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1.

INTRODUCTION

A. GENERAL:

The investigation to be described in this thesis forms
part of a research project carried out in the Department of Bio-
chemistry, McGill University on the problems of the preservation
of human blood., This larger study was initiated early in 1940,
under the guidance of Dr. Q;F. Denstedt, and has been in progress
since that time,

Although the use of preserved hlood dates back to World
War 1 when O.H. Robertson vsed specimens stored uvp to twenty-—two
days in the treatment of battle casualties, little attention was
paid to the question until the Russians revived it in 1930,
Preserved blood was used extensively during the Spanish insurrection.
The most rapid advances in blood preservation, however, were made
during the second World War, and a great deal was learned about the
actual physical and chemical changes in blood during storage.

By 1945, however, it became apparent to those working in
the field that any further substantial improvements in the methods
of preservation would probably be made only through a more complete
knowledge of the energy metabolism of the erythrocyte and the

mechanism of loss of the viability of the cells during storage.



Among the greatest needs at the time was a practical
lahoratory test for determining the functional capacity, or
viability of the preserved erythrocvtes., Various lazboratory
methods, including the !fragility' test, analyses for the loss of
potassium, the degree of spontaneous hemolysis and others, were
tried as a means of assessing the physical and chemical state of
the erythrocytes, but have proven to be of 1limited value. The
only reliable test of cell viability is still the laborious pro-
cedure of transfusing the preserved blood sample and following the
survival, or conversely the rate of elimination, of the donorts
cells in the recipients' circulation.

By 1945, the McGill group of Rochlin, Andreae, Osborn
and Denstedt, having studied the electrolyte changes in the red
cells during storage, became aware that the loss of potassium and
the gain of sodium that invariably occurs is closely related to the
depression of the metabolism of the cells in the cold., Furthermore,
it became apparent that the widely held notion that the loss of
potassium from the red cells was among the likely causes of the
failure of cell viability was incorrect and that the escape of
potassium actually is the effect, rather than the cause éf the
impaired metabolism. The emphasis of the research therefore shifted
to the study of the enzymology and energy metabolism of the cell., A
study of the electrolyte shifts during storage was of importance since
it afforded valuable indications for reflecting metabolic changes.

Harris (1940;1941a319l1b) had made the significant, but not widely
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appreciated observation, that the cold-preserved red cells when
returned to 37° C. are capable of recovering lost potassium, the
degree diminishing with the duration of cold storage, Andreae
(1946), in our laboratory, had suggested that the capacity of
preserved cells to recover potassium at 37° C. might afford a
basis for evaluating the viability of the cells,

The problem at this stage was taken up by the writer,
with a view to relating the electrolyte behaviour of the preserved
cells to other chemical changes as were being studied by several
workers in our laboratory. Obviously, the action of the cells in
regaining potassium against a high gradient of potassium in the cells
and of expelling sodium against a similarly high gradient of sodium
in the plasma, involves osmatic work and an expenditure of energy
which is provided by the metabolic processes of the cells. The
study being reported here was therefore initiated in 1948, with the
view to further elucidate the chemical changes in preserved erythrocytes
as related to their metabolic state, and to explore the possibility of
assessing the efficacy of preservation by some of these metabolic
interrelationships.

The uptake of potassium and the expulsion of sodium by the
stored erythrocytes, against their concentration gradients, presented
an intriguing problem in fundamental physiology, and an attempt to

analyze the mechanism of this phenomenon was made. Of late, interest
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in metabolically driven electrolyte shifts in all tissues has
increased greatly. In the course of the writer's investigation

it became evident that many of the interpretations in the literature
concerning the maintenance of electrolyte gradients might be studied
in blood. This tissue offers the advahtage of providing intact and
discrete c2lls, and can be studied reproducibly. These attributes

are afforded by few other tissues., In the hope of deriving a maximum
of profit from the present situdy, the writer proposes to refer to the
movement of electrolytes in other tissues, and to attempt to compare
these observations with those on the erythrocyte.

A cataloguing of the voluminous literature on the chemical
and physical changes that occur in the erythrocyte during cold-storage
would be superfluous in view of the availability of several excellent
reviews on the subject, (Denstedt et al 19L41l: Maizels, 19L3; Rapoport,
19L7; Parpart et al. 1947; De Gowim, Hardin and Alsever,19L9). The
writer proposes, alternatively, to discuss fully the main electrolyte
changes found during the storage of human blood in some of the more
significant studies. An attempt will be made to make these findings
comparable where possible, and to interpret the data presented in the
light of the conditions of storage employed,

R, Sodium and Potassium in Stored Rloode

Living cells are characterized by their ability to maintain
a higher internal concentration of potassium than the medium in which

they are suspended. This phenomenon has been studied extensively for
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many years, with the aid of a wide variety of experimental techniques.
Since excellent recent reviews of the literature are available, no
attempt to summarize it will be made here (Davson and Danielli,19L3;
Hober,1945; Krogh,1946; Conway,l9L7; Ussing,19L49; Steinbach,1951).

In the human, the ratio of intracellular to extracellular
votassium is about 23:1l. The erythrocytes are typical,containing in
health, about 100 milliequivalents of potassium per liter (390 milli-
grams per 100 milliliters), while the plasma contains approximately
.5 milliequivalents per liter (18 milligrams per 100 milliliters).
The reverse picture is seen in regard to sodium, which is confined
mainly to the extracellular compartment, to the extent of about 140
milliequivalents per liter (325 milligrams per 100 milliliters),while
only small amounts are found within the cells,

Until recent times it was thought that the cation dis-
tribution arose in some inexplicable manner during the active stage
of cell development and was perpetuated in maturity by the cells
becoming impermeable to at least one of the cations, sodium or
potassium. The evidence at present favors the view that the ionic
distribution is the result of a dynamic equilibrium which the living
cell maintains with metabolic energy, and which gives way to a stable
state only in metabolic fajlure and death.

That the catlon content of the erythrocytes can be varied.
by the medium had been shown as early as 192 (Ashby,192L; Kerr,1929;

Ponder,193L), but because of the currently accepted theories, these



findings were either ignored or at best explained away., Kerr had
even shown that within two hours the sodium and potassium concen-
tration in sheep cells could be equalized by suspension in an
isotonic NaCl -KCl mixturea.

Blood storagze studies finally showed that the erythrocyte
membrane does permit the diffusion of cations, and much of the
accumnlated data based on the concept of impermeability must be
reassessed,

Duliere (1931a,1931h) was the first to demonstrate the
progressive leakage of potagssium from the red blood cells upon
removal from the circulation, He observed that the potassium content
of the serum increased when left in contact with the clot. Furtermore,
he succeeded in minimizing the escape of potassium into the serum by
cooling the freshly drawn blood rapidiy to o° Cs, allowing it to clot
at that temperature and centrifuging in the cold. On the other hand,
if the cletted blood was allowed to stand at room temperature, the
potassium content of the serum was greatly increased, partly because
of hemolysis, but mainly due to diffusion of potassium from the
erythrocytes. When the whole clotted blood was allowed to stand
for fourteen days, the potassium content of the serum had, in some
cases, reached a level of 115 mg./100 ml. (30 m.eq/liter) This
concentration approaches the potassium content of whole blood, and
indicates that the diffusion of potassium from the cells and the

clot into the serum had almost reached the point of equilibrium.
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In Table I are given the serum potassium values
obtained by Duliere, showing the diffusion rate as a function of
times This table has been compiled by the writer from data
given in Duliere's publications.

TABLE I.

The effect of time on serum potassium of clotted blood

DAYS Serum K/

x 23 ‘mg./100 ml. 5.9 meeqe/liter
1 25 w Ghym omom
2 31 0m " B M "
3 3 » "o 8.7 M M "
L 37 " " .51 "
5 56 n o Ul v "
8 (R " 19,2 1 "

The data presented show that the increase in serum
potassium was initially quite slow, and if graphically presented,
would give an exponential type of curves As shall be seen later,

the mode of potassium exchange in clotted blood differs from that
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in an unclotted sample., In the former, the potassium not only
must diffuse through the cell membrane but also through the compact
mass of the clot before reaching the serum.

In seeking a reason for the diminished sedimentation rate
of erythrocytes stored in the cold, Jeanneney and Servantie (1938)
observed progressive changes in the plasma potassium of unclotted
whole bloode This was the first demonstration of the typical
manner of potassium diffusion from the red blood cells in the cold.
The increase in plasma potassium is most rapid during the first five
days, then slows down as the concentration in the plasma and the
cells approachsan equilibrium., In Table 1T is a compilation of
data from several experiments of Jeanneney and Servantie that
illustrates the increase in plasma potassium in cold-stored blood

samples,
TABLE IL

The effect of time on plasma potassium of unclotted bloode

Days Plasma Kf

0 | 19 mg./100 ml 5.0 meeq./liter

1 59 # L 15,1 0 n n

2 h " 9.0 n n "

3 106 n n 2742 1 1 "

L 1110 n ] 28,2 m n ]

6 121 " 3i.0n n "

7 {132 " 34.0 0 n ]

9 |14 n ] 38,2 n n "
11 |1hs » n 37,21 n
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These authors suggested that the rate of diffusion of
potassium from the red cells might be used to test the effect of
different conditions of storage on the preservation of blood, and
might afford an index of the quality of the blood for transfusion.

Continuing their studies, Jeanneny, Servantie and Rigenbach
(1939) failed to find any chsnge in the density of the plasma with
the increase in potassium during storage. This observation led them
to measure the plasma sodium content, They discovered that as
potassium is lost from the cells, sodium enters them in exchange.
They found, further, that the exchange is almost reciprocal, so that
the sum of the concentrations of these two electrolytes in the cells
or in the plasma remains nearly constants Considering that they
expressed the concentrations on a weight basis, as grams per liter,
it is remarkable they noticed the reciprocal exchange, Obviously
to obtain a true comparison of the movements of the potassium and
sodium ions it is necessary to calculate the concentrations on a
molar basis, such as milliequivalents per liter. The data shown
in Table III have been recalculated to show the extent of reciprocal
exchangé of sodium and potassium when expressed -n a weight basis
and an equivalent basis.

TARLE III
Plasma sodium and potassium during cold-storage.

Grams per liter Milliequivalents per liter
navsl waf | KA | TOTAL va? | K* TOTAL
1| 3.94 030 L.30 172 9 181
2 | 3.78] 0.62 L.ho 6L | 16 180
3 | 3.680 0.7 L.38 160 18 | 178
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Had +the blood storage been carried on for a longer period
of time, to permit a still greater exchange of cations, the sum of
these ions in the plasma would remain constant on an equivalent basis,
but wonld increase on a weight basis, provided the exchange was itruly
reciprocal. However, from the trend indicated in the table, the
exchange of potassium for sodium does not appear to be reciprocal,
since the total base decreased by 3 milliequivalents. This means,
of course, that the number of sodium ions that entered the cells
exceeded the number of potassium ions that escaped.

Jeanneney et al (1939) showed, further, that the diffusion
of potassium from the erythrocytes can be retarded when the pH of the
citrated blood sample was loweredto pH 6.8 by the addition of citric
acid. To achieve this the recommended the collecting of the blood
into solutions of mono-, di-, and tri-scdium citrate prepared by
mixing citric acid solution with the required amcunt of sodium
bicarbonate, Theilr results, as set forth in Table IV show that the
mono-sodium citrate retarded the rate of sodium and potassium diffusion
markedly, and that the diffusion with di-sodiun citrate was slower than
with the tri-sodium citrate, On the premise that it is desirable in
the preservation of blood for transfusion to minimize the loss of
potassiun from the cells, they were the first to recommend the use of

an acidified medium for blood storagees



TABLE IV
The effect of pH on plasma Naf and K during cold-storage

Monoscdium Citrate Nisodium Citrate Trisodium Citrate
paYs | ## mg/100 m1| Ma# me/100 ml Kf Nat K/ Naf
3 29 361 3L 396 Ll 417
5 hh 367 62 378 81 387
10 L9 361 70 368 - -

1T
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Since sodium bicarbonate was used for the neutralization
of the medium, it is evident that the initial sodium concentration
in the blood varied with the degree of neutralization. This may have
been a factor in the greater influx of sodium and efflux of potassium
in the blood samples stored in the more completely neutralized media,
in addition to the effect of the p of the medium on the permeability
of the erythrocyte memBrane to these ions.

Scudder and co-workers (1939) undertcok a study of the
potassium changes in stored blood in order to determine the rate of
potassium egress from erythrocytes when stored in different preservative
media. When heparin was used as the anticcagulant, and the cells packed
by centrifugation, the increase in plasma potassium during storage in
the cold was comparable to that observed by Duliere (1931). However,
when the blood was stored under liquid petroléun, without anticoagulant,
they noted a very rapid initial increase in plasma potassium, The results
obtained are shown in Table V,

TABLE V

The effect of packing the erythrocytes on plasma K% during cold-storage

Plasma K#i - mg. per 100 ml,.
Days Heparin and Centrifuged Under 0il
0 20 20
1 20 Lo
2 27 69
3 33 83
L b1 101
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The findings do not show that hevarin prevents the loss
of potassium from the cells but the slow diffusion of this ion into
the plasma is due to the fact that the cells were packed by centrifugation.
The storage of blood under oil, without an anticoagulant, does not delay
the loss of potassium from the erythrocytes,

Scudder and his associates (1939) further studied the effect
of various blood preservative solutions that were recommended at that
time, on the rate of loss of potassium from the eyrthrocytes during
storages Because of the significance of the results of ﬁhese early
studies, it is of interest to review the composition of the preservatives
used. They are numbered for identification in Table Vi, which follows,

1, Citrated blood: 17.5 ml, of 2,5% sodium citrate per 125 ml; of
bloods The final cdncentration of sodium citrate in the sample
was 0.31%. The dilution of the whole blood was 1L%, and that
of the plasma, approximately 25%,

2. Citrated blood: 15 ml. of 3.0% sodium citrate per 125 ml. of
blood, The final concentration of sodium citrate was the same
as in Mixture No, 1 above, but the dilution of the blood is
slightly less. The anticoagulant, being more concentrated,
would tend to delay swelling of the cellsa

3. Russian citrate solution (Goodall et al, 1938):

The blood was added to an equal volume of the anticoagulant-
perservative mixture, This mixture contained 7 gm. sodium

chloride, 5 gme sodium citrate, 0.2 gm. potassium chloride,



0.00L gm. magnesium sulphate, and distilled water
to make one liter of solution. The blood was diluted
1004 and hence the plasma was diluted about 200%.

li. Russian citrate solution (as in Mixture No.3) used
with double the volume of blood, In this mixture
one part of the anticoagulant-preservative mixture
was used with two parts of blood. The blood was thus
diluted 50% and the plasma was diluted about 100%.

5. Rous-Turner solution: The blood was added to 5.L%
glucose solution and 3.8% sodium citrate solution
in the proportion of 3:5:2., This large volume of
glucose and citrate diluted the blood more than three-
fold,. and the plasma by about six times.

6. Citrated blood with added adrenal cortical extracts:
To a blood-sodium citrate mixture (125:15) was added
10 ml, of an adrenal cortical extracts No description
of this extract was given in the reports. The dilution
of the blood was 20% and that of the plasma approximately
Loz.

It should be pointed out that Scudder's procedure was to
pipette portions of the plasma from the sedimented samples at intervals,
without disturbing the cells, This method implies the assumption that
the distribution of potassium throughout the plasma is uniform. Also

the system of sampling progressively reduced the degree of dilution of
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the blood, but no correction was made for this in their analyses,

Since the proportion of the diluent to blood differs

so greatly with the various preservative mixtures, the values

reported for the "plasma" potassium obviously are misleading in

the implication concerning the rate of potassium loss from the

cells, The data are therefore presented in Table VI as the per-

centage of potassium lost by the cells into the suspending medium.

These have been calculated by the writer from the data of Scudder

so as to be more easily interpretable.

TABIE VI
The effect of different preservatives on the loss of KA from stored
erythrocytesy
Duration of 4 K# Loss from Cells stored in 6 different media#
Storage
Days 1 2 3 Iﬁ L 5 6
7 19 19 23 26 19 20
1 33 29 Ll 38 37 3L
21 Ly Ll 60 50 Ll 52
30 [ b | b5 | 66 | s 53 &

# See text for description of preservatives used.
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The rate of diffusion of potassium from the red cells
in blood kept under oil, and in heparinized specimens in which the
cells were permitted to settle and not sedimented by centrifugation,
was essentially the same as that in the citrated samples. Small
differences are attributahle to the diflearapces in the dilution
brought about by different propations of diluent and anticoagulant
used. The slightly accelerated rate of escape of potassium in
Mixture No. 1 as compared to Uixture No. 2 may be attributed partially
to the hypotonicity of the sodium citrate in the former (2.5%), and
also to the greater degree of dilution of the blood. This comment
aleies also to the two Russian preservaties, the larger dilution
favoring potassium diffusion from the erythrocytes, The adrenal
cortical extract appears to hawve had little effect, other than that
of diluting the blood.

It is noteworthy that desnite the relatively large dilution
in the case of the Rous-Turner blood mixture (No.5), the egress of
potassium was not excessive, but is comparable to the behaviour in
Mixtures No. 1,2 and 7, which represent a comparatively low dilution
of the blood. The Fous-Turner mixture is the only glucose—containing
solution that has been revorted on by Scudder and hic associates,

De Gowin, Harris and Plass (1939) have made ar extensive
study of the loss of potassium from the erythrocytes during storage
in the cold. They investigated the behavicour of bhlood when preserved

under the following conditions:
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Twenty-three parts of blood were added to two parts

of 3.2% sodium citrate, and the mixture stored at

2° - 59 c.
The blood was added to 5.L4% glucose solution and

32% sodium citrate in the proportion of 10:13:2.

