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1. 

INTRODUCTION 

A. GENERA.L: 

The inve~tigation ta be described in this thesis forms 

part of A research project carried out in the Depart.ment of Bio­

chemistry, McGill Uni'!ersity on the problems of the preservation 

of human b1ood. This larger study was ini tiated early in 1940, 

under the guidance of Dr. O.F. Denstedt, and has been in pragress 

since that tiJlle. 

AlthouiSh the use of prel'lerved hlood dates back to 1Norld 

War 1 when O.H. Robertson l'sed specimens stored up ta twenty-two 

days in the treatment of battle casualties, little attention was 

paid ta thA question until the Russians revived it in 1930. 

Preserved blood was used exten:üvely during the Span:tRh insurrection. 

The most rapid advances in blood pres8rvation, however, were made 

during the second World War, and a great deal was learned about the 

actual physical and chernical changes in blood durine storage. 

By 1945, howA'Ter, i t became apparent to those working in 

the field that any furthe~ substantial improvements in the methods 

of preservation wou1rl nrobably be made on1y through a more complete 

know1edge of the energy metabolism of the erythrocyte and the 

mechanism of 105s of the viability of the cells during storage. 
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Amone; the greatest needs at the time was a pr~.ctical 

lahoratory test for determining the fUYlctional capacity, or 

viabilit;,r of the pre~erved erythrocytes. Various laboratory 

methods, including the tfragiUty' 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 ha,re proven ta be of limi tad value_ The 

only reliable test of cell viabili ty ls still the laborious pro­

cedure of transfusing t.he pr.eserved blood sample and following the 

survival, or conversely the rate of elimination, of the donor 1s 

cells in the recipients' circulation. 

By 1945, the McGill group of ~ochlin, Andreae, Osborn 

and Denstedt, having studied the electrolyte ch~ges in the red 

cells during storage, became aware that the 105s of potassium and 

the gain of sodium that invariably occurs is closely related ta the 

depression of the metabolism of the cells in the cold. Furthermore, 

it became apparent that the widely held notion that the 10ss of 

potassium from the red cells W&9 among the likely causes of the 

failure of cell viability was incorrect and that the escape of 

potassium actually i8 the effect, rather than the cause of the 

impaired metabolism. The emphasis of the research therefore shifted 

to the study of the enzymology and energy metabolism of the celle A 

study of the electrolyte shifts du ring storage was of importance since 

it afforded valu able indications for reflecting metabolic changes. 

Harris (1940;19hla;1941b) had made the significant, but not widely 
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appreciated observatton, that the cold-preserved red cells l'vhen 

returned to 3'(> C. are capable of recovering lost potassium, the 

degree diminishing with the duration of cold storage. Andreae 

(1946), in our laborator,y, hRd suggested that the capacity of 

preserved cells to recover potasSj.UIn at 310 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 laborator,y. Obviously, the act.ion of the cells in 

regaining potassium agru.nst a high gradient of potassiuw in the cells 

and of expelling sodium against a similarl:v high gradient of sodium 

in the plasma, involves osmatic work and an expenditu~e of energy 

which is provided by the metRbolic processes of the ce11s. The 

study being reported here was therefore initiated in 1948, with the 

view to further elucidate the chemical changes in preserved er,ythrocytes 

as related to their metabo1ic state, and to explore the possibility of 

assessing the efficacy of pre!'Jervation 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 physiologyJ and an Rttempt. to 

anRlyze the mecha.nism of this phenomenon was made. Of late, interest 
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in metabolically driven electrolyte shifts in all tissues has 

5.ncreased greatly. In the course of the writer 's investigation 

it became evident that many of the interpretations in t.he literature 

concerning the maintenance of electrolyte gradients might be studied 

i.n blood. This tissue offers the advantage of providing intact and 

discrete cells, and can be studied reproducibly. These 8.ttributes 

are afforded by few other tissues. In the hope of cteriving a maximwn 

of profit from the present study, the writer proposes ta refer ta the 

movement of electrolytes in other tissues, and ta attempt te compare 

these observ<'ltions wi th those on the erythrocyte. 

A cataloguing of the volUJlÙ.nous literat1U'e on the chemical 

and physical changes that occur in the erythrocyte during cold-storage 

would be superfluous in view of the availability of severaI excellent 

reviews on the subject. (Denstedt et al 1941: Maizels, 1943; Rapoport, 

1947; Parpart et al. 1947; De Goldn', Bardin and Alsever,1949). The 

writer proposes, alternatively, to discuss fully the main e1ectrolyte 

changes found during the storage of human blood in sorne of the mOre 

significant studies. An attempt will be made ta make these findings 

comparable where possible, and te interpret the data presented in the 

1ight of the conditions of storage employed. 

B. Sodium a.l'ld Potassium in Stored Blood. 

Living cells a~e characterized by their ability to maintain 

a higher internal concentration of potassium than the mErlium in which 

they are suspended. This phenomenon has been studied extensive1y 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,1943; 

HOber,1945; Krogh,1946; Conway,1947; Ussing,1949; Stèinbach,195l). 

In the human, the ratio of intracellular to extracellular 

potassium is about 23:1. The erythrocytes are typical,containing in 

health, about 100 milltequivalents of potassium per liter (390 milli­

grams per 100 millili ters), while the plasma contains approximately 

4.5 milliequivalents per li ter (18 milligrams per 100 millili ters). 

The reverse picture is seen in rp.gard to sodium, which is confined 

mainly to the extracellular compA.rtment, to t he extent of about 140 

milliequivalents per li ter (325 milligrams per 100 milUli ters), while 

only small amounts are found wi thin the c911s. 

TJntil recent times i t was thought that the cation dis­

tribution arose in sorne 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 i8 the reslllt of adynamie equilibrium which the living 

cell maintains wi th metaholic energy, and which gives way to a stable 

state only in metabolic fa:i .lure and death. 

That the cation content of the erythrocytes cao be varied 

by the medium had been shown as early as 1924 (Ashby,1924; Kerr,1929; 

Ponder,1934), but because of the currently accepted theories, these 



findings were either ignored or at best explained away. Kerr had 

ev en shown that wi thin tV'TO hours the sodium and. potassium concen­

tration in sheep cells could be equalized by suspension in an 

isotonie NaGl -KGl mixture. 

Blood storaze studies finally showed that the erythrocyte 

membrane does permit the diffusion of cations, and much of the 

accumulated data based on the concept of impermeabili ty must be 

reassessed. 

Duliere (193Ia,193lb) was the first to dewonstrate the 

progressive leakage of potassium from the red blood cells upon 

removal from the cj.rculation. He observed that the potassium content 

of the serum increased when left in contact with the clot. FurtiBrmore, 

he succeeded in mi~imizing the escape of potassium into the serum by 

cooling the freshly drawn blood rapidly ta 00 C., allowing it to clot 

at that temperature and centrifuging in the cold. On the other hand, 

if the clctted blood was allowed ta stand at room temperature, the 

potassium content of the serum was greatly increased, partly because 

of hemolysis, but mainly due to diffusion of potassium fro~ the 

erythrocytes. l,\'hen 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./IOO ml. (30 m.eq/liter) This 

concentration a.pproaches the potassi1.l1Il content of whole blood, and 

indicates that the diffusion of potassium from the cells and the 

clot lnto the serum had almost reached the point of equilibrium. 



In Table 1 are given the serum potassium values 

obtained by Duliere, showing the diffusion rate as a function of 

time. This table has been compiled by the writer from data 

given in Dnliere ts publications. 

TABLE I. 

The effect of ti~e on serum potassium of clotted blood 

DAYS Serum Il 
l 23mg./lOO ml. 5.9 m.eq./liter "4 

l 25 fi fi 6.h If ft " 

2 JI ft If 8.0 If If If 

3 34 If ft 8.7 If ft If 

4 37 If ft 9.5 If ft ft 

5 56 If If Ih.4 If ft ft 

8 75 " ft 

1 
19.2 If " If 

The nata presented show that the increase in serum 

potassium was initially quite slow, and if graphically presentect, 

vlÜuld give an exponential type of curve. As shaIl 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 net only 

must diffuse through the cell membrane but aIso through the compact 

mase of the clot befora 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 blood. 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 firet five 

days, then slows down as the concentration in the plasma and the 

cells approachs an equilibrium. In Table II i5 a compilation of 

data from several experiments of Jeanneney and Servantie that 

illuetrates the increase in plasma potassium in cold-stored blood 

samples. 
TABLE II 

The effect of time on plasma potassium of unclotted blood. 

DayS Plasma K,L 

0 19 mg./l00 ml 5.0 m.eq./llter 

1 59 Il " 15.1 Il " Il 

2 14 " " 19.0 " If " 
3 106 " " 21.2 Il " " 
4 110 " " 28.2 " Il " 
6 121 " Il 31.0 Il Il Il 

7 132 " " 34.0 " Il Il 

9 149 Il " 38.2 " " Il 

11 145 Il " 37.2 " " " 



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) fail~ to find any change 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 exchangp. is almost reciprocal, so that 

the sum of the concentrations o~ these two e1~ctro1ytes in the ce11s 

or in the plasma remains nearly constant. Considering that they 

expressed the concentrations on a weight basis, as grams per liter, 

it is remarkable they noticed the reciprocal exchange. Obvious1y 

to obtain a tvue comparison of the movements of the potassium and 

sodium ions it is necessar,r to calculate the concentrations on a 

molar basis, such as milliequiva1ents per liter. The data shown 

in Table III have bean recalcu1ated to show the extent of reciprocal 

eXChRn?8 of sodium and potassilL'Il "N'hen expressed :m a weight basis 

and an equivalent basis. 

'rABLE III 
PIaBma sodium and potassium during cold-storage. 

Grams per liter Hilliequi valents per li ter 

DAYS Nal- KI- TOTAL Na! If TOTAL 

1 3.96 O.3i L.30 172 9 181 

2 J.7R 0.6, h.~o 164 16 180 

J 3.68 0.7C 4.38 160 18 1713 
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Had the blood storage been cRrried on for a longer period 

of time, ta permit a still greater exchange of cations, the sum of 

these ions in the plasma wauld remain const~nt on an equivalent basis, 

but wonld increase on '1 ;.reight basis, provided the exchange W'1S truly 

reci9rocal. HowevAr, from the trend indicated in the table, the 

exchang13 of potassium for sodium does not appear ta be reciprocal, 

since the total base decreased by 3 milliequivRlents. This me Rns J 

of conrse, that the number of sodium ions that entered the cells 

exceeded the number of potassium ions that escaped. 

~Terln!1eney et al (1939) showed, further, that the diffusion 

of potassium from the erythrocytes can be retarded when the pH of th8 

ci trated blood sample was lowertrl to pH 6.8 by the addition of citr5.c 

acid. To achieve this thEF recommended the callecting of the blood 

into solutions of mono-, di-, and tri-sodium cl tratA prepared by 

mixing ci tric acid solution wi th the required amount of sodium 

bicarbonate. Thair resuIts, as set forth in Table tv show that the 

mono-sodium ci trate retarded the rate of sodium and pot~ssiurn diffusj_on 

markedly, and that the diffusion with di-sodiucr citrate was slower t~an 

~~th the tri-sodium citrate. On the premisA that it is desirable in 

the preservation of blood for tr~nsfusion ta minimize the 108s of 

pot~.f'SiUl1 from the cells, they were the first to recommend the use of 

an acidifiP.d medium for blood storage. 



TABLE I-V 

The effect of pH pn plasma Naf and Kf during cold-storage 

I.ionosodium Citrate Disodium Citrate 

HAYS KI mg/100 ml JlTa,L m~/iOO ml 1 Kf Naf 

3 29 381 34 396 

5 h}.f 367 62 378 

10 49 1 361 70 368 
L.............. ____ L--~__ _ __ _ _ __ ~ _ ______ ~ ____ L-.. _____ ~ '-------

Trisodi~~ Citrate 

Kf NRf 

44 ~17 

RI 387 

- -
L-~ _ _ ____ 

----- - - -- - - - - ----

1 

_1 

1 

~ 
~ 
• 
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Since sodium bicarbonate was 'lsed for the neutralization 

of the medium, it is evident that the initial sodil~ concentrati0n 

in the blood varied wi th 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 Affect of the pH of the medium on the permea.bili ty 

of the erythrocyte membrane ta these ions .. 

Scudder and co-workers (1939) undertaok a study of the 

potassium changes in stored blood in order ta determine the rate of 

potassium eeress from erythrocytes when stored in different preservative 

media. When heparin was used a~ the anticoagulant, and the cells packed 

by centrifugation, the increase in plasma. potassium during storage in 

the cold was comparable to that observed by Duliere (193l)~ However, 

when the blood was stored under liquid petrolèun, without anticoagulant, 

they noted a very rapid initial increase in plasma potassium. The results 

obtain~rl are shown in Table V. 

TABLE U 

The effect o~ packing the erythrocytes on plasma ~ during cold-storage 

Plasma If - mg. per 100 ml. 

Days Heparin and Centrifuge4 1 Under Oil 

0 20 20 

l 20 40 

2 27 69 

3 33 83 

4 41 101 
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The findings do not show that heparin prevents the ].oss 

of potassium from the cells but the slow diffusion of this ion j.nto 

the plasma is due to the fact that the cells were packed by centrifugation. 

The storage of blood under oil, without an anticoaeulan~does not de1ay 

the 1055 of potassium from the er.ythrocytes. 

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 

storage. Because of the significance of the results of these early 

studies, it i8 of interest to review the composition of the preservatives 

used. They are numbered for identification in Table Vl, which follows. 

1. Citrated blood: 17.5 ml. of 2.5% sodium citrate per 125 ml. of 

blood. The final concentration of sodium citrate in the saJl1ple 

Vfas 0.31%. The dilution of the whole blood was 14%, 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 sarne 

as in Mixture No. l above, but the dilution of the blood i8 

slightly less. The anticoagulant, being more concentrated, 

would tend ta delay swelling of the cells. 

3. Rus si an citrate solution (Goodall et al, 1938): 

The blood was added ta a~ equal volume of the anticoagulant­

perservative mixture. This nri.xture contained 7 gm. sodium 

chloride, 5 gm. sodium citrate, 0.2 gm. pota.ssium chloride, 



o.ooLl VU. magnesium sulphate, and d1.stilled water 

to make one liter of solution. The blood was diluted 

100% and hence the plasma was diluted about 200%_ 

h. Russian citrate solution (as in Mixture No.3) u~ed 

wi th double the volume of blood. In this mixture 

one part of the anticoa~ulant-preserv"itive 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 5.4% 

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 bloodwith added adrenal cortical extract: 

Ta a blood-sodjum cttrate mixture (125:15) was added 

10 ml. of an adrenal cortical extract. No description 

of this extract was gi ven in the reports a The dilution 

of the blood was 20~ and th~t of the plasma approximately 

40%. 

