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1. Introduction.

It is a well-recognized principle in General Physiology that the study
of any of the more fundamental and widely distributed functions of
living cells may usually most profitably be begun upon a type of cell
which is highly specialized for the performance of the function in ques-
tion. Thus, a suitable starting point for studies upon protoplasmic
contractility is the muscle cell; for studies upon the propagation of
states of excitation, the nerve; etc. After the investigator has from
material of this sort gained an acquaintance with the function in its
most striking form, he may then proceed to deal with cases where it
is relatively less prominent and more obscured by other cellular ac-
tivities.

If this principle be a sound one, then it would appear that a par-
ticularly appropriate starting point for the study of the general phe-
nomenon of cell permeability would be the vertebrate erythrocyte, since
in no other cell of either plant or animal origin are other functions so
subordinated to the all-important one of the exchange of materials

Ergebnisse der Biologie VII. I
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between the cell and its surroundings. All cells, to be sure, must take
in and give out materials of various sorts; but they do so only in order
to be able to carry on successfully their other more characteristic ac-
tivities. The erythrocyte, on the other hand, exists for the sake of this
activity alone. Its primary function is to take up in some regions of the
body the greatest possible quantities of certain materials in the shortest
possible time, and in other regions to eliminate the same materials as
rapidly as possible without loss or change. Questions of permeability,
therefore, assume with it a degree of importance which is unique among
cells.

A simple calculation will show how impressive is the magnitude of
the exchange between an erythrocyte and its surroundings in, for
example, a day. During this period in the body of a man of average
body weight under conditions of ordinary activity there may be used
600 liters (measured under standard conditions) of oxygen, and produced,
500 liters of carbon dioxide. Of the oxygen, almost the entire amount
is carried from the lungs to the tissues by the erythrocytes, and of the
carbon dioxide possibly 9o per cent is generally believed to combine
temporarily with base associated with the hemoglobin in the cells
(vaAN SLYKE 1921; HENDERSON 1928). Reckoning the total blood
volume as 4 liters and that of the erythrocytes together as 40 per cent
of that of the blood, it appears that each erythrocyte in a day might
transport approximately 375 times its volume of oxygen and 330 times
its volume of carbon dioxide.

In addition to the passage between the erythrocyte and its sur-
roundings of oxygen and carbon dioxide, there is also believed to be
an accompanying exchange of ions of much physiological importance.
Considering merely the ions ClI’ and HCO,’, and taking as typical the
figures given by HENDERSON (1928, page 195) for the composition of
the arterial and venous blood of a man at rest, and the estimate of
GROLLMAN (1929) of the circulation rate under the same conditions, it
would appear that during 24 hours approximately 178 grams of Cl’ ions
would enter and 305 grams of HCO,’ ions would leave the erythrocytes
in the tissues, and the same quantities would move in the reverse direc-
tion in the lungs. Increasing these amounts sufficiently so that they
may apply the conditions of moderate bodily activity rather than of
complete rest, it is evident that the daily ionic exchange for every
erythrocyte must amount to more than its own weight.

Associated with these movements of ions, which will receive fuller
consideration later, there are known to be volume changes of the cells,
which, in turn, involve in the course of a day the movement of con-
siderable amounts of water. The erythrocyte also undoubtedly takes
part in the transport of urea and other waste products; and, in some
species at least, it may carry considerable quantities of blood sugar. In
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the aggregate, therefore, the amounts of materials which enter and leave
it daily, not for its own use, but merely for purposes of transport from
one part of the body to another, are most impressive.

Not only is the magnitude of the transport by the erythrocytes great,
but the conditions of the circulation are such that the time available
for the loading and the unloading of the individual cell at each end of
its journey between the tissues and the lungs is very short, being in man
of the order of magnitude of one second. Great rapidity of exchange is
therefore essential, and some of the more interesting specializations of
the erythrocyte are of a sort which increase the efficiency of this process.
For example, not only do its small size and flattened form in the mammal
present a surface-volume relation most favorable for diffusion processes
but its unusual biconcave shape, which is more or less unique among
cells, still further increases the effectiveness with which these processes
can be carried on (HARTRIDGE 1920, PONDER 1925). The latter author,
by a mathematical treatment of the problem, has shown that the form
of the erythrocyte is almost, though not quite, the most favorable
possible for this purpose. He has calculated that to secure as favorable
conditions with spheres it would be necessary to divide each cell into
nine spheres, each one-ninth of the original volume. In its very form,
therefore, the erythrocyte betrays its peculiar association with the
phenomena of diffusion and permeability.

In the light of facts such as these, the peculiar theoretical appropriate-
ness of the erythrocyte as a starting point for general studies of cell
permeability can scarcely be questioned. It is an interesting circum-
stance that, historically, this cell was, as a matter of fact, the first
animal cell upon which extensive systematic studies of permeability
were made (GRYNS 1896, HEDIN 1897, — see also HAMBURGER 1902 for
a general discussion of the older work). The reasons for its early selec-
tion were, however, of a practical rather than a theoretical nature. It
has also been chiefly for practical reasons that it has continued down
to the present day to be more used for work in the field of cell per-
meability than any other single type of cell and, indeed, perhaps more
extensively than all other types of animal cells taken together.

The practical advantages of the erythrocyte over most other kinds
of material used in permeability studies are not far to seek. It may be
obtained at all times and places in unlimited quantities. Every in-
vestigator carries about with him wherever he goes a never-failing
supply of absolutely fresh and normal erythrocytes ready for use at a
moment’s notice. The cells from a given individual, und usually from
a given species, are remarkably uniform in their properties from day
to day and from season to season. They may be kept outside of the
body for relatively long times with only slow changes in their properties.

They have a simple structure and — in the case of the mammalian
1*
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erythrocyte —a lowrate of metabolism. Being single cells, they present
none of the difficulties either in the way of experimental manipulations
or of microscopical examination that are so troublesome in the case of
the cells of which most plant and animal tissues are composed. For
the study of their permeability, there are available a variety of methods,
several of which present the unusual combination of extreme simplicity
with quantitative exactness. Finally, there is no other cell of either
plant or animal origin concerning which there is at present available
such an extensive background of exact physico-chemical knowledge as
in the case of the erythrocyte. It is, in short, a type of material which
in most respects is almost ideal for experimental purposes.

Because of the unique combination of theoretical and practical
advantages which the erythrocyte presents as material for the study of
cell permeability, there has grown up about it during the past forty
years an enormous volume of literature. It would obviously be im-
possible in the space here available to summarize, or even to mention,
all of the papers that have been published. What will be attempted in
the present review, therefore, will be merely to select for discussion from
the voluminous literature such facts as appear to be of the greatest
significance in throwing light, either upon general problems of cell
permeability, as such, or upon the special and very interesting phy-
siological peculiarities of the erythrocyte itself. Even with this limita-
tion of the scope of the article, it will be necessary to omit much valuable
material.