¢ This is a modification of the original Rous-Turner

3.

e

So

mixture, in which the amount of citrate has been
greatly diminished, and the blocd diluted less.

The blood was diluted to the same extent as in No.

2, but using a solution of hreparin instead of sodium
citrate, as the anticoagvlant. Thus, the blood mixture
contained 10 parts of blood and 15 parts of 5.4% glucose
solution containing 6 mg. heparin,

The blood was stored in a mixture identical to Mo, 2,
but instead of having free access to the air through

a sterile gauze cover, the blood was kept under
‘anaerobic¥conditions by filling the bottles comnletely
and stoppering thems

The blood was diluted to the same extent as in mixbtures
No. 2,3 and L but 0,95% sodium chloride solution was
added in place of the glucose solution. The mixture
comprised ten parts of blood, thirteen of 0.95¢ sodium

chloride and two of 3.,2% sodium citrate sclutiona
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6. Twenty-one parts of blood were added to two of
5.l glucose and two of 3.2% sodium citrate
solution. This mixture represents a much smaller
dilution of the blood than with the preservative
mixtures No. 2,3,k and 5,
De Gowin has reported his values for "plasma" potassium
as measured directly on the supernatant of the preserved specimens
after sedimentation of the cells, Since the degree of dilution of
the plasma in mixtures No. 2,3,L4 and § is the same (about four times),
they are directly comparable. This is not so in mixture No. 1, where
the original plasma has been diluted only 1.2 times, or with mixture
No.6 where the plasma was diluted 1.l times. The writer has re-
calculated De Gowin's data as given in Table VIl to correct for the
dilution by the preservative mixture and to make the results directly
comparable in different blood mixtures.
TABLE VI1

The effect of different preservatives on the loss of K£ from stored
erythrocytes (De Gowin et al,1939)%*

Duration _
of Storage Plasma K£ (mg./100 ml.) in 6 different media’*
in D&}’S 1 2 3 h 5 6
19 Ll 6L | 52 L8 18
184 148 140 {220 276 161
10 2185 216 200 256 348 206
15 232 252 240 | 264 388 231
20 300 252 {260 2h3
25 308 260 {38)4 22
30 312 2L .. 250
33 308
35 316

#See text for description of preservatives used.
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Since no figures are available for the changes in the
cell volume during storage, it is not nossible to calculate cellular
potassium values, However, the values in the above table are directly
referable to the concentration of potassium in the erythrocytes.

It is apparent from the recalculated data that potassium
jons migrate into the plasma at about the same rate in the various
preservative mixtures, with the exception of mixture No.5. The presence
of a large volume of sodium chloride would seem to have a definitely
deleterious effect on the retention of potassium By the cells., This
is probably attributable to the presence of an excess of chloride ions,
since the sodium ion concentration seems less critical. Thus, in
mixture Mo. 3 no additional sodium salts have been added but potassium
diffusion is unaltered. Isotonie saline differs from isotonic glucose
in its effect on red cells in that it does not penetrate the cells,
whereas glucose does. The data presented (mixture No.2) shows that
the addition of glucose does not retard the loss of potassium from the
erythrocytes in highly diluted blood. The total amount of potassium
lost from the cells is greatest with mixtures No. 2-5 inclusive, due
to the larpge dilution of the blood,

De Gowin and co-workers (19/,0) further investigated the
problem of the loss of potassium from stored eyrthrocytes under various
conditions of preservation to ascertain whether the concentration of
potassium in the plasma might serve as an index of corpuscular

deteriorations That is, could plasma potassium concentration serve
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as a basis for evaluating the physiological state of the erythro-
cytes? The results are closely similar to those reported in their
previous study (De Gowin et al,1939). They found that diffusion
equilibrium, that is, the point where the concentration of potassium
in the plasma equals that in the red cells, is reached between the
tenth and fifteenth day in the blood spécimens that are only slightly
diluteds On the other hand, in extensively diiuted specimens where
the volume of extracellular fluid has been greatly increased, the
diffusion of potassium from the cells continues until the third or
fourth week of storages A considerable variation in the rate of
potassium loss was observed from one individual's blood to another,
and it is unfortunate that De Gowin did not attempt to compare the
effect of different preservatives on the potassium loss from the
blood of the same individual,

De Gowin and his associates concluded that the addition
of various amounts of sodium, chloride, glucose, citrate or heparin
did not affect the rate of diffusion of potassium from the cells to
a significant degree, but the rate of hemolysis did vary significantly.
The writer cannot agree with that view,as it seems apparent that an
excess of chloride ions in the preservative medium tends to accelerate
potassium loss as well as hemolysis,

Studies on the rate of increase of free hemoglobin in the
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plasma during the storage of blood have definitely established
that the vrogressive increase in the plasma potassium is not
due to the breakdown of the red cells.

The sealing of the storage container, thereby retaining
the carbon dioxide content, or the storage of the blood under an
atmosphere of carbton dioxide or nitrogen was found to have no
noticeable effect on the rate of potassium diffusion from the
cells,

De Gowin studied some specimens of blood during storage
at room temperature ( 20° C.), and reported that although the rate
of hemolysis was more rapid with time, the rate of potassium diffusion
apparently was relatively unaffected. We now know that the rate of
loss of potassium is less at room temperature than in the cold, but
the increased hemolysis was probably responsible for offsetting this.

Downman, Oliver and Young (1940) also investigated
extensively the partition of potassium in blood during storage in the
cold. They collected the blood into the standard solution recommended
at the time by the Medical Research Council (Great Britain). Two
parts of blood were mixed with one part of the anticoagulant, which
contained 1.05 gm. of sodium citrate and 0.85 gm. of sodium chloride
per 100 ml. of solution. The mixtures were stored at 2° - ,° C. The
"plasma", which. in these samples were actually half plasma and half
diluent, contained initially 10 mg. of potassium per 100 ml., This
level was observed to increase rapidly during the first week of storage,

after which time the rate of increase diminrished and finallyv reached
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a plateau, presumably when an equilibrium between cellular and

plasma potassium was established. At this point, the potassium
concentration per volume of water in the plasma equals the
concentration of potassium in the cell water, which in turn is

the same as the concentration in the whole blood on the basis of

water content. The data presented by Downman and associates show
fplateau" values for plasma'potassium ranging from 80 to 130mg./100 ml.,
uncorrected for the plasma dilution. The authors suggest that their
lower values possibly do not represent a true equilibrium state, but

no values for the potassium in the whole blood are given to substan-
tiate this. Since the hematocrit values are not given, there is
ground, in the writer's opinion for suspecting that some of the law
"equilibrium™ values for the plasma potassivm can be attributed fo'a
low cell count. TLow cellular potassium values similarly would result
in a low equilibrium point for the plasma potassiumj however, it is
highly unlikely for a healthy donor to have a low concentration of
potassium in his red cells. The writer offers these arguments only

to emphasize the necessity of knowing‘what the cell volume and cellular
potassium concentration are, before one attributes the results to
differences in permeability of the red cells.

In further experiments, Nowmman et al (19L40) tested the
effect of dilution of the blood on the rate of escape of potassium
from the red cells by comparing the behaviour of blood admixed with
crystalline sodium citrate and that in samples collected into 3%

sodium citrate in the proportion of 9 parts of blood to 1 part of



anticoagulant solution. It is unfortunate that these investigators

did not attempt to compare the effect of dilution on individual blood
samples, Since the rate of increase of plasma potassium was found

to be 50 variable when stored with the standard M.R.C. solution, it

is impossible to compare the influence of the different anticoagulants
and dilutions on the escape of potassium from the red cells in
different blood specimens, except perhaps by carrying out a statistical
analysis of the results.

Downman states that the use of a smaller proportion of
diluent did not significantly alter the rate of diffusion of potassium
from the red cells during storage in the cold. He based this opinion
on the concentration of potassium in the supernatant "plasma", without
having corrected the values for the dilution with the added preservative.
For example, if the red cells had comprised 50 percent of the volume of the
original blood prior to diiution, they would make up only one-third of
the total volume after dilution with one-half volume of anticoagulant
solution, The proportion of "plasma! in the sample is therefore doubled,
and values of 80 mg. and 130 mg. of petassium ner 100 ml. of the diluted
plasma would be equivalent to 160 mg. and 260 mg. per 100 ml. respectively
in the plasma before dilution. Turing the first week of storage the
plasma potassium in an undiluted blood sample may increase to about
130 mg. per 100 ml, It is apparent therefore that dilution of the
blond does in fact hasten the escape of potassium from the erythrocytes.

In an experiment in which the blood was mixed with heparin

(2.5 ml. containing 10 mg. per 150 ml. bload), the rate of diffusion
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of potassium from the red cells was retarded, reaching a value

of about 100 mg. per 100 ml. plasma by the end of the first week.
Since the auvthors report only one experiment with heparinized
blood, the writer is reluctant to agree that the apparent retarda-
tion of the potassium diffusion was atiributable to the influence
of heparin.

Powrnman and co-workers also have reported that the
storage of blood in the fully oxygenated state, and under an oxygen
tension of two atmospheres was found to have no effect on the rate
of loss of potassium from the eyythrocytesa

Of greater interest and significance are the observations
of these workers regarding the effect of temperature on the egress
of potassium from the red blood cells during storage. The most rapid
loss apparently occurred at 38° C., the plasma potassium concentration
having increased to 110 mg. per 100 ml., at the end of the second day
of storage, and had reached the probable equilibrium point of 140~
150 mg. per 100 ml. by the sixth day. MNo samples were analyzed
prior to the second day of storage.

The rate of loss of potassium from the red cells in blood
samples kept at.room temperature was significantly less than that
which accurred at.2° - 14° . The rate of increase in the plasma
potassium concentration during the first week of storage was found
to be practically linear. The concentration was only l,0-50 mg. per

100 ml. at the 6th day and 65-75 mg. per 100 ml. at the 12th day.
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This raises the question, is the membrane of the erythrocytes
more nermeable to potassium at 38O Ce and near 0° C. than at

room temperature ? If Downman had analyzed more frequently, he
would have found, in the bhlood stored at 380 Cs, that the concen-
tration of cellular potassium actually remains normal for up to
ten hours, while glycolysis proceeds., After the cells become
depleted of glucose, however, they deteriorate and lose potassium
very rapidlye.

The relatively slow loss of potassium from the red cells
when kept at room temperature, as reported by Downman, is difficult
to explain. At 20° =250 ¢, glycolysis is sufficiently active to
offset a loss of potassium for several days, whereas this is not
so at 2-4° C. At room temperature the blood glucose should be
used up in glycolysis in two or three days, and the cells then
should be expected to lose potassium rapidly as a consequence of
the faillure in the metabolic activity. The relatively slow diffusion
of potassiur from the erythrocytes at room temperature has not yet
been satisfactorily explained and the problem should be further
investigated.

Maizels and Whittaker (19LOb) emphasized the striking
increase in the sodium content of the erythrocytes during cold-
storage. Fresh human erythrocytes contain about 25 mg. of sodium
per 100 ml., or about 11 milliequivalents per liter, Then blood

is stored in the cold the red cells take up sodium from the plasma
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(Jeanneny, Servantie and Rigenbach,1939). Maizels and Whittaker
used two anticoagulant solutions: one, which may be designated
"A" was the standard M.R.C. solution devised by Harington and Miles
(1939) and containing 1.05 gm. sodium citrate and 0,85 gm. sodium
chloride per 100 ml,; the other mixture, "B", contained the same
amount of sodium citrate as in "A", but only O.L5 gm. sodium chloride
per 100 ml, Solution "B" was found to be isotonic with the contents
of the blood cells, while "A" obviously is hypertonic., One part of
either of these solutions was used with two parts of blood. Mixture
A", because of its greater content of sodium favours a greater rate
of increase in the rate of sodium uptake by the red cells, Thus,
after storage for 16 days in solution "B", with lower sodium content,
the concentration of sodium in the red cells was about 150 mg. per
100 ml. (65 me.eq./liter), while in the hypertonic anticoagulant
solution "A" it had increased to about 170 mg. per 100 ml. (7L m.eq./L)
It would seem that the sodium concentration in the external medium, or
more correctly, the external-to-internal sodium gradient influences,
to a certain extent, the rate and magnitude of the entrance of sodium
into the cells

Miazels and Whittaker also studied the influence of acidi-
fication off the citrate medium with dilute hydrochloric acid on the
entry of sodium into the red cells during storage. They confirmed
the earlier observations of Jeanneny, Servantie and Rigenbach (1939)
on the loss of potassium and gain of sodium by the red cells during
storage in acidified media. The rate of spontaneous hemolysis during
storage likewise was reduced by acidification of the citrate medium

with hydrochloric acid, as used by Maizels, or by citric acid, as
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first used by Jeanneny and his associates, and by citric acid
with added glucose as used by Bushby and associates (19L0)., ZILoutit and
associates (1913) popularized the use of the acidified diluent in
Great Britain, while buffered media have been employed to this end by
Meuther and Andrews (19l/1), Denstedt and co-workers (1943) and Parpart
and co-workers (1947)«

The influence of the lower pH of the medium on the sodium
intake of the red cells is noticeable after one week in the cold,
for when kept in a non-acidified medium they contain from 180-207 mgz.
sodium per 100 ml, (78-90 m.eq./liter), while those in the acidified
medium contain only 82-1L9 mg. per 100 ml, (36-65 m. eq./liter), To
explain the retardation of sodium uptake, Maizels suggested that a
lower pH brings the cell membrane nearer the iso-elect¥ic ovoint of
the stroma protien ( pH 5) and thus reduces its permeability to
positively charged ions ( Mond,1928, Jorpes,1932, Maizels,1935).
Bushby (1940), on the other hand suggested that the retardation of
glycolysis in acidified blood may be the factor responsible for the
dminished alteration of the electrolyte composition in the cellsa

Tn investigating the effect of various sugars and polysacch-
arides on the influx of sodium into the cells, Maizels and Whittaker
found that both glucose and dextrin tend to retard electrolyte
changes in the cells as was shown by the relatively small degree
of sodium permeation, decreased swelling and decreased hemolysis. The

effect of dextrin is understandable since it is readily hydrolyzed
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by the amylases in the blood plasma and may yield glucose, A
glucose concentration of 1000 mg. ner 100 ml. of blood appeared
to be the most efficient level in retarding hemolysis; lower
concentrations of 300 or 100 mg. per 100 ml, were less effective.
Fructose and sucrose were found to be relatively ineffective in
favouring the preservation of the cells compared to glucose,
Aylward, Mainwaring and Wilkinsop (19h0a) tested the
effect of storing the bloocd samples in the cold under various
gases, with various anticoagulants and in the presence and the
absence of glucose, on the diffusion of potassium from the
erythrocytes. Storage of the blood under an atmosphere of air,
oxygen, carbon dioxide, or under reduced pressures caused very
little difference in potassium exchanges between the cells and
the external mediums. Storage in a variety of preservative solutions
on the other hand, gave rise to very considerable differences in the
rate of potassium loss from the red cells in a given period of
storage. Six hundred milliliters of blood vere mixed with each of
the following solutions:
1.) 25 ml. 84727 anhydrous sodium citrate.
2.) 9 ml. (h5 mg.) heparin
3.) 25 ml, of a solution containing 8.72 gm. anhydrous
sodium citrate and 25 gm. glucose per 100 ml. The
behaviour of the potassium in the three blood mixtures

is indicated in Table VIIIbelow,
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The effect of different preservatives on the loss of Kf

from stored eyythrocytes. (Aylward et al,19)0a)®

Bgrgtiigge | prasma &7 (mg./100 ml.) in 3 different media®
in Days 1 2 3
0 21,2 21.7 21,9
1 27.9 33.7 38,7
2 39.9 W87 53.6
3 5842 65.0 €2.1
g 88.0 79.7 7749
9 92,k - 9746
16 129.0 131.0 115.0
23 15h.0 159,0 129.0
30 170.,0 - 145.0

# See text for description of preservatives used.

Alward et al. agree with previous investigatioms that the

egress of potassium from the cells during the first few days of

storage is not due to hemolysis, but suggest that the greatly dim-

inshed rate of loss of potassium after two weeks of storage in

the presence of added glucose is due to the stabilizing effect &

glucose on the cells and the prevention of hemolysisa

In a later study, Aylward, Mainwaring and Wilkinson

(1940b) investigated the effect of dilution of the hlood with
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solutions of sodium chloride, glucose or dextrin on the rate of
loss of potassium from the eryvthrocytes during cold-storage.
The compositions of the ﬁixtures used were as followss
1. 600 ml. blood and 25 ml. 8.72% sodium citrate solution,
2. 600 ﬁl. blood and 9 ml. heparin solution
3. 600 ml, blood and 25 ml. of a solution containing 8.72 gm.
sodium citrate and 24 egm. glucose per 100 ml,
Lhe 200 ml. blood, 100 ml. 2.1% sodium citrate and 100 ml.
1.7% sodium chloride,.
5. 200 ml., blood, 100 ml. 2,1% sodium citrate and 100 ml,
of a solution containing 1.7 gm sodium chloride and 6 gm,
glucoses
6. 200 ml. blood, 100 ml. 2.1% sodium citrate and 100 ml. of
a solution containing 1.7 gm. sodium chloride and 18 gm.
glucose,
7. 200 ml, blood, 100 ml. 2.1% sodium citrate and 100 ml. of
a solution containing l.7 gm. sodium chloride and 12 gm.
dextrin,
8¢ 1120 ml. blood, 70 ml. of a solution containing 2.5 gm.
sodium citrate and 0.85 gm. sodium chloride per 100 ml. and
10 ml. 50% glucose solution,
The increase in the plasma potassium concentration during
storage of the blood mixture at L° C. is indicated in Table IX,

which has been compiled from the data given by Aylward et al,
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TARIE_IX