It should be pointed out tha.t Scndder's procedure was to 

pipette portions of the plasma from the sedimented samples at intervals, 

wi thont disturbing the cells. This method i:nplies the assu.'1lptj on that 

the distribution of potassium throughout the plasma is uniforme 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 

50 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 frOl::l the 

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

centage of potassium 10st by the ce1ls into the suspending medium. 

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

50 as t o be more easily interpretable. 

TABLE VI 

The effect of different preservatives on the loss of Kf from stored 
erythrocytestl 

----- ---
Duration of of kf Loss from Ce11s stored in 6 different media# fO 

Storage 

Days 1 2 3 -, 4 
5 6 

7 19 19 23 26 1 19 20 

-- - - - --- -_ ._--- r----

14 33 29 41 38 37 34 

21 1 44 41 60 50 

1 

44 

t 
52 

1 

30 149 
1 

45 66 58 
1 

53 63 

-- -------
# See text for description of preservatives used. 
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The rRte of diffusion of potassium from the red cells 

in blood kept under ail, and in heparinized specimens in which the 

cells were penni tted ta s ettle and not sedimented by centrifugation, 

was essentinlly the sarne as that in the citrated samplesw Small 

differences are attributable t a the diff9r ~'!nG efl in the dilution 

brought about by different propations of dJluent and anticoagulant 

u!>ed. The slightly accelerated rate of escape of potassium in 

Iüxture No. l as compared to Tüyture 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 cOIT~ent 

applies also to the two Russian preservaties, the larger dilution 

favorin~ Dotassiu.,'ll diffusion from the ery"throcytes. ThA adrenal 

cortical extract appenrs ta havA had. little Affect, other than that 

of diluting the blood .. 

It is noteworthy that defl!)it.e the relatively large dilution 

in the case of the Hcufl-'l'urner blood mixture (No .5), the egress of 

potassium was not excessive, but is comparable ta the behaviour in 

Mixtures No. 1,2 and 7, which represent a comparati vely lo'W dilution 

oi' the blood. The Pons-Turner mixture is the only glucose-containing 

solution that haR been reported on by .')cudder a.l1d his associates. 

De Gowin, Harris and Plass (1939) have made an extensive 

study of the loss of potassium from the er';throcytes during starage 

in the cold.. They j.nvestigated the behaviour of blood when preserved 

llno.er the following conditions: 
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1. Twenty-three parts of blood were added ta two parts 

of 3.2% sodium citrate, and the mixture stored at 

2° - 5" r.. 

2. The blood was added to 5.4% glucose solution and 

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

( Thil:' is a modification of the original Rous-Turner 

mixture, in which tbe ru~ount of citrate has been 

greatly dimini s:hed, and the blocd diluted lesfI. 

3. The blood was diluted to the srome extent as in No. 

2, but us:i.ng a solution of l:.epa:-in instead of sodium 

citrate, as the anticoagulant. Thuc;, the blood mixture 

contained 10 parts of blood and 15 parts of 5.1./.% glucose 

solution containing 6 mg. hepé1r:i.n. 

).j.. The blood was stored in a mixture identical to ~o. 2, 

but instead of having free access to the air through 

a sterile gauze c01rer, the blood was kept under 

tanaerobic t!-.:ondi tians by filling the bottles comoletely 

and stoppering them. 

5. The blood was diluted to the same extent as in mixtures 

No. 2,3 and 4 but 0.95% sodium chloride sol'ltion was 

added in plece of the glucose solution. The mixture 

compd.sed ten parts of blood, thirteen of O.95~ sodium 

chloride and two of 3.2% sodium citrate wlutionll 
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6. Twenty-one parts of blood were added to two of 

5.)~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. 2,3,4 and 5. 

De Gowin has reported his values for "plasma" potassium 

as measured d:5.rectly on the supernatant of the preserved specimens 

after sedimentation of the cells. Since the degree of dilution of 

the plasma in mixtures No. 2,3,4 and 5 is the sarne (about four times), 

they are direct1y comparable. This is not so in mixture No. l, where 

the original plasma has been di1uted only 1.2 times, or with mixture 

No.6 where the plasma was diluted l.u 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 Vll 

The effect of different preservatives on the loss of Kf from stored 
erythrocytea (De Gowin et al,1939)* 

Duratl.on 
of Storage Plasma Kf (mg./IOO ml.) in 6 different media* 
in Days 1 2 3 4 5 6 

0 19 44 6h 52 48 18 

5 184 148 140 220 276 161 
~ 

10 215 216 200 256 348 206 

15 232 252 240 264 388 231 

20 300 252 260 243 

25 308 260 384 242 

30 312 324 ,,i , - .' 250 

3S 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 dudng storaf3e, i t is not ~ossibla to calculate cellular 

pota.ssium values. Howeyer, the va.lues in the above table are directly 

referablc ta the concentration of potassium in the erythrocytes. 

It is apparent from the recalcula ted data that potassium 

:ions migrate into the plasma at about the sarne rate in the various 

preservative mixtures, with the exception of mixture No.54 The presence 

of a large volume of sodium chloride would seern to haye a definitely 

deleterious effect on the retention of potassiUM by the cells. This 

is probably attributable to the presence of <ln excess of chloride ions, 

since tho sodium ion concentration se8ms less criti0al. Thus, in 

mixture No • .3 no additional sodium salts have been added but potassium 

diffusion is unaltered. Isotoni0 saline differs from isotonie glucose 

in its effect on red cells in that it does not penet~ate the cella, 

whereas glucose does. The data presented (mixture Ifo.2) shoV'fS that 

the addition of glucose does not retarrl the loss of potassium from the 

erythrocytes in highly diluted blooct. The total amount of pota.ssium 

10 st from the cells is greatest wi th mixtures No. 2-5 inclusive, due 

to the large dilution of the blood. 

De Gorin and co-workers (19ho) further investigated the 

problem of the loss of potassium fram stored eyrthrocytes under various 

conditions of preservation to ascertain whether the concentration o~ 

potassium in the plasma might S8!"\re as an index of corpusc1ùar 

deterioration. That is, could pla.sma 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 cella, is reached between the 

tenth and fifteenth day in the blood specimens that are only slightly 

diluted. On the other hand, in extensively diluted 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 storage. A considerable variation in the rate of 

potassium 108s was observed from one individualts blood to another, 

and i t ls unfortunate that De Gorin did not attempt to compare the 

effect of different preservatives on the potassium loss from the 

blood of the sarne 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 ce1ls to 

a significant degree, but the rate of hemolysis did var,y 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 weIl 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 proeressive increase in the plasma potassium is not 

due to the breakdovrn of the red cells. 

The sealing of the storage contaj.ner, thereby retaining 

the carbon dioxide content, or the storage of the blood under an 

atmosphere of carbon dioxide or nitrogen was found to have no 

noticeahle effect on the rate of potassium diffusion fram the 

cel18. 

De Gmtin studied sorne specimens of blood during storage 

at room temperature ( 200 C.), and reported that although the rate 

of hemolysis was more rapid wi th time, the rate of potassium diffusion 

apparently was relatively unaffected. We now know that the rate of 

101'18 of potassium is 1ess at room tempe rature 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 dudng storage in the 

cold. They oollected the blood into the standard solution recommended 

at the time by the Hedieal Researeh Couneil (Great Bri tain). Two 

parts of blood were mixed wi th one part of the anticoagulant, whieh 

contained 1.05 gm. of sodium citrate and 0.85 gm. of sodium chloride 

per 100 ml. of solution. The mixtures were stored at 20 - 40 C. The 

"plasma", which. in these samples were actual1y half plasma and half 

diluent, contained ini tially 10 mg. of potassiUI!l per 100 ml. Thi~ 

level was observed to increase rapidly during thA first week of storage, 

after which ti.me the rate of increase diminished and finally reached 
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a ?lateau, presumably when an equilibrium between cellular and 

plasma potassium was e~tablished. At this point, the potassium 

concentration per volume of w~ter in the plasma equals the 

concentraUon of potassium in the cell wAter, which in turn is 

the sarne as the concentr~tion in the whole blood on the basis of 

water content. The dat~ presented by Downman and associates show 

"pla.teau" values for plasma potassium ranging from 80 ta l30mg./lOO ml., 

uncorrected for the plasma dilution. The authors suggest that their 

lower values possibl~r do not represent a true equilibrium state, but 

no values for the potassium in the whole blood are ~iven to substan­

tiate this. Since the hematocrit values are not gi1Ten, there is 

ground, in the writer's opinion for suspectine that sorne of the law 

"equilibriu'lllt values for the plasma potassiv.m can be attributed to a 

low cell count. Law cellular potassium values similarly would result 

in a low equilibrium point for the plasma potassium; 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 knovving what the cell volume and cell ular 

potassium concentration are, before one attributes the results to 

differences in permeability of the red cells. 

In further experiments, nownman et al (1940) tested the 

effect of dilution of the blood on the re.te of escape of potassiUIl1 

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 l part of 
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anticoagulant solution. It is unfortunate that these investigators 

did not attempt to compare the effect of dilution on individual blood 

sainples. Since the rate of j_ncrease of plasma potassium was found 

to be so variable when ~tored with the standard B.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 resul ts • 

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 durine storage in the eold. He based this opinion 

on the concentration of potassium in the sllperna~ant "plasma", wi thout 

having eorrected the v'Llues for the dilu.tion wi th the added -preservative. 

For ex~ple, if the red cells had compri~ed 50 percent of the volume of the 

original blood prior to dilution, they wOllld make up only one-thi rd of 

the total volune after diluti_on w:L th one-half volume of anticoagulant 

solution. The proportion of "plasma" in the sampls is therefore doubled, 

and va.lues of 80 mg. and 130 mg. of potassium Yler 100 ml. of the diluted 

plasma would be equivalent to 160 mg. and 260 mg. per 100 ml. respectively 

in the plasma before dilution. During the fil'I'lt week of storage the 

plasma potassj um 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. contai.ning 10 mg. per 150 ml. blood), the rate of diffusion 



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 authors report only one experiment with hepariJÙzed 

blood, the wri ter is reIne tant ta agree that the apparent retarda­

tian of the potassium d:i.ffusion was attributahle ta the influence 

of heparin. 

Dovmman and co-workers also have reported that the 

storaee of blood in the fully oxygenated state, and under an oxygen 

tension of two atmospheres was found ta have no effect on the ratA 

of loss of potassium from the e~hrocytes. 

Of greater interest and significance are the observations 

of these V'rorkers regard:i ng the effect of tempe rature on the egress 

of potassium fram the red blood cells during storage. The most rapid 

10ss apparently occllrred at 380 C., the plasma potassium concentration 

having increased to 110 mg. pel" 100 ~l. at the end of the second day 

of stora~e, and had reached the prohable equilibrium point of 140-

150 mg. per 100 ml. by the sixth da.,v. No samples were analyzed 

prior to the second day of storage. 

The rate of loss of potassium from the red cells in blood 

samplefl k'3pt at room temperature was signi.ficantly less than that 

1'fhich occurred at 20 
- hO C. The ratA of' increase in the plasm.::l 

potassium concentration during the first week of storage Vias found 

to be pr"lctically linear. The concentration VI.ras only 40-50 mg. per 

100 ml. at the 6th day and 65-75 mg. per 100 ml. at the 12th day. 
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'l'his l'ru_ses the question, is the membrane of the erythrocytes 

o 
more permeable to potassium at 38 C. and near 0° C. than at 

room temperature? If Downman had analyzed more frequently, he 

would have fo~nd, in the blood stored at 380 C., that the concen-

tration of cel1ular potassium actually remains normal for up to 

ten hours, while glycolysis proceeds. After the cells become 

depleted of glucose, however, they deteriorate and 10se potassium 

very rapidly. 

The relatively slow loss of potassium from the red cells 

when kept at room temperature, as reported by Downman, 15 difficult 

to cxPlain. At 200 -250 C. glycolysis 18 sllfficiently active to 

offset a loss of potassium for several days, whereas this is not 

so at 2_40 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 failure in the metabolic activity. The relatively slow diffusion 

of potassium froID the erythrocytes at room temperature has "lot yet 

been satisfactorily explained and the problem should be fl.lrther 

investigated. 

Uai7.els and Whittaker (1940b) emphasized the striki'1e 

jncrease in the sodium content of the erythrocytes during cold-

storage. Fresh hwnan erythrocytes contain ~bout 25 mg. of sodium 

pel' 100 ml., or about 11 mi lliequivalents pel' li ter. ?fhen blond 

1s stored in the cold the red cella take up sodium from the plasma 



(Jeanneny, Servantie and Rigenbach,1939). Maizels and Whittaker 

used two anticoagulant solutions: one, which m~ 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 

chIo ride per 100 ml.; the other mixture, "B", contained the sarne 

amount of sodium citrate as in "Aft, but only 0.45 gm. sodium chloride 

per 100 ml. Solution "B" was found to be isotonie rith the contents 

of the blood cells, while "A" obviously is hypertonie. 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 rad cella. Thus, 

after storage for 16 days in solution "B", ri th lower sodium content, 

the concentration of sodium in the red cells was about 150 mg. per 

100 ml. (65 m.eq./llter), while in the hypertonie anticoagulant 

solution "A" it hac! increased to about 170 mg. per 100 ml. (74 m.eq./t) 

It would seem that the sodium concentration in the external medium, or 

more correctly, the external-to-lnternal sodium gradient influences, 

to a certain extent, the rate and magnitude of the entrance of sodium 

into the cell. 

Miazels and Whittaker also studied the influence of acidi­

fication o~ the citrate medium with dilute hydrochloric acid on the 

entry of sodium into the red cells durine storage. They confirmed 

the earlier observations of Jeanneny, Servantie and Rigenbach (1939) 

on the 108s 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 



first usee'!. by Jeannen~T and hiR associates, and by ci tric acid 

with added glucose as used by Bushby and aSfiod"ltes (1940). Loutit and 

associates (1943) popularized the use of the acidified diluent in 

Great Britain, while buffered media have been employed to this end by 

Meuther and And rews (19 hl), Denstedt and no-workers (1943) and ParpA.rt 

and co-workers (1947). 

