with nicotinic 
acid. It will be remembered that thiazole-5-carboxylic acid has some 
growth-promoting activity as a substitute for nicotinic acid (169), showing 
that the space structures of the thiazole and pyridine rings are sufficiently 
similar for them to participate in similar biological functions. 

13. Hybrid Growth Inhibitors 

The deliberate combination of two different inhibitor structures in one 
compound with the hope of making an exceptionally efficient drug has 
often been practiced in the production of chemotherapeutic substances. 
Sulfapyridine was not apparently made with the end in view of adding 
an anti-nicotinic acid group to the anti-p-aminobenzoic acid effect, 
although as just noted it may possess this quality. The relation of some of 
the other substituting groups in the amide group of p-aminobenzene 
sulfonamide to other essential metabolites has also just been mentioned. 
Positive effects against appropriate essential metabolites have yet to be 
shown with them. But it would appear that the hope of producing a super- 
efficient anti-bacterial drug by the combination of anti-metabolite struc- 
tures into one molecule may be an illusory one. For in the first place it 
appears probable that the different essential metabolites will function at 
different loci within the cell, and hence it is very unlikely that one molecule 
could block several reactions simultaneously. At the most it might be 
expected to behave like an equimolar mixture of its constituent inhibitory 
structures divided by the pumber of these, since one molecule of the “multi- 
ple inhibitor” could probably only operate a t  one locus a t  a time. But even 
this might not occur, because the additional structures might make the 
“multiple inhibitor” molecu1e;much less able to fit (for reasons of its 
physical constants and configuration) any one of the enzyme loci involved. 
In fact, the idea that a super-efficient molecule could be built by the incor- 
poration of several known inhibitor structures is an ideological hangover 
from the time when chemotherapeutic research had to work more or less 
blindly and empirically, making what use it could of discoveries of “toxic” 
or “lethal” molecular groupings. Now that it is possible to know more 
specifically the targets a t  which inhibitors may be aimed, namely the essen- 
tial metabolic reactions of the cells, it is possible consciously to design 
inhibitors to affect known enzyme systems. 

The fallacy of the conception of a “multiple-inhibitor” molecule is well 
shown by the compound which McIlwain (234) made to illustrate this 
point, namely the hybrid molecule pyridine-3-sulfon-(2-pyridyl) amide, 
which is the “sulfapyridine” type analog of pyridine-3-sulfonic acid. Thus 
it contains the 2-pyridyl substituent in the sulfonamide group which, as 
shown above, has some inhibitory effect against nicotinamide-stimulated 
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respiration of various bacteria when given as sulfapyridine. The hybrid 
also contains the pyridine-3-sulfonamide grouping which acts specifically 
as an inhibitor of ni2otinamide-promoted growth of Proteus vulgaris and 
Staph. aureus (233). But McIl\vain found that the hybrid molecule was 
less active than pyridine-3-sulfonamide itself. On the general grounds 
mentioned above a hybrid molecule might be expected to  be unkuallp 
active only if a fortunate justaposition of enzyme loci allowed it to block 
two reactions simultaneously. And even then one of these reactions might 
be so much more important than the other, in the metabolism of the 
organism, that to  block an additional reaction would add nothing. To 
stop growth, in other words, only one key reaction may need blocking; 
this may give a direction to the design of chemotherapeutically effective 
substances. And to study the biosynthetic net-work there are also advan- 
tages in using ns tools inhibitors which are modelled on one essential 
metaholite a t  a, time, rather than “multiple inhibitors”, the use of which 
may obscure rather than clarify the observations. 

X. PURINES AND PYRIMIDINES 
A number of naturally-occurring purines and pyrimidines have been 

found of importance in the nutrition of micro-organisms within recent 
yrars. I t  is clear that devclopments in this field are only a t  their beginning; 
all that is appropriate here is to  indicate some of the findings which suggefit 
lines along which expansion may he espected. 

1 .  I T ~ * u c i l  cind tlrc Growth of Staph. aureus 

llichnrtlson (293) found that uracil was indispensable for the anaerobic 
growth of Stwph. uiirciis gro\\ ing in a medium of known composition; the 
oiganisni also required the addition of pyruvic acid under these conditions. 
.lerobically neither uracil nor pyruvic acid was essential. Under aerobic 
conditions the organism was able to synthesize the uracil i t  required, as 
\\’as sho\vn by testing acrohically-grown organisms after hydrolysis; the 
rstracts could supply niatcrial ivhich was uracil-active in anaerobic growth. 
Since it was also shown that of twenty-one compounds closely related to  
uracil none was active, aerobic synthesis of uracil by Staph. aureus appears 
proved. It \vas shown in the same way that Eberthella typhosa, growing 
aerobically, synthesized uracil. 

?. Sprcijcity o j  [Jracil in Anaerobic Growth of Staph. aureus 

.I detcctuble cffert with uracil was noted down to a concentration of 
4 x M ,  while no effect was noted up t o  it concentration at least 100 
times greater with 21 related compounds including: 4-methyl-uracil, 
1,3-dimethyl-uracil, 1,3,4-trin~thyl-uracil, 2-thio-5-methyl-uraci1, 4-hy- 
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droxy-uracil, and the following purines and pyrimidines : cytosine, isocyto- 
sine, guanine, adenine. Only with a mixture of: cytosin, isocytosine, 
adenine, guanine (conc. in medium 5 X 10-4 M )  was a small effect observed, 
which was much enhanced by further addition of uracil itself. Thus the 
specificity of uracil in this case was very great (293). 

3. Uracil as Growth Factor for Other Bacteria 

Uracil has been found important in the nutrition of other bacteria. 
a. C1. tetani. Uracil is indispensable for growth, with a detectable 

effect at 0.5 pg./lO ml. of medium and optimal effect a t  5.0 pg./ml. (86). 
b. Shigella paradysenteriae (Flexner). One unusually exacting strain 

(of 20 examined by Weil and Black, 403) was found by Hutner (138) to 
require uracil and nicotinic acid as indispensable nutrients. 

c. Streptococcus salivarius. Although this organism grew without added 
uracil, the addition of uracil greatly stimulated the rate and extent of 
growth (349). 

d. Lactic Acid Bacteria. Snell and Mitchell (3%) found that uracil greatly 
stimulated the growth of Lactobacillus arabinosus and less markedly 
Leuconostoc mesenteroides. Interchangeability with the corresponding 
oxy-derivative cytosine was noted (cf. also 53a). 

e. Hemolytic Streptococci. Uracil and adenine appear important nutrients 
for organisms of this group, though the degree of importance may vary. 
For optimal growth, thesc compounds (possibly with other purines and 
pyrimidines) are usually included in media of known composition upon 
which the organism will grow more or less luxuriantly (21, 277, 319a). 

4. Other Pyrimidines a i d  Purines as Growth Factors 

Various purines and pyrimidines have been reported as important in 
the nutrition of several species of micro-organisms,-whether apparently 
as an indispensable nutrient or as a growth stimulant depends partly upon 
the criterion used. In  any case, the distinction is largely unimportant; 
the degree of nutrient importance will be related to  the total composition 
of the medium and to  the biochemical properties of the particular organ- 
isms under the actual conditions of observation. 

a )  Lactic Acid Bacteria. Snell and Mitchell (356) found that various 
species and strains of lactic acid bacteria growing in media of known 
composition required one or more of the following substances : adenine, 
guanine, thymine, uracil. They observed cases where rontinued growth 
took place in the absence of added supplies of these compounds, but the 
rate of growth was greatly increased by their presence. Under certain 
conditions each of these compounds might. become the factor limiting 
growth. Thus adenine greatly stimulated L. arabinosus nncl L. pcntosus 
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and appeared essential for Streptococcus lactis; uracil greatly stimulated 
L. arabinosus and somewhat less markedly Leuconostoc m,esenteroides, for 
which guanine was essential. Thymine was essential for Streptococcus 
lactis. A certain interchangeability was found; in general the naturally 
occurring amino derivatives were replaceable by the corresponding hydroxy- 
derivatives, e.g., uracil by cytosine, guanine by xanthine. Although in 
some cases guanine and adenine were interchangeable the resultant giowth 
was less good than when the preferred compound was used. 

Feeney and Strong (85) observed growth stimulation of Lactobacillus 
casei by adenine and guanine, among other compounds, under certain 
cultural conditions. Subsequently (357) growth-promoting effects with 
Lactobacillus arabinosus and L. pentosus were observed with adenine, 
guanine, xanthine, hypoxanthine, p-aminobenzoic acid and dl-methionine, 
any one of these compounds permitting growth under the conditions of 
testing. With Streptococcus laclis R and Leuconostoc mesenteroides the 
requirement for one or more of the purines was more specific) p-amino- 
benzoic acid and dl-methionine were ineffective. L. mesenteroides unlike 
S. lactis R could not use adenine; xanthine, hypoxanthine, guanine were 
cffective. The ability of these compounds to influence the reversal of inhibi- 
tions of growth caused by sulfanilamide was observed (see below). Moller 
(250) found guanine or adenine increased the growth of Streptobact. (Lacto- 
bacillus) plantarum. In their examination of the growth requirements of a 
strain C 203S, of Strcpt. hemolyticus (Group A), Pappenheimer and Hottle 
(277) found a very interesting interdependence between adenylic acid and 
the COn pressure in the gas-phase, in their effects on growth. On the medium 
used, no growth of the C 203s strain of streptococcus took place when no 
purine was present and when the C02 pressure was less than about 4 mm. 
Hg (atmospheric COZ pressure is about 0.4 mm.). Addition of adenine per- 
mitted growth. Adenine could be replaced by: adenosine, adenylic acid, 
guanine, guanosine, guanylic acid, xanthine, or hypoxanthine; but uric 
acid, caffein, theophylline, and the pyrimidines uracil and cytosine were 
ineffective. The effect of different pressures of C02 in the gas-phase is re- 
corded in Table XXV, which shows that a sufficiently increased COZ 
pressure can largely off-set a lack of adenylic acid (and presumably other 
of the adenine-active comDounds mentioned, though this is not explicitly 
stated). 

Whether the COZ was needed for purine synthesis or whether the purine 
played a part in producing COa, which was needed for growth, was not 
determined. With many bacteria, COz is essential at least for the initiation 
of growth (cf. 106). These observations should be compared with the 
relation between pyridoxin requirement and 0 2  tension observed by Boho- 
nos, Hutchings, and Peterson (15) (see Section IV, 3) and theuracil-02 
effect found by Richardson with Staph. aureus (293). 
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b )  With Acetobacter suboxyduns, Landy and Streightoff (196) found that 
adenine, guanine, and xanthine increased the growth response to very low 
concentrations of p-aminobenzoic acid, which is an essential nutrient for 
this organism. In absence of added purines the test organism responded 
to  0.01 pg. of p-aminobenzoic acid, but with 50 pg. of each purine added 
the organism was sensitive to 0.001 pg. p-aminobenzoic acid. Adenine 
possessed the greatest activity when tested singly; 150 pg. could replace 
the 3 together, although the result was more uniform with the latter 
mixture. Hypoxanthine and uracil had no effect. The active purines had 
no effect in the absence of p-aminobenzoic acid, ie., the latter was indis- 
pensable under the conditions used and could not be replaced by' the 3 
purines. On the other hand, with more than 0.03 pg. of p-aminobenzoic 
acid per ml. the purines showed no effect. Snell and Mitchell (357) found 

TABLE XXV 

Effect of Adenylic Acid and C02 on Growth of Strept. hemolyticus C ,803 S (277) 
Pressure of 02 120mm. Hg. Total pressure made up to 740 mm. with Nz. Growth 

20 hr. and 40 hr. readings are from different sets of tubes. 
given'as (mg. bacterial N/10 ml. of culture) x 50. 

CO1 pressure 
m?U. H g  

0.0 
0.4 
1.4 
2.4 
4 . 3  
8.0 

20.0 
40.0 

* Variable. 

Growth with: 
No adenylic acid Adenylic acid (10 pg./ml.) 

20 hrs. 40 hrs. 20 hrs. 40 hrs. 
- 

0.0  
0.1 
0.15 
0.15 
1 .4  
1 .o 

10.1 

0.3 
0.7 
0.7 
3.8 
9 .o 
9.1  
9 . 2  

12.2 

2 . 2  
1 . 9  6.8-8.2* 
3.1 8 . 4  
3 .0  9 .1  

10.9 10.1 
11.3 10.4 
9 .6  10.8 

12.2 12.4 

- 

an interchangeability of certain purines with p-aminobenzoic acid and 
dl-methionine (see below). 

c )  Spirillum serpens. Pennington (282) found hypoxanthine, or an equi- 
molar mixture of adenine and guanine essential for the growth of Spirillum 
serpens; neither adenine nor guanine alone was effective and sufficiently 
large quantities of either inhibited the effect of hypoxanthine. Uric acid, 
xanthine, uracil, adenosine, and yeast adenylic acid were without growth 
stimulating effect. It was suggested that 2 purine molecules were needed to 
form a molecule of a higher stage essential metabolite; this complex could 
be formed from 2 molecules of hypoxanthine, or one each of guanine and 
adenine. 

d )  Lower Fungi. Robbins (296, 297, 299) found that spore germination, 
early\ mycelial growth and gametic reproduction of Phycomyccs (at 28') 
in presence of excess thiamin (essential growth factor), were markedly 
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benefited by various extracts from natural sources. The extracts could be 
separated into 2 active fractions in which.were postulated 2 active factors, 
Z1 and Z, respectively. Using excess of a preparation containing Zz, the 
nature of Z1 ww investigated. A large number of known growth factors 
were excluded by trial, including a number of purines and pyrimidines. 
Guanine however was found to  be active; yeast nucleic acid was only 
slightly effective, but after hydrolysis the activity approximated to that 
of the estimated guanine content. Guanine could not be the 21 factor 
itself because nitrous acid destroyed the activity of guanine but not that 
of Z1 concentrates; xanthine was inactive, as expected from the action of 
nitrous acid in deactivating guanine. Other purines and derivatives related 
to guanine were later tested (310), of which only hypoxanthine was active. 
Hypoxanthine was isolated from Z1-active fractions from potato tubers. 

The specificity ‘of guanine and hypoxanthine was examined (302, 310) 
and showed that only these two compounds, ie., guanine (2-amino-6- 
hydroxy-purine) and hypoxanthine (6-hydroxy-purine) were effective 
(equally), but isoguanine (2-hydroxy-6-amino-) , xanthine (2,6,-dihy- 
droxy-), and adenine (&amino) were inactive. Guanosine, i.e., guanine 
with a sugar residue attached at  position 7, was inactive, suggesting that 
the organism could not remove this residue. Its inactivity also does not 
support the view that the guanine was to  be used for biosynthesis of 
nucleic acids or nucleotides. Guanylic acid mas inactive, as also were 
8-hydroxy-purine, G-amino-8-hydroxy-purine and 6,8-dihydroxy-purine 
and 2-amino-uric acid. Slight activity was observed with 7-methyl-guanine 
and 1,7-dimethyl-guanine, having respectively about l/lOth and 1/1OOth 
the activity of hypoxanthine, which itself was somewhat more active 
than guanine. 

e )  Mutants of Neurospora have been observed which require pyrimidine 
nucleosides and nucleotides as growth factors. Strain 1298 appeared to  
require uracil (383). This and another pyrimidine-defective strain H263 
were examined by Loring and Pierce (209) who found that certain pyrimi- 
dine nucleosides or nucleotides were 10 to 60 times as active as uracil; 
these were the nucleosides uridine and cytidine, and the corresponding 
nucleotides uridylic acid and cytidylic acid. Cytosine and thymine were 
completely inactive for strain 1298 but were slightly active for H263. 
Of purines and simple uracil derivatives tested only orotic acid (uracil 
with -COOH at position 4 instead of a hydroxyl group) had appreciable 
activity. The authors concluded that the difference in availability of the 
free pyrimidines for the growth of the 2 strains, the production of a hetero- 
caryon when they were allowed to fuse and the types of segregation obtained 
after crosses with the normal wild (pyrimidine synthesizing) type were 
consistent with the theory that pyrimidine synthesis in these micro- 



GROWTH FACTORS IN MICROBIOLOGY 203 

organisms involves a series of reactions each of which is controlled by a 
single gene. 

5. Purines as Reversers of Growth Inh.ibitors 

a )  Reversals by Adenine and Guanine of inhibitions by Benzimidazoles. 
Woolley (446) observed growth inhibitions by benzimidazole, using yeasts 
and certain bacteria as test organisms. 

H H 
CH N C.NH2 N 

HC* C *CH N1 6C WH 

HC6 

R6\ /:\ 
I I I  

/'\ / I \  

I1 8 II I 9 II 
N HC2 4C- C- N 

\ 4 /  

CH 
\ 3 /  

N 
Benaimidazole Adenine 

Because of certain structural similarities between benzimidazole and 
biotin, attempts were first made to  reverse inhibitions by benzimidazole 

TABLE XXVI 
Relative Activity of Benzimidazoles in Causing Inhibition of Growth of Saccharomyces 

cerevisiae (446) 
Compound 

Benzimidazole 
2-Methyl-benzimidazole 
4-Nitro-benzimidazole 
4-Amino-benzimidazole 
5-Amino-benzimidazole 
2-Hydroxy-benzimidazole 
2-Hydroxy -imidaaole 
Glucobenzimidaaole 

jtg./ml. required to cause half maximal inhibition 

300 
500 (not complete even with 2,000) 
450 
400 

1,200 
No effect with 500 

500 
" " " 5,000 
" " " 

with biotin, but unsuccessfully. The structural similarity of benzimidazole 
to  purine likewise suggested attempting to use purines for reversal of the 
inhibition.. Of the purines tested positive results were obtained with the 
two aminopurines, guanine (2-amino-6-hydrosy-purine) and adenine 
(6-amino-purine). The specificity of the benzimidazole structure was 
examined (Table XXVI). With sub-inhibitory concentrations of benzimi- 
dazoles slight growth stimulation was observed with Sacch. cerevisiae 
(similar stimulation with sub-inhibitory concentrations of bther growth 
inhibitors has been observed: c j .  233) and slightly 'greater stimulation by 
glucobenzimidazole and 2-hydroxy-benzimidazole. Froin the specificity 
studies with benzimidazoles i t  is seen that the H atom a t  position 2 must 
be free; substitution by a side chain or hydrosyl destroys or greatly dimin- 
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ishea the inhibitory activity; and the introduction of an amino group at 
4 or 5, yielding derivatives somewhat more analogous to adenine and guan- 
ine, did not enhance the activity. 4-Amino-benzimidazole and 4-nitro- 
benzimidaeole had approximately the same activity aa benzimidazole on a 
molar basis. 

A peculiarity of benzimidazole is that it is like sulfanilamide in being an 
inhibitor which is effective against organisms able to synthesize the natural 
antagonist. Other inhibitors which have been modelled on essential metabo- 
lites (e.g., pyridine-3-sulfonic acid us. nicotinic acid; pantoyltaurine vs, 
pantothenic acid, pyrithiamin us. thiamin) are most effective against 
organisms whichdo not s.ynthesize the natural antagonist (essential metabo- 
lite) and which therefore require an external source of supply for growth. 

The relative effectiveness of benebidasole against various organisms 
was as follows (446): 

Irg. Benzimidazole(m1. to 
cause )i max. inhibition 

Saccharomyces cerevisiae 300 
Endomyces vernalis 300 
Escherichia coli 370 
Streptococcus lactis R 750 

In all cases, adenine reversed the effect, except with Streptococcus lactis R 
where concentrations of adenine expected to reverse the effect were them- 
selves inhibitory. But in this caae uracil partly reversed the inhibition 
produced by benzimidaeole. 

The specificity of the purine antagonists of benzimidazole inhibition 
of Sacch. cerevisiae was as follows (446): 

pg./ml. required for 
reversal of inhibitipn%% 

pg./ml. benzimidaEole 

Adenine sulfate 600 
Guanine hydrochloride 100 
Muscle adenylic acid 
Hypoxanthine no effect with 500 

I d  I 4  4 6  300 Xanthine 
Yeast sdenylic acid I <  I I  < I  500 

I t  I t  < I  1()0 Uracil 

500 gave 0.1 max. reversal 

Thiamin (10 pgJm1.); biotin (10 pgJm1.); cryst. folic acid (0.01 ccg./ml.); 
p-aminobeneoic acid (100 pg./ml.) did not affect the benzimidazole inhi- 
bition. 

b )  Effect of Purines on Reversals of Sulfanilamide Inhibition. Snell and 
Mitchell (357) observed very interesting effects with purines on the inhi- 
bition by sulfanilamide of lactic acid bacteria. As previously mentioned, 
growth-promoting effects were found with p-aminobeneoic acid, dl-methio- 
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nine and purines, the compounds being interchangeable under the condi- 
tions of testing. With Lactobacillus arabinosus, marked inhibition wm 
given by 2.0 pg. sulfanilamide/ml., which was reversed by p-aminobenzoic 
acid at  0.3 pg./ml., this being approximately 1000 times the quantity of 
the latter substance required to produce growth in the absence of sulfanil- 
amide. The purines (adenine, guanine, xanthine, hypoxanthine) could 
not reverse this effect, even at concentrations 1000 times greater than 
those producing growth in absence' of sulfanilamide. But when concen- 
trations of p-aminobenzoic acid (0.03 pg./ml.) were used which were just 
insufficient alone to annul sulfanilamide (2.0 pg./ml.) inhibition, the 
further addition of the purines (1.0 pg./ml. or more) permitted growth. 
Guanine, xanthine, and hypoxanthine were also effective, but dl-methionine 
showed no effect. Similar but erratic effects were found with L. pentosus; 
the purines alone reversed the sulfanilamide inhibition, but different 
results were obtained when cryst. biotin was substituted for a biotin 
concentrate which was included in the basal medium. Using the medium 
containing cryst. biotin, growth-promoting effects with p-aminobensoic 
acid and the purines were obtained at  the same concentrations as when 
using the biotin concentrate, but the purines were then incapable, alone, 
of reversing sulfanilamide inhibition. With quantities of p-aminobenzoic 
acid (0.01 pg./ml.) insufficient alone to cause reversal of sulfanilamide 
inhibition, addition of either of the purines abolished the inhibition. Thus 
the biotin concentrate contained a substance (probably not p-aminobensoic 
acid for reasons given) which enabled the purines to take part in antagonis- 
ing sulfanilamide, and also sulfathiazole and sulfapyridine. 

With Lactobacillus casei, the purines and p-aminobenzoic acid had no 
effect on growth and the organism was highly resistant to sulfanilamide 
bacteriostasis (1000 pg./ml. required for complete inhibition as compared 
with 2.0 pg./ml. required for L. arabinosus and L. pentosus). This could 
be taken as complementary evidence that p-aminobenzoic acid synthesis 
by this organism was efficient. The inhibition of L. casei by 1000 pg./ml. 
sulfanilamide was partially reversed by 0.01-0.03 pg./ml. p-rtminobenzoic 
acid and more effectively by larger amounts; and marked effects were 
obtained with the purines alone at  0.1 to 1.0 pg./ml. 

Speculation on these interesting inter-relations in growth-promoting 
effects and their inhibitions would be premature, but these observations 
suggest metabolic interconnections betweeh the roles of p-aminobenzoic 
acid and the purines. As shown in Section VIII, p-aminobenzoic acid is 
the best antagonist of the sulfanilamide inhibition ; some interference with 
p-aminobenzoic acid utilization appears to be the most sensitive locus of 
attack by sulfanilamide. The effect of the purines may be through per- 
mitting easier p-aminobenzoic acid synthesis by organisms which ordi- 



206 €3. C. J. G .  KNIGHT 

narily, in the medium used, find this difficult. The observations with 
Acetobacter suboxydans (196) noted above appear to indicate an inter- 
relation of this kind. Similarly the interchangeability of p-aminobenzoic 
acid and the purines in growth-promoting effect may be connected with 
synthesis. It is legitimate to assume that both compounds are essential 
for these organisms. The ease of biosynthesis of a particular metabolite 
will vary with the species (or strain) and with the ease with which other 
reactions supplying the means of synthesis (enzyme systems) of the partic- 
ular metabolite are carried out. It might be that supplying purines makes 
the synthesis of p-aminobenzoic acid easier for the organism in this way. 
Other inter-relations of p-aminobenzoic acid and the sulfanilyl inhibitors, 
and less specific antagonists of the inhibitors, are mentioned in Section 
VPII. 

6. Conclusions 
The observations on the effects of purines and pyrimidines, as a whole, 

fit into the general picture relating nutrient requirements to  the essential 
metabolic reactions required for growth, the latter being common to 
widely different kinds of organism. With the known importance of the 
niicleic acids as cell constituents, and their complexity, i t  is to be expected 
t-hat a wide variety of partial deficiencies in biosynthesis may be encoun- 
tered among micro-organisms. This will be reflected as a greater or less need 
for the components of nucleic acids as nutrients and growth stimulants. 
The greater effectiveness of certain nucleosides and nucleotides than 
uracil, observed with the Neurospora mutants, is in line with this expecta- 
ticn. Classification into growth essentials and growth stimulants does 
not appear important. What matters is the relation of the given substance 
t o  the metabolic processes of the organism, and in many cases this is 
connected with the organism’s rate of synthesis of the given substance 
under the given nutrient conditions. Until the composition of the nucleic 
acid in micro-organisms is known, we cannot know how much the purines 
and pyrimidines active in growth promotion contribute to  their synthesis. 
And there will undoubtedly be other uses to which these growth factors 
are put in biosynthesis (co-enzymes, etc.). Interchangeability in growth 
promotion will depend to  some extent upon an organism’s own capacity 
for interconverting some of these compounds and upon the degree of vari- 
ability permissible in the higher-stage metabolites which they are used to  
construct. The need to  bear in mind the interconnexions in metabolism 
when examining nutritional requirements is emphasized by these studies 
with purines and pyrimidines. It is clear that exact studies with pure 
compounds related to metabolites representing presumed higher stages 
in biosynthesis, coupled with the use of specific inhibitors, will form a 
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valuable technique for investigating the routes of biosynthesis which is 
only a t  the beginning of fruitful exploitation. 

XI. INOSITOL 

meso-Inositol was one of the first specific compounds to be differentiated 
among the growth requirements of yeasts, when i t  was isolated in 1928 
by Eastcott (77) as one of the components (Bios I)  of the so-called “bios- 
complex”; since then its influence in yeast growth has been widely studied. 
It was next implicated in the nutrition of micro-organisms by Buston and 
Pramanik (50) who found that it was an essential growth factor for the 
fungus parasitic on cotton-bolls, Nematospoia gossypii (Ashbya gossypii) ; 
other lower fungi also require it. Most recently i t  has been implicated in 
animal nutrition] being a factor in the causation of an alopecia in mice 
(442). At present inositol is not known as a nutritional requirement of 
any bacteria] although several species have been shown to synthesize i t  
and are capable of, metabolizing it. In view of these findings and, in addi- 
tion, the high concentration of inositol in brain and heart muscle of higher 
animals and its wide natural distribution, it is clearly of wide biological 
importance. 

1. Yeast Growth 

Williams (423) has reviewed the question of inositol requirements in 
yeast growth. Since the initial discovery by Eastcott (77) inositol has 
appeared to have varying importance in yeast growth, but the position 
is now much clearer and the influence of inositol is in line with that of 
other essential metabolites. Yeast strains niay differ in their requirements 
for inositol, depending on their relative abilities to  synthesize i t  and upon 
the composition of the culture medium. Some strains are able to grow 
from minute inocula in inositol-free media; the final yeast crops then 
have about the normal content of inositol, having synthesized it from 
other compounds in the medium (423). Janssens (140) found inositol 
indispensable for Wildiers’ yeast; “old process” yeast appears to require 
it for continued reproduction (425). In studies of the inter-relations of 
the five compounds: inositol, biotin, thiamin, pantothenic acid, pyridoxin, 
it was found (425) that the inositol requirement \+as different among the 
three commercial strains studied ; i t  was increasingly important in the 
order: Fleischmann’s bakers yeast, “Gebruder Meyer,” “Old process.’, 
Lochhead and Landerkin (207) examined similarly the nutrient require- 
ments of a group of osmophilic yeasts of the genus Zygosaccharomyces. The 
relative importance of the different growth factors varied among the 
strains examined; omission of inositol was in most cases without effect on 
growth. Five strains representing three species required inositol for opti- 
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mum growth, Zygosaccharomyces nectarophilus being particularly sensitive. 
It appears in general with the yeasts that the nutrient requirements re- 
flect the synthetic ability of the given organisms in the medium used. 

2. Assay of Inositol by Yeast Growth and SpeciJicity 

Yeast growth has been used as an assay-method for inositol (358, 431, 
443). Woolley (443) examined the specificity of inositol by the yeast growth 
response (Hansen No. 1 strain of Toronto yeast) and for the curative effect 
on mice with an alopecia due to inositol deficiency (Table XXVII). The 
results were of the same type as with other growth factors; apparently those 
compounds are active which can readily form inositol, and any marked 
departure from this results in inactivity, e.g., quercitol, inosose, and quinic 
aqid. Although the mytilitol was a natural product i t  was concluded by 
Woolley that its activity could not be ascribed to contaminating inositol. 

TABLE XXVII 
Act i v i t y  of Compounds Related to Inositol for Mice and for Yeast (143) 

Compound 

Curative e5ect on mice Yeast growth 
Dose Activity activity 

rg./100 g. rahon 7% 
meso-Inositol 100 + 100 
My tili to1 200 + 10 
Inositol monophosphate 5 
Inositol tetraphosphate 2 
Phyt in  100 + 1 
Soybean cephalin 2,000 + 1 

Inactive for both organisms : meso-inositol hexa-acetate, l-inositol, d-inositol, 
quercitol, quebrachitol, and pinitol. In addition Na phytate and inosose were 
inactive for yeast. 

In  contrast with yeast, the mice were able to use phytin, soybean cephalin 
[which contains an inositol-containing phosphatide (150)l and inositol 
hexa-acetate. Thus the yeast appears unable to hydrolyze these esters, and 
inositol cannot enter the metabolism of yeast in these forms; the mouse 
may hydrolyze the esters or utilize them more directly. 

3. Bacterial Synthesis 

Inositol-containing phosphatides have been reported in tubercle bacilli 
(8). Woolley (445) found that bacteria from the intestinal tract of mice 
which had exhibited spontaneous cure of inositol deficiency alopecia, syn- 
thesized inositol. This synthesis took place in presence of gramicidin, which 
inhibits Gram-positive bacteria; the organisms in the treated cultures were 
found to be Gram-negative. But Escherchia coli, a prominent Gram-negative 
organism of the intestinal tract, did not form inositol. Thompson (386) 
found that the following bacteria synthesized inositol : Aerobacter aero- 
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genes (Gram-) aerobic and anaerobic- growth 1.4-1.6 mg./g. dry cells; 
Serratia murcescens (Gram - ) 1.6 mg./g ; Pseudomonas jluorescens (Gram- ) 
1.7 mg./g ; Proteus vulgaris (Gram -) 1 .O mg./g ; Clostridium butylicum 
(? Gram +) 0.87 mg./g; apparently no inositol was excreted into the 
medium. Nielsen and Black (271) observed that rats fed sulfasuxidine 
developed a symmetrical alopecia which was prevented in onset by feeding 
inositol, but not by biotin and folic acid. This may be explicable by assum- 
ing that the rats normally derived inositol from intestinal synthesis by 
bacteria whose growth was inhibited by sulfasuxidine. 

4 .  Bacterial Metabolism 

Kluyver, Hof, and Boezaardt (153) found that Pseudomoms beijerinckii 
Hof (129) an organism causing a purple discoloration in salted beans, 
produced the purple pigment which was identified as the calcium salt of 
tetrahydroxy-quinone, from meso-inositol. This was isolated from the beans, 
The organism could also form the pigment, and more rapidly, from Z- 
inositol. Pseudomonas beijerinckii can grow in a simple medium (at pH 
8.4)' containing only ammonium succinate (0.50/0), KIHPO~ (0.04%), 
MgSOl (0.0293, and NaCl (12%-the organism is markedly halophilic). 
The pigment was produced only with the further addition of inositol. It 
was suggested that the organism probably oxidized inositol to triketo- 
inositol (hexahydroxy-benzene), which was then converted by autoxidation, 
under conditions of restricted 02 access, to the tetrahydroxy-quinone. The 
oxidation of inositol to tetrahydroxy-quinone was not carried out by washed 
suspensions of the organism; oxygen uptake waa then very slow. Somi 
other species of Pseudomonas were observed to  be able to metabolizc 
inositol; Pseudomonas jluorescens oxidized it completely to COn and water. 
Acetobacter suboxydans oxidizes inositol to inosose, i.e., monoketo-inositol 
(152). 

5.  Growth Fdctor for Fungi 

Inositol was first identified as a growth factor for a fungus in the case of 
Ashbya (Nematospora) gossypii (50); Kogl and Fries (161) added thiamin 
and biotin to the growth requirements of this organism. There are indica- 
tions that Lophodermium pinastri, Trarnetes serialis, and possibly Tri -  
cholomu nudum also require inositol for optimum growth (161). Tricho- 
phyton discoides requires inositol as an essential growth factor (319). This 
organism could utilize to some extent Ca phytate and an inositol-phospha- 
tide from brain (95), but free meso-inositol was much more effective. 

XII. CHOLINE 
Choline has been extensively studied as a dietary factor in mammals 

and much is known about its function as a lipotropic factor and its bio- 
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chemical behavior in relation to other components of diets, including sulfur- 
containing amino acids and B group vitamins; it is also important in avian 
nutrition [see review by Best and Lucas (23)]. It is only recently that choline 
has been implicated as a nutritional requirement of micro-organisms. 

1. Pneumococcus 

Rane and Subbarow (291) reported that choline was essential for the 
growth of certain strains of pneumococci (Types I, 11, V, VIII) in media 
of known composition. Badger (10) extended these observations by exam- 
ination of the specificity of the choline structure using a Type I11 strain. 
Thirty five different compounds related to choline were examined, the 
organism being grown on a chemically defined medium, with the exception 
of “vitamin-free” casein hydrolyzate as source of amino acids. The clear- 
cut growth responses were measured turbidimetrically. The original paper 
should be consulted for the extensive tables from which Table XXVIII 
is condensed. Analysis of the relative activities of the compounds indicates 
the following structural requirements. This pneumococcus requires a mole- 
cule containing a N-C-C.OH or N.C.C.C.OH chain. Substitution of 
CHa or CzHs on the N atom increases the activity (e.g., Nos. 2, 3, 4, 5,  6 
compared with No. 7) except in the cases of Nos. 15 and 17, when the activ- 
ity is decreased (e.g., No. 16). Addition of a phenyl or acetyl group to the 
N atom or a carboxyl group to either C atom inactivates the molecule. 
The terminal hydroxyl group must remain free; any substitution of or 
through this group results in loss of activity. The inactivity of: ethylamine, 
glycine, sarcosine, carnitine, and serine, all naturally occurring substances, 
suggests that choline or ethanolamine, the only naturally-occurring sub- 
stances found to  be active, are not required as precursors of any of the 
former group of compounds; nor did chollne appear to  be a precursor of 
acetylcholine, since the latter was only very slightly active, and that pos- 
sibly due to slight hydrolysis. Badger considered the possible roles of choline 
or ethanolamine in the nutrition of this pneumococcus which were suggested 
by the action of choline in animal metabolism. A role in transmethylation 
appeared to be excluded by the activity of triethylcholine (No. 4),diethyl- 
ethanolamine (No. 5 ) ,  coupled with the inactivity of methionine, betaine, 
phosphorylcholine, and other compounds containing labile methyl groups. 
Badger concluded that since ethanolamine can replace choline, the forma- 
tion of phospholipids, which have been found in bacteria, appeared to be 
the most likely rale for choline in the metabolism of this pneumococcus. 
There was no correlation between the activity of choline or its derivatives 
in promoting the growth of this pneumococcus and their action in avian 
and rat nutrition (252a). 



TABLE XXVIII 
Activity of Choline Derivatives on Growth oj a Strain of Pneumocoecus (Type  ZfZ) (10) 

(Activity is recorded in % of turbidity obtained with 5 pg. choline chloride/ml. 
medium = 100%) 

Substitution on N atom 
Compound 

1. Choline chloride 
2. Dimethylethanolamine 
3. Methyldiethanolamine 
4. Triethylcholine chioride 
5. Diethylethanolamine 
6. Dimethylethylhydroxyethyl- 

ammonium chloride 
7. Ethanolamjne 
8. Diethanolamine 
9. Triethanolamine 

10. Tetraethanolammonium hy- 

11. N-Acetylethanolamine 
droxide 

Structural formula 

(CHs)rN(CI) .CHz*CHs*OH 
(CH3)zN.CHz.CH2*OII 
(CHa)*N(CH2*CHz*OH)z 
(CzH6)sN (Cl) * CHZ. CHs.OH 
(C2H6)zN. CHz * CHz . OH 
(CHs)2 (CzHs)N (C1) . CHz . CHz . OH 

Substitution on a-carbon atom 
12. a-Ethylethanolamine HzN. CH(CzH5). CHz.OH 
13. a-Ethyl-a-hydroxymethyl- HzN.C(CHzOH) (CPH6) .CHz.OH 

14. a-Me thyl-a-hydroxymethyl- HzN.C (CHzOH) (CH3) .CHz. OH 

15. (Y ,a-dimethy lethanolamine HzN. C(CHa)z. CHI. OH 
16. a,a-Dimethylcholine chloride (CHa)a N(C1) .C(CHS)~.CHZ.OH 
17. a, a-Dihydroxymethylethan- HzN - C (CHZOH)~. CH2. OH 

ethanolamine 

e thanolamine 

o 1 am i n e 
Substitution on @-carbon atom 

18. 7-Diethylaminopropanol (CzHb)zN*CHz*CHz. CHz*OH 
19. B ,  7-Propane-diol-diethyla- (CZHJZN. CHI. CH(OH). CHZ. OH 

mine 
20. Diethylmethyl-@-7, -dihy- (CzHa)z(CHs)N (CI). CHz * CH (OH) * 

droxypropyl ammonium CHI*OH 
chloride 

21. Acetylcholine chloride (CHa)s N(C1) .CHn.CH2.O.CO* CHI I 

22. Acetyl-B-methylcholine (C&)aN(Cl) *CH2. CH (CHa) .O*CO- 1 
chloride CHa 

Inactive Compounds (tested up to concentration of 60 pg./mZ. medium 
23. N-Phenylethanolamine 
24. 2-Nitro-1-butanol 
25. Serine 
26. Ethylamine 
27. Ethylenediamine 
28. Glycine 
29. Sarcosine 
30. Betaine 

31. 8-Methoxyethylamine 
32. Carnitine 

33. Phosphorylcholine chloride 

34. Urethane of 8-methylcho- 

35. Carbamyl choline chloride 

Ca-salt 

line chloride 

Activity 
% 
100 
100 
100 
100 
100 
100 

80 
95 
95 
85 

23 

80 
100 

90 

31 
20 
5 

100 
100 

20 

- 
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2. Mutant of Neurospora crassa ‘Cholineless’ 

A mutant strain which arose from a culture of wild type Neurospora 
crassa after ultra-violet irradiation, was found (133) to be unable to grow 
on a medium containing only salts, sucrose, and biotin which supported 
the growth of the wild type organism. Addition of a mixture of water-soluble 
growth factors permitted growth, and choline alone permitted growth when 
the coqponents of the mixture were tested separately. In an examination 
of the specificity of choline for this mutant the following results were ob- 
tained: only choline (appros. maximal effect a t  1 pg./ml. mediurn) and 
methionine (only 1/500 of the activity of choline) and lecithin showed 
activity. With pure lecithin 50% of the available choline was utilized in 3 
days. The followirig substances were inactive: ethanolamine, dimethyl- 
amine, trimethylaniine, tetramethylammonium chloride, sarcosine, betaine, 
creatine, and I1 water-soluble vitamins and 22 amino acids. The activity 
of methionine suggests that this fungus may, in part, show some of the 
physiological mechanisms which relate choline and methionine in higher 
an inials . 

XIII. OLEIC ACID 

Definite evidence has recently been found that oleic acid plays a part in 
the growth requirements of several micro-organisms. Fleming in 1909 
(91) observed that the acne bacillus (Corynebacterium acnes), which is 
difficult to cultivate, grew best in ordinary nutrient agar to which 145% 
oleic acid was added. 

a )  C. diphtheriae, Cohen, Snyder, and Mueller (55) found that certain 
strains of C. diphtheriae would not grow on a medium of known composition, 
including all the known growth factors required by the organism, when 
using small inocula from freshly isolated cultures. Addition of serum caused 
prompt and heavy growth; milk and commercial casein were also sources of 
the required additional material. Fractionation of casein showed that 2 
factors a t  least were involved; one mas shown to be oleic acid. There w a . ~  a 
relatively.sharp optimum a t  approx. 1 mg. oleic acid/20 ml. of medium, 
using colony growth on agar plates as test object. Linoleic acid was inactive, 
as also was dihydroxystearic acid prepared from active oleic acid. Regenera- 
t ion of oleic acid from inactive dihydroxystearic acid (via bromination 
and reduction) yielded oleic acid which was active. Thus, short of testing a 
sample of synthctic oleic acid it is proved that oleic acid and not a con- 
canitant impurity is the active compound. Not all strains of C. diphtheriae 
responded to the 2 factors (e .g . ,  a Park 8 strain); the sensitive strain was of 
giavis type. 

6) Erysipclothrirc Thiisiopathiae. This also appeared to require oleic 
acid as an essential growth factor; 0.2 mg./lO ml. medium mss inhibitory, 
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but in the presence of saponin (0.3%) 0.3 to 0.6 mg. oleic acid/lO ml. 
medium gave good growth when the basal medium was otherwise satis- 
factory (132). 

c)  The fungus Pityrosporum ovale requires oleic acid as an essential 
growth factor when growing on a medium of known composition (XIIJVO3, 
salts, glucose); 1 mg. oleic acid/lO ml. medium gave a slight effect with 
increasing growth up to 100 mg. oleic acid/lO ml., But even then the growth 
was poor. The further addition of mparagine (0.5%) permitted good growth 
in 1-2 weeks, heavy in 3-4 weeks. Pyridoxin and thiamin shon ed stimula- 
tion of growth but were not essential (16). 

d )  Cl. tetani requires oleic acid at  an optimal concentration of 0.01 mg./ 
10 ml. of a medium of known composition (86). 

It is clear that oleic acid enters into the growth requirements of a suf- 
ficiently wide variety of micro-organisms to make it not unlikely that i t  will 
be found of general importance. The variation of concentration required, 
from about 100 mg./lO ml. medium with the fungus Pityrosporum ovale 
to  0.01 mg./ml. for CL tetani suggests that it may be used for quite different 
functions in these organisms. This does not exclude also some common 
functions. 

XIV. NAPHTHOQUINOXES 

1. Growth Efects with Johne’s Bacillus 

Mycobacterium paratuberculosis (Johne’s bgcillus) was one of the first 
bacteria for which a special growth factor was clearly differentiated. 
Twort and Ingram (390, 391) showed that other acid-fast bacteria, includ- 
ing AIycobact. tuberculosis hominis and Mycobact. plilei in growing produced 
the growth factor(s) which Johne’s bacillus required; crude concentrates 
of growth factor, indicating a certain solubility in fat solvents, were pre- 
pared from Mycobact. phlei, but no specific compounds were identified. 
Not until 1940 was any further work recorded on the nature of this growth 
factor; then Woolley and McCarter (451) made striking observations on 
the effect of phthiocol (2:methyl-3-hydrosy-l ,-i-naphthoquinone) and of 
2-methyl-] ,4 naphthoquinone. Synthetic phthiocol (0.1 pg./20 ml. me- 
dium) and 2-methyl-l , 4 naphthoquinone (0.1 pg./20 ml. medium) caused 
marked increase in mass of growth compared with that on the control 
synthetic medium. 

Partially purified concentrates from cells of Mycobact. phlei (acetone 
extraction-+ether+water) added a t  a level equivalent to 1% &I. phlei 
cells, and thus supplying 200 pg. of solids/20 ml. medium, gave excellent 
growth. It was clear that, although the two naphthoquinones made an 
important contribution to  the nutrition of the organism, the ill. phlei 
extracts contained additional growth stimulants. 
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The basal medium used by Woolley and McCarter contained only 
glycerol, asparagine, citrate, and minerals (126). The Mycobacteria as a 
group are in general capable of growing on simple media of this type, 
after a more or less prolonged process of adaptation, but it is clear that 
these bacteria when growing in host organisms probably use nutrients of 
a more complex character. The process of inducing them to grow in vitro 
on simple media appears to consist in training them to synthesize for 
themselves substances which they would otherwise obtain from the tissues 
of their hosts. Johne’s bacillus is an outstanding example of this, since it 
is very difficult to train to grow on simple media without the Twort-Ingram 
factor(s), but it has been done (71). These organisms, even on rich media, 
are slow growing and not easily killed under adverse conditions and so are 
favorably organized for changing their nutrient requirements through 
alterations of synthetic ability [for discussion of nutrition of Mycobacteria 
see (154)l. As mentioned in the introduction, Twort and Ingram (391) 
were the first to suggest that increase in the complexity of nutrient require- 
ments might be due to losses of synthetic power, and that this might be 
related to the acquisition of a parasitic habit during evolutionary develop- 
ment. It was for these reasons that they examined Mycobact. phlei, a 
common organism found on Timothy Grass, as a sourcc of the growth 
factor which they assumed Mycobact. paratuberculosis had lost the power 
to synthesize owing to its parasitic habit in the intestinal tract of cattle. 

Phthiocol was isolated from tubercle bacilli (269a) and since the Johne 
factor was soluble in fat solvents and water, Woolley and McCarter tested 
phthiocol for activity. The vitamin I< activity of phthiocol suggested a 
test of other vitamin-I(-active substances, and a highly potent concentrate 
of vitamin K, and also the simple 2-methyl-l,4-naphthoquinone were 
thus found to be active for Johne’s bacillus. 

2. Bacterial Syntheses of Naphthoquinones and Vitamin-K-Active 
Substances 

Bacterial synthesis of vitamin-K-active substances has been reported ; 
thus B. mycoides, B. cereus, B. subtilis, Sarcina lutea, Serratia marcescens 
(Chromobact. prodigiosum), Staph. aureus, Esch. coli, and Mycobact. tuber- 
culosis hominis, grown on complex bacteriological media, synthesize vita- 
min-K-active substances (5)  ; and Esch. coli grown on a synthetic medium 
containing only glucose, citrate, asparagine and minerals prodtlced active 
substances equivalent to 1000 I< units/g. dried cells and excreted into the 
medium 400-700 K units/liter (56). It mould be interesting to know 
whether Johne’s bacillus, adapted to grow without added growth factors, 
does in fact synthesize vitamin-I<-active substances. 

Thus vitamin-K-active substances, of which phthiocol is a natural 
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product of a Mycobacterium, are on the one hand products of bacterial 
synthesis, and on the other, important in the nutrition of Johne's bacillus. 
It may be expected that some naphthoquinone may be found to have 
importance in the metabolism of many bacteria. Although no physioIogical 
function is yet known for such a compound in these organisms, support 
for this conclusion is given by the observation that certain naturally- 
occurring growth inhibitors, themselves products of bacterial growth, may 
be reversed by suitably constituted naphtho- and anthraquinones. On the 
basis of the theory that growth inhibitors act by interference with essential 
metabolic reactions, reversal of inhibition may be an indication of the 
existence of a product important in cell metabolism, (cf. the discovery of 
the rate of p-aminobenzoic acid, Section VIII). 

3 .  Naphthoquinones and the Antagonism of Iodinin Inhibition 
of Bacterial Growth 

C'hromobacterium iodiniim (59) produces a purple pigment "iodinin" (54) 
which can inhibit the growth of certain bacteria, of which Strept. he- 
molyticus is the most sensitive; 0.8-1.2 X 10" Af iodinin can prevent 
growth for G days (239). Iodinin is the di-N-oside of a dihydrosyphenazine: 

0 
t 

the positions of the OH groups are unknown, but the 2 , 3  and 2,5 com- 
pounds are excluded (54). 

McIlwain (239) sought naturally-occurring compounds capable of 
reversing the inhibition of the growth of Strept. ?itmolyticus by iodinin. 
Such compounds were found in extracts of rheum; this led to the testing 
of anthraquinones of which the 1 ,4-,1, 5-, and 1 ,&dihydrosy-anthra- 
quinones were found to be active in reversing inhibitions by iodinin (at 
2 X to 5 X 10" ill, 
depending on the particular compound. Sincr nnti-iodinin compounds 
were present in normal serum, in which anthraquinones n-erc not known 
to occur, partial separation of the seivm compound was carried out; it 
was found to  be soluble in fat solvents. The one group of fat-soluble sub- 
stances which had been implicated in bacterial nutrition a t  that time was 

M) a t  concentrations of the order of 5 X 
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the group of vitamin-I<-substances found by Woolley and McCarter for 
Johne’s bacillus, which McIlwain therefore tested. Vitamin-K-concentrates 
and the water-soluble 2-methyl-l , 4-naphthoquinone were found to be 
active in annulling the inhibition caused by iodinin ; 2-methyl-1 ,$-naphtha- 
quinone was even slightly more active than the active hydroxyanthra- 
quinones previously examined. 

Discussing the mode of action of iodinin and its antagonists, McIlu-ain 
(239) concluded that iodinin was inactivated by reduction, by the organism 
alone when a sub-inhibitory concentration of iodinin \\-as present, or by 
the organisms + the antagonist anthraquinone or naphthoquinone, when 
larger concentrations of inhibitor were used, The peculiarity of the antago- 
nistic quinones lay in (a) their greater potency than other redox systems, 
(b) the probability that compounds with vitamin-K-activity are responsible 
for the antagonistic action of serum and (c) the fact that the quinones are 
not known to function in a manner comparable with that of, e.g., methylene 
blue or pyocyanin in other redox systems. 

Since such low concentrations of iodinin are anti-streptococcal i t  appears 
probable that iodinin interferes with specific processes in the inhibited 
organisms. There is a structural relation between iodinin and its most 
potent antagonists, and their interaction with it and I\ ith the organisms 
niay be similar to that for other stillctnrally related groups of inhibitors 
and their corresponding antagonists. In several cases the natural antagonist 
is intimately concerned in the metabolism of the organism against which 
the inhibition acts; cf. p-aminobenzoic acid and sulfnnilyl drugs ; amino- 
sulfonic acids and amino-carbosylic acids (234a, 237) ; related amino acids 
(105), etc. In  the case of iodinin the shape and polarity of the antagonist 
molecule is very like that of the inhibitor, with different, atoms substituted 
in important groups. McIln-ain (239) suggested, by analogy, that iodinin 
formed some type of combination involving N-oxide groups with sites in 
an enzyme essential to the growth of the bacteria, these sites being i n i - o l d  
in a reaction of the enzyme with compounds similar to  those quinoncs 
found to be antagonists of iodinin. Since vitamin-Ii-active substances arc 
synthesized by many bacteria, including phthiocol by 31 ycobact. tirbcr- 
culosis hominis, since Johne’s bacillus is stimulated in gronth both by 
phthiocol and 2-methyl-ll4-naphthoquinone, and in view of the nntngo- 
nisni of iodinin-inhibition by these substances, it is clear that a search in a 
wide variety of microorganisms for the physiological function of s ane  
system using substances related to 2-niethyl-1 , 4-naphthoqujnone (as the 
simplest of the relevant known compounds) is worth making. Johne’s 
bacillus may be an organism which is unable to synthesize the quinone 
required in this postulated metabolic system. Hence Johnc’s bacillus 
might be very susceptible to inhibition by iodinin or related inhibitors. 
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McIlwain (240) has used the structural relationship between iodinin and 
the antagonistic quinones as a model for preparing quinoxaline di-N- 
oxides related to compounds of anti-hemorrhagic activity. The di-N-oxides 
were inhibitory to bacterial growth, the parent diazines were inactive. 
These inhibitors were less active than iodinin. 

XV. EPILOGUE 

The material collected in this article is representative of the large amount 
of knowledge about essential metabolites which has been secured, mainly 
during the last ten years, by the biochemical study of micro-organisms. 
It is clear that the initial stage of discovering essential metabolites by 
recognizing and characterizing growth factors is now passing to  a higher 
stage. More growth factors will be found, but in a sense the discovery of 
new growth factors is becoming a routine search, in objective, if not in 
methods of isolation and identification. 

The emphasis can now be placed on the purposeful study of the physiolog- 
ical functions of essential metabolites. Here the techniques which can be 
used are much enriched by the possibilities now available for modelling 
chemical structures related to essential metabolites. The power of synthetic 
organic chemistry can be exploited in a rational way to prepare compounds 
for the study of physiological function and biological flexibility,-the 
real biochemistry of growth. Analogs, variants and partial structures of 
essential metabolites can be used to study stages of biosynthesis directly. 
Correspondingly, specific inhibitors modelled on the structures of these 
metabolites increase the range of compounds available for the analysis of 
the biosynthetic network. Such studies with micro-organisms are of the 
widest value since the findings, reflecting the underlying unity of all 
biochemistry, will have application in all biological fields. 
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Footnote added in proof, to p ,  11 6 .  
Andre Lwoff (210) in 1932 clearly expressed the conception (particularly in con- 

nection with protozoa) that more complex nutrient requirements were a reflection of 
more restricted synthetic abilities, as an evolutionary loss of physiological function; 
Knight (154) independently reached similar conclusions for bacteria. Twort and 
Ingram (390,391) had foreshadowed this in their brilliant conception already quoted. 
Recently two excellent surveys by the Lwoffs have become available from liberated 
France, unfortunately too late for anything more than citation (see 210b, 226a). 
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Note for Chapter VII, 6 p. 168, added in proof. 

Dittmer and du Vigneaud (62a) compared the yeast growth-promoting 
activities of: biotin ( l O O ~ o ) ;  desthiobiotin (lOOo/o) ; the diaminocarboxylic 
acid obtained by opening the urea ring of biotin by barium hydroxide 
hydrolysis (10 yo) ; diaminopelargonie acid (10%; the urea ring opened as 
in the previous compound and the sulfur atom also removed as in desthiobio- 
.tin), and observed the corresponding relative activities shown in brackets. 
With L. casei, only the diaminocarboxylic acid derived from biotin showed 
any activity (less than 0.01%) as compared with biotin itself. The sugges- 
tion is that the yeast could use the less active compounds as less efficient 

building-stones for the synthesis of the ultimate essential metabolite (biotin 
or a higher stage), the synthetic ability of L. casei being more restricted 
(62b). 

A study was made of the action of t,he antibiotin factor, avidin ( 6 2 ~ ) )  
which indicated that the urea ring portion of biotin must be intact for 
combination between biotin and the antibiotin protein to take place; the 
aliphatic side chain alsp seemed necessary. 

Growth-inhibitions by compounds structurally related to biotin have 
been observed. These are different in kind from the action of the anti- 
biotin factor, where an inactive protein complex is formed. These struc- 
turally related anti-metabolites include biotin sulfone and desthiobiotin, 
their activities being related to the nutritional requirements of the organ- 
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isms agamst which they act. Biotin sulfone inhibited L. caaei, L. arabinosus 
and Staph. aureus, the inhibition being specifically reversed by biotin. But 
with Saccharomyees cerevisiae, which, as indicated above, has less need for 
biotin as a nutrient because of greater synthetic powers, biotin sulfone 
could even act 89 a growth-factor, replacing biotin, although with less 
efficiency (62c). Desthiobiotin also showed inhibitory effects against the 
growth of L. casei promoted by biotin; growth due to 0.82 X 10-lo M biotin 
was decreased to one-half by 2.3 X 10" M desthiobiotin,-the inhibition 
being annulled by more biotin to a final concentration 'of 4.1 X M 
(62b). Two analogs of desthiobiotin :4-(imidazolidone-2-) caproic acid 
and the corresponding -valeric acid derivative were also studied as anti- 
metabolites (62a). These compounds differ from desthiobiotin in lacking 
the CHs attached to the imidazolidone ring, and the caproic acid derivative 
has one more -CH2 in the side chain than in biotin. The caproic acid 
derivative had inhibitory effects against L. casei and S. cereuisiae, annulled 
by biotin. In contrast, the valeric acid derivative stimulated the yeast, 
but not L. casei, and thus extends the range of compounds which the former 
organism c m  use, probably to synthesize biotin. 

Very recently two series of ureylenebenzene and ureylenecyclohexane 
derivatives related to the biotin structure (see formulae) have been found 
to possess specifically anti-biotin effects (82a) and thus provide further 
examples of deliberately modelled anti-metabolites. 

62a. Dittmer, K., and du Vigneaud, V., Science 100, 129 (1944). 
62b. Dittmer, K., Melville, D .  B., and du Vigneaud, V., Science 99,208 (1944). 
62c. Dittmer, K., du Vigneaud, V., Gyorgy, P., and Rose, C. S., Arch. Biochem. 4, 

82a. English, J. P., Clapp, R. C., Cole, Q. P., Halverstadt, I. F., Lampen, J. O . ,  and 
229 (1944). 

Roblin, R. O., Jr., J .  A m .  Chem. Soc. 67, 295 (1945). 
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I. THE VALIDITY OF LOGIC IN CHEMOTHERAPEUTIC RESEARCH 

Of all branches of research, chemotherapy has the reputation in the 
eyes of laymen of being one of the most scientific and logical of subjects. 
It is the object of this review to question the validity of this assumption. 
It is also proposed .to raise a number of questions, the correct answers to 
which would indicate whether various lines of research were worthy of 
prosecution. ’ 

The history of all chemotherapeutic researches can be divided into 
two parts. Firstly, the finding or stumbling upon a clue to the structure 
of a substance likely to be of value, and secondly, the development of 
variants with a view to finding the most potent substance. The most 
important part of the whole research is of course the discovery of the clue; 
this may be purely empirical or it may be the result of making compounds 
of a similar or allied structure to that of the naturally occurring sub- 
stance. 

Many examples can be given but most of these are old history. For in- 
stance, the first classical example is the development of Salvaman by Ehr- 
lich. Starting with the old knowledge that arsenic was of value in cases 
of syphilis, attempts were made to combine arsenic with a dye on the as- 
sumption that a substance capable of staining a microorganism would be 
fixed by it and if, so to speak, a poisonous charge could be attached to the 
dye, this would be dragged into the interior of the parasite which would 
subsequently be destroyed. Examples could be given in the case of the 
phenolic mtiseptic substances. As can be seen from such a study, simple 
logic works out very nicely up to a certain point, and an orderly series of 
compounds is obtained. However, as soon as a theory connecting structure 
with biological action is evolved, disastroiiw exceptions at once arise to 
upset the whole theory. 