The effect of different preservatives on the loss of K# from

stored ervthrocytes (Aylward et al., l9b0b)*

Duration | }jaqma w0t (mgs/100 ml.) in 8 different media’*
of Storagﬁ
1

in Days 2 3 b 5 6 7 8
0 21 22 22 13 1l 15 20 -
2=l 581 65 -1 - =} - - 56

14-16 N28 | 131 (315} 514 56| 63| 61 82

*See text for description of preservatives used,

In order to compare the effect of different preservatives
and dilutions on the increase in plasma potassium, it is necessary
to apply a correction to the plasma potassium concentrations found,
to allow for the dilution of the plasma. Aylward and his associates
have intended to do this, but in the case of mixtures L,5,6 and 7,
have igmored the fact that by diluting the blood with an equal
volume of diluent the volume of the plasma was not doubled but
tripled (assuming a hematocrit value of 50% for undiluted blood).
This is illustrated in Table X, in which the first column gives
the uncorrected values for the concentration of potassium in the
plasma on the 1h-16th day of storage; the second, the values as
corrected by Aylward, and the third, the valves as corrected by

the writera
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TABLE X

Plasma K# after 14~16 days of cold-storage in different
preservatives (Aylward et al., 1940b)*

Blood Concentration of Kf in the Plasma (mg./100 ml.)
Mixture Uncorrected Corrected Corrected
Partially
1 128 139 139
2 131 135 135
3 115 124 12h
L 51 97 153
5 56 107 169
6 63 120 188
7 A1 116 182
8 82 10L 112

3 See text for description of preservatives used,

The corrected values in column 3 are the direct reciprocal
of the potassium concentration in the red cells, and show the true
magnitude of potassium egress from the erythrocytes during storage
in the various media. From Aylwardt!s corrected values, it would
appear that dilution of the blood delays the rate of potassium l=s,
whereas the writer'!s corrections show that dilution of the blood
actually accelerates the rate., Additional difficulty arises in the
interpretation of the results because of the wide differences in

the tonicity of the various diluents used, All the solutions, with
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the possible exception of mixture 2 containing heparin, were
hypertonic and may be expected to cause shrinkage of the
erythrocytes. This would produce an increase in the volume of
the plasma, and dilute the plasma contents further, the degree
depending on the degree of cell shrinkage, but this was not
determined,

Scudder and Smith (1940), and Scudder, Smith, Tuthill
and Drew (1940) have advocated the storage of blood under an
atmosphere of carbon dioxide, since their results showed that
this procedure delayed the escape of potassium from, and the
‘entry of sodium into, the cells, Table X1 illustrates this
effect of carbon dioxides

TABLE XTI

The effect of storing blood under an atmosphere of carbon dioxide
on the cation changes in the plasma

Duration Plasma K* in me.eq./1 Plasma Na’in m.eq/l.
of Storage
in Days Air CO, Air O
0 L5 le5 156 161
1 840 645 156. 1561
5 14.5 9.0 149 159
8 19.0 13.0 145 155
15 23,0 16.0 121 133

The blood specimens were collected into a 345% solution
of sodium citrate in the proportion of 9 parts of blood to 1 part
of the anticoagulant, and stored at L4° C. After 15 days, 27% of

the potassium had diffused out of the red cells in the
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specimen collected and stored under air while the potassium loss
amounted to 10% in the sample collected and stored under COz. By
storing blood under COp, the decomposition of the plasma bicabonate

H s repressed, The retardation

with a resultant elevation of the p
of changes in the electrolyte composition of the cells may be
attributed to the influence of the lower pH under these conditions
of storage. However, Downman et al (1940) state that they observed
no protective effect when they stored blood under oils Furthermore,
Aylward et al (1940a) did not observe this effect when they stored
blood under €Oy, but they offer no data to substantiate their statement,
In a very comprehensive investigation, Maizels (1943)
studied the effect of various preservative mixtures on the changes
in electrolyte distribution in stored blood, The changes in cell
volume and the content of total base in the cells after storage
of blood in the cold for six and twelve days are described in
Table XII, which has been compiled from Maizels' data. The blood-
preservative mixtures employed were as follows:
1. Citrated blood as described aboves
2+ Citrated blood, plus added glucose to bring the
glucose concentration to 650 mg. per 100 ml,
3. Citrated blood, plus added glucose to bring the
glucose concentration to 2300 mg, per 100 ml,

L+ Rous=Turner solution (1916) as described above,



5. Acid-citrate-dextrose (ACD) solution of Loutit,

Mollison and Young (1943), containing glucose in

a concentration of 600 mg. per 100 mls

35.

6. Strongly acid-citrate-dextrose solution, the

7. Sucrose solution of Wilbrandt (1940).

composition being the same as that of mixture No. 2,

except that 5 ml. of N/10 HCl was added per 25 mle

of bloode

Table XIX

The effect of different preservatives on the cation changes in

stored erythrocytes (Maizels, 1913)*

Preserved | Duration Cell Volume Cation content of cells in
Sample of Storage| as percent milliequivalents/ liter
in Days of original ¥ Na* K & Na*
Original
blood 0 100 103 12,2 115
1 6 103 69.6 5248 122
12 119 5640 93.1 149
2 6 102 6842 51.8 120
12 107 5642 6942 125
3 6 99 64.9 L8.6 113
12 103 56.2 65.0 121
L 6 110 5842 33.6 92
12 109 39.3 L3.2 82
Se 6 106 The0 40,0 11}
12 109 61.8 53.8 116
6 6 111 861 25.2 111
12 115 73.6 40,2 11
7 6 89 L7.2 51.2 98
12 93 35.3 68,0 103

# See text for description of preservatives usede
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It should be noted that unlike the procedure followed by
the majority of investigators in followlng the changes in electrolyte
content of the red cells by periodic analysis of the plasma, the
values for sodium and potassium in the above table were obtained by
analysis of the erythrocytes themselves, There is no necessity,
therefore, to make corrections for the dilution of the sample.with
the preservative solutions. Thus, a basic conclusion arrived at from
indirect evidence earlier in this review is confirmed, namely that
glucose itself does not check the escape of potassium from the red
cells dufing storage, although the entry of sodium apparently is
delayede The increase in the total cell base is somewhat diminished
and the degree of swelling is decreaseds A lowered pH of the pre-
servative medium delayed both the egress of potassium and the ingress
of sodiume. It is noteworthy that in the acidified medium the total
base content of the cells remains unchanged, but despite this, the
cells undergo a progressive swelling during storage. The relatively
lower pH of solution No. 6 is more effective than the standard acidified
solution of ILoutit et als. (1943) in retarding the cation shifts between
the cells and the plasma. The effect of diluting the blood with a
large volume of solution of low potassium content is evident in the
case of the Rous-Turner and the Wilbrandt solutions. The increase
in the sodium content of the cells is relatively small in the solutions
because the diluents are themselves relatively low in sodium content.
Thus, a decrease in the cation content of the cells occurs when
either of these solutions is employed, but this does not necessarily

entail a shrinkage in cell volume, It is apparent that other factors
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in addition to the alteration of the concentration of sodium and
potassium in the cells contribute to changes in the volume, or
water content of the erythrocytes during cold-storage.

Maizels concluded that none of the changes in the in-
organic elements of the blood can serve as a basis for evaluating
the physiological condition of the red cells in preserved specimens,
inasmuch as there is little correspondence between the magnitude
of these changes and cell "viability" as measured by the capacity
of the preserved cells to survive in the circulation after transfusion.

Loutit, Mollison and Young (1943) studied further the
effect of pH and more specifically, the effect of acidification of
the blood specimen on the rate of diffusion of potassium from the
erythrocytes into the plasmaes By adding citric acid to the anti-
coagulant solution, the pH of the blood mixture was reduced to 7.15.
In a neutral anticoagulanﬁ the pl of the blood mixture is about 7.ks
This slight degree of acidification was definitely effective in
retarding the diffusion of potassium from the erythrocytes, compared
to the rate of escape in blood stored with neutral anticoagulants.
Table ZIIT illustrates the changes in the plasma potassium concen-
tration in the three following blood mixturess

1, Medical Research Council solution (Harington and Miles,1939),
as described above.

2. Roums and Turner solution (1916) as described aboves

3. Acid-citrate-dextrose solution (Loutit et al,1943), as

described above,
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The effect of different preservatives on the loss of K# from

stored erythrocytes (Loutit et al, 1943)*

Bgrgtggzge Plasma K¥ (mg./100 ml.) in 3 different media™
in Days 1 (MRC) |2 (BR-T) 3 (ACD)
0 yH 18 15
7 98 96 76
1 121 131 96
21 16 L9 121
28 150 157 U

# See text for description of preservatives used,

One might suppose that if the natural levels of sodium

and potassium in the blood could be maintained during storage,

or the degree of disturbance be kept to a low degree, the survival

of the erythrocytes after transfusion might be extendede The

experimental evidence does not support this hypothesis, for although
the rate of loss of potassium from the red cells in the acidified

solutions has been reduced, the fact remains that the preservation

of cell viability also is very satisfactory in highly diluted

samples such as the mixtures of Rons and Turner, and De Gowin,

which favar a relatively rapid escape of potassium from the

erythrocytes.
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Rapoport (1947a) has studied the exchange of sodium
and potassium in the red cells during storage in an endeavour to
compare the relative preservative efficiency of a simple citrated
blood mixture, a citrated blood mixture with enough added glucose
to raise the level to 600 mg. per 100 ml.,, and a citrate-glucose
mixture acidified with citric acid according to the method of
Ioutit and Mollison, In the first mentioned specimen, 10 ml, of
3.2% sodium citrate solution were mixed with 100 ml. of bloods
The second-specimen received 15 ml. of 2,13% sodium citrate and
5% glucose solution per 100 ml. of blood, The third blood mixture
consisted of 25 ml. of a solution containing l.33 gm of sodium
citrate, 0.LL7 gm of citric acid and 3.0 gm. of glucose per 100 ml.,
plus 100 ml. of blood,

The results recorded with respect to the diffusion of
potassium are typicaly the concentration in the plasma increases
rapidly initially, then the rate gradually diminishes until
diffusion equilibrium is reached. In the simple citrated blood
the halfway value towards equilibrium (about 78 mg. per 100 ml.-
20 m. eq. per liter) is reached in about 8 days. Complete equili-~
brium, that is, when extracellular and intracellular potassium
concentrations are equal, is reached in about 30 days, when the
plasma potassium level reaches 156 mg. per 100 ml. (LO m.eq. per
liter). 1In contrast, half the equilibrium concentration is
reached in about 12 days in the citrate-glucose mixture, and in
about 23 days in the acidified blood mixture. ‘Complete equilibrium
is reached in about LO days in the former mixture and in about

60 days in the latter.
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The increase in the plasmag potassium concentration
during storage reflects thé progressive decrease in the
concentration in the red cells, but these quantities show
equivalence only when the plasma potassium values are corrected
for the dilution of the plasma by the preservative solution
added., Rapoport has not corrected for this, creating the illusory
impression that the presence of glucose in the preservative solu-
tion delays the loss of potassium from the erythrocytes, However,
the corrected values show that glucose actually does not retard
this process compared to that in the simple citrated specimen,

If anything, the extra dilution represented in the glucose-con-
taining medium accelerates the rate of escape of potassium, The
retarding effect of the lower pH of the acidified medium, on the
other hand, is a real one, although it is not as marked as it
would appear from the uncorrected plasma valuess

The shift of sodium from the plasma to the cells appears
to be reciprocal to that of the potassium from the cells into the
plasma in all the preservative mixtures investigated by Rapoporte.
A comparison of the three preservatives with regard to the rate
and magnitude of the transfer of sodium leads to essentially the
same conclusions as arrived at for potassium in the preceding
paragraphe.

In a further study, Rapoport (19L47b) compared the rate
of escape of potassium from the red cells in blood stored with
four different mixtures, the McGill 11 solution ( Denstedt et

al. 194k), the ACD solution (Loutit et ale 1943), De Gowin's



soclution (1939) and Alsever's solution (194l). The McGill II
solution consisted of two parts of 3.2% sodium citrate solution,
1 part of 0¢3 M sodium phosphate buffer at pH 7+35, and 2 parts
of 5.L% glucose solution, per 10 parts of blood. The ACD solution
consisted of 25 ml. of a solution cohtaining 1.33 gm of sodium
citrate, O.h7/gm. of citric acid and 3.0 gm. of glucose per 100
ml, of blood. De Gowin's mixture consisted of 2 parts 3.2% of
sodium citrate solution and 13 parts of 5.L4% glucose per 10 parts
of blood, Alsevert's mixture as modified and prepared by the
Baxter Laboratories and used in Rapoport's study, contained 0.80
gm. of sodium citrate, 0,0075 gm. of citric acid, O0.L2 gm. of
sodium chloride and 2,05 gm. of glucose per 100 ml., and mixed
with an equal volume of blood,

The rate of loss of potassium from the erythrocytes
during storage was lowest in the ACD solution, although this is
not apparent from the plasma potassium values, due to differences
in the dilution of the plasma with the various preservatives, The
relatively small degree of dilution in the case of the ACD solution
would, in itself, favour the retention of potassium by the
erythrocytes. The two-fold dilution of the plasma in Denstedt's
mixture favours a relatively greater rate of loss of potassium,
while the four-fold dilution of the plasma with De Gowin's mixture,
which is low in electrolyte, favours a rapid loss of potassium

during storage. Blood preserved in Alsever's solution, at L° Cep
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apparently behaves as in the neutral solutions with regard to
potassium loss from the red cells,
Rapoport, also studied the exchange of potassium in
blood stored with Alsever's solution at 25° C., in an endeavour
to test the claim that satisfactory blood preservation could be
achieved with this solution without the ruse of refrigeration.
The rate of escape of potassium from the fed cells was precipitous,
the concentration in the cells reaching equilibrium with that in
the plasma within ten days. The effect of storage at 25° C. on the
functional state of the cells was, to quote Rapoport, "catastrophic'",
Parpart and co-workers (1947b) made a careful study of the

H and glucose concentration on the rate of

effect of temperature, p
potassium diffusion from the erythrocytes. The influence of temper-
ature on the loss of potassium is indicated in Table X1V. These

data were obtained with a preserved sample containing nine parts

of blood, one part of 3.,25% sodium citrate solution and two parts

of 5.,L% glucose solution. The values are expressed as the percentage
of the original cell content of potassium that had escaped into the

plasma during storage at the various temperatures indicateds

TABLE XIV
The effect of temperature on the loss of K% from stored erythrocytes

Parpart et al., (1947b)

Duration } Percent of K* lost from the erythrocyte
of Storage] stored at various temperatures

in Days o ] 10° | 120 | 18°
15 65 50 Lo 35 30

36 90 | 60 50 65 -




It is significant that the magnitude of the potassium
loss after 15 days of storage was greater the lower the temperature
of storage. However, for a storage period of 36 days 10° C. would
appear to be the optimum temperature so far as potassium retention
by the red cells is concerned.

In investigating the effect of pH on the rate of loss of
potassium from the erythrocytes, Parpart used phosphate buffers to
maintain a constant hydrogen ion concentration. Table XV has been
compiled to illustrate this effecte

TABLE XV

The effect of p¥ on the loss of K’ from stored erythrocytes.

Duration || Percent of K* lost from the erythrocytes
of Storagell stored at various pfs
inD
n oy 5.7] 6.1 ] 6.5 6.7 | 7.0] 7.5
7 68 38 21 0-5 5 20
1L 80 55 35 25 25 80
28 “ 100 95 70 65 80 | -

These data indicate that the rate of loss of potassium from
preserved erythrocytes is mihimal in specimens of pH 6.7 =7.0, and
that the rate of loss is increased at higher or lower pH than these
limits.

In addition to the above experiments with phosphate buffers,
Parpart also tested the effect of other buffers on the retention of
potassium by the red cells during storage. It appears that phosphate

iors exert a specifically beneficial effect on potassium retention,



quite apart from its participation in the buffer activity.
Parpart found that a glycyl-glycine buffer also was exceptionally
effective in stabilizing the preserved erythrocytes, A maleic
acid buffer, and to a lesser degree, a maleic-succinate buffer
was detrimental to the preservation of the erythrocytes, even

at the optimum pH. The effect is undoubtedly due to the ability
of maleic acid to completely inhibit the glycolytic activity of
the erythrocytes during storage.

The beneficial effect of added glucose in the preser-
vative mixture on the retention of potassium by the red bleod cells
during storage is slights This action is most pronounced with a
glucose concentration of 500 mge per 100 ml,;higher concentrations
up to 6000 mge, per 100 ml. exert little benefit and in fact appear
to accelerate the potassium egress in older blood, compared to that
at lower glucose levels, The rate of loss, however, is not as

great as when no glucose is incorporated in the medium.
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C. Glycolysls and Phosphorolysis in Stored Blood.

The process by which glucose or glycogen is converted
to lactic acid is commonly referred to as "“glycolysis", involving
an integrated series of enzyme catalyzed reactions, The enzymatic
process in the erythrocytes is closely similar to, if not identical
with that in muscle, as formulated by Meyerhof, Embden, Parnas and
otherss The nature of the glycolytic process in blood has been
extensively reviewed by several authors (Guest,1932; Guest and
Rapoport,19L1l; Andreae,l946; Woodford,19L8; Kwiencinska,19L8).