~he influence of the lower pH of the medium on the sodium 

tntake 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 mg. 

sodium per 100 l'll. (78-90 m.eq./liter), while those in the acidified 

medium contain only 82-149 mg. perlOO ml. (36-65 m. eq./liter). To 

exp1ain the retardation of sodium uptake, Haizels suggested that a 

lower pM bl"ings the cell membrane m~A.rer the iso-elect:i'Ïc 'Joint of 

the stroma protien ( pH 5) and thus reduces i ts permeabili ty to 

positively charged ions ( !,fond,1928, Jorpes,1932, Maizels,1935). 

Bushby (19hO), on the other hand suggested thél.t the retardation of 

glycolysis in acidified blood may be the factor responsible for the 

dminished altel"ation of the electrolyte composition in the cells. 

In investivating the effect of "arious sugars and polysacch­

arides on the influx of sodillI'l into the cells, Haizels and Whi ttaker 

found that bath glucose and dextrin tend ta retard electrolyte 

changes in the cells as WHS shown by the relatively small degree 

of sodium permeation, decreased swelling and decreased hemolysi8. The 

effect of dextrin is understandable sinee it i8 readily hydrolyzed 



28 .. 

by the amylases in the blood plasma and may yield glucose. A 

glucose concentration of 1000 mg. !,er 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 effecti"e. 

Fructose and sucrose were found to be relatively ineffective in 

favouring the preservation of the cells compared to glucose. 

Aylward, lK.3inwaring and Wilkinson (1940a) tested the 

effect of storing the blood flamples 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. Storaee 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 mediui'11. Storage in a variety of preservative solutions 

on the other hand, ga~Te riSp. to very considerable differences in the 

rate of potassj.um 108S from the red cells in a given period of 

storage. Six hundred milliliters of blood ~e mixed with each of 

the following solutions: 

1.) 25 ml. 8.72% a.nhydrous sodium citrate. 

2.) 9 ml. (ltt) mg.) hepa.rin 

3.) 25 Ml. of a solution conta.:l.ni.ng 8.72 gm. anhydrous 

sodilrn citrate and 25 gm. glucose per 100 ml. The 

behaviour of the potassium in the three bloo~ mixtures 

i.e; indicated in Table VlIIbelmv. 
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TABLE VIII 

The effect of different preservatives on the 10ss of K~ 

from stored e;rythrocytes. (Ay1ward et a1,19hOa)* 

Duration 
of ~torage 

Plasma v!- (mg./100 ml.) in 3 different media~f-

in Days 1 2 3 

0 21.2 21. 7 2l.9 

1 27.9 33.7 38.7 

2 39.9 h8.7 53.6 

3 58.2 65.0 62.1 

~ 88.0 79.7 77.9 .-

9 92.u - 97.6 

16 129.0 131.0 115.0 

23 154.0 159.0 129.0 

JO 170.0 - 145.0 

* See text for descri.ption of preservatives used. 

Alward et al. agree wi th previous investigations that the 

eGress of potA.s~i1)m from the cells during the first few davs of 

storage is not due ta heMo1ysis, but suggest that the GreRt1y dim-

i~shed rate of 10ss of potassium after two weeks of storage in 

the presence of added glucose is due to the stabili zin~ effect cf 

glucose on the ce11s and the prevention of hemo1ysis. 

In a 1ater study, "y1ward, Maim'fHring and \'li1kinson 

(1940b) 5.nvestigated the effect of dilution of the b100d with 
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solutions of sodtur'l chloride, ~lucose or dextrin on the rate of 

loss of potassium from the erythrocytes during cold-storage. 

The composition~ of the mixtures used were as follows: 

1. 600 ml. blood a'1d 25 ml. 8.72% sodillill citrate solution. 

2. 600 ml. blood and 9 ml. heparin solution. 

3. 600 ml. blood and 25 ml. of a solution contfdning 8.72 gm. 

sodium citrate and 2L mm. glucose ~er 100 ml. 

4. 200 ml. blood, 100 ml. 2.1% sodilli~ citrate and 100 ml. 

1.7% sodium chloride. 

5. 200 ml. blood, 100 ru. 2.1% sodium c:itrate and 100 ml. 

of a solution contalning 1. 7 grn sodium chloride and 6 gIIl. 

glucose. 

6. 200 ml. blood, 100 ml. 2.1% sodium citrate and 100 ml. of 

a solution containing 1.7 GJll. sodium chloride and 18 gm. 

glucose. 

7. 200 ml. blood, 100 ml. 2.1% sodium citrate and 100 ml. of 

a solution containing 1.7 gm. sodium chloride and 12 gTl. 

dextr:i.n. 

8. lt20 ml. blood, 70 ml. of a solution containing 2.5 gm. 

sodilW citratp. and 0.85 ~. sodium chloride per 100 ml. and 

10 :n.l. 50% glucose solution. 

The increas8 in the plasma potassium concentration du:t:'ing 

storage of the blood mixture at 40 c. 1s i~dicated in Table lX, 

which has been compiled from the data given by Aylward et al. 
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TA.BLE IX 

The effect of different preservatives on the loss of ~ from 

stored e~vthrocytes (Aylward et al., 1940b)* 

Duration • ~ (mg./IOO ml.) in 8 different media.* Plasma 
of Storage 
in Days l 2 3 4 5 6 7 8 

0 2l 22 22 13 14 15 20 -
2-4 58 65 - - - - - 56 

14-16 ;1.28 131 115 51 56 63 61 82 

*See text for description of preservatives used. 

In order to compare the effect of different preRervatives 

~d dilutionfl on the increase j.n plasma potassturn, i t is necessary 

to apply a correction to the plasma potassill1n concentrations found, 

to al10w for the dilution of the plasma. Ayll'{ard and his associates 

have intended to do this, but in the case of mixtures 4,5,6 and 7, 

have ighored the fact that by diluting the blood with an equal 

volume of diluent the volume of the ph.sma 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 concentrat5.on of potassium in the 

plasma on the Ih-16th day of storace; the second, the values as 

correr.ted by- Aylwa:rd, and the third, the val\:.es as corrected by 

the writer. 
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TABLE X 

Plasma rf after 14-16 d:\ys of cold-storage in different 
preservatives (Aylw"l.rd et al., 1940b)* 

B100d 1 Concentration of Rf in the Plasma (rng./100 rÜ.) 
Yixture* Uncorrected Corrected Corrected 

Partia11y 

1 128 139 139 

2 131 13S 13S 

3 Ils 124 124 

4 SI 97 153 

S 56 107 lM 

6 6J. 120 IB8 

7 61 116 182 

8 82 lOù 112 

* See text for description of preservatives used. 

The eorrected values in column 3 are the direct reciprocal 

of the pot.assium concentration in the red cells, and show the true 

m~cnitude of potassium egress fram the erythrocytes during storage 

in the various J11edia. From Aylward '8 corrected vaInes, it wou1d 

appear that dilution of the blood de1ays the rate of potassi1lm les s, 

whereas the wri ter' s corrections shoif that dilution of the b100d 

actually accelerates the rate. Additional difficulty arises in the 

lnterpretation of the results because of the wide differences in 

the tonicity of the various diluents used .. AlI the flolntions, with 
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the possible exception of mixture 2 containing heparin, were 

hypertonie 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 ce Il 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 

atInosphere of carbon dioxide, sinee their results showed that 

this procedure delayed the escape of potassium from, and the 

entry of sodium into, the ce11s. Table n illustrates this 

effect of earbon dioxide. 

TABLE XI 
The effect of storing blood under an atmosphere of carbon dioxide 

on th ti h th l e ca on e anges l.n e 1>. asma 

Duration Plasma KI- in m.eq./1 Plasma Nafin m.eq/l. 
of Storage 
in Days Air 0°2 Air 0°2 

0 4.5 4.5 1,' 161 

l 8.0 6.5 156. 161 

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 3.5% solution 

of sodium ci. trate in the proportion of 9 parts of b100d to 1 part 

of the anticoagulant, and stored at 40 o. Alter 15 days, 21% 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 10S8 

amounted to 10% in the sample collected and stored under C02- By 

storing blood under CO2, the decomposition of the plasma bicabonate 

with a resultant elevation of the pH is repressed. The retardation 

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 oil. Furthermore, 

Aylward et al (1940a) did not observe this effect when they stored 

blood under CO2, but they offer no data ta substantiate their statement. 

In a ver,y comprehensive investigation, Maizels (1943) 

studied the effect of various preservative mixtures on the changes 

in electro1yte distribution in stored blood. The changes in cell 

volume and the content of total base in the cella after starage 

of blood in the cold for six and twelve days are described in 

Table XII, which has been compiled from Maize1s' data. The blood­

preservative mixtures emp10yed were as fo110ws: 

1. Citrated blood as described above. 

2. Citrated b1ood, plus added glucose to bring the 

glucose concentration to 650 mg. per 100 ml. 

3. Citrated b1ood, plus added glucose ta bring the 

glucose concentration ta 2300 mg. per 100 ml. 

4. Rous-Turner solution (1916) as described abova. 



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

Molllson and Young (1943), containing glucose in 

a concentration of 600 mg. per 100 ml. 

6. Strong1y acid-citrate-dextrose solution, the 

composi tion being the sarne as that of mixture No. 2, 

except that 5 ml. of NilO HC1 was added per 25 ml. 

of b1ood. 

7. Sucrose solution of Wilbrandt (1940). 

Table Xl! 

The effect of different preservatives on the cation changes in 

stored er,ythrocytes (Maize1s, 1943)* 

Preserved Duration Cell Volume Cation conterit of ce Ils in 
Sample of Storage as percent mi1liequivalentsl liter 

in Days of original Kf Na?' K'r & Nat_ 
Original 0 100 103 12.2 115 b100d 

1 6 103 69.6 52.8 122 
12 119 56.0 93.1 149 

2 6 102 68.2 51.8 120 
12 107 56.2 69.2 125 

3 6 99 64.9 48.6 113 
12 103 56.2 65.0 121 

4 6 110 58.2 33.6 92 
12 109 39.3 43.2 82 

5. 6 106 74.0 40.0 114 
12 109 61.8 53.8 116 

6 6 III 86.1 25.2 III 
12 115 73.6 40.2 114 

7 6 89 41.2 51.2 98 
12 93 35.3 68.0 103 

* See text for description of preservatives used. 
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It should be noted that unlike the procedure followed by 

the majority of investigators in following the changes in electrolyte 

content of the red cells by periodi c 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 neceasity, 

therefore, to make corrections for the dilution of the sample with 

the preservative solutions. Thua, 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 during storage, although the entr,y of sodium apparently is 

delayed. The increase in the total ceil base ia somewhat diminished 

and the degree of swelling is decreased. A lowered pH of the pre­

servative medium delayed both the egress of potassium and the ingress 

of sodium. It is noteworthy that in the acidified medium the total 

base content of the cells remaina unchanged, but deapite this, the 

cella undergo a progressive swelling during atorage. The relatively 

lower pH of solution No. 6 ia more effective than the standard acidified 

solution of Loutit et al. (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 lowpotassium content is evident in the 

case of the 11:>us-Turner and the Wilbrandt solutions. The increase 

in the sodium content of the cella is relatively small in the solutions 

becauae the diluants 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 doea not neceasarily 

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 thera is l1ttle correspondence between the magnitude 

of these changes and cell "viablli ty" as me asured by the capaci ty 

«1If the preserved cells to survive in the circulation after transfusion. 

touti t, Molllson 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 plasma. By adding ci tric acid to the anti­

coagulant solution, the pH of the blood mixture .... as reduced to 7.1$. 

In a neutral anticoagulant the pH of the blood mixture ia about 7.4. 

This sl1ght 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 XIII illustratee the changes in the plasma potassium concen­

tration in the .three following blood mixturesl 

1. Medical Research Council solution (Harington and Miles,l939), 

as described above. 

2. Rous and Turner solution (1916) as described above. 

3. Acid-citrate-dextrose solution (LPutit et &1,1943), as 

described above. 
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TABLE XIIl. 

The effect of different preservatives on the 109s of xf from 

stored erythrocytes (Loutit et al. 1943)* 

Duration Plasma xf (mg./1OO ml.) in 3 different media* 
of Storage 
1n Daye 1 (MRC) 2 (R-T) 3 (ACD) 

0 14, 18 15 

1 98 96 16 

14 121 131 96 

21 146 149 121 

28 150 151 141 

* Sea text for description of preservatives used. 

One might suppose that if the natural 1evels of sodium 

and potassium in the b100d could be maintained during storage, 

or the degree of di9turbance be kept to a low degree, the survi val 

of the erythrocytes alter transfusion might be extended. The 

experimental evidence doea not support this hypothesis, for although 

the rate of loss of potassium from the rad cells in the acidified 

solutions has been reduced, the tact remains that the preservation 

of ce1l v1ability also is very satisfactory in highly diluted 

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

which faVOlr a relatively rapid escape of potassium from the 

er,ythrocytes. 



Rapoport (1941a) 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 

te raise the level te 600 mg. per 100 ml., and a citrate-glucose 

mixture acidified with citric acid according to the method of 

Loutit and Mo11ison. In the first mentioned specimen, 10 ml. of 

3.2% sodium citrate solution were mixed with 100 ml. of blood. 

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 1.33 gm of sodium 

ci trate, 0.!t.1 gm of ci tric acid and 3.0 gm. of glucose per 100 ml., 

plus 100 ml. of blood. 

The results recorded with respect te the diffusion ot 

potassium are typical; the concentration in the plasma increases 

rapidly initially, then the rate gradually diminishes until 

diffusion equilibrium is reached. In the simple citrated blood 

the hal.fway value towaros equilibrium (about 18 mg. per 100 ml.-

20 m. eq. per liter) is reached in about 8 days. Complete equili­

brium, that 18, when extracel1u1ar and intrace1lular potassium 

concentrations are equal, is reached in about 30 days, when the 

plasma potassium level reaches 1$6 mg. per 100 ml. (40 m.eq. per 

liter). In contrast, halt 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 40 days in the former mixture and in about 

60 days in the latter. 
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The increase in the plasma potassium concentration 

during storage reflects the progressive decrease in the 

concentration in the red cella, 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 iUusory 

impression that the presence of glucose in the preservative solu­

tion del~vs the loss of potassium from the er,ythrocytes. 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-aon­

taining medium accelerates the rate of escape of potassium. The 

ratarding effect of the lower pH of the acidified medium, on the 

other hand, is a raal one, although i t ia not as marked as it 

would appear from the uncorrected plasma values. 