Perhaps the most scientifically amusing example of this apparent order- 
liness can be seen in the researches leading up to the development of the 
sulfanilamide series of drugs. Working on the old Ehrlich doctrine-mn 
ugunt nisi $mtu-German investigators at I. G. Farbenindustrie evolved 

229 
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a red dyestuff, Prontosil, of the following formula (a), Here we have a very 
complicated molecule securely covered by patents which really gave a 
monopoly for the treatment of septicemic conditions. French workers, 
however, showed that when administered to rabbits, this substance was 
partly excreted in the urine as sulfanilamide, and they subsequently showed 

a. Prontoail 

that this was as effective as the original Prontosil. Here we see years of work 
on the part of the German chemists in building up this complicated mole- 
cule all being undone by the metabolic processes of the rabbit which ex- 
tricates the relatively simple substance sulfanilamide from its elaborate 
trappings. The development of the sulfanilamide series of drugs became 
merely a question of working every type of substitute and finding by ani- 
mal and clinical experimentation which was the better. Later the work of 
Fildes and his colleagues (see the review of Knight in this volume) pro- 
vided a truly logical method of investigating the activity of drugs of this 
type. 

Another series of compounds illustrating the relationship between struc- 
ture and function is found in the pressor substances related to adrenalin. 
I t  is here for the first timc that the chemotherapeutic principle was applied 
to substances actually produced by the body and utilized for influencing 
the function:; of the body. 

Perhaps the most interesting questions, however, in this problem arise 
in relationship to  the sex hormones. This is not the place to  give a com- 
plete summary of the development of our knotv!edge of this subject. By 
the early 1930s the constitution of the naturally occurring estrogens had 
been deduced and they are five in number; estriol, estrone, estradiol, 
equilene, and equilenin. The formulae are reproduced below (b, c, d, e, f ) ,  

& H  Ho# 

HO no 
b. Estriol c. Estrode d. Estradiol 

e !?qu . m e  f .  Equilenin 
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For the first time it appeared that the body produced a series of sub- 
stances capable of producing the same biological reaction. In the case of 
the other hormones, only one substance had been isolated. Thus only adren- 
alin had been prepared from the suprarenal glands, only thyroxine had 
been obtained from the thyroid, and only one form of crystalline insulin 
from the pancreas. Admittedly, synthetic products had been obtained 
capable of reproducing most of the reactions of adrenalin, and di-iodo- 
thyronine was found to have qualitatively the same biological properties 
as thyroxine although quantitatively very much less. Also in the case of the 
body estrogens there were five substances all possessing the same qualita- 
tive reaction but again differing in their .quantitative activity, estradiol 
being the most active, weight for weight. 

11. FROM ESTRADIOL TO STILRESTROL 

The problem as to how far one could depart from the structure of es- 
tradiol arose to the present writer and his colleagues. First an attempt was 
made to  imitate the action of the estrogenic agents with synthetic organic 
compounds, derivatives of phenanthrene. The first compound to have 
qualitatively the same activity as the naturally occurring estrogens was 
found to be the substance 1-keto-1 : 2:3 :4tetrahydrophenanthrene (for- 
mula 1 in the scheme below). Again it is not proposed to reviev in detail 
the laborious series of investigations that follbn-ed the discovery of the 
activity of this compound (see (1) to (6)). For the purpose of this review 
we can indicate the salient points. A very large number of derivatives of 
phenanthrene IF ere studied from the biological standpoint and found to  
possess degrees of activity varying from one-millionth to one-fiftiet h of 
that of estriol. The next step was to decide whether the phenanthrene 
ring system was necessary. It was shown that certain derivatives of 
acenaphthene possessed estrogenic activity (7, 8). Proceeding to further 
simplification triphenyl carbinol was shown to be inactive whereas diphenyl- 
a-naphthyl carbinol (formula 4) IVW found to possess activity. ,Again pro- 
ceeding with this simplification, the two-ring compound 4 : 4’-dihydroxy- 
diphenyl (formula 5) was found to possess activity. In view of the activity 
of the carbinol mentioned above, the activity of substituted methane and 
ethane compounds was studied. It was shown that diphenyl-ethane 
(formula 6) possessed activity which n-as increased if 2 hydroxyl groups 
were introduced into the 4:4’-position. If the compound 11 ere desaturated 
and a double linking put between the two central carbon atoms the hydro- 
carbon diphenyl-ethylene or stilbene results, which was also found to 
possess activity (formula 7)) and in a greater degree than the correspond- 
ing ethane derivative. The 4 : 4‘-dihydroxystilbene (formula 8) was found 
to have still greater activity than the parcnt hydrocarbon (11). 

The problem now arose as to whether one could leave out one of the 
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benzene rings and substitute it by a methyl group. The substance para- 
hydroxypropenylbenzene or anol (formula 9) would obviously be the sub- 
stance d o s e  activity would be of interest. This was prepared very easily 
by the demethylation of anethole and was accomplished by heating this 
methoxy compound in a sealed tube with alcohol and potassium hydroxide. 
The resulting phenol wm separated by the standard method and its ac- 
tivity was investigated. The first specimen prepared was found to have a 
very high degree of activity-in fact approaching that of estrone itself. 
This fact was published (9, 10). Shortly after publication, however, it 

To STILBESTROL 
S C H E M E  SHOWING SERIES OF COMPOUNDS IN ORDER LEADING FINALLY 

l.l-Ketc-l:2:3:Ctetrahydro- 
phenanthrene 2. Dibeneanthraesne diols 

OH 

3. Di-k-naphthyl-dioxy- 
Acenaphthene 

4. Diphenyl-a-naphthyl- 5. 4, 4'-Dihydroxgili~~henyl 5. Diphenylethane 
earbinol 

7. Stilbene 8. 4, 4'-Dihydroxyatilbene 

9. Anol 10. Disnol 

wa8 found that the activity of all samples of anol was not identical, some 
being extremely active and others practically. without activity, and it be- 
came obvious that something was seriously wrong in the whole conception. 
An investigation of the activity of the mother liquor from which the 
an01 had been crystallized showed it to contain a glassy substance of 
roughly constant activity of about that of estrone. This material 
was found to be very difficult-in fact impossible-to crystallize. A study 
of the properties of anol indicated that it polymerized very rapidly and a 
possible assumption was that the activity in the highly active specimen 
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of anol must be due to  a contaminant-almost certainly a polymeride of 
anol. It was natural t o  think of the dimerides of an01 and attempts were 
immediately put in hand to synthesize all the possible dimerides. Dianol 
(formula 10) had already been described; this was prepared and tested, 
but found to  have an activity of an order that could not explain the na- 
ture of the contaminant. A symmetrical dimeride was obviously the most 
likely choice. Sir Robert Robinson and his co-workers a t  Oxford had been 
interested in the synthesis of chrysene and bodies more blosely resembling 
the polycyclic estrogens, and it was decided that the workers in the writer’s 
department and those a t  Oxford should combine. As a result of this collabo- 
ration a symmetrical dimeride was synthesized in 1938 and was proved to  
be very highly active. This substance, whose’ formula is shown below 
(g), is known as diethylstilbestrol, the term stilbestrol being used for 
the parent substance 4 : 4’-dihydroxystilbene. In Great Britain the sub- 
stance is commonly known as stilbestrol, although i t  should, of course, 
be referred to w diethylstilbestrol. 

As a result of careful study of the mother liquors from the anol crystalli- 
zation after demethylating anethole it was possible to isolate an active 
contaminant, namely hexestrol, which proved to  be hydrogenated stilbes- 
trol. This possessed the formula (h) which is shown below. Another similar 
compound was obtained by synthesis, namely dienestrol, whose formula is 
shown at (i). We have, therefore, the three synthetic estrogens-stilbes- 
trol, hexestrol, and dienestrol (11, 12, 13). 

111. THE PROBLEM OF ACTIVITY IN THE ESTROGENS 
Whilst i t  is possible to  write the formulae of stilbestrol and other syn- 

thetic estrogens in such a way that they bear a rough resemblance to  the 
naturally occurring estrogens as shown by the diagram (j) from the strictly 
chemical point of view, literally the resemblance is nonexistent. Instead 
we are faced with the interesting problem of an extremely complictated 
biological reaction such as the action of naturally occurring estrogens, 

CH, CH3 
CH, CHI 

I I  CH, CH, 
I 1  

CH, CH, 

H o - # - L C ~ o H  H o + ! H - ! H  

h. Hcxestrol 
g. Stilbeutrol (Diethylstilbeutrol). 

..fy-!!+oH HO floH H& CHI 

CH3 CH, 

CH CH 
I I  

j. Stilbestrol formula illiietrating 
i Dienestrul similarity to mtrone 
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embracing aa it does important biological reactions on the whole of the 
female genital tract, the secondary sexual characteristics such as develop- 
ment of the breasts, external genitalia, etc., the conferment of female 
sexual instincts, the action on the pituitary and many other biological 
reactions, being carried out by two groups of substances-first by those 
produced in the body of a complex steroid type, and second by the rela- 
tively simple derivatives of hexane. It would appear impossible to cor- 
relate the biological activity with the chemical structure. In this laboratory 
and in many others attempts have been made to modify the structure of 
the three synthetic estrogens-namely stilbestrol, hexestrol and dien- 
estrol with a view to increasing their activity, but any alterations in their 
structure such m the introduction of other hydroxyl groups into the 
benzene rings, modification of the length of the side chains, etc., only 
result in a reduction in activity 

It is very difficult indesd to interpret the significance of these observa- 
tions but it would appear to the writer that the most important question 
is to know whether the three synthetic estrogens mentioned above repre- 
sent the most active substances that can be obtained. If we return to our 
first introductory remarks-namely the purely logical and scientific ap- 
proach to these problems, we are at  once confronted with the undeniable 
fact that these three substances, whilst apparently resulting from a planned 
and orderly research, really resulted from an error of judgment and that 
the path which led logically to anol-which incidentally proved to be of 
very low activity-was by chance led from anol to stilbestrol. 

Is it possible that there are otherasynthetic estrogens of an entirely 
different character and constitution still waiting to be discovered? If this 
applies to the estrogens, it almost certainly applies to mary other biolog- 
ically active substances, and it may be that bold and empirical experi- 
mentation on these lines will lead to the synthesis of an even simpler 
type which will really give an answer to the question of structure in rela- 
tion to function. 
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I. FOREWORD 

The present review has for its purpose the presentation of the progress 
made since 1926 toward the isolation and identification of the anti-perni- 
cious anemia material of liver. Unfortunately, within a short time, save 
for its historical interest, this review may be without scientific value. This 
arises from the fact that any hypothesis put forward by any author cannot 
be confirmed or denied except by experimentation on human subjects with 
pernicious anemia. In  the course of a year the number of human subjects 
available for such experiments are not many. So it is only possible to 
evaluate the various preparations when active material is identified and is 
available in sufficient amounts for other investigators to confirm the data 
published. 

As there are, a t  the present time, several divergent points of view regard- 
ing the chemical nature of the active material, i t  has seemed expedient 
to adhere insofar as possible to a historical presentation of the subject. 
Even this plan of presentation has not been rigidly followed, however, 
because in the interest of clarity, i t  seemed wise to describe the work of 
each group of investigators in its entirety before passing to that of another. 
It is hoped that in this way the reader will be able to follow better the 
reasoning and procedures contributed by each worker on this subject. 

The physiological and clinical aspects of pernicious anemia have been 
reviewed by Minot and Strauss in an earlier volume (91a), and will be 
presented only briefly here. 

11. DEFINITIONS 

Pernicious anemia, a member of a not too closely knit family of anemias, 
was recognized as a clinical entity in 1849 by Addison (1) and named about 
twenty years later by Biermer. Because of this dual sponsorship, it is often 
referred to as Addison-Biermer disease. Because anemia may refer to a 
deficiency in red blood cells, in hemoglobin content of the cells, or both, a 
classification of anemias on an etiological basis has been found useful : 

(1) Anemias mainly due to loss of blood from hemorrhage. 
(2) Those resulting from an excessive erythrocyte destruction. 
(3) Those due to defective erythrocyte formation. 
Pernicious anemia belongs to group No. (3). It is believed that in perni- 

cious anemia the early large forms of the red cells, the megaloblasts, tend 
to divide but not to mature, so that, whereas the blood cells normally 
range in size from 6 to 9 p with an average value of 7.5, in pernicious anemia 
the peak of the distribution curve of corpuscle size (Price-Jones curve) lies 
between 8.25 and 9 p .  

In pernicious anemia, three organ system are chiefly involved (115). 
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1. Gastro-Intestinal Tracl 
1. Gloseitis. 
2. Achylia gastrica, associated with an atrophy of the gastric mucosa 

and the usual absence of both pepsin and hydrochloric acid from the gastric 
secretions. It is generally felt that such a condition is a necessary finding 
in order to justify the diagnosis of pernicious anemia. Indeed, achylia has 
been reported to have existed ten, thirteen, and even twenty years before 
the anemia developed. In such cases, although with treatment the symp- 
toms of anemia may be lessened, the achylia persists unaltered. The fre- 
quency of the association of achlorhydria with pernicious anemia has led 
to the views that: 

(a) Without achlurhydria, the real cause of the disease ( e . g . ,  toxic 
products, micro-organisms) , could not be effective; or 

(b) Achlorhydria in itself is the main causative factor. 
In evaluating such hypotheses, however, me should remember that 

3. Short periods of diarrhea as well as occasional constipation. 
many people with achylia gastrica never develop pernicious anemia. 

2. Blood 
(1) Reduced number of red blood cells. 
(2) High color index. 
(3) Megalocytosis (megalocytes are red blood cells with a diameter of 

(4) Poikilocytosis and anisocytosis. 
(5) Leuk 3penia. 
(6) Reduction in number of platelets. 
(7) High serum bilirubin. 
(8) Increased excretion of urobilin in stools and urine. 
(9) Marked deposits of hemosiderin in the liver, spleen, and kidneys. 

(10) Red cells slightly less fragile than normal. 
(1 1) In the bone marrow, replacement of fatty marrow of the long bones 

12-25 p ) .  

with the red marrow very rich in megaloblasts. 

3. Central Nervous System 
Changes in the central nervous system may occur with or without actual 

anemia (100, 115), although they are always associated with achylia 
gaslrica. The essential lesion is a primary degeneration of the myelin sheath 
with no glia reaction, most often affecting the posterior columns and the 
pyramidal tracts. 

111. EARLY THERAPY 
Up to 1926, various treatments were tried with dubious success. These 

were based for the great part on the hypothesis that pernicious anemia is a 
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disease of infectious, toxic, or neoplastic nature and that the change in 
blood picture is caused by pathological hemolysis. In 1925, Elders empha- 
sized the similarity between tropical sprue and pernicious anemia (31). 
He was of the opinion that sprue is a deficiency disease, having treated i t  
successfully since 191G by dietary control. His recommended diet consisted 
“of underdone meat up to 1 kg. or more, with 13 to 2 1. of raw milk with 
aqua calcis 5 times a day 15 cc., 15 or 30 cc. of codliver oil, and a few orahges 
or 400 g. of strawberries a day.” He reported a case of pernicious anemia 
greatly improved on this diet. He thus suggested that pernicious anemiais 
also a deficiency disease. 

Koessler, Maurer, and Loughlin in 1926 (70) reported that the diet is of 
great importance in the etiology and treatment of pernicious anemia, and 
on the basis of this observation, formulated a vitamin deficiency theory of 
pernicious and other severe anemias. From clinical observations, the study 
of the histories of pernicious anemia patients, especially in relation to  diet, 
and experimental work with rats, they considered that adequate treatment 
must include the replenishment of the body with vitamins through a 
proper dietary management. For this purpose, they recommended a great 
number of food-stuffs rich especially in vitamins A, the B-complex and C. 
It is of interest that Koessler, et al. strongly urged the inclusion of liver 
and kidney in the diet of the pernicious anemia patient. In 1927, Koessler 
and Maurer (69) reported on the further success of the treatment of perni- 
cious anemia through the administration of a high caloric diet rich in 
vitamins. 

When Cohn, ct al. in 1927 (15, 16) prepared an active liver extract free 
from vitamins, Koessler and Maurer (69) argued that although liver un- 
doubtedly contains a hematopoietic-stimulating substance, liver alone in 
the absence of ample vitamins will not lead to permanent lasting results. 

Although later work has shown that vitamins A and C are not concerned 
in pernicious anemia, the suggestion of Koessler and associates that 
pernicious anemia is a deficiency disease was fundamentally sound. 

Meanwhile in 1925, Whipple and associates (121), investigating the 
treatment of severe secondary anemia of dogs brought on by repeated 
hemorrhages, observed the favorable influence exerted by the feeding of 
beef liver. They concluded that the “body stores in liver parent substances 
which are used in the construction of hemoglobin and red cells” (121). In a 
later paper they said: “I t  is probable that in human beings food factors 
will be found more efficient in the control of simple anemia than iron or 
other drugs. Even in complex anemias (human pernicious anemia. . . .I 
food factors deserve serious consideration in the clinical management of 
the blood condition” (122). Their suggested applicability of liver therapy 
in hemorrhagic anemia to pernicious anemia needed to be put to clinical 
test. 



ANTI-PERNICIOUS ANEMIA SUBSTANCES OF LIVER 24 1 

IV. WHOLE LIVER THERAPY 
The effectiveness of whole liver therapy in pernicious anemia was re- 

ported by Minot and Murphy (90,91) in 1926. These investigators reported 
the prompt and distinct improvement in a large number of pernicious 
anemia patients on a diet in which liver was an important constituent. 
Within two to eight days of such treatment, there occurs an increase in 
reticulocytes of the circulating blood, reaching a maximum on the third 
to tenth day and subsequently returning to the lower original level. With 
continued liver therapy, this reticulocyte response is followed by a rise in 
hemoglobin and total red cell count, with a return to an approximately 
normal blood picture in about two months. A sudden improvement in 
mental outlook and a rapid gain in wight  are also quite characteristic of 
fiatisfactory response to treatment. 

In the clinical assay of a preparation, the incrcase in reticulocytes is 
often looked upon as proof of activity. However, there is frequently a lack 
of correlation betuxen the degree of reticulocyte response and the rapidity 
of incrcase of red blood cells. A good reticulocyte response usually, but not 
invariably foretells a good erythrocyte increase. On the other hand, a poor 
reticulocyte response is often followed by a satisfactory increase in erythro- 
cytes. For this reason, less attention is paid, a t  present, to the reticulocyte 
rise as a measure of the effectiveness of a tested material. Observation of 
the magnitude of the reticulocyte rise gives merely an indication of presence 
of potency of a given material, but not of degree of potency. 

Inasmuch as the chief difficulty in the work on the purification of 
active materials has been the relative scarcity of pernicious anemia patients, 
many worthy attempts have been made to develop an animal assay; the 
guinea pig, dog, cat, pigeon, swine, monkey, and rabbit have all been 
tried u-ithout definite success if  any. Creskoff and Fritz Hugh have covered 
this subject admirably in their review of standardization and assay of 
liver extracts (20). At any rate the clinical assay still is the only reliable 
way of following the fractionation procedures. 

Investigations of the chemical nature of the active principle in liver 
\\ere begun soon after Minot and Murphy had disclosed that such a sub- 
stance or substances must exist. Whether the antianemic factor occurs in 
normal liver in a preformed, active state, as we tend to believe, or whether 
it is a result of post-mortem autolysis is still disputable. Although Herron 
and AlcEllroy observed an increase in the hernatopoietic activity of liver 
upon autolysis (50), Castle and Str:tuss were unablc to demonstrate such 
an increase in activity (11). However, Roth (96) concluded that liver itself 
does not contain measurable quantitibs of immediately effective anti- 
pernicious principle. He attributed the activity of liver and liver extracts 
to post-mortem transformation of Hamogen (corresponding to  Castle’s 
extrinsic factor) into a potent form by a specific cell enzyme. Of interest 
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is the report of Wilkinson, Klein, and Ashford (128) that the antipernicious 
anemia principle (whether in active form or as an inactive precursor), 
is present in the liver of patients with aplastic anemia in amounts a t  least 
equal to those in normal human liver, whereas it was absent from the liver 
of a patient with untreated pernicious anemia who died of pulmonary 
em bolus. 

In  this review, we shall be concerned only with the substance or sub- 
stances in liver which exert a beneficial influence in cases of pernicious 
anemia. We shall not discuss Castle’s intr insic  factor, the material secreted 
normally for the most part by the pyloric glands of the stomach, and by 
Brunner’s glands, or his extrinsic factor present in such food materials as 
meat, cggs, yeast, and liver (7, 9, 10, 12, 13, 103). The claim of Klein and 
Wilkinson (G8) that the active thermostable principle of liver can be 
synthesized in vitro by incubating beef muscle and hog stomach could not 
be confirmed by Castle (8). We shall not concern ourselves with the anti- 
anemic substance reported to be present in normal urine (129,114) (25,113, 
78, 63) nor shell we attempt to  decide whether the antianemic principles 
found in the kidney (86), lungs (52), brain, salivary glands, saliva (109) 
pancreas, and other organs are the same chemically as that which occur ii. 
liver. We shall but mention that a report has been made of “a new therapy 
of pernicious anemia” with a spinach extract, a report however, not founded 
on experiment (93). Nor shall we attempt to review the interesting observa- 
tions made by Massa and Zolezzi (81, 82, 83) and Mermod and Dock (88) 
on the use of congo red in pernicious anemia. 

v. FRACTIONATION OF LIVER BY COHN, MINOT, AND ASSOCIATES 
1 .  Procedures Employed in Separation 

In 1927, Cohn, Minot, and their collaborators (15) attacked the problem 
of the isolation of the substance or substances in liver effective in the treat- 
ment of pernicious anemia. Their general procedure was to divide raw 
minced beef liver into various portions such as: 

(I) Water-soluble and insoluble, 
(2) Protein and non-protein, 
(3) Lipoid and non-lipoid, 
(1) Dialyzable and non-dialyzable components. 

They followed the course of the active principle by noting the presence or 
absence of a reticulocyte response after the administration of an extract 
to a pernicious anemia patient during relapse. At first, the material mas 
given orally, but latcr in the work, it was administered intravenously. In 
case of negative clinical results, the responsiveness of the patient was tested 
with liver or livcr extracts of proved potency. 

The procedures employed in the separation of the several fractions are 
presented schematically below (Table I). [The first part of the diagram is 



TABLE I 

I 
Inactive Fractions Active Fractions 

Raw Minced Liver brought to pH 9.0 

Insoluble Residue (A) ’ Water-Soluble Fractions rought to pH 5.0 
I 
I 

Water-Soluble Fractions heated to 70°C. 
I Protein Precipitate (B) 

(acid-precipitable proteins) 

i 
Water-Soluble Fractions (D) extracted with ether 

I 
r 

Heat-Coagulsble Proteins (C) 

Etherdoluble Fractions ( A E)  
[Removes 2% of solids of (D)] 

I 
Non-Ether-Soluble Fractions (E) extracted with 

strong alcohol , 

I 
Alcohol-Precipitable Fractions (G) dialyzed 

1 
Alcohol-Soluble Fractions (F) 
[Removes about 30% of solids of (D)] 

Dialyzed Fractions (H) ’ i 
Dialyzate (I) treated with silicic acid gel (pH 5 )  

I 

I 
Filtrate (K) extracted with h-butyl alcohol 

I 
Extractives Adsorbed bv Silicic Gel (J) 

I 
Filtrate from Phoaphotungstate (Q) 

I 
Precipitate (P) Phosphotungstatw treated with 

I 
90% acetone 

I 
I 

Acetone-Insoluble Phosphotungstates (R) 
I Awtone-Soluble Phosphotungstates (8) 

I 

I 
Starting with precipitate (P) regenerated and 

I 
treated with 95% alcohol 

I 
I 

Extract concentrated 
Intravenous lixtract “I. E.” 

I Imlub le  Residue 
(peptones, proteoses, polypeptidea) J 

“I. E.” dissolved in 90% alcohol, added 
equal volunie of ether 

I 

I 
Filtrate (contains tryptophan, tyrosine) Precipitate. Treated wit L 1 volume Hz0: 9 vol. 

alcohol: 4 vol. ether , 

I 1 
Precipitate (large number of substances giving Filtrate. Treated with 1 volume HzO: 12 vol. 

diazo test) alcohol: 6 vol. ether 
I 

* I  
Filtrate (extracts phospLorue-containing sub- Precipitate (2). Treated with 11 vol. alc.: 6 vol. 

I 
Precipitate (this is the fraction that bad hitherto 

been precipitated by HgSO4 in acid solution). 
l’reated with Dicric acip 

stanees) ether: 1 vol. HzO 

Precipitate extremely active). 
[Effective in 1140 mg. dose.) 



244 Y. SUBBAROW, A. B .  HASTINGS, AND M. ELKIN 

reproduced from papers (15) and (16), the rest from discussions in the 
authors' later papers (17, 18, 19). The letters designating the different 
fractions are those used by the authors.] 

Residue (A) contains, among other things, connective tissue and whter- 
insoluble proteins, fats, and carbohydrates. (B) is the copious, charac- 
teristic liver protein, the isoelectric point of which is in tfie neighborhood 
of pH 5.  (A) and (B), both separately and together, showed no clinical 
activity. Heat coagulation a t  70" C. removed most of the'proteins, largely 
the albumins and globulins of the blood. Extract (D) concentrated under 
diminished pressure at 60" C . ,  when given in the diet of four pernicious 
anemia patients produced a prompt increase of reticulocytea and a subse- 
quent increase of red blood cells. It was free from blood sugar reducing 
substances. When (D) wm concentrated a t  higher temperatures (i.e., on a 
water bath), it still showed some activity but less than that of liver pulp, 
indicating, perhaps, that the active principle had been largely destroyed 
during the prolonged concentration a t  high temperature. Separation into 
(F) and (G) was obtained by pouring a concentrated aqueous solution of 
(D) into an amount of absolute alcohol which would result in a final alcohol 
concentration of approximately 95 per cent by volume. Precipitate (G) 
which had been freed from such lipids as are soluble in ether, acetone, and 
strong cold alcohol, and from all but a trace of protein, sulfur, and iron, 
proved effective when fed daily in amounts of 9-14 g. This is equivalent to 
approximately 200-400 g. of whole liver. (It was later found that fraction 
(G)  can safely be given parenterally. When thus administered, its effective- 
ness is considerably greater-4 g. given parenterally being as effective as 
100 g. by mouth.) 

Thus, in 1927, Cohn, Minot, et al. (15) reported a relatively purified 
product (G), neither lipoidal nor protein in nature, the partial analysis of 
which follows : 

Kon-protein, non-ammonia Pr; 6.3-8.8 per cent 
Phosphorus 1.7-3.5 per cent 
Ash 16.0-20.8 per cent 

It may be interesting to mention at this point a few facts concerning the 
clinical activity of two of these fractions. Fraction (D) mas fed to a patient, 
9.45 g. of solid material for the first 10 days, then 18.9 g. for the following 
5 days. The reticulocytes ranged from 2.1 per cent the first day to 0.3 
per cent the fifth day, 16.0 per cent the tenth day and 2.8 per cent the fif- 
teenth. The erythrocyte concentration in millions per cubic millimeter 
showed no appreciable rise during the 15 days (1.24-1.32). On another 
patient, the red cells rose from 2.75 millions to 4.48 millions per cmm. in 
36 days (16). Clinical evidence of this sort indicated the presence of the 
factor in (D). 
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Fraction (G) was fed to  another patient in amounts ranging from 7.24 
to  14.48 g. for 22 days. The reticulocyte percentage rose from 0.1 before 
feeding to 41.4 on the fifth day of feeding and then fell to 0.4 by the 22nd 
day. The concentration of erythrocytes in millions per cubic millimeter 
rose from 0.55 to 2.94 in the 22 days. This would indicate good activity. 

In 1928 (16), Cohn and associates reported that inasmuch as the active 
principle appeared in neither fraction (A) nor (B), it seemed advisable to 
eliminate the preliminary extraction: The minced liver, therefore, was 
brought immediately to pH 5 ,  in the cold, thus inhibiting the hydrolysis 
of carbohydrates and proteins. They also found that most, if not all, of 
the material effective in pernicious anemia was dissolved by treating frac- 
tion (G) with 70 per cent alcohol. In this alcohol mixture, a large amount of 
inert material remained undissolved. Thus, to purify fraction (G) further, 
fraction (D) was dissolved in 70 pkr cent alcohol; the filtrate and washings 
were concentrated in vacuo and poured into absolute alcohol to make a 
95 per cent mixture. The hygroscopic precipitate obtained was still a rela- 
tively crude product from the chemical standpoint, although a very satis- 
factory one therapeutically when administered orally. 

The observation that the substance is effective when given by mouth 
suggested that the dimensions of the molecule are not such as to interfere 
with its absorption. Indeed, after electrodialysis, the residue (H) proved 
inactive when fed to a patient. 

2. Lack of Relation between Fraction (G)  and Known Vitamins 

In view of Koessler’s work, the question of the relation of the active 
material from the liver to the known vitamins was of some concern. The 
steps through which the extract had been carried with a retention of 
potency precluded the presence of those vitamins that are lipoid-soluble. 
Laqueur and Munch in an examination of seven preparations all prepared 
according to the methods developed by Cohn and his associates found no 
evidence of vitamin A (75). The properties of vitamin C (e.g., its instability) 
excluded it as a possibility. This conclusion has been verified by Koser, 
who in 1936 reported that the activity of antianemic preparations could 
not be ascribed to vitamin C (72). When “vitamin B” was concentrated by 
adsorption on silicic acid gel at  pH 5 (79), the antianemic principle waa 
left in the filtrate (16). Additional evidence against its possible vitamin B 
character was that the feeding of large amounts of food, rich in anti- 
neuritic and pellagra preventing factors, to pernicious anemia patients led 
to no reticulocyte response, In this work, yeast cake, dried aqueous yeast 
extract and vitamin extract were employed. The investigators declared, 
however, that further research along these lines was needed (16). 
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3. Evidence ngaimt Carbohydrate Charactcr 

Slightly more than one half the constituents of fraction (G) were pre- 
cipitated by basic lead acetate at pH 8, the active principle remaining in the 
filtrate (0). This preparation (0) was free of carbohydrates as judged by 
the Molisch test. Thus, proteins, fats, and carbohydrates had been elim- 
inated from the raw beef liver without a noteworthy loss in activity. 

The authors stated that: “Moreover, many organic acids form lead salts 
and would have passed into fraction (N).. There remained chiefly neutral 
or predominantly basic molecules, and in large part, the inorganic con- 
stituents of the liver that had passed into fraction (G)” (16). 

Analyses showed that whereas the purer fractions contained less phos- 
phorus, they were richer in nitrogen. Thus, the per cent of phosphorus and 
nitrogen in fractions (0), (G) and (D) vere: 

Per ccnk 01 solidr 
(0) (G 1 (D) 

Total P 1.02-2.97 2.14-4.38 2.614.95 
Total N 11.66-15.36 10.15-13.81 6.92-16.36 

The inference drawn from such results was that “the active principle is 
either a nitrogenous base or a polypeptide” (16). 

4. Evidence Suggesting Nitrogenous Base Characfer 

Nitrogenous bases and some polypeptides are precipitated by phos- 
photungstic acid. The phosphotungstates of the nitrogenous bases are far 
more soluble in acetone-water mixtures than are the phosphotungstates 
of the polypeptides. Treatment of fraction (0) with phosphotungstic acid 
precipitated the active principle. That portion of the precipitated phos- 
photungstates which dissolved readily in 90 per cent acetone-water mixtures 
proved active. Such evidence pointed to the nitrogenous base, rather than 
the polypeptide, character of the material. 

When preparation (S) was brought to an acid reaction, a precipitate 
formed. Also, after regenerating the acetone-insoluble phosphotungstate 
(R), a precipitate appeared at acid reaction (maximal precipitation occurred 
a t  pH 1.5-2). This acid precipitable material, which appeared to be similar 
in fractions (R) and (S), showed activity. Upon analysis, it was found to 
have 7.11 per cent N, 1.10 per cent P and 62 per cent ash; on an ash free 
basis, its nitrogen is 18.7 per cent. Cohn and associates considered that this 
precipitate consisted of phosphotungstates of nitrogenous substances, due, 
perhaps, to the incomplete removal of phosphotungstic acid in regeneration. 

At about the same time, Laqueur and Munch analyzed various liver 
extracts prepared by the methods of Cohn and associates from beef and 
pig liver (75, 76) with the following results: . 
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Total N 7-8 per cent 
Urea 2-3 per cent 
NH*-N 2-3 per cent 
Lipoid 0.3-0.5 per cent 
S 0.7-0.8 per cent 
P 0.6-1 .O per cent 

In 1929, Cohn, Minot, and McMeeBin reported that although only 
slightly soluble in 95 per cent alcohol, the active principle was dissolved 
in such a mixture, following regeneration of the precipitated phospho- 
tungstates (P) (17). The residue, containing proteoses, peptones, and 
polypeptides, proved inactive. The antianemic factor mas not precipitated 
by trichloroacetic acid nor by tungstic oxide; hydrolysis produced no 
increase in amino N ;  the biuret test was negative. Hence, on the basis of 
the previously mentioned inference (page 246), the active principle seemed 
to be a nitrogenous base rather than a peptide. 

5.  Preparation and Properties of Intravenous Material 

Concentration of the alcoholic extract of (P) led Cohn and associates to 
the precipitation of active material free from the depressor substances of 
previous extracts. This active precipitate, designated I.E., was success- 
fully injected intravenously, since neither proteins nor blood pressure- 
reducing substances were present. No purine bases appeared in I.E.; no 
material was precipitated by flavianic acid from neutral solution. In highly 
purified solutions, heavy metals appeared to destroy activity. 

In 1929, Cohn and associates reported that I.E. had the following proper- 
ties (17): 

(1) Soluble in HzO, alcohol, phenol, glycerol, formamide, acetic acid, 
(2) Combined with acetic acid, i t  dissolved in chloroform and carbon 

(3) Fraction I.E. is extracted by pyridine or by butyl alcohol. 
In  1930, Cohn, McMeekin, Minot (18) reported the further purification 

of fraction I.E. by extraction with various percentage mixtures of HzO, 
alcohol and ether as shown in our diagrammatic representation of their 
procedure (Table I), Preparation (Z) exhibited negative biuret, Molisch, 
Pettenkoffer, Millon, nitropiusside, and diacetyl reactions. From such 
tests as well as other reactions we have already discussed, they concluded 
that the active principle must be free from proteins, carbohydrate, lipoids, 
tryptophane, tyrosine, arginine, cystine, creatinine, iron, sulfur and 
phosphorus. (The phosphorus-containing substances present in earlier 
products had been removed in the process of preparing (Z) by treatment 
with 1 vol. HzO: 12 vol. alcohol: 6 vol. ether. This precipitated the active 
principle, whereas the phosphorus-containing substances remained in 

tetrachloride. 
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solution.) Fraction (2) gave no precipitate with trichloroacetic, picric or 
picrolonic acids nor with flavianic acid in acid solution. It contained sub- 
stances which were precipitated by phosphotungstic acid, mercuric sulfate 
in acid solution, gold chloride, platinic chloride and silver nitrate. 

6'. Evidence against a-Amino Acid Character 
When (Z) was dissolved in a small volume of 20 per cent alcohol and 

placed in the cold, a white crystalline precipitate was obtained. This 
product was redissolved and reprecipitated from 20 per cent alcohol con- 
taining 5 per cent ether. The resulting material proved active. However, 
repeated crystallization yielded a crystalline product, all the nitrogen of 
which was 0-amino nitrogen, and which contained carboxyl groups equal 
in number to the amino groups. This substance, the nitrogen content and 
solubility of which suggested isoleucine, proved inert. 

Cohn and associates had noted that mercuric sulfate gave a precipitate 
with active fractions, but that both the precipitates and the filtrates 
regenerated after precipitation by mercuric sulfate always proved inactive. 
It was believed that the heavy metal precipitated the active substance, 
but also inactivated it in the process. A method for separating the isoleucine 
from the artive portion (mercuric-sulfate-precipitable) was then sought. 
Advantage was taken of the fact that the isoleucine is less soluble than 
the mercuric-sulfate-precipit able portion in the presence of small amounts 
of alcohol a t  low temperatures. Thus, treatment of solution (Z) with 11 vol. 
of alcohol, 6 vol. of ether, and 1 vol. of water resulted in the precipitation 
of an active material containing no appreciable amount of a-amino nitrogen. 

As the purification of the active principle proceeded, interference of 
contaminating substances on its solubility was diminished. Thus, picric 
acid failed to precipitate the active principle until after the removal of 
the a-amino acids. 

Solubility and electrophoretic studies together with its precipitation by 
Ba and Ca in 90 per cent alcohol, suggested the presence of a carboxyl 
group in the molecule (19). The same investigators suggested also that 
perhaps they were not dealing with an a-amino acid, but with an w-amino 
or imino acid. 

'7. Summary of Studies by Cohn and Collaborators 
From such studies, Cohn, Mch'Ieekin, and Minot in 1930 (18, 19) 

believed that the active principle was a nitrogenous base, the nitrogen in 
which exists as in a secondary or tertiary amine. The low nitrogen content 
(10.8 per cent) appeared to exclude purine or pyrimidine btwes, but not 
ring compounds of the pyrrole or pyridine types. It seemed unlikely that 
it was a pyrrole because it gave no pine-splinter test characteristic of 
certain pyrroles. 
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In  summary, one of their tables is reproduced to illustrate the out- 
standing progress they made in the method of fractionation, purification, 
and understanding of the nature of the active principle effective in perni- 
cious anemia (19) (Table 11). 

VI. EARLY WORK BY WEST AND ASSOCIATES 

West and Nichols in 1928 (120), starting with a commercial extract 
(fraction G of Cohn), and following the methods of further purification as 
developed by Cohn-i.e., use of basic lead acetate, phosphotungstic acid 
and silver, obtained a product the analyses of which they reported as: 

N 12-14 per cent 
NH*-N 
XHt-N after acid hydrolysis 
P None 
S Faintest trace 
Fe None 

20 per cent of total N 
40 per cent of total N 

They also reported that their material had the following qualitative 
properties: 

Biuret Positive 
Diazo Positive 
Hopkins-Cole Weakly positive 
Naphthol test for arginine Positive 
Polariscope Weak levorotstion 

In 1930, West and Howe (116,117) reported the preparation of a product 
which on intravenous injection of G80 mgm. caused a reticulocyte rise 
from 3 per cent to 40 per cent, with a red cell rise from 1.4 to 2.3 millions 
per cubic mm. This material, obtained as an amorphous precipitate, was 
acid to methyl red and showed a levorotation of about -15 degrees. 

Analysis. C 
H 
N 
0 
s 
P 
NHt-N 
NH2-N after hydrolysis 

46.6 per cent 
6.9 per cent 

10.6 per cent 
35.8 per cent 
None 
None 
Trace 
50 per cent of the N 

It yielded amorphous barium and green copper salts which were soluble 
in H20 and precipit,able by alcohol. Other properties which characterized 
the material werc: 

With phospliotungstic acid Heavy precipitate 
With IIgSOl Moderate crystalline precipitate 
With alcoholic PtCl, Moderate crystalline precipitate 
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- 
Date 

Extract proteins coagulated by heat or 
alcohol 

1926 

Not a protein 

1927 

Not pptd. with lead acetate 

1928 

1929 

Not a carbohydrate 
(hlolisch negative) 

1930 

Pptd. with phosphotungstic acid (pptd. 
with mercuric acetate) (pptd. with 
tannic acid: Krogh) 

Not pptd. with NanSOc: West 
extract with 95% alcohol 

. 
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Nitrogenous base, pep- 
tide, or proteose? 

Not a proteose, nor a 
peptide (Biuret nega- 
tive) 

TABLE I1 
1 

Precipitate with HnO: alcoho1:ether 
1 :  9 :10 

Extract with HIO : alcohol : ether 
1 :  9 : 4  

Method of Fractionation 

Millon negative 

Diazo weak 

Knowledge of Active ge2gr 
day, B. 

Principle 

Ppt. with H2O:alcohol:ether 
1 :  12 : 6  

Remove leucine crystals a t  0°C. 
Ppt. a t  pH 3 with H20:alc.:ether 

1 :11: 5 

I 

- Contained in  liver I 

Not a phosphorus com- 
pound 

Not an a-amino acid 

I I 
Extract with water a t  protein isoelectric Water-soluble 

point 

Precipitate with abs. alcohol (not ex- Not a lipoid 
tracted with ether) 

I 
Precipitate with 95% alcohol Not a depressor base 

(injected intraven- 
ously) 

I 

Precipitate with picric acid I Ninhydrin negative 

.6 

.O 

4 

1.5. 

1 .o 

0.7 

0.3  

0.08 

0.025 

* This and all subsequent fractions have been injected intravenously. In  order to  
compare the very different procedures involved, the amount necessary to  produce a 
maximal reticulocyte response, though injected in one or two days, is recorded as 
though given over a period of six days. 
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With ammoniacal AgNOa Slight precipitate 
With picric, flavianic, No precipitate 

With AuCl, No precipitate 
From alcohol with thallous 

No reduction of ICMn04 in acid, slight in alkaline solution 
Diazo Negative 
Molisch Negative 

picrolonic acids 

Amorphous precipitate 
hydroxide 

When distilled with soda lime, vapors were obtained which gave a 
strong pine-splinter reaction. Among the hydrolytic products, there was 
found a substance which gave a green copper salt and was precipitable by 
phosphotungstic acid. 

Since no reaction was obtained with the usual reagents which precipitate 
basic materials, except with phosphotungstic and phosphomolybdic acids, 
they concluded that their best fraction was rich in a nitrogenous body with 
acid properties. 

Later in the same year, these same investigators reported the pre- 
paration of the quinine salt of this acid in a finely crystalline form 
which retained its activity after three recrystallizations. They suggested 
CzoHz4NzOz. CloHlsNzOa as the formula of this salt. 

Among the products of hydrolysis of the active material by 10 per cent 
HZS04, they were able to identify p-hydroxyglutamic acid and later y- 
hydroxyproline. They were of the opinion that their material was a peptide 
or diketopiperazine which, on hydrolysis, gave P-hydroxyglutami c acid 
and y-hydroxyproline. 

In 1931 (118), they questioned the correctness of their previous con- 
clusion that the quinine salt mas active. Although they obtained some 
positive clinical results, there were other cases which proved completely 
negative and which subsequently responded typically to  therapy with 
whole liver. 

VII. LATER WORK BY DAKIN, WEST, AND ASSOCIATES 
In 1935, Dakin and West reported a different method of fractionating 

Cohn’s fraction G (22). A preliminary purification was obtained by treat- 
ing the extract with calcium acetate or chloride in 75-80 per cent alcoholic 
solution, the active material appearing in the filtrate. The active material 
wasprecipitable by Reinecke salt in acid solution. In  the regeneration of suLh 
a precipitate, the bulk of the Reinecke acid mas separated from a weak 
alcoholic solution of the active material as the sparingly soluble salt of a 
tertiary base-e.g., dimethyl aniline. The small amount of additional 
unprecipitable Reinecke acid was removed with solvents such as amyl 
alcohol which did not remove the active material. These procedures were 
carried out a t  virtually neutral reaction. The steps involved in the prepara- 
tion described are diagrammed in Table 111. 
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Very little chemical separa,tion was effected by treatment of Product I 
with picric acid. However, flavianic acid precipitated 65-75 per cent of 
Product I as an oily, somewhat unstable substance, which contained the 
active principle and thus constituted definite progress in the course of 

TABLE I11 
Commercial Liver Extract 

treated with calcium acetate in 75% alcohol 
1 

Filtkate 
Removed calcium by ammonium oxalate, 
and alcohol by evaporation under re- 
duced pressure, precipitated with Rei- 
necke acid and regenerated by dissolving 
in CHsOH and precipitating the Reinecke 
complex with dimethyl aniline (clini- 
cally active) 
Salted out in neutral or feebly acid solu- 
tion (aqueous) with (NHJ~SOI (+ or 
more saturated), repeating process sev- 
eral times 

I 

Preciditat e 
Dissolved in H1O, removed Ca, precipi- 
tated with Reinecke acid and .reEene- - 
rated (clinically inactive) 

I 
Filtrate I 

Precipitate (Product I) 
Removed salts with alcohol and barium Removed salts and precipitated with 
acetate (clinically active when regen- Reinecke acid (clinically inactive both 
erated) 

Dissolved Product I in H20; salted 
out repeatedly with MgSOc 

before and after Reinecke separation) 

Precipitatkd as oily Precipitited with 
picrate (clinically flavianic acid 
active) 

I 

Filtrate (Product 111) 
Removed salts, precipitated with Rei- 
necke acid and regenerated (slight clini- 
cal activity) 

Removed salts as above (clinically ac- 
tive) (Anahaemin) 

Neutral NaCl ppt. 43 per cent (clinically 
active) (clinically active) 

Acid NaCl pptd. (0 .dN HCI) 50 per cent 

purification. Unfortunately, the difficulty of regenerating the active 
material from the precipitate and the fact that flavianic acid is a very 
imperfect precipitant for the substance, unless the latter is in a rather pure 
form, made such a step inefficient, in the process of fractionation. 

J t  was found that about 75 per cent of Product I was precipitated by 
saturation with MgS04 in aqueous solution. That a chemical separation is 
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accomplished here was shown by the fact that a repetition of the process 
on the MgS04 precipitate brought down about 97 per cent of the material. 
This was Product I1 wHich proved active, 80 mg. giving a maximal response. 

The authors explained the slight residual activity of the filtrates following 
MgSO4 precipitation as due to one (or perhaps both) of two factors: 

(1) Incomplete separation of MgS04 precipitable material; 
(2) Other active products. 
Further fractionation was effected with NaC1. 43 per cent of Product I1 

separated from a neutral saturated solution of NaC1, while an additional 
50 per cent precipitated from the filtrate on adding HCl to a concentration 
of 0.2 N. These two preparations were very similar to each other; both 
were active, although the neutral NaCl precipitate was possibly more 
active than the acid NaCl precipitate. 

All these products obtained as powders by precipitation with alcohol- 
ether and later absolute alcohol were very soluble in dilute alcohol. 

The hydrolysis of preparations such as Product I1 yielded: trace of 
histidine, 14 per cent arginine, 5 per cent lysine, 15 per cent leusine, 10-14 
per cent hydroxyproline, a monoaminodicarboxylic acid fraction including 
aspartic and glutamic acids, 4 1 4 5  per cent, 5 per cent glycine, and 15 
per cent aminohexose. Complete absence of pyrimidine and purine bases, 
pentoses, and desoxyglucose was reported. 

Analysis (of such preparations, Product 11). 

C 50.0-51.4 per cent 
H 7.0- 7 .2  per cent 
N 15.2-15.4 per cent 
NH2-N 0.4- 0 . 5  per cent 
NH2-N after hydrolysis 10.6-10.8 per cent 

In their 1935 paper, Dakin and West gave prominence to the possibility 
of the importance in the pernicious anemia problem of the aminohexose 
found among the products of hydrolysis of their active preparations. 
Absence of sugar' groupings, other than those of an aminohexose type, was 
indicated by negative reactions with phloroglucinol, naphtho-resorcinol 
and Tillmans-Philippi tests. They mere of the opinion that the amino- 
hexose (more specifically glucosamine) was present in an anhydride type 
linkage with the amico acids. 

rhe  fact that the preparation was not precipitated by ferrocyanic or 
rufianic acid but was brought down by tannic acid led Dakin and West 
to allocate the compound to the peptone rather than the albumose group. 
On the other hand, its easy separation with (NH&SO* might be regarded 
as indicative of an albumose character. However, it is known that some 
synthetic peptides of only three or four amino acids are salted out by 
ammonium sulfate (22). 
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These investigators, employing the method of titratable acidity, sug- 
gested that the molecular weight of their active product was a multiple of 
1430. 

A study of the action of various enzymes (22) on their material revealed 
that: 

(1) Pepsin in 0.1 N HCl caused a slow hydrolysis, 8-9 per cent increase 
of amino nitrogen in relation to total nitrogen in 14 days. Material 
when treated with pepsin for 5 days still showed activity when 
tried on a single caae. 

(2) Pancreatic juice had no hydrolytic action on the substance. 
(3) Erepsin brought about a slow but almost complete hydrolysis. 
The fact that normal sodium hydroxide in 24 hours hydrolyzed the 

substance with complete racemization of the arginine, lysine, and leucine 
groups seemed fo indicate that the a-amino and adjacent carboxyl groups 
were internally bound aa 

7 O -  
CHR 
\ 
NH- 

Later work by Dakin, Ungley, and West in 1930 on the separation of 
their product into glucosamine-rich and glucosamine-poor fractions con- 
vinced them that the aminohexose was not an integral part of the active 
principle (23). They obtained, at  this time, very active preparations com- 
pletely free from glucosamine. The steps in the preparation of such a 
product have been represented diagrammatically in Table IV. The pre- 
liminary purification with alcoholic calcium acetate was replaced by twice 
salting out with saturated (NH&SOI. See Table IV on opposite page. 

Analysis (of such a preparation). 

c 46.848.1 per cent 
f I  6.6- 6 .8  per cent 
N 15.9-16.5 per cent 
Amide N- 0 . 5  per cent 
NH2-N O- 0.2 per cent 
NHZ-N after hydrolysis 10-10.4 per cent 
Specific rotation -112'to -133" 

In view of the absence of glucosamine and lysine in this product, they 
concluded they were not essential components of the active material. 

Since the active material was not precipitated by rufianic, ferrocyanic, 
and metaphosphoric acids, nor trichloroacetic acid in low concentration, 
nor by copper acetate and ferric sulfate, they believed that the active 
material was of a peptide rather than an albumose nature. 
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TABLE IV 
ACtiV.3 Inadio. 

Liver Extfaot Powder 
1 kg. dissolved in warm Ha0 (2.5 L); added (NHI)&O~ (1.4 kg.); in refrigerator overnight 

I - 
Precipitate Filtrate 

Wtuhed with saturated (NHhSO4 soh. and dried; 
stirred in Ha0 (500 w.): filtered 

Reprecipitated by saturation with (NH4)rSOa 

Precipitate 3 Filtrate 

Filtrate + Precipitate 

Suspended in HsO (200 cc.); added alcohol gradually 
(500 cc.): in refrigerator 

Concentrated under diminiaged preasure (leas than 
50°C.); added haaic leadacetate (200 g. in saturated aque- 
ous soln.) and NH4OH until solution waa alkaline to 
litmua; filtered immediately 

(of ammonium sulfate and alcohai-insoluble 
peptide) 

I 
Filtrate Precipitate 

Acidified to  Congo red with H&O4; filtered to remove 
PbSO4; precipitated active material with Reinecke acid 
(about 25 g.); regenerated the Reineckate; added 
uranium aaetate (150 cc. saturated soln.) 

I 
Curdy precipitate Filtrate 

I 
Wtuhed well with cold HIO; dissolved in H2901 (0.5 N); 
added (NHi)rPO4 (2 g.) and neutralized with N H O H  
to remove uranium as its insoluble phosphate; solution 
again subjected to precipitation with basic lead acetate 
(16 g.), freahly prepared lead hydroxide (6 g.), and 
NH6OH added 80 long as a precipitate was formed. 

I 
I 

Precipitate Filtrate 
(Contained no glucosamine.) Peptide recovered by On decomposition with HzSOc oontained all of 
acidifying with HZSO4; filtered off the PbSO4; precipi- the glucosamine present in the product of the 
tated with Reinecke acid (3 8.); regenerated the Rei- previous step 
neckate; concentrated the decomposed Reineckate and 
precipitated with absolute alcohol. 

Solid peptide 

I 

I 
(4.02 g.) (Glucusamine-free) 

Hydrolysis yielded chiefly : arginine, glycine (9.5-10.4 per cent), leucine, 
aspartjc acid, hydroxyproline, and perhaps proline. There wm also indica- 
tion of a dicarboxylin acid easily soluble in HaO and giving a very soluble 



copper salt precipitable by alcohol. Possibly, this \\-as hydrosyglutamic 
acid. By dialysis experiments through membranes of known pore diameter, 
they tentativcly asiignctl a molecular weight betn een 2000-5000. 

Whereas sodium hydroxide inactivated the protluct, treatment with 
SHIOI€ (1 Ar) for 2 days produced w r y  little change in optical activity. 
From siicli n resiilt, Dakin, Ungley and West (23) concluded that egposure 
to SH,OIJ during the proccss of isolation prohah1;v \\as \vithout deleterious 
effects. 

Tt m i ~ y  ~ J P  of interest to comparc the main conclusions arrived a t  by 
( ‘oh ,  and his associates, and by Dnkin, West and their associates in their 
latest published ivorks. Colin, XlcMeekin, IIinot concluded that “the 
very small amount of a-amino S . , . suggests that we are not dealinguith 
an a-amino acid hut nith an w-amino or imino acid. The low nitrogen 
content appears to esclude purine or pyrimidin bases but not ring com- 
pounds of pyrrole or pyridine types, though the purest fractions do not 
give the pine-splinter test, characteristic of certain pyrroles,” (19). The 
conclusion reached by &kin, Cngley, and West, as stated in 1936, ‘was 
“that the hemotopoieiic substance in liver is, or is associated with, a 
peptide, possessing many 1)ut by no means all of the properties of an 
slhumose” (23). 

In 1942 (119), M’est and Moore further separated the active material 
obtained by Jhkin,  I-ngley and West into t n o  separate fractions by elec- 
trophoretic methods. *‘?‘\I o main components have been observed, one of 
slo\\ mobility antl the other of greater mobility and positively charged 
at p€I  4.0. The charge is reversed a t  about pH 7.0.” The slow component 
\ \as active ant1 the fast practically inert. A single 40 mg. injection of the 
slou component prepared from a commercial extract I\ as given to  a patient 
and \\as folloned in seven days by a rise of reticulocytes from 1.4 to  16.2 
per cent ant1 a rise of the red cells from 2 to 2.3 million. The amounts of 
the fast antl slon moving components in the above preparations were 
di\-idetl equally. 

Y I l I ,  \ y O R K  OF I,.\L.\ND, k-LEhI, STRi\iLDELL, .4XD ASSOCIATES 

- 1.  C h m i c a l  Procedurrs 

;\Iean\\hilc \vork on the prohlcm was being carried out by other grougs 
of in1,estigators. One of thosc \\hose uork has resulted in an important 
ad\ a n r p  to\\ art1 thc isolation of the active material is the Scandinavian 
group. In 1935, Straridcll reported that he had obtained successful clinical 
results uith material of high potency (101). This was follon-ed in 1936 
by a paper by Strandell, I’oulsson, antl Schartum-Hansen (102). In  1936, 
Lalantl and Klrm (T4) reported the method of preparation of the active 
material. 
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Their procedure of fractionation (101) is founded chiefly on the observa- 
tion that phenol may advantageously be employed for the elution of 
material after adsorption on charcoal-especially of nitrogenous com- 
pounds. Their attempt to  use this reagent in the concentration of the 
hematopoietic principle of liver has met vith success. The steps they 
employed in carrying out the separation may he shon n diagrammatically 
in Table V. We have retained the terminology employed in t,he authors’ 
reports (101). 

At this stage, the solubility of fraction BBa i ~ a s  tested in methyl and 
ethyl alcohol. It was found to be more easily soluble in the former than the 
latter. Thus, all of the fraction which is soluble in ethyl alcohol can also 
be dissolved in methyl alcohol, whereas, the reverse is not true. Taking 
advantage of the differential solubility of the active fraction in the two 
alcohols as well as its insolubility in ether, Laland and Iilem were able 
further to fractionate BBa. The steps are shou-n in Table YI. 

In  thie way, four fractions were obtained, all of which are clinically 
active. They reported the distribution of the antianemic substance in the 
various fractions as follows: 

(1) BBal 
(2) BBa3b 
(3) BBa3a1 no data given 
(4) BBa3ab1 

0.0002 g.  dry substance from 100 g. liver 
0.0002 g.  dry substance from 100 g. liver 

0.0003 g.  dry substance froin 100 g .  liver 

Inasmuch as this treatment seemed to divide the active principle among 
different fractions rather than accomplish a definite chemical separation, 
Laland and Klem abandoned this procedure as a method of further puri- 
fication. 

Dakin and West in 1935 found it possible to salt, out the active substance 
by 3 to complete saturation with (XH&S04. Laland and Xlem also 
found that such treatment of their fractions yielded active material, 
although they report that the antianemic principle was not precipitated 
quantitatively even by full saturation with ammonium sulfate. 

By a series of steps, the exact details of which have not yet been reported, 
Laland and Klem have obtained an active fraction, “DBaHFu.s.li;,” 
0.00035 g. of which in dry state corrcspond to 100 g. of liver. This material 
is a bright reddish-yellow, non-crystalline acidic substance, easily soluble 
in water, partly soluble in alcohol, and insoluble in ether. They reported 
absorption bands in two regions of the ultraviolet rmge-namely a t  
250-265 mp and 345-350 mp. Phosphotungstic acid and a series of heavy 
metal salts precipitated the antianemic material from an aqueous solution. 
The ninhydrin reaction was negative; Tollen’s orcin test positive. After 
hydrolysis, amino-nitrogen as well as acidic and basic amino acids have 
been detected. 
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TABLE V 

Fresh hashed liver 
Extracted with H,O with addition.of acetone t o  50 pct. by volume 

(tissue HnO ~nclusive) 
I 

Active Inactive 

I 
Extract I 

strongly concentrated 

Concentrate (11) I 

Filtrate (111) 
freed from protein-different methods used: 
precipitation by metal sols or gentle heat 
coagulation with the addition of acid 

Protein-free filtrate ( I V) (Pernami I)  free 
from albumin but not from salts. 3-4 gm. 
dry matter from original 100 g. liver shaken 
with phenol-this extract (IV) gives off the 
active substance quantltatively t o  phenol 
along with other substances. Add ether and 
H20 to  the phenol solution-the antianemic 
substance can be quantitatively shaken into 
the water layer 

I 

I 
Residue 

Fraction VI (clinicall; very potent) 
(Heptomin I-dark) 
0.27 g. dry matter from 100 g. liver. Treat 
with active “coal” (charcoal) 

I 
I 

Coal adsorbate 
extracted by phenol and regenerated by 
shaking with ether and HzO 

Fraction VIII  (fully active) 
(Heptomin 11-Yellow) 
0.028 g. dry matter from 100 g. liver com- 
bined the phenol extraction with extraction 
with H10 containing phenol 

I 

I 
Filtrate 

i 
Fraction A 

0.019 g. dry substance from 1011 g. 
liver (inactive) 

1 Fraction B 
0.001 g. dry matter from 100 g. liver addi- 
tional adsorption on active charcoal and 
combined extraction with phenol water 

I 
Fraction BB 

0.001 g. dry matter.from loQ g. liver evap- 
orated to  dryness, dissolved in glacial acetic 
acid and precipitated with excess ether 

I 
I 

Fraction BBa 
(nearly colorless) 
0.001 g. dry substance from 100 g. liver 
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N C H S A& 
Analyais. 13.33 53.64 6.85 0.74 2.05 

Laland and Klem also reported the non-identity of the strongly yellow- 
green fluorescent liver fllavine with the antianemic principle, a confirmation 
of an earlier finding of Stare and Thompson that liver flavin given intra- 
muscularly to five pernicious anemia patients did not give rise to a hema- 
topoietic response (99). 