That the glycolytic activity in blood is confined exclu-
sively to the formed elements has been amply demonstrated (Rona
and Doblin,1911; MacLeod,1913; Maizels,19Ll; etcs.) Bird (1947) has
estimated that the contribution of the erythrocytes to the total
glycolytic activity of the blood is about eight times that of the
leucocytes.s The glycolytiq activity of the whole blood varies with
the blood of different individuals, but most bloods are capable of
causing 10-25 milligrams of glucose to disappear per 100 ml, of |
blood per hour at 37° ¢, (MacLeod,1913; Schmitz and Glover, 1927;
Guest,1932; Bose and De,1942),

The present day view of the course of glycolysis and of
the intermmediates involved in the process in muscle has been recently
reviewed by the author (1952)s Glycolysis in blood proceeds in much
the same manner as in muscle. In the erythrocyte glucose is the
primary substrate since glycogen is present only in traces. To be

utilized, glucose must first be phosphorylated at the expense of a
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high-energy phosphate bond of adenosine triphosphate (ATP).
This is effected by the enzyme hexokinase and the glucose=be-
phosphate thus formed is isomerized to fructose~b-phosphate,
which is phosphorylated again at the expense of ATP to give
fructo furanose -l,6-diphosphate. So far 23,000 calories have
been lost by the breakdown of two molecules of ATP, while the
two energy-poor phosphate bonds of fructose diphosphate amount
to a gain of },000 calories (Meyerhof and Green,19L9). The net
loss to the system is therefore about 19,000 calories., These
initial "priming" reactions, resulting in a gain of free energzy,
seem to he essential for the energy of the hexose molecule to
become biologiéally available,

Cleavage of fructose diphosphate gives two molecules
of "triose phosphate’", an equilibrium mixture of dihydroxyacetone
phosphate (95%) and 3-phospho-glyceraldehyie (5%), followed by a
simultaneous phosphorylation and dehydrogenation of the latter in
the presence of diphosphopyridine nucleotide (DPN) catalyzed by
the enzyme 3-phosphoglyceraldehyde dehydrogenase. The mechanism
of this unique reaction was clarified by Meyerhof and Junowicze
Kocholaty (1943)s The 3~phosphato~-glycerol phosphate thus formed
contains a bond of even higher energy than those in ATP, and in
the presence of a specific phosphokinase (Bucher,l1947) transfers
this to ADP, forming 3-phosphoglyceric acid and ATPs The 3=~
phosphoglyceric acid isomerizes, with 2,3 - diphosphoglyceric
acid functioning as the co-enzyme of the mutase (Cori et al.

1949), to give 2-phosphoglyeric acid. This compound is dehydrated
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by enolase with a decrease in free energy of only about 600 calories
(Meyerhof and Oesper,1949), giving rise to pyruvic acid enol
phosphate. Here again we see the augmentation of the energy level
of the phosphate bond, making possible the formation of another
molecule of ATP, and trapping the energy of glycolysis in a
transferable form.

It is thus apparent that during the oxidation of one
molecule of glucose to two molecules of pyruwic acid, the energy
of two 11,500 calorie bonds has been used up, while four 16,000
calorie bonds have been generated. These appear eventually as
four 11,500 calorie bonds in ATP, However, the greater part (about
80%) of the energy of the glucose molecule is still present in
the two molecules of pyruvatea

In the absence of oxygen, when the co-enzymes of the
hydrogen transport system are in the reduced state, or in tissues
such as erythrocytes with a weak or incomplete respiratory system,
the pyruvicacid is reduced to lactic acid by the DPN. Hp formed
during the oxidation of 3-phosphoglyceraldehydes

~ Several of the phosphorylated intermediates and co-

enzymes of glycolysis are present in more than trace or catalytic
amounts in the erythrocytes. These compounds are generally designated
together as the "organic acid-soluble phosphorus compounds "(QASP),
and their amounts are referred to by their phosphorus content.

Guest and Rapoport (1938) divide these compounds into three main
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classes according to their resistance to acid hydrolysis.
(1) adenosinetriphosphate phosphorus ( 9-12 mg. P. per 100 ml,
of red cells), (2) Hexose phosphate phosphorus (15 mg. P. per
100 ml. of red cells) and (3) diphosphoglyceric acid phosphorus
(25-30 mg. P. per 100 ml, of red cells)s Fresh blood contains,
in addition, 1-3 mg. P as inorganic phosphorus and about 15 mg.
P as lipid phosphorus per 100 ml,

Greenwald (1925) showed that human blood cells contain
a relatively large amount of an acid-stable diphosphoglyeric acid,
He identified this as being the 2,3 isomer, which Cori and associates
(19L49) have shown to be present in catalytic amounts in other
tissues where it serves merely as the co-enzyme of the mutase
which catalyzes the interconversion of the 2- and the 3-phospho-
glyceric acidse. The acid resistant 2,3-diphospho ester, which
contains about one-half of the organic acid soluble phosphorus
of the blood is derived from the acid labile 1,3- diphospho ester.
In the transfer of the phosphate from the first to the second carbon:
atom in the molecule the high energy bond is lost. This reaction
in the erythrocyte has been investigated by Rapoport and Luebering
(1950,1952), who have suggested that 3-phosphoglyceric acid has
a catalytic role. The reaction is essentially irreversible
because of the considerable decrease in the free energy associated
with the transfer of the phosphate group from the carboxyl to the
secondary alcohol groups

‘That the 2,3-isomer of diphosphoglyceric acid cante

metabolized in blood, however, has been well established, Instead
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of phosphorylating a mole of adenylic acid as does 1,3=-
diphosphoglyceric acid, inorganic phosphate is liberated
yielding the 2-or3-phosphoglyeric acid. The actual mechanism
of this reaction is not yet understood. The phosphoglyceric acid
is metabolized normally, eventually yielding pyruvic acid and
providing a phosphate for the phosphorylation of ADP to ATP in
the process, Since the large amount of 2,3-diphosphoglycerate
in the erythrocyte is already in the oxidized state, it cannot
reduce DPN during its enzymatic breakdown, and consequently the
pyruvic mcid derived from it does not undergo reduction to lactic
acide.

The rate of utilization of glucose in blood at body
temperature becomes slower when the pH is lowered, and accelerated
when the pH is raised above the physiological level (Martland et
al., 1924,1925; Roche and Roche,1927; Warmser et al, 1942). Guest
and  Rapoport (1941) have attributed this phenomen to the effect
of pH on the rate of phosphorylation of glucoses,

During normal glycolysis the rate of entry of glucose
into the scheme balances the rate of breakdown of the phosphorylated
intermediates, and the inorganic phosphate remains at a constant
low level., If the entry of glucose is in any way retarded, and
the phosphate esters continue to be metabolized normally, the

amount of organic acid-soluble P compounds will be decreased,



50.

and inorganic P increased (Rapoport and Guest,1939a 1939b).
Similarly if the rate of phosphorylation of glucose exceeds
the rate of the other glycolytic reactions, there will be an
increase in the phosphorylated intermediate esters, and a
decrease in inorganic phosphate (Rona and Doblin,1911;
Lawaczeck,192l; Martland et al., 19243 Rona and Iwasaki,1927;
Engelhart and Braunstein,1928; Roche and Roche,1929, etc,)
This phenomenon can occur not only at body temperature, but
as Dische (19L46) has shown, fructose diphosphate and triose
phosphate can accumulate in citrated human blood when kept
at 4° C. for 24 hours. Incubation of the blood éubsequently
at 4O° C. results in the complete breakdown of these inter—
mediates to lactic and pyruvic acids

Most of the fundamental investigational work on the
interrelationships between the metabolism of glucose, the
phosphate esters and inorganic phosphate during the cold-storage
of human blood has been done in the Department of Biochemistry,
McGill University, under the supervision of Dr. O. F. Denstedt
(Andreae, 1946; Woodford,1948; Kwiecinska,1948),

Although the rate of glycolysis becomes progressively
slower with decrease in the temperature (Tolstoi,1l92L; Bose and
De,1942), the overall operation of the system at L° C. is
practically identical with that at 37° Ce ( Kwiecinska,1948)«

From a perusal of the available data it appears that the rate
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of glucose disappearance and lactic acid formation is 15-25
times greater at 37° C. than at L® C. When the supply of
glucose becomes depleted, lactic acid production practically
ceases, while pyruvic acid accumulates rapidly as the phos-
phorylated esters, consisting mainly of diphosphoglyceric acid,
continue to be metabolized. This observation is in accord with
the earlier findings of Guest (1932) that the organic acid-soluble
phosphate esters in the red cells remain unaltered for 10-20 hours
when blood is incubated at 37° C., At this time the supply of
glucose usually is exhausted, and a sharp increase occurs in the
inorganic phosphate content of the blood. Glycolysis can be
maintained for a longer time by adding glucose to the blood and
thus affording a continued production of the intermediate phosphate
esters at 37° C., and at lower temperatures (Maizels,1941; Andreae,
19L6).

Several investigators have determined the rate and extent
of glycolysis during the cold-storage of citrated whole blood
(De Gowin et al.,1939; Bick,1939; Belk et al, 1939; Gwynn and
Alsever,1939; Rosenthal et al,19ll; Denstedt et al., 1941)e Their
findings are in general agreement and show that during the first
three days of storage the rate of disappearance of glucose amounts
to 15-25 mg. per 100 ml., of blood per 24 hours. From the third
day on, glycolysis slows down, but the normal glucose content of
the blood is usually exhausted within ten days. The difficulty

in determining small amounts of glucose in the presence of other
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reducing substances has misled some investigators into believing
that glucose is present even after two or three weeks of storage
in the cold,

Concurrently with the disappearance of glucose from the
blood, a slow increase in the inorganic phosphate content usually
occurs, even during the early and more active phase of glycolysis,
Occasionally there is 8 slight decrease in inorganic phosphate,
indicating that the rate of phosphorylation exceeds that of de-
phosphorylation, or, in cther words, the rate of formation of the
phosphate esters exceeds the rate of their breakdown., The rapid
accunulatior of inorganic phosphate that occurs after the sugar
has been depleted signifies the continued breakdown of the phos-
phorylated intermediates,

The addition of glucose to the preserved blood sample
results in the meintenance of the glycolytic actiivity for a
longsr period and the retarding of the breakdown of the fhosphate

eaters. The glycolytic activity, which is guite pronounced in
the initial period of storage, diminishes progressively, =nd
eventually fails about the fifth week, despite the presence of
and ample supply of glucose (De Gowin et al., 1939: Bick,1939;etc).
While the glycolytic activity remains relatively active, the
concentration of the orgenic acid-soluble P compounds remains

fairly constant, and the increase in inorganic P is relatively
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slight. However, during the second week of storage the diminishing
rate of phosphorylation of glucose fails to balance the rate ot
metabolism of the diphosphoglyceric acid, resulting in a rapid
breakdown of this compound, and a correspondingly marked increase

in the concentration of inorganic phosphate in the blood. The
supply of diphosphoglyceric acid in the erythrocytes gives rise

to pyruvic acid, which is not reduced to lactic acid, The pyruvic
acid concentration therefore tends to rise in preserved blood during
the second week of storage (Andreae,l946).

While it has long been known that acidification of blood
decreases the rate of glycolysis in the erythrocytes at higher
temperatures, there has been some difference of opinion among
certain authorities regarding the effect of lowering the pH
on the glycolytic activity of preserved blood during cold-storagee
Maizels and Whittaker (19L0) acidified citrated blood with
dilute hydrochloric acid and noted an apparently improved pre-
servations No glucose was added to the blood sample, but at the
end of one month of storage at 4° C. the glucose content of the
sample was determined., The results led these investigators to
believe that the improved preservation that had been effected
by having acidified the blood was not attributable to the re-
tarding of the glycolytic activity by the lower pH, since the

reducing "sugar" content of the acidified, the neutral and the
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slightly alkaline blood specimens was about the same, They
failed to realize that the glucose is depleted within a few
days during storage, and that what they were measuring was
a residual non-fermentable reducing substance which is un-
effected by acidification,

Ioutit, Mollison and Young (1943) studied the
glycolytic activity of blood preserved in various media

including the Medical Research Council (MRC) preservative

. then in use in Great Britain, the Rous-Turner mixture, and

with their own acidified type of preservative mixture (ACD).
All the solutions contained glucose, Periodically during the
storage of the blood, the glucose concentration of bbth the
plasma and the cells was determined., Some of their results
are tabulated in Table XVI,

TABLE XVI.
The disappearance of glucose from blood over a period of 28

days at L° C. (Ioutit, et al 1943).

Glucose in mg./100 ml. in 3 preservative mediaﬁ

MRC R-T ACD

Plasma | Cells Plasma| Cells | Plasma| Cells

Initial || 700- :
Concentration 700-74Q 540-564 2850 | 2280 700 550

Net Decrease 80- 99 140 110 160 |60-110 150
in 28 days

# See text for description of preservative used.
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These results give the impression that the rate
of glycolysis is not altered by the lower pH of the acidified,
ACD mixture, but evidently Loutit neglected to take into account
the much larger volume of diluent in the M.R.Ce and Rous-Turner
blood mixtures than in the ACD mixture. While the decrease in
glucose in termms of concentration was practically the same in all
the mixtures, the absolute amount of glucose metsbolized in the
acidified blood was obviously less than in the neutral mixtures,
Loutit concluded from the above data that glycolysis

had taken place both in the cells and the plasma, since glucose
apparently had been used up at different rates in the two compart-
ments. We know now that the cell-free plasma possesses no glyco-
lytic capacity. Two facts are noteworthy from these results,
however,
1) Added glucose is partitioned equally between the cellular

and the plasma water up to levels of at least 3000 mge per

100 ml., The ratio of cellular to plasma water in human blood

is 704 , or 0.75, which closely approximates the ratio of the
celluer to the plasma glucose concentrations,
2) The rate of disappearance of glucose from the cells exceeds

that in the plasma. This could easily be an spparent difference

due to swelling of the cells, with a dilution of the cell

glucose content, and a corresponding shrinkage of the extra-

cellular phase, with an increase in the plasma glucose

concentration, The relatively greater rate of fall in the



56¢

glucose concentration of the cells might also arise from a
decrease in the amount of non-fermentable reducing substances
which are confined within the cells. From a theoretical point
of view, it is also quite possible that the metabolic mechanism
that admits glucose into the cell interior ( Le Fevre, 1947;
1948; Wilbrandt, 1947,1950) undergoes a progressive failure
during cold storage, and that glucose consequently is not brought
into the cells as rapidly as it is used up.

Rapoport (1947a) found that blood containing about 600
mg., of added glucose per 100 ml. utilized about 200 mg. of
glucose per 100 ml, during storage in the cold. With neutral
preservative media, this amount of glucose was metabolized in
30 days, when the process ceased, whereas with acidified pre-
servative media the process continued for 50 days. These ob-
servations that acidification lowers the rate, but not the overall
extent of glycolysis in blood at L°® C. have been confirmed by the
McGill group, and are analagous to the findings of Martland
concerning the glycolytic behaviour of blood at 37° C. Similarly,
as Guest and Rapoport (19h1) pointed out, acidification of thé
blood inhibits the phosphorylation of glucose at 37° Cs,it is
reasonable to suppose that it does so at L° C. as well, Despite
the decreased rate of entry of glucose into the glycolytic process,

the metabolism of the organic acid-soluble phosphate esters
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continues at an unaltered rate, resulting in a rapid decrease
~ in the concentration of these compounds and a corresponding
increase in inorganic phosphate. These changes proceed from
the beginning of storage of acidified blood (Maizels,1943;
Loutit et ale,19L3).

Maizels (1943), Rapoport (1947a,b,d) and the McGill
Group have studed the behaviour of the "easily hydrolyzableﬁ
phosphorug compounds in the blood during storage in the cold.
This fraction reflects the state of the labile phosphate groups
of adenosine triphosphate (ATP), which is of particular interest
since the compound is not only required for the phosphorylation
of glucose, but serves as a store of high-energy phosphate bonds,
and indicates the overall metabolic condition of the cells. The
addition of glucose to blood, by sustaining glycolysis, helps
maintain the amount of ATP during storage. Whereas the ATP has
usually disappeared within 10-15 days from citrated blood in the
cold, it is preserved for 25-30 days when glucose has been added,
and for L,5-50 days when acid as well as glucose are in the pre-
servative medium. Maizels has attributed the effect of acidifi-
cation on the conservation of ATP to inhibition of an adenosine
triphosphatase,s However, since the phosphorylation of glucose
by ATP is retarded by a lowering of the pH of the blood, it is

more reasonable to attribute the superior preservation of ATP
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to the diminished rate of utilization. This "sparing" effect
results in a true economy in the energy resources of the cell.
While a considerable amount of attention has been
directed towards determining the rate and extent of glycolysis
in blood during storage in the cold, comparatively little
attention has been paid to the glycolytic power of preserved
erythrocytes returned to hody temperatures In an effort to
evaluate the overall metabolic condition of preserved erythro-
cytes, Rapoport (1947a,b,d) tested the glycolytic power of the
blood by incubating a sample for 90 minutes at 37° C. and
measuring the disappearance of glucose and the production of
lactic acid. Although the results were variable, a fairly
definite pattern of behaviour was evident as is illustrated
in Table X¥II, in which the values represent milligrams of
glucose utilized by 100 ml. of erythrocytes per hour at 37° Ce
TABLE XVIX |

The glycolysis rate at 37° C. of bloods stored in three preser—
vative solutions at L° C.