The shift of sodium from the plasma to the ceUs appears 

to be reciprocal to that of the potassium from the cella into the 

plasma in all the preservative mixtures investigated by Rapoport. 

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 (1947b) 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. 1944), the ACD solution (Loutit et al. 1943), De Gow1n's 
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solution (1939) and Alseverts solution (1941). 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 5.4% glucose solution, per 10 parts of blood. The ACD solution 

consisted of 25 ml. of a solution containing 1.33 gm. of sodium 

citrate, 0.47 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 5.4% glucose per 10 parts 

of blood. Alsever's mixture as modified and prepared by the 

Baxter Laboratorles and used in Rapoportts study, contained 0.80 

gm. of sodium citrate, 0.0075 gm. of citric acid, 0.h2 gm. of 

sodium chloride and 2.05 gm. of glucose per 100 ml., and mixed 

with an equal volume of blood. 

The rate of 1088 of potassium from the er.ythrocytes 

during storage was lowest in the ACD solution, althougb this is 

not apparent from the plasma potassium values, due to differences 

in the dilution of the plasma wi th the variou8 preservatives. The 

relat1vely small degree of dilution in the case of the ACD solution 

would, in 1tself, favour the retention of potassium by the 

erythrocytes. The two-fold dilution of the plasma in Denstedtts 

mixture favours a relatively greater rate of 108s of potassium, 

while the four-fold dilution of the plasma with De Gowin's mixture, 

which i8 10" in electrolyte, favours a rapid 108s of potassium 

during storage. Blood preserved in Alsever's solution, at 40 C., 
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apparently behaves as in the neutral solutions wi th regard to 

potassium 108s from the red cells. 

Rapoport aIso studied the exchange of potassium in 

blood stored with Alsever's solution at 250 C., in an endeavour 

to test the claim that satisfactor,y blood preservation could be 

achieved with this solution wi thout the lùse of refrigeration. 

The rate of escape of potassium from the red cells was precipitous, 

the concentration in the cells reaching equilibrium wi th that in 

the plasma within ten days. The effect of storage at 250 C. on the 

functional etate of the cells waa, to quote Rapoport, "catastrophic". 

Parpart and co-workers (1947b) made a careful study of the 

effect of tempe rature, pH and glucose concentration on the rate of 

potassium diffusion from the erythrocytes. The influence of temper-

ature on the lOBS of potassium is indicated in Table XlV. These 

data lfere obtained with a preserved sample containing nine parts 

of blood, one part of 3.25% sodium citrate solution and two parts 

of 5.4% 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 tempe ratures indicated. 

TABLE XlV 
The effect of temperature on the loss of ri- from stored erythrocytes 

Parpart et al., (1947b) 

Duration Percent of Kf lost from the erythrocyte 
of storage stored at various temperatures 
in D~s 

00 40 100 120 180 

15 65 50 40 35 30 

36 90 60 50 65 -
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It is significant that the magnitude of the potassium 

1088 atter 15 days of storage was greater the 10wer the temperature 

of storage. However, for a storage period of 36 days 100 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 10ss of 

potassium from the erythrocytes, Parpart used phosphate butfers to 

main tain a constant hydrogen ion concentration. Table XV has been 

compiled to illustrate this effect. 

TABLE XV 

The effect of pH on the losa of FI- from stored erythrocytes. 

Duration Percent of }(t" lost from the erythrocytes 
of Storage stored at various pHs 
in Daye 

5.7 6.1 6.5 6.7 7.0 7.5 -
7 68 38 21 0-5 5 20 

14 80 55 35 25 25 80 

28 100 95 70 65 80 -
These data indicate that the rate of 108s of potassium from 

preserved erythrocytes ia minimal in specimens of pH 6.7 -7.0, and 

that the rate of 10S6 i8 increased at higher or lower pH than these 

limits. 

In addition to the above experiments with phosphate buffera, 

Parpart also teated the effect of other butfers on the retention of 

potassium by the red cella during storage. It appears that phosphate 

ioœexert a specifically beneficial effect on potassium retention, 
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qui te apart from its participation in the butfer activity. 

Parpart found that a glycyl-glycine buffer also was exceptionally 

effective in stabilizing the preserved erythrocytes. A maleic 

acid butfer, and to a lesser degree, a maleic-succinate buifer 

was detrimental to the preservation of the er,ythrocytes, 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 affect of added glucose in the preser­

vative mixture on the retention of potassium by the rad blood cella 

during storage is slight. This action is most pronounced with a 

glucose concentration of $00 mg. per 100 ml.;higher concentrations 

up to 6000 mg. 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. 



c. Glycolys1s and Phosphorolysis in Stored Blood. 

The process by which glucose or glycogen is converted 

to lactic acid 1s commonly referred to as "glycolysis", involving 

an integrated series of enzyme catalyzed reactions. The enzymatic 

process in the erythrocytes is close1y similar to, if not identical 

with that in muscle, as fonnulated by Meyerhof, Embden, Parnas and 

others. The nature of the glyco1ytic process in blood has been 

extensively reviewed by several authors (Guest,1932; Guest and 

Rapoport,1941; Andreae,1946; Woodford,1948; Kwiencinska,1948). 

That the glycolytic activity in blood is confined exclu­

sively to the formed elements has been amply demonstrated (Rona 

and Doblin,1911; MacLeod,1913; Maize1s,1941; etc.) 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. The glycolytic 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 

b100d per hour at 370 c. (MacLeod,1913; Schmitz and Glover, 1927; 

Guest,1932; Bose and De,1942). 

The present day view of the course of glycolysis and of 

the intermediates involved in the process in muscle has been recently 

reviewed by the author (1952). Glycolysis in b100d proceeds in much 

the sarne manner as in muscle. In the erythrocyte glucose is the 

primar,y substrate since glycogen is present only in traces. To be 

utilized, glucose must first be phosphor,ylated at the expense of a 



high-energy phosphate bond of adenosine triphosphate (ATP). 

This is effected by the enzyme hexokinase and the glucose-6-

phosphate thus formed is isomerized to fru~tose-6-phosphate, 

which is phosphorylated again at the expense of ATP to give 

fructo furanose -1,6-diphosphate. So:fàr 23,000 calories have 

been 10st by the breakdown of two molecules of ATP, whi1e the 

two energy-poor phosphate bonds of fructose diphosphate amount 

to a gain of 4,000 calories (Meyerhof and Green,1949). The net 

1055 to the system is therefore about 19,000 calories. These 

ini tial "priming" reactions, resu1ting in a gain of free energy, 

seem to be essential for the energy of the hexose mo1ecu1e to 

become bio10gically avai1ab1e. 

C1eavage of fructose diphosphate gives two mo1ecules 

of "'triose phosphate", an equilibrium mixture of dihyd1.'Oxyacetone 

phosphate (95%) and 3-phospho-glyceraldehyie (5%), fo11owed by a 

simultaneous phosphorylation and dehydrogenation of the latter in 

the presence of diphosphopyridine nuc1eotide (DPN) catalyzed by 

the enzyme 3-phosphoglyceraldehyde dehydrogenase. The mechanism 

of this unique reaction was clarified by Meyerhof and Junowicz­

Kocholaty (1943). The 3-phosphato-g1ycero1 phosphate thus formed 

contains a bond of even higher energy than those in ATP, and in 

the presence of a specifie phosphokinase (Bucher,1941) transfers 

this to ADP, forming 3-phosphoglyceric acid and ATP. The 3-

phosphog1yceric acid isomerizes, wth 2,3 - diphosphog1yceric 

aeid functioning as the co-enzyme of the mutase (Cori et al. 

1949), to give 2-phosphog1~ric acid. This compound i8 dehydrated 
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by enolase with a decrease in free energy of only about 600 calories 

(Meyerhof and Oesper,1949), giving rise ta 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 forme 

It is thus apparent that during the oxidation of one 

molecule of glucose to two molecules oi' p;yr~ acid, the energy 

of two 11,500 calorie bonds has been used up, while four 16,000 

calorie bonds have been generated. 

four 11,500 calorie bonds in ATP. 

These appear eventually as 

Howe·,rer, the greater part (about 

80%) of the energy of the glucose molecule is still present in 

the two molecules of pyruvate. 

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 respiratary system, 

the pytruir:ic acid is reduced to lactic acid by the DPN. H2 formed 

during the oxidation of 3-phosphoglyceraldehyde. 

Several of the phosphor.rlated intermediates and co-

enzymes of glycolysis are present in more than trace or cat~ic 

amounts in the erythrocytes. These compounds are generally designated 

together as the "organic acid-soluble phosphorus compounds "( OASP), 

and their amounts are referred ta by their phosphorus content. 

Guest and Rapoport (1938) divide these compounds into three main 
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cl~qses 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 ce11s) and (3) diphosphoglyceric acid 'phosphorus 

(25-30 mg. P. per 100 ml. of red cells). 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 hwnan blood cells contain 

a re1atively large amount of an acid-stab1e diphosphogl~ric acid. 

He identified this as being the 2~3 isomer, which Cori and associates 

(1949) 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 acids. 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 acidàb11e 1,3- d1phospho 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 react10n 1s essentially irreversible 

because of the considerable decrease in the free energy associated 

ri th the transfer of the phosphate group from the carboxyl to the 

secondar,y alcohol group. 

That the 2,3-isomer of diphosphoglyceric acid canœ 

metabolized in blood, however, has been well established. Instead 
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of phosphory1ating a lOOle of adeny1ic acld as does 1,3-

diphosphog1yceric acid, inorganic phosphate is 1iberated 

yie1ding the 2-or3-phosphog1y:Bric acid. The actual mechéWis;m 

of this reaction ls not yet understood. The phosphog1yceric acid 

i8 metabo1ized normal1y, eventua11y yie1ding p~uv.ic acid and 

providing a phosphate for the phosphory1ation of ADP to ATP in 

the process. Since the large amount of 2,3-diphosphog1ycerate 

in the erythrocyte is already in the oxid~zed state, it cannot 

reduce DPN during its enzymatic breakdown, and consequent1y the 

pyruvfu ~cid derived from it does not undergo reduction te 1actic 

acid. 

The rate of utilization of glucose in b100d at body 

tempe rature becomes slower when the pH is lowered, and acce1erated 

when the pH is raised above the physio1ogical 1eve1 (Mart1and et 

al., 1924,1925; Roche and Roche,1927; Warmser et al, 1942). Ouest 

and Rapoport (1941) have attributed this phenomen to the effect 

of pH on the rate of phosphory1ation of glucose. 

During normal glyco1ysis the rate of entry of glucose 

inta the scheme balances the rate of breakdown of the phosphorylated 

intermediates, and the inorganic phosphate remains at a constant 

low 1eve1. If the entry of glucose is in any w~ retarded, and 

the phosphate esters continue ta be metabo1ized normally, the 

amount of organic acid-soluble P compounds will be decreased, 
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and inorganic P increased (Rapoport and Guest,1939a 1939b). 

Similarly if the rate of phosphor.ylation 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,191l; 

tawaczeck,1924; Martland et al., 1924; Hona and Iwasaki,1927; 

Engelhart and Braunstein,1928; Roche and Roche,1929, etc.) 

This phenomenon can oceur not only at body temperature, but 

as Disehe (1946) has shown, fructose diphosphate and triose 

phosphate can accumulate in citrated human blood when kept 

at 40 c. for 24 hours. Incubation of the blood subsequently 

at 400 c. results in the complete breakdown of these inter­

Mediates to lactie and pyrurlc acid. 

Most of the fundamental investigational work on the 

interrelationships between the metabolism of glucose, the 

phosphate esters and inorganie phosphate durlng the cold-storage 

of human blood has been done in the Department of Bioehemistry, 

MeGill University, under the supervision of Dr. O. F. Denstedt 

(Andreae, 1946; Wood~ord,1948; Kwiecinska,1948). 

Although the rate of glycolysis becomes progressively 

slower with decrease ln the temperature (Tolstol,1924; Bose and 

De,1942), the overall operation of the system at 40 C. 18 

practically identical with that at 3?û C. ( Kwieeinska,1948). 

From a perusal of the available data 1 t appears that the rate 
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of glucose disappearance and 1actic acid formation 1s 15-25 

times greater at 310 c. than at 40 c. When the 8upply of 

glucose becomes dep1eted, lactic acid production practically 

ceases, while pyruvic acid accumulates rapidly as the phos­

phor,ylated esters, consisting mainly of diphosphog1yceric acid, 

continue to be metabolized. This observation is in accord with 

the earlier findings of Guest (1932) that the organic acid-so1ub1e 

phosphate esters in the red ce11s remain unaltered for 10-20 hours 

when b100d is incubated at 310 C. At this time the supp1y ot 

glucose usually is exhausted, and a sharp increase ocours in the 

inorganic phosphate content of the b100d. G1yco1ysis can be 

maintained for a longer time by adding glucose to the b100d and 

thus affording a continued production of the intermediate phosphate 

esters at 310 C., and at lower temperatures (Maize1s,1941; Andreae, 

1946). 

Several investigators have determined the rate and extent 

of glycolysis during the cold-storage of citrated who1e blood 

(De Gowin et al.,1939; Bick,1939; Belk et al, 1939; Gwynn and 

Alsever,1939; RPsenthal et al,1941; Denstedt et al., 1941). 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 



reè~cing substnnces has misled sorne investigators into believing 

that clucose is present. Enfen after two or three weeks of storage 

in the cold. 

Concllrrently with tl1.e disappearance of ~l'.lcose 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 a slight decrease in inorgar.ic phosphate, 

indicating that the rate of phosphorylation exceeds that of de­

phos phorylati on, or, in other words, the rate of formation of the 

phosphate esters exceeds the ra.te of their breakdovm. The rapid 

accumulatiop of inorganic phosphate that occurs after the sugar 

has Deen depleted signifies the continued breakdown of the phos­

p~orylated intermediates. 

The a~dition of glucose to the preserved blood sample 

results in the r.1a:i.ntenance of the glycolytic actiivity for a 

long9r period and the retard~ng of the breakdown of the fhosphate 

esters. The blycolytic activity, which is (l'lite pronounced in 

the initial period of storar;e, dirninishes progressively, ~nd 

eventually fails 9bo,~t the fifth weel-::, des pite the ;Jresence of 

and ample supply of glucose (De Gm'lÏn et al., 1939: Bick, 1939;etc). 