TABLE V I  
BBa (active) repeatedly extracted with CHsOH 

I 

Residue '(BBal) 
(active) 

Solutiol; (BB~*) 
concentrate?: precipitated with ether 

I I 
Preecipitate (BBaa) Filtrate 

(BBaSx) extracted with pure ethyl alcohol 
I 

II 
Residue '(BBasb) 

(active) 
Solution '(BBasa) 

concentrated; precipitated with an equal 
volume of ether 

I 
I 

I I 
I 

Precipitate (BBe'a') Filtrate '(BBaSab) 
(active) added an eyeas of ether 

I 
Filtrate 

I 
Precipitate (BBaSab') 

(active) , 
BBaW (inactive) BBaaax 

8. Clinical Assays of Activity 

Strandell and associates have reported on the clinical activity of many 
of the fractions just discussed. In 1935, Strandell (101) demonstrated that 
53 mg. of Heptomin I1 (corresponding to about 200 g. liver) in aqueous 
solution when injected intragluteslly shon-ed remarkable antianemic 
activity. Of interest is his report of a patient suffering from a pronounced 
degeneration of the spinal cord; here Heptomin I1 brought about a con- 
siderable improvement not only of the blood picture, but also of the neuro- 
logical symptoms when given in doses of 56 and 84 mg. 

Fraction B proved active when injected in two doses of 10 mg. each. 
BBa' and BBa3b each showed high activity when dissolved in water (2 cc.) 
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in the quantity of 1 mg. dry material, (corresponding to 500 g. of liver), 
and administered intragluteally in two doses. 2.7 mg. of dry BBa3ab1 
(corresponding to 800 g. of liver) in aqueous solution (2 cc.) was sufficient 
to start remission when administered intragluteally in one dose. 

Strandell, PouIsson, Schartum-Hansen (102) reported that 4 cc. of a 
solution containing 0.7 mg. of fraction BRal3Fu.s.E and corresponding to  
200 g. of liver, when injected parenterally gave a good hematopoietic 
response. The reproduction of one of their charts (Table VII) may serve to 
illustrate the potency of this preparation.‘ 

TABLE VI I  

Case No. 

I1 

Date 1936 

April 2 
4 
8 

16 
21 
23 
27 

6 
May 3 

Dose Retriculocyte 

per cenl 

0 . 3  
2 . 2  

35.3 
2.1 
0 . 3  
3 .2 

12.6 
0 . 8  
- 

R.B.C. 

millions 

0.91 

2.1 
2 . 7  
2 . 0  

2 .0-1 

2.45 

- 

- 

- 

Hb 

)cr cent 

20 

35 
50 
35 

40 

55 

- 

- 

- 

3. A pplicaliott oj Lnland u t d  K l m  Procctlurcs to Dakin and West  Material 

I‘ngley reported in 193G (112) the results of an investigation of the 
clinical activity of an artiye Dakin and West fraction of liver, further 
purified by thc methods of 1,aland and Nem.  The greater purification was 
obtained by employing phenol and methyl alcohol for fractionation. Dakin 
and West’s fraction, Product I1 (see page 252), was dissolved in 2.5 parts 
of 95 pcr cent plienol. Anhydrous methyl alcohol was then added slowly 
to  effect fractional precipitation. The first fraction n-as discarded and the 
later fraction retained. A slight buff colored product was obtained (217A) 
of uhich 14.3 per cent \\as nitrogen. 

Fraction 21i,3 11 as injected intramuscularly. While the response to  25 mg. 
217A \\as oftcn  mall, 50 and 55 mg. gave satisfactory results, comparable 

1 I i  d i o d d  :iLo I F  incntionc(l t h t  in 1935, Strandell (102) reported that he ob- 
t;rinctl f:ivor:tble c l i~ i i cn l  rrbults ith crrtnin fractions of liver, the chemical prepara- 
tion of I\ liicli I I : ~  not brrn rrpoi trtl. -1 preparation, ralled fraction E ,  when dissolved 
i n  2 cr 11?0 t o  thr e\triit of 0 020 fi (iwresponding to 100 g .  of liver) proved active. 
1:raction 13l’hSol of \\ 111v11 0 (lOS6 g i n  dry condition can be obtained from 100 g.  of 
liver cliritrd :I typic.:il r c t i c u l ~ c y t e  but only a very slight erythrocyte response-e.g., 
a case n as givcri 10 in jcc t~ons  of 0 0086 g each in a period of four weeks. BF (0.0099 g. 
dry substancr from 100 g.  liver) showed splendid results. 
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to  those produced by 200 mg. of the original Product I1 (also known m 
inahaemin). However, inasmuch &s the variations in response to a given 
dose even in individuals with similar initial red blood cell levels were so 
great, Ungley thought i t  advisable to compare the potency of the two 
products by use of the double reticulocyte response method. Both prepara- 
tions were administered successively to the same individual. When uniform 
quantities of potent material mere given daily to a pernicious anemia 
patient in relapse, there was only a single reticulocyte response; but if, 
after administering daily for 10-14 days amounts of material just sufficient 
to provoke a submaximal reticulocyte response, the dose was then in- 
creased or a more potent product substituted, a secondary reticulocytosis 
occurred. When the potency of the material given in the second period wm 
equal to or less than that given in the first period, no such secondary 
response was observed. It was essential that the material given daily in the 
first period be insufficient to  produce a maximal response, otherwise no 
secondary reticulocytosis could be expected. With such a procedure, 217A 
proved at least two and one half times as potent as the original preparation. 
In this way, Ungley has confirmed that the methods of Laland and Klem 
are valid ones for the purification of the active principle. 

4 .  Work by TVdkinson 

In  1936, Wilkinson (126) applied Reinecke acid precipitation as em- 
ployed by Dakin and West to the preparation of active liver extracts, 
(124, 125, 127). He compared the clinical activity of his liver ptoduct with 
those prepared according to the 1935 method of Dakin and West and tha t  
of Laland, Klem, Strandell, el al. Dakin 2nd West’s material showed 
maximal reticulocyte response with a dose of 58 to 120 mg. administered 
intramuscularly. With preparations similar to those used by the Scandi- 
navian workers, Wilkinson obtained maximal response with a total dose 
of 40 to  80 mg. (68). With his own product, Wilkinson was able to elicit 
maximal response with total doses of 18 to 36 mg., representing an original 
amount of 661 to  1332 g. of fresh liver. 

5.  Work of Karrer and Associates 

Karrer, Frei, and Fritzsche in 1937 (66) reported that liver preparations 
which possess full antianemic potency in a singly administered dose of 
10-20 mg. contain considerable quantities of phosphorus, the magnitudes 
of which seem to run parallel with the activity. In  their best fractions, they 
found about 3.8 per cent of this element. Since they also observed pentose 
and adenine occurring in amounts corresponding to  the presence of phos- 
phorus, they concluded that their preparations contain an adenin- 
nucleotide. 
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A later paper by Karrer, Frei, and Ringier (67) indicates that phosphorus, 
pentose and most purine bases are excluded as constituents of the active 
material. Preparations free from these substances were reported to be 
active in doses of 8 to 10 mg. Nor did their active material contain flavin, 
pterin or reducing carbohydrates. The ninhydrin test was positive, before 
and after hydrolysis, but the biuret was negative or at best only weakly 
positive. 

Analysis (of a highly purified preparation). 
C n N S 

45.68 8.75 14.63 small amount 

Even though these analytical figures are similar to those of proteins and 
polypeptides, no polypeptides of the usual type were present. After hy- 
drolysis, a-amino acids were present only in small quantities, if a t  all. 
Boiling the hydrolyzed neutral solution with copper carbonate failed to  
yield the blue coloration characteristic of the a-amino acids. After 6 N 
acid hydrolysis, the amino N rose from 0.8% to 9% and after tryptic 
hydrolysis to 2%. Among the amino acids present were arginine and 
tyrosine but no phenylalanine, proline, oxyproline, glycine, tryptophan, 
and histidine. The procedure used by Karrer follows in Table VIII. 

These extracts prepared by Karrer were tested by Koller (71). These 
fractions which were tested at  about 2 mg. a day indicated good activity 
illtnol& in some cases the erythrocyte regeneration was sloxer than in 
those cases iiresented by other investigators. His cases are presented in 
Table TX. 

In a short note in 1939, Tschesche and Wolf described the properties of 
an active material that resembled the preparation of Karrer, et a2. in that 
it showed a negative or only slightly positive biuret test, but a positive 
ninhydrin both before and after hydrolysis (111). Their material, a white 
powder active in a dose of 40 mg., also had a negative Molisch and a 
negative hlillon test; it was free of flavine, purine, pterine, reducing sugar 
and phosphoric acid esters. 

Analysis.. C 50. H 7, N 14.5, S 0.6. 

IX. WORK OF SIJBBAROW AND JACOBSON 

1. The Multiple Factor Hypothesis 

So far there has been presented the efforts of various groups of investi- 
gators to  isolate the unique fraction of liver active in the treatment of 
pernicious anemia. These investigators worked on the general hypothesis 
that the active portion is a single chemical entity. The fact that the reports 
of thc chemical properties of their active preparations differed might lead 
to some doubt that a sin& substance is involved. The possibility exists 
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that the activity of material effective in the treatment of pernicious 
anemia rests upon a certain type of compound or linkage common to more 
than one substance, as is believed to be the case of some of the vitamins. 
Then again, one cannot neglect the consideration that in a disease as com- 
ples as pernicious anemia, successful therapy may depend upon the intcr- 

TABLE VIII 
Karrer’s Procedure 
Finely ground liver 

was extracted with 50% acetone 

1 1 
Filtrate concciitratctl 
to dryness and W:IS prr- 
cipitated with sulfo- 
salicylic acid 

r 
Precipitate 
discarded 

I , 5 

I 5 

, 
Precipitate Fil tr:it c 
discarded concent rated to  

dryness and es-  
tracted w i t h  plienol 

Insoluble residue Fi it r:i t c 

wit11 witer :inti 
ether 

discarded \vas t:tkcn u p  

Watery solution Ether cstruct 
I discarded 

Adsorbed on 
charcoal and eluted 

with phenol five times 

Concentrated to  dryness 
and extracted with 757, acetone 

I 

+1 
Insoluble Residue Soluble Extract 

action of several factors. It is possible that in order that the full activity 
of the antianemic principle be exerted, it needs to be supplemented by 
one or more substances which are themselves inactive. 

In 1935, Fiske, Subbanow, and Jacobson presented results I\ Iiich sug- 
gested that the application of liver therapy in pernicious anemia could be 
achieved most successfully by a combination of two or more substances 



Fraction I 
Patimt # 

28 (a) 
15 

15mg. 

2.59 

2.54 

17.2% 

7th 

13 

Total amount of 
fraction admin 
istered 

34 (a) 
t7  

20 rng. 

-- 

1.44 

1.78 

15.6% 

7th 

11 

R.B.C. at. begin- 
ning, million/ 
cmm. 

R.B.C. a t  end, 
milfion/cmm. 

Reticulocytes a t  
peak 

Day of reticulo- 
cyte peak 

Lengbh of period 
in days 

9c 
2 
- 
Wmg. 

1.37 

3.5 

10% 

4th 

12 

- 
9c 
1 

9c 
3 
I-- 

10mg. 

1.49 

2.36 

28% 

5th 

15 

5 mg. 

1.3 

2.7 

35% 

6th 

12 

10mg. 

1.97 

2 . 6  

5 mg. 1st 

20 mg. 7th 

2.17 

day 

day 

3.3 

TABLE IX 

-~ 

30 mg. 

1.8 

2.4 

I ?A 1 W B  
6 

9.6% 

6th 

12.2% 17.6q 

11th 6th 

l4 ! l6  I l5 

9dG 
7 

20 mg. 

1.24 

1.78 

21.3% 

4th 

6 

PdP 
8 

i0 mg. 

1 . 3  

2.4 

25% 

5th 

18 

9ds 
10 

x) mg. 

1.46 

1.87 

29% 

6th 

10 

12 
11 

!6 mg. 

1.23 

2.4 

22.4% 

6th 

17 

25a 
12 

20 mg. 

3.0 

3.37 

10%. 

5th 

10 

E3 
Q: 
& 

5 
- M  

C e m  
- % I  

X 
18mg. 0 

c 
m 

m 
t 

1.76 2 

26.1% 

5th 

$ 

1.58 ’ 

x 2 

g 

z 

ii 
5 6 
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(36, 104). This led to  the development of a multiple factor hypothesis. A 
report by Jacobson and SubbaRoiv in 1937 (61) has indicated that there is 
(1) a primary, active, hematopoietic factor in liver, and (2) a t  least three 
accessory factors, in themselves inactive, but 11 hose presence materially 
augments the activity of the primary substance. They observed that 
continued purification of active liver extract, in the absence of significant 
losses and of destructive procedures, led to a partial loss of therapeutic 
activity, but that combining these purified preparations of reduced potency 
with certain inactive fractions, resulted in the restoration of activity. 

In  the succeeding section, the methods of chemical fractionation and 
the clinical evidence supporting the hypothesis will be given. The four 
factors believed to be concerned are: 

(A) The primary factor of unknown chemical nature. 

(B) Three accessory factors. 
Active in amounts of 0.2 to  0.4 mg. per day. 

Inactive, singly or in combination. 
(1) Fraction A2--l-tyrosine 
(2) Fraction C-probably a complex purine 
(3) Fraction F-probably a peptide 

Although these authors recognized that the only valid test for thera- 
peutic activity is the sustained successful response of the hematopoietic 
system of a pernicious anemia patient, they also used the appearance of a 
reticulocytosis in the guinea pig to aid them in following the presence or 
absence of activity in the early stages of fra~tionation.~ The validity of 
the guinea pig test, described by Jacobson (58,59,60) has been questioned 
by some investigators [&yen, Caspersson (2), Goodman, Geiger, Klumpp 
(47)) Lassen, Jacobsen, Nielsen (77), and Bachrach and Fogelson (5) but 
confirmed by others (Miller and Rhoads (89), Clark and Coene (14)) 
Mermod (87)) Jones (64), and Hummel (53)]. Although the reason for the 
divergence of results in the hands of different workers is not wholly ex- 
plained, it would appear that the diet of the guinea pigs must be con- 
trolled and the amount of blood withdraitn must not exceed 0.1 cc. It has 
been shown by Jacobson that the accessory factors by themselves give 
positive reticulocyte responses in the guinea pig but, in the pernicious 
anemia patient, the primary factor is also required for the initial as well 
as the complete hematopoietic response. The primary factor is, however, 
without effect on the guinea pig. For this reason Jacobson and Subbanom, 

* The letters designating the fraLtions of SubbaRow, et al. should not be confused 
with those of Cohn, et al. 

J In their early work, they defined activity of their preparations in terms of guinea 
pig units, G . P . U .  The minimal amount of material per kilogram guinea pig, which, 
after a single intraperitoneal administration, induces a positivc reticulocyte response 
in a t  least two of three reactive guinea pigs, is termed the Guinea Pig Unit. 
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in their later work (61), relied upon the sustained increase in the red blood 
cells of the pernicious anemia patient in evaluating the activity of their 
preparations. 

2. Chemical Procedures 
In  1935, SubbaRow, Jacobson and Fiske reported the isolation of cer- 

tain fractions using the guinea pig test as a guide and starting witb a 
commercial liver extract (104). The procedure which they used to  obtain 
their fraction A was as follows (Table X). 

TABLE X 
Commercial Preparation 

(328,000 G .  P. U. per 100 g. fresh liver) 
precipitated with 25 per cent basic lead acetate 

I 

I 

I 

I 

I 

Fi 1 tra te 
regenerated with HIS 

Solution 
removed impurities by adsorption on Lloyd's reagent 

Filtrate 
precipitated with mercuric acetate 

Precipitate 
regenerated with HsS 

Solution 
(2.0 mg. total r\' per 100 g. fresh liver) 
(1soOCN G. P. U. per 100 g. fresh liver) 

decolorized with small amount of charcoal and concentrated 

Crystallinc precipitate (Fraction A )  
(-&oOO G. P. U. per 100 g. fresh liver) 

(1 g.  of purc crystalline substance assayed 16,700,000 G .  P. U.)  
(this material was inactive in pernicious anemia) 

I 

The properties of fraction A proved to be those of I-tyrosine: readily 
crytsallizable from hot water; melting point, 310-314 "C. on rapid heating; 
[a]:' of -6.7" f 8.5"; needles in clusters with a greyish tinge; showed a 
strong ninhydrin and Millon's; reduced Fqlin-Ciocalteau phenol reagent. 

C H N NHpN 
hnalysia.  

Calculated for tyrosine 59.64 6.12 7.74 7.74 
Found in fraction A 59.613 6.07 7 .83  7 . 8  

Quantitative estimation by the Millon reagent yielded 95.6 per cent and 
by the phenol reagent, 97.6 per cent of the respective values given by com- 
mercial tyrosine. Confirmatory evidence that fraction A was tyrosine was 
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the fact that commercial I-tyrosine when assayed showed a G.P.U. value 
identical with that given byNcrystalline fraction A (104). 

The procedure followed in the preparation of fraction C was (Table XI) : 
From 100 g. of fresh liver, they isolated 11 mg. of fraction C in the form 

of light yellow crystals. It proved to be non-hygroscopic, difficultly soluble 
in cold but more soluble in warm water. On heating, it turned brown at 
270" C. and decomposed without melting above 400" C. It showed positive 
xanthine, murexide and diazo tests and reduced the Folin-Marenzi uric 

TABLE XI 
Crude Liver Eztract 

diluted and adsorbed oh charcoal 

Adsorbate 
eluted by ethyl alcohol 

Elute (Fraction B) 
concentrated 

I 

I 

1 
White granular material 
dissolved in weak alkali 

I 
Solution 
acidified 

I 
Filtrate (Fraction D) 

I 
Crystalline material (Fraction C) 
(140,000 G. P, U. per 100 g. of liver) 
(This material was inactive in pernicious anemia) 

acid reagent. They were able to  prepare in crystalline form the nitrate, 
hydrochloride and sulfate of this material. 

Analysis of fraction C. 
c H N Ash 

37.88 3.04 33.07 0 . 7  

From these prop.erties, the conclusion was drawn that the substance is a 
complex purine, resembling members of the pterine series of Wieland and 
Schopf. Later work by SubbaRoiv indicates that fraction C is composed, 
for the most part, of xanthine, accompanied by several other difficultly 
separable substances.4 

1 Fraction C, although it crystallizes fairly readily, is found to be an impure mix- 
ture. Kohler and M. Tishler (personal communication) showed by (1)  perchloric 
acid precipitation, (2) inethylation by diazomethane and the subsequent isolation 
of caffeine, that  it  consists mainly of xanthine (about 80-85 per cent). By chromoto- 
graphic adsorption of fraction C on Florisil column and elution of the column which 
is strongly fluorescent, 5 per cent xanthopterin was isolated. Xanthopterin has not 
been tested for reticulogenic activity in guinea pigs and has been found inactive in  a 
patient with pernicious anemia. 
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In 1936, SubbaRow and associates (105) reported the preparation of an 
active product by the elution with 65 per cent ethyl alcohol of an aqueous 
extract of liver after adsorption on charcoal-a method which they had 
already used in the isolation of fraction C (104) and one which is quite 
similar to that developed by Kyer at  about the same time (73). At this 
time, they described an improved method of preparing fraction B, a con- 
centrated but impure material, active in pernicious anemia patients 
(Table XII): 

TABLE XI1 

150 cc. Commercial liver extract (equivalent to  Cohn’s G )  
(3 cc. from 100 g. fresh liver) 

(328,000 G. P. U. per 100 g. liver) 
dissolved in  1 liter HzO 

Solution 
brought to  pH 8 with NaOH, acidified to  PH 6 with HCl 

added 50 g. norit and stirred 1 hour, filtered 

Charcoal + Adsorbate ‘ 
washed repeatedly with HzO till washings colorless 

suspended in 1 liter 65 per cent ethyl alcohol, brought t o  boiling point 
stirred 5 minutes and filtered hot Elution repeated 

I 

I 

I 

I 
Combined elutes 

concentrated under diminished pressure a t  40°C. to  150 cc. 

Fraction B 
(164,000 G. P. U. per 100 g. fresh liver) 

Fraction B, light brown in color, was sterilized by boiling and injected 
intramuscularly. They reported results on six pernicious anemia patients 
on whom this preparation was therapeutically active in amounts of approxi- 
mately 100 mg. of material given over a 10 day period (Table XIII). 

In a later report (loci), SubbaRow and Jacobson described briefly the 
properties of another fraction-fraction F, obtained from fraction B- 
which appeared to be a polypeptide. It yielded crystalline salts with 
rhodanilic acid and Reinecke salt. The rhodanilate, showing a positive 
biuret, diazo and gly oxylic but negative Millon’s reactions, was precipi- 
tated by phosphotungstic, picric, rufianic and tannic acids as well as by 
ammonium sulfate; the Reineckste, showing a positive ninhydrin and a 
weak diazo reaction, was precipitated by phosphotungstic and rufianic 
acids. Fraction F w&s inactive in the guinea pig as well as the pernicious 
anemia patient. 
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F.W.  

1/3 

2.47 

2.82 

7.8 
9 
88. 

13.1 

TABLE XI11 

A . T .  

lO/l 

1.07 

_I____ 

-~ 

2.42 

31.8 
10 

loo 

12 

Patient 

Date (1935) 
~- 

Red blood cells in millions per 
cmm. at beginning of exptl. 
period 

Red blood cells in millions per 
cmm. at termination of exptl 
period 

Reticulocyte peak per cent 
Length of exptl. period days 
Total amt. of fresh liver from 

which administered extract 

Total amount of nitrogen ad- 
was derived 9. 

ministered mg. 

J. T. 

9/21 

3.51 

4.07 

5 .6  
10 
67 

8.3 

C. H. 

1/16 

1.18 

1.69 

10.6 
9 

72 

9 .4  

J. I). 

2/20 

2.10 

2.68 

11.2 
8 

103 

14 

269 

c. H. 

2/1 

1.36 

2.28 

26.6 
11 
200 

24 

3. PuriJicalion of Primary Factor 

Thus far, SubbaRow and associates had isolated various accessory 
factors which, in themselves, were shown to be of no therapeutic value. 
Their subsequent work on the purification of the primary factor will now 
be described (107) (Table XIV). Fractions H and I prepared as described 
in the table were tested €or their activity. 

They also prepared fraction I without the use of absorption by Fuller's 
earth (Table XV). 

Fraction I, a white microcrystalline material, was found to be readily 
soluble in water. Its sulfate, readily soluble in dilute alcohol, but quite 
insoluble in absolute alcohol, was prepared by acidifying an aqueous 
solution of fraction I to pH 2.5 with HtSOa and adding acetone and ether. 

Analysis (of the sulfate, which decomposes without melting above 290"). 
C H N Total S so4 Ash 

41.56 6.74 13.13 4.6 3 .4  1 . 6  

Its amino nitrogen was determined after interaction with nitrous acid 
a t  the end of five minutes and at  the end of 60 minutes: 

Per Cent NHrN 
5 mm. 60 rnin 

Before hydrolysis 5 14.7 
After hydrolysis for 6 hrs. in 2N HCI 75 87 

Fraction I reduced the Folin-Ciocalteau phenol .reagent and showed a 
weak diazo, a positive orcin, and negative Sakaguchi, Millon's, glyoxylic 
acid and biuret. It was precipitated by phosphotungstic acid and partially 
brought down by Hopkin's reagent. The reineckate and rufianate salts, 
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although crystalline, proved to  be unsuitable for further purification. An 
aqueous solution of fraction I, exposed to  ultraviolet light, exhibited an 
intense blue fluorescence; its absorption spectrum showed an inflection 
between 2480 and 2560 A. SubbaRow and associates pointed out the simi- 
larity between the absorption spectra of their fraction I and the material 

TABLE XIV 
Fraction D 

(150 cc. froni 5 kg. liver) 
(10-12 mg. total N per 100 g. liver) 

acidified to  pH 2 with HCI; added 16 g. 
English Fuller's earth; stirred mechanically for 30 min. a t  room temp.; the ppt: was 

fiitered and washed once with 50 cc. HzO 
I 

Filtrate +'Washings 
added 10 volumes 95% ethyl alcohol and 10 volumes ether; mixture left in cold room 

24-36 hours; filtered 

Precipitate (Fraction H) 
(20 mg. from 100 g. of liver-12-13% N) 

dissolved in 50 cc. HzO; brought to  pH 3 with 10 N HzSO4-caused a crystalline ppt. 
to settle, consisting mainly of CaSOl 

Filtrate 
added to 40 cc. of HsO containing 1 g. Reinecke salt a t  40"; in cold room for 24hours- 

brought down a crystalline ppt.; filtered 

Precipitate 
washed once with 50 cc.  ice cold H20; suspended in 300 cc. 0.03 N H2SO4 a t  30-35" 
and the Rejnecke acid was removed by repeated extraction with a 500 cc. mixture of 
equal vols. of amyl alcohol and ether; concentrated in wacuo to a volume of 25 cc. 

Concentrate 
added 10 vols. acetone and 10 vols. ether; in cold room 48 hours 

Microcrystalline precipitate (Fraction I) 

(active in pernicious anemia patients) 

of Laland and Klem. Data showing the response of patients both to  frac- 
tion I and the less pure fraction H.are shown in Table XVI. 

Fraction I, regenerated from the rufianate, was also tested for its thera- 
peutic activity on two patients. The resulting hematopoietic reaponses 
mere similar to  the responses to fraction I described in Table XVI.6 

In 1938, SubbaItow, Jacobson, and Hartfall (108) reported that "the chemical 
properties of the primary factor suggest that  it is a pyridine derivative." They also 
reported that  in addition to  the .thl'ee accessory factors already reported, they had 
identified tryptophane and guanosine which seemed to possess some ability to  en- 
hance the hematopoietic response, initiated by the primary factor. 

I 

I 

I 

I 

I 
(yield of 100 mg.--i.e., 2 mg. from 100 g .  of fresh liver) 
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Since the methods already described for the isolation of the primary 
factor gave considerable trouble in their adaption to larger scale procedures, 
SubbaRow, Jacobson, and F. Ablondi tried to use other methods in the 
isolation of the active material. 

Fraction B, equivalent to 1 ton of liver, was taken up in 16 liters of 
water and was precipitated at pH 1.5 with 1100 g. of Reinecke salt. This 
mixture was kept at 0" C. for 12 to 18 hours after which time the precipitate 
was filtered and washed with ice cold water. It was then taken up in 50% 
acetone. The Reinecke acid was removed by addition of AgNOa and excess 
silver then removed with NaCl. After removal of acetone in vt~cuo, the pH 

TABLE XV 
Fraction D (1 liter) 

added 7 liters 95% ethyl alcohol at room temp. for five hours 

Filtrate Precipitate 
added 3 liters ethyl alcohol and 10 liters (contains no Fraction I) 
ether; in sold room 48 hours 

Precipitate (Fraction E) 
dissolved in 500 cc. HIO; added 200 cc. of 
5% solution of rhodanilic acid in CHaOH; 
in cold room 48 hours; filtered 

Crystalline precipitate 
freed of rhodanilic acid by means of pyridine 
with subsequent removal of pyridine by ether 

Regenerated rhodanilate solution 
precipitated by Reinecke salt and the Reineckate 
regenerated (as in other process of preparing Fraction I) 

Fraction I 
(yield about the same as in other method) 

I 1 

I 

I 

I 

I 

of this aqueous solution was adjusted to pH 5.0 and adsorbed with 3.0 kg. 
of charcoal. The charcoal adsorbate was eluted a second time with 13 1. of 
50% phenol. The phenol of this second el'ution was removed with ether 
and the aqueous phase concentrated in vacuo to a small volume. It was 
then precipitated with acetone ether. This precipitate yielded 26 g. of solid 
which contained 4.56 g. of total N per ton of liver (not corrected for ash). 

This acetone-ether-insoluble portion when administered to four patients 
in a daily amount of 3.4 mg. in addition to 6.4 mg. of the previously men- 
tioned accessory factors, gave on the 10th day an average erythrocyte 
response of from 1.8 million R.B.C. per cmm. to 2.5 million R.B.C. per cmm. 
with appropriate reticulocyte response (62). 
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I 

23 

7, 6 

2.41 

3.10 

6.6 
4th 
10 

In collaboration with N. Bohonos, material obtained from one ton of 
liver w~ls dissolved in water and after adjustment of pH to 1.5 was repre- 
cipitated with Reinecke salt. The Reineckate precipitate was extracted 
with water at  60" C., and this solution was freed of Reinecke acid by 
extraction with amyl alcohol and ether. This aqueous portion contained 
6.6 g. of solid material and its total N was 1.3 g. per 1 ton of liver (not 
corrected for ash). 

The hot-water-soluble Reineckate fraction, when administered in a 
daily amount of 0.3 mg. in addition to 6.2 mg. of the accessory factors in a 
case of an initial R.B.C. level of 1.1 millions per cmm., resulted in a maxi- 
mum reticulocyte response of 35% on the fifth day and at the end of ten 
days the R.B.C. level was 2.5 million per cmm. 

I 

13 
-- 
-~ 

4 

1.40 

2.35 

12.0 
5th 
10 

TABLE XVI 
The Therapeutic Activity of Fraction H and Fraction I 

Fraction No. 

Patient No. 

Total amount of fraction ad- 
ministered, mg. 

R.B.C. at beginning, 
millions per cmm. 

R.B.C. at end, 
millions per cmm. 

Reticulocytes at peak, per cent 

Length of period, days 
Reticulocyte peak, day 

H 

16 

60 

1.05 

2\42 

31 .O 
6th 
18 

H 

15 

20 

1.28 

1.93 

24.4 
7th 
8 

H 

21 

20 

1.15 

1.80 

30.2 
5th 
8 

H 

22 - 
20 

0.88 

1.60 

24.6 
5th 
8 

Dr. Benjamin Alexander of the Beth Israel Hospital in Boston, Massa- 
chusetts also gave this fraction to a patient in a daily amount of 0.4 mg. 
without the addition of accessory factors. The initial R.B.C. level was 1.0 
million per cmm. A maximum reticulocyte response of 12.4% waa obtained 
on the 6th day and on the 8th day the R.B.C. was found to be 1.6 million 
per cmm. (personal comhunication) . 

When an equivalent of 100 lbs. of this hot water Reineckate soluble 
fraction was adsorbed with 50 g. of permutite at pH 6.0, the filtrate wm 
completely active and showed 35 mg. of total solids from the 100 lb. 
equivalent. 

This permutite filtrate waa also tested by Dr. Benjamin Alexander in a 
patient with an initial R.B.C. level of 1.4 million. In a daily dosage of 
0.035 mg., without accessory factors added, a maximum reticulocyte 
response of 11.4% wm obtained on the 6th day and the final R.B.C. level 
of 1.9 million was reached on the 10th day (personal communication). 
The isolation of the active fraction is summarized in Table XVII. 

' 
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TABLE XVII 
Fraction B 

2OOO lbs. in 16 1. HIO 
acidified to pH 1.5 with HzSOc 

ice-cold water and dissolved in 50% acetone 

50% Acetone solution 
Removed Reinecke acid with AgNOl and excess Ag with NaC1.-Removed acetone 

in vacuo and adjusted to pH 5.0 

Aqueous pH 5.0 solution 
adsorbed with charcoal 

Added 1100 Reinecke salt, and kept a t  0' for 12 to 18 hre. The ppt. was washed with 

I 

1 

1 

1 

1 

1 

1 

I 

1 

Charcoal 
Charcoal eluted with 34 1. of 5% phenol which was discarded and then 13 1. of 

50% phenol 

EO% Phenol elute 
Removed phenol with Et20 and concentrated aqueous solution to small volume 

Concentrate 
Precipitated with acetone-ether 

Precipitate 
Dissolved in small volume of water and precipitated at pH 1.5 with Reinecke solution 

Precipitate 
Reinecke ppt. extracted with hot water a t  

60°C. 

80°C. Reinecke solution 
Removed Reinecke with amyl alcohol and ether 

Aqueous solution 
Yield of 2ooo Ibs. of liver Total eolids-6600 mg. 

Total N-1300 mg. I 
Adsorbed with loo0 g. of 

permutite a t  pHS.0 and filtered 
1 

Filtrate 
Yield from 1 Ton of liver 700 mg. (Total solids) 

4 .  Clinical Evidence for Multiple Factor Hgpothesis 

Chemical procedures used in the isolation from liver of various fractions 
of importance in pernicious anemia, a.a carried out by SubbaRow, et d., 
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I 
Vruction A 
yield: 1.2 mg. 

1 r- 

are shown in Table XVTII. The hattions containing the primary factor are 
represented in heavy type. 

In 1937, Jacobson and SubbaRow reported the interrelation of these 
fractions in the treatment of pernicious anemia (61). Their general pro- 
cedure was to observe the effect on both the reticulocyte and red blood cell 
response of administering the purified preparations to patients in various 
combinations and doses. As sources of the primary factor, they used frac- 
tions E and H. (E contains F and very small quantities of A and C, whereas 

H is completely devoid of A, C, and F.) In most of the experiments, they 
used crystalline commercial 1-tyrosine as fraction A. 

In the absence of the three accessory factors, the effect of either fraction 
11: or H alone upon erythrocyte production was moderate. When fractions 
A, C: and F were administered as well, a satisfactory erythrocyte response 
was obtained. Data t,aken from their paper illustrating this point are shown 
in Fig. 1. The administration of a combination of primary and accessory 
factors resulted in a rate of erythrocyte production closely approximating 
that produced by the intramuscular administration of an amount of com- 
mercial liver extract containing equivalent quantities of the primary and 
accessory factors. 
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4 0  

3.8 

3 6  

The erythrocyte response following the administration of large amounts 
of the primary factor (H) without the three accessory factors was not as 
great 88 the average response to smaller amounts of the primary factor 
when given together with the accessory factors. This is shown in Fig. 1. 

- 
- 
- 

1.0 

0.8 

Averages of Erythrocyte Regeneration Curves a t  Two Different Initial Erythrocyte 
Levels, Following the Administration of the Primary Factor with and 

without a Complete Supplement of Accessory Factors 
The number of patients studied in each period is shown by the small figures above 

each curve. The quantity at the end of each curve denotes the calculated average 
daily amount of primary fraction administered, expressed in terms of amount of 
fresh liver from which the extract was derived. 

- - PRIMARY FRACTION WITH COMPLETE ACCESSORY FACTORS 

------ I, 11 INCOMPLETE 8 '  - 
1 1 1 1 1 1 ~  I 1  1 1 1  I [  I 
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The relative supplementary action of each of the accessory factors mas 
also stdied.  Their evidence for the importance of fraction A (Z-tyrosine) 
waa aa follows: the administration of an adequate amount of primary 
factor together with fractions C and F, but with an insufficient quantity 
of fraction A, was followed in two patients by no erythrocyte response; the 
addition of a suitable amount of A (i.e., amount derived from 20 g. of liver 
administered on alternate days) induced a good response as well as general 
clinical improvement. 

Their evidence for the importance of fraction C was based on the follow- 
ing results. The continuous administration, over a ten day period, of 
primary factor, as fraction E, together with fraction A but with minimal 
amounts of fraction C (fraction E contained sufficient fraction F), in- 
duced only slight reticulocyte and erythrocyte responses. An increase in the 
amount of fraction C, however, was followed by a satisfactory blood 
response as seen in Fig. 2. 

The accessory action of fraction F was indicated by obsey+ations of the 
same nature. Fractions H, A, and C, in the complete absence of F, induced 
a rise in erythrocytes of only 0.5 million during a period of 28 days, whereas 
with H, A, C and F, satisfactory responses mere induced. On the other hand, 
neither fractions A, C, or F individually or together induced significant 
reticulocyte or erythrocyte responses in patients who subsequently reacted 
to the administration of crude liver extracts. 

Jacobson and SubbaRow compared the parenteral and oral administra- 
tion of tyrosine as an accessory factor (A) on one patient. Six milligrams of 
I-tyrosine (corresponding to fraction A from 100 g. liver) when injected 
intramuscularly was active as an accessory factor, in spite of the fact 
that the patient, who was the subject of this investigation, derived several 
grams of tyrosine daily from ingested protein. No gross evidence of defective 
protein digestion was observed in the patient. During the first period of 
20 days, fractions E (from 20 g. of liver) and C (from 20 g. of liver) were 
administered on alternate days (E contained F); in addition, 100 my. 
commercial 1-tyrosine were given orally every day. No change occurred 
in the clinical condition of the patient, and there waa only a slight rise in 
erythrocytes. During the first ten days of the following period, in addition 
to the same basic fractions of-E and C, 1.2 mg. tyrosine (A-from 20 g. 
liver) was injected intramuscularly on alternate days. Clinical improve- 
ment and a significant erythrocyte response ensued. Nineteen days follow- 
ing the last treatment, the erythrocytes had fallen to a lower level; at this 
point, the same basic fractions of E and C were administered as well as 
1.0 g. of tyroshe daily for 10 days by mouth. A prompt erythrocyte 
response was elicited. 

Jacobson and SubbaRow have interpreted these results as indicating 
that there may have been defective absorption of the orally administered 



ANTI-PERNICIOUS ANEMIA SUBSTANCES OF LIVER 277 

tyrosine, abnormal destruction in the intestine, or faulty utilization after 
absorption. The possibility of abnormal protein digestion was not exchded 
however. 

From the above results, Jacobson and SubbaRow believe that the 
primary factor when administered alone exerts only a moderate therapeutic 

A- 20 OM. 
E- 20 GM. 
C- ZGM. 

A-20 GY. A-40 OW. 
L-20 OM. c-20 OM. 
C-20 GM. C - 20 .OM. 

1 1 1 1  

DAYS N T E R  sEOlNNlNG AOMINISTRATION 

Fig. 2 
Fraction-C as an Accessory Hematopoietic Factor 

The quantities above each period refer to the amounts of fractions injected on the 
days denoted by each arrow. Throughout the four periods Fraction E-20 mg. was 
administered on alternate days. During the first two periods Fraction C-2 mg. was 
administered on alternate days. There were only slight reticulocyte responses in the 
first period in the absence of fraction A and no further erythrocyte rise in  the second 
period after addition of Fraction A-20 g. on alternate days. The increase of Fraction 
C to -20 g. in the third period resulted in the greatest rise of reticulocytes and satis- 
factory rise of erythrocytes, continuing in the fourth period. 

effect, and, for maximum response, the primary factor must be supple- 
mented by the accessory factors which, in themselves, individually and 
collectively, are inert. Against the objection that the satisfactory thera- 
peutic activity of the four fractions together might depend upon additive 
effects of a substance common to all is the fact that A, C, F were separately 
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and together administered in amounts sufficiently great so that had there 
been contaniination with the primary factor, a response would have been 
expected. Indeed, these investigators believe that the fractions A, C and 
F may not constitute all the accessory factors present in crude liver extract. 
I n  their later work they also listed guanosine and histidine as accessory 
factors to induce a complete and sustained clinical and haematopoeitic 
response (62). 

X. OTHER EVIDENCE FOR MORE THAN ONE FACTOR 
Evidence reported by others which suggests the presence of more than 

one substance in liver extract of complementary therapeutic importance 
in pernicious anemia will now be described. Experiments by Eider, Ham- 
marsten and Theorell (29) have indicated that liver extract may be sepa- 
rated into two portions, one of which leads to reticulocytosis, the other, 
when administered with the first, to erythropoiesis as well. Using cata- 
phoresis, they obtained evidence of two active principles in liver prepara- 
tions. Substance R, between pII 4.5 and 6.6, migrated toward the positive 
pole; El toward the negative pole (not the fraction E of SubbaRow, et al). 
Substance R caused reticulocytosis, but not an increase of erythrocytes. 
On the other hand, substance El when given alone, had no measureable 
effect on either erythropoiesis or reticulocytosis. However, R and E ad- 
ministered together induced a reticulocytosis followed by a strong erythro- 
poiesis. They also reported that R can be replaced by definite chemical 
agents which in themselves effect a reticulocyte response, such as the 
protein-free tetra-sodium salt of thymonucleic acid. 

Wichels and Hofer in 1934 (123) came to a similar conclusion in respect 
t o  the separation of a “reticulocyte response” factor from a general “cura- 
tive” factor in liver. Healthy people were used as test subjects. Ingestion 
of raw liver in doses above 75 g. per day caused an increase of reticulocytes 
in 12 cases. In  about one-half of these responsive cases, an increase of 
eosiniphilic leucocytes in the peripheral blood also occurred. The sub- 
stance eliciting the response, called by these investigators bone marrow 
stimulant (Knochenmark-reizmittel), proved to  be heat labile. Administra- 
tion (usually intramuscularly) of large doses of four commercial liver 
extracts of proved activity (Hepatrat, Heprakton, Campolon and 
Pernaemyl) effected in general no reticulocyte response in normal indi- 
viduals. From such results, Wichels and Hofer felt justified in assuming 
two antianemic factors in liver, each working fundamentally in a different 
direction. One, which “cures” pernicious anemia, can be extracted from 
liver and is concentrated in the known liver preparations. The other, 
absent or present only in small amounts in the commercial preparations, 
increases the reticulocyte level of peripheral blood in normal individuals. 
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An obvious objection to their conclusion is that if they divorce from the 
pernicious-anemia “curing” factor the ability to  elicit a reticulocyte 
response, it is difficult to explain the reticulocyte increase which does 
occur in the treatment of pernicious anemia patients with such prepara- 
tions as those to which they attribute only that factor. It is also doubtful 
whether a normal person can be used to test for any component of the 
antianemic principle. 

Mazza and Penati (84,85) have isolated active materials containing, 1 hey 
believe, a nucleotide, a polypeptide, and a pterine. Their steps of fraction- 
ation are summarized in Table XIX. 

Their substance C which they kelieve is of pterine nature showed r aximak 
absorption a t  2535 

Substance D contained 3% ash (traces of iron and copper); its micro- 
analysis showed 50.1% C, 7.6% H, and 12.2% N. It also contained phos- 
phorus (about 3%) and sulfur (trace). Ninhydrin and Millon’s tests mere 
weakly positive. There were strongly positive tests for histidine and 
pentose, and a negative test for tryptophan. It showed maximal absorp- 
tion at  2600 A and 2650 A. Of the total nitrogen, 5.8% was amino nitrogen; 
after acid hydrolysis for 1% hours amino nitrogen accounted for 68.270 of 
the total nitrogen. They believe that fraction D consists of a combination 
of an adenine nucleotide and a polypeptide containing proline, osyproline, 
histidine, arginine, hydroxyglutamic acid and a monoamino-monocarboxylic 
amino acid. 

Unfortunately, Mazza and Penati hare as yet not reported adequate 
clinical tests for their material. In the single case nhich they do report for 
their purest preparations (C and D), substance D given alone (375 mg. 
over a period of 8 days) showed no activity. Then in the same case both D 
(total additional dose of 325 nig.) and C (total dose of 13 mg.) given over a 
two month period shoved only moderate activity, raising the red count 
from 2.1 million to 3.2 million. From this one case, considering the rela- 
tively large amount of material used, their substances are most likely 
not very pure and thus the chemical properties they have described may 
be those of contaminating compounds rather than of the antianemic factor. 

and 2490 A.  

XI. ON THE IMPORTANCE OF TRYPTOPHANE AND HISTIDINE 

Work of Fontbs and Thivolle 

From the peptide character of the active material of Dakin and West, 
and of fraction F of SubbaRow and associates and their evidence for the 
importance of tyrosine (fraction A), and from the observations of Laland 
and Iilem that amino-acids are among the products of hydrolysis, it mould 
appear that amino acids are of importance in the problem of pernicious 
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Decomposed by Ba(OH)l, the Ba being re- 
moved by HISO, solution 

Concentrated to smell volume 
Treated with 10 vol. absolute ale. and 10 vol. 
acetone 
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with absolute alcohol and acetone 
Precipitate dried 

(6 me. from 100 g. liver) 

TABLE XIX 
Minced pig liver 

I 
Liver juice 

Pressad at  600 atmospherea pressure 

Treated with 96% ethyl alcohol to give a 70% 

Dilute &so4 to pH 5 
alcohol eontent 

Boiled for i hour 

I -- 1 

1 

Filtrate 
Concentrated in VBCUO to  a sirup I Extracted with trichlorethylene 

1 &ken up in 8 5% alcohol 

1 
Pr6cipitate 

(proteins) 

Syru y residue 
r 

Extract 
(lipoids) 

Put in solution with 1 N HCI 
Solution adsorbed with fuller’s earth which 
Pyridine eluate evaporate3 in VBCUO to 

is then eluted with 10% p ridine 

drynees 

I 
Precipitate 

Precipitate 
PreciDitate 

I 
Filtrate 

Filtrate 
Filtrate 

Neutralized I Treated with saturated aoln. of CaClr 

I Calcium removed by ammonium oxalate 
Solvent removed in vacuo 
Treated with 6 v?h. @8% alwhol 
Precipitate dried in vacuo 

(500 mg. from 600 g. frash liver) 
(active in total dose of 3 g.) 
Put in aqueous solution 
Treated with soh.  of basic lead acetate and 

Substance A 

BalOHh 
Fiitrate ’ -  

Pb and Ba removed by H&O4 I Filtrate t,o DH 6 

I 

I Chsrcoalacfsorption 
Charcoal ahd Adsorbate 

I Elution with warm .(‘lo”) 60% ethyl alcoho 
at  PH 6 (acetic acid) 

Eluate 
Alcohol removed in vacuo 
Charcoal adsorption and elution repeated 
Resulting eluate evaporated to drynesa 

(100 mg. from 500 8.  liver) 
(Active in total dose of 0.61.0 g.) 
(Sky blue fluorescence) 

1 

Su i atanes B 

I 
I 

Eluate 
Alcohol removed in vacuo I Charcoal adsorDtion and elution repeated 
Resulting eluaie evaporated to drynesa 

(100 mg. from 500 8.  liver) 
(Active in total dose of 0.61.0 g.) 

Subatones B 

I (Sky blue fluorescence) 

I 
4% Solution Substance B in Ha0 

I 
4% Solution Substance B in HzO 

I Precipitated with &so4 and phosphotunmtic I to pH with HCI 

1 

Adsorbed on fuller’s earth I E!uted with 6% pyridine at 70” 
Pyridine Extract 

Evaporated to dr neas 
Residue disso1ved)in 1 N NaOH 
Acidified with HC1 

Fiitrate 
Adsorbed on fuller’e earth and eluted with I Eluate concentrated in vacua to amall 

5% pyridine 

anemia therapy. Other investigators have placed emphasis on other amino 
acids, notably tryptophane and histidine. The use of tryptophane in the 
treatment of experimental anemia is first credited to Himawe (51). In  
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the early 1 9 3 0 ' ~ ~  Fonths and Thivolle presented evidence in favor of the 
hematopoietic action of both tryptophane and histidine (38, 39, 40, 41, 
42, 43, 44,45, 46). They regarded the former as the precursor of the tetra- 
pyrrole group of hematin and the latter as the amino acid essential for 
the formation of globin in the hemoglobin molecule. The body constantly 
loses the pyrrole nucleus in the form of biliary pigments, urobilin, ster- 
cobilin, and porphyrins. However, none of these pigments introduced di- 
rectly into thc organism had hematopoietic action. They concluded that the 
synthesis of' the prosthetic group of hemoglobin is effected from substances 
other than those of a preformed tetrapyrrole nucleus. Proline, oxyproline 
and tryptophane have the pyrrole group. The fact that proline and oxy- 
proline are nonessential as well as their presence in tryptophane-free diets 
which produce anemia in rats seemed to indicate that these amino acids 
cannot function as precursors of hematin. The hematopoietic action of 
histidine, constituting 10 per cent of the globin of hemoglobin, is believed 
to be due to its imidazole nucleus, a nucleus which the organism apparently 
cannot synthesize. Font& and Thivolle first showed the hematogenic 
action of tryptophane and histidine by their observation that subcutaneous 
injection into normal rabbits and dogs resulted in hyperhemoglobinemia 
and hypererythrocytosis. This action seemed to depen'd upon the presence 
of indol and imidazol nuclei and not to  be a function of amino acids in 
general. Thus, leucine, phenylalanine, and 1 ysine had no blood-forming ac- 
tion (43). Also rats deprived of tryptophane and histidine (abundant proline 
and oxyproline) developed anemia (44). Alcock in 1933 (3) confirmed the 
hematopoietic action of tryptophane and histidine in normal rabbits and 
dogs, but he objected to  Font& and Thivolle's attributing the production 
of experimental anemia to the lack of tryptophane on the grouncls that the 
diet they employed was inadequate in many respects besides its deficiency 
in that amino acid. Since he failed to produce an anemia by tryptophane 
deficiency alone, he was led to doubt that the pyrrole of hematin is derived 
from tryptophane. However, in 1936 Hamada (48) confirmed the results of 
Font& and Thivollc by producing an anemia in rats on a tryptophane-poor 
diet. Levi has reported that the injection of tryptophanc in rabbits with 
experimentally produced anemia caused a restoration of the rcd cells and 
hemoglobin to nearly normal values (80). The work of the French in- 
vestigzitors indicated that injection of either tryptophane or histidine sepa- 
rately caused a smaller hematopoiesis than both together, apparently by 
calling on the body reserve of the other, non-injected one. If tryptophane 
and histidine do ttke part in chemical steps leadini to the formation of 
hemoglobin, there should be a proportion at which optimal results are 
obtained. From the formula of hemoglobin, this ratio was calculated as 
two weights of histidine per unit weight of tryptophane (41). 

Font& and Thivolle then applied this idea to clinical conditions and 
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reported that the administration of the two amino acids in leucemia, 
secondary, splenomegalic, pernicious and neoplastic anemias produced 
encouraging results. They believed that the digestive disturbances in 
pernicious anemia may interfere with protein breakdown leading to the 
production of rather large polypeptides as end products, the absorption of 
which may be poorly effected. The destruction of tryptophane and his- 
tidine by intestinal bacteria, which are relatively increased in pernicious 
anemia, should also not be neglected (45). 

In 1930, they reported the treatment of six cases of pernicious anemia, 
the results of which prove of great interest (46). The first case was treated 
with 200 and 400 mg. histidine and 100 and 200 mg. tryptophane, injected 
subcutaneously or intramuscularly for a month. The patient showed a good 
remission which was maintained for almost six months without further 
treatment. 

The other cases were treated with similar or even larger doses of trypto- 
phane and histidine. Case 2 showed an initial rapid remission followed by 
relapse. In case 3, there occurred an initial rapid improvement, a relapse 
on the 5th day after the commencement of treatment and then a slow gain. 
Cases 4, 5,  6 did not respond to the therapy. 

Thus, these six cases, each showing symptoms justifying a diagnosis of 
pernicious anemia, responded differently to treatment with tryptophane 
and histidine; very rapid remission of long duration; slow remission; rapid 
remission followed by relapse; or complete inactivity. Font& andThivolle 
suggest that perhaps the success of the therapy had a direct relation to 
the duration of the disease--i.e., most favorable results were obtained in 
the early stages of pernicious anemia, less favorable responses in the later 
stages. 

Font& and Thivolle have consistently maintained that the activity of 
raw liver and of the various liver extracts depends entirely on their con- 
tent of tryptophane and histidine in the free state. However, Cohn and 
associates obtained active preparations from which all tryptophane had 
been removed. Dakin and West reported that hydrolysis of their active 
product yields a number of amino acids, among which, however, trypto- 
phane and histidine are not included. Aleksandrowicz and Gabryelski (4) 
found no tryptophane in a commercial preparation of proved activity 
(Pernaemon) . SubbaRow and kociates have reported a positive glyoxylic 
reaction for their accessory fraction F, indicating the presence of an indol 
ring. It has not been shown, however, whether the constituent of peptide 
F giving the positive glyoxylic test is tryptophane. 

Negative results were obtained by Cuthbertson, Fleming, Stevenson (21)) 
who gave daily injections of 100 mg. tryptophane and 200 mg. histidine 
dissolved in 10 cc. sterile ialine solution to two pernicious anemia patients. 
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The first case, with a recent history of pernicious anemia, W M  given 
injections intravenously for fifteen days, followed by no improvement in 
blood count, although a moderate reticulocyte response accompanied by a 
feeling of well-being was observed. Subsequent oral treatment with liver 
extract effected satisfactory results. 

In their second case, one which had previously responded well to both 
arsenic and liver, Cuthbertson and associates observed that on subcu- 
taneous injection of the amino acids, the clinical condition of the patient 
became worse. However, after a transfusion, liver therapy produced favor- 
able results. Although tryptophan and histidine produced an early small 
reticulocyte response in both cases, there was no appreciable increase inthe 
hemoglobin or red cell levels. Thus, even though there are indications that 
they have some stimulating action on hematopoietic tissue, the results 
do not justify ascribing theactivity of liver to its content of free tryptophane 
and histidine. Dominici and Penati (27) were also unable to confirm the 
favorable results of the French authors. 

Peabody and Neale (94) stated that histidine and tryptophane are 
probably not the constituents of liver extract which are effective in eliciting 
a reticulocyte response in grain-fed pigeons. Since they believed that the 
pigeon response is a measure of the substance or substances active in the 
treatment of pernicious anemia, they concluded that liver extracts do not 
owe their antianemic potency to these amino acids. Inasmuch as the only 
reliable test for pernicious anemia potency is a clinical one, their conclusion 
cannot be accepted without reservations. 

Tochowicz (110) agreed with Font& and Thivolle that some of the 
trouble in pernicious anemia lies in faulty protein metabolism. He found 
not only impaired absorption of amino acids from the gastro-intestinal 
tract, in pernicious anemia, but lessened retention of the amino acids by 
the tissues and their increased elimination in the urine. From the results 
of blood studies of normal people as well as those suffering from post- 
hemorrhagic aad pernicious anemias, he concluded that although tryp- 
tophane may play some role in Biermer’s anemia, histidine is of no im- 
portance in either the pathogenesis or the treatment of the disease. 

Here again there are conflicting reports. Tentatively, one may conclude 
that tryptophane may play a role in the treatment of pernicious anemia, 
yet by no means a major one. The evidence for the importance of histidine 
in the antianemic “factor” is even less convincing. 

XII. MISCELLANEOUS CONTRI~UTIONS 

The search for the chemical compound or compounds which are present 
in therapeutically active liver extract, has, for the most part, centered 
around the work of the five groups of investigators, so far discussed in some 
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detail. Less extensive investigations by various other workers should, how- 
ever, not be ignored. Some of these results have received confirmation, 
others have not. They will now be briefly discussed. 

1. Buchanan on Glutalhione 

Buchanan reported: “On January 9, 1929, after many years of specu- 
lation and four and one half years of work, I arrived a t  the point in my 
investigations where it seemed reasonable to believe that pernicious anemia 
was due to a yeast’’ (6). He concluded that the active principle of liver 
extracts has apparently every chemical resemblance and physiological 
action of oxidized glutathione. Although Fleming (37) later declared that 
glutathione, mostly in oxidized form, enters into the composition of the 
antianemic factor, Koser in 1936 (72) denied the importance of glutathione 
in this respect. 

2. Felix and Friihwein on Liver Fractions 

In  1933, Felix and Fruhwein (35) carried out a series of fractionations of 
liver extract, testing for the presence of activity by determining the reticu- 
locyte response after injection in anemic (not necessarily pernicious anemia) 
or normal persons, and by methemoglobin formation in vifro. After extract- 
ing hashed liver with H20 a t  pH 4.6-5.0 (acetic acid), they precipitated 
the protein with tannic acid at pH 3.2. Further fractionation was achieved 
by treatment with various heavy metal salts, the best results being ob- 
tained by precipitating the active principle from HzSOd solution with 
HgSOl in the presence of alcohol and ether. After repeated purification 
with mercuric sulfate, their preparation still contained sulfur but not 
phosphorus; the glyoxylic acid reaction for tryptophan and related sub- 
stances as well as aldehyde reaction proved negative. Biuret reaction was 
negative; diazo, Sakaguchi and niilhydrin reactions were positive. Total 
nitrogen calculated on an ash-free basis was found to be 11.85 per cent of 
which 30.16 per cent was free NH2-N. Acid hydrolysis did not increase 
the NH2 titer, indicating that the active principle is not a peptide. It is 
unfortunate that the activity of these preparations was not thoroughly 
assayed on pernicious anemia patients. 

3. Erdos on Liver Fractions 

In  1935, Erdos (32) reported on the preparation of active material from 
liver and on certain of its properties. Finely hashed liver was first ground 
with quartz powder and then extracted with dilute PIZSOI a t  different 
temperatures. The extracts, concentrated a t  60-70” C. until the dry weight 
constituted about 60 per cent, were then mixed with about ten fold volumes 
of HZO, warmed to  50”, cooled, filtered, brought to pH 7.5-8 with NaHC03, 
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and again filtered. The opalescent filtrate \ms acidified with 20 per cent 
HzS04 and concentrated to a dark brown viscous mass. The remaining acid 
mas removed with barium and the excess barium was removed by treat- 
ment with COz. After exact neutralization (pH 7-7.2), the solution was 
concentrated in vacuo. Finally, after freeing the preparation from protein 
by use of an iron solution, a powder was obtained, yellow to brown in 
color, 93.7 per cent soluble in HzO, 12.1 per cent soluble in warm alcohol, 
and 0.15 per cent in ether. 

Analysis (of that portion of the powder which is water-soluble). 

Total N 
NHp-N 
NHa-N after hydrolysis 
Phosphorus 
Sulfur 
Chlorine 
Reduction as glucose 
Ash 
Iron 
Copper 

pcr CMIl 
4.14 
0.82 
3.32 
0.65 
0.98 
0.07 
9.0 
0.38 
0.004 
0.0005 

It gave no precipitate with sulfosalicylic acid; biuret was positive 
The fact that acid hydrolysis increased the NH2-N by about 300 per cent 
seemed to indicate a peptide linkage. He believed that his preparation had 
6 free amino groups and 18-CO.NH-linkages. The titration of the purified 
preparation supported the supposition of the presence of free carboxyl 
groups. Erdos was also able to isolate a water-insoluble silver salt from 
the analysis of which he suggested the formula C660H,zo03RN30SzPrAg3 with 
a molecular weight of about 10000. 

Erdos assayed his material for activity by noting its influencvon the 
anemia produced in dogs and rabbits by the administration of phenyl- 
hydraeine (33). In  the normal animal, the administration of phenyl- 
hydrazine hydrochloride (16 mg. per kg. body weight) lowered the red 
cell count 25 to 40 per cent in 48 to  72 hours, after which time, spontaaeous 
remission occurred. However, in those animals which received liver prepara- 
tions along with the phenylhydrazine, the niasimal decrease of red cells 
was reached only after 96 to  120 hours. 

Tn 1942, Erdos modified his previous method of isolation. Finely ground 
liver was extracted with dilute H2S04 a t  different temperatures and the 
sulfuric acid was removed with I3a(OH)Z. The concentrated filtrate was 
precipitated with 70% alcohol. The insoluble fraction was removed and 
the filtrate was concentrated and precipitated with AgNOI. The Ag pre- 
cipitate was separated and decom6osed with HCI. The silver free filtrate 
was concentrated and precipitated with alcohol. 
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A silver salt was prepared from the alcohol precipitation. 2 grams of 
dry salt were obtained from 1 kg. of liver. 