Duration Glucose utilized in mg./100 ml. cells/hour
of Storage -
in Days Citrate Citrate- Acid Citrate
~ dextrose dextrose
1 50 Lo 18
5 25 30 18
7 15 18
10 5 20 18
15 0 10 18
20 5 18
25 0 18
30 10
Ls 0

# (Qlucose added immediately before incuhation.
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It can be seen from the above data that blood stored
without additional glucose rapidly loses its glycolytic power,
in spite of the addition of adeguate substrate immediately bhefore
incubation. Glucose in the preservative medium enables the red
blood cells to retain their glycolytic power for a longer period,
but not for more than three weeks, The effect of acidification
on the maintenance of the glycolytic capacity is quite pronounced.
Although the initial rate of glucose disappearance was lower than
in the neutral blood mixtures, Rapoport's data suggest that no
impairment in the glycolytic power is evident during the first
month of cold-storage. However, the "scatter" of the data is so
great that interpretations based on the mean values may be mis-
leading. Thus it would appear that some specimens were comparable
with fresh blood in glycolytic capacity after 30 days of storage,
while others had lost this faculty completelye

There is a striking degree of correlation between the
glycolytic capacity of stored blood and its ATP content. Also,
there is a reasonable degree of correlation between the preserva-
tion of these two factors and the ability of the preservative
medium to maintain cell viability during storage, as tested by
the capacity of the cells to remain in the circulation after
transfusion,

In general, the preservative mixtures that favour the

maintenance of ATP in the erythrocytes during storage are superior
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by in vitro testing as well. It is evident then, that the general
metabolic status of the cells affords a truer index of their
preservation and viability than do other in vitro criteria such
as spontaneous hemolysis, cell fragility or cation diffusion.
Several authors have studied the changes in the
concentration of the esterified and inorganic phosphate in the
blood during storage. These studies were carried out not so
much from an interest in the glycolytic mechanism, as in the
changes in the electrolyte and osm@tic equilibrium of the red cells
during storage. Maizels and Whittaker (1940a) followed the changes
in the inorganic P and the organic acid-soluble P content of the
plasma and the cells of blood stored in the cold, and after ine
cubation of the preserved specimens for 90 minutes at 379 Ca
The preservation medium used was that of Harington and Miles (1939),
which is a hypertonic solution of sodium citrate and sodium chloride,
mixed with two volumes of bloods
The changes in the content of the inorganic
phosphorus and organic acid-soluble phosphorus fraction (OQASP)during
storage and after 90 minutes incubation at 37o C. are shown in Table

XX,
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TABLE XVIGL

Inorganic and organic phosphorus changes in blood during cold-
storage and after 90 minutes at 37° c.

ration Inorganic P B
E? Storage mg./100 ml. A%%%EOO m.
n Days
Plasma Cells Cells
1 2.2 105 5h.9
1 4:° 3.1 5.3 18,0
6 2.8 3.1 50.1
6 £1 L1 6.9 L3.1
7 2.,4 8.6 39.-’4
7 £1I 540 10,6 32,6
15 ! 33 29.7 12,8
15 £ 1 T2 20,0 13.0
21 Le5 3346 6.9
21 A1 846 26 6.8
26 _ 9.4 32.9 64
26 41 13,2 2649 o2

% I= 90 minutes incubation at 37° C.

It can be seen from the above table that during two weeks
of storage the inorganic P of the plasma increased but slightly,
while that of the red cells increased twenty-fold due to the
precipitous liberation of inorganic P from the phosphate esters
between the 6th to the 15th day of storage. The ratio of the
inorganic P in the cells to that in the plasma at the 15th day
was about 9:1, and when one considers that the water content of

the erythrocyte is only 70%, the ratio of the concentration of '
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the inorganic P in the cells to that in the plasma, that is,
the "phosphate gradient" is of the order of more than 10:l,

Incubation of the blood had a dual effect with
regard to the content of inorganic P in the erythrocytes.s In
the first place the rate of breakdown of the organic phosphate
esters exceeds the rate of their breakdown; the OASP fraction
decreases and the inorganic P fraction increases, Secondly,
the red cell membrane, which in the cold is almost impermeable
to phosphate ions, becomes much more permeable to this ion at
37° C., and on incubation at this temperature the inorganic
phosphate which had accumulated in the cells during storage in
the cold is rapidly released into the plasma, This is in accord
with the earlier findings of Maizels (1932) and Halpern (1936)
who showed that at 2° C. the diffusion of inorganic P through
the erythrocyte membrane is extremely slow, at 209 C. the rate
is increased by 604, and at 300 C. the rate is 2% times as rapid
as at 20° C,

In the fresher blood specimens (less than one week old),
the release of phosphate from the organic compounds predominates
during incubation and the cellular inorganic P increaseﬁm After
prolonged storage, incubation while favouring a rapid breakdown
of the organic phosphates, causes an even more rapid relesse of
inorganic phosphate into the plasma, the net effect being to
reduce the steep concentration gradient of inorganic phosphate

that had arisen during cold-storagey
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Aylward and his colleagues (19L0a) studied the
alterations in the phosphate fractions in blood during storage
iﬁ various preservative media, Their results agree in general
with earlier findings of Maizels as referred to above, except
that they observed that the inorganic P usually underwent a
decrease in concentration during the first day of storage of
citrated blood, and that in the case of blood stored with added
glucose the initial diminution in inorganic P often persisted for
a week. The decrease in the inorganic P content of the red cells
is due to the utilization of phosphate in the synthesis of more
of the organic acid-soluble P fraction in the erythrocytes. The
amount of organic acid-soluble phosphate always varied inversely
with that of the inorganic phosphorus fractione Within the first
day of storage the organic acid-soluble P increased from an initial
value of 36 mg. P per 100 ml, to 39 mge P per 100 ml., while the
inorganic P content fell from L mg. P per 100 ml to 2 mg, P per
100 mls When the organic acid-scluble P content of the cells
had decreased during storage to a level of L mg, per 100 ml., the
concentration of inorganic P had risen to 30 mg. per 100 ml,
While presenting data for the behaviour of the phosphate fractions
in citrated blood only, the authors state that similar results
were obtained with heparinized blood and with specimens enriched

with glucoseg
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In another series of experiments, Aylward, Mainwaring

and Wilkinson (19L0b) measured the plasma inorganic P in a great
'variety of preservative media, described in detail in an earlier
section, The results of their studies showed that glucose and
dextrin, added to the blood, had only a slight effect in retarding
the rate of increase in the inorganic P of the plasma. This,

of course, does not necessarily imply that the added glucose

did not exert a beneficial effect on the preservation of the
phosphate esters within the cells; since the plasma inorganic P

is at best a very unreliable index of the concentration of
inorganic P in the red cells,

In heparinized blood, the inorganic P was released into
the plasma still more rapidly than in citrated blood during cold-
storages It is not apparent from the dafa whether heparin favours
‘a8 more rapid hydrolysis of the organic phosphates in the cells,
or facilitates the escape of inorganic phosphate by altering the
membrane permeability or whether it facilitates both these
processes.

Maizels (19h1) endeavoured to further elucidate the role
of glucose in inhibiting the breakdown of the phosphorylated esters.
He showed that the amount of inorganic phosphate liberated during
the first two weeks of storage was about 2% times greater in blood

to which no glucose had been added than in blood which the glucose
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concentration had been increased by 100 mg. per 100 ml. This
difference in the rate of hydrolysis of the organic phosphate
cannot be attributed to any difference in the pH of the two

H .08

specimens, since this difference was too small ( p
compared to pH 6.95) to produce a significant effect (Martland
et al,, 1924). laizels attributed the effect of glucose in
preserving the phosphate esters to the inhibition of the
phosphatases of the blood, If the dephosphorylation of these
esters is brought about by phosphatase action, one would expect
the process to proceed from the teginning of storage, and not
be delayed for periods of one or two weeks. Also, one would
expect the products of diphosphoglyceric acid breakdown to be
glyceric acid and inorjanic phosphate, instead of the pyruvic
acid and inorganic phosphate as found by Andreae (1946).
Maizels postulated further that another way in which
zlucose aids in the preservation of stored erythrocytes is by
teing absorbed onto the cell surface, and enabling the membrane
to stretch and allow the cells to swell. He and ''hittaker
(19402 ;19L0b) showed that the critical bursting volume, or the
volume wher the membrane ruptures, can be increased by 20% in
the presence of glucose. Or plecing the cells in a series of
saline solutions of graded concentrations he found that the
maximum degree of swelling that the cells could attain hefore
hurstine was 1644 of their original volume. On the addition of

14 glucose to the hypotonic saline solution, the cells were capable



664

of swelling to 184% of their original volume before rupture
occurreds

The claim that glucose helps maintain the relative
impermeability of the erythrocyte membrane to cations has not
been well substantiated. The results of most workers indicate
that the addition of glucose has no influence on the rate of
loss of potassium from the erythrocytes during storage. (See
preceding section for a complete discussion).

The effect of glucose on the phosphate distribution
is not due to any influence on the permeability of the cell
membrane, but is due to its participation in the cell metabolism,
Acidification of the preservative medium similarly exerts its
effect on the phosphate partition by influencing the metabolism
of glucose, However, Loutit et al.(19L43) have shown that
acidification in excess of that in the usual ACD solution, does

accelerate the diffusion of inorganic phosphate from the cells,
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D. Active Cation Transport in Stored Blood.

‘Maizels and Whittaker (1940) attempted to take advantage
of the acquired high sodium content of preserved erythrocytes to
test the capacity of the cells to remain in the circulation after
transfusion. On transfusing red cells with a high sodium content,
Maizels and Paterson (1940) had observed that the sodium content of
the circulating erythrocytes in the recipient was increased in pro=
portion to the sodium content of the transfused cells, They found,
however, that in a few hours the sodium concentration in the
circulating erythrocytes had returned to that in the recipients
red cells prior to the transfusion. Since it was known that the
transfused cells had not been destroyed, they must have undergone
a chemical reconstitution, with the result that the excess of
intracellular sodium had been removed. Maizels points out that
such an ionic transfer cannot take place against the steep ionic
gradient by any simple physical process of diffusion.

An example of this phenomenon is cited, in which red
blood cells containing 142 mg. of sodium per 100 ml. (62 m. eq.
per liter) were transfused into a recipient with a presumably
normal plasma sodium content of 300-350 mg. per 100 ml, (130-150
m., eq. per liter). The infused cells were "reconditioned" to
such an extent that their sodium content was decreased to 33 mg.
per 100 ml., (14 m. eq. per liter), implying the expulsion of
109 mg. of sodium per 100 ml., (L8 m. eq. per liter) from the cells.

While redognizing the need for a complex biological system to
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accomplish this ionic transfer against the concentration gradient,

Maizels failed to visualize the erythrocytes ability to perform

this function of their own accord. He suggested, at the time, that

the erythrocytes may possibly be '"reconditioned" in the spleen.
Maizels (1943) has further shown that the "reconditioning",

of erythrocytes after transfusion occurred with respect to potassium

as well as to sodium, That this takes place in opposition to the

concentration gradients was demonstrated by the following direct

method. A sample of group - O blood was stored for one week, during

which time the cells lost & considerable amount of potassium and

gained a similar amount of sodium from the plasma., The preserved

specimen was then infused into a group - A recipient, and samples

of blood were withdrawn thereafter at intervals during a period

of 48 hours. The group - A cells of the recipient were selectively

agglutinated by the method of Ashby, and the unagglutinated group

- 0 cells in the sample were separated and analyzed for their sodium

and potassium content. The findings are tabulated in Table XIX,

Table .XIX

The cation content of stored erythrocytes before and
after transfusion.

Time of analysis Erythrocyte cation in m. eq./liter

K4 Naj
Before transfusion L7 55
1 hour after L 60
24 hours after 76 34
M.;_B hours after 82 26
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These analyses indicate that the electrolyte
composition of the transfused red cells tended to be restored
to normal, the cells having regained 35 m. eq. of potassium
per liter, and having expelled 20 m. eq. of sodium per liter
within 48 hours after transfusion. The plasma of the recipient
was found to contain 3,6 m. eq., of potassium and 1lh)y m. eq. of
sodium per liter, so it is obvious that the uptake of potassium
and the expulsion of sodium by the preserved cells had occurred
in each case against a steep ionic gradient.

Harris (1940; 1941a; 1941b) demors trated that the
normal distribution of potassium and sodium between the red cells
and the plasma is maintained by the metabolic activity of the
cells, Thus, when the metabolic activity was markedly decreased,
as when the cells are kept in the cold, the control over the
distribution of potassium and saodium is diminished and these ions
tend to diffuse along the concentration gradients, When the meta-
bolic activity was partially restored by returning the blood cells
to 25° G, or 37° C., the direction of movement of each of the ions
was reversed so that the movement occurred against their respective
concentration gradients and tended to reestablish the original
normal distribution, Thus Harris' experiments afford in vitro con-
firmation of the findings of Maizels and Faterson (1940) and
Maizels (1943), and proves that the "reconditioning" of preserved
erythrocytes is brought about by the cells themselves through

their metabolic activity.
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The metabolism of glucose was found to be essential
for the expulsion of sodium and the recovery of potassium by
the previously cold-stored erytlrocytes, but Harris believed
that glycolysis per se was probably not the fundamental prdcess
by which the reconstitution is achieved, The prolongation of a
normal metabolic activity by the addition of glucose allows the
cells to maintain the normal distribution of cations for many
hours when fresh blood is kept at body temperature. The de-
pletion of glucose or the inhibition of glycolysis causes the
erythrocytes to lose the ability to retain potassium and to
exclude sodium,

Danowski (1941) also showed that the erythrocytes can
maintain their potassium content when incubated at 37° ¢,, and
that they contimue to do so as long as the nermal glycolyfic
activity is maintained. With freshly drawn blood glycolysis con-
tinues for about five hours, when the natural glucose content
becomes depleted, but the activity may be prolonged further by
the addition of glucose.

Maizels (1948; 1949a; 1949b; 1951), Flynn and Maizels
(1949) and Ponder (1950) have extended the investigations of
Harris on the recovery of potassium and the expulsion of sodium
- by erythrocytes whose cation compositions had been altered
during storage in the cecld. These authors have re-emphasized
that the movements of cations against their concentration

gradients cannot be attributed to any simple physical process,
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but must involve an active transport mechanism which requires
energy for it's operation. The optimum pH for this metabolically
activated transfer of cations is about 7.5, although the process
doés occur, but at a diminished rate, over a wider pH range of
from about pH 7 to 8. Since the utilization of glucose is greatly
accelerated at the higher pH levels, it is obvious that the rate
of glycolysis is not in itself a direct index of active cation
movements. As these publications have appeared almost simul~
taneously with the work being reported in this thesis, their
findings will be discussed more fully in a discussion of the

writer's results.,
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Methods

A. Collection of the Blood:

All the donors were healthy students, 20 to 30 years of
age. The blood was withdrawn from the median basilic vein tlrough
a wide needle (no. 14-16) and a rubber tube, into a bottle con-
taining the anticoagulant solutions. Detailed descriptions of these
solutions will be given with each experiment,

In the majority of the storage studies the blood was
dispensed immediately after withdrawal into Wasserman tubes, stoppered
and sealed with paraffin wax. In others, the blood was dispensed
into small Erlenmeyer flasks, stoppered and covered with gauze pads
held in place with rubber bands. A few specimens of blood were
stored in bulk lots of 200-4C0 ml., and aliguots were removed as
required for analysis or further manipulations., In instances where
only a small amount of blecod was required, the specimen was drawn
from the vein into a dry syringe and transferred to a vessel
containing an anticoagulant.

The strictest aseptic precautions were observed throughout

all manipulations,

B. Sto:ggg of the Blood:

The blood specimens were stored in an electric refrigerator
at 50 c. (£ 1°¢.,),

The specimens were mixed daily in order to resuspend the
cells. In the cases where the blood was in small tubes, the mixing
was effected by inverting the tubes several times, while this was

accomplished by gentle swirling of the blood in the flasks.
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C., Incubation of the Rlood:

The blood specimens for incubation were removed from
the refrigerator and immediately fixed to a rocking apparatus
powered by an electric motor and fitted to a constant-temperature
water bath. Incubation of the specimens was carried out for
varying lenghs of time, in all cases at 37° C. The speed of
rocking and the arc traversed was set to keep the cells com-
pletely suspended, and also to keep mechanical traumatization
of the cells to a minimum. The usual rate of rocking was 15-20
excursions per minute through an arc of 180° for the sealed
tubes, and through an arc of 90° for the gauze~covered flasks,
The sealed tubes were completely immersed in the water of the
bath, while the small flasks were adjusted to keep only the
portion containing the blood immersed.

Bach tube, or flask, upon removal from the bath was
opened and aliquots for whole blood determinations were removed
immediately. The remaining blood was centrifuged within a few
mimtes, the plasma removed, recentrifuged and kept for further
analys ed.

In the cases where the blood was stored in bulk, ali-
quots were placed in small tubes immediately before incubation
and subsequently handled as described above. All such transfers

were made as 8septically as possible.