2. Methods of Studying the Permeability of the
Erythrocyte.

The various general methods available for the study of cell per-
meability, together with the special advantages and disadvantages of
each, have been fully discussed elsewhere (HOBER 1926, STILES 1924,
Jacoss 1924, GELLHORN 1929, and others), so that it will be sufficient
here merely to point out some modifications of, or additions to, these
methods which must be made in dealing with the erythrocyte. The
usual methods for studying cell permeability may be roughly classified
as those involving observations of: (x) visible changes within the cell,
(2) changes in physiological behavior, (3) electrical changes, (4) changes
in chemical composition, and (5) osmotic volume changes. All of these
five classes of methods are applicable in varying degrees to the erythro-
cyte, though the last two have proved to be more useful than the others.

a) Methods Depending upon Visible Changes within the Cell.

Because of the very small size of the erythrocyte and of its lack,
at least in the mammals, of any conspicuous internal structures, visible
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changes in its interior produced by penetrating substances are more
difficult to observe than in the case of most other cells. A certain
amount of staining by penetrating dyes may frequently be noted, but
it is not always easy to be sure whether this staining affects the interior
of the cell or only its surface; and in most work with dyes this criterion
of penetration is merely an incidental one.

Though the erythrocyte shows little internal structure, it contains
in large quantities a substance, hemoglobin, whose visible changes under
appropriate conditions are very characteristic and frequently decidedly
useful in permeability studies. The most usual change in the appear-
ance of hemoglobin is that which it undergoes in passing from the
reduced to the oxygenated condition and vice versa. This change is
readily visible to the naked eye in suspensions of erythrocytes, but it is
more accurately studied by spectroscopic methods and in the latter
form has been applied in one of the most thorough quantitative studies
that has as yet been made on the permeability of the erythrocyte
(HARTRIDGE and RouGHTON 1927). The penetration of carbon mon-
oxide may also be studied by the use of the same general principle.
Another visible change of some usefulness is that caused by the con-
version of hemoglobin by acids into acid hematin. The color differ-
ences produced in this way are fairly conspicuous in suspensions of
erythrocytes of the proper concentration and have been used by the
author as a somewhat rough measure of the rate of penetration of acids
(JacoBs 1930b). Yet another visible change in the color of hemoglobin
is that which occurs when methemoglobin is produced. HaNDOVSKY
and HEUBNER (1923) have employed this reaction in studying the rate
of penetration of nitrites.

h) Methods Depending upon Physiological Changes.

Owing to its highly specialized nature, the erythrocyte shows few
physiological activities whose modification may serve as a criterion of
penetration. On the other hand, such physiological processes as can be
studied are comparatively uncomplicated by other cellular activities.
Only two such processes have as yet shown themselves to be of much
utility in connection with problems of permeability. The first, namely,
the rate of oxygen consumption, in the case of the nucleated erythro-
cytes of the goose, has furnished a certain amount of indirect informa-
tion concerning the penetration of ions (WARBURG 1911, RAAB 1927) or
of other substances (WARBURG and WIESEL 1912). The second, which
is more characteristic of the erythrocyte than actual respiration, is the
temporary and reversible combination of oxygen with hemoglobin. This
is affected in such a definite way in simple solutions of hemoglobin by,
for example, changes in py that the character of the oxygen disso-
ciation curve of blood or of a suspension of erythrocytes may give
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physiological evidence of the penetration of carbon dioxide and other
acids (BARCROFT and ORBELI 19IO).

c) Methods Depending upon Electrical Changes.

The method of electrical conductance was used with suspensions of
erythrocytes independently and almost simultaneously by STEWART
(x897), RotH (1897), and Bucarszky and TaNcL (1897) and was early
applied more specifically to questions of permeability by the first men-
tioned investigator (STEWART 1899). While certain results of value have
been obtained by the use of this method, particularly in connection
with permeability changes due to injury, it has not been in the past,
and is not likely to be in the future, a very popular one. Its defects are
due partly to its limited applicability (since it can be employed with
electrolytes only) and partly to technical difficulties associated with
such factors as the settling of the erythrocytes in a suspension, but
especially to the fact that the results obtained with it are complex and
difficult to interpret. The electrical conductance of a suspension of
erythrocytes, unfortunately, varies not merely with the permeability of
the cells themselves but with changes in their volumes and their shapes
as well as with their distribution (i. e., whether uniform or showing a
tendency toward agglutination or rouleaux formation). The conduc-
tance of the system as a whole is also profoundly affected by the escape
into the medium surrounding the cells of small amounts of electrolytes,
and of hemoglobin, — these two types of substances incidentally
producing effects of opposite character. Under such circumstances,
it is very difficult to take full advantage of the high degree of quan-
titative accuracy with which the measurements themselves can be
made; and the method obviously becomes of much less value than
in the relatively simple systems studied, for example, by OSTER-
HOUT (1922).

In the early days of the study of the permeability of the erythrocyte
it appeared that certain inferences might be drawn as to their per-
meability to ions from their cataphoretic behavior (HOBER 1904 a, b).
It is now recognized, however, that the cataphoretic potential differences
inferred from the movement of suspended particles in an electric field
are not necessarily those between the exterior and interior of the par-
ticles, but rather between the part of the liquid which moves with the
particles and that which does not. Furthermore, as MoND (1927) has
pointed out, it is theoretically possible to have a cell which as a whole
would move in such a direction as to indicate a surface of one character,
while smaller parts of the surface, which alone might be permeable to
ions, might have a completely different character. A further difficulty
arises from the very pronounced effect upon the cataphoretic behavior
of erythrocytes of small amounts of proteins and other substances in the
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external medium. For these reasons, the method, though valuable for
many purposes, appears to be inapplicable to the present problem.

d) Methods Depending upon Changes in Chemical Composition.

The most obvious and direct of the various methods of studying cell
permeability, namely, by determining the changes in chemical com-
position during an experiment, either of the cells or of the surrounding
medium, or preferably of both, has been extensively employed with the
erythrocyte. Particularly in the case of inorganic ions, which under
ordinary conditions undergo no changes in the blood, and whose chemical
determination is relatively exact, the results obtained in this way are
to be preferred to all others. The method is a less favorable one, how-
ever, with organic compounds which may undergo metabolic or other
chemical changes in the blood, and whose quantitative determination in
a complex mixture of partly unknown substances is difficult. It is largely
for this reason that the numerous chemical studies which have been
made on the permeability of the erythrocyte to glucose, for example,
have yielded results which are notoriously in disagreement with one
another.

