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WHEN erythrocytes =re suspended iP = hypotonic medium containing
solutes which do not pepetrate the cell membrane, the cells swell py
imbibing.water until the osmotic equilibrium o= the two sides of the
cell membrane is re-established. The determination of the degree of
cell swelling may DPe calculated from the known laws of physical

chemistry, and it may also be determined experimentally. If the
calculated value is the same as the observed yglye, then the erythrocyte

obeys these laws of physical chemistry and behaves as a perfect
osmometer. If, on the other hand, the two values do not agree, then

the erythrocyte is, for some UNKNOwWn yeggon, an imperfect ocsmometer
and either obeys some chemical laws which are as yet undiscovered or

is a law unto itself.

Theoretically, the degree ©f cell gyelling may be calculated from

the equation (Ponder, 1948) =7
A
Vv - W ( 21 )f 41

\pT+i
when the volume of the medium surrounding the cells is limited. In
this equation, the initial volume of the cell is taken as unity Vv is
the relative volume of the cell at equilibrium W is the fraction of
water in the cel]], commonly taken as gx7g9, T 1is the tonicity of the
medium, i.e. the ratio of the osmotic pressure of the diluted extra-
cellular fluid to the osmotic pregsure ©f plasma; @Rdp is the ratio of
the initial volume of the extracellular medium to the initial volume
of the cell water. The equation is mathematically correct and of the
four unknown qguantities, three may be determined py direct
measurements.

Many attempts Pave been made to determine the relation between
the degree of cell swelling and the extracellular tonicity, and these
have been tabulated by Ponder (194g), ~The observed degree of cell
swelling seldom agrees with the calculated value and the discrepancy
may Pe considerable. Most observers report values markedly smaller
than the theoretical, and in order to reconcile experiment with theory,
a factor R has been introduced into the equation which now becomes

v w Lo +1

\pT+1iJ
It will be noted that the factor R governs the degree of swelling of the
cell?not the final equilibrium velume. If the eyythrocyte obeys the

laws of physical chemistry and behaves as a perfect osmometer, the
value of R should be unity. Different observers have found values of
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R ranging from g-5 to 1-o (ponder, 1948) and if these values are
accepted, the only conclusion which can be drawn is that the cell is
not a perfect osmometer.

Certain doubts arise on this point. There would gppear to be =no
obvious reason why the red cell does not behave as a perfect osmometer
and the values of R recorded in the literature are rather unexpected.
The considerable variation in the observed values 0f R seem to be more
than could legitimately be accounted for Ly differences of technique,
and fina]_lyl the ” constant = R has never been j_nterpreted in any way
other than as an expression of the extent of the deviation of the cell
from its predicted behaviour.

Two previous publications have seme bearing o= this problem.
They deal, not with the actual cell gyelling, Put with the epng-point
of osmotic gye]]ling?haemolysis.

The degree of haemolysis in hypotonic Sodium chloride solution
depends on the temperature: at constant Concentration, the greater
the temperature the less the degree ©f haemolysis, and vice versa. The
van't Hoff-Mariotte equation (77. V

n R T) correlates osmotic
pressure with temperature and it has been shown that when solutions
of constant concentration are replaced by solutions of constant osmotic
pressure, the degree of haemolysis is independent ©f the temperature
within the yange 4-36? C. (Hendry, 1949). Proof of this fact entailed
the use of the van't Hoff-Mariotte equation and therefore assumed
that the red cell was a perfect osmometer. In other words, it showed
that the degree of haemolysis depended not on temperature Put omn
the osmotic pressure Of the surrounding medium. Now, if the erythro-
cyte behaves as a perfect osmometer under conditions of varying
temperature, there would seem to be no valid reason why it should
not behave as a perfect osmometer under conditions of varying extra-
cellular tonicity.

The other publication referred to is less definite but is also suggestive.
It deals with the degree of haemolysis when whole blood is added to

hypotonic solutions of various alkali halides under certain specified

conditions. The osmotic pressure (in atmospheres) of solutions of

alkali halides which would produce 50 per cent haemolysis was found
to be :=»

Lithium chloride 2-67
Sodium chloride
Sodium bromide !

Sodium iodide ' : : . 2 /2
Potassium chloride . : g ’ 3'01
Potassium bromide 2»88
Potassium iodide 272
Rubidium chloride . .2-92
Caesium chloride . ' . 2-//

Mean 2-82

(The value for sodium fluoride has here been omitted as this salt
to have some intrinsic hemolytic action.)

appears
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These figures were oObtained by distributing normal blood into a
series of dilutions of each electrolyte and taking the mean of a group

of fragility eurves for each salt from which the average OSMOLiC pregsure

Corresponding to 50 per cent, haemolysj_s could be calculated (Hendry,
1948) . The values are therefore subject te the errors of biological
variation of the different blood gamples, Put in spite of this, the results
are yery Close together. The greatest difference from the mean is

6-8 per cent, (i the case of potaggium chloride) and in no fewer than
seven Of the nine gyltg, the difference from the mean is 3.3 per cent,

or less. This suggests that the red cell is indifferent to its surroundings
so long as the solute is an alkali ha]_j_de, for it haemolyses almost to the
same extent in all cases. In other yords, the cell is a perfect (or almost

perfect) osmometex under conditions of varying electrolyte in the

extracellular medium. This point is further examined in the present

work.