De Isotonic Solutions:

Numerous investigators have determined the concen-
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tration of many of the anticoazulant solutions that possess

the same osmotic pressure as blood serum, The writer, reinvesti~-
gated this by the freeziné-point depression method, using the
Beckmann thermomster., Blood serum freezes at -0.565° C, so the

isotonic or isosmotic freezing point depression is 0.565° Ce

The concentrations of scme of the solutes investigated
that produce the same freezing point depression in aqueous solu-~
tions are as follows:

Sodium chlorige (NaCl) 0.88 gm. per 100 ml. solution

.12 gm. per 100 ml, solution

o

Trisodium citrate (Na306H5073H20)

Sodium oxalate (NaQCQOu) 1,58 gm. per 100 ml, solution
Potassium oxalate (K2CQOhH20) 2,22 gm, per 100 ml, solution
Potassium oxalate (K2C2Oh) 2.00 zm, per 100 nl., solution

Glucose .15 gm, per 100 ml. solution
The blood was usually mixed with isotonic solutions of

the anticoagulants as determined above. It should be pointed out,
however, that suchsolutions are onlyisosmotic to the erythrocytes
if they do not permeatc the red cell membrane., In the case of oxalate
ions and glucose this is not so, since these distribute themselves
rapidly on either side of the membrane and are therefore osmotically
inactive, Dilute aqueous solutions of oxalate and glucose thus
cause the erythrocytes to swell, and oxalate and glucose should

therefore be added to blood either dry or in concentrated solutions.
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E. Analytical Methods:

1. Potassium:

Potassium was determined by the cobaltinitrite method
(Breh and Gaebler, 1930; Zwemer and Truzkowski, 1937) as modified
by Dr. A. Neufeld and furnished to the writer by Dr. O,F. Denstedt.
The potassium=-silver-cobaltinitrite precipitate is rormed during
30 minutes at 20° C. (f 1° C.). After four washings with a mixture
of peroxide-free diethyl ether and ethyl alcohol, the precipitate
is dissolved in dilute acid. Ammonium thiocyanage is then used to
develop & deep blue color with the cobalt of the precipitate, which
is read in the Evelyn colorimeter using the 620 filter.

A standard curve for potassium in plasma or blood was
constructed and fourd to be reproducible under standardized
conditions. Individual potassium determinations were done in dupli-
cate and if these did not fall within # 2% of each other the
determination was repeated in duplicate.

All the potassium analyses were done in "sets" of from
four to ten determinations, in duplicate. As an additional check
on the accuracy of the methods, representatives of several of these
"sets" were redetermined together. This technique of checking the
results can be best illustrated by an example. A blood specimen
might be stored for four days, and on each day of storage four
aliquots would be incubated for varying lengths of time, making
sixteen specimens in all. Using an eight-place centrifuge, the

potassium can be determined in four of the specimens in duplicate
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meleing one "set". Thus, the potassium determinations for each

day are made in one "set"'", making four "sets" in all., A fifth

"set" of potassium determinations is then made on a representative
of each of the previous four 'sets'". This precaution has eliminated
instances of otherwise undetected errors very efficiently. This
concept of cross-checking has been adopted for all the analytigal
procedures where it was deemed necessary.

2. Sodium

Sodium was determined by modifications of Weinbach's
(1935) procedure, based on the zinc-uranyl-acetate method of
Barber and Kolthoff (1928; 1929). Several of the accepted pro-
cedures were considered, but found unsatisfactory hecause they
were on the whole too time consuming, in view of the number of
determinations anticipated. The practicable modification of
FTowweather and Anderson (19148) was employed in some of the pre-
liminary studies. While this method is quite setisfactory for
clinical purposes, for which it was designed, it was found to be
not sufficiently sensitive, and was abandoned.

The procedure finelly adopted was the colorimetric
modificaticn of Stone and Goldzieher (1949). The sodium~zinc-
uranyl acetate salt is formed during twenty minutes at 20° c.
(f 1° C.). After washing the precipitate a coler is developed
in the presence of ammonium carbonate and hydrogen peroxide.

The method is based on the Rosenheim-Daehr reaction in which
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the uranyl ion, in strongly alkaline solution, is treated with
hydrogen peroxide to produce a complex of intensely reddish
yellow color. This method was found to be very satisfactory
and reproducible within é 2% when the proper precautions were
observed,

3. Magnesium

A method for the determination of magnesium that
was both practical and had promise of reliability was the Titan
yellow method of Hirschfelder and Serles (193L), employing a
visual colorimeter. The writer undertook to modify this pro-
cedure in order to obtain a coior readable in the Evelyn photo-
electric colorimeter.

The principle of the determination lies in the ability
of magnesium hydroxide to form a bright red complex with an acridine-
sulfo dye, Titan yellow. A systematic study of this reactionwas
undertaken to determine the optimum conditions for color develop--
ment, the spectroscopic properties of the red color formed, the
- influence of interfering ions, notably calcium and oxalate, and
the concentration range of magnesium that would give a proportional
color. The Titan yellow method thus developed for estimating
magnesium in plasma and blood is rapid, easy amd accurate. The
proteins are precipitated with trichloroacetic acid, the dye is
added to the filtrate, and upon addition of alkali a red magnesium
hydroxide-Titan yellow lake is formed which can be measured
colorimetrically., Soluble starch serves to stabilize the insoluble

lake, Calcium in concentration up to at least 25 mg. per 100 ml,
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and oxalate up to at least 15 mg. per 100 ml. do not affect the
determination of magnesium by this technique.

The procedure as devised and used by the author is as
follows:

1.0 ml, of blood or plasma is added to 9 ml. of 10%
trichloroacetic acid in a 15 ml. conical centrifuge tube.
After thorough mixing the protein precipitate is removed by
filtration or centrifugation. & ml. of the clear filtrate
is transferred to an Evelyn colorimeter tube and 3 ml. of
0.5% soluble starch in 90% saturated sodium chloride solution,
1 ml, of 0.02% Titan yellow solution (made daily from astock
0.1% solution) and 1 ml. of 6 N sodium hydroxide are added
in succession. After mixing and allowing ten minutes for
color development, the color is read in the Evelyn colori-
meter using the 10 ml, ' aperture and the 520 filter. The blank
is prepared by using 1 ml. of water instead of the 1 ml, of
plasma, and is set at 100% transmission in the colorimeter.,

A standard curve is contructed by using 1 ml, of the gppropriate
magnesium solutions in place of the 1 ml. of plasma., The results
are reproducible within f 2% and 95-105% magensium added to
plasma can be recovered.
About 20% of serum magnesium is protein-bound (Soffer,
1939; Dine l9h2), but is completely liberated by the trichloro-
 acetic acid. This hzs been demonstrated by acid digestion and

ashing of plasma or blood and determining the magnesium content
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of the digest or ash., These results checked withir t Cloel th
values determined by trichlorcacetic acid extraction,

Lfter the development of this method for the deter-
mination of maznesium in blocd and plasma, the writer found that
Garnar (1946) had made practically identical observations two
years previously, using gum ghatti as the dispersing .agent and
reading the resulting color in the Spekker absorptiometer,

Heagy (1948) further modified the technique, using polyvinyl
alcohol as the dispersing agent and reading the color in the
Evelyn colorimeter, No comparative studies of the three

techniques have teen attempted by the present writer.

ho Iron

Iron was determined on ashed blood and plasma by
the O - phenanthroline method of Farkan &nd Walker (1940).
The plasma iron determined by this fechnicue is not to be con-
fused with the "serum iron" of the above authors, which is a
dilute acid-extract of serum or plasme and does not include
hemoglobin iren. The determination of iron in the plasma, as
modified by the writer includes organically %wound iron and
was used as an index of hemolysis in the blood plasma, This
method for the determination <f hemoglobin in blocd or gdasma
ig accurate provided the appropriate corrections for non-hemoglobin

iron ar< made.
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The procedure adopted was as follows:

0.5 to 1,0 ml, of plasma or 0.02 ml. of blood are introduced

into a pyrex boiling tube and ashed on an electric hot-plate

by repeated additions of concentrated nitric acid, until a

pure white residue remains and all the nitrogen dioxide fumes

have been driveﬁ off, After cooling, 1 ml, of 10% hydrochloric

acid is added to dissolve the salt and the volume is made up

to 5 ml, with water, Then, in succession, are added 1 ml, of

saturated sodium acetate, 1 ml. of 1% hydrazine sulphate in

2 m sodium acetate buffer (pH L.5) and 1 ml. of 0.1% of O =

phenanthroline; The tubes are stoppered, mixed and allowed to

stand for two hours for color development, Finally an additional

2 ml. of water are added, the contents are transferred to

Evelyn cuvettes and the color is read in the Evelyn colorimeter

using the 10 ml. aperature and the 490 filter and setting the

Bank at 100% transmission. The blank mist be carried throughout

the entire procedure, including the exact amount of nitric acid

added for digestion, since iron-free nitric acid was unobtainable.

A standard curve was constructed over the range of 2 to

20 micrograms of iron, which is equivalent to a range in plasma of
200 to 2000 micrograms of iron per 100 ml, when 1 ml., of plasma is
used., This curve was reproducible, and duplicate determinations
checked within f 5%. Micrograms of iron were converted to milli-

grams of hemoglobin, by dividing by the factor 3.35.
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Chloride was determined by the method of Schales and
Schales (1941), which involves a titration of the chloride ions
in a Folin-¥fu filtrate of plasma or blood, using diphenyl-
carkazone as indicator. Deproteinization of the plasma is not
necessary, but it enhances the ease of titration and the
accuracy of the determination., The method is accurate to é 2%,

6. Phosphorus

The estimation of phosphorus as inorganic phosphate
was carried out by the method of Fiske and SubbaRow (1925).

The tlue phosphomolybdate color was read in the Evelyn
colorimeter, filter 660,

The aralytical procedure for the partition of the
organic acid-soluble phosphorus compounds in blood is based on
their different rates of hydrolysis by mineral acids, This
method was devised by Lohmann (1928) and first applied to blood
by Bomskov (1932), It was shown that during seven minutes at
100° ¢. in 1 N hydrochloric acid, two of the three phosphate
groups of adenosine triphosphate are liberated as inorganic
phosphates, This phosphorus fraction will be referred to as the
"Iatile Fhosphate" (L.P.), and represents the easily hydrolyzable
phosphs*e groups of adenosine di- and triphosphate. On prolongation
of this hydrolysis for one hundred minutes, one of the phosphate

groups of hexose diphosphate is liberated as inorganic phosphate.
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This phosphorus fraction liberated by the additional ninety-
three minutes of acid hydrolysis will be referred to as the
"Hydrolyzable Phosphate” (H.P.), and serves as an index of
the content of hexose diphosphate in the blood., Only complete
digestion will liberate the phogphate from the stable
diphosphoglyceric acid of blood. This will be referred to
as the "Stable Phosphates" (S.P.) and gives an estimate of
the 243 diphosphoglyceric acid in blood.

It is obvious that such a procedure provides only
an inaccurate estimation of the various phosphate fractions
of blood, since no one compound is hydrolyzed specifically
during the somewhat arbitrarily chosen periods. Great as
this defect of the procedure on fresh blood may be, it is
probably open to even greater criticism when applied to stored
blood, where the amounts of organically-bound phosphorus are
very different from that in fresh blood, which is what the
method was designed for. Nevertheless, one is able to obtain
estimates of the magnitude of the alterations in the various
phosphate esters of the blood during storage and incubation
by this method that are not only reproducible, but are in good
agreement with other biochemical findings (Andrea, 19L6).

The procedure adopted for the complete partition
of the acid-soluble phosphate of blood was as follows:

0.5 ml. of blood or plasma are added to 5 ml, of

ice=cold trichloroacetic acid in a 15 ml. conical centrifuge
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tube. The tube is stoppered, shaken vigorously and immediately
centrifuged at a high speed for three minutes. Steps a.) and b.)
as described below are carried out immediately upon removal of
the tube from the centrifuge. Itwas found that steps c.)and d.)
could be postponed for several hours at least.

a.) Inorganic Phosphate (I.P.)

A 1 ml. aliquot of the filtrate is placed in an Evelyn
colorimeter tube, and 9 ml. of water, 1 ml. of 2.5% ammonium
molybdate and Q.L ml, of the sulphonic acid reagent of Fiske and
SubbaRow are then added in that order. After mixing and allowing
15 minutes for color development, the tubes are read in the
colorimeter.,

b.) Labile Phosphate (L.P.)

A 1 ml, aliquot of the filtrate is placed in & colori~-
meter tube and 1 ml. of 2 N hydrochloric acid is added. The tube
is then immersed in belling water for exactly seven minutes,
cooled immediately and made to 10 ml, with water. The phosphate
liberated is then determined as inorganic phosphate, The "Iabile
Phosphate" equals the inorganic phosphate after seven mimtes
hydrolysis, minus the preformed "Inorganic Phosphate" (a),
and serves as an index of the adenosine triphosphate (ATF.) and
adenosine diphosphate (ADP) content of the blood.

¢.) Hydrolyzable Phosphate (H.P.)

This determination is done in the same way as the
"labile Phosphate", except that the tubes are heated in the

water bath for one hundred minutes. The "Hydrolyzable Phosphate"

equals the inorganic phosphate after hydrolysis for one hundred
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minutes minus the inorganic phosphate after hydrolysis for
seven minutes, and serves as an index of the amount of hexose
diphosphate in the blood.

d.) Stable Phosphate (S.P.)

A 1 ml, aliquot of the filtrate is placed in & pyrex
boiling tube and digested with 0.2 ml. of 70% perchloric acid
on a hot-plate until colorless. After moling, the contents are
made to 10 ml, with water and the inorganic phosphate is deter-
mined as described above, giving the total acid-scluble phosphate
(TASP). This fraction does not change in blood during storage or
incubation, and therefore serves as a chedk on the sampling.of
the bloods The organic acid-soluble phosphate (OASP) is the
difference between the TASP and the IP. The "Stable Phosphate®
is calculated as the difference between the TASP and the phosphate
found after hydrolysis for one hundred minutes. The "Stable Phosphate"
is due mainly to the two phosphate groups of the 2,3 diphospho~-
glyceric acid of the blood, but also includes the phosphate of
hexose monophosphate and of adenylic acid.

7. Glucose

Glucose wss determined by Nelson's (19LlL) modification
of Somogyi's copper reductiosn metlod. The proteins and the non-
glucose reducing subs tances are precipitated with zinc sulphate
and barium hydroxide, and the copper-reducing activity is deter-
mined in the filtrate. The final color of the reduced arsenomolyb-

date is read in the Evelyn colorimeter, filter 520,
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This method was found to be accurate to é‘ 2% over
a wide range of glucose concentrations, and does not include
any of the nonfermentable reducing substances of blood.

8. Erythrocyte Fragility

The fragility of the erythrocytes to hypotonic
salt solutions was determined by the method of Waugh and
Asherman (1938). The blood is added to various dilutions of
Simmel's solution (a complex salt solution adjusted to p H
7.35) and the percentage of hemolysis in each dilution is
determined in the Evelyn photoelectric colorimeter. This
procedure is more reproducible than the more common fragility
tests using simple sodium chloride solutions.

9. Hemoglobin

Hemoglobin was estimated by the oxyhemoglobin method
of Evelyn (1936). Twenty cubic millimeters of blood are intro -
duced into 10 ml. of water, a drop of ammonia water 1s added,
and the color read against a water blank in the EVelyn colori-
meter, filter 540. The method was calibrated with a hemoglobin
golution whose concentration was determined by Van Syke's
oxygen capacity method,

The her_noglobin content of. the plasma was estimated
by diluting 0.1 - 0.5 ml. of plasma to 10 ml. with water and
reading it against a blank containing the same amount of
non-hemolyzed plasma, obtained from the same blood sample
before it was either stored or incubated. The percentage of
hemolysis is then calculated from the amount of hemoglobin in

the plasma,
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10. Hematocrit

The hematocrit was determined in Wintrobe tubes, by
centrifugation of the blood until no change in the red cell
volume occurred over a 10 minute period. The gravitational
field was the same in all determinations, but the time of
centrifugation differed. Itresh blood cells usually reach a
minimum volume more rapidly (30 minutes) than stored or incu-
bated specimens (up to one hour), and it was decided to
standardize the technique to attain maximum packing rather
than by centrifuging for a predetermined time, No corrections
for trapped plasma were made, as it is believed that these
prescribed factors apply only to fresh cells and not to the

more spherical cells of stored or incubated blood.

11, gen

The oxygen content of the blood was determined in
the Van Slyke volumetric apparatus (Hawk:and Bergeim, 1937).
The blood specimens for oxygen analysis were stored and incubated
in seagled immunological tubes. In order to avoid oxygenation
or deoxygenation of the blood during sampling, & procedure was
devised that is described briefly as follows:

After thorough suspension of the blood cells by
repeated inversion of the sealed tubes, the stopper is removed
and immediately replaced with a tightly fitting cap or diaphragm

of thin rubber, Through this is inserted the sampling pipette
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which reaches to the bottom of the tube., The blood is then
subjected to a positive pressure by means of a syringe and
needle also inserted through the rubber cap, forcing the

blood to rise in the pipette to the required height. The
object of this procedure is to avoid subjecting the blood

to a negative pressure as occurs when drawn into a pipette

in the usual manner. A heavy walled Ostwald pipette graduated
to deliver between marks and provided with a stopcock was
used,

The determinations of the oxygen content of the
blood were not entirely satisfactory, since the Van Slyke
volumetric apparatus is not as accurate as the Van Slyke
manometric apparatus generally recommended for oxygen
determinations, Duplicate determinations were reproducible

to only 7 8%.

12. Glycogen
Glycogen was determined by a modification of the
method of Good, Kramer and Somogyi (1933).
The procedure followed was to centrifuge the blood
and remove the plasme and white cells by suction., The cells
are then made up to the volume of the original whole blood

specimen with water and thoroughly mixed, & 2 ml, aliquot of
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this hemolysate is transferred to a 15 ml. graduated conical
centrifuge tube and 1 ml, of 60% potassium hydrozide is added. |
The tube is then immersed in boiling water for 20 minutes to
dissolve the tissue and to destroy any glucose present. 3.5

ml, of 95% ethanol are then added, the contents mixed and again
brought to boiling. After cooling the tube is centrifuged at

high speed for 15 minutes. The supernatant fluid is then de-
canted off and allowed to drain., The precipitate is washed

with 60% ethanol and again centrifuged, decanted and drained.