V,'hile the ci1ycolytic activity renains relatively active, the 

concentration of the org2.nic acid-.."loluble P comr-ounds remains 

fairly constant, and the increase ir. inorganic P is relatively 



slight. However, during the second week of storage the diminishing 

rate of phosphor,ylation of glucose fails to balance the rate of 

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 ta rise in preserved blood during 

the second week of storage (Andreae,1946). 

While it has long been known that acidification of blood 

decrease!f the rate of glycolysis in the erythrocytes at higher 

temp e ratures , there has been some difference of opinion among 

certain authorit1es regarding the effect of lowering the pH 

on the glycolytic activity of preserved blood du ring cold-storage. 

Maizels and Whittaker (1940) acidified cltrated blood with 

dilute hydrochloric acid and noted an apparently improved pre­

servation. NO glucose was added to the blood smaple, but at the 

end of one month of storage at 40 c. the glucose content of the 

sample was determlned. 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 "sugarlt content of the acidified, the neutrù and .the 
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slightly alkaline blood specimens was about the sarne. They 

failed ta 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. 

Loutit, Mollison and Young (1943) studied the 

glycolytic activi ty of blood preserved in various media 

inc1uding the Medical Research Counci1 (Amc) 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 both the 

plasma and the cells was determined. Some of their resul ts 

are tabulated in Table XVI. 

TABLE XV!. 

The disappearance of glucose from b100d over a period of 28 

daye at 40 c. (Loutit, et al 1943). 

Glucose in mg./100 ml. in 3 preservative media~ 

MRC R-T ACD 

Plasma Cella Plasma Celle Plasma Cells 

Initial ' 700-74c 54o-56C 2850 2280 700 550 Concentratiol 

Net Decrease 80- 9C 140 110 160 60-110 150 
in 28 days 

* See text for description of preservative used. 



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.C. and Rous-Turner 

blood mixtures than in the ACD mixture. While the decrease in 

glucose in terms of concentration was practically the sarne in aIl 

the mixtures, the absolute amount of glucose metabolized 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 cella 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-

lrtic capacity. Two facts are noteworthy from these results, 

however. 

1) Added glucose ia partitioned equally between the cellular 

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

100 w~. The ratio of cellular to plasmawater in human blood 

is 70% , or 0.75, which closely approximates the ratio of the 
93% 

cellular to the plasma glucose concentrations. 

2) The rate of dlsappearance of glucose from the cel18 exceeds 

that in the plasma. This could easily be an apparent 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 



glucose concentration of the cells might also arise from a 

decrease in the amount of non-fermentable reducing substances 

which are confined wi thin the cells. From a theoretical point 

of view, i t i8 also qui te 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 i t 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 

3û days, when the process ceased, whereas with acidified pre­

servative media the process continuee! for 50 days. These ob­

servations that acidification lowers the rate, but not the overall 

extent of glycolysis in blood at 40 C. have been confinned by the 

McGill group, and are analagous to the findings of Martland 

concerning the glycolytic behaviour of blood at 370 c. Similarly, 

as Guest and Rapoport (1941) pointed out, acidification of the 

blood inhibits the phosphorylation of glucose at 310 C.,it ia 

reasonable ta suppose that it does 50 at 40 c. as welle 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 

thebeginning of storage of acidified blood (Maizels,1943; 

Loutit et al.,1943). 

Maizels (1943), Rapoport (1947a,b,d) and the McGill 

Group have studed the behaviour of the "easily hydrolyzable" 

phosphorus compounds in the blood during storage in the oold. 

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 phosphor,ylation 

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 fram citrated blood in the 

cold, it is preserved for 25-30 days when glucose has been added, 

and for 45-50 d~s 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. However, since the phosphor,ylation of glucose 

by ATP ia retarded by a lowering of the pH of the blood, it 1s 

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 tewards determining the rate and extent of glycolysis 

in blood during storage in the cold, comparatively little 

attention has been paid'te the glycolytic power of preserved 

erythrocytes returned to body temperature. In an effort te 

evaluate the overall metabolic condition of preserved erythro-

cytes, Rapoport (l947a,b,d) tested the glycolytic power of the 

blood by incubating a sample for 90 minutes at 370 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 XVII, in which the values represent milligrams of 

glucose utilized by 100 ml. of erythrocytes per hour at 370 C. 

TABLE XVll 

The glycolysis rate at 310 c. of bloods stored in three preser­
vative solutions at 40 c. 

Duration Glucose utilized in mg./lOO ml. cells/hour 
of Storage 
in Days Citrate"'" Citrate- Acid Citrate 

dex;trose dextrose 
l 50 40 18 

5 25 30 18 

1 15 18 

10 5 20 18 

15 0 10 18 

20 5 18 

25 0 18 

30 10 

45 0 
. * Glucose added ~ed1ately before incuhAtAon . 



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 adequate substrate immediately beIore 

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 affect of acidification 

on the maintenance of the glycolytic capacity i8 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 i8 evident during the first 

month of cold-storage. Howevar, the "scatter" of the data is so 

great that interpretations based on the Mean values May he mis­

leading. Thus it would appear that sorne specimens were comparable 

with fresh blood in glycolytic capacity after 30 days of storage, 

while others had lost this faculty completely. 

There is a stri~ing degree of correlation between the 

glycolytic capacity of stored blood and its ATP content. Also, 

there i8 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 welle It is evident then, that the general 

metabolic statua of the cells affords a truer index of their 

preservation and viabili ty 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 l'fere carried out not so 

much from an interest in the glycolytic mechanism, as in the 

changes in the electrolyte and osmAtic equilibrium of the red cella 

during storage. Maizels and Whittaker (1940a) followed the changea 

in the inorganic P and the organ1c acid-soluble P content of the 

plasma and the cells of blood stored in the cOld, and after in­

cubation of the preserved specimens for 90 minutes at 37~ c. 

The preservation medium used l'fas that of Harington and Miles (1939), 

which is a hypertonie solution of sodium citrate and sodimn chloride, 

mixed wi th two volumes of blood" 

The changes in the content of the inorganic 

phosphorus and organic acid-soluble phoaphorus fraction (OASP) during 
o 

storage and after 90 minutes incubation at 37 C. are shown in Table 

XIX. 
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TABLE XVI~ 

lnorganic and organic phosphorus changes in b100d during co1d­
o storage and after 90 minutes at 37 c. 

puration Inorganic P OAS)l pf Storage mg./100 ml. mg. 00 m. 
ln Days 

Plasma Cells Cells 

1 2.2 1.5 54.9 
1 .;. :'~ 3.1 5.3 48.0 

6 2.8 3.1 50.1 
6 .;. l 4.1 6.9 43.1 

7 2.4 8.6 39.4 
7 .;. l 5.0 10.6 32.6 

15 ! 3.3 29.7 12.8 

15 .;. l 7.2 20.0 13.0 

21 4.5 33.6 6.9 
21 .;. l 8.6 24.6 6.8 

26 9.4 32.9 6.1 
26 .;. I 13.2 26.9 4.2 

* I- 90 minutes incubation at 370 C. 

It can be seen from the above table that during two weeks 

of storage the inorganic P of the plasma increased but slight1y, 

whi1e that of the red cells increased twenty-fo1d due to the 

precipitous liberation of inorganic P from the phosphate esters 

between the 6th to the 15th d~ of storage. The ratio of the 

inorganic P in the cella to that in the plasma at the l5th d~ 

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 te that in the plasma, that is, 

the "phosphate gradient" is of the order of more than 10:1. 

Incubation of the blood had a dual effect with 

regard to the content of inorganic P in the er,ythrocytes. 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 altlost impermeable 

to phosphate ions, becomes much more permeable te this ion at 

370 C., and on incubation at this temperature the inorganic 

phosphate which had accumulated in the cella during storage in 

the cold is rapidly released into the plasma. This i8 in accord 

with the earlier findings of Maizels (1932) and Halpern (1936) 

who showed that at 20 c. the diffusion of inorganic P through 

the erythrocyte membrane i8 extremely slow, at 200 c. the rate 

is increased by 60%, and at 300 c. the rate ia 2t times as rapid 

as at 200 c. 

In the freaher blood specimens (less than one week old), 

the release of phosphate from the organic compounds predominates 

du ring incubation and the cellular inorganic P increasefl.. After 

prolonged storage, incubation while favouring a rapid breakdown 

of the organic phosphates, causes an even more rapid release of 

inorganic phosphate into the plasma, the net effect being to 

reduce the steep concentration gradient of inorganic phosphate 

that had arisen during cold-storage. 



Aylward and bis colleagues (1940a) studied the 

alterations in the phosphate fractions in blood during storage 

in various preservative media. Their results agree in general 

with earlier findings of Maizels as referred te above, except 

that they observed that the inorganic P usually underwent a 

decrease in concentration during the first d~ 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 te the utilization of phosphate in the synthesis of more 

of the organic acid-soluble P fraction in the er.ythrocytes. The 

amount of organic acid-soluble phosphate always varied inversely 

with that of the inorganic phosphorus fraction. Within the first 

day of storage the organic acid-solub1e P increased from an initial 

value of 36 mg. P per 100 ml. to 39 mg. P per 100 ml., while the 

inorganic P content fell from 4 mg. P per 100 ml to 2 mg. P per 

100 ml. When the organic acid-soluble P content of the cells 

had decreased during sterage te a level of 4 mg. per 100 ml., the 

concentration of inorganic P had risen to 30 mg. per 100 ml. 

Whi1e 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 

lfith glucose. 
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In another series of experiments, Aylward, Mainwaring 

and Wilkinson (1940b) 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 cel18, sinee 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

storage. It ia not apparent from the data whether heparin favours 

a more rapid hydrolysis of the organic phosphates in the cells, 

or facilitates the escape of inorganie phosphate by altering the 

membrane permeability or whether it facilitates both these 

processes. 

Maizels (1941) 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 2t times greater in blood 

to which no glucose had been added than in blood which the glucose 



concentration had been increased by 100 mg. per 100 ml. This 

difference in the rat.e of hydrolysis of the organic phaspha te 

cannat. be attr~~uted to any difference in the pH of the two 

specimens, since this difference was too small ( pH 7.08 

comp2.red to pH 6.95) ta produce a significant effect (Eartland 

et al., 1924). !:aizels attributed the effect of glucose in 

preserving the phosphate esters to the inhibition of the 

phospha tases of the blood. If the. dephosphor~Tla tion of these 

esters is bro11ght ahou.t 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 v.'eeks. Also, one would 

expect the products of diphospho~lyceric acid bre?kdown to be 

elyceric acid and inor~anic phosphate, instead of the pyruvic 

acid and inorganic phosph~te as found by Andreae (1946). 

Haizels postula ted further that another way in wpich 

6luc03e aids in the preservation of Atored erythrocytas is by 

'!:'eing absorbed opto the cell surface, and enabling the membrane 

to st.retct and Rllow the cells to swell. He and 1,'fhi ttaker 

(19403.;1940b) shovred that th8 criticé:.l burst:'nt; volume, or the 

vol~me when the membrane ruptures, can te increased by 20% in 

the presence of gll.!cose. On placing the cells in a series of 

saline flohttions of grarled cO:ècentra tions he found that t,he 

maximu;;J. degree of: s ....... elling that the cells coulo attain heforc 

b1Jrstin~ "Vas 164% of their original volmne. On the addition of 

1% glucose to the hypotonie saline sohtion, the c"}lls were capable 
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of swelling ta 184% of their original volume before rupture 

occurred. 

The claim that glucose helps maintain the relative 

impermeability of the er,ythrocyte membrane to cations has not 

been well substantiated. The results of most 190rkers indicate 

that the ad di tion of glucose has no influence on the rat e 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 IlOt due to any influence on thepenneabili ty of the cell 

membrane, but is due ta 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.(1943) have shown that 

acidification in excess of that in the usual ACD solution, does 

accelerate the diffusion of inorganic phosphate from the cells. 



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 tœ 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 cel18. 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 nms t have und erg one 

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 cella containing l42 mg. of sodium per 100 ml. (62 m. eq. 

per liter) were transfused into a recipient with a presumab~ 

normal plasma sodium content of 300-350 mg. per 100 ml. (130-150 

m. eq. per liter). The infused cell3 were "reconditioned" to 

auch an extent that their sodium content was decreased to 33 mg. 

per 100 ml. (14 m. eq. per liter), imp~ing the expulsion of 

109 mg. of sodium per 100 ml. (48 m. eq. per liter) from the cella. 

~~ile recognizing 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 per.form 

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

the erythrocytes may possib~ be "reconditioned" in the spleen. 

Maizels (1943) has further shown that the IIreconditioning", 

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 - 0 blood was stored for one week, during 

which time the cella lost a considerable amount of potassium and 

gained a similar amount of sodium !rem the plasma. The preserved 

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

of blood were withdrawn thereafter at intervala 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 IIX, 

Table .:xIX 

The cation content of stored erythrocytes before and 
after transfusion. 

Time of ana~sis Erythrocyte cation in m. eq.jliter 

Kf Naf 

Befere transfusion 47 55 
1 hour after 44 60 

24 heurs after 76 34 

~ hours after 82 26 
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These ana~ses indicate that the e1ectro~te 

composition of the transfused red ce11s temed to be restored 

to normal, the cells having regained 35 m. eq. of potassium 

per liter, and having expel1ed 30 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 144 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) demoIl3 trated that the 

normal distribution of potassium and sodium between the red cells 

and the plasma is maintained by the metabo1ic activity of the 

cells. Thus, when the metabolic activi ty was marked~ decreased, 

as when the cella are kept in the co1d, the control over the 

distribution of potassium and s-odium is diminished and these ions 

tend ta diffuse along the concentration gradients. When the meta­

bo1ic activity was partially restored by returning the b100d cells 

to 250 c. or 370 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 1 experiments afford in vitro con­

firmation of the findings of Maizels and :Faterson (1940) and 

Maize1s (1943), am proves that the "recondi tioning" of preserved 

erythrocytes is brooght about by the ce1ls themse1ves through 

their metabo1ic activity. 
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The metabolism of glucose was found to be essential 

for the expulsion of sodium and the recovery of potassium b,y 

the previously cold-atored erythrocytes, but Harris believed 

that glycolysis per se was probab~ not the fundamental process 

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 g~co~sis causes the 

erythrocytes to lose the ability to retain potassium and to 

exclude sodium. 