These experiments, of course, cannot be accepted as proof of the
cell's behaviour as a perfect ©smometer at different extracellular tonicities,
but they are in direct opposition te the conclusions which have been
reached as the result of determinations of the degree of cell swelling,

and to the yalidity of the factor R. The pregent investigation 1is

directed towards a=n explanation of this discrepancy.

Experimental

Material and Methods.?In the following work, normal human
blood has been used in all except one minor experiment. Coagulation
was prevented by the addition of a trace of heparin powder. IM-
mediately after withdrawal, the blood wa= oxygenated for thirty minutes
by exposure to a current of moist oxygen With frequent gentle mixing.
Thereafter, the experiment was started without delay,

The various salts used were Of the highest purity and were dried
to constant weight in vacuo, or, in the case of hydrated salts, at 1207 C.
Concentrations throughout =re expressed in terms of the aphydrous
salts only. The degree ©f haemolysis w== determined by estimating
the liberated haemoglobin (Hendry, 1947). pH w=as measured Ly the

Marconi glass-electrode “H-meter which has a gensitivity of about
o*02 unit.

Whole blood was used in preference t° washed cells partly to avoid
delay, but mainly to avoid any possibility of damage to the red cells
by repeated washing and centrifuging. Allowance must therefore be
made at appropriate points for the volume of plasma which is present.

The following values have been taken for the ,,narent ) degree
of dissociation * at 18-20? C. of the salts used and they have been
calculated from the data given in the International Critical Tables
(1929) for electrical conductivity @nd depression of the freezing point:
sodium chloride, 0-89 : Sodium bromide, 0-89 : potassium chloride,
©-88 , potassium bromide, 0-87 ; and potassium iodide, 0-89.
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Total protein was estimated by the method of Fine (1935) .

Hemolysis in Solutions of the Alkali Halides.?It has been
mentioned above, that the degree of haemolysis was found to depend
to some extent on the nature of the alkali halide in the extracellular
fluid. The matter is here briefly re-examined by experiments which
eliminate the variation in the blood samples as & cause of the variation
in the degree ©f haemolysis.

The alkali halides selected were sodium chloride and bromide,
and potassium chloride, bromide and iodide. A solution of each salt
was prepared the concentration being so adjusted, by means Of the
van't Hoff-Mariotte equation, that all five solutions had the same
osmotic preggure at 180 C. The oxygenated blood was added to give
a final dilution of 1 in 20. After mixing, the tubes were allowed to
stand for five minutes in a thermostat and were then centrifuged at
1500 r.p.m. for two minutes. The degree of haemolysis was calculated
from the amount of liberated haemoglobin.

These conditions differ in two major and in two WiNOY yegpects
from the experiments which were carried out in 1948. The same
blood is now distributed into a series of solutions of different salts so
that biological variation from omne sample of blood to another is
eliminated. More important, haemolysis is allowed to proceed for
only five minutes (instead of two hours) and the degree of haemolysis
is thereby considerably reduced. The minor differences are the
replacement Of oxalate by heparin and a moxe rigid control of the
temperature.

The results obtained are shown in Table I.

TABLE I

The Hemolysis of Erythrocytes in Solutions of the Alkali Halides

. Percentage Haemolysis.
Osmotic Pressure

Blood. (atmos.) .

NaBr. KI. NaCT. KBr.

2-82 )

2-82 a 4
3 2-82 N 4 3 4
4 2-82 1 P 2 2
2 275 4 7 8 7

2-75 10 18 21 18
7 2-75 14 28 33 29
8

2-175 49 70 73 75
13 2-60 57 67 70 70
n 2-60 35 67 57 66

2-60 3i 57 53 65
12 2-60

34 56 59 55

The figures in Table I must not be taken strictly at their face
value. With all these glts, the osmotic fragility curve is sigmoid s=e
that when the degree of haemolysis is in the region ©f 1-5 per cent.
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the results are embarrassingly comstant; it requires = relatively large
Change in osmotic pressure to alter the degree of haemolysis on this
part Of the curve. Nevertheless, it must be conceded that haemolysis

) begins Toat very much the same osmotic pressure in all cases.

Conversely, in the region ©f 30-70 per cent. haemolysis, the gystem is
maximally sensitive to any alteration in the external conditions or to
any error Oof manipulation. The results pregented here are in good
agreement with the results which wexe preyiously published ; the
degree ©f haemolysis i always greatest i potassium chloride and is
always smallest in sodium bromide, the other three salts being inter-
mediate. Since biological variation in the blood samples has been
eliminated the differences must lie in the extracellular glectrolyte and
the reason for these differences remains to be discovered. The differ-
ences between the effects of the different alkali halides are unquestion-
ably real, but in the majority ©f cases they are small (consider, for
example, the osmotic pressures ©f sodium chloride, sodium promide,
potassium bromide, potassium iodide, and caesium chloride pequired

to produce 50 per cent. haemolysis) and whatever be the explanation,
it seems reasonable to conclude that the red cell is dependent only to

a small extent on the nature of the alkali halide in the extracellular
medium and that in this respect it behaves almost (but not quite) as
= perfect osmometer. We& mnow turn to direct measurements Of the
cell volume.