Analysis. C = 67.50 
H = 6.41 
N = 14.41 
NH2.N = 1.4 
S - 0.99 
P = 1.06 
Ag = 5.04 

The approximate molecular weight of 6000 was assigned. As for the 
structure, “it contained three free carbonyl groups, as did the product 
obtained several years ago. Remaining are six free amino groups, this 
number increasing to eighteen after hydrolysis.” No adequate clinical 
reports were presented. 

4. Jacobs on the Nature of Active Liver Material 

We have thus far discussed the results obtained by investigators who 
employed the orthodox chemical procedure of isolation and identification. 
In 1937, Jacobs (54, 55, 56) reported certain conclusions regarding the 
chemical character of the active liver material which he reached by em- 
ploying less orthodos means. From a study of the properties exhibited by 
potent liver estracts, he tried to deduce the chemical nature of the anti- 
anemic principle and test such deductions by synthesis. Some of the 
considerations which entered into his reasoning follow: 

(I) Since material given by mouth is much less effective than that 
given parenterally, the active principle may be destroyed in the gut. 
(This may equally xell be due to incomplete absorption of material admin- 
istered orally.) 

(2) Spontaneous remissions may be due to  a temporary, partial failure 
of tryptic digestion. 

(3) The function of the active principle may be to modify the course of 
digestion (particularly tryptic digestion) of normal foods. 

(4) Kormal, fasting gastric juice reddens an alkaline picric acid solution 
after 10-15 minutes of heating. 

Such a test is negative when applied to the fasting gastric contents of 
pernicious anemia patients. A positive reaction indicates according to  
Abderhalden the presence of proteins, proteoses, peptones, or diketo- 
piperazines. 

(5 )  Glucosamine gives a positive picric acid reaction. 
(6) The ability of active preparations to. be oxidized and reduced sug- 

gested to ,Jacobs the presence of active carbonyl groups. 
He cited as evidence the power of preparations to  change hemoglobin 
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to  methemoglobin as reported by Duesberg and Koll (28). However, 
Deutsch and Wilkinson (26) have found no connection between hemato- 
poietic activity as determined by clinical results and the production of 
me themoglobin. 

(7) The deepening of the reddish color of active preparations on warm- 
ing indicated to Jacobs a process of polymerization. 

The fact that aldehydes form polymers suggested the possibility that 
such aldehydes were present in active antianeniic preparations. In support 
of his suggestion that the active principle functions by way of modifying 
tryptic digestion is the evidence that the activity of trypsin is inhibited 
by aldehyde. 

Jacobs reported a reticulocytosis of 14 per cent, 5 days after the sub- 
cutaneous injection of an aqueous solution of the product resulting from 
the interaction of acetaldehyde and glucosamine. Previously, this patient 
had not responded to  ventriculin by mouth. Hoivever, since t,hree other 
previously untreated cases failed to respond to similar treatment, no great 
importance \ras attached to the one positive result. 

Following the suggestion in his first paper (54) that further inrestig a t’ ion 
of the possible role of glucosaniine and the common amino acids (especially 
leucine and tyrosine) in the pernicious anemia problem might be desirable, 
he subsequently studied the role of tyrosine (55).  Using methods employed 
by Raper and associates in the identification of substances present in a 
reaction mixture of tyrosine and tyrosinase, Jacobs concluded that the red 
substance in liver estrnct is the 5,G-quinone of dihydroindole-2-carbosylic 
acid. 

CII 

C- CH 
/ \  oc 

Inasmuch as the instability of this compound precluded its synthesis in 
pure form, impure mistures were used for clinical test (56).  Raper (95) 
had shown that the 5,G-quinone of dihyclroindole-2-cnrbosylic acid is a 
product of the action of tyrosinase an tyrosine in the presence of oxygen. 
Jacobs administered daily such n mixture, prepared from raw potato 
scrapings and tyrosine, t o  a pernicious anemia patient. On the fifth day, 
treatment \\‘as interrupted because of the appearance of diarrhea and 
nausea. The reticulocytes rose from an initial value of 2.8 per cent to 6.0 
per cent on the fifth day. 

Later Jacobs concluded that the “red substance” was not concerned 
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in the activity of liver extracts. In  his most recent paper, Jacobs (57) 
proposes to investigate choline for its antinnemic effect inasmuch as he 
was able to  isolate this compound from commercial liver extracts. 

6. Akksandrowicz and Gabryelski on Heparin 

Aleksandrowicz and Gabryelski (4) have recently proposed that anti- 
prothrombin (heparin) is one of the important therapeutic factors in liver 
preparations. A comparison of some of the properties of the antianemic 
factor and of heparin showed some similarity in a few respects. According 
to their hypothesis, pernicious anemia may- be caused by the lack of 
antiprothrombin. One might, therefore, expect to find less Gf this substance 
in the blood of a patient than in that of a normal individual. Inasmuch 
as there is no specific chemical test for heparin, they employed a method 
based on the fact that, in the presence of heparin, erythrocytesaremore 
resistant to hemolyzing agents. Hence, in the presence of the serum of a, 
pernicious anemia patient, having little or no heparin, the hemolytic 
action of various substances on the red cdls should occur more quickly 
than in the presence of normal serum; this difference in rate should dis- 
appear during successful treatment of the disease. In  a study of fifteen 
pernicious anemia patients and fifteen normal individuals, variable results 
were obtained, in only two of Ivhich the expected trends appeared. 

Although it p r o d  inactive in tn  o other cases, intramuscular adminis- 
tration of heparin in one case effected an erythrocyte response, from an 
initial level of 2.6 millions to  3.9 millions in a four week period. There was 
no indication of a reticulocyte response a t  any time during treatment. 
As Aleksandrov icz and Gabryelski admit, the therapeutic value of anti- 
prothronibin is not supported by this single case. 

They next attempted to  test for heparin in liver extracts of proved 
activity, (those used were called Pernaemon and Sykoton). A positive 
Molisch reaction, in the absence of glycoprotein, polysaccharides and 
monoses indicated the probable presence of heparin. Their attempt to 
isolate heparin in crystalline form from Pernaemon proved unsuccessful. 

They cited the following properties eshibited by heparin and an active 
liver preparation (Pernaemon). 

For heparin: 
(1) Immediate precipitation with HC1, HNO,, H2S04-not with strong 

(2) Immediate precipitation $1 ith 5-sulfosalicylic acid (perhaps because 

(3) No biuret. 
(4) Precipitated by phosphotungstic acid. 
( 5 )  Positive uric acid test (colors phosphotungstic reagent blue upon 

acetic. 

this-is a moderately strong acid). 

warming). 
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(6) Positive murexide test. 
For Pernaemon : 
(1) No precipitate with HCI. 
(2) Precipitate with 5-sulfosalicyiic acid. 
(3) Slight biuret, too weak for peptide. 
(4) Turbidity with phosphotungstic acid. 
(5) Positive uric acid test. 
(6) Negative murexide. 
Although there is some similarity in certain of the reactions, the lack 

of complete correspondence, and the non-specificity of the tests, throw 
doubt on rather than bring support to the hypothesis of Aleksandrowica 
and Gabryelski. 

6. Jones, et al. on Nuelear Extractives 

In 1929, Jones, Phillips, Larsell, and Nokes (65) reported the hema- 
topoietic effect of nuclear extractives in human anemias. They believed 
that nuclear extractives from various organ sources-considered to be 
nucleoproteins and the sodium salts of nucleic acids-contained an un- 
known hematopoietic stimulant. Oral administration of such extractives, 
prepared from chicken corpuscles, beef spleen, beef liver, beef kidney, 
beef heart muscle, salmon liver, beef thymus and beef pancreas, in $ g. 
doses, yielded satisfactory results in pernicious as well as other anemias. 
They thus tentatively concluded that the hematopoietic stimulant is an 
integral part of the cell nucleus. 

XIII. CRITERIA OF ACTIVITY 

In the foregoing sections, the methods of preparation and, in some cases, 
the properties of various antianemic preparations have been described. 
Unfortgnately, for the reader and the authors, agreement does not as 
yet exist among the different investigators regarding what is the active 
material, or what are its properties. It may be of some interest, however, 
to compare the relative activities of some of the better preparations. How 
should such a comparison be made? As we have already stated, the phe- 
nomenon of reticulocyte response is of little value in determining the com- 
parative efficiency of extracts. It may or may not give an indication of the 
presence of potency, and i t  does not appear to indicate the degree of 
potency. Murphy suggests (92) that perhaps the most critical and impor- 
tant means of comparison is the determination of the amount of antianemic 
material that is necessary to maintain the erythrocyte count of a pernicious 
anemia patient a t  a normal level. Such observations should be made for a t  
least six months, or longer. In such comparisons, we must also recognize 
the fact that it takes an appreciably greater amount of material to’ main- 
tain the levels at five millions or higher than it does to maintain them at 
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lower levels. Inasmuch as there are few reports available concerning the 
long-time maintenance requirements of the extracts in which we are 
interested, we cannot make our comparisons on this ideal basis. 

Schales attempted to  develop a method of evaluating the activity of 
commercial liver extracts independent of clinical test (97, 98). Among the 
properties which he found of no or little use as indicators of potency might 
be mentioned: the dry weight, free hexoses of glucose type, N content of 
the tested extracts, and freezing point lowerings. The specification of from 
how much fresh liver the preparation comes cannot be used here, inaimuch 
as the amount of the antianemic principle in fresh liver depends somewhat 
on the season, feeding and age of the animal, as well as other variable 
factors. Even if the same liver is used as the starting point, the concen- 
tration of the active material in the final preparation varies with the differ- 
ent methods of purification. 

He found that liver extracts can be approximately standardized by the 
weight and nitrogen content of the material soluble in 70 per cent alcohol 
and precipitated by 90 per cent alcohol ( C M s  fraction G). He based his 
method on the fact that parenteral administration of 80 mg. purified 
Dakin and West material (Anahmin)  elicited R maximal reticulocyte 
reaction. From the organic residue and nitrogen content of fraction B 
(Schales), he evaluated the liver extracts in terms of the preparation of 
Dakin and West (1935) which had a nitrogen content of 15.3 per cent. 
Thus, the maximal content of active material (considering the Dakin- 
West product as pure nntianemic substance) in a tested extract would 
be given by the formula: 

Maximal Content (D and W Substance) 

Organic residue in mg. of fraction B X percentage N content 
15.3 

i 

rn 

Since 80 mg. D + W Substance yielded a maximal reticulocytosis, he 
further calculated how much of the tested extract must be minimally 
injected to get the same clinical response. 

Minimal Amt . (cc.) = 
80 

Maximal content (D + W Substance) 

where the D + W Substance is expressed in terms of mg. per cc. 
However, a dif€iculty with this method of comparison is that fraction B 

has impurities with wrying nitrogen contents, the magnitudes of which 
differ in the different preparations. Since Anahaemin has been shown to 
be impure (23), it can hqrdly be accepted as a standard with which all 
other preparations are compared. 
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XIV. COMPARISON OF ACTIVITIES OF PREPARATIONS 
In  the absence of a more satisfactory basis of comparison, a few of the 

preparations may be compared in terms of erythrocyte response elicited 
by definite quantities of different products (see Fig. 3). Inasmuch as the 
size of response varies with the initial red blood cell level, an attempt baa 
been made to compare cases in which the initial erythrocyte levels were 
about 1.2 t o  1.8 million. Responses reported by Murphy (92) and Hartfall 

0A.S 

Fig. 3 
Average Erythrocyte Regeneration Curves Following the Administration of Various 

Purified Liver Extracts 
The calculated average daily amount of material administered is recorded in the 

legend. The sources of these data are contained in the text. (The daily doses recorded 
for the curves of Jacobson and SubbaRow refer only to the amount of primary factor 
administered; in addition, three accessory factors were administered in the 1937 
curve, in a daily amount of 3.4 mg. and five accessory factors w r e  administered in the 
1940 curve in a daily amount of 6.2 mg.) 

(49) folloxing the use of highly active estract have been used as a basis of 
comparison. For the individual preparations of the several authors, each 
curve represents the average of the responses of a number of patients. 

From Figure 3 it is to  be noted that the curves of Ungley, Davidson and 
Wayne and of Dakin, Ungley and West based on the administration of 
daily doses of 8.9 and 4.5 nig. respectively, differ significantly from one 
another and even the larger dose does not insure the maximal response. 



TABLE X X  
Comparison o j  reported properties of certain liver eztraels containing primary anti-pernickma anemia faetozS 

Physical Prop 
ertiea 

Chemical con- 
stitution 

Color 

Solubitity 

Insoluble salts with 

Precipitation by (NH4)2- 
so4 

Dialysis 
Specific rotation 
Absorption of light 

Composition in per cent 
C 
H 
N 
S 
As1 

Molecular weight 
Presence of pentme 
Biuret reaction 
Amino nitronen 

- .  

Cohn. el d. 

- 
d l .  ,iF H l q  

acetic acid 
" " phenol 
'' " formamide 

" " 70% alcohol 
" '' &'~l'Ol 

Slightly sol. in 95% alcobol 
I y l .  ;? abs. ale. 

ether 
" " acetone 

Phoephotungstic acid 
Tannic acid 
Sulfuric acid 
Picric acid 
Gold chloride 
Platinic chloride 
Silver nitrate 

Dialyeable 

- 
- - 

10.8 
None 

- 
None 
Negative 

None 
None 
Not reported 

Dalrin, el d. 

- 
Insol. in absolute alcohol 

Ppted. by high conc. of trichlora- 
cabic acid but not by low con- 
centration 

Not ppted. by rutianic acid 
Not ppted. by ferroeyanic acid 
Not ppted. by metaphcaphoric 

acid 
PGipitated 

Dialyzable 
[U]E -112'to -133" - 

46.8-48.1 
6.B- 6.8 

15.2-16.8 

2oMMooo - 
Negative 

0.5 
10-10.4 .. 

Arginine 
Glycine 
Laucine 
Aspartic add, 
Hydroxyprolr ne 
Proline 

Laland, el d. 

Reddish yellow 

Sol. in Ha 
Partly soluble in 

doOhOl 
I h l .  in ether 

Phoe hotungetic 

Heavy metala 
acis 

Partially ppted. 

Dialruble - 
250-265 mr 
34-50 mr 

53.64 
6.85 

13.33 
0.74 
2.05 - 

Present 
Negative 

Not r e d  
Not reported 

SubhaRow. ct d. 

Colorleas 

- 
Dialyaable 

24B-aS6 m 

41.58 
6.74 

13.13 
1.2 

( s o 4  102) 

Karrer, ef d. 

46.68 
6.76 

14.63 
P-t 

None 
NegtivO 

Not reportad 

Not repodd 
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Koller’s curve, based on a dose of only 1.9 mg. a day, indicates good activity 
but the more purified preparations such as his fractions numbered 25, 
28, 35 do not show the same activity. 

The data have been presented in the hope that further advances in the 
understanding of the chemical nature of the substances concerned will 
enable reconciliation of the discrepancies in the magnitudes of response 
achieved by different investigators. It is, unfortunately, apparently not 
possible at the present time to reconcile the various .claims and facts 
regarding the material or materials which are present or Fapable of extrac- 
tion from liver, and which are therapeutically active in pernicious anemia. 

XV. GENERAL SUMMARY 
The reader has probably been impressed with the great variation in the 

chemical properties of the preparations to which activity has been attrib- 
uted. Some of these have been summarized in Table XX. 

The reasonable explanation for these differences is that the various 
preparations are still more or less contaminated and the activity of the 
different products may be due to one unknown substance which is present 
in all these products in small amounts. However, the chemical properties 
of these various materials vary uith the nature of the impurities in the 
various preparations. 

Although it is not yet possible to present the properties of the anti- 
pernicious anemia material from liver with chemical exactness, it is, never- 
theless, proper to note that during the seventeen years since whole liver 
therapy has been introduced, the amount of material needed by the patient 
per day has decreased from 400 g. t o  less than 1 mg. Such progress makes 
it reasonable to expect the isolation and identification of the active material 
to be an attainable objective. 
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I. INTRODUCTION 

A study of the mechanism of action and the metabolism of gonadotropic 
hormones is of especial interest because they are primary hormones which 
initiate a hormonal chain reaction in the body. It is possible that an elucida- 
tion of their action will allow closer insight into the mechanism of other 
tropins of the pituitary gland, thus furnishing valuable inforInatjion. 
Furthermore, the test methods for the action of the gonadotropic hormones 
and their metabolites have been so well devcloped that information of a 
precise nature may be obtained through their use. 

Whereas the biological effect of some hormones, e.g., sdrennlin, insulin, 
pitocin, pitressin, and intermedin, beconies apparent very shortly after 
their administration, sex hormones act differently. There is a marked 
time interval between the administration of the sex horrnoncs and their 
first perceptible effect. The duration of this period cannot be shortened 
either by changing the route of administration or the solvent or by in- 
creased dosages. 

1 Due to wartime restrictions only selected subjects could be reviewed here. 
2 Part of the work under review was carried out nitl i  the nid of the Rockefeller 

Foundation and the Ella Sachs Plotz Foundation, to whom our tlianks are due. 
on-? 
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What happens in the interval between the administration of the hormone 
and the time when i t  takes effect in the organism? Is it stored in the organ- 
ism or transformed to an intermediate substance or metabolite or is it 
rendered inactive or destroyed immediately? The following sections deal 
with the data available on this problem.' 

11. TIME INTERVAL REQUIRED FOR INACTIVATION OF GONADOTROPIC 
HORMONES 

It is well known that prolan, the gonadotropic hormone from pregnancy 
urine (chorionic gonadotropin) rapidly disappears from the blood after its 
injection. 

Ehrhardt (1930) injected up to 700 cc. of pregnancy blood intravenously 
into men or non-pregnant women. Two cc. of blood from the infused 
patients, 2-16 hours later, contained 1 MU chorionic gonadotropin L.H. 
and up to 24 hours later 1 MU chorionic gonadotropin F.S.K. would be 
found. Calculation of these values gives a 30% recovery of pregnancy 
blood gonadotropin in man after 24 hours. Lipschuetz and Vivaldi (1934), 
Vivaldi (1939, and Lipschuetz, Fuente-Alba, and Vivaldi (1935a) in- 
vestigated the disappearance of chorionic gonadotropin from the blood 
of rabbits which received 100 rabbit units intravenously. They calculated 
that 80% of the dose had disappeared within 6-8 hours and 95% after 
10 hours. The curve of elimination of chorionic gonadotropin constructed 
by them took a logarithmic course. Stamler (1937) found that 3 hours 
after the intravenous injection of chorionic gonadotropin into a dog 38.4% 
remained in the blood. A gelding injected with 300,000 U intravenously, 
showed 3000 U per liter blood up to 2 hours later, lo00 U up to 8 hours 
later, and 800 U up to  22 hours later. 

Other approaches of a precise nature to the problem of inactivation of 
chorionic gonadotropin in the organism have been made in two ways: 

(I) Injection of chorionic gonadotropin into animals and recovery of 
the hormone from their carcaaes by extraction after various time 
intervals ; 

(11) A certain amount of chorionic gonadotropin wca injected into 
immature female rats after which smaller amounts of an antiserum 
to the gonadotropin were given at various intervals. The minimal 
dose of antigonadotropin required to prevent the gonadotropic 
reaction at  any given interval indicates the amount of chorionic 
gonadotropin circulating in the body a t  that time. 

Both methods have been described by Zondek (1940), Zondek, Sulman: 
Sklow (1940/41), and Zondek and Sulman (1942). 

A summary of the results obtained with methods I and 11 MS tabulated 
in Table I demonstrates the rate of chorionic gonadotropin breakdown 

A short review of this topic w w  given by the senior author in 1941. 



TABLE I 
Amount of Chorionic Gonadotropin (CG) Circulating i n  the Body of the Rat at Diflerent 

Intervals ajter In-iection 

CG recovered 
by extraction 

100% after 
0 hour 

Assay 
rat 

Assay 
rat 

M. 

1 
2 
3 
4 

no. 

1 

50yo after 
1 hour 

2 6 
7 
8 
9 

3 30% after 
4 hours 

4 

11 
12 
13 
14 

5 

25% after 
8 hours 

6 

16 
17 
18 
19 

7 

!20% after 
12 hours 

15y0 after 
18 hours 

10% after 
24 hours 

8 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 

Method I I Method U 

5% after 
30 hours 

I- 

36 
37 
38 
39 
40 

l 5  

I lo 

I l5 

I 35 

CG 
injected 

first 

(rui 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 

5 
5 
5 
5 
5 

5 
5 
5 
5 
5 

5 
5 
5 
5 
5 

5 
5 
5 
5 
5 

5 
5 
5 
5 
5 

5 
5 
5 
5 
5 

I 

. _ _ _  
(anti-kts) 

5 
3.75 
2.50 
1.25 
0.50 

5 
3.75 
2.50 
1.25 
0.50 

5 
3.75 
2.50 
1.25 
0.50 

5 
3.75 
2.50 
1.25 
0.50 

5 
3.75 
2.50 
1.25 
0.50 

5 
3.75 
2.50 
1.25 
0.50 

5 
3.75 
2.50 
1.25 
0.50 

5 
3.75 
2.50 
1.25 
0.50 

I I Gonadotropic reaction 
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within the body of the rat. The results obtained for the gonadotropic 
reaction I (vaginal estrus) were generally the most reliable. Rat 1 (method 
I) shows that 1OOyo of the gonadotropin injected into the assay rat could 
be recovered by our extraction method. Rats 1-5 (method 11) were included 
to  check the titer : they show that if gonadotropin and antigonadotropin 
are given simultaneously, 5 IU of the former are ‘neutralized by 5 anti- 
units4 of the latter. Rat 8 (method 11) shows that a maximum of 2.5 I U  
were present in the body 1 hour after the injection of 5 IU, which corre- 
sponds to the 50% recovery in method I .  Rat  14 of method 11 demonstrates 
that after 4 hours, more than 1.25 anti-units are required to inactivate 
the previously injected 4 I U  of gonadotropin; this is in accordance with 
the 30% recovery in method I. Similarly 8, 12, 15 hours after the injection 

15 k 
10 % 

1 4 8 12 18 24 30 hours a f t e r  i n j e c t l o n  

Fig. 1. Curve of the Inactivation of Chorionic Gonadotropin in the Body of the Itat 
(From Zondek, 1941) 

of 5 IU of gonadotropin, more than 1.25,0.5, and 0.5 anti-units, respectively, 
had to be given to inhibit the gonadotropic reaction; these figures also 
agree with the 25%, 20%, and 15% recoveries found with method I. 

If 24 hour6 were allowed to elapse after the chorionic gonadotropin 
injection the injection of antiserum was found to be ineffective (Rats 
31-35), owing to the fact that the gonadotropic reaction of the ovaries 
had already started and the estrogen produced by the matured follicles 
had entered the blood, producing estrus. Even the injection of a ten-fold 
cpantity of anti-units at this time did not inhibit the rrt vaginal reaction. 
Thirty hours after the gonadotropin in,jection it was inipossible to check 
the gonadotropic reaction and hence method 11 ,was no longer applicable. 
Method I shows that after 24 hours only 10% and after 30 hours only 5% 
of the injected hormone was still present in the body. 

the effect of 1 IU of chorionic gonadotropin in the immature female rat. 
4 An AU (anti-unit) is the amount of antigonadotropin necessary to neutralize 
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The initial rapid elimination and subsequent gradual decrease in the 
amount of hormone present in the body are graphically shown in the 
logarithmic curve, Fig. 1, derived from the results obtained by methods 
I and 11. 

Whereas this curve is based on the rate of’ gonadotropin elimination 
when small quantities (5 IU) are injected (method 11), it should be stressed 
that the same curve may I)e constructed for the rate of destruction of 
chorionic gonadotropin \\.hen large quantities are employed (250 IU, 
method I). It seems that a general rule of inactivation prevails. This may 
be stated as follows: An excessive amount of hormone administered to 
the body is reduced within one hour to half the original amount. When the 
irreversible reaction of the stimulated otgan starts within 24-27 hours, 
only a small part (10%) of the hormone still remains in the body. The rest 
has meanwhile been eliminated without appearing in the urine. This 
phenomenon may be called: “the initial drop during the latent period,” 
and may be defined as the rapid elimination of excess hormone adminis- 
tered to  the body, to a minimum level, during the time-lag before the 
gonadotropic reaction itself has set in. This rule also seems to  hold f6r 
other sex hormones such as estrone, stilbestrol, and progesterone (Zondek, 
1934a, b, 1939; Zondek and Sulman, 1939). 

Pregnant mare blood gonadotyopin, when injected, behaves quite differ- 
ently, probably because of its inability to pass the renal epithelium in 
sufficient amounts. Catchpole, Cole, and Pearson (1935) injected rabbits 
intravenously with 30 cc. of pregnant mare blood gonadotropin containing 
about 3,000 I U  gonadotropin. A reduction of only 50% of the titer was 
found as late as 24-26 hours after injection. A castrated horse which 
received 3 1. containing about 90,000 IU of pregnant inare blood gonad- 
otropin showed only a 50% reduction of the hormone titer as late as 6 
days after injection. According to Cole and Saunders (1935) 50% reduction 
may appear in mares as late as 8-10 days after injection. The delayed 
excretion of <regnant mare blood gonadotropin from the body furnishes an 
explanation for the finding of Cole, Guilbert, and Goss (1932) that single 
doses of this hormone are as effective in their action on the gonads as 
split doses. 

The injection of pituitary gonadotropin has been studied by Evans, 
Simpson, and Austin (1933) who found a somewhat delayed excretion in 
rhesus monkeys. Seidlin (1940) injected guinea pigs with dog pituitary 
gonadotropin; his experiments will be discussed later. A detailed report on 
the blood clearance of horse pituitary gonadotropin injected intravenously 
into rabbits has been given by Robson and MacPherson (1940). The average 
amount recovered in the bldod was 40% after 6 hours, 28% after 12 hours 
and 9% after 24 hours. In pregnant rabbits the results mere uncertain. 
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Native after alcohol precipitation.. . . . , . . . 
Tannate with 50% cholesterol.. . . . , . , . . . . . 
Tannate alone.. . . , . . . . . . , , , . . . . , . . , . . . , . , 

In a child suffering from meningocele the amount recovered in the blood 
after 24 hours was only 6%. 

The rapid destruction of gonadotrophls in the organism may be slowed 
down by Parkes’ method of implantation of hormone pellets. Parkes (1942) 
found that the gonadotropic effect persisted for a maximum duration 
of 6 days when pellets containing 200 IU of chorionic gonadotropin in 
90% cholesterol were implanted into animals (see also Parkes and Emmens, 
1 944). 

Another way of prolonging the resorption of gonadotropins has been 
studied by Sulman, Levy-Hochman, and Black (1945) who used insoluble 
gonadotropin tannate made up into pellets. The average duration of 
effectivity of pellets containing 1OO IU of various gonadotropins implanted 
intramuscularly into infantile female rats is shown in Table 11. Details 
will be given later. 

days days days 

1 1 2 
5 Not studied 4 
7 .5  6 6 

TABLE I1 
Egecliveness o j  Gonadotropin Tannate Pellets Implanted into Rats 

Gonadotropin pellet 
Choriooic P r c ~ * n t  OX pituitary 

gonadotropin g ~ ~ ~ ~ $ , ,  gonadotropm 

Summary 

The rate of inactivation of chorionic gonadotropin injected into the body 
is expressed by a logarithmic curve. The most striking feature of this 
curve is the initial fall in the amount of the chorionic gonadotropin in- 
jected, which amounts to a decrease of 50yo within the first hour. Later on, 
the curve declines more gradually to reach a 10% level 24 hours following 
the subcutaneous injection. At this time the ovary commences to undergo 
irreversible gonadotropic changes. The initial rapid decrease of the chorionic 
gonadotropin in the body during the time-lag may be termed the ‘initial 
drop during the latent period.’ The amounts of gonadotropin recovered 
by different authors are compiled in Table 111. They differ with the different 
species studied and the hormone used. Hormones originating from the 
blood either of pregnant mares or women are apparently more slowly 
eliminated than chorionic gonadotropin from urine, especially if injected 
in the donor species. The rate of clearance of (horse) pituitary gonadotropin 
from the blood lies between that of chorionic gonadotropin which is cleared 
more rapidly and of pregnant mare blood gonadotropin, which disappears 
from the blood much more slowly. 
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TABLE I11 
Recovery in Blood of Injected Gonadotropins (Various Authors) 

Author 

Ehrhardt (1930) 

Lipschuetz, Vivaldi 

Lipschuetz, Fuente-Albs 
(1934); 

Vivtildi (1935a) 

Stamler (1937) 

Zondek, Sulman, Sklow 
(1940/41) 

Catchpole, Cole, Pears01 
(1935) 

Cole, Saunders (1935) 

Robson, MacPherson 
(1940) 

Gonadotropin 

Chorionic gonadotropi 
(blood) 

Chorionic gonadotropi 
(urine) 

Chorionic gonadotropi 
(urine) 

Chorionic gonadotropi 
(urine) 

Pregnant mare blood 
gonadotropin 

Pregnant mare blood 
gonadotropin 

Home pituitary gonad- 
otropin 

Species 
injected 

Man 

Rabbit 

Dog 
Gelding 

Rat 

Rabbit 

Gelding 

Mare 

Rabbit 

Map 

Hormone recovery 

hurt 

24 

0-8 

10 

3 
2 
8 

22 

1 
4 
8 

12 
18 
24 
30 

24 
48 
72 
96 

120 
144 
168 

144 
216 

240 

6 
12 
24 

24 

* m  
30 

20 

6 

38.4 
50 
16.5 
13.5 

50 
30 
25 
20 
15 
10 
5 

50 
25 
12.5 
6.25 
3,125 
1.5 
0.75 

50 
25 

50 

40 
28 
9 

6 

The rapid destruction-eapecially of chorionic gonadotropin-may be 
slowed down to 6 days by using cholesterol-gonadotropin pellets and to 
7.5 days with gonadotropin tannate pellets. 
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111. EXCRETION OF GONADOTROPIC HORMONES 

Ehrhardt (1930) who injected chorionic gonadotropin (700 cc. pregnant 
women’s blood) into non-pregnant patients was the first t o  describe its 
excretion by the kidney. The patients’ urines gave positive Aschheim- 
Zondek Tests during the first 24 hours after infusion; during the next 24 
hours, only FSH was excreted in the urine. Chorionic gonadotropin excre- 
tion ceased somewhat later. The hormone excretion began as early as 10 
minutes after the infusion (cf, Ehrhardt and Ruhl, 1933). 

Snyder and Wislocki (1931) who injected rabbits with chorionic gonad- 
otropin mentioned its excretion in the urine. Hill and Parkes (1’931) 
injected pregnant rabbits intravenously with chorionic gonadotropin. The 
placentae of these animals (normals and hypophysectomized) were found 
to  have a rather high gonadotropin content. These experiments demon- 
strate a special ability of the placenta to fix gonadotropin or to enhance its 
effect, since it should be borne in mind that rabbit placentae and the blood 
of pregnant rabbits do not contain any gonadotropin factor. These results 
were supplemented by Goodman and Wislocki (1933) n7ho administered 
chorionic gonadotropin intravenously to pregnant rabbits and cats. Subse- 
quently, they could not detect any gonadotropic hormone in either the 
amniotic or the allantoic fluids. 

Sklow (1942), in our laboratory, studying the permeability of the human 
placenta to the (chorionic) gonadotropin formed therein compared the 
concentration of hormone in the umbilical vein (fetal) and the retro- 
placental blood (maternal). He found a much higher concentration of 
gonadotropin in the maternal blood (17,000 RU = 4,000 IU on an average) 
as against 7-15 RU = 160 IU in the umbilical vein. The proportion is thus 
about 25: 1 .  These results, together with those mentioned previously, 
suggest the possibility that the placenta is able to adsorb and store chorionic 
gonadotropin. 

Evans, Sirnpson, and Austin (1933) demonstrated the excretion of 
injected chorionic gonadotropin in the urine of rats and rhesus monkeys. 
Pnrkes and .White (1933) injected chorionic gonadotropin intravenously 
into rsbbits and found that about 33% of the dose was excreted in the 
urine within 9 hours. They state that female rabbits can excrete about 10 
rabbit units of chorionic gonadotropin per kg. per 21 hours. This rate of 
excretion would be of the same order (per kg. body weight) as the output 
of pregnant women. The objection must be raised, however, that these 
quantities considerably exceed those found by all other authors. Quantita- 
tive investigations by Zondek (1935) have shown that up to 5% of sub- 
cutaneously injected chorionic gonadotropin may bc excreted in the urine 
of the rabbit or rat, and in hdman beings excretion may reach 10%. Stamler 
(1937) found in dogs that the hormone appeared in the urine within 1 



ACTION AXD METABOLISM OF GONA4DOTROPIC HORMONES 305 

minute after its administration, that its excretion continued for over 
20 hours, and that the total amount excreted in the urine was 11.2%. In  
the gelding, Stamler found more than 5% of the administered chorionic 
gonadotropin in the urine. Friedman and Weinstein (1937) reported that 
no more than 20% of a dose of chorionic gonadotropin, repeatedly injected 
intramuscularly into men, could be recovered in the urine. After large 
doses by mouth (8,000-40,000 U) none was detected in the urine. 

Zondek, Sulman, and Sklow (1910/41) studied the urine excretion of 
chorionic gonadotropin in rats by a special technique. Five female rats 
had their urinary bladders ligated between the collum aesicue and the 
vagina. Immediately afterwards 1000 IU of chorionic gonadotropin were 
given subcutaneously in 0.5 ml. normal saline. At intervals of 1, 2, 4, 
20 and 24 hours the rats mere sacrificed and the urine was collected from 
their bladders and assayed for chorionic gonadotropin. After 4 hours they 
found 1% and after 20 hours 2% of the amount administered. In a second 
assay on 5 male rats, the rats had the urethra ligated subcutaneously and 
immediately afterwards they were injected with the same amount of 
gonadotropin. dissolved in 2 ml. of distilled water in order to cause strong 
diuresis. At intervals of 1, 2, 4, 28 and 24 hours the rats were killed, their 
bladders emptied and the chorionic gonadotropin content in the urine 
wm determined. After 20 hours 5% of the injected gonadotropin was 
recovered. Before and after that interval none mas found. A similar tech- 
nique ivm used by Robson and MacPherson (1940) in rabbits without, 
however, obtaining conclusive results because of intoxication of the test 
animal. 

Salmon and Hamblen (1943) studied the recovery in the urine of chorionic 
gonadotropin injected intravenously into rabbits. Excretion was terminated 
after 96 hours, the total ammnt excreted reaching 5.7%. The bulk was 
excreted within 24 hours. 

Sulman, Levy-Hochman, and Black (1945) described a way of prolonging 
the resorption and urinary excretion of chorionic gonadotropin by the use 
of chorionic gonadotropin tannate. Control rabbits receiving native 
chorionic gonadotropin iri aqueous solution intramuscularly, excreted 5% 
of it within 1 day. Rabbits, injected with chorionic gonadotropin tannate 
intramuscularly, excreted 5% of it on the 5th day after injection. Rabbits 
implanted with pellets of chorionic gonadotropin tannate excreted 5% as 
late as the 6th day after implantation. On all the other days only subthresh- 
old doses of chorionic gonadotropin appeared in the urine, indicating that 
the whole amount excreted did not much exceed the 5% found on those 
days when the bulk was excreted. These experiments show that combina- 
tion with tannate delays chorionic gonadotropin absorption and excretion 
considerably. 
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As to  pregnant mare blood gonadotropin it has already been mentioned 
that after its injection into rabbits or geldings i t  disappears very slowly 
from the blood and is not excreted in the urine or feces (Catchpole, Cole, 
and Pearson, 1935). Evans, Simpson, and Austin (1933) who injected 
pregnant mare blood gonadotropin into rats and rhesus monkeys detected 
only traces of the hormone in the urines of these animals. This hormone 
does not pass through the glomerular epithelium probably owing to  the 
rather large eize of its molecule. This agrees with the fact that in the 
pregnant mare large amounts of this hormone are present in the blood, 
while only very little can be detected in the urine. 

Experiments concerning the urinary excretion of injected pituitary 
gonadotropins have been reported by Evans, Simpson, and Austin (1933) in 
rhesus monkeys. Seidljn (1940) injected guinea pigs with hog pituitary 
gonadotropin and recovered part of it in the urine of the animals, especially 
in castrates (cf. below). Robson and MacPherson (1940) administered 
horse pituitary gonadotropin intravenously t o  rabbits and found a rather 
rapid disappearance from the blood, yet urinary excretion accounted for 
only part of the hormone administered. After 6 hours they recovered 10- 
16%, after 12 hours about 18.5%, and after 24 hours 14% from the urine. 
In a child suffering from meningocele the recovery from the urine after 
24 hours amounted to 4%. 

Summary 

The urinary excretion of injected chorionic gonadotropin ranges, on an 
average, between 5-10%. In rare cases more has been observed. The 
values found by different authors are given in Table IV. 

A considerable delay of resorption and urinary excretion of chorionic 
gonadotropin has been obtained with chorionic gonadotropin tannate. 
The bulk of excretion (5%) was observed on the following days after 
administration : 

native gonadotropin injected intramuscularly in solution : 1st day, 
gonadotropin tannate injected intramuscularly in suspension : 5th day, 
gonadotropin tannate implanted intramuscularly as pellets: 6th day. 

Chorionic gonadotropin injected into pregnant rabbits is selectively 
stored in their placentae, but is not excreted into the urine or the amniotic 
or allantoic fluids. Human placenta stores and adsorbs chorionic 
gonadotropin. 

Pregnant mare blood gonadotropin appears in the urine only in traces 
because of its molecular size. 

Pituitary gonadotropin seems to be excreted in the urine more than 
other gonadotropins, but the data available on this subject are scarce. 
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IV. SITE OF INACTIVATION OF GONADOTROPIC HORMONES 

It is well known that steroid hormones such as the estrogens and andro- 
gens are inactivated by the liver and the spleen (Zondek, 1934, 1935, 1911, 
and others) but little information is available about the site of inactivation 
of the gonadotropins. This question is of importance for an understanding 

TABLE I V  
Urine Ezcretion of Gonadotropin in  Various Animals 

Author 

Parkes, White (1933) 

Zondek (1935) 

Stamler (1937) ' 

Friedman, Weinstein 
(1937) 

Zondek, .Sulman, Sklow 
(1940/41) 

Salmon, Hamblen (1943) 

Catchpole, Cole, Pearsor 
(1935) 

Robson, MacPherson 
(1940) 

Gonadotropin 

Chorionic gonadotropir 

Chorionic gonadotropir 

Chorionic gonadotropir 

Chorionic gonadotropin 

Chorionic gonadotropir 

Chorionic gonadotropir 

Pregnant mare blood 
gonadotropin 

Horse pituitary gonad- 
otropin 

Species 
injected 

Rabbit 

Rabbit 
Rat  
Man 

Dog 
Gelding 

Man 

R a t  
Rat  

Rabbit 

Rabbit 
Gelding 

Rabbit 
Rabbit 

Rabbit 

Man 

Hormone recovery 
in urine 

kours 

9 

24 
24 
24 

20 
24 

24 

4 
20 

24 
48 
96 

0 

6 
12 

24 

24 

)n ccnl 

33 

5 
5 

10 

11.2 
5 

20 

1 
2-5 

3.5 
1 . 7  
5.7 

0 

13 
18.5 

14 

4 

of the action of the pituitary hormones in general. The question arises 
whether pituitary tropins act like catalysts or enzymes, in which case 
they would not necessarily be used up during their activity; or whether 
their action is similar to that of, e.g., acetyl choline which is destroyed by 
its aterase immediately after exerting its effect. The latter view receives 
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support from the observation tfiat only about 10% of the gonadotropin 
injected can be recovered from the blood and urine. 

Lipschuetz, Fuente-Alba, and Vivaldi (1935b), by means of nephrectomy, 
studied the importance of urine excretion in the inactivation of chorionic 
gonadotropin. Whereas in normal rabbits 80% of the chorionic gonadotropin 
disappeared from the blood within 10 hours of intravenous injection; only 
30% was missing in nephrectomized rabbits. This would imply that the 
difference, i.e. So%, is either excreted or inactivated by the kidney. On the 
other hand, the intoxication occurring in nephrectomized animals may 
represent a secondary factor which might depress the inactivating power 
of another organ in the body. Hence experiments in nephrectomized 
animals are difficult to evaluate. We have studied the inactivation of 
chorionic gonadotropin in nephrectomized rats as early as 4 hours after 
nephrectomy a t  a time when gross symptoms of intoxication were not yet 
noticeable. Whereas 30% of the hormones was recovered from the blood 
in the controls, 80% was recovered in the nephrectomized rats (Zondek 
and Sulman, 1944). 

Chorionic gonadotropin is not inactivated in vitro by liver (Zondek, 
1935), or by spleen or muscle (Zondek, 1940), or by kidney, testes, and 
ovaries (Zondek and Sulman. 1944). Twenty g. portions of a macerate of 
these organs were mixed with 1000 IU chorionic gonadotropin dissolved in 
20 cc. of phosphate buffer (pH 7.9). The inash was then allowed to stand 
in the incubator for one hour. Subsequently, it mas shaken for an hour 
and again placed in the incubator for the same period of time. Extraction 
oi chorionic gonadotropin is done in the following way: an acetone dry- 
powder is prepared from the tissue mash, this is extracted with 50 cc. 
N / 2 0  KaOH and 50 cc. N / 2 0  HCl for three hours each and subsequently 
extracted with GO cc. distilled water. All extracts are then mixed and the 
resulting fluid tested for its gonadotropic activity on infantile mice or rats. 
In the control experiments as well as in those incubated, 100% of the 
chorionic gonadotropin administered could be recovered. Similar attempts 
a t  inactivation were carried out with organ slices shaken for 5 hours a t  
37°C. All of them proved that chorionic gonadotropin is not inactivated 
in ritro by liver, muscle, spleen, kidney, testes, and ovaries. 

Selye (1940) studied the question whether the ovary, as the target 
organ of the gonadotropic hormones, destroys the hormones while they 
exert their action upon it. He cites the observation of A. E. Adams (1930), 
that removal of one ovary which causes compensatory hypertrophy of the 
remaining gonad has been looked upon as an expression of the effect of the 
total amount of anterior pituitary hormone being available for one ovary. 
This hypertrophy might, however, also be looked upon as resulting from 
increased gonadotropic hormone secretion by the hypophysis of the 
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partially spayed animal. He, therefore, reinvestigated the compensatory 
hypertrophy in hypophysectomized and unilaterally ovariectomized rats. 
It was found that combined injection of chorionic gonadotropin and 
pregnant mare blood gonadotropin in these animals caused the same 
increase in weight of the single ovary as the same quantity of hormone 
did in each ovary of hypophysectomized rats possessing both their gonads. 
Hence, he concluded that no significant destruction of the gonadotroDic 
hormones takes place in the ovary. 

Since Seidlin (1940) and Glaser and Cohen (1940) have demonstrated 
that gonadotropic and thyrotropic hormones of the hypophysis are in- 
activated by their respective target gland tissues, i t  seemed worth studying 
the rate of chorionic gonadotropin inactivation in the body of animals 
with the target organ removed. These experiments were recently carried 
out with the following results (Zondek and Sulman, 1944). Ovariectomiaed 
adult rats inactivated 1000 IU chorionic gonadotropin, injected sub- 
cutaneously, as quickly as the controls. The same results were obtained in 
adrenalectomized rats as well as in spayed and adrenalectomized rats. 

Another question is whether the reticulo-endothelial system (RES) 
inactivates the gonadotropins. In answer to this problem we may refer 
to the investigations of Gordon and his collaborators (Gordon, Kleinberg, 
and Charipper, 1937,1939; Gordon, 1937) who found that the formation of 
antibodies to the gonadotropic hormones is effected in the reticulo-endo- 
thelial system. It would seem possible that the reticuloendothelial system 
is also able to inactivate the gonadotropins. Emery (1937) investigated 
the effect of splenectomy in rats on the reaction provoked by pituitary 
gonadotropin grafts. He did not find any increase or decrease of the reac- 
tion in the splenectomized animals. 

These results as to the function of the spleen in the metabolism of 
gonadotropins are in concurrence with those of Zondek and Sulman (1944) 
who worked with chom'onic gonadotropin. They compared the minimum 
quantity of chorionic gonadotropin which was needed to evoke follicle 
maturation, vaginal estrus, and corpus luteum formati0n.h normal imma- 
ture female rats and in spienectornized immature female rats. No differ- 
ence was found between the two series of assays. The failure of spleen to 
inactivate chorionic gonadotropin in  vitro has been reported above. A 
further study of the influence of the spleen on the rat's own pituitary 
gonadotropin, by splenectomy of immature female rats, showed that the 
sp!enectomized animals, as compared with the controls, did not show any 
acceleration of the onset of maturity. Nor was this effect obtained when 
injections of progonadotropic serum were added. The latter serum had 
been obtained from a rabbit protractedly injected with rat pituitary 
extract. As these 3 methods of assay yielded negative results, another 
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method was studied by the authors. It was found that splenectomized 
rats and rabbits did inactivate chorionic gonadotropin much more slowly 
than normal rats. The rabbits were injected intravenously with 1000 IU 
of chorionic gonadotropin, while the rats received the same amount intra- 
muscularly. The hormone Tecovery from the blocd mas studied 3 4  hours 
following injection with the result that double the amount was found in 
the splenectomised animals. Similar results were obtained with rats 
previoudy treated with trypan Blue. When splenectomy was combined 
with blockage of the RES by trypan Blue 4 times as much hormone could 
be recovered from the blood of the animals thus treated. Controls were 
always run with normal animals of the same size and sex. These experi- 
ments prove that there is a mechanism for the inactivation of injected 
gonadotropin which is governed by the RES and the spleen. This mecha- 
nism works only in vivo and not in vitro. 

There are earlier observations indicating that there might be a connec- 
tion between the spleen and the metabolism of the gonadotropic hormones, 
but they are full of contradictions and partly unfounded. The spleen waa 
found to increase in weight and size during pregnancy, and before men- 
struation and estrus (Anufrejew, 1910) ; i t  increases also after castration 
(Masui and Tamura, 1925). All these four conditions may admittedly be 
connected with a higher level of chorionic gonadotropin in the body. 
That splenectomy provokes earlier maturity hm been maintained by 
Aschner (1918): Radosavljevitch and Kostitch (1929), Matteace (1936) 
and Ssacharow (1936), but has been refuted by Kehrer (1937). The injec- 
tion of spleen extracts is said to delay sexual maturity (Radosavljevitch, 
Kostitch, and Vlatkovitch, 1931, Matteace, 1936). Sauerbruch and Knake 
(1937) found an increased excretion of chorionic gonadotropin in the urine 
of splenectomised men and animals. They assume also a higher blood level 
of chorionic gonadotropin after splenectomy, without , however, giving 
detailed evidence. 

Catchpole, Cole, and Pearson (1935) found that the rate of disappear- 
ance of pregnant mare blood gonadotropin from the blood of rabbits and 
horses injected with this preparation was not changed by castration. 
Extraction of the uteri, spleens, lungs, kidneys, and livers of the rabbits 
showed that there was no appreciable storage of the hormone in any of 
these organs. Seidlin (1940) studied the effect of 30 minutes’ contact at 
room temperature (23°C.) of macerated hog ovary and liver with pregnant 
mare blood gonadotropin. It seemed that both tissues had only a slight 
inactivating effect, if any, on the gonadotropin. 

McPhail, Parkes, and White (1933) studied the disappearance of pitui- 
tgry gonadotro@n in two female rabbits, whose blood circulations. had 
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been joined by a cross-circulation device. If one rabbit was mated the 
gonadotropic stimulus released from the mated rabbit’s pituitary stimu- 
lated only the ovaries of the mated animal, not those of the cross-circulated 
one. If the mated rabbit was spayed immediately after copulation the 
cross-circulated animal showed ovulation. The authors conclude: 

“It would appear that  the ovaries begin to withdraw the hormone from the cir- 
culation long before the full amount necessary to cause ovulation has been secreted 
and that ovaries left in the mated partner withdraw an appreciable amount before 
cross-circulation can be established.” 

Similar results were already reported in 1932 by Brambell and Parkes 
without comment. It should be remembered, however, that Selye (1940) 
found that this mechanism does not hold for chorionic gonadotropin and 
pregnant mare blood gonadotropin in rats. 

The experiments of the London group have, however, found some 
corroboration in the work of Seidlin (1940) who incubated hog pituitary 
gonadotropin with macerated hog ovarian tissue in saline suspension. He 
found that the gonadotropic effect was definitely decreased by contact 
with ovary tissue if compared with controls which received the same two 
components separately. Contact with muscle slices had less effect, or none 
a t  all. He concludes that the gonads withdraw gonadotropic hormone from 
the blood. These experiments raise the problem of organ and species spec- 
ificity of the protein hormones. It is probable that the above mentioned 
unconvincing results obtained by Seidlin by the action of hog ovary and 
hog liver on pregnant mare blood gonadotropin were due to the difference 
between the two species. Hormone action, it is true, is not bound to species 
specificity within the mammalian group; but protein hormone inactiva- 
tion might be subject to other rules,,since Seidlin succeeded in inactivating 
hog gonadotropin by hog ovarian tissue. Sejdlin (1940) also injected 
guinea pigs with gonadotropic hormone prepared from hog pituitary 
glands, He found that the hormone can be recovered from the urine of 
male and female castrated guinea pigs, while i t  is present in much smaller 
quantities, if a t  all, in the urine of intact male and female guinea pigs 
similarly treated. This would suggest that inactivation of gonadotropic 
hormone takes place to a considerable extent in the gonads. Seidlin does 
not exclude the possibility, however, that castration leads to endogenous 
production of gonadotropic hormones in quantities not directly deternii- 
nable but capable of synergistically enhancing the activity, and thus appar- 
ently increasing the recovery, of the hormone administered. 

Robson and MacPherson (1940) found that castration had no effect 
on the rate of horse pituitary gonadotropin clearance from the blood of 
rabbits. It seemed, however, that the rate of disappearance of gonadotropin 
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from the blood was more rapid in pregnant than in non-pregnant rabbits. 
This may be accounted for by a special fixation of the hormone in the 
placentae of the animals as described by Hill and Parkes (1931). Robson 
apd MacPherson (1940) further found that part of the horse pituitary 
gonadotropin disappeared-apparently through inactivation-when i t  
was incubated for 12 hours with oxygenated blood at  body temperature. 
It is possible that the bubbling of oxygen through the mixture was responsi- 
ble for the loss of activity. This seems probable from the experiments of 
v. Euler and Zondek (1934). 

Summary  

A specific organ for the inactivation of chorionic gonadotropin in  oilro 
is unknown. Muscle, liver, spleen, ovary, testis, and kidney have proved 
to be devoid of m y  inactivating action in vitro. In vivo three organ systems 
take part in the process of inactivation, the reticulo-endothelial system, the 
spleen, and the kidney. In animals with the RES blocked as well as in 
splenectomized or neplirec tomized animals chorionic gonadotropin is 
inactivated much more slowly than in normal animals. Pregnant mare 
blood gonadotropin seems to be dightly inactivated by the liver and the 
ovaries. Pituitary gonadotropin seems to be inactivated by the ovaries only. 

v. INTERVAL BETWEEN ADMINISTRATION OF GONADOTROPIC HORMONES 
AKD APPEARAFCE OF THE GONADOTROPIC REACTION IN THE 

ORGANISM 
The first effect of chorionic gonadotropin on the ovary is hypcrcmization 

of the follicles (Zondek 1926, Zondek and Aschheim 1927). This may 
appepr as early as 2 hours after injection. The reaction is surer after U 
hours, is a t  its peak after 12-24 hours and declines later. Its use for the 
diagnosis of pregnancy has often been mentioned, since the red ovary may 
easily be distinguished from its pale surroundings (Reipprich 1933, Zondek 
1935, Walker and Walker 1938, Kelso 1940, Frank and Berman 1941, 
Salmon, Geist, Salmon, and Frank 1942, Kuppeiman, Greenblatt, and 
Noback 1943, 'liaminester 1944, Zondek and Sulman 1945, Zondek, Sulman, 
and Black 1945). 

Shortly after hyperemia swelling of the ovaries takes place (Zondek 1926, 
Smith 192G, Zondek a i d  Aschheim 1927, Smith and Engle 1927). This 
has been specifically demonstrated for the pituitary gonadotropins rich 
in the so-called synergistic factor FSH (Evans, Simpson, and Austin 
1933). In the rat the swelling is objectively demonstrated by increase of 
weight of the ovaries, the peak being obtained 21-48 hours after the injec- 
tion. On the 4th or 5th day-when rats are usually opened to  study the 
gonadotropic reactions- the ovary weight may have regressed to  normal 
and the effect of the synergist can not be detected. 
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After hyperemia and swelling coma ovulation (Zondek and kschheim 
1926, 1927, 1928, Smith and Engle 1927). Bellerby (1929) studied the 
interval between intravenous injection of pituitary gonadotropin in estrus 
rabbits and ovulation and found the reaction t o  occur 113 hours after 
injection. Similar results were reported by Friedman (1929). Fee and 
Parkes (1929) showed that mating of rabbits provokes a nervous stimulus 
affecting the pituitary anterior lobe which in turn induces gonadotropin 
production and secretion followed by ovulation. Hypophysectomy within 
1 hour after copulation prevented ovulation, since elaboration of gonad- 
otropin was not possible any more. Hypophysectomy at a later term, how- 
ever, could not prevent ovulation which took its course about 10-12 hours 
after mating. Similar results have been reported by Smith and White 
(1931) in rabbits and by Hill and Parkes (1930, 1932) in ferrets. Parkes 
hid Rowlands (1936) determined the time of gonadotropin formation and 
secretion in the rabbit pituitary after mating, by injection of gonadotropic 
antiserum. Up to 1 hour after copulation they were successful in inhibiting 
the follicular rupture by antigonadotropin. Later it waa impossible to 
prevent ovulation which took its course within 15-20 hours. Similar 
experiments have been reported by de Fremery (1937) and Emmens 
(1940). Removal of a portion of the blood of the ovulating rabbit 1 hour 
after copulation did not prevent ovulation; Brambell and Parkes (1932) 
removed 30400/,, and McPhail, Parkes, and White (1933) even 50430%. 

In mice or rats, about 24 hours after subcutaneous injection of gonad- 
otropin, ovulation takes place. This has been shown by Zondek and Asch- 
heim (1926, 1927,1928), Rowlands (1942), Rowlands and Williams (1943), 
and Burdick, Watson, Ciampa, and Ciampa (1943). Ovulation i s  easily 
recognized by 3 signs: 

(1) ruptured follicles discernible with the naked eye, 
(2) opaque swelling of the distal part of the tube which contains the 

(3) preparation and inspection of the tube under a dissecting microscope 

The next.reaction to chorionic gonadotropins (FSH & LH) is the appear- 
ance of the follicle hemorrhage (“Blutpunkt” = blood dot, Zondek 1926). 
It may appear aa early &s 14 hours after intravenous injection of chorionic 
gonadotropin in rabbits (Friedman’s modification of the A-Z pregnancy 
test) but it becomes a definite reaction only 24-48 hours after injection. 
Boehm (1941) used an ordinary zipper placed in a midline incision in 
rabbih for repeated examinations of the ovary. The first changes recogniz- 
able in the ovaries are small reddieh-black spots which become noticeable 
&B early as 10 hours after injection. The reaction reaches its height after 
45-75 hours and the ovaries return to normal after 10-13 days. Nizza and 

shed eggs (Rowlands, 1942), 

(Rowlands, 1942). 
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Berutti (1936) injected infan tile rabbits intravenously with chorionic 
gonadotropin and transplanted one ovary 30-120 minutes later into the 
subcutis of normal rabbits. They claimed that the transplanted ovary 
reacted 48-56 hours laterwith blood dot formation in spite of being deprived 
of the protracted gonadotropin stimulus &s early as 30-120 minutes after 
its first action. When they compared the scope of reaction in the trans- 
planted ovary with that of the resting, they found quantitative-but not 
qualitative-differences. These interesting results, which have not yet 
been confirmed, are in full accordance with the results of Fee and Parkes 
(1929), Smith and White (1931), and Hill and Parkes (1932), who obtained 
ovulation in rabbits in spite of removing the gonadotropic source by 
hypophysectomy 1 hour after the start of its effect. Parkes and Rowlands 
(1 938) giving antigonadotropic factor after mating, could prevent ovula- 
tion if antiserum was given up to 1 hour after copulation, but later on: 
ovulation could no longer be prevented. These results are a t  variance with 
those obtained by Zondek and Sulman (1937) with rats injected subcu- 
taneously with chorionic gonadotropin. Up to 18 hours later the gonad- 
otropic reaction could be prevented entirely by injection of anti-chorionic 
gonadotropin. This demonstrates that species differences and experimental 
techniques deserve special consideration. In mice subcutaneously injected 
with chorionic gonadotropin the blood dots appear 72 hours after the 
injection. This interval may be shortened by repeated intravenous, intra- 
cardial, intrauterine, or intraperineal injections of 10 I U  up to 48 hours 
(Zondek and Sulman, unpublished results). We have also tried to shorten 
the period of blood dot formation in rabbits by increased dosage of cho- 
rioriic gonadotropin but this has proved fruitless (Zondek, 1935). Rabbits 
injected intravenously with about 100 times the effective dose of chorionic 
gonadotropin (13,000 RU) did not show blood dots any earlier than the 
controls injected with threshold doses. 

The appearance of thefollicle stimulating e$ect has been studied by Frank 
and Salmon (1936/37), They injected immature female rats with gonad- 
otropin from pregnancy urine, castrate urine, and pituitary anterior lobe 
and came to the following conclusion: “It appears that in some cases the 
immature rat ovary will respond to gonadotropic hormone with a follicle 
stimulating reaction as early as 26 hours after the first injection. This 
reaction becomes progressively more marked and reaches its maximum at 
approximately G4-72 hours after injections have begun.” 

I’aginal estrus appears in mice and rats not earlier than 60 hours after 
subcutaneous injection of chorionic gonadotropin and develops into full 
cornification by the 84th hour (Zondek, 1926). If pituitary gonadotropin 
is given, cornification ii completed 12 hours earlier. Even the injection of 
estrone itself-the secondary hormone produced by the gonadotropins- 
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does not give earlier results. This indicates that the late reaction of the 
vagina to gonadotropins is due not to a delayed chain reaction but to the 
slow response of the target organ itself, the vagina. Our efforts to shorten 
this interval by increase of the hormone dosage have been unsuccessful, 
since high doses of gonadotropins evoke corpus luteum formation which 
paralyzes cornification through the mucifying effect of its hormone, 
progesterone. 

Corpora luteu are developed in rabbits 84 hours after intravenous injec- 
tion of gonadotropin, in mice 96 hours after subcutaneous injection, and 
in rats 108 hours after subcutaneous injection of chorionic gonadotropin 
(Zondek and Aschheim, 1926, 1927). 