The alcohol still present is expelled by heating momentarily

in the boiling water bath., The precipitate is then hydrolyzed by
heating with 2 ml. of 2/3 N sulphuric acid for 2 hours in a
boiling water bath. Covering the tube with a glass agate

prevents evaporation during the hydrolyzing period. After
cooling, the resulting solution is neutralized to phenol red
with 10% sodium hydroxide, and the volume brought to 3 ml. with
water., The reducing power of this solution was determined on

1 ml, aliquots by the method of Nelson (19L4) for the determination
of glucose,

13. Carbonic Anhydrase

The carbonic anhydrase activity of the blood was
determined by a method that is essentially that of Meldrum and
Roughton (1933). This technique measures the catalytic effect
of the blood on the rate of evolution of carbon dioxide from a

sodium bicarbonate solution when mixed with a phosphate buffer
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of p H 6.8, A two compartment glass vessel or Yboat", fitted

with a ground-glass stopper and connected bya length of pressure
tubing to a water manometer is the main part of the apparatus.

The "boat" is held in a constant temperature bath and is connected
to an electric shaker,

One compartment of the "boat" holds the bicarbonate
solution, the other the phosphate buffer and the enzyme solution.
With the solutions in their proper compartments the "boat" is
connected to the manometer, immersed in the water bath and

connected to the shaking mechanism, Determinations were made at

0° ¢, and 159 C., the temperature being controlled fairly well
with ice and an electric stirrer. After temperature equilibration
had been reached in the "boat", the reaction was started by rapid
mixing of the two solutions and shaking with the electric motor,
standardized at four back and forth swings per second through an
angle of 90°, The manometer is read at five second intervals.
The activity of the enzyme solution is expressed in units, E,

which is defined by the equation:

E = (R - RO)
HO

Where Rg 1s the reciprocal of the time taken for the
second quarter of the carbon dioxide to be evolved when no
catalyst is present (water substdituted for blood), and R is the
reciprocal of the time taken for the second quarter of the
evelution when the catalyst is present. For E to be propor-

tional to the amount of carbonic anhydrase present the blood
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must be diluted extensively, and in most of the determinations
wag diluted 500 fold in distilled water.

The writer wishes to acknowledge the helpful suggestions
of Dr. 0.F. Denstedt in the design of the apparatus used and the
assistance of Dr, E,A. Hosien in it's construction and mainterance.

1L, Cholinesterase

The cholinesterase activity of the blood and plasma was
measured manometrically in the Warburg apparatus bty a method that
is essentially that of Ammon (1933), as modified by Du Eois and
Mangun (l9h7). For practical reasons, this method has been further
modified by the writer, and as finally adopted was as follows:

2.1 ml. of Ringer-~bicarbonate buffer of pH 7.4 (0.02
¥ sodium bicarbonate, 0,15 L sodium chloride and 0.CL i magnesium
chloride) are placed in the main compartment of the Warburg vessel
and 0.1 ml. of ths enzyme solution (blood, plesma, cell suspensicn,
hemolysate, etc.) is added. Into the sidearm is introduced 0,3 ml.
of 0.1 Y acetylcholine chloride solution. Appropriate control
vessels are prepared: enzyme without substrate and substrate without
enzyme .

fter gassing with 95% nitrogen and 5% carbon dioxide
for 10 minutes and equilibration in the bath at 38° C. for 15
minutes, the manometers are set at 50 mn, and read at "zero"
time. The substrate is then tipped in from the side arm and
readings are taken at five minute intervals for thirty mirutes.
Cholinesterase activity is exXpressed as microliters of carbon
dioxide evolved per unit of time, or in the storage experiments,

as the nercentage of the original activity.
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F. Calculation of Cellular Contents

The concentration of potassium and the various
phosphate fractions in the red cells was calculated from the
formula

E = B-(1-HP
H

where E, B and P are the erythrocyte, blood and plasma con-
centrations respectively, and H is the hematocrit value |
expressed as a fraction of one.

Only in the experiments where the blood cells were
suspended in buffers were the potassium determinations done
directly on the packed cells., A portion of the cell mass was
diluted with water, and one aliquot taken for the potassium
analysis, Another aliquot of the diiuted cells was dried to
constant volume over-night at 100° C., and the potassium content

was corrected for the dry weight of the sample.
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RESULTS

A. Electrolyte metabclism of blood stored at 0° C. and incubated
at 37° C.

The effect of storage of whols citrated blood with added
glucose at 50 C., and of subsscuent incubation at 37° C. on some of
the plasma electrolytes is shown in Table 1A, ’The bloed was drawn
into a mixture of 0.2 parts of 3.2% sodium citrate solution and 0.2
parts of 5.4% zlucose solution and dispensed in 10 ml, aliguots
into a series of 50 ml,lrlenmeyer flasks, The flasks were tightly
stoppered, covered with gauze pads and the samples stored at 59 C.,
as described under illethods. On the first d2y, and at subsequent
weekly intervals, five flasks were taken, the first for immediate
analysis and the other four were immediately transferred to a water
bath at 37° C. and incubated, with rocking, for 30, A0, 90 and 120
minutes respectively. The contents of each tube were analyzed and
the results are shown in Tables 1A ard 13,

It may be seen from Table 1A that when tlood is stored
at refrigerator temperatures, potassium diffuses# from the red
cells into the plasma., The rate of diffusion is most rapid during
#Throughout our discussion we have assumed that the movement of

cations along the concentration gradient, potassium out of the
erythrocytes and sodium into them, obeys the laws of simple
diffusion, Solomon (1952b) has suggested that such movements
involve active transport mechanisms. If this is the case, all

our references to "diffusion along the concentration gradient"
should be regarded as "transport along the concentration gradient"
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the first week and thereafter becomes slower and more constante
During the first seven days of cold-storage the potassium in the
plasma increases by more than 25 m.eqs. per liter, while during
each subsequent week of storage, an increase in the plasma of only
about 3 m.eqsper liter occurs. The form of the diffusion curve
indicates that the entry of potassium into the plasma does not
represent cellular degeneration, but rather a process of diffusion
(Harris,1941), Similarly, the increase in the potassium content
of the plasma cannot be explained by the release of this ion from
hemolyzed cells, since a low degree of spontaneous hemolysis occurs,
as evinced by the low concentration of iron in the plasma.

The total concentration of iron in the plasma was originally
determined to serve as an index of spontaneous hemolysis. Barkan
and Walker (1939) have shown that iron is released from hemoglobin
during storage and incubation which results in an increase in the
concentration of iron in the plasma of the same order of magnitude
as is shown in Table 1A, The concentration of iron in the plasma,
not having been corrected for non-hemoglobin iron, is therefore
not a true index of the degree of hemolysis, and has not been
considered as such. However, the relatively low amounts of total
iron in the plasma demonstrate the virtual absence of spontaneous
hemolysis during the storage period. The constancy of the con-
centration of hemoglobin in the whole blood specimen during storage

and incubation demonstrates that the disintegration of hemoglobin,
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as described by Barkan and Walker, is of an extremely low
order of magnitude.

The changes in the concentreation ol chloride in the
plasma are more ambiguous (Table 1A) (see Denstedt et al.,1943).
This ion apparently leaves the cells against the concentraticn
gradient during the first two weeks in the cold, then diffuses
back during the third week of storage. The concentration of
chloride in the plasma shows an increase of six milliequivalents
per liter during the first fortnight of cold-storage, while during
the same period the concentration of potassium in the plasma
increases by twanty-nine millieguivalents per liter. Sodium and
potassium ions tend to change places in the cells during cold-storage,
but the membrane may be more permeable to the latter species of ions,
since they are the smaller of the two due to their lower degree of
hydration. Thus, more potassium ions might diffuse out of the cells
than is made up by the entry of sodium ions, and to raintain elec-
trical neutrality, the deficit is met by the leakage of chloride
ions into the plasma. Subsecuent experiments, however, indicated
that the shift of chloride from the cells to the plasma, under
these conditions, is due to the gradual increase in the oxygenaticn
of the blood in the flasks,

During *he third week of storage of the blocd in the

cold the concentration of chloride in the plasma returns to the
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level of that in the freshly drawn blood. This phenomenon might
be explained by the decrease in the oxygen content of the blood and
the air in the flask due to the metabolic activity of the cells.
The oxyhemoglobin becomes progressively reduced and the "chloride-
shift" is elicited. Also, the concentration of chloride in the
plasma is almost three times that of the erythrocytes, and as the
permeability of the membrane is altered and other anions leave the
cells, chloride ions diffuse in along the concentration gradiente.

When fresh citrated blood is incubated at 37° C.
for a two hour period, there is no obvious change in the concen-
tration of potassium in the plasma (Table 1A), This probably
represents a steady state, in which the cells have a full complement
of potassium and are unable to take up significant amounts. By
maintaining the metabolic activity of the erythrocytes, the cation
distribution may be kept at the existing level (Danowski,l941;
Harris’l9hl)o Red cells sﬁored for seven days are capable of
recovering potassium ions from the plasma when incubated at 37° Ce
When stored for longer periods the ability of the cells to recover lost
potassium decreases until no recovery was apparent in three week old
blood specimens. Blood cells stored for four weeks tend progressively
to lose potassium during a two hour period of incubation,

The concentration of chloride in the plasma tends to
increase during the incubation of fresh blood. This is probably a
demonstration of the well-known "chloride-shift" as the venous blood

#1s being oxygenated by the air in the flasks during the rocking.
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No such shift in the chloride ions occurs during the incubation
of the preserved specimens.

The instability of the erythrocytes to hypotonic
saline does not parallel the rate of potassium loss during
cold-storage (Table 1B), and it seems unlikely that the potassium
was leaking out of the erythrocytes in a prehemolytic stage
(Ponder and Robinson,193L; Davson,1940; Ponder,1937,1949,1951).
The fragility of the red cells increases 10 a somewhat greater
extent during the first seven days of storage than during the
subsequent three weeks. This is roughly analogous to the loss
of potassium from the cells, but during the last three weeks
of storage the fragility increases at a proportionately greater
rate than the potassium is le aking out of the cellsy Furthemmore,
during the incubation of the blood at 37° C., the fragility of
the cells increases markedly, while there is not only no

accompanying loss of potassium, but in most cases an uptakes
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Be Magnesium in stored blood.

Table 2A shows the effect of storing blood in various
anticoagulant and preservative mixtures on the whole blood and
plasma magnesium content. The blood was collected into the
following preservative mixtures:

1) 0.2 parts of 3.2% sodium citrate solution,

2) 0e2 parts of 3.2% sodium citrate solution and O.l parts of
of 5.4% glucose solutions

3) 0.2 parts of 1.,85% potassium oxalate solution.

It may be observed from the data presented (Table 2A)
that the anticoagulants used do not cause an alteration in the
magnesium content of the blood during cold-storage, that is to
say, the magnesium is not sequestered in an insoluble form by
either citrate or oxalate. A slight and possibly insignificant
decrease in the concentration of magnesium in the plasma of the
citrated blood occurs during the storage period. Whether this is
due to the entry of magnesium into the cells against the concen-
tration gradient, or to the removal of magnesium from the plasma
as a citrate or phosphate complex, could not be ascertaineds 1In
the case of the oxalated blood, the increase in the magnesium
content of the plasma may be attributed to the marked hemolysis of
the magnesium—-rich red cells,

Incubation of the fresh and stored specimens of blood
brought about no changes in the concentration of magnesium in the
plasma (Table 34), other than that attributable to the augmented

hemolysis in the oxalated samplesa
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Ce Electrolyte metabolism of blood stored in citrate and in
oxalate, without additional glucose,

The effect of storing and incubating blood, using
citrate and oxalate as the anticoagulant, without additional
glucose, on the concentration of some of the electrolytes in
the plasma is illustrated in Table LA. The blood was collected
into the following anticoagulant mixtures:

1) 0.2 parts of 3.2% sodium citrate solution,
2) 0.2 parts of 1.58% sodium oxalate solution,

These blood mixtures were dispensed into sterile tubes
which were then stoppered and sealed with wax and stored and
incubated as described under Methods,

The rapid loss of potassium from the erythrocytes into
the plasma occurs at about the same rate in citrated and oxalated
blood (Table 4A). Since oxalate, at the concentration used, inhibits
glycolysis in blood (Kwiecinska,1948), it appears that the low
temperature of storage is alone responsible for the loss of potassiun
from the red blood cells and that the further inhibition of the
metabolism of the cells by oxalate exerts no further effects Hemo-
lysis is very pronounced in the oxalated blood specimens, becoming
most evident during the second week of storage, when the concentra-

tion of potassium in the plasma exceeds the concentration of this
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ion in the plasma of the citrated specimens., After three weeks
in the cold, the concentration of potassium in the plasma of both
specimens equals the concentration of potassium in the cells, and
thus further hemolysis has no effect on the concentration of
potassium in the plasma,

During the first day of cold-storage there is a slight
increase in the concentration of chloride in the plasma as the
blood becomes oxygenated. During further storage there is a
progressive loss of chloride ions from the plasma, which results
in an increase in the cellular chloride content, (Table LA).
Deoxygenation of the blood by oxidative processes could account
for a considerable movement of chloride from the plasma into the
cells, When the oxygen saturation of the hemoglobin is reduced
from the characteristic 95% of arterial blood to the characteristic
65% of venous blood, about 6 mge of chloride enter 100 ml, of the
cells (Henderson et al,192Li)s Further deoxygenation will presumably
result in a further ingress of chloride ions. The erythrocytes have
a considerably lower chloride content than the plasma(about 1/3), and
during storage, ionic and membrane changes take place that allow
chloride to flow along its concentration gradient into the cellse

As phosphate ions leave the cells and enter the plasma
during storage, chloride ions may enter to replace them. The rate

of the entry of phosphate ions into the plasma depends on the rate
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of the breakdown of organic phosphate compounds in the cells, and the
permeability of the erythrocyte membrane to inorganic phosphate ions.
Relatively little phosphate enters the plasma of citrated blood until
the third week of storage, while in oxalated blood the concentration
of inorganic phosphate in the plasma begins to increase immediately.
(Table LA). The erythrocyte membrane is nommally quite impermeable
to phosphate jions at 50 Ce, S0 it is probeble that oxalate affects
the membrane, allowing these ions to escape the cell interior readily,
while augmenting the rate of the breakdown of the phosphate esters

as well,

The progressive increase in the iron concentration of the
plasma during the cold-storage period is mainly attributable to
spontaneous hemolysis, especially where hemolysis is marked (Table
La)e

During two hours of incubation at 370 Ce of the fresh
citrated blood specimens, the concentration of potassium in the
plasma changes very little (Table L4B). Incubation of the cold-stored
specimens, however, results in a decrease in the potassium concen-
tration of the plasma of blood stored for as long as eight days.
Incubation of older blood specimens results in net losses of
potagssium from the cells. The ability of the red cells to reapture
lost potassium from the plasma is lost by the eleventh day of storage

with citrate alone.
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The erythrocytes of the oxalated blood specimens at no
time demonstrate the capacity to take up potassium from the plasma
during two hours incubation at 37° C. (Table LA), The concentration
of potassium in the plasma invariably increases during this period,
at a rate of from 3.6 to 8.4 mg., per 100 ml. The inhibition of
glycolysis by the oxalate may be responsible for the inability of
the cells to regain potassium; also the membrane may have been
rendered more permeable to this ion for passive diffusion, possibly
by the removal of calciums

It should be emphasized that the changes in the potassium
concentration of the plasma during incubation are the resultant of
two factors, working in opposition to each other. In the first place
there is a tendency for potassium ions to diffuse out of the cells
along the. concentration gradient. Opposed to this is the ability
of the cells, when depleted of potassium, to recapture it against
the concentration gradient. Such a process requires "work", and must
be driven by energy derived from metabolism, In fresh blood the two
factors of passive diffusion and active uptake of potassium apparently
balance each other. During cold-storage the process of passive
diffusion predominates, and the concentration of potassium in the
plasma increases. .Incubation of citrated blcod at body temperature,
if stored for not more than eight days, resulis in an active uptake

of potassium by the cells, overcoming the passive diffusion out of
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the cells that invariably is taking place. The magnitude of the
passive diffusion during two hours at 37° ¢, may be equal to
that which occurs in non-glycolyzing blood cells, such as in citrated
blood after eleven days of storage, when no glucose is present, (Table
La and LB), and possibly in the oxalated cells when glycolysis has been
inhibited,

The increase in the inorganic phosphate concentration of
the plasma during incubation of whole blocod is the result of two
simultaneous processes (Table LA). The breakdown of the organic
phosphate compounds results in an increase in the intracellular
inorganic phosphate content, while the elevated temperatre increases
the permeability of the membrane to these ions (Halpern,1936; Maizels,
1935)e TWhich factor predominates during the incubation of stored
blood is impossible to ascertain without a knowledge of the extent

of the breakdown of the organic phosphate compoundse



103,

D. Electrolyte metabolism of blood stored in citrate and in oxalate,
with additional glucose.

The effect of storing and of incubating blood with citrate
and with oxalate as anticoagulant, with added glucose in the medium,
on the concentration of some of the electrolytes in the plasma is
illustrated in Table 5A. The two blood preservative mixtures in-
vestigated were as follows:

1) 200 ml. of blood were drawn into a mixture of 28 ml. of
3.2% sodium citrate and 12 ml, of 5.L% glucose solutions

2) 200 ml. of blood were drawn into a mixture of 28 ml, of
1.584 sodium oxalate and 12 ml. of S.L%Z glucose solution.