Danowski (1941) alBo showed that the erythrocytes can 

maintain their potassium content when incubated at 370 C., and 

that they continue to do 50 as long as the normal glyco~tic 

activity i8 maintained. With :fresh~ drawn blood glycolysis con­

tinues for about :rive hours, when the natural glucose content 

becomes depleted, but the activity may be prolonged further b.Y 

the addition of glucose. 

~~izels (1948; 1949a; 1949b; 1951), Flynn and Maizels 

(1949) and Fonder (1950) have extended the investigations of 

Harris on the recovery of potassium and the expulsion of sodium 

by erythrocytes whose cation compositio~ had been altered 

during storage in the cold. These authorB 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 mechaniam which requires 

energy for it'a operation. The optimum pH for this mete,bolical~ 

activated transfer of cations is about 7.5, although the process 

doea oceur, but at a diminished rate, over a wider pH range of 

from about ~H 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 diseussed more ful~ in a discussion of the 

writer's results. 



Methods 

A. Collection of the Blood: 

AlI the donors were healthy students, 20 to 30 years of 

age. The blood was withdrawn from the median basilic vein through 

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 w1th each experiment. 

In the majority of the storage studies the blood was 

dispensed immediate~ after withdrawal into Wasserman tubes, stoppered 

and sealed with paraffin wax. In others, the blood was dispensed 

into sma11 Erlenmeyer flasks, stoppered and covered with gauze pads 

held in place with rubber bands. A few specimens of blood were 

stared in bulk lots of 200-400 ~l., and a1iquots were removed as 

required for analysis or further manipulations. In instances where 

only a small amount of b100d was required, the specimen was drawn 

from the vain into a dry syringe and transferred to a vessel 

containing an anticoagulant. 

The strictest aseptic precautions were observed throughout 

a1l manipulations. 

E. Storage of the Blood: 

The blood specimens were stored in an e1ectric refrigerator 

a t 50 c. (~ 10 C.). 

The specimens were mixed dai~ in order to resuspend the 

cella. In the cases where the blood was in 8118.11 tubes, the mixing 

was effected by inverting the tubes several times, while this was 

accomp1ished by gentle swirling of the blood in the flasks. 



c. Incubation of the Blood: 

The blood specimens for incubation were removed !rom 

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 lerg,hs of time, in aU cases at 370 G. 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 mininnlm. The usual rate of rocking was 15-20 

excursions per minute through an arc of 1800 for the sealed 

tubes, and through an arc of 900 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. 

Each tube, or flask, upon removal from the bath was 

opened and aliquots for whole blood determinations were removed 

immediate~. The remaining blood was centrifuged within a few 

minutes, the plasma removed, recentrifuged and kept for further 

analys e:j • 

In the cases where the blood was stored in bulk, ali­

quota were placed in small tubes immediate~ before incubation 

and subsequently handled as described above. AIl such transfers 

were made as aseptically as possible. 

D. Isotonie Solutions: 

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

the same osmotie pressure as blood serum. The writer, reinvesti-

gated this by the freezing-point depression method, using the 

Beckmann thermometcr. Blood serum freezes at -0.565° c. 80 the 

isotonie or isosmotic freezing point depression is 0.5650 c. 
The concentra t ions of sone of the solutes investigated 

that produce the same freezing point depression in aqueous solu-

tions are as follows: 

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

rrrisodium citrate (Na3 CgI5073H20 ) 3.12 gIr... per 100 ml. solution 

Sodium oxalate (Na2C2()4) 1.58 gm. per 100 crI. solution 

Potassium oxalate (K2~OhH20) 2.22 gm. per 100 ml. solution 

potassium oxalate (K2C2~) 2.00 cim• per 100 ml. solution 

Glucose 5.15 gm. per 100 ml. solution 

The blood W2S usually mixed "vi th is otonie solutions of 

the anticoagulants as determined above. It should be pointed out, 

however, that sueh solutions are only:is oSlTlotic to the erythrocytes 

if they do not permeatc the red cell nembrane. In the cese of oxalate 

ions and glucose this if! not S 0, sinee wese distribute themselves 

rapidly on either side of the membrane and are therefore o8motically 

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. potas sium: 

potassiumwas deterrained by the cobaltinitrite method 

(Bren and Gaebler, 1930; Zwemer and Truzkowski, 1937) as modified 

by Dr. A. Neufeld am furnished to the writer by Dr. O.F. Denstedt. 

The potassiuffi-Gilver-cobaltinitri te precipitate is l'ormed during 

3 0 minutes a t 200 c. (t 10 C.). After four was hings wi th a mixture 

of peroxide-free diethyl ether and ethyl alcohol, the precipitate 

is dissolved in dilute acid. Ammonium thiocyana~e is then used to 

develop a 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 found to be reproducible under standardized 

conditions. Individual potassium determinations were done in dupli­

cate and if these did not fall within t 2% of each other the 

determination was repeated in duplicate. 

AlI the potass ium analyses were done in "sets" of from 

four ta 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 far varying lengths of time, making 

sixteen specimens in aIl. Using an eight-place centrifuge, the 

potassium can be determined in four of the specimens in duplicate 
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::Jé'!dng one "set". Thus, the potas~ium detern:inatioDs i'or each 

day are made in one "set", rnaking four "sAts" in aIl. A fifth 

"set" of potassium determinations is then made on a representative 

of each of the previous four "sets". This R.re cau tion has e limina ted 

i~stances of otherwise undetected errors very efficiently. This 

concept of cross -checking has been adopted for aIl the analytical 

procedures where it was deemed necessary. 

2. Sodium 

Sodium was deterrrU.ned 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 because they 

were on the whole too time consuming, in yiew of the number of 

determinations anticipated. The practicable modification of 

Fowweather é'nd Anderson (19h8) was employed in sorne of the pre-

liminary studies. l}jhile this '"'lethod is qui te satisfactory for 

clinical purposes, for which it was designed, it was found to be 

not sufficiently sensitive, and was abandoned. 

The procedure finally adopted was the colorimetrie 

modification of Stone and Goldzieher (1949). The sodium..JZinc­

uranyl acetate salt j_s formed during twenty minutes at 20° c. 

ct la C.). After washing the precipitate a caler i5 developed 

in the presence of ammonium carbonate and hydrogen perOXide. 

The method is baseS on the Rosenheim-Daehr reaction in which 



the uranyl ion, in strong~ 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 r eproducible wi thin t 2% when the proper precautions were 

observed. 

3. Magnes ium 

A method for the determination of magnesium that 

was both practical and nad promise of reliability was the Titan 

yellow method of Hirschrelder and SerIes (1934), emplqying a 

visual colorimeter. The writer undertook to modif,y this pro-

cedure in order to obtain a color readablein the Eve~n photo-

electric colorimeter. 

The principle of the determination lies in the ability 

of magnesium hydroxide to ferm 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 spectroscopie 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 ~~us developed for estimating 

magnesium in plasma and blood i8 rapid, easy and accurate. The 

proteins are precipitated with trichloroacetic acid, the dye is 

added to the filtrate, and upon addition of alkali a red magnesium 

bydroxide-Titan yellmv lake is formed which can be measured 

colerimetrically. Soluble starch serves te stabilize the insoluble 

lake. Calcium in concentration up to at least 25 mg. per 100 ml. 



78. 

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 boY the autbor 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. 5 ml. of the clear filtrate 

is transferred to an Eve~ colorimeter tube and 3 ml. of 

0.5% 50 lubIe starch in 9a;'o saturated sodium chloride solution, 

l ml. of 0.02% Titan yelloVf solution (made daily from a stock 

0.1% solution) and l ml. of 6 N sodium qydroxide are added 

in succession. After mixing and allowing ten minutes for 

color development, the color i5 read in the Evelyn colori­

meter using the 10 ml. ' aper.ture and the 520 filter. The blank 

is prepared by using l ml. of water instead of the l ml. of 

plasma, and is set at 100% transmission in the colorimeter. 

A standard curve is contructed by using l ml. of the~propriate 

magnesium solutions in place of the l ml. of plasma. The results 

are reproducible within t 2% and 95-105% rnagensium added to 

plasma can be recovered. 

About 20% of serùm magnesium i8 protein-bound (Soffer, 

1939; Dine 1942), but is completely liberated by the trichloro­

" acetic acid. This bas. been demonstrated by acid digestion and 

ashing of plasma or blood and determining the magnesium content 
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of the di;est or ash . 'l'1.1ese res '".;. lt.s checked withlr: L .C:;~ 12-::' t1:: . 

y.:.1ues determined bytricll10rcacetic acid extraction. 

JUter the development of thi3 method for the deter­

minOltion of magnesiam in blood and phsT:'.a, the "rriter f01..J"ld that 

Gs.rnar (1946) ha d made practicall~r identica l ol'servations two 

y3o.rs previous ly, us ing gum gha t ti as the dis pers ing ,agent and 

readi~g the resulting color in the Spekkar absorptiomcter. 

Heagy (1948) f'Jrther mfJdified the teclmique, 'Jsing polyvinyl 

alcohol as the dispersing agent and readin2, the color in the 

Evelyn colori..":leter. No comparé'.tive stud:'ss of the three 

techniques have been attempted by t he present lfTiter. 

I~. Iron 

Iron was determined on ashed blooc1 and plasma by 

the 0 - phenanthroline methcx:l of Earkan End Walker (1940). 

The plasrr;a iron deterrni!1e d by tl".is t8chnique is not ta be con­

fused with the "serum i:v-or." of the e.bove authors, whiQh is a 

dilute acid-extract of serum or plasma. and d oes not include 

hemoglobin irone The determi!1atio!1 of iron in t he plasma, as 

modified by the "friter inclurles organically ':lovnd irop an!'! 

was used as an index of hemolysis in the blood plz.RP.la. This 

method for the deV?rrnination (jf hemoglobin in blood or pg.sma. 

is élc~ll!'ate provided the appropriate corrections for non-hemoglobin 

ir on 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 aIl the nitrogen dioxide fumes 

have been driven off. After cooling, l ml. of 10% ~drochloric 

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 4.5) and 1 ml. of 0.1% of 0 -

phenanthroline. The tubes are stoppered, mixed and allowed ta 

stand for two hours for color development. Finally an additional 

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

Evelyn cuYettes and the color is read in the Evelyn colorimeter 

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

13ank at 100% transmission. The blank must be carried throughout 

the entire procedure, including the exact amonnt of nitric acid 

added for digestion, sinee iron-free nitric aeid was unobtainable. 

A standard curve was eonstrueted 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 

cheeked within i 5%. Hicrograms of iron were eonverted to milli­

grams of hemoglobin, by dividing by the factor 3.35. 
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5. ChJ.or:i,de 

Chloride WaS determined by the methoul of Schales a.nd 

Sé!h?les (1941), wrèch involves a titration of the C'hloride ions 

in a Folin4IJu fil trate of plasma or blood, 'lsj.ng diphenyl-

c~rbazone as indicator. Deproteinization of the plasma is not 

necessary, but it enhances the ease of titration and the 

accuracy of the determination. The method ifl accurate to t 2%. 

6. Phosphorus 

'!.'he estimation of phospho!'us as inorganic phosphate 

was carried out by the method of Fiske and SubbaRow (1925). 

The blue phosphomolybdate color was read in the Evelyn 

colorimeter, filter 660. 

The analytical procedure for the partition of the 

organic acid-601uble phosphorus compounds in blood is based o~ 

their different rates of hydrolysis b;r cinera1 acids. This 

method was devised by Lo~~ann (19~8) and first applied ta blood 

by Boms!wv (1932). It was s hown that during seven minutes at 

1000 C. in l N hydr0chloric acid, t'NO of the three phospr.ate 

groups of adenosine triphosph3.te are liberated as inorgélnic 

phosphates. This phosphorus f!'action will be referred to as the 

"labi le Fhospha te" (L.P.), and represents the easi1:' hydrol:rzable 

phospha'"è groups of adenosine di- and triphosphate. On prolongation 

of this hydrolysis for one hundred minutes, one o!' the phosphate 

groups ot hexose diphosphate is liberated as inorGanic p~1osphate. 



This phosphorus fraction liberated by the additional ninety­

three minutes of acid hydrolysis will be referred to as the 

ItHydrolyzable Phosphate" (H.P.}, and serves as an index of 

the content of hexose diphosphate in the blood. Only complete 

digestion will liberate the pho~phate frpm the stable 

diphosphoglyceric acid of blood. This will be referred to 

as the "Stable Phosphates Il (S.P.) and gives an estimate of 

the 2,3 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 nydrolyzed specifically 

during the somewhat arbitrarily chosen periods. Great as 

this defect of the procedure on-fresh blood may be, it i8 

probably open to even greater criticism when applied to stored 

blood, where the amounts of organically-bound phosphoru8 are 

very different from t hat in !resh blood, which is what the 

method was des igned 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, 1946). 

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 



tube. The tube is stoppered, shaken vigorously and Lwnediately 

centrifuged at a high speed for three minutes. Steps a.) and b.) 

as described be10w are carried out immediate~ upon removal of 

the tube from the centrifuge. It~s found that steps c.)and d.) 

cou1d be postponed for several hours at least. 

a.) Inorganic Phosphate (l.P.) 

A l ml. aliquot of the filtrate is p1aced in an Evelyn 

colorimeter tube, and 9 ml. of water, l ml. of 2.5% ammonium 

molybdate and 0.4 ml. of the sulphonic acid reagent of Fiske and 

SubbaRow are then added in tbat order. After mixing and allowing 

15 minutes for color development, the tubes are read in the 

co1orimeter. 

b.) Labile Phosphate (L.P.) 

A l ml. aliquot of the filtrate is placed in a colori­

meter tube am l ml. of 2 N hydrochloric acid is added. The tube 

is then immersed in boiling water for exactly seven minutes, 

cooled immedia tely and mad e ta 10 ml. wi th wa ter. The phos phate 

liberated is then determined as inorganic phosphate. The "Labile 

Phosphate" equa1s the inorganic phosphate after seven mirrutes 

hydrolysia, minus the preformed "Inorganic Phosphate" (a), 

and serves as an index of the adenosine triphosphate (ATF) and 

adenosine diphosphate (ADP) content of the blood. 

c.) Hydro1yzable Phosphate (H.P.) 