Corpus luteum formation has been followed up in detail by Deanesly, 
Fee, and Parkes (1930) in the rabbit. They found the first changes as early 
as 18 hours after copulation. At 24 hours lutein cells in process of growth 
became visible under the microscope, and at 36 hours the cells had obtained 
their normal large size. Corpus luteum formation discernible with the 
naked eye, appears, however, much later. Fels (1930) found the first histo- 
logical changes in the rat ovary 40-50 hours after injection of chorionic 
gonadotropin. Experiments with a view to shortening these intervals by 
increase of dosage (Zondek, 1935) or intravenous injection (Zondek and 
Sulman, unpublished data) were without avail. Frank and Salmon (1936/ 
37) found in the rat that luteinization begins after 64 hours and progresses 
steadily thereafter. In the majority of their cases luteinization reached its 
maximum at the end of 96 hours, only seldom later (120 hours). At 144 
hours complete luteinization was found. They conclude that 3 factors 
influence luteinization, wiz., the method of gonadotropin extraction, the 
quantity of extract administered, and the time of observation. 

Allen and Priest (1932), working on rabbits, and Goodman (1934), 
working on rats, transplanted the ovaries into the anterior chamber of 
the eyes of experimental animals, In both cases corpus luteum formation 
occurred at  due ‘term following the injection of chorionic gonadotropin. 

Summary 

The gonadotropic reactions appearing after gonadotropin treatment 
occur at different time intervals depending upon the species of animal used, 
the kind of hormone administered and the route of application. Experi- 
ments to shorten these intervals have been in vain. A study into the 
mechanism of the gonadotropic reactions has shown that the delay en- 
countered in their appearance is inherent chiefly in the target organ itself 
(which has to undergo a certain course of development) rather than in the 
slow action of the gonadotropins. 
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VI. Is THE ACTIVITY OF THE GONADOTROPIC HORMONE DUE TO THE 

SUBSTANCE IN ITS ORIGINAL FORM? 

The fact that a fixed interval is necessary for the development of the 
gonadotropic reactions raises the question whether the reaction of the 
ovary is brought about by chorionic gonadotropin in its original state, 
or whether this substance is altered on its way from the anterior pituitary 
gland to the ovary. In the latter case the primary reaction in the blood 
would be brought about by chorionic gonadotropin itself; while the specific 
effect on the ovarian cell would be produced by a quite different chemical 
substance (“chain-reaction”). To decide this question, chorionic gonado- 
tropin mas injected into the ovarian tissue (Zondek, 1935). In order to  
allow the injected hormone and the ovarian tissue to remain in contact 
for as long a time as possible, the large ovarian blood vessels were ligated 
and, in addition, the hilum of the ovary ~ v a s  clamped. Thus the ovary 
received its blood by only one small artery entering it at the upper ex- 
tremity. The experiments showed that 50 per cent of the dose of chorionic 
gonadotropin which stirnulakes both ovaries by the intravenous method is 
sufficient to produce the gonadotropic reaction in the ovary into which i t  is 
injected. With a certain amount of reservation we may, therefore, conclude 
that chorionic gonadotropin in its original form, and not in a changed state, 
acts on the ovarian cells. If such a change had occurred, the intraovarian 
injection would have been usable to produce the reaction in the ovixy, 
since most of the blood-flow to the ovary was cut off by ligation of the main 
vessels. 

The effect of intraovarial injection of chorionic gonadotropin i n  vitro 
wfts studied by Zondek (1935) (in collaboration with H. v. Euler). After 
5 hours’ incubation a t  37”C., there was sometimes an increase in the estro- 
gen content of the follicle wall &s compared with the control. These experi- 
ments were, however, not convincing. 

As mentioned at  the beginning, only a small part of the chorionic gonad- 
otropin administered to the organism may be re-detected after a certain 
time. Now the question arises as to whether this tremendous loss occurs, 
due to the conversion of chorionic gonadotropin, in the course of its activity, 
into another substance, “prolanoid.” We accepted, as a working hypothesis, 
that this substance must be closely related to chorionic gonadotropin, 
but that i t  is changed to such an extent that i t  is no longer active bio- 
logically, i.e., not able to produce the gonadotropic reaction in the 
ovary, while on the other hand, it may inactivate “anti-prolan.” The 
experimental procedure was described in 1940 and 1911 (Zondek), the 
hypothetical “prolanoid” being extracted after 30 hours from the carcasses 
of rats injected with prolan. From these experiments it was impossible 
to prove the existence of “prolanoid,” a biologically inactive derivative of 
chorionic gonadotropin, which could inactivate “anti-prolan.” 
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Summary 

The effect of chorionic gonadotropin is directly conferred upon the ovary 
without necessitating a chain reaction or an intermediate ”prolanoid.” 
This has been proven by intraovarial injection and by testing re-extracted 
chorionic gonadotropin (prolan) soon after its injection against titrated 
quantities of anti-prolan. 

VII. PRODUCTION OF THE SECONDARY SEX HORMONES IN THE OVARY 

a) Estrone Formation 

Fels showed in 1930 that 30 hours after the subcutaneous injection of 
chorionic gonadotropin, the ovaries of rats may be extirpated, without 
preventing the appearance of the vaginal estrus reaction, GO-84 hours 
after the injection. The first histological changes in the ovaries appeared 
in 40 hours, generally after 50 hours. A further study was made in 1940 
(Zondek) using the following technique:-infantile female rats were injected 
nith varying doses of chorionic gonadotropin. After a certain period the 
animals were castrated and i t  w a s  ascertained whether the estrus reaction 
appeared in spite of castration. The dosage varied from 2 to 30 IU of chori- 
vnic gonadotropin; the interval between chorionic gonadotropin adminis- 
tration and castration was from 21 to 36 hours. The experiments gave 
clear-cut results : 27 to 28 hours after chorionic gonadotropin administration 
the est rus reaction occurred although the ovaries had been removed. This 
means that it takes chorionir gonadotropin 27 hours to stimulate the pro- 
duction of estrogenic. hoi-monc ant1 to release i t  into the blood stream. 

If the ovaries of rats are subjectccl to  examination 27 to 28 hours after 
administration of chorionic gonadotropin, no morphological changes are 
perceptible, which suggests, and this is of utmost interest, that estrogenic 
hormone has already been elaborated in the follicular cells and liberated 
into the blood stream before any changes are perceptible in the structure 
of the follicle. Estrogenic hormone is, therefore, effective in a premorpho- 
logical phase. We have further tried to determine the length of time needed 
for estrone formation in the ovary by attempting to inactivate chorionic 
gonadotropin through anti-chorionic gonadotropin subsequently adminis- 
tered a t  different intervals. 

In the preceding paragraphs it w s  mentioned that it is chorionic gonad- 
otropin (prolan) per se which stimulates the ovary and not a derivative 
(“prolanoid”) which may be inactivated by anti-chorionic gonadotropin 
(“anti-prolan”). An amount of anti-chorionic gonadotropin 10 times in 
escess of the required amount was injected in order to make sure that all 
the chorionic gonadotropin present should he inactivated immediately. 
The experinients shown in Table V demonstrate that 10 ILJ chorionic 
gonadotropin were inactivated by anti-chorionic gonadotropin after 26 
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Dose of 
Rat 1 chorionic 

gonadotropin 

hours and that the former had been active in the organism up to  this time 
in its original form. After 28 hours (rat 3700), a certain amount of gonado- 
tropic reaction becomes apparent (vaginal smear zk) suggesting that within 
this space of time estrogenic hormone has already been formed and has 
even become active to a certain degree. In  another experiment (Table VI) 
larger doses of chorionic gonadotropin were given (30 IU) and the dose of 
anti-chorionic gonadotropin was 300 AU. This experiment, as the preceding 
one, demonstrated that after 26 hours even large doses of chorionic gonad- 
otropin are completely inactivated by anti-chorionic gonadotropin and 
stimulation of the ovary is thus prevented. After 27 hours, however, 
irreversible stimulation of the ovary occurs resulting in vaginal estrus 
and corpus luteum formation. 

Dose of Gonadotropic 

gonadotropin (vaginal estrus) 
Ihterval anti-chorionic reaction 

Ill 

10 
10 
10 
10 
10 
10 
10 

NO. 

3696 
3697 
3698 
3690 
3700 
3701 
3702 

hours AU’ 

20 200 - 
22 200 - 
24 200 - 
26 200 - 
28 200 f 

Control f 
Simultaneously 20 - 

* ALT: 1 Anti-unit is the dose of anti-chorionic gonadotropin which neutralizes 
the effect of 1 I U  of chorionic gonadotropin. 

I t  is possible that the estrogen is produced in the ovary solely in the 
26th hour after injection but it is also possible that the intervd between 
the gonadotropin injection and the passage of estrogen into the circulation 
is taken up with the formation of an estrogen inactive precursor (“pro- 
estrogen”) in the ovaries. The experiment recorded below was devised to  
test these points (Zondek and Sklow, 1942). An injection of chorionic 
gonadotropin into immature female rats was followed 18 hours later by 
the injection of sufficient anti-gonadotropin to neutralize the response in 
the rats’ ovaries. This antihormone injection was followed in turn by a 
second gonadotropin injection, 20 hours after the first. If the estrogen 
produced is formed in the ovaries in the space of one hour only, namely 
26 hours after the injection of gonadotropin,. the estrus response of the 
rats should occur 20 hours later than it would have, after a single gonad- 
otropin injection. If, however, pro-estrogen is already present in the 
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- 
n 

3727 
3728 
3729 
3730 
3733 
1734 

ovary when the antihormone is injected, this should be transformed into 
estrogen by the second gonadotropin injection without delaying the estrus 
response. This is actually what happened (Table VII). Thus estrogen is 
not produced solely during the 26th hour after the gonadotropin injection 
and i t  appears that production of a biologically inactive precursor does 
occur. It might be postulated that estrogen is being formed all along 

IV 

30 
30 

. 30 
30 
30 
30 

TABLE VI 
Znaclivation of Chorionic Gonadotropin by Anti-Gonadotropic Factor Injected 

6482-506 

6507-16 

651 7-4 1 

DOJ. o! 
chorionic 

gonadotropir 

Dose Time 60 hrs. 72 hrs. 

25 1 . 5  IL 0 hr. 2 7 

0 
2.5 IU 

lo { 5 .0  AU 
2 . 5  I U  
5.0 AU 

15 hrs. 

18 hrs. 5 
20 hrs. 25 i 7 . 5  I U  

Subsequently 

Gonadotropic reaction 

Interval 

hours 

24 
25 
26 
27 

Control 
Simultaneously 

Dose of 
nti- chorionic 
onadotropin 

AV 

300 
300 
300 
300 

40 

TABLE VII  
Time of Estrus Response in Itnirtature Rats Injected with Chorionic Gonadotropin Alone 

or Wi th  Anti-Gonadotropin 

Injections 1 NO. of rats in estrus 
Rat nos. 1 No. of rats 1 

81 hrs. 

16 

0 

18 

throughout the 2G hours after the gonadotropin injection and miches a 
threshold concentration only a t  the end of this period. This is not, however, 
borne out by thc results obtained with the second group of control rats. 
Subthreshold amounts of estrogen may be detected by a decrease in the 
number of leucocytes and the presence of epithelial or cornified cells in the 
vaginal smear-this 11-as not found, the vaginal smears being completely 
negative in this group. We conclude therefore from the above that an 
inactive “pro-estrogen” is formed in the ovary during the 18 hours follow- 
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ing the injection of chorionic gonadotropin and that this “pro-estrogen” 
is converted into estrogen by the second gonadotropin injection. 

The mechanism of estrogen formation in the ripening follicles has not 
yet been fully elucidated and it seems that in addition to the FSH the 
cooperation of the LH effect is also required in this process. This is sug- 
gested by the experiments of Greep, van Dyke, and Chow (1940) who, 
after injecting a very pure preparation of FSH into rats, brought evidence 
of stimulation of follicular growth without the production of estrogenic 
hormone. This was indicated by the lack of reaction on the part of the 
uterus and the vagina. Similar results were clbtained by Fevold (1941). 
These recent results, which amply justify the original concept of Zondek 
and Aschheim concerning the dual nature of the gonadotropic hormones, 
are of far-reaching importance. They indicate that FSH stimulates morpho- 
logical development, i.e., follicle growth in the ovary, in the same way as 
spermatogenesis only is stimulated in the testes. On the other hand, LH 
stimulates hormonal activity, viz., production of estrogen and progesterone 
in the ovary and-as is well known-testosterone and androstenedione 
production in Leydig’s interstitial tissue of the testes. 

It should be stressed that the latterconception is entirely new and not 
yet sufficiently established, but the analogy of the effects of FSH and LH 
on both the female and the male gonads is striking. An earlier suggestion 
of this possibility was msde by Freed and Soskin (1937). On stimulation of 
rat ovaries with chorionic gonadotropin they found evidence of the forma- 
tion of two estrogens, one from the theca and the other from the granulosa. 
The theca estrogen was found to be incomplete in its action since it did not 
induce endometrial proliferation. The granulosa estrogen was complete, 
resembling estrone in its action. This problem would seem to be worthy of 
further study. 

b) Progeslerone Formation 

The data given in the preceding chapter for estrone are applicable- 
mutatis mutandis-to the formation of the corpus luteum and its hormone, 
progesterone. There is only one difference: If chorionic gonadotropin is 
injected intravenously into rabbits and 36 hours later the ovaries are 
extirpated, some layers of granulosa cells have already been formed, while 
there is still no decidual reaction in the uterine mucosa. With reference to  
the corpus luteum, therefore, morphological transformation precedes the 
liberation of progesterone. Thus, while the action of estrogenic hormone is 
premorphological, that of progesterone is postmorphological (Zondek, 19-11). 

Summary 
Estrus may be prevented by an injection of anti-gonadotropin into rats 

18 hours after the injection of chorionic gonadotropin, but if a second dose 
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of chorionic gonadotropin is injected 2 hours after the anti-serum, estrus 
occurs a t  the same time as i t  would have occurred had only the first injec- 
tion been given. From this i t  is concluded that an inactive “pro-estrogen” 
is formed in the ovary (theca) during the 18 hours which elapse after the 
injection of chorionic gonadotropin. From the 182h to  the 20th hour this 
“pro-estrogen” is transformed into the biclogically active mtrogenic 
hormone. In the following, 27th hour, it is released into the blood stream. 

This follows from the simple fact that up to 26 hours after chorionic 
gonadotropin administration the gonadotropic hormone can be inactivated 
by anti-chorionic gonadotropin. Up to this moment chorionic gonad- 
otropin must have been present in the organism without having had, w 
yet, a definite follicle-stimulating effect on the ovary. 27 to 28 hours after 
chorionic gonadotropin administration, even removal of the ovaries does 
not prevent the estrus reaction. During this period of time, therefore, 
chorionic gonadotropin has already initiated the elaboration of estrogenic 
hormone in the ovary and the latter substance has passed into the blood 
stream. Up to the point when estrogenic hormone production begins, 
chorionic gonadotropin is present in its original form, as it’can be inac- 
tivated by anti-chorionic gonadotropin. We must conclude, that in the rat 
the presence of gonadotropin in its original form for 2G hours is a prerequi- 
site for follicle stimulation and corpus luteum formation. 

Progesterone formation obviously occurs later than estrone formation 
and also after the transformation of the granulosa cells becomes discernible 
under the microscope. This means that in the rabbit, progesterone forma- 
tion begins a t  least 36 hours after the intravenous injection of gonadotropin. 
Whereas estrone is formed under the gonadotropic stimulus before ana- 
tomical changes are discernible in the follicle cells (premofphological 
hormone production), progesterone is only formed after the transformation 
takes place of some layers of follicle, cells into granulosa (postmorphological 
hormone production). 

In the light of recent investigations it eeems probable that the effect of 
FSH is merely morphological (gametogenic) , i.e., causing follicle growth 
and spermatogenesis. On the other hand, LH seems to be the hormone- 
producing factor which stimulates the elaboration of estrogen and pro- 
gesterone in the ovary and testosterone and androstenedione in the testes. 
This conception requires, however, further study and confirmation. 

VIII. EFFECT OF MODE OF ADMINISTRhTION OF GONADOTROPIC HORMONES 
UPON THE RESPONSE THERETO 

The quantitative response of the organism to the gonadotropic hormones 
depends upon the rate of resorption. The slower the resorption, thestronger 
is the gonadotropic effect, since the loss of gonadotropin during the 21 
hours’ latent period amounts to 90% (cf. chapter 11). 
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The influence of the route of administration is therefore more marked 
than that for the androgens, reviewed by Parkes and Emmens (1944). 
Studies of the following routes of administration of gonadotropic hor- 
mones are to be found in the literature: 

1. intravenous 
2. intramuscular 
3. subcutaneous 
4. intraperitoneal 
5. intraovarial 
6. peroral 
7. rectal 
8. vaginal 
9. intraconjunctival 

10. implantation of tissue and pellets. 
1. Intravenous Injection. There is no doubt that the intravenous method 

of gonadotropin administration is superior to all others in shortening the 
latent period of reaction. This has been demonstrated by Friedman (1929). 
Zondek (1935) reports that follicle hemorrhage in the rabbit ovary occurs 
16-24 hours after intravenous injection of 50-200 RU (= 10-40 IU) of 
chorionic gonadotropin. Bomskow (1939) comparing intravenous and sub- 
cutaneous administration found that in the rabbit follicle hemorrhage 
occurs as soon as 14 hours after intravenous administration (instead of 20 
hours after subcutaneous injection), Mazer and Kata (1933) showed that 
the site of injection also influences the nature of the reaction (provided 
the same dose is given), intravenous injection producing mostly follicle 
hemorrhage and subcutaneous injection producing chiefly corpora lutea. 
Snyder and Wislocki (1931) compared the dose of chorionic gonadotropin 
necessary to evoke ovulation in rabbits by the intravenous, subcutaneous, 
and intraperitoneal routes. They found that 1 rabbit unit was the minimal 
effective dose by the intravenous route only, and that the minima1 effective 
dose for subcutaneous and intraperitoneal administration was 40 times 
as great. 

2. Intramuscular Injection. From the data available, it appears that the 
effects of intramuscular injection of gonadotropins equal those obtained 
by subcutaneous injection. 

3. Subcutaneous Injection. Upon injecting minute amounts of gonad- 
otropin subcutaneously into rats the following phenomena may be ob- 
served: Division of 1 RU (estrus unit) into several subcutaneous injections 
produces a smaller gonadotropic reaction than the administration of 1 RU 
in a single dose. With larger doses, however, this does not hold true. This 
may be explained by stating that, if a threshold dose (as 1 RU certainly is) 
is split up, several subthreshold doses are produced which cannot induce 
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the gonadotropic response in the ovary. This phenomenon was described 
for pregnant mare blood gonadotropin by Hamburger (1938) and for cham'- 
onic gonadotropin by Sulman and Sklow (1940). With regard to pregnant 
mare blood gonadotropin i t  was shown by Cole, Guilbert, and Goss (1932) 
that single large doses of this hormone are as efficacious upon the gonads 
as split doses. Leathem (1941) showed that a single injection-regardless 
of the route of administration-exhibited more potency than divided 
subcutaneous injections. In hypophysectomized rats corpora lutea forma- 
tion resulted, in some animals, following intraperitoneal or intravenous 
injections but not after subcutaneous administration of the hormone. 
Pituitary gonadotropins, however, split up into many small doses give a 
stronger reaction than one single dose (Maxifell, 1934). 

It is possible that the Maxwell effect of augmentation may be explained 
by the action of Evans' antagonist which is perhaps identical with the LH 
and with ICSH, the antigonadotropic effect of which becomes visible only 
when large amounts of it are resorbed quickly, e.g., intravenously or 
intraperitoneally. Hence the gonadotropic reaction is weakened when one 
injection is given, thus favoring the action of the antagonist, and i t  is 
enhanced when many small injections of pituitary gonadotropin are given, 
since these maintain a continuous gonadotropic stimulus. This enhance- 
ment chiefly concerns the follicle-stimulating effect, the incidence of lutein 
changes being greatly diminished. Similar effects are also obtained by a 
variety of non-specific substances and extracts which slow up the resorption 
of the hormone from the site of injection. Some of these are: zinc sulfate 
(Maxwell, 1934), aluminium salts (Maxwell, 1934), copper sulfate (Fevold, 
Hisaw, Greep, 1936, 1937; Pfeiffer, 1937), ferrous sulfate, sodium sulfate, 
zinc chloride, potassium soap, agar-agar, gum tragacanth, gum arabic, 
glycogen, the Na-salts of the bile acids (Freud and Dingemanse, 1941), 
horse thyroid (Hellbaum, 1936), beef liver (Hellbaum, 1936), lemon juice 
(Hellbaum, 1936), milk (Hellbaum, 1936), casein (Saunders and Cole, 
1936), egg albuhlin (Saunders and Cole, 1936), yeast extract (Fevold, 
Hisaw, Greep, 1936, 1937), bJood of cattle (Casida, 1936), leucocyte con- 
centrates (Kraatz, 1936), hemoglobin and heme (McShan and Meyer, 1937, 
Casida, Meyer, McShan, 1937), chlorophyll (Breneman, 1939; Leathem and 
Westphal, 1940), pregnant and normal mare serum (Saunders and Cole, 
1936), tannic acid (Fevold, Hisaw, Hellbaum, Hertz, 1933; Bischoff, 1936), 
tungstic acid (Maxwell, 1934), f ormalin (Wallen-Lawrence, 1934, Maxwell, 
1934), gelatine, glycerol (Zondek, Sulman, Sklow, unpublished, bismuth 
salts (Black, unpublished report from our laboratory). 

Fluhmann (1933, 1938) has extensively studied the effect of administra- 
tion of the various gonadotropins a t  different time intervals. The magnitude 
of the gonadotropic effect was judged from the weight increase of the 
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evades (and the uteri) of immature female rats treated with a standard 
amount of gonadotropin. This amount-was spread over 5, 10, 15, and 20 
days respectively. The results were &s follows: 
chorirmic gonadotropin: maximal response when spread over 20 days, 

minimal response when spread over 5 days; 
pregnant mare blood gonadotropin: same response regardless of distribution; 
pituitary gonadotropin: maximal response when spread over 5 days, 

Fluhmann’s findings also furnish a clear picture of the resorbability of 
the hormones. Pregnant mare blood gonadotropin appeared, however, to be 
a less effective ovarian stimulant than either sheep pituitary gonadotropin 
or chorionic gonadotropin, presumably of equal potency. 

4. Intraperitqnea.! Injection. Evans, Korpi, Pencharz, and Simpson (1936) 
reported that “pregnancy prolan, which contains no antagonist, is distinctly 
less effective in traperitoneally than subcutaneously. Here the difference 
seems to be due merely to faster absorption by the intraperitoneal route 
with consequent increased rate of excretion by the kidney or destruction 
by the tissues.” Sulman and Skloiv (1940) have shown, however, that the 
intraperitoneal effect may equal the subcutaneous effect if the dose is 
split into G parts and distributed over 40 hours. If the minimum dose is 
given in 3 injections the intraperitoneal administration is about half as 
effective as the subcutaneous. If given in one injection by the intraperi- 
toneal route the effectiveness is approximately 1/10 of that when given 
subcutaneously . 

With regard to pregnant mare blood gonadotropin Evans, Korpi, Pencharz, 
and Simpson (1936) stated that its effectiveness is independent of the route 
of administration, when relatively large doses (24 RU) are distributed 
over 4 days, to rats. Pencharz (1939) has shown that in this case the 
relatively large initial dose provokes the main response and obscures 
minu@ discrepancies of reaction between the subcutaneous and the intra- 
peritoneal route of administration. If, however, threshold doses were given 
over 3-12 days, the intraperitoneal route WBS 2-11 times superior to the 
subcutaneous route, especially in hypophysectomized rats. This has been 
confirmed by Leathem (1941). 

Pituitary gonadotropin from various sources (cattle, sheep, pig) has been 
studied by Collip and Williamson (1936) who found the intraperitoneal 
method of administration to  be much inferior to the subcutaneous one, 
if rats were injected 6 times during 6 days. 

5. Intraovarial Injection. The method of intrafoliicular and intraovarial 
injection in the rabbit was studied by Friedman (1932) who found that 
luteinization may be provoked by injection of threshold doses of chorionic 
gonadotropin into one ovary, while the other untreated ovary does not 

minimal response when spread over 20 days. 
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undergo any changes. The presence of ripe follicle in the second ovary did 
not interfere with the luteinization of the injected ovary. 

This method was extensively applied by Zondek in 1931 and 1935. By 
ligating the great blood vessels at the hilum ovarii and clamping off all 
the remaining vessels for half an hour, effective contact of the intraovarial 
injected chorionic gonadotropin with the ovary could be insured. The 
minimum dose of chorionic gonadotropin which is needed for the formation 
of follicle hemorrhages in both ovaries if injected intravenously, was also 
necessary to obtain the same magnitude of reaction in both ovaries on 
intraovarial injection. Half or two-thirds of this dose, however, was suffi- 
cient to induce the gonadotropic reaction i i  a single injected ovary. 

6. Peroral Administration. Evans and Long (1921) using pituitary 
extracts and Zondek (1929) using chorionic gonadotropin studied the oral 
activity of gonadotropic hormones with negative results. Resuming these 
studies in 1935, Zondek found that, to obtain a gonadotropic reaction by 
this method, fairly high doses are needed and then only some of the animals 
react. Infantile female rats were fed 10-15 RU (estrus units) chorionic 
gonadotropin in milk. Some of them gave the anterior pituitary reactions 
1-111. In  some cases up to 100 RU were needed to obtain vaginal estrus 
and up to 500 RU for luteinization. The response of some infantile female 
mice to as much as 1400 MU (estrus units) of chorionic gonadotropin was 
vaginal estrus only, without luteinization. The minimal effective dose was 
20 MU. Thus, the effect of chorionic gonadotropin applied orally is only 
10% in rats and 5% in mice, of the subcutaneous activity of the same dose. 

Similar results have been reported by Reiss and Haurowitz (1929) 
and Dickens (1930) Ivho found vaginal estrus in mice after the adminis- 
tration per 0s of 1%) times or 40 tinies the parenteral dose. Janssen and 
Loeser (1931) needed 100-fold doses in mice. In  rabbits they gave more 
than 3 0 3 0  times the intraperitoneal dose per 0s of chorionic gonadotropin 
without obtaining the gonadotropic effect. Huddleston and Whitehead 
(1931) also obtained positive results in rats when they gave high doses. 
Ehrhardt (1930) administered 10,000-1G,000 U of chorionic gonadotropin 
to women. Resorption was obviously very poor since he did not find any 
of i t  in the blood and only in one case was FSH found in the urine. Fried- 
man and Weinstein (1937) administered 8000-40,000 U of chorionic gonad- 
otropin to men per 08, of which nothing could be detected in the urine, 
besides which the gonadotropic effect was rather dubious. 

If anterior pituitary extract is administered by the oral route gonad- 
otropic effects are not observed unless 15-30 times the effective intra- 
peritoneal dosage is given in rabbits (LBpine, 1931). Janssen and Loeser 
(1930) found 3 0 3 0  tinies the intraperitoneal dosage ineffective when given 
orally to  rabbits. In 1931 , howxer, they reported gonadotropic reaction 
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in rats protractedly treated with anterior pituitary gonadotropin ; the dose 
needed was 100 times the intramuscular effective dose. Similar results 
were published as early as 1916 by Goetsih who fed infantile female rats 
for over 40 days with pituitary anterior lobe powder of unknown gonado- 
tropin content. (The gonadotropic test reactions were then still unknown.) 
Gonadotropic stimulation (swelling of uteri and luteinization) was found 
when the rats were opened at a body weight of 90 g. and compared with 
the controls. 

Oral studies of another kind were made by Sulman, Levy-Hochman, and 
Black (1945) by feeding infantile female rats with chorionic gonadotropin 
tannate by stomach tube. The doses ranged from 4400 IU. Positive 
gonadotropic reactions (follicle maturation and luteinization) were ob- 
served in 14% of the cases only, namely those receiving doses of 50 Iu. 
The results with ‘free chorionic gonadotropin did not differ considerably 
from those obtained with chorionic gonadotropin tannate, thus confirming 
the variability of resorption and the uncertainty of gonadotropic reaction 
after oral administration, 

7. Rectal Administration. Ehrhardt (1930) reported positive gonadotropic 
reaction I (vaginal estrus) in rats after rectal application of chorionic 
gonadotropin. Corpus luteum formation w&s not obtainable. 

8. Vagina2 Administration. Ehrhardt (1930) did not succeed in eliciting 
the gonadotropic reaction in rats by vaginal administration of chorionic 
gonadotropin. LBpine also reported (1931) negative results with pituitary 
gonadotropin given vaginally to rabbits. 

9. Intraconjunctival Administration. LBpine (1931) tried the intra- 
conjunctival administration of pituitary gonadotropin, in rabbits treated 
for 20 days, without result. 

10. Implantation of Tissue and Pelbts. Implantation of tissue as a precise 
method of hormonal tissue assay was first described by Zondek (1930) 
using detoxication with ether. It has been applied not only to  endocrine 
glands but 2150 to the diagnosis of mole or chorionepithelioma from curet- 
tage material. In positive caBes as little as 0.02 g. may be sufficient to elicit 
the gonadotropic reaction in an infantile female mouse. The method was 
later applied to tissue suspensions by Xeumann (1931) and to tissue powder 
by Janesen and Loeser (1931), Choay and DBsoille-Merlhes (1937) and 
othen. 

The effects of pellet implantation were described in Chapters 1 and 2. 
Parkes (1912) prolonged the effect of chorionic gonadotropin up to  6 days 
by administration in cholesterol pellets. Sulman, Levy-Hochman, and 
Black (1945) using chorionic gonadotropin tannate pellets prolonged the 
effect up to  7.5 days. I t  is interesting to  note that this prolongation of 
chorionic gonadotropin resorption does not result in an increased reaction 
of the ovaries as judged by their increase in weight. 
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Summary 

The peculiarities of the various methods of gonadotropin administration 
have been described. In summary, the effective doses by the various routes 
of administration may be listed in the following order starting with the 
most effective, designated as 1:- 

intraovarial 1 
intravenous 2 fold 
intramuscular 2 foid 
subcutaneous 2 fold 
in traperi toneal 2-20 fold 
peroral 30-200 fold. 

The rectal route of administration is unpromising, the vaginal and con- 
junctival are ineffective. The pellet method is superior only as to the 
duration of the effect and not as to the degree of reaction obtained. The 
methods of achieving augmentation of the gonadotropic effect, especially 
of the FSH of the pituitary, are reviewed. 

IX. SYNERGISM BETWEEN THE ANTERIOR PITUITARY LOBE AND 
CHORIONIC GONADOTROPIN 

The effects produced by chorionic gonadotropin necessitate the activat- 
ing or synergistic cooperation of the anterior pituitary lobe. This puzzling 
fact may be seen by the incomplete reaction to chorionic gonadotropin in 
immature (suckling) animals and in hypophysectomized infantile and 
mature animals (Hill and Parkes, 1930, Reichert, Pencharz, Simpson, 
Meyer, and Evans, 1931, Evans, Meyer, and Simpson, 1932). Collip, 
Selye, and Thomson (1933) distinguish 3 phases of the gonad, reaction as 
seen in rats. 

1. Ist-18th Day  of Life. The granulosa cells do not react to any kind of 
gonadotropic hormone. Chorionic gonadotropin causes a change of the 
theca cells to theca-lutein cells, whereas pregnant mare blood gonadotropin 
and pituitary gonadotropin are ineffective. The refractoriness of the reac- 
tion is inherent in the ovary itself, since it cannot be stimulated even after 
implantation unto adult female rats. In rabbits the refractory period of 
the ovary lasts until the 12th week of age (Snyder and Wislocki, 1931). 
Male rats do not respond to any gonadotropin. 

2. 18th Day and Later, and Hypophysectomized Rats. Chorionic gonad- 
ofropin evokes follicle stimulation and luteinization in infantile rats because 
of the interaction of their hypophyses. Chorionic gonadotropin evokes, 
however, theca luteinization in the hypophysectdmized animal a t  any 
age and, in addition, continuous vaginal estrus in adult hypophysectomized 
rats. Pregnant mare blood gonadotropin evokes follicle stimulation only. 
Pituitary extract evokes follicle stimulation and luteinization, as do meno- 
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pause and male urine gonadotropin. Male hypophysectomized rats treated 
with chorionic gonadotropin show degeneration of the germinal epithelium, 
with marked overdevelopnient of the interstitial tissue. Consequently 
the accessory sex organs do not atrophy. 

3. During Eslrus of Mature Females or Iiypophysectomized Mature 
Fcmales Primed with F S H .  Here the ovary reacts fully to all gonadotrjopic 
hormones including chorionic gonadotropin. 

The synergism betnvcn chorionic gonadotropin and the pituitary anterior 
lobe is an interesting fact, the mechanism of which has not yet been fully 
elucidated. The basic contribution to this mechanism was the discovery 
by Evans, Meyer, and Simpson (1931, 1932), Evans, Simpson, and Austin 
(1933), Evans, Pencharz, and Simpson (1984) that the effect of chorionic 
gonadotropin may be considerably enhanced by the addition of threshold 
doses of anterior pituitary lobe extracts. Even in hypophysectomized male 
and female rats gonad stimulation by chorionic gonadotropin is increased 
if practically ineffective doses of anterior pituitary gonadotropin are simul- 
taneously administered (Collip, Selye, and Thomson, 1933, Leonard and 
Smith, 1933, Evans, Pencharz, and Simpson, 1934). The assumption of a 
“synergist” as a separate and distinct gonadotropic fraction of the pituitary 
as first postulated by Evans (1935) has since been revised, as Evans himself 
has shown that the properties of the synergist are contained in pure FSH 
fractions (Jensen, Simpson, Tolksdorf, and Evans, 1939, Evans, Simpson, 
Tolksdorf, and Jensen, 1939, Fraenkel-Conrat, Simpson, and Evans, 1940). 

Based on esperiments with hypophysectomized animals the view gener- 
ally accepted to-day is that chorionic gonadotropin contains mainly LH 
and in order that it may take effect the cooperation of a “prohormone,” 
which might be the FSH available in the anterior lobe, is required (Leonard, 
1933, 1934, Fevold, Hisaw, Hellbauni, and Hertz, 1933, Fevold and Hisaw, 
1934.) Pregnant mare blood gonadotropin, on the other hand, contains 
mostly FSH and hence its effect is more similar to that of the pituitary 
gonadotropin. The interstitial cell-stimulating factor (ICSH) first de- 
scribed by.Evans, Simpson, and Pencharz (1937) was later shown by 
Evans, Simpson, Tolksdorf, and Jensen (1939) to be identical with the LH. 

If large doses of chorionic gonadotropin are given to hypophysectomized 
animals the lack of FSH may l>,e overconie, probably by the inclusion of 
minute amounts of FSH. This was shorn to be the case by Reichert, 
Pencharz, Simpson, Meyer, and Evans (1932) who injected hypophysec- 
tomized rats with 400 U chorionic gonadotropin daily and by Hill and 
Parkes (1931) who obtained ovulation in hypophysectomized rabbits with 
high doses of’ chorionic gonadotropin. These authors also found that 
chorionic gonadotropin injected into pregnant intact or hypophysectomized 
rabbits was stored in the placentae of these animals and that extracts of 
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these placentae furnished powerful synergistic gonadotropins of the pitui- 
tary type. Extracts of uninjected rabbits’ placentae were found to be 
completely inactive. 

It seems that the synergism of the gonadotropins is not merely chemical, 
since it is known that lactating rats react like hypophysectomized rats to 
the application of chorionic gonadotropin (Bomskow, 1939). This would 
imply that the FSH of the anterior pituitary lobe is barred from entering 
the blood stream by prolactin or the other hormones participating in 
lactation. This does not, however, hold true in rats, the pituitary glands 
of which have been blocked by large doses of estrogenic hormone (Zondek, 
1936, 1937, 1941). In these animals the secretion of gonadotropic and 
somatotropic hormones is impaired to such an extent that eunuchoid 
dwarfs result. The atrophic ovaries of these animals react, however, t<o the 
injection of chorionic gonadotropin, with follicle ripening and luteinization. 

Similar relations were found in experiments with thallium (Buschke, 
Zondek, and Bermann, 1927). In  animals fed small amounts of thallium, 
estrus is arrested. The ovltries of such animals contain follicles which are 
ready for rupture, corresponding in size and appearance to those found 
in estrus. Although anatomically they are pcrfect, they no longer produce 
estrogenic hormoce. If, however, either anterior pituitary tissue is im- 
planted into the animals, or chorionic gonadotropin is administered, 
estrogenic hormone production sets in and the animals again go into estrus. 
The explanation of this phenomenon may be that the anterior pituitary is 
blocked by thallium; but that this block is not complete, so that minute 
amounts of gonadotropic hormone, which suffice to  maintain the anatomical 
intactness of the ovary, are allowed to pass into the blood stream. The 
dose of gonadotropic hormone necessary to bring about this effect (preserva- 
tion dose) must be extremely small, certainly below 1 RU, since 1 RU is 
sufficient to initiate estrogenic hormone production in the theca cells, to  
liberate the latter hormone, and to  produce estrus, none of which takes 
place in the thallium-fed animals. One RU does not suffice to initiate 
anatomical maturation of the follicle. As shown by the above experiments, 
the ovaries which are extirpated 27 hours after chorionic gonadotropin 
administration showed no signs of maturation of the follicle, although 
estrogenic hormone was already being produced in the theca cells and 
released into the blood stream. Production of estrogenic hormone in the 
them cells, therefore, takes place a t  an earlier stage than enlargement 
(Le.,  maturation) of the follicle. The production dose initiating estrogenic 
hormone formation (1 RU), therefore, is smaller than that necessary to 
bring about follicular maturation with its typical biological picture (follicle 
fluid surrounding the cumulus oophorus). 

As to quantitative considerations, the “ovarian preservation-dose” 
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is smaller than, and the “follicle maturation-dose” is larger than, the 
“hormone production-dose,” which is equal to  1 RU. 

Summary 

The gonadotropic effect of chorionic gonadotropin in the organism is 
based upon the cooperation of a gonadotropic factor furnished by the 
treated animal’s own hypophysis. Without it, only a partial reaction takes 
place, characterized by 

(a) hypertrophy of the theca cells, 
(b) hypertrophy of the interstitial cells, 
(c) persistent estrus. 

The cooperating factor of the anterior pituitary lobe, the so-called %yn- 
ergist,” is presumably the FSH, which is lacking in chorionic gonadotropin. 

On the other hand, pregnant mare blood gonadotropin contains mostly 
LH, and pituitary gonadotropin contains FSH and I,H in varying propor- 
tions depending on the species. 

In  view of the nature of the gonadotropic effect of chorionic gonadotropin 
3 different doses may be distinguished. If we consider as 1 RU the minimal 
dose necessary for vaginal estrus production the following may be listed: 

(1) Ovarian preservation dose < 1 RU. 
(2) Hormone production dose = 1 RU. 
(3) Follicle maturation dose > 1 RU. 
These differences are apparently due to different synergistic actions 

of the pituitary gland of the animal injected. The mechanism of this syn- 
ergism, under different conditions, is not yet fiilly elucidated. 

X. REACTION OF DIFFERENT SPECIES TO VARIOUS GONADOTROPINS 

It is interesting to note that the qualitative reactions of different species 
to gonadotropins vary. For instance, follicle hemorrhage (APR 11) is 
seldom found in rats, guinea pigs, and in the muride Jficrotus guentheri, 
whereas in mice, rabbits, and in the muride Meriones tristrami it is the rule 
(unpublished results from our laboratory). An adult mouse never shows 
follicle hemorrhages in its ovary unless injected with gonadotropic hormone. 

Quantitative differences in the response of different species to chorionic 
gonadotropin have been demonstrated by Zondek (1924, 1931). Whereas 
the body weight relations of the mouse, rat and rabbit are 1 : 5: 200, the min- 
imal units of chorionic gonadotropin for these animals follow the proportion 
1 : 1/5:5. This shows, that as the weight of the species increases the sensi- 
tivity to chorionic gonadotropin also increases. This does not hold true, 
however, with regard to pregnant mare blood gonadotropin and pituitary 
gonadotropins, to which the mouse is more sensitive than the rat (Ham- 
burger, 1933, 1934). 
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The following are some of the various reactions elicited by the different 
gonadotropins: 
(1) Chorionic gonadotropin is to a large extent ineffective with regard to 

the ovaries of hypophysectomieed animals (Reichert, Pencharz, 
Simpson, Meyer, and Evans, 1931, 1932; Freud, 1933; Freud and de 
Jongh, 1933; Hamburger, 1936), rhesus monkeys (Allen, 1932, 1940; 
Johnson, 1935; Hamburger, 1936), guinea pigs (Loeb, 1932), and the 
muride Microtus guentheri (Zondek and Sulman, 1940); whereas preg- 
nant mare blood gonadotropin (Engle and Hamburger, 1935), and 
pituitary gonadotropins (Westman, 1940), do stimulate them. In the 
monkey this reaction is obvious from the reddening and swelling of 
the sexual skin (Engle, 1930, 1933, 1934). 

(2) With regard to women and apes reports on the effect of the different 
gonadotropins on the ovary are contradictory. It is generally agreed 
that the gonadotropins induce hyperemization of the female genital 
tract as reported by Zondek, (1929,1931,1934/35,1935). The morpho- 
logical effect on the ovary is, however, inconstant and the data con- 
tradictory (Hamblen, 1939, Ryneanon, 1944). With chorionic gonad- 
otropin follicle hemorrhage and luteiniaation (APR I1 and 111) have 
been obtained in women by Zondek (1929, 1931, 1934/35, 1935); 
Mandelstamm and Tschaikowsky (1930) ; Geist (1933), and others. 
With pregnant mare blood gonadotropin ovulation has been produced in 
women by Davis and Koff (1938); Siegler (1940); Gray (1940); Kenny 
and Daley (1940) ; Griffith and McBride (1942). With pituitary gonad- 
otropin no clear-cut results have been reported. Furthermore, many 
authors have reported entirely negative results from the treatment of 
women with the beforementioned 3 gonadotropins (cf. review by 
Davis and Hellbaum, 1943). 

(3) Chorionic gonadotropin does not stimulate the growth of the testes in 
the infantile cock, duck, pigeon, and canary, while pregnant mare blood 
gonadotropin (Hamburger, 1936) and pituitary gonadotropin (Riddle, 
1931; Riddle and Polhemus, 1931; Schokaert, 1933; Evans and Simp- 
son, 1934) does. 

(4) Chorionic gonadoiropin stimulates only the Graafian follicles of the 
ovary but pregnant mare blood gonadotropin (Hamburger, 1934) and 
pituitary gonadotropin (Evans, 1935) stimulate the primordial follicles 
also. For this reason weight increase is limited in the infantile rat 
ovary up to 70 mg. following administration of large doses of chorionic 
gonadotropin but goes up to 250 rng. following pituitary gonadotropin 
injection (Evans and Simpson, 1929). 

(5) While the infantile rat ovary is much more sensitive to chorionic 
gonadotropin than is that of the infantile mouse (Zondek, 1929)-25 
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times more per gram of body weight-the sensitivity to pregnant mare 
blood gonadotropin and pituitary gonadotropin is more or less in direct 
proportion to the body weight (Hamburger, 1933, 1934). 

(6)  The differences between the action of chorionic gonadotropin and 
pituitary gonadotropin in the rat have been compiled by de Fremery 
(1938) as follows: 

Pituitary gonadolropiit Chorionic gonadotropin 

Estrus scarce 
Weight increase of ovary parallel to dose 

Uterus slightly enlarged 
Prcputial glands strongly devclopcd 
Corpora lute& small but iiunicrous 
Vesica seniinnles slightly swollen 

Estrus strong and frequent 
Weight increase of ovary brought about 

by high doses only 
Uterus greatly enlargcd 
I’rcputiitl glands slightly developed 
Corpora luten large but few 
Vesicn scniinnles greatly swollen 

Summary 

The nature of the reactions of different species to gonadotropins varies. 
Quantitative differences as to the scope of the reaction and the minimal 
dose required indicate th:it larger animals are more sensitive to gonad- 
otropins than small aninials, judged on the basis of body weight. 

The differences between chorionic and pituitary gonadotropins are 
manifest from the limited reactions of the ovaries in hypophysectomized 
animals, normal women, monkeys, guinea pigs) and other rodents injected 
with chorionic gonadotropin. In  birds the testes respond to pregnant mare 
blood gonadotropin and pituilary gonadoiropin but not to  chorionic gonnd- 
otropin. In  rats the difference between the various gonadotropins is indi- 
cated by the type of reaction of the ovarian follicles and corpora lutea, and 
by the response of the uterus, the preputial glands, and the vesica seminales. 
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I. INTRODUCTION 

From the observations of Galvani and the subsequent controversy with 
Volta two essential facts of nerve and muscle physiology emerged: both 
structures are stimulated by electric current and, if active, generate elec- 
tricity. During the last century the study of the electric changes during 
nerve activity constituted the best and in fact the only way open to scien- 
tists who were interested in the nicclianism of nervous function. The rapid 
development of electric recording instruments led to great achievements in 
electrophysiology. But although electrical analysis is extremely helpful for 
the explanation of many phenomena of nerve activity, obviously the mere 
recording of the physical changes is not siifficieiit for a complete under- 
standing of the mechanism involved in nervous function. Nerve activity 
like that of all cells requires energy. In a living cell chemical reactions are 
the only conceivable source of energy. The energy required for nerve 
activity is, however, so small that it was until recently below the range of 
measurement by physical as well as chemical methods. Not until 1926 
when methods of a high degree of perfection were developed by A. V. Hill 
and his associates, was i t  possible to measure the heat production of the 
resting nerve and the increased hcat prodnc tion following stimulation 
(Downing, Gerard, Hill, 32). The olmrvation of Iicat production as well as 
the measurement of the estra osygen uptake (Gerard and RIeyerhof, 49, 
Fenn, 43) brought experinientnl evidence f01’ the assumption that nervous 
function is connected with chcmical i ~ s  \I (4 :IS electrical changes. 

Heat production and oxygen i iptdx are, hou ever, over-all reactions. 
The finer niechanism of the correlation between electrical phenomena and 
chcmical reactions remained obscure (A. V. Hill, 57). In this review investi- 

337 



338 DAVID NACHMANSOHN 

gations will be described which have led to some information about the 
relationship between the chemical reactions and electrical changes ob- 
served and about the chemical mechanism supplying energy for nerve 
activity. Since the space is limited it is impossible to discuss all observa- 
tions in this field. Previous work, moreover, has been repeatedly reviewed. 
It is intended to describe here only those facts which are considered essen- 
tial for the main problem. 

The function of nerve cells to carry messages from one distant point 
of the organism to another offers three distinct problems: first, how a 
stimulus leads to an excitation, second, how an impulse thus initiated is 
transmitted along the nerve fiber, and third, how, a t  the nerve ending, 
this impulse is transmitted either to a second nerve cell or to the effector 
organ. Electrophysiologists, until recently, studied mainly the excitable 
properties of the nerve fiber. The results obtained by more than a century 
of intensive research form an integral part of physiology and need not be 
discussed here. Present concepts can be found in the books of Sherrington, 
Adrian, Gasser and Erlanger, Fulton, and in many reviews. Modern 
theories of excitntian, the “excitatory disturbance,” as Keith Lucas (73) 
called it, are discussed by A. V. Hill (59) and K. F. Bonhoeffer (14). 

At the beginning of this century the conception evolved that a chemical 
substance might intervene in transmission of impulses from efferent nerve 
to effector cell. T. R. Elliot, in 1905, first suggested that sympathetic 
nerve endings might liberate a substance like adrenaline which would then 
act upon the cell. Elliot’s suggestion was based on the very close similarity 
between the actions of adrenaline and sympathetic nerve stimulation. 
Although several other similar theories were proposed and several attempts 
made to test them, an observation of Otto Loewi was first to support the 
idea that a chemical substance transmits a nerve impulse from a nerve to 
an organ. When the vagus of a frog’s heart was stimulated there appeared 
in the Ringer solution filling the heart a substance which, if transferred 
into another heart, reproduced the effect of vagus stimulation. Loewi con- 
cluded that the vagus acts on the heart muscle by the liberation of a sub- 
stance which in its turn stimulates the heart muscle directly. He called 
the substance “vagus-stoff .” It was later identified with acetylcholine 
(ACh). He also demonstrated that atropine does not decrease the liberation 
of the “vagus-stoff” but prevents its effect on the heart. The enhanced 
effect of vagus stimulation after treatment with eserine was explained by 
an inhibition of an enzyme destroying the vagus stoff (Otto Loewi, 68). 
These observations led to a great number of investigations, and evidence 
was accumulated supporting the view that all sympathetic and parasym- 
pathetic nerves act on the effector organ by virtue of chemical mediation. 
It is widely believed that acetylcholine is the transmitter substance at 
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parasympathetic nerve endings, whereas adrenaline or, according to 
Cannon and his associates, a related substance, sympathin, has the same 
function a t  the endings of sympathetic nerves (Rosenblueth, 124). 

Loewi's work was confined to the autonomic nervous system. Kibjakow 
(63) and later Dale and his associates tried to extend this concept and sug- 
gested that acetylcholine might be the transmitter across ganglionic 
synapses and a t  neuromuscular junctions. Their evidence was based essen- 
tially on the same type of experiments as was applied in the case of the 
peripheral autonomic system : liberation of acetylcholine after stimulation 
of preganglionic fibers or motor nerves, stimulation of the sympathetic 
ganglion and the striated muscle by injection oi+small amounts of ACh, 
and potentiation of the effects of nerve stimulation by eserinization. The 
results have been reviewed by Brown (16). 

There remained, however, a great number of contradictions and diffi- 
culties well summarized by Eccles (33), and the evidence could not be 
considered as satisfactory (Fulton, 44, 45). Besides many other objections 
there were two main obstacles:- 

(i) The Time Factor, For the transmission of the nerve impulse across 
ganglionic synapses or at neuromuscular junctions this factor is of primary 
importance and dominates all the aspects characteristic of this transmission. 
Autonomic nerves innervate slowly reacting cells. There it seemed less 
difficult to picture the nerve impulse acting by the release of a substance 
which in'its turn stimulates the effector organ. Neurons and striated muscle 
fibers are very quickly reacting cells. Electrical signs of nerve activity 
indicate that the transmission of nerve impulses from neuron to neuron or 
from neuron to fibers of striated muscle occurs within a few milliseconds 
or within a fraction of a millisecond. Chemical reactions connected with 
this transmission must therefore occur with the same speed. In  other 
words, if there is a compound responsible for the transmission of the 
impulse at those foci it must be released within this short period and must 
disappear with almost as great rapidity, ie., within the brief interval of 
the refractory period, for a t  the end of i t  the ganglion cell or muscle fiber 
is again fully responsive to any stimulus. Dale and his associates realized 
that the removal of the liberated ACh' must be rapid and admitted that 
this was one of the chief difficulties encountered by their theory (17). This 
time factor was also the main argument in Eccles' critical review against 
the theory of a transmitter function of ACh in transmitter processes of 
short duration. His main opposition was based on the argument that no 
evidence was available, a t  that time, that ACh can be removed with 
sufficiently high speed. According to all opinions, whether or not in favor 

1 Throughout this review Acetylcholine will be abbreviated to ACh and Choline 
Esterase to Ch.E. 
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of the transmitter function of ACh across synapses and neuromuscular 
junctions, it appeared essential to know whether the rate of ACh metab- 
olism is as high as required by such a theory. 

(ii) The second obstacle was even more fundamental. The “chemical 
transmitter theory” encountered strong opposition from the supporters 
of the “electrical theory.” The terms are however misleading. The essen- 
tial difference between the two opposite views was actually not the ques- 
tion of whether transmission of nerve impulses is electrical or chemical ; 
it was the question of whether tlle modes of conduction along fiber and across 
synapses d i f e r  fundamentally. The work of Sherrington and his school 
indicates that the excitable properties of the central neurons are similar 
to the excitable properties of the peripheral nerves, i .e . ,  the axons (Fulton, 
14). The problem has been scrutinized by Erlanger (35) in the Symposium 
on the Synapse, in 1939. Analyzing some of the peculiarities attributed to 
the synapses, namely latency, one-way transmission, repetition, temporal 
summation or facilitation, and transmission of the action potential across 
a non-conducting gap, he points out that all these phenomena, can also be 
demonstrated on fibers. Gasser (47) arrives a t  a similar conclusion. The 
facts based on the electric signs of nerve activity thus make i t  unnecessary 
to assume, especially in view of similar t!ime relations, that any condition 
exists a t  the synapse which differs, in any basic way, except quantitatively, 
from that found in the peripheral axon. 

The development of Biology during the last twenty years has shown 
that much important information as to the function of cells may be ob- 
tained by the study of the enzyme mechanisms involved, since practically 
all cell activity is connected with enzymatic functions. Particularly in 
muscle physiology we have seen that study of the enzymatic reactions 
connected with contraction led to a real “revolution,” according to  an 
expression of A. V. Hill. Remarkable progress has been achieved in corre- 
lating physical changes with chemical reactions, although we are still far 
from a complete understanding of the mechanism of muscle contraction. 
Research in the field of vitamins and hormones has also been decisively 
influenced by findings which connected them with enzyme mechanisms. 
As Green (55) points out, i t  appears probable that all compounds which 
are active in minute amounts-“trace substances”-are correlated to 
enzyme systems, although at present this has been shown for only some 
of them. 

Acetylcholine, supposedly a “neurohumoral transmitter,” is a compound 
effective in amounts of the same order of magnitude as vitamins or hor- 
mones. It was to be expected that the study of the enzyme mechanisms 
connected with this ester, as well as other enzymes involved in nerve 
activity, should yield much information. In this may the electrical changes 
during the activity could eventually be correlated with chemical reactions. 
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The problem of the role which acetylcholine may have in the transmis- 
sion of nerve impulses has been approached by Nachmansohn and his 
associates by investigations of the enzyme systems involved. This way, 
entirely different from that of Loewi, Cannon, Dale and their associates, 
hm led to a change in the concept of the role of ACh in the mechanism of 
nerve activity. The new facts suggest that ACh is an essential link in 
generating the nerve action potential by its action on the surface membrane 
of the nerve. This new concept is based mainly on three lines of investiga- 
tions: (i) the high rate of ACh metabolism in nerve indicated by the high 
concentration of choline esterase, (ii) the localisation of this enzyme at  the 
neuronal surface, and (iii) the parallelism between voltage of the action 
potential and activity of the enzyme as is shown in electric organs. 

11. THE CONCENTRATION OF CHOLINE ESTERASE AT NEUROMUSCULAR 
JUNCTIONS AND SYNAPSES 

1. Neuromuscular Junctions 

The first essential problem which had to be studied waa the question 
whether the rate at which ACh can be removed at  synapses and at motor 
end plates is as high as is required by the theory of its transmitter function. 
The only probable mechanism for the removal of ACh with the required 
rapidity is a sufficiently high concentration of the enzyme which splits 
the active ester to its inactive components, acetic acid and choline. 

Loewi and Navratil have shown that ACh can be enzymatically inac- 
tivated by heart extracts (69). This, however, is not surprising, since, m 
pointed out by Stedman, Stedman, and Easson (127), esterases are widely 
distributed in the animal organism and are known to hydrolyze a variety 
of esters. The important question was whether there is an enzyme which 
specifically hydrolyzes ACh. Stedman, Stedman, and Easson (1.c.) prepared 
from horse serum an enzyme which they considered to be an esteraae specific 
for ACh and called it choline esterase. Later investigations do not support 
the assumption that the enzyme prepared by Stedman, et al. is really a 
specific choline esterase. There exists, however, an esterase which is specific 
for ACh. The specificity may be demonstrated by testing the action of an 
esterase on a number of substrates. In  this way, a pattern may be obtained 
which makes it possible to distinguish the specific choline esterase from 
other esterases. The esterase in all nerve tissue is either exclusively or pre- 
dominantly choline esterase. The enzyme is extremely stable. If kept at 
low temperature and at neutral pH, its activity remains unchanged for 
many months. The specificity of the enzyme as well as other properties 
will be discussed elsewhere (Nachmansohn and Rothenberg, 131 ; 
Nachmansohn, 102). 

In living tissue ACh is a very unstable ester. If it is connected with 
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transmission of nerve impulses it will persist only for milliseconds a t  the 
site of action. It would, of course, be desirable to measure directly the rate 
of ACh release. No methods for such measurement are available a t  present. 
But the concentration of a specific and stable enzyme in a cell may be used 
as an indicator of the possible rate of metabolism of its substrate. One of 
the essential results of the work with isotopes, as pointed out in the review 
of Schoenheimer and Rittenberg (126), is the indication that no enzyme 
lies dormant during life, as some physiologists still believe, but is COR- 

tinuously active. Although the rate of activity may not always be maximal 
and excess of enzyme may be available, ire have the right to assume thac 
there does exist a relationship between the concentration of an enzyme and 
the possible rate of the metabolism of its substrate. If therefore a specific 
enzyme is highly concentrated in a cell, it appears reasonable to assume 
that its substrate may appear a t  a rate similar to that a t  which i t  can be 
removed. The possible rate of removal is therefore a t  present the best 
way to get information about the rate of ACh metabolism. 

Striated muscles have a surprisingly low Concentration of Ch. E. The 
rate of hydrolysis of ACh by muscle tissue is so slow that it would take 
about 300 seconds in frog, and 75 seconds in mammalian muscle to split 
50 per cent of an amount of ACh which can account for its transmitter 
function (Marnay and Nachmansohn, 78, 82). Since the refractory period 
is about five milliseconds in the frog and two milliseconds in mammalian 
muscle, this time of hydrolysis is 60,000 times longer than the refractory 
period of frogs and 40,000 times longer than that of mammalian muscle. 
The conclusion drawn from these experiments was that the enzyme con- 
centration a t  the end plates must be many thousand times higher than in 
the whole muscle if the ACh released there is to be split with the rapidity 
required by the transmitter theory. 

Keith Lucas (72), in 1907, used the nerveless pelvic end of the frog 
sartorius for investigations on the excitability of pure muscle fibers. In 
order to test the possibility of a high concentration of the enzyme at the 
end plates the esterasic power of this nerveless pelvic end of the frog 
sartorius has been compared with the part containing nerve endings. In  
the part containing nerve endings the concentration was about 300 per 
cent higher (Marnay and Nachmansohn, 79). Although the sciatic nerve 
contains more Ch. E. than does the muscle, the increase in concentration 
due to nerve fibers could be only ver i  small. The strong increase found 
in the part containing nerve endings could be only attributed to a very 
high and peculiar concentration of the enzyme at these endings. 

Subsequently, this was demonstrated in more detail. Pezard and May 
(118) investigated the distribution of nerve endings in the frog sartorius 
and found that only one-eighth of the pelvic end was really free from nerve 
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endings. The second fifth is particularly rich in nerve endings and then 
their frequency falls u-hile the third fifth contains only half as many as 
does the second fifth. 