In applying chemical methods to suspensions of erythrocytes, it
should constantly be remembered that because these cells are individ-
ually smaller, but, at the same time much more numerous, than most
other cells, the extent of the cell surfaces is very large and the pos-
sibility of errors due to adsorption correspondingly great. In the case
of dyes to which the cell is in reality impermeable there may, owing to
this factor, be a deceptive apparent permeability (ORZECHOWSKI 1930,
HO6BER and Pupiiil 1931). The same is doubtless true of many other
substances. While this difficulty is, of course, encountered to some
extent with all cells, it is an especially serious one with erythrocytes.

As to methods by which the chemical composition of the medium
surrounding the cells may be determined, there have been employed
in addition to the usual procedure of quantitative chemical analysis
various physico-chemical methods such as determinations of freezing
points (HEDIN 1897, WARBURG and WIESEL 1912) electrical conductivity
(JoEL 1915) etc. The details of the application of these and other methods
will be found in the original literature.

e) Methods Depending upon Osmotic Volume Changes.

The group of methods which have been perhaps most generally used
in the study of the permeability of the erythrocyte, which are among
the oldest historically, and which are decidedly the easiest to apply,
are those in which the criterion of penetration is a volume change of the
cells. Since these methods as applied to the erythrocyte involve special
points of technique not arising in similar work with other cells and since
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they are, in addition, subject to certain sources of error which have
been insufficiently recognized in the past, it will be necessary to discuss
them at somewhat greater length than the others.

In the case of the penetration of a cell by water alone, the volume
changes are obviously an exact measure of the amount which has entered
or left the cell. With the penetration of dissolved substances, the con-
ditions are somewhat more complex. In general, if a cell starts in os-
motic equilibrium with its surroundings and a dissolved substance enters
it, there will be a tendency for water to accompany it in such amounts as
to preserve the osmotic balance. If the cell does not oppose the resulting
tendency to swell by means of a resistant membrane or otherwise (in
the case of the very delicate mammalian erythrocyte, such opposition
is probably fairly small), and if water penetrates so rapidly as compared
with the dissolved substance that osmotic equilibrium is at all times
maintained, then the increase of volume may be used as an accurate
measure of the amount of substance which has penetrated. If, on the
other hand, these conditions are not fulfilled, then a quantitatively
accurate measure of the rate of penetration cannot be so easily obtained.
In the work so far published few attempts have been made by the use
of such methods to carry studies of penetration rates beyond, at best,
a semiquantitative stage.

It has never been practicable to measure with accuracy the volumes
of individual erythrocytes, but for many years there has been available
the hematokrit method of HEDIN (1891) by which the aggregate volume
of a very large number of cells tightly packed together in a capillary
tube is measured. The method is obviously peculiarly adapted to cells
which, like the erythrocyte, are both small and easily deformable; and,
in permeability studies on this type of cell, has proved to be indispensible.
It has, however, certain disadvantages, the most important of which is
the time required, with the means ordinarily available, to obtain accurate
volume determinations. For this reason, it is useful only with very
slowly penetrating substances. The same objection applies to certain
other methods of volume determination discussed by EGE (1920) and
by PoNDER and SAsLow (1930). It is not unlikely that optical me-
thods of various sorts will be found to be more useful in this connection,
but as yet their possibilities have scarcely been tested.

Because of these limitations of the methods of direct volume deter-
minations, a second indirect method of ever greater simplicity has long
been extensively used with the erythrocyte, namely, the hemolysis
method, which HAMBURGER (1886), more than any other single in-
vestigator, was instrumental in introducing. The theory on which the
method is based is that when the erythrocyte in swelling has attained
a certain fairly definite volume it allows its hemoglobin to escape, or
at any rate a sufficient amount of it so that it becomes invisible when
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viewed in its hemoglobin-containing surroundings. One of the greatest
advantages of the hemolysis method is that it may be employed as a
gross statistical method where the behavior of enormous numbers of
cells is made easily visible to the naked eye by mere changes in the
turbidity of a suspension. By appropriate methods (PONDER 1923;
JacoBs 1930), such turbidity changes may be followed with great
accuracy; but even with no instrumental aids whatever the method is
capable of yielding fairly satisfactory quantitative results.

A second advantage of the hemolysis method is its great delicacy.
There is probably no other method known by which such minute differ-
ences in the osmotic effects of various solutions may be studied and
measured quantitatively. It has been shown by JAcoBs and PARPART
(1931) that differences in concentration of 0.0002 M in NaCl solutions,
which correspond to volume differences of between 0.1 und 0.2 per cent
in the individual cells, may readily be distinguished by means of it,
and an even higher degree of sensitivity could be obtained by the use
of special precautions. It is natural, however, that a method of such
delicacy should be correspondingly affected by any uncontrolled sources
of error in the experimental technique employed and hence a knowledge
of all such sources of error is highly important.

A third advantage of the hemolysis method is that by the use of
an appropriate instrument (JacoBs 1930) it may be adapted to ex-
periments whose total duration is only a few seconds. There is perhaps
no other method applicable either to the erythrocyte or to any other
type of cell which is so generally useful for the study of rapidly penetrat-
ing substances. When employed with discretion, therefore, the hemolysis
method possesses certain unique advantages over all others. At the
same time, there are associated with it several sources of possible error
which are also more or less unique in their nature und which must never
be lost sight of in experimental work. These may now be considered
briefly.

In the first place, it is obvious that hemolysis may be caused or
influenced by factors other than osmotic ones. Only if it be certain
that such factors are absent or are of negligible importance may con-
clusions be drawn concerning permeability from observations of hemo-
lysis. In the study by this method of the penetration of any unknown
substance, therefore, control experiments should always be made to
eliminate the possibility of a direct non-osmotic hemolytic effect of
the substance in question. It must also be remembered that even in
the absence of all but purely osmotic influences the observed rate of
hemolysis depends upon a number of factors, of which the rate of
entrance of the dissolved substance is only one. Among the others, are
the rate of entrance of water, the rate of escape of hemoglobin, and
probably in some cases the rate of escape from the cell of salts and
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other osmotically active substances. The rate of hemolysis, therefore,
is not necessarily a measure of the rate of penetration of the dissolved
substance, though in some cases it may be.

A second source of error is the extreme and, indeed, the unique
sensitiveness of the erythrocyte to certain environmental factors such
as pg, temperature, and, to a much less extent, oxygen tension. Such
factors produce in the erythrocyte secondary osmotic effects which, if
not properly controlled, may largely invalidate the conclusions drawn
from hemolysis experiments. The nature and magnitude of these in-
direct osmotic effects have been discussed by JacoBs and PARPART
(1931) who have shown that theoretically a py change of the order of
magnitude of 0.0I pyg unit and a temperature change of the order
0.5 C. should and, as a matter of fact, actually do, produce measurable
differences in observed degrees of hemolysis. In the case of ordinary
cells, the osmotic effects of such changes, or even much larger ones,
usually appear to be of negligible importance. It is essential, therefore,
in working with the erythrocyte, and in particular in employing with
it the delicate hemolysis method, to take special precautions which are
not as a rule necessary in permeability studies with other cells.