Oxygenation Effects.-?As in studying fragility, se in determining
cell volumes the blood should first be fylly oxygenated in order to
eliminate changes in volume due to loss of carbon dioxide during
manipulation. Oxygenation alone has an gppreciable effect on the
cell volume. In six experiments in which the packed cell volume was
determined by the haematocrit directly o= the venous blood and then
on the same Dblood after oxygenation, it was found that the cells
decreased in volume by 3%9-5%5 per Sent, (mean 4+*5 per cent.) of their
original volume in the venous blood.  Haemoglobin concentrations,
determined gimultaneously, were identical in the venous and oxygenated
bloods thus ryling out the pogsibility that the cell volume change was
due to uptake of water from the moist oxygen. Oxygenation [i.e.
the conversion of reduced haemoglobin t° oxyhaemoglobin) has probably
no effect on cell volume, but the process removes carbon dioxide and
increases the py of the blood by about g«5 unit. Such a change in
pW has been shown by Hampson and Maizels (1926-27) to decrease
the cell volume. Failure to oxygenate 2t the start of the experiment
may =account partly for the irregularity ©f the reported values of g,
but such an omission is not a fundamental source of error for the
values of R obtained with oxygenated Plood are no better than those
obtained with venous blood.

The Observed Value of R.?In the experiments described in the
literature, the degree of cell swelling (and hence the value of R) 1is
usually determined by haematocrit methods. In a geries of similar
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experiments ¢!l swelling was determined (a3) by accurately diluting
normal blood with two or three volumes of hypotonic sodium chloride
solution and determining the packed cell volume in straight 100 mm.
Hawksley haematocrit tubes closed with rubber caps, and (p) by
diluting with hypotonic sodium chloride solution in Van Allan haem-
atocrit tubes. (The Van Allan tube consists of a graduated capillary
stem surmounted by a bulb about 1 c.c. in volume so that the packed
cell volume of relatively high dilutions of blood in saline may be
accurately determined.) In both types of experiment, the tubes wexe
centrifuged at 3000 r.p.m. for thirty minutes. 1In brief, the experiments
followed the usual pattern, So did the results. In 34 determinations,
the value of R lay within the limits 0-67-0-79 (mean — 0-74). Unless
some explanation can be found for these values of R the only conclusion
to be drawn is that the red cell is not a perfect osmometer.

Possible Sources of Error.?Some of the possible sources of error
are not easily susceptible Of investigation. Even in stating the problem,
it has been assumed that the alkali halides do not penetrate the cell,
and that ogmotically active material does not egcape from the cell
during the determination of the cell volume. It has long been known
that when red cells are guspended iM hypotonic saline, potassium
escapes, and it has been suggested that this egcape ©f intracellular
material is the cause of the failure of the red cell to behave as a perfect
osmometer. But the theory has been rejected by all who have examined
it closely. Under these conditions, different observers record different
" rates of escape of potassium from the cell, but these differences can be
satisfactorily attributed to differences in experimental detail. — all,
however, are now agreed that the ggcape of potassium is a very Slow
process compared with the gpeed of swelling of the cell when it is p]aced
in hypotonic saline. Were further evidence required, the following
simple experiment might Pe added.

If potassium leaves the cell and no ion or molecule enters to peplace
it {i.e. the conditions required by the low experimental values of R)
then water will also leave the cell in order to maintain osmotic
equilibrium. The cell volume should therefore decrease when erythro-
cytes are placed in hypotonic saline. In actual fact, the cell volume
increases by about 1 per <ent. per hour. This increase does not
?contradict the established fact that potassium leaves the cell under
such conditions. It certainly does. But presumably sodium or some
other osmotically active material enters in an amount osmotically
slightly greater than the amount of potassium which leaves the cell.
There 5+ be other explanations, but such an experiment is further

proof that the rapid anomalously small gwelling ©f the erythrocyte is
not due to the very slow transfer of potassium across the cell membrane.

The Fraction of Water in the Cell.?The accepted Value of g_7g
for the cell water (J§ in the equations) comes under gygpicion. It is
usually determined by drying = mass of packed Cells to constant yejght
at 60-80? C. and there is the possibility that the figure of g-70 might
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include some water of constitution driven off at this temperature. If
the value of W could legitimately Pe reduced to g.5p, the sverage
value of R would automatically rise from g4 to unity.

To test this poggibility, heparinised Plood was centrifuged in very
narrow tubes (o effect as complete separation as possible of the cells
and plasma) 2t 3500 r.p.m. for forty-five minutes. After removal of
the plasma, white cell layer, and the top of the packed red cell mass,
the lower part ©of the red cell layer was transferred by pipette to =
silica poat, weighed, and dried to constant weight (ten to twelve days)
over calcium chloride at room temperature (20? C.) and atmospheric
pressure.

In three experiments, the syerage water content Of the packed
cells was found to be (-g92 gm. per ©° The dried cells were then

transferred to a special drier and further exposed to the influence of

sulphuric acid at 60? C. at atmospheric pressure Until constant yweight
was ggain reached. The syverage water content rose to (-699 gm-

er c.c.
i Since the calculation of the extracellular tonicity (1), and the
ratio of extracellular to intracellular water (p) present = technical
difficulties, the low values of R must be either correct or must be due
to some error in the determination of the final equilibrium volume (V)
As has been mentioned ghove, the final equilibrium volume is uysually
determined by haematocrit measurements and if error exists, the
haematocrit method must, by = process ©f exclusion, be incriminated
as the cause of the trouble.