When one-sixth to  one-eighth of the pelvic end were compared with the 
sccond fifth and the third fifth, it was found that the second fifth of the 
sartorius contains nboiit six times as much Ch. E. ~ t s  the pelvic end, whereas 
the third fifth contains only three times as much enzyme (Marnay and 
Nachmansohn, 80, 83). We do not know the fraction which the volume of 
end plates constitutes in the whole muscle. According to rough efltimations 
they probably occupy less than 1/5000 of the total volume, and we do not 
even know whether the enzyme is evenly distributed a t  the end plates 
or whether it may not be concentrated at  a fraction of the end plate volume. 
If the enzyme were concentrated in 1/5000 of the whole volume, the figures 
obtained wrould indicate a concentration of 15000 to 30000 times higher 
than that in the nerveless muscle tissue. Although we cannot calculate 
how many thousand times Ch. E. is more concentrated a t  the end plates 
than in the surrounding fiber, we can estimate the approximate amount 
of ACh ii-hich can be split a t  a single nerve ending during the refractory 
period of the frog sartorius, that is in five milliseconds. As the difference of 
the rate of hydrolysis between the two parts may be attributed mainly 
to the esterme of nerve endings, we know the absolute amount which may 
be hydrolyzed there. The number of end plates of a sartorius of the size 
examined is, according to  Pezard and May, about 600. This makes it 
possible to calculate that about 2 X pg. of ACh can be split a t  a single 
nerve ending during the refractory period. This amount corresponds to 
8 X lo9 molecules of ACh. 

These experiments furnished evidence that the concentration of Ch. E. 
at  motor nerve endings is as high as is required by the assumption that 
ACh may be involved in the transmission of impulses across neuromuscular 
junctiom. One great obstacle encountered by the theory, namely the time 
factor, was thus removed. Indeed, the very existence of such a peculiar 
biochemical system, the concentration of a specific enzyme at microscopic 
points many thousand times as high as in the surrounding medium, sup- 
ports the assumption of the physiological significance of its substrate. It 
does not, however, indicate in which way the ester takes part in the trans- 
mission of the nerve impulse. 

The experimental result of Marnay and Nachmansohn has been con- 
firmed by Feng and Ting (42), but the conclusion has been contested by 
Clark, Raventos, Stedman, and Stedman (19), and’ later by Glick (54) 
and Little and Bennett (67). The paper of Clark, et  al.  has been discussed 
previously (Sachmansohn, 95, 96). A full discussion of all objections will 
be presented in another review (Nachmansohn, 102). 
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Evidence for a high concentration of Ch. E. at -tor end plates can also 
be offered with mammalian mscle in s, way analogous to that used in frog’s 
sartorius. In the interior section of the gastrocnemius of guinea pigs 
the nerve spreads through nearly the whole muscle a t  one level only, situ- 
ated in the midst of the muscle except for its entrance and its termination. 
In the middle third of this muscle all nerve fibers as well as the endings 
are situated in the middle zone. If this third is cut in slices with a freezing 
microtome, the slices near the upper and lower surfaces are practically 
free of nerve endings, whereas those of the middle zone contain a large 
number. Determinations of Ch. E. in these slices show a high concentra- 
tion in the middle zone and low concentration in the two nerveless zones: 
whereas the Q Ch. E .  [= mg. of ACh split by 100 mg. of tissue (fresh 
weight) in 60 min.] is 0.3 to 0.5 in the part free of nerves and motor end 
plates, the value is 2.0-3.0 in the slices of the middle zone (Couteaux and 
Nachmansohn, 23). Since the Q Ch. E. of the sciatic nerve is about 1.0, 
the same consideration can be applied m in frog’s sartorius, ie., the Q 
Ch. E. values of the middle zone must be attributed not to the presence of 
nerve fibers but to the presence of a high concentration of enzyme at  motor 
end plates. Further evidence for that is the fact that, following section of 
the sciatic nerve and the disappearance of nerve endings, the concentra- 
tion of the enzyme in the middle zone remains high. 

Another indication for the high concentration of Ch. E. at motor end 
plates is furnished by observations c a r i d  out on the perfused gastroc- 
nemius of dogs (Marnay, Minz, Nachmansohn, 84). From the figures 
obtained it can be calculated that there exist two different rates a t  which 
the ester in the perfusion fluid is split: an extremely high rate in a very 
small volume and a slow rate in a very large volume. In connection with 
the experiments described above, this finding can be considered as an 
indication that in the living muscle the high rate of acetylcholine hydrolysis 
at motor end plates may actually occur. 

2. Synapses 

As at  the end plates of striated muscle, Ch. E. is present in a high con- 
centration at the synapses of sympathetic ganglia. Glick found that the 
concentration of Ch. E. in the superior cervical ganglion of the cat is not 
sufficiently high to split the amount of ACh liberated during the refractory 
period. Referring to the experiments of Marnay and Nachmansohn on the 
frog’s sartorius, he suggested that there, too, the enzyme may be unevenly 
distributed and more concentrated around synapses (53). 

It wm, however, necessary to bring experimental evidence for this 
assumption. The sympathetic chain is practically free of a myelin sheath. 
It represents, therefore, nearly homogeneous grey matter, in which, 
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histologically, cells and nerve endings are concentrated in the ganglia. If 
the concentration of the enzyme in the ganglia of the sympathetic chain is 
compared with that in the fibers, the figures obtained for the ganglia are 
two to  four times higher than for the fibers (Nachmansohn, 88, 96). The 
figures are, a~ in muscle tissue, mean values. The synapses occupy only an 
infinitely small fraction of the volume of the ganglion, although the inac- 
tive mass is much smaller than in muscle tissue. Therefore, if the difference 
is due even only partly to an increased concentration a t  the synaptic 
region, the concentration there must be very high in order to increase the 
mean value several times. The consideration is similar to that which must 
be applied in the case of striated muscle t? the difference betweenthe 
nerveless fraction and the part containing end plates, after having taken 
into account the value for the fibers. 

The superior cervical ganglion of the cat is of special interest because 
more data is available here as to the possible role of ACh in synaptic 
transmission. According to the data reported, about 1-3 X 10" molecules 
of ACh can be liberated in this ganglion by a maximal shock (Feldberg 
and Vartiainen, 38, Macintosh, 74). Slightly lower values were found by 
Lorente de No, but they were still of the same order of magnitude (71). 
The concentration of Ch. E. has been determined in fibers and in ganglion. 
The Q Ch. E. values obtained mere about 5.0 for the fibers, and 40 to 60 
for the ganglion (Couteaus and Nachmansohn, 23). If we consider the 
difference between fiber and ganglion as being due to the higher concen- 
tration of the enzyme a t  the synaptic region, about 3-6 mg. of ACh can be 
split there during GO minutes, or 3-6 X 1OI2 molecules of iiCh during one 
millisecond. If the preganglionic fibers are cut, and have disappeared, the 
concentration of the enzyme has decreased by GO per cent (Couteaux and 
Nachmansohn, 23). Only 1-2 per cent of this amount would be sufficient 
to split in one millisecond the amount of ACh which \\-as found to be 
liberated by a maximal shock. The remaining amount of enzyme has to be 
considered as the' amount present outside the preganglionic fibers. 

When evidence \\-as presented that ACh might be the transmitter of 
nerve impulses from motor nerve to striated muscle, o r  from neuron to  
neuron, many outstanding neurophysiologists envisaged the possibility 
of the same mechanism a t  the central synapses. Dale recalled, in his 
Harvey lecture in 1937, that Sherrington looks upon the tmnsmission of 
excitation from a motor nerve ending to a voluntary muscle as probably 
furnishing n pattern of what happens a t  a central synapse (27). KO experi- 
mental data were available a t  that time for such an assumption. 

Investigations on the distribution and conwntration of Ch. E. in the 
brain and spinal cord, carried out during the years 1937 and 1938, have 
shown that the same enzyme mechanism exists a t  central synapses as 
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that found at motor end plates and at ganglionic synapses (Nachmansohn, 
86-92,96). In the grey matter which contains the cell bodies and synapses, 
the concentration of Ch. E. is always high whereas it is comparatively 
low in the white matter. Great variations are found in the different parts 
of the brain, and the values vary also considerably in different species. 
A few examples are given in Table I (for more details see Nachmansohn, 96). 

A most remarkable fact about these figures is the great constancy of 
the values for the same part and same species in contrast to the variations 
between the different parts and the different species. The values found by 
Nachmansohn have been c~nfirmed by Pighini (119). The essential point 
is again that a t  central synapses amounts of ACh can be split in one milli- 
second which are of the same order of magnitude as thme at ganglionic 

TABLE I 
QCh.E. of Different Brain Centers of Several Species 

1. Cortex ............................. 
2. White matter (gr. hemisphere). . . . .  
3. Nucleus caudatus.. . . . . . . . . . . . . . . . . .  
4. Nucleus lentiformis. ................ 
5. Cerebellum.. ....................... 
6. Thalamus opticus.. . . . . . . . . . . . . . . . .  
7. Pons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8. Tub. quadrigem. ant  ................ 
9. Tub. quadrigem. post . . . . . . . . . . . . . . .  
10. Retina ............................. 

Rabbit 

7 

57 

9-10 
12 
13 
25 
13 

2-5 
0.3 
57-59 

12-13 
6 
7-8 
14 
5 
15 

or 

2-3 
0.2 
40-43 
69 
2-3 
5 

10-13 
4 
16 

1.2 

30 
46 
8 
3 
0 
6 
3 

synapses. The superior cervical ganglion of the cat is very rich in cells 
and synapses; according to Billingsley and Ranson (13) the figure is about 
100,000. If the same frequency of cells and synapses is assumed per unit 
of weight of the brain centers and the same amount of ACh released per 
cell, one arrives at figures which indicate a large excess of enzyme even if 
only half of the enzyme is present outside the nerve endings. The very 
existence of such a specific enzymatic system at all these foci strongly 
supports the view that the substrate there has the same function, and is 
consistent with the view of Sherrington that the mechanism of transmission 
is ementially similar a t  all synapses. 

3. Choline Esterase During Embryonic Development 
If ACh is essential for transmission of nerve impulses across neuro- 

muscular junctions and across synapses, Ch. E. should be present in high 
concentration at  a very early stage of development, actually a t  the time 
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when nerve impulses begin to  be transmitted a t  those foci. Such a rela- 
tionship between enzyme concentcation and function during embryonic 
development has been demonstrated in many different ways. A full deacrip- 
tion of the results achieved will be found elsewhere (Nachmansohn, 102), 
but two examples may be given here as illustration. 

In  the muscle of chick embryos the concentration of Ch. E. increases 
rapidly to high values during incubation (Nachmansohn, 95). The Q Ch. E. 

Days 

Fig. 1. Course of QCh.E. During Growth in Breast Muscle of Chicken 

hatching. Ordinates: QCh.E. 
Abscissae: Days of incubation and after hatching. The arrow marks the day of 

of breast nnisclc, for example, was found to be 9.4 on the average at hatch- 
ing, varying from 7.3 to 11.3. On the sixteenth day of incubation i t  was 
even slightly higher: 9.9 on the average, varying from 7.8 to  12.7. After 
hatching the values go down, the Q Ch. E. three weeks later being only 
0.9 (see Fig. 1). The Q Ch. E. of fowl muscle is 0.4 to 0.5. The frequency 
of ncrrous elements and end plates is much higher in embryonic muscle 
than that in adults owing to the snallness of the muscle fiber. The observa- 
tions of Couteaux (22) indicate that the end plates reach nearly their full 
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size at birth, so that while the muscle fibers of an embryo are small the 
end plates in a given weight of muscle are relatively numerous. Later the 
fiber grows, and the number of end plates per unit of weight decreases 
correspondingly. The fact that the Q Ch. E. is so high a t  the very stage of 
development when the number of end plates per unit of weight is high 
supports the view that there is a high concentration of Ch. E .  a t  the end 
plates a t  that early stage. 

Experiments carried out on sheep foetuses (Nachmansohn, 99) may be 
quoted as another example. The different centers of the central nervous 
system do not develop a t  an equal rate. During recent years this problem 
has been investigated by Rarcroft and Rarron (8) in connection with the 
movements and reflexes of sheep foetuses. Their observations offer evidence 
for the early development of spinal reflexes and of the relatively delayed 
period at  which the brain enters into action. The times at  which the 
different centers begin to function, according to the observations of Bar- 
croft and Barron, coincide with the appearance of a high concentration of 

, choline esterase: this concentration is high in the spinal cord a t  a very 
early age of the sheep foetufi, but low at  that time in the different brain 
centers; there i t  rises to high values only during the last weeks before birth. 

The experiments so far described remove one main difficulty,-the 
question whether or not .4Ch can be metabolized at  the high speed re- 
quired. But there remains the other objection mentioned above, namely 
that the facts based on the electrical signs of nerve activity make unncces- 
sary the assumption of a fundamental difference between conduction along 
axon and transmission across synapses. Although the electrical signs of 
nerve activity are not sufficient to explain the mechanism of nervous 
action, no conclusion drawn from observations with chemical or pharma- 
cological methods should be in contradiction to that based on observations 
with the much more sensitive electric recording instrumenk 

The observations described in the following chapter show that Ch. E. 
is highly concentrated everywhere a t  the neuronal surface. There is only 
a quantitative difference between axon and synapse, the enzyme concen- 
tration being higher a t  the synapse where the neuronal surface increases 
due to the extensive end-arborization. This is consistent with the view 
that ACh may have the same role in the transmission of the nerve impulse 
along the axon as across the synapse; and that the difference may be only 
a quantitative one. 

111. LOCALISATION OF CHOLINE ESTERASE AT THE NEURONAL SURFACE 

The concentration of Ch. E. is high' in all nerve fibers but rises still 
higher in the synaptic region. This is particularly conspicuous in non- 
myelinated fibers. In  the sympathetic chain of dogs, the values found for 
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the fibers varied from 3.3 to  7.7, in the ganglia from 11.1 to 19.1 (Nach- 
mansohn, 88). In  the abdominal chain of the lobster (Homarus vulgaris) 
which represents central nervous system, the Q Ch. E. values are as high 
as 5 to 15 in the fibers, rising to values between 18 and 30 at the points 
where the synapses are located. The Q Ch. E. values of myeliiated fibers 
are somewhat lower, between 1 and 3. In the frog sciatic a value of 0.8 
was found at  18” C., in dogs’ sciatic the value is about 1 a t  37” C. In dor- 
sal roots of the dog the mean value found was 1.4, in the ventral roots 2.9. 
The optic nerve of the dog has a Q Ch. R. of 1 to 2. All these values are 
of the same order of magnitude even if compared with the non-myelinated 
sympathetic fibers. The myelin sheath seems to have only negligible 
amounts of enzyme. All white matter in brain and spinal cord has very 
low values. If during embryonic development in the spinal cord of sheep 
foetuses the myelin sheath appears, the value of Q Ch. E. drops (Nachman- 
sohn, 99). According to Donaldson and Hoke (31) the myelin sheath forms 
50% of the axon. Since in these 50% the amount of enzyme is negligible, 
the figures obtained have to be doubled to arrive at  the concentration of 
the enzyme in the axon, and therefore the values are of the same order of 
magnitude as in the non-myelinated fibers of the sympathetic chain. But 
even then we do not arrive at  the real concentration-in myelinated as 
well as in non-myelinated fibers-since this could be calculated only if 
the enzyme were evenly distributed in the axon, which as will be shown, 
is not the case. 

The spinal ganglion is of special interest since it contains cell bodies but 
no synapses. The Q Ch. E. here is 2 to 3 times higher than that of the 
dorsal roots. Any quantitative interpretation of this figure, as compared 
with that of the dorsal roots, is complicated because the ganglion contains 
comparatively small amounts of myelin. 

The high concentration of the enzyme in all nerve fibers suggests that 
ACh metabolism differs only quantitatively between fiber and synapse, 
and that its significance may not be limited to the nerve endings, Con- 
sistent with this view is the finding of Lorente de KO (71) that ACh is 
released by ganglion cells after impulses have passed in which no synaptic 
transmission is involved, and in peripheral nerves. The release of ACh 
from “cholinergic” fibers following stimulation has been confirmed by 
Lissak ( G G ) .  

In the experiments on the superior cervical ganglion it \\as observed 
that following section of the pre-ganglionic nerve fibers the Q Ch. E. of the 
ganglion falls from 40-60 to 20-25, during the first ten days. This is the 
time when the nerve fibers disappear. Thereafter the enzyme concentra- 
tion remains constant for many weeks. The decrease is parallel to the time 
of the disappearance of the pre-ganglionic fibers and i t  is therefore reason- 
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able to assume that the enzyme which disappears is located inside the fiber. 
Since the Q Ch. E. of the pre-ganglionic fiber is only 5, the figures obtained 
indicate that the fibers inside the ganglion have a higher concentration 
of Ch. E. than before it enters the ganglion. These observations led Cou- 
teaux and Nachmansohn (23) to the conclusion that the strong increase 
of enzyme concentration in the pre-ganglionic fibers towards their endings 
may be connected with the increase of surface occurring inside the ganglion 
by the extensive end-arborization of the pre-ganglionic fibers. The experi- 
ments suggest that the enzyme may be more highly concentrated a t  or 
near the neuronal surface and that the high concentration of the enzyme 
inside the ganglion has to be referred partly a t  least to  the increase of 
surface. 

Direct evidence for the localization of Ch. E. a t  the neuronal surface 
has been offered with experiments on the giant axon of the squid (Loligo 
paealii Leseuer). This axon is today familiar to biologists, thanks to the 
brilliant work of Young and Schmitt and their associates (10, 130). It is of 
enormous size. From squids of average size one readily obtains axons 
0.4-4.6 mm. in diameter and GO-70 mm. long. These afford an excellent 
opportunity for a study of single units. It is possible to  extrude the axo- 
plasm from the axon and to study its compounds and enzymes separately 
from those in the envelope. The envelope is mostly connective tissue, but 
attached to i t  there are two membranes, each of them only a few microns 
thick. Ch. E. is localized practically completely in the sheath. The esterase 
activity of the axoplasm is negligible (Boell and Nachmansohn, 15). At 
least 80-90 per cent of the sheath is connective tissue. The values of Q Ch. 
E. found have therefore to be multiplied by a t  least 5 to 10 times. But even 
then the values will be minimum values; the enzyme concentration may 
be still much higher than the activity per unit of tissue weight indicates, 
because it may be localized in a small fraction of the remaining tissue;The 
experiments thus support the previous results that a high .concentration 
of Ch. E. exists everywhere at  the neuronal surface. Consequently the 
figures given for the fibers do not indicate the reaI enzyme concentration 
since at  least 90 per cent, and probably much more, is inactive tissue. It 
appears probable that the enzyme is located, as in the giant axon, in a 
layer of a few microns only. Since the difference between axon and synapse 
is in any case slight, the enzyme concentration being only four to five 
times higher in the synapse, the figures indicate that a t  the surface mem- 
brane of nerves considerable amounts of ACh may be metabolized in 
milliseconds. 

It is important to know whether this localization of Ch. E. is specific. 
Studies on the distribution of other essential' enzymatic systems known to 
be involved in nerve metabolism have been initiated (Nachmansohn, 
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Steinbach 105); Nachmansohn, Steinbach, Machado, Spiegelmm, 106). 
It has been found that the bulk of the respiratory enzymea are localized 
in the axoplasm. About 90% of succinic dehydrogenase, widely considered 
as an important link in respiration (Szent-Gyorgyi, 128)) is present in the 
axoplasm. The succinic oxidizing system has a similar distribution. The 
difference in the concentration of cytochrome oxidase between sheath and 
axoplasm is even more pronounced. The distribution of this enzyme is of 
particular interest since there is general agreement that, the first activa- 
tion of oxygen of physiological significance in living cells occurs through 
the cytochrome oxiclase systems. The findings show that the rate of respira- 
tion is low at or near the neuronal surface. The rate of 03 uptake is in 
absolute values low even in the axoplasm as compared with other cells. 
Although oxidation must be the ultimate energy source for the action 
potential, the experiments are further evidence against the assumption of 
any direct or immediate connection between oxidation and action potential. 

Bioelectric phenomena are, as has been for a long time generally accepted, 
surface phenomena. Experimental evidence for this was recently offered by 
Hodgkin and Huxley (60) and Curtis and Cole (26) with observations on 
the giant axon of the squid. The high rate of ACh metabolism at the 
neuronal surface makes possible the assumption that the ester is connected 
with the electric changes during activity. This assumption obtains further 
support from experiments on the electric organs described in the following 
chapter, in which a close correlation could be established between the 
voltage of the nerve action potential and the activity of the enzyme. 

IV. PARALLELISM BETWEEN VOLTAGE AND ENZYME ACTIVITY IN THE 

ELECTRIC ORGAN 

Twenty years before Galvani’s discoveries, in 1772, Welsh demonstrated 
before the Royal Society in London that the shock of certain fishes, known 
since ancient d+ys, was an electric discharge. It was the first evidence of 
animal electricity. When Galvani’s observations made it clear that elec- 
tricity is a common property of nerves and muscles, physiologists became 
interested in these organs. Galvani himself worked in the last year of his 
life on electric fish organs, and many outstanding physiologists of the last 
century, especially DuBois Reymond, made extensive investigations on 
these organs. 

There are three species known with powerful electric organs and several 
others with weak electric organs. The most powerful species is the Electro- 
phorus electricus (Linnaeus), the so-called “electric eel,” which occurs in 
the Amazon in Brazil. The maximal discharge in medium sized specimens 
is on the average 400-600 volts, but may be in some individuals more than 
800 volts. Another powerful species is the Malapterurus, which is found in 
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the Nile in Egypt. The maximal discharge can be 400 volts and even more. 
A more common species occurring in different parts of the world is the 
Torpedo. A particularly large species can be found occasionally a t  the east 
coast of this country particularly in the water around Cape Cod: the 
Gymnotorpedo occidentalis, first described by Storer in 1848. The discharge 
of the most common species of Torpedo is generally 30-70 volts, but in the 
large Gymnoforpedo, as has been measured by Amberson and Edwards, i t  is 
150-200 volts (see Nachmansohn and B. Meyerhof, 103). A full descrip- 
tion can be found in many handbooks and textbooks (Biedermann, 12, 
Rosenberg, 123). The electric organs, except those of Malapterurus, are 
phylogenetically evolved from striated muscle, as was shown by Babuchin 
in 1870. The muscular part has, however, completely disappeared in the 
strong electric organs. The organs of the different species all have a similar 
structure: they are formed by columns which are subdivided into compart- 
ments and in each compartment is an electric plate or disk. They resemble 
aVoltaic pile; Volta discovered this analogy and called his pile “an artificial 
electric organ.” But there is an important difference: if two ends of the 
Voltaic pile are connected there is an automatic flow of current. The dis- 
charge of the electric organ is a voluntary act of the fish, regulated by the 
central nervous system. On the basis of this difference, Berzelius arrived 
at the logical, but for his time most remarkable, conclusion that this dis- 
charge cannot be a physical process but must be a chemical process. In  
his textbook of chemistry he described, in 1817, the electric organs under 
the title : “Electricity elicited by an organic chemical proccss.” 

The histological structure of the electric plates differs in detail in the 
various groups, but all present general features of resemblance. Only one 
side of the plate is innervated. That side becomes negative during the 
discharge whereas the opposite side becomes positive. The multinucleated 
protoplasm of the plates is homologous with the protoplasm of the motor 
end plate. For this reason and in view of its origin the organ is referred 
to as an accumulation of “modified motor end plates.” 

The electricity of the discharge does not differ in principle from that of 
ordinary nerves. It is only the arrangement in series by which these organs 
are distinguished, and by which the great electromotive force is obtained. 
The voltage of the single plate varies in the different species between 50 
and 150 millivolts, that is, the same order of magnitude as that of the 
action potential in ordinary nerves. It was already recognized by the 
physiologists of the last century that the discharge is identical with the 
nerve action potential. The reasons have been well summarized in 1898 by 
Gotch in Schaefer’s Testboolc of Physiology (Vol. 11, p. 590). There are 
very serious objections to comparing i t  with muscle electricity since no 
muscular elements remain in the strong electric organs and since in the 
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electric organs of Mulupterurus glandular, not muscular, elements have 
been used in the evolution of the organs. Thus there remain only two 
possibilities: an electricity either “mi generis” or based on the same 
process which occurs during nerve activity. The first .possibility can be 
practically excluded : 

“The views that the disc is an excitable structure responding to  nervous impulses 
which reach i t  through its nerves is contradicted by all experimental observations. 
. . . There is no evidence that the discs can be excited apart from their contained 
nerves; all agents which annul the excitability of the electrical nerves annul, at the 
same time, the response of the organ to  electric currents which traverse its sub- 
stance. One of the most suggestive facts bearing on this point is the complete in- 
excitability of an organ when deprived of its nerves through nerve degeneration in 
consequence of previous section. Direct excitation of the organ is direct only in  ap- 
pearance, not in reality. . . . The only excitable structures in the organ are thus the 
nerves, and their final terminations, and since these are known to be the seat of elec- 
trical changes during activity, it seems more reasonable to  presume that  the organ 
change is in reality closely related to the production of molecular disturbances in its 
contained nerves.” 

Thus Gotch arrives at  the conclusion that “the primary cause of the 
organ shock is in all probability a change identical in nature with that 
producing the electromotor phenomena of nerves.” This is also the view 
of A. V. Hill (57): 

“there is no reason to  think that the shock given by the electric organ is, in any funda- 
mental sense, different from the action current of nerve. In  the former the elements 
are in series, in  the latter in parallel: the nature, however, of their activity is almost 
certainly the same.” 

For the understanding of the mechanism of the discharge the time 
factor is again of gr6at importance. In a single second 100-200discharges 
can be obtrtined in the strong electric organs. Latency, duration of the 
discharge and refractory period are of the same order of magnitude m in 
the nerve action potential. When, in 1937, evidence was offered for the 
high concentration of Ch. E. at motor end plates, Nachmansohn envisaged 
the possibility of a similar mechanism in the electric organ in view of the 
analogy, and Marnay, on his suggestion, determined Ch. E. in the electric 
organ of Torpedo (77). For if a polarizing or depolarizing substance is 
responsible for the discharge, appearance and disappearance of the sub- 
stance has to occur within milliseconds. In other words, for the assumption 
that ACh might generate the discharge the existence of a most powerful 
esterasic system had to be postulated. The concentration of Ch. E. found 
in the Torpedo marmorata is remarkably high: one gram of electric organ 
splits 1.5-3.0 g. of ACh in 60 minutes corresponding to a Q Ch. E. of 
150-300. Electric organs are highly specialized in their function. The 
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esistence of such high enzyme concentration appeared particularly sig- 
nificant in view of the high water- and low protein-content of these organs: 
92% of the organ is water arid only slightly more than 2% proteins. The 
concentration of the enzyme is of the same order of magnitude as that 
estimated previously for motor end plates of muscle. The essential point 
here again is the fact that in these organs considerable amounts of ACh 
can be split during the discharge which is of the order of a fen. milliseconds. 
,4s the whole organ of Torpedo weighs lo@-200 g., froin 200 to 500 g. of 
ACh can be split in GO minutes by 1 organ or 50-100 pg. in one millisecond. 
This makes possible and in fact probable the assumption that, ACh is 
closely connected with the discharge. 

In the following year, 1938, Nachmansohn determined the concentration 
of Ch. E. in the weak electric organ of the common ray (Ruju undulata), 
and in one medium-sized specimen of an electric The Q Ch. E. in the 
weak electric organ of the ray varied between 3 and 10. In two determina- 
tions made on the electric organ of Electrophorws electricus, the Q Ch. E. 
values found were 90 and 150. 

If, in the three species, number of plates per centimeter and voltage per 
centimeter are compared with the concentration of the enzyme, a close 
parallelism is obtained (Nachmansohn, 97). This is further support for 
the concept that -4Ch is connected with the discharge, for obviously the 
higher the voltage per centimeter, the higher is the amount of ACh re- 
leased per gram of tissue and consequehtly the higher has to be the con- 
centration of Ch. E. for removing the ACh released. 

Auger and Fessard (3-5) analyzing the latency and form of the dis- 
charge ohtnined on isolated prisms of the organ with electrical stimulation 
confirmed the conclusions of most previous investigators, i .e.,  that excita- 
tion of the 'organ was always indirect (see also the above,mentioned dis- 
cussion of Gotch). They also confirmed Garten's observation that following 
scction of the nerve direct and indirect excitability disappears simul- 
taneously. In view of the findings of Rlarnay and Nachmansohn, they 
considered the possibility that the discharge may be produced by the 
relense of a polarizing or depolarizing substance such as ACh, since the 
m:tin difficulty for such an assumption was removed by the evidence of 
the high Cli. E. concentration. This view was also consistent with results 
\vhicli t h q  obtained in their experiments on the effects of some drugs on 
the discharge. 

It appeared desirable to test further the role of XCh in eliciting the 
discharge. Fessard and Nnchniansohn decided to study (1) whether ACh 

* This specimen n h i c l i  W:IS the only one available died in October 1938 in tlie 
Institut Ocennogrnphique i n  Potis, and the determinations xere made in the Labora- 
toire de Physiologic Gcnerale de la Sorbonne on the day folloaing death. 
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is present in electric tissue, (2) 11 hether i t  is released during the discharge 
nncl appears in the perfusion fluid, and (3) whether ACh, if injected, causes 
potential changes. In the summer of 1939, they investigated these questions 
at .ircachon, France, and I\ ere joined, on their invitation, by W. Feldberg. 
Tlic follon ing results \I ere obtained on Torpedo mimorata (Feldberg, 
Fe-+trd, Saclimansohn, 39): ( I )  The electric tissue contains about 50 
t o  100 pg. of -1Ch per gram fresh tissue. (2) If the quiescent organ is per- 
fuscd 11 ith eserinized salt solution, no ACh is detectable in the perfusion 
fluid. l h i n g  stimulation the ester appears in the perfusate. (3) Arterial 
injections of ACh (10-200 pg.) into the perfused organ caused potential 
changes in the same direction as those of the discharge. The maximal 
vnrkition after injection of 200 pg. of ACh amounted to  about 0.7 my ,  and 
after 20 pg. to less than 0.1 mV. 5 pg. lvere without effect. But  if eserine 
\ \ : is atlded to  the perfusion fluid, the effects were greatly enhanced: with 
2.5 pg. of .lCh the potential change vas  0.5 mV, with 10 pg. greater than 
3 m\-.3 

Thu- the c\periments brought further support for the concept that hCh 
i< connectccl JI ith the discharge, as was suggested by the eaperiments of 
1I:irn:ty and S:tchmansohn on the high concentration of Ch. E. and the 
J ariatiom in tlic tlifferent species, and by the different observations of 
-iuger ant1 Fe-arc1 on the electric aspects of the discharge. 

11ie parallelism ktn-een voltage per centimeter, electric plates pci- 
centimeter, and concentration of Ch. E. if the different species are com- 
pared, is only approximate. The electrical and histological values were 
average \-slues taken from the literature. A detailed study of the enzyme 
concentration in relation to the electromotive force appeared necessary. 
‘l’he El( rfrophorus clcctriciis offers particularly favorable material; it can 
I)e kept for a long time in captiI.ity, and therefore extensive and careful 
mca~urt~meiits a1 e possi\,le. Great variations of Ch. E. concentration 
occur in the organs of this species. The enzyme concentration decreases 
from head to tail end of the organ in an S-shaped curve, so does the voltage 
per centimeter and the number of plates per centimeter (Kachmansohn, 
Coates, Cos, 10-1; Cox, ct al., 24. Moreover, the voltage varies greatly 
between specimens of different size; the voltage per centimeter and the 
number of plates is much higher in small specimens and the variations 
more marked than in the large specimens. 

The electrical values-voltage, amperage, resistance-have been re- 
corded on a variety of specimens at different sections of the electric organ, 
and at the same sections enzyme determinations and histological prepara- 
tions mere made. 

3 A iiiorc detailed description o f  these experiments has been published indepen- 
dently by W .  Feldberg: Feldberg, W., and Fessard A , ,  J .  Physiol. 101, 200 (1942) 
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There is a close parallelism between voltage per centimeter and con- 
centration of Ch. E. (Nachmansohn, Cox, Coates, Machado, 107). Both 
decrease in similar proportions from the head to the caudal end of the 
electric organ. The results of one typical experiment are reproduced in - 
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Fig. 2. Action Potential and Choline Esterase Activity in the Electric Organ 

Abscissae: distance from the anterior end of the organ in cm. 
Specimen No. 1. Length of fish 51 clrl. 

Ordinates: QCh.E. and V/cm. 
average QCh.E. from a single piece of tissue. 

+ average QCh.E. values from pieces of the same section. 
V/cm. 

Fig. 2. Even in absolute values V per cm. and Q Ch. E. of different speci- 
mens are comparable. It is possible to predict from the Ch. E. concentra- 
tion the maximum voltage within 10-15 per cent and vice versa. The 
histological preparations show that the aspect of the Voltaic pile changes 
a t  different sections and also differs according to specimen and size. This 
is illustrated in the photographs of Fig. 3, which are reproductions at the 
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aame magnification of different sections of a large and a small specimen. 
The anatomical picture corresponds to the electrical and chemical data. 

It appears likely that the enzyme is concentrated at or near the active 
boundary as in all nerve fibers. The question may be raised as to whether 
the change of Ch. E. activity from the head to the caudal end of the 
electric organ is just an expression of active surface. This is most probably 
the case. But this is by no means an objection to  the conclusion that a 

H 

5 - 6  25-26 40-41 55-56 

3 - 5  18-20 

Fig. 3. Histological aspect of Electric Tissue at Different Sections of the Organ 
The specimen used for the four upper sections wa8 114 cm. long, that used for the two 

lower sections was 57 cm. long. All sections are reproduced with the same 
magnification (145). The numbers below each section indicate the distance 
in cm. from the anterior end of the organ. H = Headend, C = Caudal end. 

direct correlation exists between the action of ACh and the voltage of the 
discharge. Even if there were EL concentration of Ch. E. at the surface it 
would not necessarily result in a quantitative parallelism between voltage 
of the action potential and the enzyme activity, if the two events were 
not intimately connected. The fact chat such parallelism does exist over 
the wide range examined strongly supports the view that the substrate 
metabolized by the enzyme is intrinsically connected with the electric 
charge. This view gains validity from the electrogenic effect produced by 
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ACh injection, described on p. 355 and from the fact that the voltage 
produced by the injected ester is greatly increased when the removal of the 
ester by Ch. E. is inhibited by eserine. 

The parallelism between the voltage of the action potential and the con- 
centration of c h .  E. appears to be specific. No other compounds or enzymes 
tested so far showed a similar curve. In contrast to the variations of Q 
Ch. E., the rate of respiration is equal throughout the organ and does 
not differ markedly between the specimens of different size. The rate of 
respiration is moxover remarkably low in absolute values, the &o, at 
20-23" varying between -0.3 and -0.5 (Nachmansohn, Cox, Coates, 
Machado, 107). This is the same order of magnitude as observed in other 
nerve fibers at this temperature. The low rate of respiration is of particular 
interest if compared with the high rate of ACh metabolism. If the Q Ch. E. 
is 150-200,.about 10,OOO times more molecules of ACh can be split per 
unit of tissue and unit of time than molecules of oxygen can be taken up. 
If the O2 uptake after activity is increased to twice the observed value, 
the rate would still be 5000 times as high. These figures are minmum 
values and do not indicate the real ratio between the possible rate ofACh 
hydrolysis and that of oxidation. For the Q Ch. E. values are calculabed 
pel: unit weight of tissue whereas it is known that ACh metabolism occurs 
only a t  or near the surface of the neuron, that is, within a minute fraction 
of the actual tissue weight. This correction does not; have to be made for 
oxidation which occurs throughout the axoplasm (Nachmansohn and 
Steinbach, 105; Nachmansdm, Steinbach, Machado, Spiegelmann, 106). 
On the assumption that 90 per cent of the tissue do not contain Ch. E., 
the rate of ACh hydrolysis would be approximately 100,000 times as high 
as that of respiration, but it may be closer to one million. The figures 
indicate, however, only the possible rate, not the absolute amounts really 
metabolized. ACh is released and hydrolyzed within milliseconds. The 
duration of theadischarge is about 3 milliseconds, the number of discharges 
until fatigue about 3000; the whole duration of the discharges therefore 
about 9 seconds. The discharges may occur within a very short time since 
the fish may discharge a t  the rate of 100 per second. The complete recovery 
requires more than an hour. The increased rate of respiration may continue 
for one to two hours. In absolute values therefore the difference between 
the amounts metabolized becomes small (see page 364). This is important 
for the understanding of the energy relations. But for the short time of the 
passage of the impulse t,he difference of rates is extremely great. 

V. NEW CONCEPT OF THE ROLE OF ACETYLCHOLINE 
The three essential facts which emerge from the observations described 

so far are (1) the high concentration of Ch. E. indicating a rate of ACh 
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metabolism sufficiently high to parallel the electrical events during nerve 
activity; (2) the exclusive and specific localization of Ch. E. a t  the neuronal 
surface; and (3) the parallelism between the concentration of the enzyme 
and the voltage of the action potential. These findings in connection with 
all the other known facts suggest that the release of ACh is not limited to 
the nerve endings but occurs everywhere at the neuronal surface and that 
the ester is intimately connected with the electrical changes during activity. 

The mechanism of nervous conduction is generally pictured in the fol- 
lowing way: the nerve fiber is enclosed by a polarized membrane. The 
polarized state of the membrane is due to a selective permeability to 
K ionq, which are present in different concentrations on the two sides of 
the membrane. Any stimulus acting on the cell surface causes the local 
breakdown of resistance and increased permeability to all ions. Thereby 
the membrane becomes depolarized, the resting potential disappears or 
may be even reversed. A potential difference is thus established between 
this point and the inactive adjacent region since the. depolarized point is 
negative to the polarized. This potential gradient causes flow of current 
to the depolarized region. By the flow of current the adjacent region is 
stimulated and in its turn depolarized. This starts the same process and 
thus the depolarization spreads along the fiber. Webb and Young (129) 
have recently shown that there is a good agreement between the action 
potentials observed and the diffusion potentials which would arise if the 
membrane were permeable only to potassium ions and were rendered 
permeable to anions during the passage of the impulse. 

The relationship between ACh and the voltage of the action potential 
can be conceived in two ways. Since V = E - IR the ester may either 
generate an E. M. F. by action on the surface or it may decrease the 
resistance of the membrane. Resistance and E. M. F. are closely related 
properties of the membrane. Cole and Curtis (21) have shown by alter- 
nating current impedance measurements that the action potential is 
associated with a transient change in resistance which falls from 1000 
ohm per cm2 to 25 ohm. It is conceivable that a substance which appears 
and disappears within milliseconds could be responsible for these changes. 
The depolarization may be caused by the release of ACh a t  the point where 
the stimulus reaches the surface of the membrane. Thus, flow of current 
is generated to this point from the adjacent regions. This flow of current 
acts as stimulus of the next section and releases ACh there. Thesame 
process is repeated and thus the impulse is conducted along the fiber. This 
idea is quite compatible with the concept of p.ropagated impulses m 
developed by Keith Lucas and Adrian. The polarized state is rapidly re- 
stored by the removal of the free ester by its hydrolysis. At the nerve 
ending where the surface increases and therefore the resistance decreases 



360 DAVID NACHMANSOI&V 

this process would lead to a greater flow of current, thus enabling the 
impulse to cross the non-conducting gap. 

In the original theory, ACh liberated at the nerve ending acts as 
“humoral” or “neurohumoral” transmitter directly on the effector organ 
or on the second neuron. According to the new concept, the release of 
ACh is an intracellular process generating flow of current by action on the 
cell membrane, but the transmitting agent is the flow of current. As out- 
lined above, the electrical signs of nerve activity do not justify the assump- 
tion of a special mechanism responsible for trancmission at synapses. The 
new concept removes the chief difficulty in reconciling the electrical and 
the chemical theories of transmission of nerve impulses. It makes i t  un- 
necessary to assume a basic difference in the role of ACh for conduction 
along fibers and across synapses. It is fundamentally identical with the 
picture of the mechanism of conduction as developed by electrophysiolo- 
gists. This picture was never considered as being complete (Adrian, 1, 
page 20). Gasser (36) comparing the spikes to the ticks of a clock points 
out that both are but signs of activity in an underlying mechanism: 

“It follows then that if spikes are but manifestations of activity in the inherent 
mechanism of nerve fibers, the story of nerve is by no means told when the spikes 
have been described. We need to know something about the mechanism which 
produces them-how it is maintained, its capacity for work, and when and how the 
work is paid for.” 

The investigations reviewed in this paper add one additional point of 
information: that the release of ACh is an essential link in the generation 
of the electric changes. The picture is far from being complete: the mech- 
anism of the release of ACh remains unknown as well as the physico- 
chemical changes of the surface membrane which are produced by the 
ester and which lead to breakdown of resistance and increased permeability. 
On the other hand some light has recently been thrown (see the following 
paragraphs) on the mechanism of formation as well as on other chemical 
reactions initiated by the breakdown of ACh. 

VI. THE “ACETYLCHOLINE CYCLE” 

The alterations of the nerve membrane during activity and their rapid 
reversal cannot be conceivably effected without energy loss. If the release 
of ACh and its subsequent breakdown are responsible for the alterations 
of the nerve membrane, chemical reactions must supply the energy for 
the resynthesis of ACh in the recovery process. 

The most readily available source of energy for endergonic life processes 
is the energy of phosphate bonds. In muscle the breakdown of adenosine- 
triphosphate (ATP) appears to be the primary energy source of the con- 
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traction (Meyerhof, 85). Recent work of Engelhardt (34), of Needham 
(113) and of Bailey (6) has led to the idea that ATP may be directly con- 
nected with the mechanical changes during contraction. If the ATP gives 
off one energy-rich phosphate the remaining adenosinediphosphate is 
immediately rephosphorylated by the breakdown of phosphocreatine 
(PhCr). PhCr thus acts &s a “storehouse” or “accumulator” for energy- 
rich phosphate bonds (Lipmann, 64). 

When PhCr wm found in nerve it was assumed that it may have a 
similar function there as in muscle and may yield the energy for the action 
potential (Feng, 41; Gerard, 48; Hill, 58). This possibility was tested 

. , .* 
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The “acetylcholine cycle” 
ATP = edenosinelriphosphate 
A D P  = adenosinediphobphale 

-P  =energy rich phosphate bond 

FIG. 4 

repeatedly by Gerard and his associates (50-52). These investigations 
have shown that PhCr breaks down during prolonged nerve stimulation. 
In ordinary nerves, however, both electrical and chemical changes are 
small and it is difficult to obtain quantitative correlations. Only general 
estimates are possible. The electric organ of Eleetrophorus electricus off em 
a suitable material for correlating chemical and electrical energy released 
by the action potential, since both are within the range of measurement. 
The electric energy of the discharge in a section of the electric organ has 
been determined and compared with the energy released by the break- 
down of PhCr measured simultaneously (Nachmansohn, Cox, Coates, 
Machado, 108). 
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The electric energy released externally per gram and impulse was 
found to be (as an average of 15 experiments), about 8 X 10“ gcals., with 
an external resistance which-as controlted by a cathode ray oscillograph- 
yields the maximum external energy. The variations between different 
experiments were small, the values varying usually between 5 and 10 X 10-6 
gcals. The total electric energy was found to be (as an average of 6 experi- 
ments), about 48 X 10+ gcals. (Cox, Coates, Brown, 25). The specimens 
available were all of similar size and the section measured was always 
near the head end. Values obtained on other sections and on specimens of 
different size may differ. The breakdown of PhCr, measured simultaneously 
with the electric recordings on the same section, yielded per gram and 
impulse on the average 32 X gcals., with variations ranging generally 
from 20 to 50 X gcals. This amounts to about four times the electric 
energy released. euteinally. The calculations are based on the assumption 
that the free energy of one mole of PhCr is 10,000 gcals. 

In  muscle, one part of the creatine is rephosphorylated by oxidation 
energy. This is a slow process. Another part is immediately rephos- 
phorylated by phosphopyruvic acid, an intermediate of lactic acid forma- 
tion, whirh transfers its phosphate to creatine, the ATP acting again as 
intermediate link (“ Parnas react,ion”). The first investigations on a possible 
formation of lactic acid connected with nerve activity were either negative 
or doubtful. After prolonged stimulation a slight rise of lactic acid was 
found in frog’s sciatic (5 mg. per cent), but none in rabbit’s nerve (Holmes, 
Gerard, Solomon, 61). Referred to the energy required the amount of 
5 mg. per cent, if correct, is quite considerable. With the chemical method 
a t  that time used it was close to the limit of possible measurement. From 
experiments on nerves poisoned with iodoacetic acid, Feng (40) concluded, 
in 1932, that formation of lactic acid, although not essential to  nerve 
activity, is required if the nerve is to endure prolonged activity in oxygen. 
If the nerve was poisoned with iodoacetate, its capacity for prolonged 
activity in oxygen was improved by addition of sodium lactate. These 
observations were confirmed by Chang and Gerard (18). 

The formation of lactic acid as result of the action potential has been 
demonstrated on the electric organ (Nachmansohn, Cox, Coates, Machado, 
108). 150 pg. of lactic acid formed were found to be formed (as average of a 
series of experiments) after 1600 impulses. On the assumption that the 
formation of one mole of lactic acid releases 16000 gcals. without inclusion 
of heat of neutralization, the energy supplied by the lactic acid formed is 
on the average 16 X gcals. per gram and impulse. It is probable that 
this energy is used as in muscle, to rebuild immediately part of the PhCr 
split and that we measure only the balance between PhCr actually split 
and rebuilt. The energy supplied by these two chemical reactions measured 
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amounts to about 45-50 X 10" gcah. per gram and impulse. The energy 
released by these two chemical reactions thus equals the total electric 
energy released. 

These results offer evidence that the breakdown of PhCr is adequate to 
account for the electric energy released by the action potential. Hence it 
appears probable that the phosphate bonds of this compound are the 
energy source for the restoration of the resting condition of the membrane 
after the passing of the nerve impulse, ATP acting as intermediate link, 
as in muscle. They are consistent wi'th the conclusion that phosphatebonds 
are used for the resynthesis of ACh. 

The amount of ACh actually released during the action potential of the 
electric organ is not known. An indication of the quantity involved may be 
obtained from an estimation of the amount which can be split during the 
duration of a discharge if we assume that ACh is released during that 
period at a rate which is of similar order of magnitude to that a t  which it 
can be split. The duration of a single discharge is about 3 milliseconds. 
One gram of electric tissue can split about 1 pg. of ACh during that period, 
that is 5 X lo-" millimoles. But i t  is not probable that this whole amount 
is actually released since it is reasonable to  assume that the enzyme which 
has to remove the active compound is present jn excess. The amount of 
PhCr split per gram and impulse is about 0.7 pg. or 3 X 10" millimoles. 
Thus the amounts of ACh and PhCr metabolized per gram and impulse 
seem to be of the same order of magnitude even if we assume that Ch. E. 
is present in a concentration of about 2-5 times in excess of that necessary 
to remove the ACh released at a sufficiently high rate. This makes it 
appear probable that acetylation of choline occurs by means of an exo- 
thermic phosphorylation. Evidence for this assumption has been subse- 
quently offered and formation of ACh in presence of ATP has been demon- 
strated (see following chapter). The intermediate steps have not been 
established as yet. One possibility is the formation of acetylphosphate, the 
compound described by Lipmann (65). If each energy-rich phosphate bond 
were used only for the formation of one molecule of ACh there would arise 
the following difficulty: the synthesis of an ester like ACh probably requires 
about 1500-2000 gcals. per mole, which represents only one fifth to one 
seventh of the energy released by one mole of PhCr. Since the energy of 
the breakdown of PhCr equals approximately the total electric energy 
released, apparently no loss of energy yielded by the phosphate bonds 
occurs. The question is how the remaining energy is used. The phosphate 
may act simultaneously on a protein in a way similar to that conceived 
by Kalckar (62) for the interaction between myosin and adenosinetri- 
phosphate. But there are other possibilities. No information is available 
a t  present and the problem requires further investigation. 
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But the principal steps can be pictured in the following way: ACh re- 
leased by the impulse is split into choline and acetic acid. It is resynthesized 
with the free energy of ATP which gives off one energy-rich phosphate. 
The remaining adenosinediphosphate is rephosphorylated by the phos- 
phate of the PhCr. The creatine is rephosphorylated immediately, par- 
tially from phosphopyruvic acid, ATP acting again as intermediate, ’and 
partially during the recovery, by the energy of pyruvic acid (or carbo- 
hydrate) oxidation. Since this whole chain of reactions connected with the 
nerve action potential is initiated by the release of ACh, i t  has been called 
the “acetylcholine cycle.” 

The great difference between the rate of ACh metabolism and that of 
respiration has been discussed previously (page 358). It appears of equal 
interest to compare the absolute amounts metabolized. Since the amount 
of PhCr split appears to be, as discussed above, of the same order of 
magnitude as the amounts of ACh split, i t  may be used as basis for such 
es timat ion. 

5.2 X moles PhCr are split per gram electric tissue and per 1600 
impulses. 1.5 X moles O2 are taken up per gram and hour assuming 
a &o, of -0.4. According to Ochoa (115) for one atom 0 used three energy- 
rich phosphate bonds may be produced in heart extracts (ie., P:O ratio 
of 3). In electric tissue the P:O ratio has not been measured but it is reason- 
able to assume that it is of the same order of magnitude, so that 0.86 X 
moles 02 would be sufficient to regenerate the phosphate bond energy lost. 

The phosphate bond energy corresponds to only two-thirds of the total 
energy released. The total energy released per gram electric tissue and 
1600 impulses was found to be 8 X gcals. 1 g. of electric tissue takes 
up 32 cmm. 0 2  in 60 mjn., calculated again for a Qo, of-0.4. Assuming 
4.8 X gcals. for one cmm. 02 metabolized in the cell, 32 cmm. would 
amount to 15 X lov2 gcals. The efficiency of the conversion of oxidation 
energy to phosphate bond energy is nearly 60 per cent (Ochoa, 115). Thus 
13 X gcals. of respiration energy would be required to account for the 
energy lost by PhCr breakdown and lactic acid formation. The Qo, wm 
determined on tissue slices and may be higher than the actual resting 
metabolism, although probably not as high as that following activity. 
Even if we assume an oxidation energy of 10 X gcals. in the resting 
condition, a two-fold increase over a period of 80 min. would account for 
the energy required. This is well within the range of the increase of respira- 
tion fou-nd in nerves after activity. 

The heat production of the discharge in the electric organ has not yet 
been measured. But since the discharge is considered as being fundamentally 
identical with the ordinary nerve action potential, it is interesting to com- 
pare the chemical data with the heat production measured by A. V. Hill 
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(58) and his associates on nerves. The total heat production in the crab. 
nerve per gram and impulse is about 35 X lo4 gcals. In frog's nerve it is 
about 4-5 X 10+ gcals. at  0' C. and gcals. at 20" C. In the electric 
organ, PhCr breakdown and lactic acid formation yield about 45-50 X 
gcals., to which the oxidation heat has still to be added. But it is obvious 
that the order of magnitude is the same. Minor differences are always 
possible even if the process is fundamentally identical. The PhCr content 
of nerve is lower than that of the electric organ, although referred to the 
active surface the difference may be small. It has to be kept in mind that 
in the electric discs the neuronal surface is quite considerable, probably 
even more extensive than that of nerve endings of motor end plates. 

For an appreciation of the role of PhCr as energy source of the electric 
energy, it is useful to compare the concentration in the electric organ with 
that in muscle. The electric organ contains about 5-7 mg. of PhCr per 
gram. The total dry matter amounts to 80 mg. per gram. Consequently 
about 6-9% of the total dry matter is PhCr. In frog muscle the amount of 
PhCr is about 4-5 mg. per gram. This is about 2 per cent only of the total 
dry matter since the dry matter of muscle is three times as high as that 
of the electric organ, According to a calculation of A. V. Hill, a single 
nerve impulse requires only one fifty-thousandth of the energy of a muscle 
twitch. Although the energy per gram and impulse in the electric organ is, 
as just pointed out, higher than that observed in ordinary nerve fibers, it is 
still of the same order of magnitude, The higher concentration of such an 
energy-rich compound as PhCr in an organ, requiring for its activity so 
much less energy than the muscle, is in itself suggestive of the important 
role of PhCr as energy source of the action potential. 

VII. THE FORMATION OF ACETYLCHOLINE; CHOLINE ACETYLASE 
The conclusion that phosphate bond energy is used for the formation of 

ACh has been tested experimentally. ACh formation was already observed 
by Quastel and his colleagues (76). These authors demonstrated that ACh 
is formed in brain slices, i.e., in intact cells, but under aerobic conditions 
only and if glucose or pyruvate is present. In no other tissue was ACh 
synthesis found. The h e r  mechanism of the formation was not elucidated. 

For the analysis of enzyme mechanisms cell-free extracts are preferable. 
In agreement with the conclusion above an enzyme, choline acetylme, has 
been extracted from brain which in the presence of ATP, in a cell-free 
solution, and under anaerobic conditions synthesizes ACh (Nachmansohn 
and Machado, 109). Only nervous tissue seems to contain the enzyme. 
Kidney, liver, and muscle do not contain measurable amounts. Extracts 
prepared from one gram of rat or of guinea pig brain form 120-160 pg. 
of ACh in 60 min. (Nachmansohn and John, 111). Extracts from cat and 
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pigeon brain seem to be slightly less active. The enzyme loses its activity 
rapidly a t  37" C. ; even if kept in the refrigerator it remains stable for a few 
hours only. It is not sensitive to changes of pH close to pH 7 (between 
6.6 and 7.4). 

Ochoa has shown that fluoride inhibits the activity of adenosinetriphos- 
phatase without interfering with the transfer of phosphate from ATP to 
a phosphate acceptor (114). This may be due to the precipitation of Ca 
since i t  is known that calcium activates adenosinetriphosphstasc (Bailey, 6) 
whereas magnesium inhibits i t  (Greville and Lehmann, 56). ilddition of 
fluoride greatly increases ACh formation. Addition of choline is necessary 
whereas that of acetate has, under the conditions used, practically no 
effect. Eserine has to be present to inactivate choline esterase. 

Whereas in the first experiments no marked difference was found be- 
tween concentration of I<+ between 0.02 and 0.06 M ,  i t  could later be 
established that I<+ is necessary for the activity of the enzyme: the activity 
increases considerably if the concentration of I<+ rises (Nachmansohn and 
John, 111).  Still more marked is the influence of I<+ in the dialyzed enzyme, 
in which a strong reactivation is only possible in presence of K+ concen- 
trations which are of the same order of magnitude as found inside the 
nerve cell. 

Barron has recently emphasized the significance of sulfhydryl groups, 
present in many enzyme proteins (9). Formation of ACh is strongly in- 
hibited by iodoacetate which, as shown by Rapkine (121, 122) and Dickens 
(30), reacts specifically with--SH groups. Iodine, which easily oxidizes -SH 
groups, has also a marked inhibitory effect a t  1 X A 1  concentration 
if allowed to act on the enzyme for 4040 min. Sulfhydryl groups are 
highly sensitive to copper although this effcct is not specific. Formation 
of ACh was practically completely inhibited by a 3 X ill concentra- 
tion of copper ions, and the inhibition was still GG per cent a t  a 1.5 X 111 
concentration. Thus it appears that choline acetylase belongs to the large 
group of enzymes in which the protein contains -SH groups (Nachman- 
sohn and Machado, 109). Further support for this assumption may be seen 
in the olxervation that cysteine and cyanide increase the enzyme activity 
(Nachmansohn and John, 111). 

On dialysis, the activity of choline acetylase decrcases rapidly. After 
two hours of dialysis the enzyme loses about 80 to 85 per cent of its activity. 
Clinical observations suggest that glutamic acid has a favorable effect on 
epileptic patients suffering from petit ma1 attacks. whereas patients with 
grand ma2 do not appear to be affected (Price, Waelsch, Putnani, 120). 
On the hypothesis that the slow waves which appear in the electro- 
encephalogram during attacks of petit ma1 may in some n-ay be connected 
with a lower rate of formation of ,4Ch, the effect of glutamic acid has been 
tested on the synthesis of ACh in dialyzed extracts of rat brain. 
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Addition of glutamic acid in 2 X 10+ M concentration to extracts 
dialyzed for two hours increases the rate of formation of ACh. Only the 
natural Z(+)-glutamic acid has a strong effect; d(-)-gluttunic acid has a 
small effect (Nachmansohn, John, Waelsch, 110). With K+ and glutamic 
acid about 50-80 per cent of the original activity may be regained. With 
decreasing concentrations of glutamic acid the effect decreases, but is still 
present at a concentration of 1/800 M. The concentration of glutamic 
acid found in the brain by Cohen (20) is of the same order of magnitude. 

Of all other amino acids tested, only cysteine has a still stronger effect. 
With K and cysteine nearly a complete reactivation may sometimes be 
obtained. t?(+)-Alanine has a weaker but still marked effect whereas all 
other amino acids have either none or very weak effects (Nachmansohn 
and John, 111). Of other compounds tested so far only citric acid was able 
to reactivate markedly the dialyzed enzyme. The effect is nearly as strong 
as that obtained with I(+)-glutamic acid. 

The mode of action of these compounds has still to be explained. But 
the action of these naturally czcurring compounds on ACh formation 
appears of theoretical as well &s of clinical interest in view of the effect 
observed with one of them in disorders of nervous function. 

Choline acetylase may also be extracted from powder of acetone-dried 
brain. In these preparations choline esterase is destroyed to a large extent. 
Sometimes the destruction of choline esterase is nearly complete. In this 
way thc two enzymes may be separated (Nachmansohn and John, 111) 

Another question yet to be answered is the role of vitamin B1 in the 
mechanism of ACh formation. Oxidation of pyruvic acid may sometimes 
go through formation of acetic acid (Long, 70). Acetylation of various 
wbstances occurs easily subsequent to pyruvic acid oxidation. It therefore 
appears possible that the acetyl unit of ACh is derived from pyruvic acid. 
The observation of Quastel and his colleagues that presence of pyruvic 
acid (or glucose) is necessary for the formation of ACh in brain slices in 
the aerobic condition is, however, not conclusive since in these conditions 
oxidation of pyruvic acid may be the source of energy supply. Peters (117) 
his shown that oxidation of pyruvic acid requires vitamin B1. The active 
form is diphosphothiamin (cocarboxylase) (Ochoa and Peters, 116; Banga, 
Ochoa, Peters, 7). Mann and Quastel (75) investigated whether or not the 
formation of ACh in brain slices, kept in pyruvate-Locke-bicarbonate 
media, is accelerated in presence of vitamin B1. The vitamin had no effect 
in brain of normal pigeons, but in vitamin-deficient pigeons addition of 
vitamin B1 definitely increased the rate of ACh formation, although only 
in presence of a high potassium concentration. But this finding too may be 
explained in terms of increased energy supply. Nachmansohn and Stein- 
bach (105) found in experiments on the giant axon of the squid that the 
concentration of vitamin B1 (determined as diphosphothiamin) is con- 
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siderably higher at the surface of the axon than in the axoplasm, although 
the localization is not as exclusive as that of Ch. E. Since there is a high 
rate of ACh metabolism one possible explanation may be that pyruvate is 
metabolized at a higher rate there. However, pyruvate is an intermediate 
for many reactions and the vitamin may still have another function. 