The last type of error connected with the use of the hemolysis
method is one which by proper experimental procedure is usually
avoidable, but which has, as a matter of fact, been very generally dis-
regarded in the past. It arises from the attempt to draw conclusions as
to the relative rates of penetration of different substances or of the same
substance under different conditions, from the amounts of the substances.
in question which are observed to enter the cells in some single, arbitrarily
selected time. This procedure is objectionable not merely because
different results will, in general, be obtained according to the time
selected for the comparison, but even more because such differences
as are observed may be due rather to changes in what might be called
the “capacity” of the cell than in its “permeability”’. Even if com-
parisons be made of the times required to reach some given degree of
penetration rather than of the degree of penetration attained in a given
time, the results may, under certain conditions, be rendered worthless
by simultaneous changes in the permeability of the cell in the strict
sense and in the positon of final equilibrium of the system (see JACOBS
1928).

3. Permeability of the Erythrocyte to Various
Substances.
a) Gases.
All living cells as far as is known are freely permeable to gases, and

it is to be expected that the permeability to these substances of the
erythrocyte, whose primary function is the transport of oxygen and
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carbon dioxide, would be especially high. That this is the case is in-
dicated not merely by the shortness of the times available for gaseous
exchange in the capillaries but by the direct measurements of HARTRIDGE
and ROUGHTON (1927), who by an ingenious yet simple method were
able to follow the course of the combination of oxygen and carbon
monoxide with the erythrocyte during intervals measured in thousandths
of a second. The principle of the method is to maintain through a
suitable vessel a steady flow at a known rate of a solution containing
any desired tension of oxygen or carbon monoxide. At a given point
another stream of previously reduced erythrocytes is introduced and
immediately mixed with the first stream. Since the conditions of the
system are maintained in a stationary state, and since the rate of move-
ment of the gas-containing liquid is known, it is possible at various
points along its course to determine by spectroscopic observations the
extent of the combination of gas with hemoglobin, and then, by calcula-
tion to convert distances from the point of mixing into times.

The rate of entrance of oxygen into the erythrocyte, when studied
in this way, proves to be very rapid. With an oxygen tension of, for
example, one-third of an atmosphere, the hemoglobin in the interior of

the erythrocyte becomes half-saturated in approximately 1%0 second.

This rate, though sufficiently rapid to care for all of the needs of the
body, proves to be about ten times as slow as that observed in the case
of hemoglobin in solution from laked corpuscles. To what extent this
difference in rate is due to a retardation of diffusion at the surface of
the erythrocyte and to what extent it is due to conditions of diffusion
within the cell itself is not entirely certain. In either case, it is apparent
that the overwhelming advantages of the enclosure of the hemoglobin
within cells (BARCROFT 1922; HILL 1924) are associated with at least
this one theoretical disadvantage. It is to be noted that while in the
case of carbon monoxide the intake of the gas was also found by
HARTRIDGE and ROUGHTON to be very rapid, it is apparently not suf-
ficiently so to insure under all conditions the gas tension in the plasma
of practically zero which is demanded for the accurate employment of
the well-known carbon monoxide method for estimating the rate of
passage of various gases through the lungs. The spectroscope does not
yield information as to the exchange of carbon dioxide between the
erythrocyte and its surroundings, but from what is known of the pro-
perties of this gas with other cells and tissues (KROGH 1919) it is to be
expected that under comparable conditions its rate of penetration would
be considerably more rapid than that of oxygen.

b) Water.
That the erythrocyte is readily permeable to water is indicated by
the ease with which volume changes can be produced by means of
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hyper- or hypotonic solutions or even by varying the carbon dioxide
tension or the py of the surrounding medium (voN LIMBECK 1895;
HAMBURGER 1902). If, as is rather generally agreed to be the case, the
volumes of erythrocytes in venous blood are greater than those in
arterial blood (HAMBURGER 1902; HENDERSON 1928) it is evident that
such movements of water must also occur very rapidly under physiological
conditions.

The most striking illustration of the penetration of water into the
erythrocyte is the phenomenon of osmotic hemolysis. When suddenly
mixed with a large excess of water, erythrocytes of average osmotic
resistance of different mammals undergo hemolysis in times which vary
from a fraction of a second for those of the sheep to something over two
seconds for those of man. In 0.02 M NaCl the corresponding times are
usually about two to four times as great. Approximate figures of the
latter sort, which are much easier to obtain than those for water, are
given for 10 species of mammals in Table 3, page 39.

It is, of course, obvious that the rapidity with which hemolysis is
produced with the erythrocytes of different species is by no means an
index of their respective permeabilities to water. In some species such
as man, the dog, and the guinea pig, the osmotic resistance is high,
i. e., strongly hypotonic solutions are needed to bring about hemolysis.
The critical hemolytic concentration for such cells may be half or even
a smaller fraction of the isotonic concentration, and it would therefore
be necessary for the water in the cell to be approximately doubled in
amount to produce hemolysis. At the other extreme, erythrocytes of
the sheep of average resistance may undergo hemolysis at concentra-
tions of perhaps three quarters of the isotonic concentration, indicating
at hemolysis the entrance of an amount of water equal to only a third
more than that originally present.

Furthermore, the rate of penetration of water, and indeed of all
substances, is dependent upon the size of the cell and upon the relative
extent of its surface. Conditions for penetration are evidently much
more favorable in the very small erythrocytes of the sheep than in the
large ones of, for example, man. In order, therefore, that accurate com-
parisons of ‘“permeability”’ for different species under strictly comparable
conditions may be made it is desirable to obtain for a given type of
erythrocyte a constant which is a measure of the amount of water
which would penetrate unit surface in unit time with unit difference
in osmotic pressure across the cell membrane. Relatively simple equa-
tions for obtaining such a constant may readily be derived, as was done
by Jacobs (1927), (see also the treatment of the same general subject
by NORTHROP 1927), by making the simplifying assumption that the
area of the erythrocyte does not change during the swelling process.
This assumption, while not strictly true, is perhaps more nearly justified
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for the erythrocyte than for any other known cell, since a body which

is originally biconcave in shape may undergo a very considerable increase

in volume before its surface begins to be extended. The equations ob-

tained for solutions and for water, respectively, are the following:
k_ poVO In POVO"PVO V_Vo V2- V02

T P2At T p V.- PV PAt and kzpoVOAt'

Where % is the permeability constant, 4 the surface of the erythrocyte,
V its volume, ¢ the time, p the variable osmotic pressure within the
cell and P the constant external osmotic pressure. V, und p, are the
initial volume and osmotic pressure of the erythrocyte, respectively.