The Hematocrit Method.?In the hasmatocrit method of deter-
mining absolute or relative cell volumes, the completeness ©Ff cell
packing is determined by the applied centrifugal force and the time
for which that force is gppljed. It is a notorious fact that different
observers gyote = variety of speeds and durations of centrifuging Put
seldom mention the effective radius of the centrifuge?which is required
for the calculation of the relative centrifugal force. Ponder (1948,
p. 56) gives =ome illuminating examples Of this. The relative centrifugal
forces under which the values of R have been determined must vary
widely, and it is just such a wide variation that is found in the experi-
mental values of R which have been recorded in the literature.

The question °f plasma trapped in the mas=s of redcells has frequently
been examined and the gepera]l conclusion is that, under the usual
conditions of determining packed cell volumes, namely centrifuging
at 3000 r.p.m. for thirty minutes on the ordinary laboratory centrifuges,
seme 2 pey cent, Of plagma remains in the cell layer (Vazquez, Newerly,
Yalow and Berson (1952), Chaplin and Mollison (1952))_ In such
cases the relative centrifugal force is of the order of 2000 g. Errors
due to this source are comparatively small and are not gufficiently
large to account for the low experimental values of R. But the guestion

of distortion and compression ©F the red cell, especially an artificially
swollen red cel]l, under forces of the order of 1000 to 3qqgp g has
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received little attention, and it is difficult to believe that swollen
erythrocytes subjected to such centrifugal forces do not suffer some
degree of compression. Ponder (1949) has drawn attention to the
variation in the cell volume and in the value of R when different
centrifugal forces are employed, and he has been able to reproduce
values of R approximating t° unity only at relatively low rates of
centrifuging.

The indictment of the hematocrit method of determining relative
cell volumes is completed by = straightforward experiment of the
following type. ©One volume of oxygenated blood is added to two
volumes of (.380 per cent, sodium chloride solution and the mixture
is stored at 20? C. during the experiment. After thorough mixing,
samples =re withdrawn, transferred to 100 mm. haematocrit types, and
centrifuged at various speeds for thirty minutes. Two identical
centrifuges were used so that determinations could be made cyery
fifteen minutes. The effective radius of each centrifuge was 1244 om.
1 he blood used had a packed cell volume Of 45"8 per cent, cells
determined py centrifuging =t 2200 g for thirty minutes, and the
initial volume of the cells in the blood-saline gystem w=s taken as
one-third of this (]5-3 per cent, cells), The tonicity of the plasma i
taken as unity and is assumed to be the same as that of a solution
containing 0-87 gm. sodium chloride pey 100 c.c. The value g-79
is used for W, and by calculation the equilibrium volume of the cells
in the blood-saline system is found to be 1 x45 times their initial volume

in the plasma. Results are shown in Table II.

TABLE II
The Dependence of R on the Relative Centrifugal Force

Relative Cell Volume (calc.) 1%45 times the initial volume

Relative Centrifugal Packed Cell Volume Relative Cell

Force. (observed) . Volume.
Xg. Per Cent. Cells.
150 27-0 I-76 1-69
375 237 1-55 1-22
500 233 1-52 115
590 21%9 i-43 0-96
1285 21" 1-38 0-84
2440 21-0 i-37 0-82

When the relative Centrifugal force is plotted against R, these
six results form = tolerably smooth curve and = value of R equal te
unity is obtainable oply under = centrifugal force of about gg5pxgux
applied for thirty minutes. Furthermore, the duration of centyifuging
is as jmportant =s the relative centrifugal force, for the value of R
can be increased or decreased by shortening © prolonging, respectively,
the time of centrifuging. At a centrifugal force of 150 g the value
of R was reduced from 1-76 to ! .29 by increasing the time of spinning
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from thirty to sixty minutes, a@nd at a centrifugal force of s5gp ' g the
value of R was increased from 1qx15 to 1_.39 by reducing the time of
spinning from thirty to fifteen minutes. Exactly similar results were
obtained when the red cells were suspended in a hypotonic solution of

potassium chloride.
There can be no doubt that the high values of R obtained under

low centrifugal forces are due to the regence ©of plasma trapped in
the red cell pmass, and few would cavil at the conclusion that the low
values of R obtained under high Centrifugal forces are due to com-

pression of the cells. There is no reason for attaching any special
significance to the combination of a force of 750 4 and a time interval

of thirty minutes, and in all probability it represents = balance between
the errors of residual plasma in the cell mass and of cell COmpreSSiOn.

The dependence ©f the packed cell volume of whole blood on the
applied centrifugal force is not am originagl observation it was the
subject of a classical paper by W. G. Millar in 1925 and his observations
have been repeatedly confirmed Ly other workers. But the extent to
which differences in the applied centrifugal force and the duration of
centrifuging == alter the gegree of gwelling (and hence the value of
R) does not gppear t° have been generally realised. The experiments
described above make it abundantly clear that the erythrocyte <an
always be persuaded to function as a perfect osmometer (gr as an

imperfect osmometer) merely by = little judicious manipulation ©f the
centrifuge controls and hence the hsematocrit method of determining
relative cell volumes must be abandoned and all results obtained py it
must be rejected.

These arguments apply only to the determination by the haematocrit
of the relative volume of swollen red cells which are apparently very
sensitive to compressive forces. They do not apply t° the determination
of the packed cell volume of whole blood. It will be shown later that
the cells in whole blood are not compressed t° any measurable extent
by the routine method of determining the packed cell volume.

Alternative Methods of determining Cell Volume.?0f all the
possibilities, the most attractive alternative is the determination of cell
volume changes by measuring the change in concentration of some
extracellular substance when water moves from the medium to the
intracellular space.