VIII. DISCUSSION AND SUMMARY 

1. Discussion 

Since the picture obtained with the new approach differs from the 
original concept, it appears of interest to analyze some of the previous 
methods used. This may be helpful for the understanding of the problem 
involved. 

The basis of Elliot’s suggestion as well as of the concept of Loewi and 
Dale is the similarity between the action of drugs or active chemical com- 
pounds, and the effect of nerve stimulation. Such a similarity, however, 
does not imply that the mechanism of these actions is identical. A nerve 
or muscle cell may be stimulated by many different kinds of stimuli: 
electric, chemical, thermal, etc. We cannot conclude from the effect alone 
that the stimulus which has an exciting effect is identical with the physio- 
logical stimulus. The picture became complicated when a naturally occur- 
ring compound was found which appeared to  be actually released from the 
nerve and had a stimulating effect. 

It is true that ACh is a compound which may have under certain condi- 
tions a stimulating effect. The question is, however, whether in the physio- 
logical event of nerve transmission ACh really leaves the nerve ending 
and acts on the effector cell directly or whether its action is intracellular, 
namely depolarization of the nerve membrane and generation of current 
as maintained in the new concept. The appearance of ACh in the perfusion 
fluid does not yet indicate anything about its mode of action. Many com- 
pounds of intermediate cell metabolism are known which under certain 
conditions‘may appear outside the cell. Even if the release of ACh were an 
intracellular process directly connected with the action potential, a frac- 
tion of the ester might pass into the perfusion fluid. As with all enzymatic 
processes, the curve of hydrolysis is not straight but logarithmic, Part of 
the ACh released may therefore persist for a longer time than the short 
interval of the refractory period. These amounts, varying according to  
different cells and their condition, may leak out and appear in the perfusion 
fluid. The statement that the concentration of Ch. E. is sufficiently high 
to remove the ACh released within the refractory period, means that more 
than 50 per cent of the estkr re1eLqed can be removed during this time 
(“halftime value”). 
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If, however, the assumption of a direct action on the effector cell is 
correct one should expect the amount which appears in the perfusion fluid 
to be of the same order of magnitude as that which has a stimulating effect. 
But there is, on the contrary, a great discrepancy between the amounts of 
ACh collected in the perfusion fluid and the amount which has a stimulating 
effect. In the superior cervical ganglion, the amount of ACh which stimu- 
lates the ganglion in the presence of eserine is about 1 bg., the threshold 
dose being about 0.1 pg. (Feldberg and Vartiainen, 38). According to the 
figures of MacIntosh (74), considered as being the most reliable, the 
amount collected per single maximal shock is 0.oooO154.oooO35 pg. of 
ACh, the mean value of 24 observations being O.OOC024 rg. This is only 
0.024 per cent of the amount necessary to produce a minimal and 0.0024 
per cent of that necessary to produce a full response. The material and 
experimental conditions in this case are relatively favorable. In the case of 
striated muscle the discrepancy is even more conspicuous: the amount 
necessary to produce a maximal twitch was found to be 100,OOO times as 
high as that liberated per nerve stimulus (Brown, 16) as compared with 
40,OOb times in the sympathetic ganglion. 

It is difficult to reproduce the effect of nerve stimulation even with the 
best technique such as that used, in which the ester was injected rapidly, 
in a very small volume and at  close range. It is therefure reasonable to 
expect that the amount necessary for producing a stimulating effect would 
be higher than that actually released. In their publication on the transmitter 
function of ACh in striated muscle, Dale and his associates gave by mistake 
a figure in which the difference was only 100 times (17). In the discussion 
they pointed out that such a difference may be explained by the difficulty 
of reproducing the physiological event. But for the corrected figure of 
100,OOO times such an explanation appears less satisfactory. Moreover, 
the preparations were perfused by Ringer or Locke solution containing 
eserine. As we know, a high concentration of Ch. E. is present at synapses 
and end plates butside as well as inside the nerve endings. The enzyme 
present outside forms a powerful barrier for the ACh diffusing from the 
cell. This mechanism, which should prevent the presence of ACh outside 
the cell, is in the experimental condition inhibited. If even then the dis- 
crepancy is of such order of magnitude as that which was found, it appears 
doubtful whether under normal conditions, ie., in the presence of Ch. E. 
an amount of ACh necessary for direct stimulation would be able to diffuse 
across the neuromuscular junction or synapse to the effector cell in suffi- 
cien tl y high concentration . 

It may be noticed that the absolute amounts are discussed and not the 
concentrations. We do not know the actual concentration. Although the 
concentration may be high, it remains true that the difference between 
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the amounts colbcted and the amounts used for stimulation appears too 
great for a direct action to be possible. It may be difficult to collect the 
total amount, but the loss should be sqall if eserine is added and the ACh 
released actually does leave the cell. The amounts are also small if com- 
pared with those which may be metabolized. Here we meet with another 
difficulty for the theory of an extracellular action. If ACh acts only after 
having left the cell, the question arises as to why the enzyme is so highly 
concentrated inside the nerve fiber. In the case of the superior cervical 
ganglion as much ds 60 per cent is localized inside the pre-ganglionic fibers. 
Such a distribution is consistent only with the assumption of an intru- 
cellular process. It explains also why the amounts which appear outside 
the cell are small. From the concentration of Ch. E. inside the pre-ganglionic 
fibers it was calculated that 1-2 per cent of the enzyme present would be 
sufficient for the removal of ACh within one millisecond. This would repre- 
sent a very small fraction of the possible rate in view of the high concen- 
tration of the enzyme. The excess of enzyme would be still greater in the 
case of muscle, But if we assume that most of the ACh released acts inside 
and is removed there and only that fraction diffuses which escapes hy- 
drolysis inside the cell, then the amounts found in the perfusion fluid are 
well within the range which we may expect from the enzyme concentration 
present. 

The appearance of ACh in the perfusion fluid was considered as being 
one of the fundamental facts in favor of the assumption of a direct action. 
The figures discussed, considered by themselves, may not exclude it. Rut 
combined with all the other objections and difficulties they form a serious 
obstacle, whereas they appear consistent with the ides of an intracellular 
process in which only a part of the ACh released leaves the cell. This 
interpretation also removes the difficulty encountered by the assumption 
that the enzyme, highly concentrated everywhere a t  the neuronal surface, 
should suddenly have a t  the nerve ending a function entirely different 
from that which it has everywhere else in the axon. 

Another important factor vhich has to be considered is the condition 
of the cell. Loewi’s experiments have been repeatedly criticized. Asher 
claimed that he could reproduce Locwi’s experiment on the frog heart 
only in hypodynamic hearts (2, 112). If the heart w a ~  in good ctondition, 
the perfusion fluid did not contain the active compound. The term “hypo- 
dynamic” may be open to discussion, but in a heart perfused with Ringer 
solution instead of blood, the active surface after a number of stimuli may 
no longer be in an entirely physiological condition. Under such conditions 
more ACh may diffuse into the surrounding medium then in a normal heart. 
It may be recalled that Kibjakow, who first demonstrated the liberation 
of ACh in the perfused ganglion and suggested that the ester may be the 
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chemical transmitter from neuron to neuron, did not use eserine. Feld- 
berg and Gaddum were not able to reproduce his experiments unless eserine 
was added to the perfusion fluid (37). This may m-ell be due to the fact that 
Kibjakow’s preparation was in poorer condition than that of Feldberg 
and Gaddum and that therefore the amount of ACh which leaked out in 
his experiments was just sufficiently high to be detected. Eserine is a 
strong drug, and we are altering the physiological conditions by its ad- 
ministration. 

Whatever experimental method is applied we no longer have a strictly 
normal condition. There is always a question, therefore, as to whether such 
far-reaching conclusions may be drawn concerning the physiological 
mechanisms from the facts observed in an experiment. The fact that ACh 
appears a.fter nerve stimulation-and only then-indicates that this 
compound is ’a product of nerve activity. But the original interpretation 
of the mechanism of its physiological role is based on vkry special condi- 
tions, and the idea that the ester is secreted from the nerve ending and 
acts directly on the second neuron or on the effector cell is difficult to 
reconcile with the many known physiological, electrical, and biochemical 
facts. It would, moreover, require an explanation as to how this “direct 
action” on the effector cell should be pictured. The term “neurohumoral” 
or “synaptic” transmitter gives no indication of the mechanism of its 
action. 

Besides the response of the effector cell to ACh and the appearance of 
ACh in the perfusion fluid after nerve stimulation, a third effect was con- 
sidered necessary to establish the “cholinergic” nature of a nerve ending: 
addition of eserine had to  have a potentiating effect. 

In view of the high affinity of eserine for Ch. E., it appears almost certain 
that the potentiating effect of eserine can be attributed to the inhibition 
of Ch. E. and the persistence of ACh. But this does not justify the conclu- 
sion that if eserine has no potentiating effect ACh is not involved. Drug 
effects are extremely complex. Affinity for an enzyme is one of the many 
factors involved, but the effect depends on many others. One of the most 
important is certainly the permeability of the cell membrane to a drug. 
Selective permeability has always been considered one of the funda- 
mental functions of the cell membrane. Much work has been done on this 
problem in recent years and considerable progress has been achieved (see 
for instance the Cold Spring Harbor Symposium in 1940). “Cell permeability 
has passed from the qualitative to the quantitative stage,” writes E. 
Newton Harvey in the Foreword to Davson and Danielli’s book on “Per- 
meability of Katural Membranes” (29). 

1 t appears surprising that the question of permeability has found rela- 
tively little consideration in the problem of the action of eserine and 
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prostigmine. Eserine is a tertiary ammonium salt, prostigmine a quaternary 
ammonium salt. Except for the fact that the quaternary form is not 
soluble in lipoids, very little is known about the conditions under which 
drugs enter the cell and no data are available about the permeability of 
the nerve membrane to these drugs. Some of them enter the living cell, 
others not. Varying fractions may enter under different conditions and in 
different tissues. Thus the impermeability of the cell membrane to eserine 
may be an essential factor in preventing the effect of this drug in many 
instances. Other factors may be of importance, e.g., the concentration, 
which depends on the rate at which the drug is carried to the site of action 
by the circulation as compared with the rate of its removal either by 
enzymatic destruction or by circulation. Other chemical compounds, 
present in some cells and lacking in others, may react with the drug. All 
these factors make the interpretation of drug effects extremely difficult. 
In such complex systems as cells or organs the effect of a drug upon an 
enzyme reaction permits of interpretation only when an action is observed. 
The failure of the drug to act is less significant and in most cmes difficult 
to explain. Even in a homogeneous system only positive effects permit 
conclusions. If an effect of carbon monoxide is found in an enzyme solu- 
tion, this probably indicates that the ennyme contains an active metal. 
But if carbon monoxide has no effect, it cannot be concluded that no metal 
is involved. Considering the fact that eserine under certain conditions does 
not potentiate the effect of nerve stimulation, Dale (28) suggests that ACh 
may be removed by some other mechanism than by Ch. E. This assumption 
raises many other difficulties (Nachmansohn, 98). It seems less difficult to 
consider that ACh is inactivated by the specific enzyme system which 
fulfills quantitatively the poetulates required, even though the poten- 
tiating effect of eserine cannot be demonstrated under all conditions. As- 
suming that the effect of eserine is due to the inhibition of Ch. E., the 
answer to  the question, what the h e r  mechanism may be and under what 
conditions it acts, is unknown. 

Similar considerations may be applied to the effect of strychnine. As 
shown by Nachmansohn (93,94), this alkaloid has a high affinity for Ch. E. 
If only a small fraction of the amount necessary to produce strychnine 
convulsions in the frog reaches the synapses, it would be sufficient to 
decrease markedly the Ch. E. activity there. The effect produced as well 
as the increased amount of ACh found in .the brain in strychnine intoxica- 
tion may therefore be attributed to inhibition of Ch. E. But it remains an 
open question as to why strychnine, in contrast to eserine, affects only 
the central nervous system and even there has some centers of preference, 
whereas it does not effect the periphery. 

In connection with the variety of the effects of a drug, another aspect 
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of the problem may be mentioned. According to the theory presented here, 
ACh has the same function in the transmission of impulses of all nerves, 
whether afferent or efferent, peripheral or central, sympathetic or para- 
sympathetic. Ch. E. is highly concentrated in all these nerve cells and i t  is 
difficult to  believe that its significance changes. Why in some cases libera- 
tion of ACh or the response to the ester or eserine may be demonstrated 
and in others not, may be attributed to the many accessory factors dis- 
cumed above, which a t  present are beyond our control. 

In view of the complex nature of biological phenomena no single factor 
like the localization or concentration of Ch. E. would be sufficient to 
support a theory concerning the role of ACh in the mechanism of nervous 
action. But the combination of so many facts as are presented here lends 
additional weight to each of them and supports strongly the interpretation 
given above. The concept of the mechanism of nerve activity suggested 
is far from being complete, as emphasized before, and will require correc- 
tion when new facts are presented, but a t  present i t  appears to be the best 
interpretation of the great number of facts available. 

2. Summary 

1. The following concept of the role of acetylcholine in the mechanism 
of nervous action is suggested: the ester is released at the neuronal surface 
when a stimulus rectches the nerve cell. By the action of ACh the permeabil- 
ity of the membrane to ions is increased and hence a depolarizntion occurs. 
The depolarized point becomes negative to the adjacent region and flow 
of current is hereby generated. This flow of current transmits the impulse 
to the following point, where again ACh is released and the process re- 
peated. In  this way the impulse is propagated. The transmitting agent is 
the flow of current, but the current is generated by the release of ACh. 
The idea is consistent with the concept of propagation of nerve impulses 
as proposed by Keith Lucas and Adrian. 

The role of ACh is the same in t.he transmission of the nerve impulse 
along the axon and across the synapse. There is only a quantitative differ- 
ence: due to the increased surface a t  nerve endings, there is less resistance 
and therefore more flow of current enabling the impulse to cross the non- 
conducting gap. 

2. The concept is based mainly on three findings: (i) on the rate of ACh 
metabolism which as indicated by the concentration of choline esterase, is 
sufficiently high to parallel that of the electric changes; (ii) on the localiza- 
tion and high concentration of Ch. E. everywhere a t  the neuronal surface; 
and (iii) on the parallelism between the voltage of the action potentialand 
the activity of Ch. E. demonstrated in the electric organ. 

3. The energy released by the breakdown of phosphocreatine is adequate 
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to account for the electric energy released by the action potential. This 
suggests that the energy of phosphate bonds is used for the restoration of 
the resting condition of the nerve membrane. Adenosine triphosphate 
may act, as in muscle, as an intermediate link. Lactic acid is also formed, 
although in relatively lesser amounts than in muscle. Since the whole 
chain of reactions connected with the action potential is initiated by the 
release of ACh it has been called the “acetylcholine cycle.” 

4. An enzyme, choline acetylase, has been extracted from brain which 
in presence of adenosine triphosphate and under anaerobic conditions 
forms ACh. Some properties of the newly discovered enzyme are described. 

5. Some of the methods which led to the original concept of ACh as a 
“chemical transmitter” are discussed in order to find a possible explanation 
for the difference in interpretation m result of the difference in approach. 
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and L. caaei factor deficiency, 67 Amino acids, antagonism t o  sulfon- 
produced by sulfaguanidine, 57 

by sulfasuxidine, 54, 57 

of glutamic acid on synthesis of, 367 inositol deficiency and, 30, 52, 63, 67 
of thiamine on formation of, 367 

gonadotropin, 323 

amides, 178 
p-Aminobenzoic acid, 63, 174, 176 

symptom of pantothenic acid defi- antagonism t o  8ulfonamide8, 34, 56, 
ciency, 57-58 68, 69, 172, 175, 178-180 

antidote for sulfasuxidine, 53, 54 
bacterial assay of, 174) 177, 180 
as bacterial growth factor, 173,174,177 
bacterial synthesis of, 177 

and suifonamidcs, 66 
growth response to  vitamin A and, 14 
inositol requirements and, 33 
intestinal SYnthCsiS of, 34 
~ u r i n e s  and, 201, 204-206 
specificity, 174 

Ach lia gastrica, 239 
AciYophilic bacteria, effect of carbo- 

Action potential, acetylcholine released 
hydrate on intestinal, 31 

during, of electric organ, 363 
and diffusion potentials, 359 
of nerve, 353 359,360 
parallelism between choline esterasc 

concentration and voltage of, in 
electric organ, 356, 358, 359 

Activity, effect of calpium deficiency 

Adenine, antagonist to  benzimidazole, 

nutrient for hemolytic streptococci, 

Aminohexose, in antipernicious anemia 

1) - Aminomethyl - bcnzcncsulfonamidc 

p-.4minophenylacetic acid, 174 

on, 76 substance, 253 

203,204 (marfanil), 174 

200 Anahaemin, 252, 290 
395 
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Anemia, 55 
description of congenital, 80 
effect of hypochromic, in mothers on 

12. casei factor and refractory, 61 
L. casei factor deficiency and, 67 
L.  cusei factor for, 62 
and maternal diet, 92 
in offspring of iron deficient mothers, 

pernicious, 238 f f .  
produced by sulfaguanidine, 54,62 

vitamin "B," for, 62 

fetus, 80 

80, 98 

by sulfasuxidine, 54, 62 

amides, 54 
Aneurism, cardiac, produced by sulfon- 

AnoI, ' 

crystallization, 233 
estrogenic activity of, 232 
polymers of, 232 

Anophthalinos from vitamin A defi- 
ciency, 82 

Anterior pituitary, effect of 
sulfaguanidine on, 63 
synergism with gonadotropin, 327 
vitamin E deficiency and ,9 

gonadotropic effect of, 235 
synergism with gonadotropic hormone, 

Anterior pituitary extract, 

327 
Anterior pituitary gonadotropin, 301 ff. 
Anthraquinoncs, 215 
Antibiotin factor, 169, 170 

antagonism to biotin, 18, 99, 170 
inhibitory action on Clostridia, 169 

on Corynebacterium diphtheriae, 169 
on Diplococcus pneumoniae, 170 
on lactic acid bacteria, 169 
on Staphylococcus aureus, 169 
on yeast, 169 

with uantothenic acid. 29 
Antidermatitis factor, identity of chick, 

Antigona'dotropin or antiprolan, 298, 

Antioxidant, tocopherol as, 3, 14 
Antipernicious anemia substance, 237 f f .  

accessory factors to. 265-268. 274. 

313, 314, 317, 320 

278,291 
aminohexose in, 253 
analyses of, 244, 246, 247, 249, 253, 

254, 259,262, 266,267, 269, 285, 286 
glutathione, as, 284 
guanosine, accessory factor to, 270,278 
guinea pig test for, 265, 266 
heparin, accessory factor to, 288 
histidine, accessory factor to, 279 ff. 
hydrolysis of, 251, 253, 254, 255, 269 
lack of carbohydrate character, 246 
liver, source of, 237 ff. 
multiple factor hypothesis, 265 
nitrogenous base character,246,247,254 
peptide nature of, 254-256, 258 
primary factor of, 266 6. 

' INDEX 

pterine nature of, 279 
quinine salt, 251 
tryptophane a8 accessory factor to, 

281-283 
tyrosine as accessory factor to, 265, 

xanthine as accessory factor to, 267 
Antiprolan, see antigonadotropin 
Antiprothrombin, see heparin 
Antiserum for gonadotropin, see anti- 

Antithiamine factor, 129-132, 170 
Antiunit, definition of, 300 
Appetite, perverted, resulting from preg- 

nancy malnutrition, 98 
Arachidonic acid, effect o n  fat deficiency 

syndrome, 76 
Arsphenamine, see Salvarsan 
Arterial lesions from sulfonamides, 68 
Ascorbic acid, absorption from placenta, 

274,276, 287 

gonadotropin 

89 
as antioxidant for carotene, 3 
bone formation and, 9 
capillary resistance and, 4 
choline and, 8 
content of eye lens in thiamine defi- 

ciency, 8 
of fetal blood plasma, 89 

dark adaptation and, 5, 6, 17 
deficiencv. 88-89 

abortion and, 88 
effect on growth response t o  vitamin 

of hesperidin on requirement of, 4 
of orange peel extract on require- 

ment of, 4 
on pregnancy, 88, 92 
of pyridoxine deficiency on, in or- 

gans, 8 
on reproduction, 89 
of riboflavin on oxidation of, by 

light, 3, 17 
of riboflavin deficiency on, in organs, 

8 
on teeth, 9 
of thiamine deficiency on, in organs, 

8 
of thiamine on, 8 
of vitamin A deficiency on, in  or- 

on vitamin D requirement, 15 

A, 14 

gans, 8 

fetus and, 88,98 
hyperkeratosis and, 11 
interrelation with citrin, 4 

with other vitamins, 2-3 
in maternal diets, 94 
relief of toxic effects by, 16 
requirement of guinea pigs, 89 

riboflavin and metabolism of, 17 

of man, 89 
of monkeys, 89 

as oxidant of, 4 
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synthesis by rodents, 23 

tooth formation and, 9 
treatment of hypervitaminosis with, 16 
visual purple synthesis and, 4 
vitamin A and, 4, 8 
vitamin B complex and, 8 

Atropine, effect on “vagus-stoff”, 338 
Avidin, see antibiotin factor 
Axon, 

by ruminants, 23 

peripheral, excitable properties of, 340 
of squid, choline esterase in giant, 350 
thiamine in, 367 

Axoplasm, choline esterase in ,  350 
respiratory enzymes in, 351, 358 

Azotobacter, coenzyme-R synthesis by, 165 
Azotobacter chroococcum, effect on growth 

of wheat seedlings, 25 

B 
Bacillus adhaerens, thiamine synthesis 

Bacillus anthracis, glutamine require- 

Bacillus nresentericus, niacin 
synthesis by, 29 
riboflavin synthesis by, 28 
thiamine synthesis by, 28 

by, 28 

ment, 146 

Bacillus proteus, see Proteus vulgaris 
Bacillus subtilis, thiamine synthesis by, 

Bacillus vulgaris see Proleus adgaris 
Bacillus aulgat us,  biotin synthesis by, 30 

28 

niacin synthesis by, 29 
riboflavin synthesis by, 28 
thiamine synthesis by, 28 

classification of, 186, 187 
drug resistance of, 179 
effect on growth of wheat seedlings, 25 
growth-stimulating substances pro- 

oleic acid as growth factor for, 212 
storage of growth factors in, 139 
synthesis of riboflavin within, 41 

Bacteria, carbon dioxide as growth factor 
for, 141, 200 

duced by, 24, 25 

of vitamins B by, 23-48,96, 120, 135- 
139,143, 190 

Bacterial growth, inhibitory action of 
iodinin on, 215 

initiation of, 147 
nicotinamide and, 181-183, 186 ff. 
uracil and, 198-201 

Bacterial metabolism, thiamine in, 119 

Bacterial synthesis 
absorbability of vitamins produced by, 

availability of vitamins from, 50 
of biotin, 23,35. 41-42, 165. 166, 169 

120 

35 

of coenzyme 1 on, 180 f f ,  
of coenzyme 2 on, 190 
of coenzyme R on, 164 
of fats on, 23,44 
of proteins on, 23,44 
of sulfadiazine on, of vitamin K, 67 
of sulfasusidine on, 54 

of riboflavin, 39 
of vitamin K, 68 

of sulfonamides on, of biotin, 66, 68 
of L. casei factor, 66, 68 
of niacinamide, 41 
of vitamin E, 68 
of vitamin K, 66 

of vitamins on, 23,44 
factors influencing, 23, 30, 44 
of folic acid, 23, 30, 35, 41, 42 
of inositol, 23, 30, 35, 52, 69 
of L. casei factor, 53 
of methionine, I79 
of nicotinamide, 190, 191 
of nicotinic acid, 23, 41, 42, 190, 192 
nutrition and, 42-43 
of pantothenic acid, 23, 35 
of pyridoxine, 23, 35 
refection and, 50 
of riboflavin, 23,39-41, 42 

and dextrinized cornstarch, 31 
in rumen, 35 
site of, in ruminants, 35, 38 
sulfonaniides and, of vitamins, 50 
of tetrahydrosyquinone, 209 
of thiamine, 23,35,36,38,42,120 

and carbohydrates, 38-39 
of uracil, 198 
of vitamin B, 43,50 
of vitamin B complex, 23-24 
of vitamin El 68 
of vitamin I<, 52, 214 
of vitamins, 50,66 
vitamins in feces from, 50 

produced by iodinin, 215 
by sulfaguanidine, 53 
by sulfonamides, 21, 43, 44. 

Bacteriostatic agents, effect on intestinal 
synthesis, 27 

Bacterium coli, see Escherichia coli 
Basal metabolism, 

Bacteriostasis, 195 

effect of sulfadiazine on, 69 
of sulfonamides on, 69 

sulfaguanidine and, 63 
thyroid hormone and rate of, 64 

Reef liver, effect on resorption of gonado- 
tropin, 323 

Benzimidazole. action of yeasts on. 203 

- 

antaeonism to adenine. 203. 204 , ,  
toguanine, 203 
to  purines, 204 

and biotin, 204 
as growt,h inhibitor, 203 

Beriberi 
, . .  

in cecum’, 35 ’ 

effect of carbohydrates on, 23, 31,44 congenital, 84 
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Beriberi, congenital malformations in 
child of mother with, 98 
incidence among rice eaters, 39 
in infants breast fed by thiamine defi- 

cient pothers, 84 
nerve lesions and, 10 

riboflavin requirement, 134 
.thiamine requirement, 118 

Betabacteria, 

Bile acid salts, effect on resorption of 

Biochemical systems, association of vita- 

Biotin (see also CoenzymeR),63ff., 168ff. 
antagonism t o  sulfasuxidine, 54 
bacterial synthesis of, 23-35, 41-42, 53, 

165-166,169 
assay, 121, 184-1135 

benzimidazole and, 204 
chromotrichia and, 62 
deficiency, alopecia and, 67 

liver riboflavin and, 7 
liver thiamine and, 7 
and sulfonamides, 57 

of avidin on absorption of, 99 
of dietary, on excretion of, 41, $3 
on “egg-white injury”, 57 
on fungi, 166 
on porphyrin caking, 54, 57 
on prothrombin, 56 
on sulfadiaeine, 56 
of sulfonamides on fecal, 66 

gonadotropin, 323 

mins in related, l, 5-8 

dermatitis and, 54, 57 
effect on alopecia, 57 

excretion of, 30 
identity with vitamin H, 160, 169 
and insect nutrition, 166 
interrelation with pantothenic acid, 63 
intestinal synthesis of, 30, 33-34 
L. casei factor and 63 
oxidation by rancid fats 3 
pantothenic acid utiIiaa&on and, 58 
requirement affected by avidin, 18 

of clostridia, 169 
of fungi, 33, 169 
of Lactobacillus casei, 163 
of Nematospora goes ypti , 166,209 
of yeasts, 15!+162 

sulfonamides and bacterial synthesis 

synthesis in cecum, 30 
and antothenic acid, 32 
by &izobia, 163 
and riboflavin, 32 
n rumen, 29, 51 

and sulfonamides, 24-30, 34 
and thiamine, 32 

of, 66,68 

toco hero1 as antioxidant of, in  rancid 

vitamin K deficiency and, 32 
Diotin degradation products, 167, 170 
Biotin methyl ester, 160, 168 
Births, premature, resulting from mater- 

fats, 3 

nal diets, 95 

Birth weight 
effect of maternal diet on, 92 

of protein on, 76 
of starvation on, 74 
of underfeeding on, 74, 75 

gonadotropin, 323 

genital, 81, 83 

JUsmuth salts, effect on resorption of 

IUindness 
maternal vitamin A deficiency and con- 

from optic nerve constriction, 82 

effect of niacin deficiency on niacin 

of thiamine deficiency on,dextrose,84 
of thiamine deficiency on, lactate, 84 
of thianiine deficiency on, pyruvste, 

vitamin I< deficiency and clotting time 

Blood, 

content of, 28 

84 

of, 67 
“Blood dot” 313 
Blood plasma, 

ascorbic acid content of fetal, 89 
effect of dietary calcium on calcium 

Blood vessels, calcifications of, 63, 67 
Bone ash, effect of Ca/P ratio on, 78 
Bone marrow, L. casei factor deficiency 

Bone marrow defects, 
produced by sulfaguanidine, 54 

Bone marrow hypocellularity, 65 
Brachygnathia, 

resulting from riboflavin deficiency, 97 
from vitamin A deficiency, 97 

Brain, 
choline esterase in, 345, 346 
effect of copper deficiency on, 79 
of prenatal starvation on, 74 

content of, 77 

and hypocellularity of, 67 

by sulfasuxidine, 54 

Brain weights, effect of pantothenic 

Breeding, 
acid on, 88 

effect of liver on, 87 
of niacin on, 87 
of pantothenic acid on, 87 
of phosphorus deficiency on, 77 
of pyridoxine on, 87 
of riboflavin on, 87-88 
of thiamine on, 87 
of vitamin 13 comples deficiency 

on, 77 
Brucella s p p . ,  effect of pantothenic acid, 

155 

C 

Calcification 
of blood vessels produced by sulfa- 

of muscle produced by sulfaguanidine, 
guanidine, 54 

54 
by sulfasuxidine, 58 
by sulfonamides, 54 
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Calcium, 
deficiency, 

effect on activity, 76 
on fertility, 77 
on food consumption, 76 
on growth, 76 
on intrauterine mortality, 79 
on life span, 76 
on mating, 76 
on paralysis, 76 
on pregnancy, 77 
on prostration, 76 
on reproduction, 76 
on sensitivity, 76 
on spontaneous fractures, 77 

demands of pregnancy on stores of , 77 
effect of dietary, on blood plasma 

calcium, 77 
on growth, 77 
on litter size, 77 ! 

on reproduction, 77 
on reproductive period, 77 . 

on pregnancy in sows, 77 
on reproductive success, 78 
on vitamin D requirement, 18 

in maternal diet, 94,95 
metabolism, 95 
in pregnancy, 92 

effect on bone ash, 78 
on fetal rickets, 78 
on gestation, 78 
on lactation, 78 
on rickets, 89 

Calcium phosphorus ratio, 89 

Calf, effect of nutrition on size of, 75 
Capillaries, 

resistance of, 
and ascorbic acid, 4 
and citrin, 4 
and vitamin P, 4 

of niacinamide and riboflavin in, 6 
(hrbohydrate metabolism, association 

of riboflavin and niacin in, 8 
of thiamine and niacinamide in, 6 
of thiamine and riboflavin in, 6 
and niacinamide, 6 
and riboflavin, 6 
thiamine and, 6 

effect on bacterial synthesis, 31, 44 
Carbohydrates, 

of thiamine, 38-39 
on contracted pelvis, 75 
on intestinal bacteria, 31 
on prenatal development, 7G 
on reproduction in rats, 76 
on vitamin rcquirements, 42 

and pregnancy, 92 
vitamins and oxidation of, 17 

Carbon dioxide as growth fnrtor for h c -  

Cardiac ancurysni, 55, 63, 67 
Caries, effect of vitamin D on dental, 9 

terin, 1-11) 200 

Carotene, 
ascorbic acid as antioxidant of, 3 
in  carrot, 14 
effect of, intake on plasma, during 

of tocopherof on fecal excretion of, 14 

of vitamin E on response to, 13 
growth response t o  tocopherol and, 14 
hydroquinone as antioxidant of, 3 
interrelation with other vitamins, 2-3 
lipoxidase as oxidant of, 3 
oxidation of, 3 
in plasma, 82 
synergism with tocopherol, 14 
tocopherol as antioxidant for, 3 

effect of fasting on, 75 
of riboflavin deficiency on, 86, 88 

dietary and sulfadiazine, 55 
and sulfathiaeole, 55 
and vitamin K deficiencyproduced by 

sulfonamides, 56 

pregnancy 82 

on intestinal, 14 
on reserves of, 14 

Carrot, carotene in, 14 
Cartilage, 

Casein, 

estrus cycle and, 76 
resorption of gonadotropin and, 323 

Cattle blood, effect on resorption of 
gonadotropin, 323 

Cecectomy . 
effect on’intestinal synthesis of vita- 

vitamin K deficiencv from, and sulfon- 
mins B, 26,27 

amides, 56 
Cecum, 

bacterial synthesis of vitamins in, 35 
biotin synthesis in, 30 
effect of dextrinized starch diet on, 26 
pyridoxine synthesis in, 29 

Cell membrane, eserine and permeability 

Chemical transmitter theory of nerve, 

Chicks, 
effect of colon bacilli on, in sterile en- 

vironment, 24 
of sterile environment on, 24 

Chlorophyll, effect on resorption of 
gonadotropin, 323 

Chlorothianiine, 125 
Cholesterol -gonadot ropin, pellet 8, 302, 

303 
C’holine, 63 

of, 372 

340, 360 

acctylation of, 363 
deficiency, effect of niacin on, 8 

erect on maturity, 88 
on reproduction, 88 

growth factor for Xeurospora, 212 
for PnelLntOCOCCU8, 210, 211 

as toxic agent in cod liver oil, 16 
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Choline acetylase, 366 ff. 

of c steine on, 367 
of Lor ide  on, 366 
of glutamic acid on, 366, 367 
of iodoacetate on, 366 
of K-on, 366 

dialysis of , 366 
effect of citric acid on, 367 

idubition by Cu, 366 
requirement of Diplococcus pnsu- 

mniae, 210,211 
Choline derivatives, activity of, 211 
Choline esterase (Ch E), 341 ff. 

affinity of strychnine for, 372 
in  axon of squid, 350 
in axoplaam, 350 
in  brain, 346,346 
concentration at end plates, 344 

in gastrocnemius, 344 
in muscle of embryo, 346, 347 
in  myelin sheath, 349 
in nerve endings, 342-344 

fiber, 345, 348 ff. 
in neuronal surface, 348-350,358,369 
parallelism between concentration of, 

and voltage of action potential in 
electric organ, 356, 358 

in sartoriug muscle, 342,343 
in spinal cord, 345, 346 

in neuromuscular junctions, 341-344 
in synapses! 344350 

Chondrification, effect of riboflavin de- 

Chorionic gonadotropin, 298 f f .  
excretion of , 304-307 
fixation by placenta, 304, 312 
inactivation of, 298-300, 302, 303, 308 

Chromotrichia, 
and biotin, 62 
cured by folic acid, 62 

by L. casei factor, 62 
effect of L. casei factor on, 62 
produced by sulfaguanidine, 62 

by sulfasuxidine, 62 

367 

ficiency on, 88 

309,312 

Citric acid, effect on choline acetylase, 

Citrin and capillary resistance, 4 
interrelation with ascorbic acid, 4 

Cleft lip from vitamin A deficiency, 82 
Cleft palate from riboflavin deficiency, 

86,97 
from vitamin A deficiency, 82, 97 

Clostridia, 
p-aminobenzoic acid requirement, 173 
biotin requirement, 169 
inhibition by anti-biotin factor, 169 
oleic acid requirement, 213 
uracil requirement, 199 

Clostridium butylicum, 
synthesis of biotin by, 30 

of folic acid by, 30 
of inositol by, 30 

of niacin by, 29 
of pantothenic acid by, 29 
of pyridoxine by, 29 
of riboflavin by, 29 
of thiamine by, 28 

Cocarboxylaae, 129 
absor tion of, 38 
in kid)ney, 6 
in liver, 6 
pyrophosphoric acid in, 6 
and thiamine, 6 
in yeast, 6 

choline aa toxic agent in, 16 
counteracting beneficial effect of cot- 

ton seed oil on dystrophy,’ 12 
dystrophy induced by, 12 
effect on congenital eye disorders, 96 

on cure of scurvy, 16 
isoam lamine as toxic agent in, 16 
tocopierol destroyed b , 12 
toxic effects of, relievedby yeast, 15-16 

activity of derivatives, 188 
antagonism t o  sulfa yridine, 196 
bacterial synthesis o[ 188,190 
identity with “V” factor, 186 

bacterial synthesis of, 190 
identity with “V” factor, 186 
and Proleus vulgaris, 192 

Coenzyme R (see also biotin), 169, 160, 

bacterial synthesis of, 164 
requirement of Rhizobia, 159, 163-165 
synthesis by Azotobacter, 165 

Coenzymes, niacinamide in, 7, 190, 193 
Coloboma retinae and vitamin A defi- 

Cod liver oil, 58, 77, 82 

Coenzyme 1,180 ff. 

Coenzyme 2,180 ff. 

164, 165 

ciency, 83 
Colon, bacterial synthesis of thiamine 

in; 38 

environment, 24 

riboflavin synthesis in, 28 
Colon bacilli, effect on chicks in sterile 

Conception, 
effect of protein on, 76 

of vitamin E deficiency on, 90 
Congenital abnormalities resulting 

from defective gene, 97 
from riboflavin deficiency, 97 

Congenital blindness, experimental, from 
maternal vitamin A deficiency, 83 

Congenital debility, effect of manganese 
deficiency on, 79 

Congenital malformations and environ- 
mental disturbances, 97 

germ plasma and, 97 
produced by riboflavin deficiency, 85, 
88,98 
by vitamin A deficiency, 82, 83, 89 

Congenital rickets, resulting from ma- 
ternal vitamin D deficiency, 89 

Congenital scurvy occurrence in man, 89 
Convalescence, effect of diet on, 91 
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Copper, inhibitory action on choline 
acetylase, 366 

in pregnancy diet, 94 
Corynebacterium diphtheriae, growth fac- 

tom for, 152, !54, 168, 173, 181, 212 
vitamin synthesis by, 136, 155 

Cottonseed oil, 
antagonistic action of cod-liver oil on, 

in the prevention of dystrophy, 12 
preventive action in dystrophy, 12 
vitamin E in, 12 

Cow, effect of nutrition of, oncalf size. 75 
Cosymase, see Coenzyme 1 
Creatinuria, effect of inositol on, 58 
Cretins, athyroid sporadic, 80 
Cretins, endemic, bcrn of goitrous 

Cyanosis in infants with thiamine de- 

Cysteine, effect on choline acetylase, 367 
Cysts, subcutaneous, from vitamin A 

Cytopenia, produced by vitamin M de- 

D 

mothers, 80 

ficiency, 84 

deficiency, 82 

ficiency, 61 

enlarged thyroid in, 80 

Dark adaptation, and ascorbic acid, 17 
association of vitamin A and ascorbic 

acid in, 4 
of vitamin A and riboflavin in, 4 

effect of ascorbic acid on, 5, 6 
of eggs on, 5 
of halibut liver oil on, 4-5 
of oranges on, 5 
of riboflavin on, 5, 6 
of tomatoes on, 5 

and riboflavin, 17 
and vitamin A ,  6,17 

Deafness in endemic cretinism, 80 
Deamination, riboflavin in, of amino 

Deaths, neonatal, resulting from diet, 92 
Debility, absepce of, on goitrogenic diet, 

Dehydrogenase systems, niacinamide 

acids, 7 

79 

in, 6 
riboflavin in, 6 

Dental defects, effect of vitamin A defici- 
ency on, si 

Dermatitis, 55 
biotin deficiency and, 67 
effect of biotin on,  54,57 
produced by sulfonsmides, 54 

Development, effect of diet on, 95 
of riboflavin on, 97 

Dextrimal tose, 

amine, 31 
effect on intestinal synthesis of t.hi- 

Dextrin, effect on vitamin B synthesis, 31 
Dextriniaed corn starch, 

on thiamine synthesis, 36, 39 

effect on bacterial synthesis of ribo- 

on bacterial synthesis of thiamine, 31 

effect on intestinal synthesis of thi- 

flavin, 31 

Dextrose, 

amine, 31 
on thiamine synthesis, 39 

Dianol, 232 
Diarrhea from vitamin A deficiency, 81 
Dienestrol, 233 
Diet, adequacy of, 1 

anemia and maternal, 92 
complete, nutritional deficiencies and, 

congenital malformations resulting 

coprophagy and purified, 24 
deficiency, effect on fetus, 98 
effect on intestinal bacteria, 31 

99 

from, 95 

on birth weight, 92 
on development, 95 
on growth, 95 

illness in infants from maternal, 92 
infant death resulting from, 92, 98 
influence on fetus of maternal, 75,95 
maternal, abortion and, 92,95 

ascorbic acid in, 94 
calcium in, 94, 95 
copper in, 94 
effect on infant, 94 
halibut liver oil in, 94 
iodine in, 94 
iron in, 94,95 
manganese in, 94 
neonatal deaths and, 95 
phosphorus in, 95 
premature births and, 92, 94,95 
protein in, 94 
reproduction failures and, 98 
resorption and, 95 
stillbirth and, 92, 95 
thiamine in, 94 
toxemia and, 92 
vitamin A in, 94,95 
vitamin B complex in, 94, 95 
vitamin D in, 94, 95 

nausea and, 92 
pregnancy and, 92 
weight of rats and purified, 24 

ological requirement, 43 

tial, 359 

23 1 

Dietary requirement, relation to  physi- 

Diethylstilbestrol, 233 
Diffusion potentials, and action poten- 

Diiodotyrosine, 64 
Diphenylethane, estrogenic activity of, 

Diphenylethylene, see Stilbene 
Diphenyl-a-naphthyl carbinol, estro- 

Diphosphopyridine nucleotide (see also 
genic activity of, 231 

Coenzyme I), 7 
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Diphtherial organisms, riboflavin syn- 

Diplococcus pneumoniae, 

thesis by, 28 
thiamine synthesis by, 28 

action of sulfonamides on, 175, 177 
choline requirement of, 210, 211 
ethanolamine as growth factor for, 210 
ghtamine requirement of, 146 
inhibition by antibiotin factor, 170 

Dyscrasia, bacterial synthesis of 
folic acid in, 30 
folic acid deficiency and, 30 
intestinal synthesis and, 34 
L. casei factor for blood, 34 
prevention by fcilic acid, 54 

and nicotinamide, 191, 193 
and nicotinic acid 181, 185, 196 
riboflavin syntheds by, 28 
thiamine synthesis by, 28 
uracil requirement, 199 
variants, 191 

by liver extracts, 54 
Dysentery bacilli, 

E 
Ears, accessory, vitamin A deficiency 

and. 82 
Ectoplacenta, effect of vitamin E defi- 

ciency on , 91 
Egg albumin, effect on resorption of 

gonadotropin , 323 
“Egg-white injury,” effect of biotin 

on, 57 
Eggs, effect on dark adaptation, 5 
Electric eel (Eleclrophorus electricus), 

chemical and electrical energy in, 
361 ff. 

electric organs of, 351, 354, 355, 361 
Electric organ of fish, 351 f f . ,  361 ff.,  

respiration rate in, 358 
Electric organs, of electrical ee1,351,354, 

effect of eserine on, .355 
end plaites in, 352, 353, 357 
of ffgmnotor edo occidentalis, 352 
lactir acid i?mnation in, 362 
phosphocreatine breakdown in, 361 ff. 

content of, 365 
refractory period of, 353 
of Torpedo, 352-355 

Electric theory of nerve, 340, 360 
Embryo (see also fetus) 

effect of maternal carbohydrate 
and fat deficiency on, 76 
inanition on, 74 
riboflavin deficiency on, 96-98 
vitamin deficiency on, 8&90 

organogenesis of, 98 
Endemic cretinism, prenatal iodine de- 

355,361 

ficiency and, 80 
Endomyces vernalis, 130,131 
End dates .  choline esterase in 343-345. 

3% ‘ 

in electric organs, 352, 353, 357 

Enzyme, effect of fish, on thiamine, 99 
Enzyme systems, riboflavin in, 97 
Enzymes, iw genes, 97 

respiratory, in axoplasm, 351,358 

Epididymides, effect of prenatal starva- 

Epiphysis, infantile scurvy and detach- 

Epilepsy, effect of glutamic acid on, 366 
Equilene, constitution, 230 
Equilenin, constitution, 230 
Erythrocytes, production, 274277, 290, 

Erythropoiesis, see Erythrocytes, produc- 

Eschetichia coli, action of sulfonamides 

in  neuronal surface, 351 

tion on, 74 

ment of, 9 

29 1 

1 tion, 

biotin synthesis by, 30, 63 
diet and intestinal, 31 
inositol synthesis by, 52 
methionine requirement. of, 178 
niacin synthesis by, 29 

resistance to  pyrithiamine, 130 
riboflavin synthesis by , 28, 39-40 
thiamine content of, 27 

on, 175, 178-180 

requirement of, 181, 190 

Eserine, effect on acetylcholine libera- 
tion, 371, 372 
on acetylcholine synthesis, 366 
on electric organs, 355 
on ganglion stimulation, 369, 370 
on vagus stimulation, 338 

ahd permeabiIity of cell membrane, 372 
Eetradiol, constitution, 230 
Estriol, constitution, 230 
Estrogenic activity, of anol, 232 
of diphenylethane, 231 
of diphenylnaphthyl carbinol, 231 
of ketotetrahydrophenanthrene, 231 
of stilbene, 232 

Estrogens, formation of, 317 f f .  
Estrone, 301, 317, 320 

constitution, 230 
formation of, 317 f f .  

Estrus, 
effect of 

phosphorus deficiency on, 77 
protein deficiency on, 76 
riboflavin deficiencv on. 85 
sodium deficiency kn, 78 
vitamin A deficiency on, 81 
vitamin E deficiency on, 90 

inhibitory action of thallium salts on. 
329 

vaginal, 314 

effect of casein on, 76 
gliadin on, 76 
lvsine on. 76 

Estrus cycle, 

protein on, 76 
riboflavin deficiency on, 84,96 
thiamine deficiency on,-% 
underfeeding on, 74 
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vitamin B deficiency on, 84 
wheat on, 76 

Ethanolamine, growth factor for Pneu- 
mococcua, 210 

Ethionine, 178 
Ethyl linolate, as carotene solvent, 3 
Evan’s antagonist, 323 
Extrinsic factor, 242 
Eye, 

ascorbic acid content of, lens in thi- 

effect of vitamin B complex deficiency 
amine deficiency, 8 

on lens of, 8 
lesions from vitamin A deficiency, 81 
malformations of. from vitamin A 

deficiency, 84 ’ 

Eyeballs, effect of prenatal starvation 

F 
F* fraction, derivative of “-methyl- 

niacinamide, 29 
Factor GPF, and L. casei factor, 61 
Factor SLR, activity of, 61 

and folk acid, 61 
Factor U, 60 ff. 
Famine, effect on birth weight, 75 

on monsters, 75 
on premature children, 75 
on prenatal development, 75 
on stillbirths, 75 
on weights in  early infancy, 75 

Fasting, effect on bone, 75 
on cartilage, 75 
on premature delivery, 74 

Fat  deficiency syndrome, 
effect of arachidonic acid on, 76 

of linolenic acid, 76 
Fatty acids, antagonism to riboflavin, 

11-12 

on, 74 

antirachitic effect, 11 
riboflavin and toxicity of, 17 
skin lesions from, deficiency, 11 
toxic effect of, in  oils, 16 
vitamin Bs and utilizations of unsat- 

Ferrous sulfate, effect on resorption of 
gonadotropin, 323 

Fat, bacterial synthesis of, 23, 44 
dietary, and fetus, 76 
intestinal thiamine synthesis and, 32 
oxidation of biotin by rancid, 3 
pregnancy and, 92 
riboflavin requirement and, 12 
thiamine requirement and, 11, 12 
thiamine-sparing action of, 18 
tocopherol w antioxidant for, 3 
vitamin requirements and, 1, 11-12 
vitamin &-sparing action of, 11 
vitamin D requirement and, 11 
vitamin E requirement and, 11, 12, 18 
vitamin E reserves and, 12 

urated, 11 

Feces, dietary biotin and biotin in, 4 1 , B  
riboflavin and riboflavin in, 39 

effect of feeding on weight of, 24 
of ileostomy fistula on thiamine in 38 
of ingestion of, on vitamin B deflci- 

of sterilization on growth factor in, 

of sulfasuxidine on thiamine in, 38 
sulfonamides on thiamine in, 38 

excretion of injected thiamine in, 37 
growth factor of, and coprophagy, 25 
refection and growth factor of, 26 
riboflavin synthesis in, 28 
synthesis of vitamin B in, 32 
thiamine content of, 35,36,37 

of extract of, 27 
vitamins from bacterial synthesis in, 

30 

and phosphorus deficiency, 76 
and protein, 76 

death of, and vitamin A deficiency, 81 
effect of inadequate nutrition on, 74 

iron deficiency on growth of, 80 
maternal diet on, 74, 75, 91 
maternal inanition on, 74, 75 
vitamin A deficiency on, 81 
vitamin D deficiency on, 89 

growth of, 73 
Filtrate factor deficiency, palsy from, 10 
Fish; electric organ of, 351 ff.,  361 ff .  

respiratory rate in electric organ of, 

Fits, epileptic, from vitamin BE defi- 

ency, 50 

24 

Fertility, and calcium deficiency, 77 

Fetus, and ascorbic acid, 98 

358 

ciency,-lo ’ 

128 
Flagellates, action of thiamine on, 123, 

~. 

Flavins, specificity for Lactobacillus 

Flaaobacteriuni, vitamin B synthesis by, 

Flavoprotein, as glycine oxidase, 7 
Fluorides, effect on choline acetylase, 366 
Fluorine, effect on pigmentation of 

Follicle hemorrhage, 313, 322, 330, 331 
Follicle-stimulating effect, 314, 320, 

s p p . ,  136 

51 

teeth, 10 

323. 331 
Follic1e:stimulating hormone (FSH) , 
Food consumDtion. calcium deficiency 

298, 320,321,325, 328, 329 
- *  

and, 76 

74 

tropin, 323 

taneous, 77 

ment on, 24 

Food, restricted, and rat reproduction, 

Formalin, effect on resorption of gonado- 

Fractures, calcium deficiency and spon- 

Frog larvae, effect of sterile environ- 

Fungi, biot,in requirements, 33, 166 
inositol requirements, 207, 209 
oleic acid requirements, 213 
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Fungi, pantothenic acid requirements, 

pyridoxine requirements, 142-145 
pyrimidine requirements, 202 
thiamine requirements, 33 

158 
Goiter, 

congenital, atrophy of glandular tissue 
in, 80 

degeneration of thyroid in, 80 
effect of, on respiration, 80 

of potassium iodide on endemic, 80 
hypothyroidism in, 80 

endemic cretins born of mothers with,80 
incidence of endemic, 80 
produced by iodine deficient aiets, 79 

Goitrogenic diet, and debility, 79 
hyperplastic thyroids and, 79 
hypertrophic thyroids and, 79 

Gonadotropin, 
inactivation of, and splenectomy, 309, 

31" 

G 

Ganglia, action of acetylcholine on, 369 
choline esterase in, 344-346! 347, 350 
effect of eserine on stimulation of, 369, 

Ganglion cell, refractory period of, 339 
Gastrocnemius muscle, choline esterase 

Gelatin, effect on resorption of gonado- 

Gene, congenital abnormality and defec- 

Genes as enzymes, 97 
Germ plasma and congenital malforma- 

Gestation, (see also pregnancy), 
effect of calcium phosphorus ratio on, 

370 

in, 344 

tropin, 323 

tive, 97 

tions, 97 

78 
iodine deficiency on, 79 
riboflavin deficiency on, 96' 
starvation on 74 
vitamin A dehciency on, 81,82 
vitamin B deficiency on, 84 
vitamin E deficiency on, 90 

Glaucoma pyriformis, 126 
Gliadin, effect of, on estrus cycle, 76 
Glucosamine, in liver fractions, 254, 286 
Glucose, effect on intestinal thiamine 

Glutamic acid, 149,150,151 

synthesis, 31 
intestinal riboflavin synthesis, 31 

effect on acetyl cholinc synthesis, 367 
on choline acetylase, 366, 367 
on epileptic patients, 366 

requirement of Streptococcus zymo- 
genes, 146 

Glutamine, 146 f f . ,  171 
growth factor for Bacillus anthracis, 

146 
for Diplococcus pneumoniae, 246 
for hemolytic streptococci, 146, 

for lactic bacteria, 146, 148, 149 
for Proteus vulgaris, 147 
for Staphylococcus jecalis, 148 
for Streptococcus viridans, 146, 148 

structural specificity of, 150 
Glutamine peptides, 150 
Glutathione, as antipernicious anemia 

substance, 284 
Glycerol, effect on resorption of gonado- 

tropin, 323 
Glycine, flavoprotein as oxidaae for, 7 
Glycogen, effect on resorption of gonado- 

tropin, 323 

150 

in preinancy blood, 298, 301, 306, 307, 

resorption and aluminum salts, 323 
310, 323, 324, 327, 331 

and beef liver, 323 
and bile salts, 323 
and bismuth salts, 323 
and casein, 323 
and cattle blood, 323 
and chlorophyll, 323 
and copper sulfate, 323 
and egg albumin, 323 
and ferrous sulfate, 323 
and formalin, 323 
and gelatin, 323 
and glycerol, 323 
and glycogen, 323 
and gums, 323 
and hemoglobin, 323 
and horse thyroid, 323 
and lemon juice, 323 
and leucocyte concentrates, 323 
and magnesium sulfate, 323 
and mare serum, 323 
and milk, 323 
and potassium soap, 323 
and zinc salts. 323 
and yeast extracts, 323 

Gonadotropic hormones, site of inac- 
tivation of, 307 

Gonadotropin injection, effect of hypo- 
physectomy on efficiency of, 323,324 

Gonadotropin tannate, 302, 303, 305, 326 
Grsnulocytopenia, 55 

cured by L. casei factor, 53 
and L. casei factor deficiency, 67 
from sulfaguanidine, 54, 62 

sulfasusidine, 54, 62 
vitamin B, for, 62 

acid in, 30 
and folic acid deficiency, 30 

diet and, 95 
dietary calcium and, 77 
iintestinal bacteria and, 24 
riboflavin and, 97 
riboflavin deficiency and, 85 

- Granulopenia, bacterial synthesis of folic 

Growth, calcium deficiency and, 76 
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Growth 

Growth factors, storage in bacteria, 139 
Growth inhibition, reversal of, by naph- 

Growth rate, 55 
Growth-stimulating substances, pro- 

Guanine, antagonism t o  benzimidazole, 

growth factor for Phycomyces, 201 
nutrient for lactic acid bacteria, 199, 

Guanosine, accessory factor to  antiper- 

Guinea-pig test, for antipernicious ane- 

Guinea pigs, ascorbic acid requirement 

Gums, effect on resorption of gonado- 

Gymnotorpedo occidentalis, electric organ 

H 

tocopherol and, 14 
toxic doses of vitamin A and, 17 

thoquinones, 215 

duced by bacteria, 24 

203 

200 
for Spirillum, 801 

nicious anemia substance, 270,278 

mia substance, 265, 266 

of, 89 

tropin, 323 

of, 352 

Hair, effect of iodine deficiency on, 79 
grey, and folic acid, 54 

ficiency, 54 
produced by pantothenic acid de- 

by sulfaguanidine, 54 

on dark adaptation, 4-5 

deficiency, 84 

Halibut liver oil, 
effect on blood vitamin A levels, 4-5 

in maternal diet, 94 
Heart, enlarged, resulting from thiamine 

iodine deficiency and, 79 
lesions from sulfonamides, 68 
muscle, necrosis of, 63,67 
weight, effect of pantothenic acid on, 

88 
Heat production of nerve, 337,365 
Hematopoietic activity of liver, 240 ff. 

Hemoglobin, effect on resorption of 

Hemolytic streptococci, action of sulfon- 

of nuclear extractives, 289 

gonadotropin, 323 

amides on, 172, 175 
adenine and, 200 
adenylic acid and, 141, 200 
effect of cultural conditions on growth 

factors for, 134, 140, 141 
glutamine requirement, 146, 150 
inhibitory action of iodinin on, 215 
pantoic lactone requirement, 155 
pantothenic acid requirement, 152, 154 
riboflavin reauirement. 133 
stimulating action of uracil, 199 

Hemophilus bacteria, growth factors for, 
110, 186 ff. 

effect of thiamine deficiency on, of 
newborn, 84 

produced 6y sulfonamides 54 
retroplacental, in  v i t a d n  K defi- 

vitamin K deficiency and, 67 
Hemorrhagic diathesis, vitamin K defi- 

Hemorrhagic necrosis from pantothenic 

Heparin, aa antipernicious anemia sub- 

ciency, 91 

ciency and, 21 

acid deficiency, 67 

stance, 288 - 
Heptomin I1 259 
Heredity and congenital malformatione, 

07 ". 
Hesperidin, effect on ascorbic acid re- 

Hexestrol, 233 

Histidine, accessory factor t o  antiperni- 
cious anemia substance, 279 ff. 