Considerable difficulties have been found in applying these equa-
tions in practice, partly because of the inexactness of the existing data
for the volumes and surfaces of the erythrocytes of different species,
and partly because solutions both of electrolytes and of non-electrolytes
appear to introduce into the hemolytic process secondary factors of a
non-osmotic nature. It appears best, therefore, at present merely to
estimate the order of magnitude of the permeability in a typical case
as was done in the original paper. For human blood, for example, in one
experiment a value of % at 20° C. of the order of magnitude of 3.0 was
calculated, indicating the entrance into the erythrocyte with a difference
in osmotic pressure of one atmosphere of three cubic micra per minute
per square micron of surface.

These figures may be compared with a few others which are available
in the literature. For example, Luck&, HARTLINE and McCUTCHEON
(1931) report a value for a similar constant, %, for the unfertilized egg of
the sea urchin, Arbacia, of the order of magnitude at the same tem-
perature of 0.1. It is apparent, therefore, that as far as it is at present
possible to make allowance for dissimilar conditions in experiments upon
those two types of cells the erythrocyte would seem to be many times
more permeable to water than the egg of Arbacia. On the other hand,
LanD1s (1927) has reported figures for the admittedly very permeable
walls of the capillaries of the frog’s mesentary which when reduced to
the same units give a value of approximately 370. The erythrocyte in
its permeability to water would therefore seem to be intermediate be-
tween the egg of Arbacia and the wall of the frog’s capillary but con-
siderably nearer the former than the latter. It must be confessed, how-
ever, that such comparisons, while of interest in certain respects, are
extremely inexact.

c) Non-electrolytes.

The earliest systematic studies of the permeability of the erythrocyte
(Gryns 1896, HEDIN 1897) included fairly extensive data on the be-
havior of non-electrolytes. Though the work of GRYNs was done upon
the erythrocytes of the horse and the chicken by the hemolysis method,



14 M. H. Jacoss:

and that of HEDIN upon those of the ox by analysis of the surrounding
liquid by the freezing point method, the results, as far as they over-
lapped, were in general agreement and they may therefore be sum-
marized together. It is to be noted that the actual rates of penetration
of the various substances received only incidental consideration in this
work; what was studied was primarily the question of penetration vs.
non-penetration; and, in HEDIN’s experiments, the final partition of
the various substances between the cells and their surroundings.

Among the non-electrolytes which were found to enter the erythro-
cyte readily were the following: monohydric alcohols (methyl, ethyl
and propyl alcohols, etc.), esters (methyl and ethyl acetates, etc.),
ketones (acetone, methyl-ethyl ketone, etc.), ethers (ethyl and propyl-
methyl ethers, etc.), amids (acetamid, propionamid), as well as a number
of other substances such as urea, urethane, chloral hydrate, pyridin, etc.
The group of the di- and polyhydric alcohols is of interest in furnishing
a transition from readily penetrating to non-penetrating substances.
Thus, according to HEDIN, penetration of ethylene glycol occurs within
a few minutes; that of glycerol is complete in two hours, while that of
erythritol is not complete in twenty-eight hours. The higher polyhydric
alcohols, such as arabitol, mannitol, and inositol do not penetrate to
a noticeable extent. The same is true of the carbohydrates, arabinose,
dextrose, galactose, lactose and saccharose as well as of the amino-acids.

It will be noted that these results parallel almost exactly those of
OVERTON (1895) and of many later workers on other cells of both plant
and animal origin. The one striking difference between the erythrocyte
and other cells is in the behavior of urea. This substance penetrates
the mammalian erythrocyte far more rapidly than, for example, ethyl-
ene glycol, though its usual rate of entrance into cells is of the order
of magnitude of that of glycerol. OVERTON classed it as a substance
which enters cells at an easily-observable but relatively slow rate. The
mammalian erythrocyte is, therefore, an unusual cell with respect to
this substance. It is of interest to note that the erythrocytes of the
fishes behave, on the whole, in the presence of urea, rather like typical
cells than like those of the mammals (see page 4I).

Though the main facts concerning the permeability of the erythrocyte
to non-electrolytes have long been known, many additional details have
been accumulated in recent years. Particularly in the case of the carbo-
hydrate, glucose, has the work been very extensive. Following the
discovery that the human erythrocyte, unlike that of most other mam-
mals, is permeable to this substance and the recognition of the important
role of insulin in carbohydrate metabolism, there has been great activity
in studying, in health and in disease, the distribution of glucose between
the plasma and the erythrocytes of man. In certain quarters the theory
that diabetes, and insulin administration, produce important changes
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in the permeability of the erythrocyte to glucose has enjoyed a con-
siderable popularity, though the results of most of the more recent
work are not.in agreement with it.

It is difficult to evaluate the very extensive literature pertaining
to this semi-medical field because of certain obvious sources of error in
much of the work that has been done. Among the more important
sources of error encountered in studying the distribution of sugar be-
tween the erythrocytes and their surroundings are the following: (1) un-
certainty connected with the chemical analyses themselves, due in
particular to the presence of reducing substances of unknown nature in
the cells and also in the plasma, (2) the readiness with which glucose
is removed from erythrocytes by washing (according to SoMoGYI 1928a
most of it may be extracted from human erythrocytes by a washing of
only one minute in physiological salt solution), (3) glycolysis, which may
occur in considerable amounts during the course of an ordinary ex-
periment, and, (4) possible changes in the permeability of the erythro-
cytes caused by defibrination of the blood, the use of anti-coagulants,
washing, centrifuging, and other necessary procedures.

In view of the extent to which the effects of some or all of these,
and probably other sources of error have been disregarded in much
of the published work, the time is scarcely yet propitious to attempt
to make very positive statements concerning the behavior, under all
conditions, of glucose in the blood. It may be mentioned, however,
that one of the most recent workers in this field (SomoGyI1 1928a, b,
1931) who has made an apparently successful attempt to distinguish
between glucose itself and other deceptive reducing substances present
with it in the blood has arrived at the very simple conclusion that glucose
in man, apparently under all conditions, is distributed between the
plasma and corpuscles in about the same ratio as is water; in other
words, that its distribution is what would be expected from the ordinary
laws of diffusion. Essentially, the same conclusion has been reached
by EGE and RocHE (1930) (but see also FoLIN and SVEDBERG 1930).

Recent work on the permeability of the erythrocyte to amino-acids
has been somewhat conflicting as between the two views that these
substances enter the cells and that they are merely adsorbed at the cell
surfaces. This question is discussed, among others, by Kozawa and
MiamoTo (x921), HIRUMA (1923) and MESSING (1930).