When the cell is placed in = hypotonic medium, cell swelling eccurs
by movement of water from the extracellular medium to the cell
interior. The concentration ©f any extracellular solute will gimultan-

eously increase provided that that extracellular solute cannot penetrate

the cell membrane {e.g. protein) . The degree of cell swelling can be
calculated from the change in concentration of the selected extracellular
solute.

This method was first used by G. N. Stewart in 1899 and has

the great advantage that prolonged high-speed centrifuging is un-

necessary. The method was later used by Ponder and Saslow (1930)
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who employed the animal's own haemoglobin == the external " indicator,"
the change in the concentration of which was used to calculate the

movement Of water across the cell membrane. A further improvement
was introduced by Ponder (1943-44) who used Evan's Blue a= the
extracellular = indicator © and obtained satisfactory results with it
but only when heparin was used as the anticoagulant.

The determination of cell volume in vitro by the Evan's Blue
method has certain disadvantages which have led to its being abandoned
in the pregent investigations. The available commercial samples ©of
the dye were badly contaminated with inorganic chloride and such an
impurity 15 obviously highly objectionable in these experiments.
Aqueous solutions of the dye obey the Beer-Lambert law yp to yery
high concentrations, but the extinction of a dilute solution is most
seriougly affected by the addition of sodium chloride. Thus when
1 c.c. Of an aqueous solution of the dye was diluted to 10 c.c. with
distilled water the extinction was found to be (_53p, but when diluted
to 10 c.c. With g5 pey cent, sodium chloride golution, the extinction was
only 0-476. In the gystems under consideration, the bulk of the
extracellular osmotic pressure is due to sodium chloride and as measure-
ment of the concentration of the dye varies with the sodium chloride
concentration, serious complications are introduced.

After some preliminary investigation, it was decided to measure
the changes in cell volume by measuring the changes in the extra-
cellular total plasma protein concentration. The method has certain
obvious advantages- no extraneous matter other than saline o
distilled water is added to the blood ; should any haemolysis occur, it
is detectable immediately and the gpecimen is discarded , it is certain
that no measurable amount Of protein cresses the cell membrane in
either direction , and finally, small changes in protein concentration
can be measured with a fair degree of accuracy. The method has
certain disadvantages small errors in the determination of the extra-
cellular protein concentration lead to congiderably magnified errors in
the value of R (a fault common to all experiments of this type)
dilution of the plasma may precipitate part ©F the plasma globulin
and it is still pecessary t° centrifuge the systems containing artificially
swollen red cells, but only for a short time under a low centrifugal
force.

Experience has shown that of these three digadvantages, the first
is the only ene Of importance. In = short series of preliminary experi-
ments, protein was estimated by the micro_Kjeldahl method but the
time prequired for replicate analyses (which =r< essential) and the
corrections which have to be made for the non-protein nitrogen make
this a most ynwieldy method for the pregent purposes. IT preference,
the biuret method of Fine (1935) has been used. This method has the
advantages that quadruplicate analyses may Pe carried ocut with egge,
that no correction need be applied for non-protein nitrogen, and that
the method gives results which are highly reproducible. The method
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is standardised by determination of protein nitrogen by the micro-
Kjeldahl method.

Principle of the Method used.?Blood is diluted with saline of such
concentration that the red cells do not change in volume. The same
blood is also diluted with water which produces = predictable degree
of cell swelling. The protein concentrations in the extracellular fluid
from each of these gygtems are determined, and from the results, the
degree of cell swelling may be calculated.

Isoplethechontic Saline.?The term isoplethechontic " is used by
Ponder to describe the concentration of a solution in which the volume
of the normal erythrocytes is maintained. It produces neither swelling
noxr ghrinkage of the red cells. If the above principle is to be followed,
it is first necessary t° tackle the problem of determining the concentra-
tion of sodium chloride which is isoplethechontic with the plasma

from normal oxygenated blood. The results of previous investigators

are not encouraging?Ponder (1949) points out that the values gquoted
in the literature ygpge from (-g5 to i-io gm. sodium chloride per
100 c.c. NoOr can the often-quoted figure ©f Kirk, Sorensen, Trier
and Warburg (1941) ©e accepted, for they state (p, 327) that " The
calculations are carried out on the gypposition that erythrocytes have
the same volume in an (-15" NaCl solution (5-gg gm. NaCl per
100 ¢,¢,) as in the Christensen-Warburg solution." The chief source
of error in determinations of this type is the continuous loss of carbon
dioxide during the manipulations involved and the consequent changes
in pyi. It has been mentioned above that a change in W has a
marked effect on the red cell volume. This trouble is largely, if mot
wholly, avoided by the use of blood which has previously been fylly
oxygenated. The following method has been used : =

The packed cell volume of heparinised oxygenated blood is deter-
mined in guplicate by centrifuging in sealed 1oco mm. haematocrit
tubes at 2200 g for thirty minutes.

Into each of five tubes is placed 2-0o c.c. of the same blood and
to each tube is added z2-oo c.c. of saline?the saline concentrations
used being 1-oo, 0-95, 0-90, 0-85 and o-80 gm. per 100 c.c. for each

experiment. After thorough mixing, the packed cell volume of each
blood-saline mixture is determined in duplicate under the conditions

described for the determination of the packed cell volume of the whole
blood.

When the packed cell volumes of the blood-saline mixtures are
plotted against the corresponding comcentrations of sodium chloride,
the five points lie on a smooth curve. The concentration of sodium
chloride on this graph which corresponds ®° = packed cell volume
equal to one-half of the packed cell volume of the original blood is
taken to be the concentration which is jgoplethechontic with normal
plasma.