Hoofs, effect of iodine deficiency on, 79 
Horse thyroid, effect on resorption of 

gonadotropin, 323 
Hyaline necrosis, 55 

sclerosis, 63,67 
Hyalinization, produced by sulfaguan- 

Hydroquinone, aa antioxidant, 3 

Hydroxychromans, as antioxidants, 2 
Hydroxypantothenic acid, 156 
Hyperemization, 312, 331 
Hyperkeratosis, ascorbic acid 

deficiency and, 11 
niacin deficiency and, 11 
vitamin A deficiency and, 11 

quirement, 4 

activity of, derivatives, 233 

idine, 58 
by sulfaauxidine, 58 

effect on growth response to vitamin A, 
114 

Hypervitaminosis A, treatment with 
ascorbic acid, 16 
with thiamine 16 
with vitamin b, 16 

Hypervitaminosis D, treatment with 
vitamin A, 17 
vitamin B complex, 17 

Hypophysectomy, effect on efficiency of 
gonadotropin injection, 323, 324 
on ovulation, 313,314 
on synergism between anterior pitui- 

tary lobe and chorionic gonado- 
tropin, 327,328,329 

Hypophysis, sulfaguanidine and, 63 
Hypoprothrombinemia, effect of L. cosei 

in infants due to  maternal vitamin I< 

produced by sulfonamides, 54,56,62 
Hypothyroidism in congenital goiter, 80 
Hypoxanthine, nutrient for lactic acid 

factor on, 62 

deficiency, 91 

bacteria, 200 

of Spirillum, 201 
requirement of Phycomycea, 201 

Hemorrhage, 55 
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I 

Ileostomy fistula and fecal thiamine ex- 

Ileum, bacterial synthesis of thiamine 

Implantation, effect of vitamin A de- 

Inanition, maternal, effect on develop- 

Infant, effect of maternal diet on, 75, 

and maternal thiamine deficiency, 84 
Infection, localized, due to  vitamin A 

deficiency, 81 
Inhibitors, multiple, 197 
Inositol. in animal nutrition, 208 

cretion, 38 

in, 38 

ficiency pn, 81 
of vitamin E deficiency on, 90 

ment of fetus, 7475 

92-94 
mortality, and maternal diet, 92 

assay .of , 2Q8 
bacterial synthesis of, 23, 30, 35, 52, 69 
conversion to  tetrahydroxyquinone, 

209 
deficiency, alopecia and, 30, 52, 63, 67 
effect on alopecia, 30 

on creatinuria, 58 
on muscular dystrophy, 58 
of pantothenic acid on synthesis of, 

of riboflavin on synthesis of, 32 
as growth factor for fungi, 207, 209 

for Nematospora gossypii, 207 
for yeasts, 207, 208 

metabolism in Pseudomonas spp. 209 
oxidation of, by Acetobacter subory- 

relation to  p-aminobenzoic acid, 33 
vitamin E, compound with, 68 

Insect nutrition, biotin and, 166 
influence of synibionts on, 184 

Insects, nicotinic acid and, 123, 182 
pantothenic acid requirement, 158 

Interrelation of growth factors, 111, 112, 

Intestinal bacteria, death due to  lack of, 

35, 52 

dans, 209 

140, 161, 165, 205, 206 

24 
effect of sulfonamides on, 6G 
growth and, 24 
nutritive factor produced by, 24 

effect of carbohydrates on, 31 
of diet on, 30-31 
of dextrinized starch on, 26 

Intestinal flora, 

of protein on, 31 
Intestinal synthesis, of biotin, 30, 33-31 

in cattle, 25 
dyscrasia and, 34 
effect of p-aminobenzoic acid on, 34 

bacteriostatic agents on, 27 
cecectomy on, 26, 27 
roughage on, 32 
sucrose on, 31 

sulfonamides on, 31,33,34, 68 
vitamins on, 32 

of folic acid, 33-34 
of niacin, 28 
refection and, 26 
of riboflavin, 85, 96 
in ruminants, 44 ' 

site of, 27 
of vitamin B coinples, 24 

Intestines, vitamin economy of, 23 
Intracranial pressure, vitamin E defi- 

ciency and, 82 
Intrauterine resorption, vitamin B de- 

ficiency and , 84 
Intrinsic factor, 242 
Iodine, in maternal diet, 94 

radioactive, 64 
Iodine deficiency, 

dietary and goiter, 79, 80 
effect of, in pregnancy on offspring, 79 
prenatal, manifestations in domestic 

animals, 79 
nianifestations in man, 80 

366 

Iodinin, bacteriostatic activity, 215 
Iodoacetate, effect on choline acetylase, 

Iron, in  maternal diets, 94,95 

Iron deficiency, effect on offspring, 80,98 
Isoalloxazine derivatives, 136 
Isoamylamine, as tosic agent in cod 

Isoleucine, in liver fractions, 248 
Isonicotinic acid, 183 

and Proteus vulgaris, 183, 184 
Isosteres of nicotinic acid, 183,186 

of thiamine, 129 
hothiamine, 12.5 

in pregnancy, 92 

liver oil, 16 

J 
Jaws prenatal nutrition and, 95 
Jew-Ash oil, vitamin A in, 16 
Johne's bacillus, 110, 213 

K 
Kafir, 82 
Keratinization, vaginal, and vitamin -4 

Ketotetrahydrophenantrene, estrogenic 

Kidney, cocarboxylase in, 6 

deficiency, 81 

activity of, 231 

conjugation of sulfonanudes in, 65 
damage produced by sulfonamides, 55, 

64,65,60 
deposit of sulfonamides in, 65 
dietary sodium bicarbonate and lesions 

of, produced by sulfonamides, 55, 
65 

dietary sodium chloride and lesions of, 
produced by sulfonamides, 65 
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urea and lesions of,  produced by sul-  

misplaced, and vitamin A deficiency, 
fonamides, 65 

82 
L 

Labor, effect of diet on, 91 
Lactate, oxidation of, and thiamine, 6 
Lactation, effect of calcium phosphorus 

ratio on, 78 
of manganese deficiency on, 79 
of phosphorus deficiency on, 77 

Lactic acid bacillus, riboflavin synthesis 

Lactic acid bacteria, adenine as stimu- 
lant for, 199,200 

p-aminobenzoic acid requirement, 173 
glutamine requirement, 146, 148 
guanine and, 199, 200 
hypoxanthine and, 200 
inhibition by antibiotin factor, 169 
interrelation of growth factors, 134,140 
nicotinic acid and, 181, 183 
pantothenic acid analogs and, 156 
pyridoxine requirement, 138,144 
riboflavin requirement, 134 
1 hianiine requirement, 118, 134 
uracil requirement, 199 
xanthine, and, 200 

Lactic acid formation, in 
electric organs, 362 
in nerve stimulation, 362 

Imtobacillus bifidzis, effect of diet on 

thiamine synthesis by, 28 
Laclobacillus casei, biotin requirement, 

glutaniinc requirement 146, 149 
inhibition by antibiotin factor, 169 
response to  pyridoxine, 139 
and riboflavin assay, 137 

LactobaczlZus casei factor (see also folic 

anemia and, 61,62,67 
bacterial synthesis of, 53 
biotin and, 63 
chromotrichia and, 62 
deficiency, achromotrichia and, 67 

by, 28 

intestinal, 31 

163 

acid), 58, 61, 63 

bone marrow hypocelularity and, 67 
panmyelophthisis and, 61 
sulfonamides and, 68 

dyscrasia and, 54, 62 
granulocytopenia and, 53,62,67 
hypoprothrombinemia and, 62 
isolation of, 61 
leukopenia and, 61, 62, 67 
porphyrin caking and, 57,62, 67 
relation to  factor GPF, 61 

to  factor U, 61 
to  folic acid, 60, 61 
to  vitamin R,, 60, 61 
to  vitamin M, 61 

sulfadiazine and, 56 

sulfonamides and intestinal synthesis 

Laclobacillus delbruckii, folic acid and, 60 
Lactobacillus sap., antagonism of growth 

of, 66 

factors and inhibition of, 205 
inhibition by sulfapyridine, 196 
pyridoxine and, 139 
riboflavin assay and, 137 
specificity of flavins for, 136 
stimulating action of purines for, 199 

thiamine requirement, 118 
Lactose, intestinal riboflavin synthesis 

intestinal thiamine synthesis and, 26, 

“Lamzietke” produced by thiamine de- 
ficient diet, 25 

Lard, intestinal thiamine synthesis and, 
32 

Laurylhydroquinone, effect on growth 
responee to vitamin A, 14 

Lecithin, growth factor for  Neurospora, 
212 

Lemon juice, effect on resorption of 
gonadotropin, 323 

Lettuce, tocopherol in, 14 
1,eucocyte concentrates, effect on re- 

sorption of gonadotropin, 323 
Leucocytes, infiltration in vitamin A 

deficiency, 81 
in vagina i n  vitamin A deficiency, 80-81 

I,eucouostoc itiesetcterioides, 
pyridoxine synthesis by, 138, 139 
riboflavin requirement, 134 
stimulation by uracil, 199 

Leucophytes, action of thiamine on, 123, 

Leukopenia, 55 

of uracil for, 199 

and, 26,31 

31 

126 

folic acid and, 30 
1,. casei factor and, 61, 62, 67 
produced by sulfaguanidine, 54, 62 

Life span, effect of calcium deficiency on, 

Linoleic acid, antioxidant action of, 3 

Lipoxidwe, inhibition by tocopherol, 3 

Litter, 

by sulfasuxidine, 54, 62 

76 

fat deficiency syndrome and, 76 
interrelation with other vitamins, 2-3 

oxidant for carotene, 3 

effect of pantothenic acid on size of, 88 
of phosphorus deficiency on size of, 

77 
on strength of, T i  

river, cocarboxylase in, 6 

55, 63, 67, 68 

and riboflavin in, 8 

damage produced by sulfonamides, 54, 

dietary protein and niacin in, 8 

effect of, on breeding, S i  
of, on malformations, 88 
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Liver, effect of vitamin B complex on nia- 
cin in, 8 

on riboflavin in, 8 
on thiamine in, 8 

folic acid content of 59 
hematopoietic activhy of, 240 ff. 
pantothenic kcid in, 62 
source of antipernicious anemia sub- 

stance, 237 ff. 

as antidote for sulfaguanidine, 34, 53, 
64 

d ecrasia and, 51 
egect on sulfonamides in intestine, 34 

Liver fraction G, 244,249,251,290 
relation to  known vitamins, 245 

Liver fractions, isoleucine in, 248 
Liver oil of jew-fish, as toxic agent, 16 
Lumichrome, 3 
Luminescent bacteria, action of ribo- 

Lungs, effect of prenatal inanition on, 74 
Luteinization, 325, 326,327, 331 
Luteinizing hormone (LH), 298, 320,321, 

Lysine, effect on estrus cycle, 76 
M 

Magnesium deficiency, effect on teeth 
pigmentation, 10 

Malformations, 
congenital, and postnatal behavior, 97 

resulting from maternal diet, 95 
effect of liver on, 88 

Liver extract, intravenous (I..E.), 247 

flavin on, 135 

328 

Man, ascorbic acid requirement of, 89 
Manganese, 

deficiency, congenital debility and, 79 
effect on lactation, 79 

on ovulation, 79 
bn sexual maturity, 79 
on skeleton, 79 

in  maternal diet, 94 
Mare serum, effect on resorption of go- 

nadotropin, 323 
hfargarine, tocopherol as antioxidant of 

vitamin Ain,  3 

Mating, effect of calcium deficiency on, 76 
of phosphorus deficiency on, 78 
of sodium deficiency on, 78 
of vitamin A deficiency on, 81 

Maturation, endemic cretinism and 
sexual, 80 

Maturity, sexual, manganese deficiency 

vitamin D in, 9 

riboflavin deficiency and, 85 

and, 79 
potassium deficiency and, 78 

amides, 177 
Meningococci, inhibitory action of sulfon- 

Mental development. endemic cretinism 
and, 80 

ciency on, 88 
Mesenchyme, effect of riboflavin defi- 

Metabolism, maternal, calcium in, 95 

Methemoglobin formation, 287 
Methionine, antagonism t o  sulfonamides, 

bacterial synthesis of, 179 
discovery of, Ill 
re uirement of Escherichia eoli, 178 

Nf-dethylniacinamide, F, fraction de- 
rivative of, 29 

N'-Methylniacinamide chloride, sulfa- 
guanidine and urinary excretion of, 
41 

sulfaeuxidine and urinary excretion 

thiamine deficiency in, 132 

s nthesis of vitamins by, 23 
txiamine requirement of , 117 ff. 

phosphorus in, 95 
vitamin D in, 95 

178 

of, 41 
Mice, alopecia in, 207, 208 

Microorganisms, symbiosis and vitamin 
requirement of, 33 

Microphthalmos, resulting from ribo- 

Milk, 

flavin deficiency, 97 
from vitamin A deficiency, 82, 97 

thiamine deficiency and, 84 
breast, and beriberi in infants, 84 

dietary riboflavin and riboflavin in, 28 
effect on resorption of gonadotropin, 

pantothenic acid in, 29 
pyridoxine in, and deficient diet, 29 
thiamine in, of fistulated cows, 27 

Mineral deficiency, prenatal develop- 

Miscarriage, maternal diet and, 92 
vitamin B deficiency and, 84 

Mold, symbiosis with yeast, 33 
Monkeys, aacorbic acid requirement, of, 

Monsters, effect of famine on, 75 
Mortality, effect of calcium deficiency 

infant, and maternal diet, 98 
Mucor ramannianus, 130 
Multiple factor hypothesis, of anti erni- 

cious anemia substances, 265 f f .  
Muscle, calcification 55 

and vitamin E deficiency, 67 
choline esterase in, of embryo, 346, 347 
effect of a-tocopherol on lesions of, 691 
lesions from sulfonamides, 54, 69 
necrosis of heart, 63,67 
phosphocreatine breakdown in, of frog,, 

refractory period of, 342 
vitamin E and dystrophy of, 10 

323 

ment and, 76-80 

89 

on intrauterine, 77 

365 

deficiency and necrosis of, 67 
Muscles, striated, choline esterase irr, 

342 
relation to  electric organs, 352 
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Myobacteria, growth factors for, 110, 

production of phthiocol by, 213-215 
Myelin sheath, choline esteraae in, 349 
Myxedema, in endemic cretinism, 80 

produced by iodine deficiency, 79 

213-215 

N 
Naphthoquinones, 213-217 

reversal of growth inhibition by, 215 
Nausea in pregnancy, 

biotin deficiency and, 92 
diet and 98 

Necrosis, ceh lar ,  and vitamin A defi- 
ciency, 81 

of muscle, and sulfonamides, 54,58 
and vitamin E deficiency, 91 

Nematospora gossypii, biotin require- 

inositol requirement of, 207 
thiamine requirement of, IM)9 

ment of, 166, 209 

Neonatal deaths and maternal diet, 95 
Neonatal period, prothrombin defi- 

ciency during, 91 
Nephrectomy, influence of, on excretion 

of gonadotropin, 308 
Nerve, action potential of, 353, 359, 360 

beriberi and lesions of, 10 
chemical transmitter theory of, 340, 

degeneration of, and vitamin defi- 

effect.of prostigmine on, 372 
electric theory of, 340,360 
heat production of, 337, 365 
phosphate bond energy in, 363, 365 

Nerve ending, choline esterase in, 34%344 
Kerve fiber, choline esterase in 345,348 ff. 

excitable properties of, 340, 359 
Nerve membrane, polarization of, 359 

resistance of, 359 
selective permeability, 359, 371 

Nerve stimulation, lactic acid formation 

phosphocreatine breakdown in, 361 
Nervous conduction, mechanism of, 340, 

Neurohumoral transmitter, 340, 360, 371 
Neuromuscular junctions, 339 

choline esterase in, 341-344 
Neuronal surface; choline esterase in, 

respiratory enzymes in, 351 
Neurospora, choline requirement of, 212 

lecithin requirement of, 212 
uracil requirement of, 202 

Neurospora crassa mutants, 142-145, 158, 

p-aminobenzoic acid requirement, 173, 

choline requirement, 212 
pantothenic acid requirement, 158 

300 

ciency, 10,82 

in, 362 

359, 373 

34&350,358,369 

173, 177, 202,212 

177 

pyridoxine synthesis by, 143 
pyrimidine requirement, 202 

Niacin (see also nicotinic acid), 63 
association with riboflavin in csrbo- 

hydrate metabolism, 8 
in protein metabolism, 7, 8 

bacterial synthesis of, 23,29,41,42 
deficiency, effect on blood niacin, 28 

hyperkeratosis and, 11 
after thiamine admibistration, 15 
trigonelline and, 29 
urinary F, fraction, 29 

effect on breeding, 87 
on choline deficiency, 8 
of protein intake on urinary, 8 

escretion in shcep, 28 
intestinal synthesis of, 28 
in liver, effect of dietary protein on, 8 
metabolic relationship with thiamine, 7 
synthesis in rumen, 28, 51, 58 

thiamine deficiency after administra- 

in tissue, ekect of dietary protein on, 8 

in coenzymes, 7 
in dehydrogenase systems, 6 
in nucleotides, 7 
sulfonamides and bacterial synthesis 

and thiamine in carbohydrate metab- 

Nicotinamide (see also niaainamide), as 
bacterial growth factor, 181-183, 
186 ff. 

in ruminants, 28 

tion of 33 

Niacinamide (see also nicotinamide), 
and carbohydrate metabolism, 6 

of, 41 

olism, 6 

bacterial synthesis of, 190, 191 
chemical synthesis of, 185 
conversion to  coenzymes, 190, 193 
and dysentery bacilli, 191,103 

Nicotinamide nucleoside 188, 190 
Nicotinic acid (see also iiacin), 

bacterial synthesis of, 190,192 
function in  bacteria, 192-195 
interrelation with biotin and thiamine, 

isosteres of, 183, 186 
Dvrazine analoes of. 183. 186 

165, 166 

of insects, 182 
of roots, 182, 183 

specificity, 184 ff. 
stimulating action on Staphylococcus 

auwua, 165 
and yeasts, 183 

Nicotinic acid derivatives, activity of, 

Nicotinic acid esters, activity of, 154-193 
Norite eluate factor, 56 

Nuclear eutractives, hematopoietic ac- 

183-185 

relation to  folic acid, 60 

tivity, 289 
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Sucleotides, niacinamide in, 7 
riboflavin in, 7 

Sutrition, effects of prenatal 75,91-95 
implications of bactcrial synthesis 

in, 23 
of vitamin synthesis in, 4243  

inadequate, effect on embryo, 74 
on implantation of ovum, 74 
on placenta, 74 
on umbilical blood flow, 74 
on transmission of toxic sub- 

stances, 74 
inoaitol and, 208 
sulfonaniides and, 40 

prenatal, 73-103 
produced with complete diets, 99 

Sutritional deficiency, manifestations of 

iiutritional supplements, 98 

0 
Offspring, effect of vitamin A deficiency 

Oil, toxic effects of, and vitamin E, 12 
on, 98 

toxic effects of fatty acids in, 16 
vitamin E destroyed by marine, in 

Oleic acid, growth factor for bacteria, 212 
alimentary tract, 12 

for fungi, 213 
requirement of Closlridia, 213 

of Corynebaelerium diphlheriae, 213 
Optic foramen, vitamin A deficiency and, 

82 
Optic nerve, constriction of, in vitamin 

A deficiency, 82 
Orange peel extract, effect on ascorbic 

acid requirement, 4 
Oranges, effect on dark adaptation, 5 
Organogenesis of embryo, 98 
Organs, effect of riboflavin deficiency 

Osteoblast, vitamin A deficiency and ac- 

Osteoclast, vitamin A deficiency and ac- 

on, 97 

tivity of, 9 

tivity of, 9 
Osteoid. effect of vitamin D deficiency 

on, 89 
Ovulation, 311, 313, 322, 331 

of dietary fat on, 76 
of mineral deficiency on, 78, 79 
of vitamin A deficiency on, 81 

effect of hypophysectomy on, 313, 314 

protein and, 76 
Ovum, development in mammals, 95 

inadequate nutrition and implanta- 
tion of, 74 

P 
Palmityl ascorbic acid, co-vitamin ac- 

Palsy from filtrate factor deficiency, 10 
Panmyelopht,hisis from L .  casei factor 

tion with tocopherol, 12 

deficiency, 61 

INDEX 

Pantoic lactone, 153, 155, 156 
requirement of hemolytic streptococci, 

Pantothenate, calcium, effect on sulfa- 

Pantothenic acid, 63, 151 ff. 
bacterial assay of, 148 

biotin and utilization of, 58 
brain weight and, 88 
breeding and, 87 
deficiency, achromotrichia from, 57-58 

alopecia and, 67 
grey hair and, 54 
hemorrhagic necrosis and, 67 
liver riboflavin and, 7 

thiamine and, 7 
and sulfonamides, 57 

effect on Brucella spp . ,  155 
of dietary thiamine on synthesis 

of sulfonamides on synthesis of, 35 
heart weight and, 88 
identity with chiok antidermatitis fac- 

inositol synthesis and, 52 
insect nutrition and, 158 
interrelation with biotin, 63 

with L. easei factor, 63 
litter size and, 88 

155 

pyridine, 57 

synthesis of, 23, 29, 35, 155 

of, 32 

tor,. 29 

in liver, 62 
and liver riboflavin, 7 
metabolic relationship with pyridox- 

ine. 33 
in milk: 29 
porphyrin caking and, 54,57-58,67 
refection of, 52 
requirement of fungi, 158 

of hemolytic streptococci, 152-154 
of insecty, 158 
of Neurospora crassa mutants, 158 
of rats, 29 

structure of, 153 
sulfonamides and, 54, 57 
synthesis in rumen, 29,51 
utilization of, and folic acid, 58 

Pantothenic acid analogs, 156, 157 
and lactic acid bacteria, 156 

Pan toy1 - taurine, 156 
Paralysis, dietary thiamine deficiency 

Parathyroids, and fetal skeleton calcifi- 

Parturition, and vitamin B deficiency, 84 
Pastewella, nicotinrtmide requirement, 

and, 25 

cation, 78 

effect of calcium deficiency on, 76 

I81 
pantothenic acid requirement, 155 

thiamine deficiency after niacin ad- 
Pellagra, skin lesions and, 10 

minietration in, 15, 33 
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Pelvis, contracted, 

’ of proteins on, 75 
effect of carbohydrates on, 75 

of water on, 75 
Perfusion fluid, acetylcholine in, 369-371 
Pernicious anemia, definition of. 238 

early therapy, 239 
role of tryptic digestion in, 286 
vitamin deficiency theory of, 240 
whole liver therapy, 241, 242 

Pfe i fF’s  bacillus, thiamine synthesis by, 

Phenylhydrazine anemia, 285 
Phosphate bond energy, in nerve, 363, 

Phosphocreatine breakdown, during 
365 

acetylation of choline, 363 
in electric ‘organs, 361 ff. 
in frog muscle, 365 
in nerve stimulation, 361 

Phosphocreatine content, of electric 

Phosphopyridine nucleotides 
~ see Pyridine nucleotides 

organs, 365 

Phos horus, 
de&iency, effect 0x1 abortion, 77 

on breeding. 77 
on estrus, 7 7  
on lactation, 77 
on litter size, 77 
on mating, 78 
on ovulation, 78 
on reproduction, 77, 78 
on rickets, 78 
on sheep fertility, 76 
on skeleton, 78 
on sterility, 77 
on strength of litter, 77 
on uterine resorption, 77 

effect on vitamin D requirement, 18 
in maternal diet, 95 

metabolism, 95 
metabolism of bones in vitamin E 

deficiency, 9 
Photobacterium phosphorescens, 135 
Phthiocol, 214, 216 

Phycomyces blakesleeanus, 111, 117, 124- 
synthesis by Myobacteria, 213-215 

action of thiamine on, 117,124, 126 
guanine as growth factor, 201 
hypoxanthine as growth factor, 201 

Physiological requirement, definition 

relation to  dietary requirement, 43 
Phytic acid, effect on vitamin D require- 

Phytomonas tumefaciens, 120 
Phytophthora cinnamomi, 126, 129 
Pimelic acid. bacterial growth factor. 

126, 128, 129, 201 

of, 43 

ment, 18 

- 
168, 170 

substituent for biotin, 168 

requirement af Corynebacterium diph- 

Pituitary gland, influence of vitamin E 
theriae, 168 

on, 9 

213 

thyrotropin from, 64 
Pityrosporum ovule, growth factors for, 

Placenta, absorption of ascorbic acid, 89 
inadequate nutrition and, 74 
injury from vitamin A deficiency, 81 

Plants, symbiosis and vitamin require- 
ment of, 33 

Plasma, carotene in, 82 
carotene intake and, carotene in preg- 

nancy, 82 
vitamin A in, 82 

Pneumococcus, see Diploccus pneu- 
moniae 

ciencv. 25 

Polarization, of nerve membrane, 359 
Polyneuritis, and dietary thiamine defi- 

moniae 

ciencv. 25 

Polarization, of nerve membrane, 359 
Polyneuritis, and dietary thiamine defi- 

Porphyrii:caked whiskers, 55 
biotin and, 54, 57 
folic acid and, 57 
L. casei factor and, 57, 62 
pantothenic acid and, 54, 57-58, 67 
sulfonamides and, 54,57, 62 

deficiency, effect on ovulation, 78 

ion, effect on choline acetylase, 366 
Potassium iodide, and conditions result- 

in salt, effect on endemic goiter, 80 
in water, effect on endemic goiter, 80 

Potassium soap, effect on resorption of 

Potato starch, effect on vitamin B syn- 

Pregnancy, and ascorbic acid, 88 

Potassium, 

on pregnancy, 78 
on sexual maturity, 78 

ing from iodine deficiency, 79 

gonadotropin, 323 

thesis, 31 
refection and diets containing, 26 

calcium and, 77 
diet and, 75, 82, 91, 92, 98 
dietary carotene and plasma in, 82 

effect on scurvy, 88 
mineral deficiency and, 78 
protein and, 76, 93 
vitamin A deficiency and, 81 
vitamin A requirement in, 96 

and plasma vitamin A in, 82 

I3 deficiency and, 84 
Pregnancy blood, gonadotropin in, 298, 

301, 306,.307, 310, 323, 324, 327, 331 
Premature birth, 

resulting from ascorbic acid deficiency, 
88 
from maternal diet, 92, 94 

from thiamine deficiency, 84 
Premature children, famine and, 75 
Prenatal development, 

inanition, 74 

effect of maternal diet on, 76 
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Prenatal development, effect of maternal 
inanition on, 74-75 

protein deficiency on, 76 
vitamin deficiency on, 80-91 

of mineral deficiency on, 76-80 
of protein on, of pigs, 76 

Prenatal diets, analysis of, 91 
Prenatal nutritional deficiency, mani- 

festations of, 73-103 
Pressor substances, 230 
“Pro-estrogen”, 319, 320 
Progesterone, 301 

Prolan, 298,324 
“Prolanoid”, 316, 317 
Prontosil, 230 
Propionic acid bacteria, action of ribo- 

flavin on, 135 

formation of, 320 

thiamine on, 118 
and nicotiniv acid, 181 
synthesis of thiamine, 119 

Prostigmine, effect on nerve, 372 
Prostration, calcium deficiency and, 76 
Protein, and contracted pelvis, 75 

deficiency and birth weight, 76 
and conception, 76 
and embryo, 76 
and estrus, 76 
and fertility, 76 
and pregnancy, 76 
and prenatal development of pigs, 76 

riboflavin, 8 
and tissue niacin, 8 

riboflavin, 8 
and urinary niacin, 8 

riboflavin, 8 
and vitamin requirement, 7,42 

dietary, and liver niacin, 8 

and estrus cycle, 76 
and intestinal flora, 31 
in maternal diets, 94 
niacin and assimilation of, 8 
and pregnancy, 93 
requirement for .ovulation, 76 

for reproduction, 76,77 

flavin and niacin in, 7 , 8  
Protein metabolism, association of ribo- 

Proteins, and bacterial synthesis, 23, 44 

Proleus vulgaris, action of nicotinic acid 
riboflavin and metabolism of, 17 

derivatives on, 183-185 
and coenzyme 2,192 
glutamine requirement, 147 
inhibition of growth of, 191 
nicotinic acid requirement, 181-183 
synthesis of folic acid by, 30 

of inositol by, 30 
of niacin by, 29 
of pantothenic acid by, 29 
of pyridoxine by, 29 
of riboflavin by, 28 
of thiamine by, 28 

use of isonicotinic acid, 183, 184 

Prothrombin, biotin and, 56 
folic acid and, 56 
level, and vitamin K deficiency, 52,91 
of plasma, 55 
and sulfasuxidine, 56 
vitamin K and, 56 

Pseudomonas juorescens, synthesis of 01- 
otin by, 30 
of folic acid by, 30 
of inositol by, 30 
of niacin by, 29 
of pantothenic acid by, 29 
of pyridoxine by, 29 
of riboflavin by, 28 
of thiamine by, 28 

Pseudomonas spp.,  inositol metabolism, 
209 

Pterine, 262, 279. 
Purines, antagonism to benzimidazole,203 

to  sulfanilamide. 204-206 
as bacterial growth factors, 198 f f ,  
effect on growth response to  p-aminor 

benaoic acid, 201, 204-206 
stimulating action on L,actobacillus 

spp.,  199 
Pyridine nucleotides, 180 f f .  

Pyridine-3-sulfonamide, 198 
Pyridine-3-sulfonic acid, 185, 191 

Pyridipe-3-sulfon(2-pyridyl)amide, 197 
Pyridoxine, 63 

bacterial synthesis of, 187, 189-191 
function in Hemphilus bacteria, 189 

as growth inhibitor for Staphylococcus 
aureus, 191 

bacterialsynthesis of,23,35,137-139,143 

breeding and, 87 
deficiency, and ascorbic acid content of 

organs, 8 

in ruminants, 29 

and liver riboflavin, 7 
thiamine, 7 

growth factor for bacteria, 137 ff., 191 

metabolic relationship with panto- 

refection of, 52 
structural specificity of, 145 
synthesis in reticulum, 29 

in  rumen, 29 
and sulfonamides, 35 
and thiamine in  feed, 32 

Pyrimidine, requirement of fungi, 202 
of Neurospora crassa mutants, 202 

Pyrithiamine, 129-132 
antagonism to thiamine, 129-132 
resistance of Escherichia coli to, 130 

P.yrophosphoric acid in  cocarboxylase, 6 
Pyruvic acid, and thiamine, 6 

for fungi, 142-145 

thenic acid, 33 

Q 
Q, Ch. E. definition, 344 
Quinine salt of antipernicious anemia 

substance, 251, 253 
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Quinolinic acid 183, 185 
pyrasine analogs of, IM 

R 

Ratfl, effect of inanition on pregnant, 74 
of purified diets on, 24 

niacin, synthesis in, 28 
pantothenic acid requirement, 29 
pyridoxine synthesis in, 29 

Redox catalyst, riboflavin as, 5 
Refection, 23, 25-2p 

bacterial synthesis and, 50 
diets containing rice starch and, 26,51 
growth factor of feces and, 26 
intestinal synthesis and, 26 
of pantothenic acid, 52 
potato starch diets and, 26 
of p ridoxine, 52 
of ritoflavin, 52 
of thiamine, 52 
and vitamin B deficient diet, 26 
and vitamin B synthesis, 31, 51 

of ganglion cell, 339 
of muscle, 342 

calcium and, 76, 77, 78 
carbohydrate and, of rat, 76 
choline and, 81) 
diet and, 74,98. 
pantothenic acid and, 88 
phosphorus and, 77, 78 
protein and, 76, 77 
riboflavin deficiency and 85 
vitamin E deficiency and, 90,91 

diet and, 95 
phos horus deficiency and, 77 
ribofavin deficiency and, 85 
starvation andl 74 
vitamin A deficiency and, 81 

Refractory period, of electric organs, 353 

Reproduction, aacorbic acid deficiency 
snd, 89 

Resorption, uterine, ascorbic acid defici- 
ency and, 77 

Respiration, congenital goiter and, 80 
Reticulocyte responae, 241,244,256,261, xis, a n ,  272,274, 276,278, 283, 2871 
m, as9 

of guinea pig, 265 
of pigeons, 283 

Reticulocytoais, see bticulocyte re- 
sponse 

Reticulo-endothelial system, 309, 312' 
Reticulum, bacterial synt,hesis of pyri- .. 

doxine-in, 29 

hyde, 6 

ment 159, 163-165 

of riboflavin by, 135 
Rhizobium trifolii, 121 
Riboflavin, 63, 132 ff. 

Retina, riboflavin in fish, 5 
Retinene, identity with vitamin A alde- 

Rhizobia, biotin or coenzyme R require- 

synthe&s of biotin by, 163 

sction on luminescent bacteria, 135 
may,  135 
sssociation with ascorbic acid metab- 

with niacin in carbohydrate metab- 

with thiamineinoarbohydratemetab- 

with vitamin A in dark adaptation, 4 
vitamin A and visual purple, 5 

bacterial synthesis of, 23, 39-41, 42, 
96, 135, 136 

breeding and, 87-88 
carbohydrate metabolism and, 6 

and oxidation, 17 
conversion to lumichrome by light, 3 
coprophagy and, 96 
darkadaptationand, 5,6,17 
deamination of amino acids, 7 
deficiency, bones and, 86,88 

brachygnathia and, 97 
cartilage and, 86,s 
chondrification and, 88 
congenital abnormality and, 97 

due to  massive thiamine dose, 15 
effect on embryo, 96,97 
estrus and, 84, 96 
gestation and, 96 
growth and, 85 
liver thiamine and, 7 
maturation and, 85 
mesenchyme and 88 
micro hthalmos {rom, 97 
reprocfuction and, 85 
skeleton and 85, 96-97 
sterility andl 85, 96 
tissue thiamine and, 7 
urinary thiamine and, 7 

in dehydrogenase systems, 6 
development and, 97 
in liver, and pantothenic acid, 7 
protein intake and, 8 
requirement of bacteria, 133-136 
structural specificity of, 136 
synthesis of biotin and, 32 

of inositol and, 32 
synthesis of, and glucose, 31 

and starch, 31 
and sucrose, 31 
and sulfasuxidine, 39 
and thiamine, 32 

thiamine deficiency and tissue, 7 
thiamin deficiency and urinary, 7 
urinary excretion of, 15 

and dietary, 39 
and visual purple, 4, 6, 17 
in yellow enzyme, 6 

Riboflavin tetraacetate, 136 
Rice, and thiamine synthesis, 39 

incidence of beriberi among, eaters, 39 
Rice starch, and vitamin B synthesis, 31 

refection and, 26,51 

olism, 17 

olism, 8 
in protein metabolism, 7,8 

olism, 6 

malformations and 85,88 
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Rickets 
congenital, and vitamin D deficiency, 

RFI 
effectof calcium phosphorus ratio on, 

78,89 
phosphorus deficiency on, 78 

in infants with vitamin D deficiency, 89 
Rodents, synthesis of ascorbic acid by, 23 
Roots, action of thiazoles on, 126 

growth inhibition by sulfonamides, 177 
nicotinic acid requirement of, 182, 183 
pyridoxine requirement of, 142, 143 
thiamine requirement of, 121, 122, 

thiamine synthesis by, 128 
Roughage, effect on intestinal synthesis, 

32 
Ruminants, 

124-127 

bacterial synthesis in, 51 
of vitamins in, 23,28,29 

intestinal synthesis in, 44 
site of bacterial synthesis'in, 35 

s 
Saccharomvces, see Yeasts 
Salmonella, and nicotinic acid, 181, 184 
Salvarsan, 229 
Sartorius muscle, choline esterasc in, 

342, 343 
Scurvy, bone fractures in infantile, 9 

cod liver and, 10 
congenital, in man, 89 
detachment of cpipliysis, 9 
preqnancy and, 88 
skeletal lesions in infantile, 9 
vitamin A and, 16 

hrane, 359, 371 

on, 76 

76 

Secondary deficiency, definition of, 2 
Selective permeability, of nerve mem- 

Sensitivity, cffect of calcium deficiency 

Sexual maturity, sodium deficiency and, 

Shigellu see Ilyseiitery bacilli 
Single nerve impulse, energy of, 365 
Skeleton 

cnlcification of fetal, and diet,ary min- 
erals, 78 

find parathyroid, 78 
and vitamin D deficiency, 89 

infantile scurvy and lesions of, 0 
manganese deficiency and, 79 
phosphorus deficiency and, 78 
riboflavin deficiencies and, 85; 96-07 

Skin lesions. and fatt,y acid deficiency, I I  
antl pcllagr:~, 10 
and vitniuin tlctirieiicy, 10, 1 1  

Sotliuni Ilic~ar.l)on:tte. :tnd Itidncy lcsiotls 
producctl by  sulfon:mitlrs. 55 

Sotlirmi drfic.iciic\-. :itit1 ~ ' s t r u s .  78 
: t i i d  iiinting. i s  
i tnt l  prrgn:tnc.y, 'ih 
slld sexual iiiaturity. i d  

Sodium sulfate, effect on resorption of 

Spinal cord, &oline esterase in, 345, 346 
copper deficiency and, 79 

Spinach, folic acid 'content of, 59 
Spirillum, adenine as nutrient for, 201 

guanine as nutrient for, 201 
hypoxanthine as nutrient for, 201 

Spleen, effect of prenatal starvation on, 

Splenectomy, 
effect of, on gonadotropin inactivation, 

309,310 
Squid, mant axon of, 350 
Staphylococcus albus 

synthesis of pyridoxine by, 139 
riboflavin by, 139 

Staph lococcus aureus, 
inhiktion by antibiotin factor, 169 

by pyridine-3-sulfonic acid, 191 
by sulfonamides, 177, 196 

nicotinic acid requirement, 181 
stimulation by biotin, 165 
synthesis of riboflavin, 136 
and thiamine, 118, 119! 121, 124-126 
thiamine and nicotinic acid require- 

uracil requirement, 198 
uracil synthesis by, 140, 198 

synthesis of riboflavin by, 136 

dextrinized, intestinal Aora and intake 

vitamin synthesis in cecum of rat 

effect on intestinal riboflavin synthe- 

refection antl dicts rontaining, 20 
Starvation, effects of prrnatal, 71 

and pregnancy, 74 
and uterine resorption, 74 

Sterility, effect of phoRphorus deficiency 

resulting from riboflavin deficiency, 

gonadotropin, 323 

74 

ment, 165 

tkaphylococcus Jtuvus, growth factors 

St arch, 

for, 118 

of, 26 

and intake of, 20 

ais, 31 

on, 77 

85, 96 
vitamin E deficiency, 90,91 

Stilbene, estrogenic activity of, 232 
Stillbirths, faminc and, 75 

iodine deficiency and, 79 
rcsulting from ascorbic acid tlrfici- 

ency, 88 
maternal diet, 92, 95 

starvation and, 74 
thiarninc deficiency and, 84 

S/rcptococcirs f c c d i s ,  glutainine require- 

lyt ir strcpt ococ-cxi 

ment, 139 
S/rep/ococcits Zctctis, pyridosine require- 
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riboflavin requirement, 134 
stimulation by uracil, 199 
synthesis of folic acid by, 60, 61 
thymine as nutrient for, 200 

Streptocorczls salivarius. thiamine and, 

Sfreplococcus s p p .  and pyridouine, 138 
Streptococcus viridans, glutainine re- 

Streplococcus zgmogenos, glutamic acid 

Strychnine, affinity for choline esterase, 

Succinylsulfathiazole, see Sulfasuxidine 
Sucrose, intestinal synthesis and, 31 

of riboflavin and, 31 
of thiaminc and, 31, 32 

thiamine synthesis and, 39 

adrenal necrosis from, 57 
antagonism t o  p-aniinobenzoic acid, 

bacterial synthesis of vitamin I< and, 

basal metabolism and, 69 
dietary casein and, 55 
folic acid and, 56 
tiypoprothrombinemin from, 54, 56 
kidney lesions and, 55, 65 
L. casei factor and, 56 
nutrition and, 49 
thyroid and, 63 
vitamin I< dcficiency frqrn, 56 

Sulfaguanidine, 44 
achromotrichia produced by, 57 
and p-aminobenzoic acid, 34, 53, 54,56 
anemia produced by 54, 62 
and anterior pituitary, 63 
bacteriostatic action of, 53 
basal metabolism and, 63 
biotin and, 29-30,3457 
blood vesscl calcification produced 

bone inarrow defects produced by, 54 
chrornotrichia produccd by, 62 
folic acid synthesis and, 34 
granulocytopenia produced by, 54, 62 
grey hair produced by, 54 
hyaline sclerosis produced by, 54 
hyaliniaation produced by, 58 
hypophysis and, 63 
hypoprothrombinemia produced by, 

54, 56, 62 
intestinal synthesis and, 31, 33 
kidney lesions and, 64 
leukopenia produrcd by, 54, G2 
liver extract and, 34, 53, 54 
muscle and, 58 
nutrition and, 49, 53 
porphyrin caking produced by, 57 
prothrombin and, 56 
thyroid and, 53, 63 

118, 129 

quirement, 116, 148 

requirement, 146 

372 

Sulfadiazine, 64,67 

56 68 

67 

by, 54 

urinary excretion of N'-methylniacini 

vitamin I< deficiency Froduced by 

adrenal necrosis produced by, 57 
antagonism to purines, 201-206 
kidney lesions and, 64 
nutrition and, 40 
rcversal of inhibition, 171-173, I75 
thyroid and 6 
vitamin I i  deficiency produced by, 5F 

Sulfanilylguanidine, see Sulfaguanidini 
Sulfapyrazine, hypoprothrombinemi$ 

nutrition and, 49 
vitamin I< deficiency produced by, 5h 

adrenal necrosis produced by, 54, 5;  
alopecia produced by, 54,57 
antagonism to coenzyme 1, 196 
effect of calcium pantothenate on, 57 

of pantothcnic acid on, 54 
on thyroid, 63 

nutrition and, 49 
pantothenic acid deficiency and, 57 
porphyrin-caking and, 57 

Sulfasu\idine, achromotrirhia produced 

alopecia produced by, 54 
anemia produced by, M,62  
antagonism to p-aminobenzoic acid, 

biotin as aritidotc for, 54 
biotin deficiency produced by, 57 
bone marrow defects produced by, M 
chromotrichia produred by, 62 
effect on bactrrial synthesis, 54 

amide chloride and, 41 

M,56 
Sulfanilamide, 229, 230 

produced by, 54, 56 

Sulfapyridine, 64, 195, 196 

by, 54, 57 

34, 68, 69 

o f  riboH:ivin, 39 
of thiaiiiinr, 37 
of vitnniin I<, 68 

on intestinal bacteria, 5.1 
on intrstinal synthesis, 34 
on prothronibin, Ti6 
on synt!icsis of p-aminobcnzoic wid,  

34 
of folic acid; 3.1 

on urinary excretion of K'- 
methylniacinamide chloride, 41 

on thiaminc ewrction in feces, 38 
folic acid and, 54 
granulpcytopenin produced by, 54, 62 
hyalinization produced by, 54, G2 
hypoprothrombincmia produced by, 

inositol a3 antidote for, 51 
kidney lesions from, 61 
leukopenia produced by, 54, 62 
musclc, calrification and, 58 

lesions from, 58 
necrosis from, 58 

nutrition and, 49 
pantothenic acid as antidote for, 54 

54, 62 



416 SUBJECT INDEX 

porphyrin-caking and, 54,57,62 
spontaneous bleeding from, 56 
a-tocopherol as antidote for, 58 
vitamin I( deficiency and, 56 

Sulfathiazolr, adrenal necrosis from, 57 
dietary casein and, 55 
hy oprothrombinemia from, 51, 56 
d n e y  lesions from, 55 
nutrition and, 49 
thyroid and 63 
vitamin K deficiency and, 56 

Sulfonamides, 64 
absorption of, 65 
action on virus, 177 
alopecia produced by, 54 
p-aminobenzoic acid and, 56 
antagonism to methionine, 178 
arterial lesions produced by, 68 
bacteriostatic action, 24, 43, 44, 69, 

calcification of muscle produced by, 54 
cardiac aneurysm produced by, 54 
conjugation in kidneys, 65 
deficiencies, produced by, 69 
deposit in kidneys, 65 
dermatitis produced by, 54 
effect on bacterial flora, 68 

on bacterial synthesis, 23 
of p-aminohenzoic acid, 66 
of biotin, 34,35,66,68 
of folic acid, 30,34,35 
of L. casei factor, 66,68 
of niacinamido, 41 
of vitamin E 68 
of vitamin d, 66 
of vitamins, 50 

on basal metabolism, 69 
on biotin in feces, 66 
on intestinal bacteria, 66 

synthesis, 33, 68 
on synthesis of pantothenic acid, 35 

of pyridoxine, 35 
of vitamin K, 32, 66 
of vitamins, 66 

on thiamine excretion in feces, 38 
on thyroid hormone, 64 
on vitamins in feces, 66 

folic acid deficiency produced by, 58 
heart lesions produced by, 68 
hemorrhage produced by, 54 
kidney lesions produced by, 55,6443 
liver and, 34,52,68 
mode of action of, 55 
muscle lesions produced by, 54, 58, 69 
nutrition and, 49 
renal clearance of, 65 
resistance to, 179 
toxic effects of, 69 
vitamin deficiency and, 49-12 

growth of, 74 

184 

170-180,196 

Suprarenals, prenatal inanition and 

Swayback, copper deficiency and, 79 
Symbionts, influence on insect nutrition, 

Symbiosis and vitamin requirement of 

Bympathin, 339 
Synapses, 339 ff. 

microorganisms and plants, 33 

choline esterase concentration i n ,  

transmission of stimulus, 360, 373 
Synergism between anterior pituitary and 

between vitamins, 1 ,  2, 12-15 
Synergistic factor, 312 
Synthesis of R vitamins by intestinal 

bacteria, 23-48 

344-350 

gonadotropin, 327 

T 
Tachycardia, resulting from vitamin B, 

deficiency, 84 
Tannic acid, effect on resorption of gons- 

dotropin, 323 
Teeth, ascorbic acid and, 9 

and magnesium deficiency, 10 
and vitamin E,  13 

pigmentation and fluorine, 10 

prenatal nutrition and, 95 
vitamin A deficiency and development 

vitamins and, 9, 10 
of, 81 

Testes. Drenatal starvation and. 74 
Tetrahy-droxyquinone, bacterial syn- 

Thallium salts, inhibition of estrus by, 
thesis of, 209 

329 
Thiamine, 63 

absorption of, 38 
action on flagellates, 123 

on Phycomyces, 117, 124, 126 
antagonism to pyrithiamine, 129-132 
ascorbic acid deficiency and, 8 
and bacterial metabolism, 119, 120 
bacterial synthesis of, 23, 28, 33-39, 42 

and carbohydrates, 38-39 
and dextrinized cornstarch, 31 
and sulfasuxidine, 37 

biosynfhesis of, 118,120,121-124 
carbohydrat,e metabolism and, 6 
carboxylase and, 6 
deficiency, aecorbic acid in organsand, 8 

blood dextrose and, 84 
lactate and, 84 
pyruvate and, 84 

cyanosis in infants and, 84 
, enlarged heart and, 84 

estrus cycle and, 84 
hemorrhage in new born and, 84 
infantile mortality and maternal, 84 
liver riboflavin and, 7 
in  mice, 132 
niacin administration, and, 33 
premature birth and; 84 
stillbirth and, 84 
tachycardia and, 84 
tiuaue riboflavin and, 7 
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urinary riboflavin and, 7 
thiamine and, 7 

enzyme of fish and, 99 
in feces, 27, 35, 36, 37, 38 

and sulfonamides, 38 
in feed, biotin synthesis and, 32 

pantothenic acid and, 32 
pyridoxine and, 32 
riboflavin and, 32 and, 64 

with vitamin El 18 

31 
and dextrose, 31 
and fat, 32 
and glucose, 31 
and lactose, 31 
and lard, 32 
and starch, 31 
and sucrose, 31, 32 

in liver and biotin deficiency, 7 
and pantothenic acid deficiency, 7 
and riboflavin deficiency, 7 

in maternal diets, 94 
metabolism and niacin, 33 
in milk of fistulated cows, 27 
niacin deficiency after administrtltion 

and oxidation of lactate, 6 
polyneuritis and dietary, deficiency, 25 
pyruvic acid and, 6 
refection of, 52 a-Tocopherol, 
requirement, affected by fat, 12 

of bacteria, 118, 121, 122, 129, 134, 

of fungi, 33, 117 ff., 122, 123 
of roots, 128 
of Torula, 123 
of Ustilago, 123 
of yeasts, 117, 124 

riboflavin and, 6, 15,39 
site of synthesis, 26, 27, 38, 51 
sparing action of fats on, 18 
specificity, 124-127 
treatment of hypervitaminosis with, 16 
variation in the pyrimidine part of, 

in the thiazole part of, 125-128 

hyperemia, 65,6$67 
and eulfaguanidine, 63 

hyperplasia, 64, 79 
hypertrophy, 55, 63, 67, 79 
iodine deficiency and, 79,98 
sulfons'mides and, 53, 63 
thiourea and, 63 

Thyroid hormone, basal metabolic rate 

sulfonamides and, 64 
Thyrotropin from pituitary, 64 
Thyroxin, 64 

and sulfaguanidine action, 63 
Tissues, development, vitamins and, 8-11 

synthesis of vitamins in body, 23 
vitamins in development of, 1 

formation of acetylcholine and, 367 
interaction with riboflavin, 7 

intestinal synthesis and dextrimaltose, 

and maintenance of, 1 

ment on, 24 

activity of li oxidase, 3 
carotene and: 14 
co-vitamin action with palmityl as- 

corbic acid, 14 
destruction by cod liver oil, 12 
dystrophy prevented by, 12 
growth and, 14 
in lettuce, 14 
liver vitamin A and, 12, 14 
relation with other vitamins, 2-3 
synergism with carotene, 14 
vitamin A and, 14, 15 

effect on lesions produced by sulfa- 
suxidine, 58 

lesions, 69 

Toad larvae, effect of sterile environ- 

Tocopherol, as antioxidant, 3, 14 

of, 15 

165, 166, 209 on muscular dystrophy, 58 

Tomatoes, and dark adaptation, 5 
Torpedo, electric organ of 352-355 
Torula, thiamine requirement, 123 
Torula cremoris, growth factor require- 

Toxemia resulting from maternal diet, 92 
Trigonelline and niacin deficiency, 29 
Triphosphopyridine nucleotide (see also 

ments, 182 

coenzyme 2), 7 
effect on yellow enzyme, 6 

121-123, 124-127 niacinamide in, 7 
Trypan blue, 310 

Thiamine analogs, 124-131 Tryptic digestion, r8le in  pernicious 
Thiacole-5-carboxylic acid, 197 anemia, 286 
Thiazole derivatives, activity of , 126-128 Tryptophane, accessory factor t o  anti- 
Thiazole pyrophosphate, I29 
Thiourea, 64 Tubercle bacilli, 110, 213, 214 

Tumors, resulting from embryonal de- 
Thymine, nutrient for Streptococcus velopment, 98 

Tungstic acid, effect on resorption of 
Thymus, prenatal inanition and growth 

Typhoid bacilli, growth stimulating ef- 
Thyroid, congenital goiter and degenera- 

Tyrosine, accessory factor t o  antiperni- 
enlargement of, and iodine deficiency, cious anemic substance, 265, 274, 

anemic substance, 281-283 

effect on thyroid, 63 

lacf is ,  200 

of, 79 

ation of , 80 

gonadotropin, 323 

fect on rat, 25 

79,98 96,287 
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U 
Umbilical blood flow, effect of inade- 

Underfeeding, birth weight and, 74 
estrus cycle and, 74 
fetus and, 74 

Uracil, as bacterial growth factor, 140, 

bacterial synthesis of, 198 
Urine, dietary biotin and biotin in, 46,53  

effcct of sulf:tguanidine and sulfasuxi- 
dine on excretion of K’-methyl- 
niacinainide in, 41 

F2 fraction ill ,  and niacin deficiency, 29 
riboflnvin excretion in, 39, 42 
thiamine in, 37 

ant1 dietary thiamine, 84 

quate nutrition on, 74 

198-201 

listilago, thiamine requirements, 123 

V 

“V” factor, 110, 186-191 
bacterial assay, 188 
identity with coenzymes 1 and 2,186 
specificity of, 188 
synthesis of, 187, 189 

Vagina, cornification, and vitamin A de- 
ficiency, 80, 81 

Vaginal estrus, 314 
Vagus, effect, of rserinc on stimulation 

i‘Vagus-stoff”, 338 

Viability of young and dietary fat, 76 
J‘irus, action of sulfonamides on, 177 
Visual purple, ascorbic acid and, 4 

of, 338 

effect of atropine on, 338 

associatcd with riboHavin, and vita- 
min A, 5 

criticism of V d d ’ s  theory, 5 
riboflavin and. 4. 5. 6. 17 
vitamin A and, 4, 17 ’ 

association with ascorbic acid, 4, 8 
with choline, 8 
with vitamin 13 complex. 8 

bone formation and, 9,  10 
dark adaptation and, 4 ,  5 ,  6 ,  17 
deficiency, abortion and, 81 

accefisory cars and, 82 
congenital blindness and maternal, 

Vitamin A, antagonism to vitamin 11, 16 

81 

82,83, 97 
congenital malformations and, 81, 

cornificat,ion of vaginal cells and, 
80,81 

development of cellular necrosis 
and, 81 

diarrhca and, 81 
effect, on ascorbic acid content of 

organs, 8 
estrus and, 81 
eye and, 81-84 

fertility and, 81 
fetal death and growth, 81 
hyperkeratosis and, 11 
leucocyte infiltration and, 80, 81 
localized infected areas from, 81 
misplaced kidneys from, 82 
nerve and, 10,82  
offspring and, 83, 98 
ovulation and, 81 
placental injury from, 81 
pregnancy and, 81 
subcutaneous cysts from, S2 
teeth and, 10, 13, 81, 98 
uterine resorption and, 81 

effect of carotene intake on plasma, 
during pregnancy, 82 

of excess, on vitamin D requirement, 
15 

of tocopherol deficiency on reserves 
of, 13, 15 
on liver, 12, 13, 14 

of toxio doses oq growth, 17 
on vitamin E storage, 13 
of wheat germ oil on liver, 12 

and ascorbic acid, 14 
and hydroquinone, 14 
and lauryl hydroquinone, 14 

growth response to, and p-aminoben- 
zoic acid, 14 

interrelation with other vitamins, 2-3. 

in jew-fish oil, 16 
in maternal diet, 94, 95 
metabolism and vitamir! E, 9. 14 
photodegradation products of, 5 
in plasma, 82 
requirement during pregnancy, 96 
riboHavin and, 5, 17 
synergism with vitamin E, 1,12-I5 
tocopherol as antioxidant of, 3 
toxic effects of, 15, 16 
trcatmcnt of hypervitaminosis D with, 

visual purple and, 4, 17 
Vitamin A aldehyde, identity with re- 

13 

17 

tinene, 6 
preparation from vitamin A, 6 

Vitamin B. 
bacterial synthesis, 43, 50, 51 
deficiency, coprophagy and, 2 6 , 5 0  

estrus cycle and, 84 
intrauterine resorption and, 84 
miscarriage produced by, 84 
nervc degeneration and, 10 
parturition and, 84 

pregnancy and, 84,92  
refection and, 31 
synthesis, destrin and, 31 

in feces, 32 
by refection, 31 
starch and, 31 

Vitamin B1 (see Thiamine) 
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Vitamin Bg (see Riboflavin) 
Vitamin Bc, 

anemia cured with, 62 
granulocytopenia cured with, 62 
relation t o  folk acid, 59,61 

deficiency, epilepsy and, 10 

fat and requirement of, 11 
utilization of unsaturated fatty acids 

to  L. casei factor, 60 

skin lesions and, 11 

Vitamin Be 

and, 11 
Vitamin B complex, 

deficiency, breeding and, 77 
eve lens and. 8 
e o w t h  and,’27 

dietary protein hnd requirement of, 

effect on carcass thiamine, 8 
7, 8 

on liver niacin, 8 
riboflavin, thiamine, 8 

of sterilization on, in feces, 24 
interrelation with ascorbic acid, 8 

with choline, 8 
between components of, 33 
with vitamin A,  8 

in’testinal synthesis of, 23-48 
in maternal diet, 94, 05 
treatment of hypcrvitamino~is with, 17 

of toxic effects with, 16 
Vitamin C (see Ascorbic acid) 
Vitamn D, 

antagonism to vitamin A, 16 
bones and, 9 
deficiency, congenital malformations 

and, 80 
congenital rickets and, 89 
fetus and, 89 
infantile rickets and, 89 

effect of calcium intake on, 18 
of excess, on vitamin A requirement, 

15 
on teeth, 9 

in margarine, 9 
in maternal diet, 94 95 
in maternal metabohm, 95 
pregnancy and, 92 
requirement and emens ascorbic acid, 

15 
and excess thiamine, 15 
and fatty acids, 11 
and phosphorus, phytic acid, 18 
and vitamin A, 15 

of toxic effects with, 15 
treatment of hypervitaminosis with, 16 

bacterial synthesis, 6s 
bonc formation and, 9 
compound with inositol, 68 
conception and, 90 
conditioned deficiency of, 13 
in cotton seed oil, 12 
deficiency, anterior pituitary and, 9 

Vitamin E, (see also Tocopherol), 58 

deficiency, bones and, 9 
defective vitamin A storage in, 12,13 
estrus and, 90 
muscle and, 10, 67 
necrosis and, 91 
nerve degeneration and, 10 
pregnancy and, 90 
reproduction and, 90-91 
teeth and, 10,13 

tary tract, 12 
destruction by msrine oils in  alimen- 

effect of fa t  on requirement of, 11,12,18 
on reserve6 of, 12 

of, on pituitary gland, 9 
of, on response to  carotene, 13 
of, on vitamin A I), 13 

interaction with thiamine, 18 
interrelation with vitamin A, 13 
muscular degeneration caused by oil, 

synergism with vitamin A, 1,12-I5 
prevented by, 12 

Vitamin economy of intestines, 23 
Vitamin H identity with biotin, 160, 169 
Vitamin inhibitors, 99 
Vitamin I(, 

administration before delivery, 91 

antagonism t o  p-aminobenzoic acid, 67 
bacterial synthesis of, 52 

deficiency, abortion produced by, 91 

to infant, 91 

and sulfonamides, 66,67,68 

biotin and, 32 
blood clotting time and, 67 
folic acid and, 32 
hemorrhage caused by, 67, 91 
hemorrhagic diathesis and, 52 

disease and, 35 
hypoprothrombinemia and, 91 
produced by sulfonamides, 32, 54, 

56, 66 
prothrombin and, 52,56 

intestinal synthesis of, 35 
in rumen, 51 

Vitamin K-active substances, 214,216 
bacterial synthesis of, 274 

Vitamin M deficiency, cytopenia pro- 

and L. cnsei factor 61 
Vitamin P, and capiliaries, 4 

effect on ascorbic acid requirement, 4 
Vitamin PP (see Niacin) 
Vitamin synthesis, implication in human 

nutrition, 23 
Vitamins, absorbability of, from bac- 

terial Synthesis, 35 
availabili t y  from bacterial s ynthesie, 50 
bacterial synthesis of, 50,66 

and sulfonaniides, 50 I 

deficiency, nerve degeneration and, 10 
prenatal development and, 8341 
skin lesions and, 10 

requirement, by animals and man, 1 
and carbohydrates, 42 

duced by, 61 
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Vitamins, requirement, and dietary nu- 
trients, 18 

proteins, 48 
and fats, 11-12,42 
and sulfonamides, 18 

synergism, 2 
synthesis of, 23 
synthesis in body tissues, 23 

by parasitic microorganisms, 23 
unbalanced dosing of, 15 

Vomiting in pregnancy, and diet, 92 
resulting from malnutrition, 98 

W 
Weld’s theory of visual purple, criticism 

Weight, dietary fat and, 76 
feeding feces and 24 

W ~ i f i e d  diets and, of rats, 24 

and growth of, seedlings, 25 
estrus cycle and, 76 

Wheat germ oil, effect on liver vitamin 

X 
“X” factor, 110, 186-188 
Xanthine,accessory factor to  antiane- 

nutrient for lactic acid bacteria, 2”O 
Xerophthalmia, vitamin A deficiency 

of, 5 

eat, Atolobacter chroococcum 

A, 12 

mic Rubstance, 267 

and, 81,82 

Y 

cecarboxylaRe in, 6 
dextrinised starch diet and intestinal, 

folic acid content of 59 
symbiosis with molds, 33 
toxic effect of cod liver oil relieved 

Yeast extract, effect on resorption of 

Yeasts, action of bensimidazole on, 203 

Yeast, 63,77 ’ 

26 

by, 15-16 

gonadotropin, 323 

8-alsnine requirement, 152 
biotin requirement, 159-162 
inositol requirement, 207, 208 
and nicotinic acid, 182 
oemophilic, 207 
pantothenic acid requirement, 157, 158 
pyridoxine requirement, 141, 143 
thiamine requirement, 123 

Yellow enzyme, effect of triphosphopyri- 
dine nucleotide on, 6 

riboflavin in, 6 
Young, effect of vitamin A deficiency 

on, 83 
Z 

Zinc chloride, effect on resorption of 

Zinc sulfa+,t$, effect on resorption of 
gonadotropin, 323 

gonadotropin, 323 