As has been mentioned, the earlier workers in the field of the per-
meability of the erythrocyte were content for the most part merely to
classify substances as those to which the cell is, and those to which it
is not, permeable. At present there is a tendency to make comparisons
of a more quantitative nature between various compounds. As examples
of this modern tendency may be mentioned the recent work of MoND
and HOFFMANN (1928) and of FLEISCHMANN (1928). The results obtained
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by the first two workers bring out in an interesting way a fairly exact
parallel between the relative sizes of various molecules of low lipoid
solubility (as estimated from their molecular refraction values) and
their rates of penetration into the erythrocytes of the ox. The second
paper emphasizes the importance, in addition to the factor of size, of
the actual chemical constitution of the molecule. In particular, it is
shown that carbohydrates penetrate the erythrocyte considerably more
readily than polyhydrie alcohols having the same number of carbon
atoms. This behavior is also found, according to FLEISCHMANN, with
plant cells and is perhaps to be associated with differences in the ten-
dency of the two classes of compounds to adsorption at free surfaces.

d) Ions.

The permeability of the erythrocyte to ions is of much interest both
because of the important part which it is believed to play in one of the
chief functions of the cell itself, namely, the transport of carbon dioxide,
and also because it illustrates in a particularly clear way certain impor-
tant principles which have been suspected and inferred indirectly but
have, for the most part, not been directly demonstrated in the case of
other cells. It also happens that far more accurate, quantitative work
has been done upon the behavior of the erythrocyte in the presence of
electrolytes than in that of any other substances. For these reasons a
somewhat detailed treatment of the general question of permeability
to ions appears to be justified.

The observations which laid the foundations for our modern know-
ledge of the permeability of the erythrocyte to ions were made long before
the theory of electrolytic dissociation of ARRHENIUS had been proposed.
Thus, ZunTz (1868) more than sixty years ago made the highly im-
portant discovery that when carbon dioxide is added to whole defibrin-
ated blood the titratable alkalinity of the serum increases far more than
when serum alone is so treated. That something passes from the cells
to the serum under these conditions was clearly recognized by ZuNTz
who was, however, in error as to its exact nature. Somewhat similar
observations were made independently at almost the same time by
ScumIDT (1867). A second observation whose importance was not
properly appreciated at the time was made a few years later by NASSE
(1878) who found that on the addition of carbon dioxide to whole blood
chlorine leaves the serum and passes into the cells. This phenomenon
afterwards proved to be very closely associated with the one studied
by Zuntz.

The passage of ions into the cells was apparently next encountered
by HAMBURGER who in attempting to measure the volume of the cells
in blood by diluting the latter with isotonic NaNO, obtained results
which he correctly interpreted as indicating an exchange of nitrates for
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chlorides from the cells. He also discovered (1891), as NaSsE had pre-
viously, that on treating blood with carbon dioxide chlorides enter the
cells, an effect which he found to be reversible. His first interpretation
of his results, namely, that the permeability of the cells to chlorine is
increased by carbon dioxide was soon abandoned. HAMBURGER also
made the important observation that with the shift of chlorine the
total solids in the serum increase. This effect, which is due to a move-
ment of water into the cells, was more thoroughly investigated by
voN LIMBECK (1895).

A few years later there were made the important observations of
GURBER (1895), who not only found as had previous workers that
treatment of the blood with carbon dioxide increases the titratable
alkalinity of the serum but who attempted by chemical analyses to
distinguish between two possible means by which such a result could
be produced, namely, by passage of alkali from the cells to the serum
or of acid from the serum to the cells. As far as the accuracy of his
methods permitted definite conclusions to be drawn, he showed that
the base in the serum under the conditions of his experiments remained
consfant instead of changing as ZunNtz had supposed it to do. He there-
fore suggested as an explanation of the observed facts that on the
addition of carbon dioxide to the blood such a reaction as the following
occurs:

2 NaCl + CO, + H,0 = Na,CO, + HCl

The HCI resulting from this reaction was supposed to enter the cells,
leaving the observed excess of titratable alkali in the serum. It will be
noted that although the theory of electrolytic dissociation was well
established at the time of the publication of GURBER’s paper, no use
of it was made in this explanation.

The theory of GURBER continued in the literature as a possible
explanation of the observed facts until comparatively recent times, but
was finally abandoned, because of the inherent unlikelihood of the
formation of appreciable amount of HCl by the reaction in question,
because of the fact that such a reaction if it occurred ought to produce
HCl as readily in the cells as in the serum, because of the actual ob-
servation that cells treated with carbon dioxide and placed in a large
volume of untreated salt solution made the latter more alkaline rather
than more acid and finally because a very plausible alternative theory
had become available to take its place.

The theory which replaced that of GURBER and which with certain
modifications. and additions is the one generally accepted today is the
one advanced by KoEPPE (1897). According to it, the changes which
previous workers had observed on adding carbon dioxide to blood and
which were confirmed by KoEPPE, are due to a migration of ions, which

Ergebnisse der Biologie VII. 2



18 M. H. Jacoss:

occurs in such a way as to preserve everywhere the electrical neutrality
of the system. The erythrocyte was supposed by KoOEPPE to be im-
permeable to cations but permeable to anions such as Cl’ and CO,".
These ions could therefore be exchanged across the membrane in elec-
trically equivalent proportions, producing, simultaneously a disappear-
ance of Cl from the serum and an increase in the titratable alkalinity of
the latter. The theory as originally advanced was obviously defective
in holding that at body reactions an appreciable concentration of CO;”’
ions can exist in the blood, but with the substitution of HCO,’ for CO,"
ions and with the addition of somewhat more definite conceptions as
to the source of these ions in the erythrocyte it is essentially the one
held by the majority of workers today.

The view of KOEPPE that the erythrocyte is permeable to ions has
been abundantly confirmed by practically all subsequent workers. Not
only has a ““chloride shift’’ nearly always been found to occur whenever
the reaction of defibrinated blood or of a suspension of erythrocytes is
changed in vitro by means of CO, or otherwise but the same phenomenon
is observed when similar changes are produced in the intact animal
(HAMBURGER 1902, HARKINS and HaASTINGS 1931). The fact that under
normal physiological conditions distinct differences in the distribution
of chlorides and bicarbonates between the cells and the plasma are
observable in samples of arterial and venous blood drawn simultaneously
from the same animal (Doisy and BECKMAN 1922) is evidence both that
the exchange of these ions is a normal occurrence and that it takes place
with considerable rapidity. Very extensive figures, partly original and
partly collected from the literature, are given by HENDERSON (1928)
for estimated differences in the chloride and the bicarbonate content
of arterial and venous blood of man and other animals.