This technique eliminates errors due to the loss of carbon dioxide
since the preliminary oxygenation remeoves the carbon dioxide at the

VvVOoL. LXI. no. 1 B
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start Of the experiment. There is also sufficient plasma in the blood-
saline mixture to prevent any Serious change in pW. during- the several
manipulationS. And finally’ the Cells, even When the blood is mixed
with a solution coptaining ©-80 gm. sodium chloride per 100 c.c.,
retain the form of a biconcave disc so that we are not gubjecting swollen
erythrocytes t° high-speed centrifugation.

In ten such experiments, using ten samples of blood from different
normal subjects, the concentration of isoplethechontic sodium chloride
was found to lie between 0-850 and (-895 gm- Per 100 c-c- (mean
0-871 gm. per 100 ¢¢,), The difference between the extremes of the
range is to be expected for no precautions wewre taken to ensure that
all gubjects were in the same state of hydration although &ll blood
samples were collected at 10 a.m.

In one other experiment blood was obtained from a case which
was moderately dehydrated (a case Of hypertensive encephalopathy)
and the concentration of sodium chloride found to be jgoplethechontic
with the plasma w== 0-972 gm. per 100 c.c. The method might therefore
be developed =s a means= of estimating dehydration quantitatively.

There is no reason to believe that the variations found in the ten
experiments with normal blood are anything other than the normal
biological variation. The mean value ((-§71 gm. per 1°0 ¢.,) is rather
lower than most values quoted and this is due to the fact that most
of the blood bicarbonate has been removed by oxygenation, thus
lowering the total osmotic preggyre Of the blood.

The Determination of R.?The procedure is as follows : =

(1) Two c.c. of heparinised oxygenated Plocd is centrifuged at
about 3000 r.p.m. for tyenty minutes. A specimen of the
plasma is removed and the total protein concentration is
determined.

(2) To 30-0 c-c- of the blood is added 2-00 c.c. of isoplethechontic
sodium chloride containing 0-871 gm. NaCl per 100 c.c.
After thorough mixing and centrifuging at 1000. g for
three minutes, = gpecimen ©f the gsupernatant fluid is
removed and the total protein concentration is determined.

(3) 30-0 c.c. of the blood is centrifuged at about 2000 y 5,
for five minutes. To the plasma is carefully added 2-00 c.c.
of distilled water which is first mixed Carefully with the
plasma (the red cells are protected by 0e buffy layer of
white cellg) and the diluted plagmg ¢ then mixed yapigly
and thoroughly with the red cell mass. The mixture is

then centrifuged for three minutes at a centrifugal force

not greater thayi 500 g and a gpecimen °f the supernatant
fluid is removed for determination of the total protein

concentration.

The low centrifugal force employed and the short duration of
centrifuging reduce gp., compression of the swollen cells to a minimum.
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In the third stage, the amount of water which is added to the blood
is sufficient to cause the cells to increase in volume by about 57 per
cent., and this degree of gwelling does not normally produce haemolysis.
Should ,p, haemolysis occur, the whole experiment would have to
be gbandoned, but in practice, this never occurred.

The three protein analysis =re each carried out in quadruplicate
and gyery care is taken to avoid fortuitous errors, for om the zccuracy

of these determinations the success of the whole experiment depends.
If any single analysis differed from the mean by more than 1 per cent.,
that apglysis was discarded and a further gpalygig was carried out,
but this happened very seldom. Only one Of seven experiments had
to be abandoned and thig, for the reason that the protein in the three
supernatants could not Dbe completely precipitated by 1° per cent,
trichloracetic acid , even after prolonged centrifuging, the trichloracetic
acid Supernatant remained cloudy. The cause of this was never
discovered.

When the protein concentrations of the plasma and the plasma-
saline supernatant have been determined, the percentage of cells in
the whole blood (the packed cell volume n) ., be calculated on
the assumption that no water moves across the cell membrane in the
blood-saline gygten, i.e. that a solution containing 0-871 gm. sodium

chloride pey 100 c.c. is tryly igoplethechontic with the plagma of that

particular experiment. Knowing the percentage volume of the cells
in the whole blood, the theoretical relative cell volume at equilibrium

in the blood-water system may Pe calculated from the equation taking
0-70 as the value of W. Having determined the protein concentration
in the supernatant fluid from the blood-water gystem, the volume of
this supernatant may be calculated on the assumption that no protein
moves across the cell membrane in this gygtem., From this fiqure,
the volume of the swollen cells, their relative volume, and finally R,
may Pe calculated.

The results of six experiments using the blood from different normal
subjects, are shown in Table III.

TABLE III

The Determination of R

Experiment : 3 4 5 6

Total plasma protein (mgm  57*4 5912 64-85 g0t 66-4
per c.C.)

Blood-saline sypernatant protein 26~ 27-65 29-6 28-8 31-2
(mgm. per c.c.)

Blood-water gypernatant protein  32-6 40-7 36'S 33-9 37-55
(mgm. per c.c.)