This de termina tion i5 done in the same way as the 

"labile Phosphate", except that the tubes are heated in the 

water bath for one hundred minutes. The "Hydro1yzable 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 a pyrex 

boiling tube and digested with 0.2 ml. of 70% perchloric acid 

on a hot-plate until colorless. After CDoling, the contents are 

made to 10 ml. with water and the inorganip phosphate is deter­

mined as described above, giving the total acid-soluble phosphate 

(TASP). This fraction does not change in blood during storage or 

incubation, and therefare serves as a check on the sampling.of 

the blood. 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 tee 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 w"s determined by Nelson ts (1944) modification 

of Somogyi ts copper reduction metLod. The proteins and the non­

glucose reducing substances are precipitated with zinc sulphate 

and barium hydroxide, and the copper-reducing activity is deter­

mined in the filtrate. 'Ihe 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 f 2% over 
_,J, 

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 hypotonie 

salt solutions was determined by the method of Waugh arid 

Asherman (1938). The blood is added to various dilutions of 

Simme1's solution (a complex salt solution adjusted to p H 

7.35) and the percentage of hemolysis in each dilution is 

determined in the .B.'velyn photœlectric colorimeter. This 

procedure is more reproducible than the more common fragility 

tests us ing 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 is added, 

arid the color read against a water blank in the Evelyn colori-

meter, filter 540. The method was calibrated with a hemoglobin 

solution whose concentration was determined by Van Syke's 

oxygen capacity method. 

The hemoglobin content of the plasma was es timated 

by diluting 0.1 - 0.5 ml. of plasma ta 10 ml. with water and 

reading it against a blank containing the sarne 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. Hernatocrit 

The he~tocrit 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 aIl determinations, but the time of 

centrifugation differed. Fresh 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 cella and not to the 

more spherical eells of stored or incubated blood. 

Il. Oxygen 

The oxygen content of the blood was determined in 

the Van Slyke volumetrie apparatus (Hawk and l3ergeim, 1937). 

The blood specimens for oxygen analysis were stored and incubated 

in sealed immunological tubes. In order ta avoid oxygenation 

or deoxygenation of the blood during sampling, a procedure was 

devised that is described briefly as follows: 

After thorough suspension of the blood cells b,y 

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 



which reaches to the bottom of the tube. The blood is then 

subjeeted to a positive pressure by means of a syringe and 

need1e a1so inserted through the rubber cap, forcing the 

b100d to rise in the pipette to the required height. The 

objeet of this procedure is to avoid subjecting the blood 

to a negative pressure as oceurs when drawn into a pipette 

in the usual manner. A heavy wa11ed Ostwald pipette graduated 

to deliver between marks and provided with a stopcock was 

used. 

The determina tions of the oxygen content of the 

blood were not entirely satisfactory, sinee the Van Slyke 

volumetrie apparatus is not as aecurate as the Van Slyke 

manometric apparatus generally recommended for oxygen 

determinations. Duplicate determinations were reproducible 

.;. to only _ 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 plasma and white cells by suction. The cella 

are then made up to the volume of the original whole b100d 

specimen with water and thoroughly mixed. A 2 ml. aliquot of 
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this hemolysate is transferred ta a 15 ml. graduated canical 

centrifuge tube and l ml. of 60% potassium hydroxide 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 coo1ing the tubeis centrifuged at 

high speed for 15 minutes. The supernatant f1uid is then de­

canted off and a110wed to drain. The precipitate is washed 

with 60% ethano1 and again centrifuged, decanted and drained. 

The a1cohol still present is expe11ed 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 periode After 

cooling, the resu1ting 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 (1944) for the determination 

of glucose. 

13. Carbonic Anhydrase 

The carbonic anhydrase activity of the b100d was 

determined by a method that iB essentially that of Meldrum and 

Roughton (1933). This technique measures the catalytic effect 

of the blood on the rate of evo1ution of carbon dioxide tram a 

sodium bicarbonate solution when mixed with a phosphate buffer 



of P H 6.8. A two compartment glass vessel or "boat ll , fitted 

with a ground-glass stopper and connected bya length of pressure 

tubing ta a water manometer is the main part oftre apparatus. 

The "boat ll is held in a constant temperature bath and ia connected 

ta 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 '1 la 

connected to the manometer, immersed in the water bath and 

connected to the shaking mechanism. Determinations were made at 

00 C. and 1,0 C., the temperature being controlled fairly well 

with iee and an electric stirrer. After temperature equilibration 

had been reached in the Itbœt", the reaction was started by rapid 

mixing of the two solutions and shaking with the electric motor, 

standardized a t four back and forth swings per second through an 

angle of 900
• The manometer is read at five second intervals. 

The activity of the enzyme solution is expressed in units, E, 

which i5 defined ~ the equation: 

E = (R - Ro) 
Ro 

Where Ro is the reciprocal of the time taken for the 

second quarter of t he carbon dio:xide ta be evolved when no 

catalyst is present (water subst~tuted for blood), and R is the 

reciprocal of the time taken for the second quarter of the 

evslution when the catalyst is present. For E to be propor-

tional ta the amount of carbonic anhydrase present the blood 
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must be diluted extensive1~r, and in most of the determinations 

~'Té's di1'.lted 500 fold in distilled vrater. 

The writer wishes to ~cv~owledge the helpful suggestions 

of Dr. O.F. Denstedt in the design of the apparat us used and the 

assistance of Dr. E.A. Hosien in it's conetructio'1 and maintenance. 

14. Cholinesterase 

The cholinesterA.se activity of the b100d and plasma was 

measured manometrically in the Warburg apparatus b:>r a method that 

is essentially that of Ammon (1933), as modified by ~~ Lois and 

~i!angun (1947). For practical reasons, this method has been further 

modified by the \\rriter, and as finally adopted W"dS as follows: 

2.1 ml. of Ringer-bicarbon2te buffer of pH 7.4 (0.02 

M sodiu.'U bicarbonate, 0.15 11 sodhuTl chloride and 0.04 M magnesium 

chlorir:le) are placed in the main compartment of the Warburg vessel 

and 0.1 ml. of the enzyme solution (blood, p12srna, c811 suspension, 

hemo1yeate, etc.) is adderl. Jnto the sidearm j.s introduced 0.3 ml. 

of 0.1 1f. acetJTlcholine ch10ride solution. Appropriate control 

vessels are prepared: enzyme without substrate and substrate without 

enzyme. 

After gassinc with ~5% nitrogen and 5% carbon dioxide 

for 10 minutes and equilibration in the bath at )8
0 c. for 15 

minutes, the manometers are set at 50 !III!l. 2.nd read at "zero" 

time. The substra.te is then tipped in from t hA side arm und 

readinbs are taken at five minute intervals for thirty minutes. 

Cholinesterase activit~r is expressed as micro li ters of carbon 

dioxide evo1ved per unit of time, or in the storage experiments, 

as the ~ercGntage 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 - H) P 
H 

where E, B and P are the erythrocyte, blood and plasma con-

centrations respective~, and H is the hematocrit value 

expressed as a fraction of one. 

Only in the experiments where the blood cella were 

suspended in buffers were the potassium determinations done 

directly on the packed cells.1; portion of the cell mass was 

diluted with water, and one aliquot taken for the potassium 

analysis. Another aliquot of the diluted cells was dried to 

constant volume over-night at IOuo C., and the potassium content 

was corrected for the dry weight of the sample. 
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RESULTS 

A. Electrolyte metabclisl'l of 'Dlood stored at 0° C. anè incubated 
at 370 c. 

The effect of storage of whols citrated blood with added 

glucose at 50 C., and of subsec:uent incuba.tion at 37 0 C. on s ome of 

the plasma electrolytes is shawn in Tahle lA. T~e blood was drawn 

into a mixture of 0.2 parts of 3.2% sodium citrate solution a.nd 0.2 

parts of 5~4% :::;lucose solution and dispensed in 10 ml. aliquots 

into a series of 50 ml.Erlenm2;rer flasks. The flasks were tightly 

st~ppered, covered with gauze pads and the samples stored at 50 C., 

as described under ;~ethods. On the first d.q,y, and at subsequent 

weekly intervals, five flasks were taken, the first for immediate 

analysis and the other four T:ere inunediately transferred ta a water 

bath at 370 C. and incubated, with rocking, for JO, 60, 90 and 120 

minutes respectively. The contents of each tube were analyzed and 

the results are shawn in Tables lA ar.d lE. 

It may be seen fram Table lA that when èlood is stored 

at refrj.gerator temperatures, potassium diffuses# frOID the red 

cells into the plasma. T!1e rê.te of diffusion is PlOS t r Hpid during 

~LThroughout our discussion we have assumed that the movement of 
cations along the concentration gradient, potassium out of the 
erythrocytes and sodium into thern, obeys the laws of simple 
diffusion. Salomon (1952b) has suggested that such movements 
involve active transport mechanisms. If this is the case, aIl 
our references to "diffusim: along the · concentra.tion gradient" 
s hould be reg3rded as . "tra.nsport along the concentration gra.dient". 
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the first week and thereafter becomes slower and more constant. 

During the first seven days of cold-storage the potassium in the 

plasma increases by more than 25 m.eq. per liter, while during 

each subsequent week of storage, an increase in the plasma of only 

about 3 m.eq.per 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 cannat be explained by the release of this ion from 

hemolyzed ce115, aince a low degree of spontaneous hemolysis occurs, 

as evinced by the low concentration of iTOn in the plasma. 

The total concentration of iron in the plasma was o~iginally 

determined ta serve as an index of spontaneous hemolysis. Barkan 

and Walker (1939) have shown that iron is released from hernog1obin 

during storage and incubation which resu1ts in an increase in the 

concentration of iron in the plasma of the same order of magnitude 

as is shown in Table lA. 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 re1ative1y low amounts of total 

iron in the plasma demonstrate the virtual absence of spontaneous 

hemolysis during the storage periode 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 B.n eytremely lovT 

order of magnitude. 

The changes in the concentrê.tian o~ chloride in the 

plas~a are more ambiguous (Table lA) (see Denstedt et al.,1943). 

Thil'> ion appartmtly leaves the cells aeainst the concentration 

gradient during the first two weeks in the cold, then diffuses 

back dm'ing the third week of storage. The concentration of 

chloride in the plasma shows an increase of six milliequivalents 

per li ter during the first fortnight of cold-storage, vihile dvring 

the same period the coocentration of potassium in the plasma 

increases by twanty-nine milliequivalents per liter. Sodium and 

potassiur.! ions tend ta che.nge places in the colIs durint; cold-storage, 

but the membrane may b e more perDeable to the latter species of ions, 

sinee they a!'e the smaller of the two due to their lower degree of 

hydrAtion. Thus, more potassium ions miciht dif~use out of the c8ll5 

than i:'1 made up l'y the entry of sodium ions, and to naintain elec­

trical neutrality, the deficit is net by the leakage of chloride 

ions into t he plasma. Subse~uent exv~rirr.ents, however, indicated 

that the shift of chloride from the cells to the plasma, under 

these conditions, i8 due ta the graduaI increase in the oxygenation 

of the blood in the flasks. 

Durin;::; : he thircl weey of storage of the blood in the 

cold the concentration of chloride in the plasma returns to the 



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 Itchloride-

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 gradient. 

When fresh citrated blood 1s incubated at 370 c. 

for a two hour period, there is no obvious change in the concen-

tration of potassium in the plasma (Table lA). 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 act1vity of the erythrocytes, the cation 

distribution may be kept at the ex1sting level (Danowski,194l; 

Harris ,1941). Red cells stored for seven days are capable of 

o recovering potassium ions from the plasma when incubated at 37 c. 

When stored for longer periode the ability of the cells to recover lost 

potassium decreases unt1l no recover,y 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 concentratj.on of chloride in the plasma tends to 

increase during the incubation of fresh blood. This is probably a 

demonstration of the well-known "chloride-shiftlt as the venous blood 

;(is being oxygenated by the air in the flasks during the rocking. 



No such shift in the chIo ride ions occurs during the incubation 

of the preserved specimens. 

The instabili ty of the erythrocytes te hypotonie 

saline does not parallel the rate of potassium loss during 

cold-storage (Table lB), and it seems unlikely that the potassium 

was leaking out of the erythrocytes in a prehemolytic stage 

(Ponder and Robin~on,l934; Davson,l940; Ponder,1937,1949,195l). 

The fragility of the red cells increases to a somewhat greater 

extent during the first seven days of storage than during the 

subsequent three weeks. This is roughly analogous te the loss 

of potassium from the cella, but during the last three weeks 

of storage the fragility increases at a proportionately greater 

rate than the potassium is Je aking out of the cells. Furthennore, 

during the incubation of the blood at 370 C., the fragility of 

the cells increases markedly, while there is not only no 

accompanying lOBs of potassium, but in mo st cases an uptake. 
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B. 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 co11ected into the 

fo11owing preservative mixtures: 

1) 0.2 parts of 3.2% sodium citrate solution. 

2) 0.2 parts of 3.2% sodium citrate solution and 0.1 parts of 

of 5.4% glucose solution. 

3) 0.2 parts of 1.85% potassium oxalate solution. 

It m~ be observed fram the data presented (Table 2A) 

that the anticoagulants used do not cause an alteration in the 

magnesium content of the b100d during co1d-storage, that is to 

s~, the magnesium is not sequestered in an insoluble form by 

either citrate or oxalate. A slight and possib1y insignificant 

decrease in the concentration of magnesium in the plasma of the 

citrated blood occurs during the storage periode Whether this is 

due to the entr.r of magnesium into the ce1ls against the concen­

tration gradient, or to the remova! of magnesium fram the plasma 

as a citrate or phosphate comp1ex, could not be ascertained. In 

the case of the oxalated blood, the increase in the magnesium 

content of the plasma may be attributed to the marked hemo1ysis of 

the magnesium-ri ch red ce11s. 

Incubation of the fresh and stored specimens of b100d 

brought about no changes in the concentration of magnesium in the 

plasma (Table 3A), other than that attributab1e to the augmented 

hemolysis in the oxalated samp1esa 



98. 

c. Electrolyte metabolism of blood stored in citrate and in 
oxâlate, without additionâl glucose. 

The effect of storing and incubating blood, using 

citrate and oxalate as the anticoagulant, without additional 

glucose, on the concentration of sorne of the electrolytes in 

the plasma is illustrated in Table 4A. 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 wi th wax and stored and 

incubated as described under Methods. 