The anticoagulant solutions and the glucose solutions
were autoclaved separately and mixed before adding the blood. The
blood mixtures were dispensed into small sterile tubes,which were
then stoppered and sealed with waxe. The specimens were stored
and incubated as was previously described under Methods.

The rate of loss of potassium from the citrated cells at 59 ¢, is
more rapid than from the oxalated cells, as is seen in Table 5A.
(see also Table LA)« The reason for this is unknown at the present
time and awaits further investigation of the osmotic, electrostatic,
metabolic and permeability effects of both citrate and oxalates The
degree of hemolysis is appreciably higher in the oxalated than in
the citrated specimens, which makes the difference in the rate of potassium
diffusion all the more puzzling. Added glucose plays a protective
role against the hemolytic effect of oxalate, however, as hemolysis

is not as extensive as is depicted in Table LA,
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Chloride does not shift out of the cells at any time
in this experiment (Table 5A) because the precaution was taken
to fill the tubes of blood completely so that no oxygenation
of the hemoglobin occurs. During the storage period the
characteristic decrease in the concentration‘of plasma chloride
takes place, again demonstrating the diffusion of chloride ions
into the cells along the concentration gradient,

The increase in the concentration of the acid-soluble
phosphates in the plasma during storage sgppears to be due entirely
to the diffusion of inorganic phosphate ions from the cells (Table
CA)e The cell membrane does not, then,become permeable to the
organic phosphate compounds, located within the interior of the
erythrocytes, at any time during the storage period. The presence
of added glucose in the preservative medium retards the spontaneous
increase in the concentration of inorganic phosphate in the
plasma during the storage of both oxalated and citrated blood
(compare Tables LA and 54).

The effect of incubation for two hours at 37° C. on the
concentration of potassium in the plasma may be seen in Table
SA and still more clearly in Table 5B It is noteworthy that the
uptake of potassium by the cells which had been stored in citrate with
added glucose is greater than in the specimens that were stored
without added glucose (compare Tables LB and 5B). Also,the

ability of the cells to recapture lost potassium is maintained



for a longer time when blocd is stored with additional glucose
in the medium, and is only lost after three weeks of ccld-
storage (Tahble 5D). The oxaleted cells were incapable of
taking up potassium from the medium, but, on the other hand,
lost less by passive diffusion than oxalated cells stored
without zdded glucose in the medium (compere Tables L\ and 54).

Durins the incubation of the tlood specirmers for two
hours at 37° ¢, the concentration of inorganic phosphate in the
plasma rises ouite sharply, especially in the older specimens
(Table SA). 4s mentioned in the preceding section, this is due
not only to the accelerated brezkdown of the orgenic phosphate
compounds in the erythrocytes, but also to the fact that the in-
organic phosphate that has accumulated in the cells during the cold—
storage period is being rapidly released into the plasma, The incnbation
of cifrated blood stored for fourteen and twenty days results in a
greater anount of inorgnnic phosphate entering the plasma than in
the case of the oxalated hlocd speeimens, This is a reflection
of the inhibitory effect of oxalate on the metabolism of all the
orgsanic phosphate compounds .

The concentration of chloride in the plasma of both
the citrztzd and oxalated specimens remains essentially unchanged
during incubation at 37° 0, (Table ©A), ‘there is 1ittle if eny
oxygcenation of the specimens, as the air space in tre tubes was

kspt to a minimum,
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L. Glycolysis, phosphorolysis and electrolyte exchanges
in citrated blood stored with and without added glucose.

L series of experirents was undertiaken to investigate
the relationship between the rate of potassium diffusion from
the cells during cold-storage, the rate of the disappearance of
glucose and the breakdown of the phosphate esters, Mirthermore,
it was of interest to determine the degree of correlation between
the rates of glycolysis ana phosphorolysis, and the uptake |of
potassium by stored cells during their incubation at 37° ¢l
Typical results of these studies are pregented in Tables 64 and
B, 7&4 and B and 84 and B.

Tebles GA and 6P show the results of the analyses on
two aliquots of blood from tre same donor. Both vere mixed with
isotonic sodium citrate and glucose solutions in the ratio |of
5:1:C.%. Tre anticoasulant and the glucose solutions had been
autoclaved separately and cooled., In one case (Table 6A) the
glucose solutionwas mixed with the anticoagulant solution before
the blood was added, while in the other (Table 6B) glucose was
added after the blood was mixed with the anticoagulant. Taples
7L and 76 depict the results of analyses on separate aliquadts
of blood from another donor. For one aliquot (Table 74£), 2Q0 ml,
of blood were drawn into L0 ml. of isotonic sodium citrate
solution, while for the other (Teble 7B), 200 ml. of blood were
drawn into a mixture of 38 ml. of isotonic sodium citrate

soluticn and 2 ml. of 5L% glucose solution., The data in Tables

84 and 8B represent the analyses on separate aliquots of blood



107.

from yet another donor. In one case (Table 8A), 200 ml. of
blood were mixed with LO ml. of 3,2% sodium citrate solution,
while in the other (Table 8B), 200 ml. of blood were taken into
a mixture of 38 ml. of 3,.b1¥ sodium citrate solution and 2 ml,
of ©L4i% glucose solution.

In all cases, the blood specimens were thoroughly
mixed with the preservative solution and dispensed into small
serological tubes, which were then stoppered and sealed. The
samples were then stored and incubated for various periods of
time, as described under liethods. The contents of each tube
were analyzed and the results are depicted in Tables 6K and B,
7 and B and 8A and B.

The movement of potassium from the red cells into
ths plasma during storage at 5° C, has already been described,
and is again well illustrated. The presence of added glucose
in the preservative medium retards the rate of escape of
potassiun from the cells only slightly (compare Tables 7A and
B; 8% and B). It is difficult to attribute the influence of
the added glucose on potassium diffusion to an altered glycolytic
rate, since tle rate of the disappearance of glucose is not
consistently increased in tle glucose-enriched specimens. Simi-~
larly,when the glucose is depleted in tle citrated specimens
without additional glucose, the rate of increase in the concen-
tration of potassium in the plasma (Tables 7A and BA) does not

exceed that of the blood with an excess of glucose still present
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(Tables 73 and 8B). The presence of glucose in concentrations
up to about LOO mg. per 100 ml. in the preserved blood samples
does not alter the rate of the egress of potassium from the
erythrocytes by affecting their glycolitic rate, but more
probably has a less specific action on the permeability pro-
perties of the cellular membrane.

During the storage of citrated blood in the cold, the
sodiunm of the plasma tends to enter the erythrocytes in exchange
for the potassium that escapes, The transposition of these two

cations does not appear to be a reciprocal one, as the number

« of potassium ions entering the plasma is slightly greater than

#

the number of sodium ions leaving (Tahles 8A and B). The exchange
of sodiim and potassium is more equivalent in the blood specimen
with glucose added (Table 88) than in the simple citrated specimen,
due to the slower raie of loss of potassium from the red cells

in the former,

#We have nsed the term "exchange of cations" to mean the exchange
of one species of cation, e.g. potassium, for another species of
cation, e.g. sodium, and vice versa. To those working with iso-
topes, "exchange of cations" means the exchange of members of

one species of cation inside of the cell for members of the same
species outside of the cell, and vice versa,
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The progressive decrease in the concentration of the
indigenous gluéose in citrated blood during cold-storage may
be seen from the data in Tables 7A and 8A. The normal complement
of blood sugar is completely consumed before the first seven to
ten days of storage have elapsed., The glucose disappears at a
fairly reguvlar rate of about 10-15 mg. per 100 ml. per day,
except for what appears to be an analytical error on the fourth
day of storage (see Andreae, 1946).

The rate of the disappearance of glucose from citrated
blood brought to a glucose concentration of 300-400 mg. per 100
ml, is shown in Tables 6A and B, 7B and 8B, During the first two
days of cold—stofage glucose is consumed at a rate of 20-45 mg.
per 100 ml, per day, and except for minor fluctuations, this
rate falls progressively. The rate of the glucose disappearance
is about 10 mg. per 100 ml. per day during the remainder of the
first week, about 5 mg. per 100 ml. per day during the second
week and about 2 mg. per 100 ml per day during the third and
fourth weeks of the storage period. |

The pbosphorylated compounds deserve special attention
inan appraisal of the metabolic state of the erythrocytes., The
concentration of inorganic phosphate in the stored blood reflects
the state of preservation of the phosphorylated intermediates
of glycolysis and of the high-energy phosphate groups of adenosine

triphosphate, but does not afford an index of the behaviour of
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the individuwal phosphate fractions, which may vary quite
independently of one another. Thus, there is a general
tendency for the amount of stable phosphate, mainly repres-
enting 2,3-diphosphoglyceric acid, to increase during the
first few days of storage, while the labile and hydrolyzable
phosphates, representing adenosine triphosphate and hexose
phosphate, decrease slightly. The inorganic phosphate
concentration usually decreases during the first few days
of cold-storage. Maizels (19L3) has observed a similar
increase in the stable phosphate fraction of unacidified
blood during storage. The rate of the phosphorylation of
glucose exceeds the rate of the metabolic degradation of the
diphosphoglycerate during the early part of the storage period,
and accounts for the accumulation of this glycolytic inter—
mediate,

As the phosphorylation of glucose fails progressively
during the storage period, there is a concomitant decrease in
the hydrolyzable and stable phosphate fractions in the blood.
Ls the rate of dephosphorylation of adenosine triphosphate
excseeds the réte of rephosphorylation of adenylic acid and
adenosine diphosphate, the labile phosphate fraction decreases
as well, In citrated blood, without additicnal glucose in
the medium, the hydrolyzable and labile phosphate compounds

disappear at about the same time as the depletion of the glucose
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occurs. The store of diphosphoglyceric acid continues to be
metabolized, and the stable phosphate fraction falls to a low
level after two weeks of storage.

When glucose is added to blood the glycolytic rate
still tends to fall off with time; and eventually fails to
replenish the glycolytic intermediates (Tables 6A and B, 7B
and 8B). The hydrolyzable phosphate fraction begins to decrease
during the second week of storage and usually reaches an immea-
surable value by the twentieth day. The stable phosphate fraction
is maintained for a few more days and usually doesn't decrease
until the third week of cold-storage. During the first few days
of the storage period glycolysis proceeds at a relatively rapid
rate while the level of adenosine triphosphate, as indicated by
the concentration of the labile phosphate fraction, tends to
decrease, This indicates that under such circumstances the
utilization of the high-energy phosphate groups of adenosine
triphosphate proceeds more rapidly than does the rephosphorylation
of adenylic acid, As the supply of adenosine triphosphate becomes
depleted, the phosphorylation of glucose is diminished and the
phosphorylated esters fail to be synthesized at the same rate as
they are being metabolized. The glycolytic intermediates phosphory-
late adenylic acid as they are metabolized and are akle to partially
maintain the level of the labile phosphate fraction for two or three
weeks,

In tables 7A and 8 it may be seen that during the



112,

incubation of fresh citrated blood at 37° C., glycolysis proceeds
at a rate of about 10 mg. per 100 ml, per hour. No potassium is
taken up by the red cells and no sodium is expelled by them. This
statement refers to quantitative changes of these ions, not to
the normal inward and outward flux demonstrable bty isotope studies
(Sheppard and Martin, 1950; 1951; Hastings et al. 1950; Solomon,
1951; 1952). The concentration of inorganic phosphate in the cells
increases as some of the hexose phosphate and diphosphoglyceric
gcid is hYdrolyzed, but some of this newly formed inorganic phos-—-
phate diffuses into the plésma as the membrene is readily permeated
by phosphate ions at 37° C. (Table 7A). <he concentration of
adenosine triphosphate is generally hi. h and well maintained
during the incubation of fresh blood for periods up to four hours.
‘Glucose disappears at the same rate (10 mg. per 100 nml.
ver hour) during the incubation of two-day old citrated blood as
occurs during the incubation of fresh blood.There is a concomitant
decrease in the concentration of potassium in the plasma (0.75 to
1.5 m. eq. per liter per hour) and an increase in the concentration
of sodium (about 1 m.eg. per liter per hour). The concentration
of inorganic pheosphate in the cells and the plasms rises steeply
as the organic phosphate compounds are being metabolized more
rapidly than they are teing replenished (Tables 7A and 8A4),
Incubation at 37° C, of citrated blood stored for four,
five and six days at 5° C. results in a rapid depletion of the

glucose present, while potassium is being removed from the plasma
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at a rate of 1 to 1.5 m.eq. per liter per hour and sodium is
entering the plasma at a similar rate. The amount of organically
bound phosphate tends to decrease during the incubation period
and the amount of inorganic phosphate to increase in the cells
and tre plasma (Tables 7A and 8h),

Citrated blood stored for periods longer than one week
do not contain any glucose, and on being returned to body tewupera-
ture, the erythrocytes are no longer able to accumulate potassium
and expel sodium. The phosphorylated glycolytic intermediates are
slowly metabolized during the incubation period, 1iberating
additional inorganic ohosphate. This ion is rapidly released from

o . . .
the cells at 37  C., so that the concentration of inorganic phos-

b
phate in the plasma increases and the concentration in the cells
actually decreases (Table 7A4). Eventually all of the organic acid-
soluble pvhosphate compounds are hydrolyzed and the inorganic phosphate
that they give rise to is distributed equally retween the intra- and
the extracellular phases,

During the incubation at 370 C. of fresh blood, with
glucose added *o a concentration of 300-L00 mg. pér 100 ml.,
zlycolysis proceeds at a rate of § to 20 mg. per 100 ml. per hour
(Tebles €A 2nd B, 7B and 8B). ™e cells show little tondency to
accumulate potassium, rct because of the relatively low concentration
of this ion in the plasma, but ktecause their cepacity to contain

it is limited and probably already is 2t a meximum., In other words,

the normal difi'usion of potassiunm out of the cells is quantitatively
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kalanced by the active uptake of potassium apzinst the concen-
tration gradient (Hastings et al. 1950; Solomon, 1951).
Similarly, the sodiuw content of the cells is at a minimum in
fresh erythrocytes and they are unable to expel this ion to a
desree other than the capacity to maintain {he normal sodiunm
£lux (Table 8B). There is a slight iIncrease in the concentration
of inorganic phosphate in the cells and the plasma as the organic
phosphate fractions tend to decrease during the incubation period,
Blood specimens with added glucose stored at 5° C. for
two days glycolyze at approximately the same rate as fresh blood
when returned to body temperature. The preserved erythrocytes now
demonstrate a capacity to recapture potassium from the plasma,
and to expel sodium, at a rate of about 1 m. eq. per liter per
hour. The organic phosphate compounds terd +o undergo hydrolysis
during the incubaticn period and the inorganic phosphate content
of both the cells and the plasma increases, The stable phosphate
fraction 1s generally well maintained, and th¢ increase in the in-
organic phosphate concentration is mainly at the expense of the
labile and hydrolyzable phosphates,

.During the incubation of glucose-enriched blood stored
for four to six days, glucose usuvally disappears at a rate of
abtout 10 mg. per 100 ml. per hour, while the sodium concentration
of the plasma increases at a rate of 1-2 m.eq. per liter per hoﬁr,
and the potassium concentraticn of the plasma decreases at a

similer rate (Tables 6A and B, 7B and 8B). It has been noticed
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that occasionally the glycolytic rate of a blood specimen is
greater after a few days of storage than it was in the fresh
specimen, This phenomencn will be discussed in a later section
dealing with the Pasteur effect in blood. The organic phosphate
compounds continue to be metabolized more rapidly.than they are
being replenished and thus the concentration of inorganic phos—
phate increases in the cells and the plasma.

When blood that has been stored with added glucose
for one to two weeks is incubated at 37° C., the utilization
of glucose proceeds at a rate of 5 to JO mg. per 100 ml. per
hour, while the cells demonstrate the capacity to recapture
potassium and expel sodium at a rate of 1-2 m.eq. per liter per
hour. During the incubation period, the organic phosghate
compounds in the red cells generally tend to decrease, increasing
further the concentration of inor;anic phosphate in both the cells
and the plasma,

Incubation of the klood specimens during the third week
of storage results in a rate of glucose disappsarance of about
2~7 mz. per 100 ml. per hour, accompanied by a decrease in the
concentration of potassium in the plasme of about 1 m.eq. per
liter per hour, and an increase in the sodium concentration in
the plasma of the same order of magnitude. During the incubation
period a further breakdown of the crganic phosphate compounds
cccurs, giving rise to more inorganic phosphate in the blood,

However, the cellscontain a large amount of inorganic phosphate
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that has accumulated during the cold-storage period, and during
incubation at 37° C., more inorganic phosphate ions are released
into the plasma than are formed frem the further metabolism of
the organic phosphates. The concentration of inorganic phosphate
in the cells therefore decreases during the incubation period,
After three weeks of storage at 5° C. the cells have
practically lost their ability to glycoljze when incubated at
37° ¢., and have also lost their ability to regain potassium

and expel sodium. By this time the adenosine triphosphate content

has usually fallen to an immeasurable level, as has the hydrolyzable

phosphate fraction. Small amounts of stable phosphate present in
the blood after three weeks of storage are slowly hydrolyzed
during the incubation veriod, The inorganic phosphate that has
accumulated in the cells during the cold-storage period is re-
leased into the plasma as the membrane becomes permeable to
these ions at 37° c,

After four weeks in the cold the blood cells are no
longer capable of regaining potassium when incubated for four
hours, Glucose utilization is negligible and only traces of the
organic phosphate compounds remain. The only significant change
produced on warming the blood-cells to body temperature is the
release of inorganic phosphate into the plasma,

Despite the apparent loss of the metabolic activity
of the cells, it is of incidental interest to point out that
about 60% of them would be expected to be viable if transfused.
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