Before leaving the question of the chloride-bicarbonate ion exchange
mention should be made of two views which are in conflict with those
usually held. The first is that of STRAUB and MEIER (1919 and other
papers) according to which the erythrocyte is permeable to ions only
on the acid side of py 6.7 and not at normal blood reactions. Most of
the recent workers, however, have failed to accept this view (for a
criticism of it, see for example WARBURG, 1922). The second view is
that of HENRIQUES (1928 a, b, ¢, d, e) who while accepting an exchange
of anions as a somewhat incidental accompaniment of the transport of
carbon dioxide by the blood holds that most of the carbon dioxide that
enters the blood is not directly concerned in this exchange. The more
recent work of VAN SLYKE and HAWKINS (1930), however, furnishes
strong support for the more orthodox view and at least partly explains
the results obtained by HENRIQUES.

While the greater part of the evidence for the exchange of anions
between the erythrocyte and its surroundings is based upon the behavior
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of the ions C1' and HCO,’ a considerable number of observations have
also been made upon other anions. Thus, HAMBURGER and vAN LIER
(rgoz) by direct analytical methods showed a transfer of SO,” and
NO,’, and also inferred from the changes in the titratable alkalinity of
the surrounding liquid, after saturation of the cells with carbon dioxide,
that the following additional ions can be exchanged for (bi)carbonate
ions from the cells: iodide, bromide, lactate, salicylate, oxalate, phos-
phate, arsenate and borate. Though KoEPPE (1897) had obtained results
which in his opinion indicated an impermeability of the erythrocyte to
SO,”, pE BOER (1917) and later workers have entirely confirmed the
view of HAMBURGER and VAN LIER with regard to this ion; in fact,
its exchange for Cl has been used to good advantage by several investi-
gators (SIEBECK 1922, MoND and GERTz 1929, and others) in con-
nection with various general problems of cell permeability. The ex-
change of Cl for Br has been similarly used by WIECHMANN (1921), and
other cases, too numerous to mention, indicating a permeability to anions
are recorded in the literature.

While the view of KoEPPE that the erythrocyte is permeable to
anions has never met with any considerable opposition, the same has
not been true with regard to the complimentary view that it is imperme-
able to cations. One of the first workers to dispute this latter view was
HaMBURGER who had originally (1goz) accepted it. HAMBURGER and
BusaNovic (1910) objected that GURBER’s evidence of the constancy
of sodium and potassium in the serum of defibrinated blood under con-
ditions where a change in its chloride and bicarbonate content occurs
is inconclusive because of the insufficient accuracy of his methods.
Using very much larger amounts of blood for their own analyses, they
obtained on adding water and various salts to serum and also on saturat-
ing the blood with carbon dioxide, results which they could interpret
only as being due to an actual passage of base (Na, K, Ca and Mg)
between the cells and serum. In an earlier paper, HAMBURGER (1909)
had also reported results of the same sort.

In addition to this apparently direct evidence of a permeability to
cations was the indirect evidence furnished by the lack of agreement
in the figures obtained by a number of workers between the amounts of
chlorine and bicarbonate which pass in opposite directions across the
boundary of the erythrocyte. Thus, vaAN SLYKE and CULLEN (191%)
found in some of their experiments that the Cl lost by the serum was
equivalent to only about one third of the bicarbonate gained, and since
in such a system electrical neutrality must be maintained and since
other anions were apparently not available in sufficient quantities to
make up the discrepancy it appeared necessary to postulate a transfer
of some base. Similar results were obtained by MELLANBY and WoODSs,
(1923) and others.

2%
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A number of recent investigations, especially those of Doisy and
EAToN (1921), have shown that an apparent discrepancy in the move-
ments of Cl and HCO, may readily result from very slight volume
changes in the cellssuch as are known to be produced by variations in the
carbon dioxide tension of the blood. Thus, in one experiment of these
investigators where account was taken of the volume changes of the
cells which occurred in passing from a CO, tension of 3 per cent to one
of 20 per cent of an atmosphere the agreement between chloride lost
and bicarbonate gained by the serum was perfect; where corrections
were not made for volume changes, however, the chloride lost apparently
amounted to only about 70 per cent of the bicarbonate gained. This
difference was, it is to be noted, in the same direction as that of most
of the discrepancies which have been reported in the literature. As a
result of the general recognition of the great importance of even relatively
slight volume changes in the cells, such discrepancies have largely dis-
appeared in recent work.

1t is, of course possible that even with a perfectly balanced exchange
of anions there might at the same time be a similar exchange of cations.
While a definite lack of balance in the exchange of anions would, there-
fore, indicate a permeability to cations, a condition of balance would
not necessarily mean an impermeability to the latter. It is obvious also
that it is not permissible, as has sometimes been done (MUKAI 1921) to
interpret an absence of change in the total base in the serum after
treatment with carbon dioxide as indicating an impermeability to cations,
since an exchange of, for example, K for Na in equivalent proportions
would leave the total base unaltered. It is necessary, therefore, in
studying by chemical methods the question of permeability to cations
to follow the behavior of the individual ions. This has been done by
several recent workers (Doisy and EATON 1921, WAKEMAN, EISENMAN
and PETERs 1927) with results which are, in general, in disagreement
with those of HAMBURGER and which indicate little, if any, movement
of cations under the conditions of the experiments.

The reason for the differences between the work of HAMBURGER
and that of later workers is not altogether clear. Some of the analytical
methods developed in recent years are superior to those formerly in
use, but it is doubtful whether a difference in analytical methods alone
could yield such enormously divergent results. WAKEMAN, EISENMAN
and PETERS (l.c.)) point out that while HAMBURGER measured the
volumes of cells and serum, it is possible that through an escape of carbon
dioxide during the course of the experiments further unnoted volume
changes may have occurred. In any case, further investigations con-
cerning this point appear to be desirable.

Evidence of a very convincing sort that the erythrocyte under normal
physiological conditions is completely impermeable to cations is furnished
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by analyses such as those of ABDERHALDEN (1898), KRAMER and TISDALL
(1922) and others which show not only that the potassium content of
the erythrocyte is frequently far higher than that of the plasma — a fact
which might conceivably be accounted for in other ways than by an
impermeability to it of the cell — but that the erythrocyte of some
species of mammals such as man and the horse contain almost no sodium.
Even under conditions which produce a decided movement of anions
(increased carbon dioxide tension) GURBER (1895) was unable to de-
monstrate any passage of sodium into the erythrocytes of the horse.