Percentage cells 45'5 43'3 41'2 44-0 38-7 40-9

Relative cell volume (calculated) i*54 I-54 I-53 Lnsg i-53 1ng3

Relative cell volume (observed) ° 1-52 1-53 1-51 1-55 1-50 1-52

R _ _ _ - - 0-96 0-98 0-96 1-02 0"94 0-98

Mean value of R 0-97.
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One important practical pOil’lt remains to be mentioned. In these

six experimentsl the packed cell volume of the whole blood was also

determined by the hematocrit. Duplicate samples of the oxygenated

bloods were centrifuged at 2000 g for thirty minutes in 100 mm.
hematocrit tubes of internal diameter 3 mm. The observed packed
cell volumes yere:?45-7, 42-9, 40-9, 44-2, 38-2 @nd 414 pep cent,
cells. (These figures should be compared with the corresponding
figures for the percentage cells giyen in Table III,) Were no error
involved, the values obtained by the hematocrit method should be
consistently about 2 per <ent, greater than the corresponding values
calculated from protein concentrations, due to the former ipncluding
about 2 per cent, of trapped plasma in the cell mass. No such agree-
ment is found. In three cases the hematocrit packed ¢ell volume is
greater, and in three cases it is less than the percentage cell volume
calculated from protein analyses. In no case, however, is the difference
between the results obtained by the two methods yery great. The
discrepancy may be partly due to technical errors, but it must also be
partly due to the fact that in no case is the plasma necessarily exactly
isoplethechontic with a solution containing 0-871 gm. Sodium chloride
per 100 c.c. since this value is the mean of a different series of experi-

ments.

Discussion

The results set out in Table II leave no doubt that g,,gg errors
occur when the volume of swollen erythrocytes is determined by the
ordinary hematocrit method. The fact that at a given centrifugal
force gpplied for = given time, the erythrocyte appears to function
as a perfect osmometer (R 1-gp) solves no problems, for the selection
of the given centrifugal force and the duration of its application are
quite arbitrary. One is therefore forced to discard all values of R
which have been determined by the hematocrit, and to adopt some
method which does not involve high-gspeed centrifuging.

The results obtained by the method which has been described in
the text of calculating the cell volume change from changes in the
extracellular protein concentration, agree with the findings of Ponder
(1943-44) in those experiments where he determined the value of R
using Evan's Blue as the external indicator of volume change with
heparinised, but not with oxalated, blood. Ponder regards the Evan's
Blue method as far more satisfactory than gpn, other method for deter-
min:i_ng relative cell volumes. The method which has been described
here is based on G. N. Stewart's original idea which, in common
with the Evan's Blue method, obviates the necessity ©f subjecting
swollen erythrocytes to high centrifugal forces, and I would sgree that

this method is the most gatisfactory type ©f method of determining
relative cell volumes. Indeed, it is the only type ©f method which is

not open to the most serious objections. The results which have been
obtained with it are a marked improvement °=» those obtained by
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haematocrit methods, mot only in the better jgreement Of observation
with theory, but also in the consistencyOf the results amongst themselves.

While the results shown in Table II are unequivocal, they refer
only te artificially swollen red cells which are gugpended in = hypotonic
medium, and it gy be argued that the packed cell volume of
whole blood is gimilarly dependent == the applied centrifugal force.
The packed cell volume of whole blood is unquestionably dependent
on the centrifugal force and the time for which it is applied, but in
this case, = limiting centrifugal force is reached at about 2200 g
(applied for thirty minutes) where less than 2 ,op cent, of plasma
remains in the cell mass. Under these conditions, the biconcave cells
of whole blood do not gppear t° Suffer 5, demonstrable compression,
for the difference between the packed cell volume determined by the
haematocrit, and the percentage ¢!l volume calculated from chapges
in extracellular protein concentration, if very small (see ahove). With
swollen erythrocytes suspended i = hypotonic medium, = limiting
centrifugal force, beyond which no further picking occurs, is also

reached and in all probability = certain amount of plasma Is again

trapped in the cell mass. But in this .54e, considerable compression

of the cells must have occurred for there is no other way of explaining
the low values of R which are consistently obtained when swollen
erythrocytes =re subjected to high-speed centrifuging. ©On the other
hand, when a method is used which does not involve high-speed
centrifuging the observed results are in good agreement with those
calculated from the theory. In addition, at the centrifugal force at
which R is ynity (750 g applied for thirty minutes) it cannot Dbe
questioned that a good deal more than z pop cent, of the gypernatant
fluid is still present in the cell pagg, and the only possible reason why
values of R considerably greater than unity are not obtained, must
be that the cells have undergone =cme degree of compression. There
is no other possible explanation of the facts.

all arguments and obgervations, therefore, point to the haematocrit
as the sole source Of error. Digcussing the value of the haematocrit in
determining the packed cell volume of whole blood, Ponder and
Saslow (1930) concluded that the packed cell volume recorded was
always = balance between the two errors Of intracellular plasma and
cell compression, and that an absolute haematocrit value was
unattainable. This conclusion is certainly true, but whereas the
haematocrit method giveg results very close to the true cell volume
when one is degling with whole blood, the results are yildly erroneous
when the percentage volume of swollen red cells is determined.

The method which has been described above for the determination
of R is theoretically the simplest ©f all modifications of the griginal

method of G. N. Stewart. The weak point is the jggymption that all

specimens ©f plasma =re isoplethechontic With a solution containing
0-871 gm. sodium chloride pey 100 c.c.  TO determine that concentration
of sodium chloride which is jgoplethechontic with each individual
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specimen ©f plasma, would require very large samples ©f blood and,
what 15 probably me=e important, would involve delay in gtarting- the

experiments Which lead girectly to the determination of R.  Although
this remains a source Of gryor, there is no evidence that this assumption

leads to any wrong conclusions.