Another line of evidence which indicates an impermeability of the
erythrocyte to certain cations is of a physiological nature. WARBURG
(x911) in studying the rate of oxygen consumption of erythrocytes of
the goose found that the rate was little changed by even gross injury
of the cells (freezing and thawing). But whereas salts of calcium, barium
and magnesium greatly diminish the rate of respiration of the injured
cells, such salts have little effect as long as the cells are intact. Narcotics,
on the other hand, affect injured and uninjured cells alike. The most
reasonable explanation of these facts is that the erythrocyte is im-
permeable to the ions Ca, Ba" and Mg~. Experiments of the same
sort but involving anions rather than cations have recently been carried
out by RaaB (1927) who finds that the reduction in oxygen consumption
produced by, for example, iodide, SCN and salicylate ions is of the same
order of magnitude regardless of whether the cells are intact or not.
This result he interprets as indicating a permeability of the cells to
anions. It should pointed out, however, that while this interpretation
is in agreement with the other known facts, the possibility has not been
ruled out in his experiments that the ions in question enter the cells
only after inflicting upon them a considerable degree of injury.

Further evidence bearing upon the question of the permeability of
erythrocytes to ions will be given below (page 24). There may first
be mentioned, however, certain additional facts having to do with the
effect of changes in the normal surroundings of the erythrocyte upon
its permeability to cations. KERR (1926a, b) has recently studied by
the best chemical methods available, and with careful consideration of the
volume changes of the cells, the potassium and sodium content of cells
and plasma after hemorrhage, after the administration of sodium oxalate
or of insulin in large doses, etc. and has found what he interprets as an
actual passage of potassium into the cells. While he does not consider
that all other explanations have been completely eliminated in the case
of the hemorrhage experiments, he is unable in a number of other cases
to account for the observed results except on the basis of a permeability
of the cells to potassium. He does not, however, suggest that a similar
permeability is necessarily found under normal conditions.

In a later paper, the same investigator (KERR 1929) has obtained
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even more striking results. By diluting the blood of the ox, the sheep
and especially that of the dog with isotonic solutions of KCI or NaCl
he obtained with increasing readiness as the dilution of the blood proteins
was increased a passage of potassium and sodium between the cells
and the serum. That erythrocytes in so-called ‘‘physiological” salt
solutions or in serum which has been sufficiently diluted are not entirely
normal is indicated by the reversible change from the biconcave to the
spherical form which they may undergo, and by their tendency to such
solutions under certain conditions to become crenated (HAMBURGER
1902, BRINKMAN and VAN DaM 1920, GOUGH 1924, PONDER 1929).
These observations of KERR give further evidence of the same fact and
in addition raise serious doubts as to the desirability of ‘‘washing”
erythrocytes when they are to be used for certain types of experiments.
Of the two ions, sodium and potassium, the latter according to ASHBY
(1924) passes more readily than the former into erythrocytes suspended
for considerable periods of times in isotonic solutions of NaCl and KCl.

It would seem, therefore, from the chemical evidence at present
available, that while the erythrocyte under normal body conditions is
impermeable to cations it may, when these conditions are somewhat
changed, become more or less permeable to them. Much more work
will have to be done, however, before the conditions governing such
effects and their possible relation to general injury to the cell are fully
understood.

The objection is sometimes made that a simultaneous permeability
of a cell to anions and cations would destroy its osmotic properties and
prevent it from assuming an unchanged volume in a given solution.
This is not necessarily the case, however, as has been pointed out by
HOBER and HOBER (1928). A membrane of the type discussed on page 27
would preserve unchanged the osmotic properties of the cell, while at
the same time permitting exchanges of both kinds of ions to occur.
There is, however, evidence that the erythrocyte does not normally
show this type of permeability.

Before leaving the question of permeability to ions, one further
point requires consideration, namely, the apparently exceptional posi-
tion among cations of the two ions H'and NH",. Even workers who have
accepted the theory of a general impermeability of the erythrocyte to
cations have frequently spoken of, or at least implied, a permeability
to one or both of these ions. Since the only evidence for a permeability
to the H ion is the ability of external py changes to produce predictable
internal changes of the same type, and since a permeability of the cell
to the OH’ ion would equally well account for the observed facts, this
case presents no particular theoretical difficulties. That of the ammonuim
ion however is somewhat more interesting.

It was very early observed (GRyNs 1896, HEDIN 1897, KOEPPE
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1895, etc.) that the erythrocyte is fairly freely permeable to ammonium
salts such as NH,Cl. This does not appear to be the case, however,
with ordinary cells (OVERTON, JACOBS 1927, STEWART IQ3I). Am-
monium salts, therefore, differ strikingly from the corresponding salts
of sodium and potassium in the ease with which they penetrate the ery-
throcyte, but not very greatly in their behavior with other cells. The
explanation of this peculiar property of the ammonium salts which has
commonly been given (KoEPPE 1897, EGE 1922b, etc.) is that the ery-
throcyte is permeable to the ammonium ion. No plausible reason has
ever been suggested, however, why this particular cation should, among
all other ions, possess such unique properties.

An alternative explanation suggested by HOBER (1904a) is that in
a solution of, for example, NH,Cl there is present from hydrolysis of
the salt sufficient free NH,OH to injure the erythrocyte and so to change
its permeability. A third explanation proposed by JAcoBs (1924b, 1927)
is that the unique behavior of the erythrocyte with ammonium salts
might be explained by the fact that they are freely permeable to anions
while most cells are not. In a solution of NH,Cl there is present in
addition to the dissociated salt, as a result of hydrolysis, dissociated
HCl and largely undissociated NH,OH. All cells appear to be permeable
to the latter substance (or to NH, with which it is in equilibrium) and
some of it may be expected to enter the erythrocyte, leading to an
increased internal concentration of OH’ paired with HN", ions. By an
exchange of some of the OH' ions for Cl’ ions from the exterior, which
is under the given conditions not only possible but necessary, the end
result is an accumulation within the cell of NH,Cl which will continue,
unless hemolysis occurs, until a point of equilibrium is reached.

The mechanism of the exchange of ions was pictured as a Donnan
equilibrium involving all of the ions which penetrate directly (anions)
or indirectly (NH', and H). It was unfortunate, however, that in the
second of the two papers cited above the statement was made that “‘this
process would (if hemolysis did not in the meantime intervene) continue
until the NH,Cl had distributed itself so as to produce a concentration
within the corpuscle approximately equal to that without”. While this
statement is true for the particular case then under consideration,
namely, for a very small number of erythrocytes suspended in such a
large volume of solution that the composition of the latter could be
considered to remain constant throughout the experiment, it could not
be expected to apply to other sets of conditions, and NETTER (1929)
very properly emphasized the fact that at equilibrium the distribution
of the ammonium ion must in all cases be the same as that of the hydrogen
ion, a fact which may at times lead to considerable differences in the
distribution of NH,Cl inside and outside of the cell.

In the case of ammonium salts of weak acids like acetic or butyric
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acids, etc., an additional possibility arises. Such salts by hydrolysis
give rise not merely to undissociated ammonia but to undissociated acid
to which the cell is also permeable. These two substances should
theoretically be able to penetrate the cell independently and to combine
within it to re-form the original salt. Si