The accurate determination of small differences in protein comcen-
trations has been simplified by the use of the biuret method of analysis.
Of the many modifications, that of Fine was selected partly because
of its simplicity, but mainly because the results obtained by it are
reproducible t° = very high degree when used in conjunction with a
good photoelectric colorimeter, and whatever the faj]jngs of the biuret
method as an absolute method of determining protein concentrations,
all observers stress the reproducibility of the method. The standard
graph was calibrated by micro-Kjeldahl nitrogen analyses using the
conversion factor g.p5 but the accuracy of the standardisation and
the agsumption of the factor g.25 are of little moment since all that

is required is = series of comparative readings ©f three protein solutions

all derived from the same plasma in any given experiment. Nor are
we concerned with differences in the ratio albumin . globulin : fibrinogen
from one blood sample to another. The important technical point
is the initial standardisation of the conditions under which the colour
is developed and the rigid adherence to these conditions. Quadruplicate
analyses =re very easy t° carry out With the congequent reduction in
the unavoidable errors Of analysis.

The method which has been used for the determination of R is
satisfactory only when the degree Oof syelling of the cells is fairly 1arge
so that the difference in protein concentration between the supernatants
of the blood-saline and the blood-water systems is of the order of
20 per cent. This occurs when the external tonicity is reduced to
about 0*4¢. If the degree ©f swelling is less than thig, the determination
of R is Correspondingly less accurate , if it is greater than this, there
is the danger of haemolysis in the cell-water gygtem. It was for these
reasons that the ratio of blood to saline (or water) equal to 3 : 2 was
chosen. If the erythrocyte behaves as a perfect osmometer at an
external tonicity of 0-46, it may reasonably be assumed that it will
function as a perfect osmometer at gny other tonicity short of one low
enough t° produce haemolysis.

The possible eccurrence in the erythrocyte of water which is not
osmotically active (v bound " water) has also been invoked to explain
the necessity for the factor R. But the concensus Of opinion favours
the conclusion that its amount in the red cell is negligible, if it exists
at all. The finding of values of R approximating to unity by = method
which, cannot cause cell compression offers further indirect evidence
of the absence of bound water from the erythrocyte. The deviation
of the observed mean value ((-97) from unity would be better explained
in terms of experimental ewwor.

Sodium Oxalate as an Anticoagulant.?In the literature on cell
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swelling and osmotic haemolysig, much has been written on the
discrepancies in the properties of the red cell due to the use of sodium
(or potassium) oxalate as the anticoagulant. In all cases where whole
blood (in contradistinction to washed red cells) has been used, the
trouble can be traced to the use Of a vast excess of the salt which is
thenceforth pregent, and exerting am OSWOtic ,reqcyre, in the gygten.

The calcium of blood is entirely confined to the plasma and its
concentration in health is reasonably constant. Theoretically, 10 c.c-
of blood requires 2 mgm. of sodium oxalate to precipitate the whole
of the cglcium, and if this amount 1is yged, the osmotic equilibrium
of the blood is altered only by the substitution of two sodium ions
for one calcium ion. It is however, a common practice to use 20 mgm.
of sodium oxalate to prevent the clotting of 10 c.c. of hlood, and the
excess oxalate has no effect other than to increase the tonicity of the
plasma from ynity to about 1-z. In experiments o= osmotic haemolysis,
where blood is distributed into a relatively large volume of hypotonic
solution, the effect of even a moderate excess of sodium oxalate is
small, and it has been [, experience that the fragility of oxalated
and heparinised blood is jdentical, at a dilution of 1 in 3o, provided
that the anticoagulants have been used in minimal amount. In
experiments o= cell gyelling where the blood is only slightly diluted
with the hypotonic medium, the use Of even a moderate excess Of
sodium oxalate is ruinous?for obvious reasons. The only acceptable
anticoagulant in such cases is a trace of heparin powder.

The determination of the value of R by = method which does not
involve high-speed centrifuging of swollen cells, combined with the
observations that the cell behaves as a perfect ©osmometer under
conditions of varying temperature, and as an almost perfect osmometer
in presence Of different alkali halides in the external medium, removes
all criticism of the erythrocyte's ability to behave as 2 perfect osmometer.
While the gxperiments offered here need not take us back in history
to the copcept Of the red cell as a gipple balloon-like structure which
can be inflated or deflated merely by juggling with the external
conditions, they do return us to the idea of a cell which conforms to
the known laws of physical chemistry without the necessity of intro-
ducing debatable correction factors. This need have no reference
either to the nature or function of the cell membrane . it simply
represents agreement between predicted and observed behaviour under

certain Specified conditions.

Summary

It has been confirmed that normal erythrocytes exhibit slightly
different fragilities in solutions of the various alkali halides.

It has been shown that the haematocrit method of determining the
relative cell volume of swollen erythrocytes in hypotonic media is gyite
unreliable due to compression ©f the cells under high centrifugal forces.
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A new modification of the method of determining cell volume by
measuring changes in concentration of extracellular material has been
used. It is based on the measurement of changes in the extracellular
plasma protein concentration and does not therefore involve high-
speed centrifuging of swollen cells. The results which have been
obtained indicate that the normal erythrocyte behaves as a perfect

osmometer.

This method of determining the percentage cell volume of whole
blood gives results which are in reasonable agreement with those
obtained by the usual hematocrit method.
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