The rapid 108s of potassium from the erythrocytes into 

the plasma occurs at about the sarne rate in citrated and oxalated 

blood (Table 4A). Since oxalate, at the concentration used, inhibits 

glycoly8is in blood (Kwiecinska,l948), it appears that the 10w 

tempe rature of storage is alone responsible for the 10ss of potassium 

from the red blood ce1ls and that the further inhibition of the 

metabolism of the cella by oxalate exerts no further effect. Hemo-

lysis is ver,y 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 c1trated 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 i8 a slight 

increase in the concentration of chIo ride in the plasma as the 

blood becomes oxygenated. During further storage there 18 a 

progressive 105S of chloride ions from the plasma, which results 

in an increase in the cellular chloride content , (Table 4A). 

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 hemoglob1n is reduced 

from the characteristie 95% of arterial blood to the characteristic 

65% of venous blood, about 6 mg. of chloride enter 100 ml. of the 

cells (Henderson et al,1924). Further deoxygenation will presumably 

result in a further ingress of chloride ions. The erytbrocytes have 

a considerably lower chloride content than the plasma(about 1/3), and 

during storage, ionie and membrane changes take place that allow 

ehloride to flow along its concentration gradient into the cells. 

As phosphate ions leave the cells and enter the plasma 

during storage, chIo ride 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 er,ythrocyte membrane to inorganic phosphate ions. 

Relatively little phosphate entera 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 4A). The er,ythrocyte membrane is nonnally qui te impemeable 

ta phosphate ions at 5° C., so it is probable 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 weIl .. 

The progressive increase in the iron concentration of the 

plasma during the cold-storage period i8 mainly attributable to 

spontaneous hemolysis, especially where hemolysis is marked (Table 

4A). 

During two hours of incubation at 310 C. of the fresh 

citrated blood specimens, the concentration of potassium in the 

plasma changes very li ttle (Table 4B). 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 

potassium from the cells. The ability of the rad cells to reapture 

lost potassium from the plasma i8 lost by the eleventh day of storage 

with citrate alone. 
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The er,ythrocytes of the oxalated blood specimens at no 

time demonstrate the capaci ty to take up potassium from the plasma 

during two hours incubation at 370 c. (Table 4A). The concentration 

of potassium in the plasma invariably increases during this perlod, 

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 ce11s to regain potassium; also the membrane may have been 

rendered more permeable to this ion for passive diffusion, possibly 

by the remova1 of calcium. 

It should be emphasized that the changes in the potassium 

concentration of the plasma durlng incubation are the resul tant of 

two factors, working in opposition to each other. In the tirst place 

there is a tendency for potassium ions to diffuse out of the ce11s 

along the concentration gradient. Opposed to this is the ability 

of the cella, when dep1eted of potassium, to recapture it against 

the concentration gradient. Such a process requires "work", and must 

be driven by energy derived from metabo1ism. In fresh b100d the two 

factors of passive diffusion and active uptake of potassium apparently 

balance each other. Durlng cold-storage the process of passive 

diffusion predominates, and the concentration of potassium in the 

plasma increases. .Incubation of citrated b100d at body temperature, 

if stored for not more than eight days, resu1ts in an active uptake 

of potassium by the ce11s, overcoming the passive diffusion out of 
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the ce1ls that invariably 1s taking place. The magnitude of the 

passive diffusion during two hours at 370 c. m~ be equal to 

that which occurs in non-glycolyzing blood ce1ls, such as in citrated 

blood after eleven days of storage, when no glucose is present, (Table 

4A and 4B), and possibly in the oxalated cells when g1ycolysis has been 

inhibited. 

The increase in the inorganic phoRphate concentration of 

the plasma during incubation of whole b100d is the result of two 

simultaneous processes (Table 4A). The breakdown of the organic 

phosphate compounds results in an increase in the intracellular 

inorganic phosphate content, while the e1evated temperatre increases 

the permeabi1ity of the membrane to these ions (Halpern,1936; Maizel~ 

1935). Which factor predominates during the incubation of stored 

blood is impossible to ascertain without a know1edge of the extent 

of the breakdown of the organic phosphate compounds. 
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D. blood stored in citrate and in oxalate, 

The effect of storing and of incubating blood with citrate 

and wi th oxalate as anticoagulant, wi th added glucose in the medium, 

on the concentration of some of the electrolytes in the plasma i8 

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 5.4% glucose solution. 

2) 200 ml. of blood were drawn into a mixture of 28 ml. of 

1.58% sodium oxalate and 12 ml. of 5.4% glucose solution. 

The anticoagulant solutions and the glucose solutions 

were autoclaved separately and mixed befora adding the blood. The 

blood mixtures were dispensed into small sterile tubes,which were 

then stoppered and sealed with wax. The specimens were stored 

and incubated as was previously described under Methods. 

The rate of 10ss of potassium from the citrated cells àt SO C. 1a 

more rapid than from the oxalated cella, as ls seen in Table SA. 

(see also Table 4A). 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 oxalate. 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 4A. 
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ChIo ride doea not shift out of the cells at any time 

in this experiment (Table SA) because the precaution was taken 

to fill the tubes of blood completely so that no oxygenation 

of the hanoglobin 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 cella along the concentration gradient. 

The increase in the concentration of the acid-soluble 

phosphates in the plasma during storage ~pears to be due entirely 

to the diffusion of inorganic phosphate ions from the cells (Table 

SA). The cell membrane does net, then,become permeable ta the 

organic phosphate compounds, located within the interior of the 

erythrocytes, at any time during the storage periode 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 4A and SA). 

The effect of incubation for two hours at 370 C. on the 

concentration of potassium in the plasma May be seen in Table 

SA and still more clearly in Table SB. It is noteworthy that the 

uptake of potassium by the cells which had been stored in citrate wi th 

added glucose is greater than in the specimens that were stored 

without added glucose (compare Tabaes 4B and SB). Also,the 

ability of the cells to recapture lost potassium i8 maintained 
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for a longer tim3 when blood is stored withadditional Glucose 

in :he medium, and is only lost aftc~ trxee weeks of ccld-

storage (Ta~le sn). The o:~alated cells 'were incapable of 

takins up potassium frQIl1 the medium, but, on the other band, 

lost less by passive dif!'usion than oxalated cells stored 

'i.'ithout ê.dded 6b.cose in t he medium (c ompare Tables 41. and SA). 

Durin.; the incuhation of the tlood srcci~e:ls fo!' two 

hours at 370 c. t;1e 80ncentration ,:! f inorganic phosphélte in the 

plas!.li? rises oui te s}:,arply, especially in "the older spocimens 

(Table SA). }'8 nentionen in the preceèinb section, this is d'Je 

not only to the 8.ccelerated br'?al:dovrn of the orCémic phosphate 

compounrls in the erythrocytes, but aIs 0 to thfl fact th<c t t1:1e in-

organic phosp!1ate that h2.S accumul"lted il" ihc c811s rJ:rrin[; the cold-

sto!'aZ8 period is "bci!lC rapi'Uy released into the ple.s!!!2 .• The inct,betion 

of citrated blood stor<3d fcr fO'lI'tecn pnd twent:r d'lys resu]ts in a 

cr""2.ter Dmo'mt of inorg,'l.nic phosphate entcring the rlasma than in 

the c~se of the oxalated rlocd sp~cimens. 1~is is a reflection 

of the inhibitory effect of oxalate on t}:1e metaholism of aIl thp. 

organic phosphate compounds. 

The concentration of chloririp- in the olasmél. of both 

n ,e ci tr2t;;)c! ~.nd oxalat.E'::l srecir:!ens rBrrairs essentiall~~ t:.nchanL;ed 

-lllrl"na ;r("u1..,'l+'o'" at ~70 (' ('T'r ' ~" l"" é~) l.l •. ,- :.; ...... J.J.. ... L.,.; ( .... _,,~ __ ' ",J • • c tL r. .... ~:l. _ '~'here is Ji ttlc if 2r:~r 

0:xy;;8néltion of the specimens, é'.S tl'lC air space :"i1 n,e bbp.s '-'ras 
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E. G1ye01ysis, phos ph or o1ys is and electrolyte exchanges 
in citrated blood stored with and without added glucose. 

L series of experir:ents v:c,s undartabm to inves t ~ga te 

the relationship between the rate of potassium. diffusion f~Orr.. 

the cells during cold-storage, the rate of the disappearan1e of 

gl:l.cose é'.nd the breakdown of the phosphate esters. Fl'rther1ore, 

i t was of interest to determ:Ll1e the degree of correla tion ~etween 
i 

the rates of g1ycolysis anci phosphorolysis, and the uptake fof 

1 

potassium by storf'd cells during their incubation at 370 c.1 

Typical results of these etudies are presented in Tables ~ . and 

B, 7A1.nd BanG 8A and B. 1 

Tables 6A ami 6B shcw the result.s of the analYSeJ on 

1 

two aliquots of blood from tœ sarne donor. Eoth vrere mixed rith 

isotonie sodium citrate and glucose solutions in the ratio lOf 

.5:1:0.). The anticoagulant and the ë;lucose solutions had b~en 
autoelaved separe.tely and cooled. In one ca.se (Table 6A) Jhe 

glucose solution ~i as mixed wi th the anticoagulél.nt solution ibefore 
1 

the blood was added, while in the other (Table 6B) glucose ~ras 

added after the blood was m:i.xed vri th the anticoaGulant. Ta~les 
7ft. Rnd 7L depict the results of analyses on separate aliqu~ts 

1 

of blood from Rnother donor. For one aliquot (Table 7A), 290 ml. 
i 

of b lood were drawn ir. to ho ml. of is 0 tonic s oà ium c itra te i 
1 

solution, while for the other (Te.ble 7B), 200 ml. of blood ~fere 

! 

àrawn into a mixture of 38 ml. of isotonie sodium citr~te ! 

i 
solution and 2 ml. of 54% glucose solution. The data in Ta~les 

8.'\ é:.nd BB represent the analyses on separate aliqu.ots of b]ood 



107. 

from yet another donar. In onG case (Table BA), 200 ml. of 

blood W8re mixed with 40 ml. of 3.2% sodium citrate solution, 

while in the other (Table BD), 200 ml. of blood were taken into 

a mixture of 38 ml. of 3.4% sodium citrate solution and 2 ml. 

of 54% glucose solution. 

In aIl cases, the blood specimens were thoroughly 

mixed with the preservative s ollltion and dispensed into sraall 

serological t'lbes, which were then stoppered and sealed. The 

samples were then s tored and incubated for various periods of 

time, as described under Uethods. 'Ihe contents of each tube 

were analyzed and the reslllts 8.re depicted in Tables 6A and B, 

7A .1nd B and BA and B. 

The moveme~t of potassium from the red cells into 

tha plasma during storage at 50 c. has alreêoy been descr~bed, 

and is again weIl illustrated. The presence of added glucose 

in the preservative medium retards the rate of escape of 

potasshm from the cells only slightly (compare Tables 7A and 

B; t!A and B). It iH diffic~üt to attribute the influence of 

the added glucose on potassium diffusion to an altered glycolytic 

rate, sinee tlE rate of the disappearance of glucose is not 

c ons is tently increased in th:: glucose-enriched specimens. Simi­

larly,when tœ glucose is depleted in He citrated specimens 

without additional glucose, the rate of increase in the concen­

tration of potassiUUl in the plasma (Tables 7A and BA) does not 

exceed that of the blood wi~~ an excess of glucose still present 
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(Tables 7B and 8B). The presence of glucose in concentrations 

up ta about 400 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 l'las a less specifie action on t!'>.e permeabili ty pro-

perties of tre cellular membrane. 

During the storage of citrated blood in the cold, the 

sodi'J.r.l 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 

,Y of potassium ions entering the plasma is s lightly greater than 

the number of sodium ions leaving (Tables BA and B). The exchange# 

of sodikm and potassium is more eq~ivalent in the blood specimen 

with glucose added (Table 8B) t~an in the simple citrated specimen, 

due to the slower ra-~e of 10S8 of potassium from the red cella 

in the former. 

#'ITe have 'lsed the term "exchange of cations" ta mean the exchange 
of one species of cation, e.g. potassit~, for another species of 
cation, e.g. sodium, and vice versa. To those working with iso­
topes, "exchange of ca tians 1/ means the exchange of rnembers of 
one species of cation inside of the cell for members of the sarne 
species outside of the cell, and vice versa. 
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The progressive decrease in the concentration of the 

indigenous glucose in citrated blood during cold-atorage may 

be seen from the data in Tables 7A and SA. The normal complement 

of blood sugar is campletely consumed before the first seven to 

ten days of storage have elapsed. The glucose disappears at a 

fairly regular rate of about 10-15 mg. per 100 ml. per day, 

except for wha t appears ta be an analytical error on the fourth 

day of storage (see Andreae, 1946). 

The rate of the disappearance of glucose from citrated 

hlood brought to a glucose concentration of 300-400 mg. per 100 

ml. is shawn in Tables 6A and B, 7B and BB. During the first two 

days of cold-etorél.ge glucose is consumed a t a rate of 20-45 mg. 

per 100 ml. per day, and except for minor fluctuations, tbis 

rate falls progressively. The rate of the glucose disappearance 

is about 10 mg. per 100 ml. per day d~in6 th~ 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 s tarage periode 

The pbosphorylated compounds deserve special attention 

inan appraisal of the metabolic state of the erythrocytes. The 

concentration of inorganic phosphate in tœ stored blood reflects 

the state of preservation of the phosphorylated intermediates 

of glycolysis and of the high~:mergy phosphate groups of adenos1ne 

triphosphate, but does not affard an index of the behaviour of 
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the individual 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-<liphosphoglyceric acid, ta increase during the 

first few days o:i storage, while the labile and hydrolyzable 

phosphates, representine adenosine triphosphate and hexose 

phosphate, decrease slightly. The inorganic phosphate 

concentration usually decreases during the first few days 

of co1d-storage. r~ize1s (1943) has observed a similar 

increase in the stable phosphate fraction of unacidified 

blood during storage. The rate of the ph os ph oI'1Jlati on of 

glucose exceeds the rate of the metabolic degradation of the 

diphosphoglycerate during the earlJr part of the storage period, 

and accounts for the accumulation of this glyco1ytic inter­

media te. 

As the phosphorylation of glucose fails progressively 

during the storage period, there is a concomitant decrease in 

the hydrolyzable and s table ph ospha te fractions in the blood. 

As the rate of dephosphorylation of adenosine triphosphate 

exceeds the rate of rephosphorylation of adenylic acid and 

él.denosine diphosphate, the lahile phosphate fraction decreases 

as weIl. In citrB.ted blood, '.'fi th out additional glucose in 

the medium, the hydrolyzable and labile phosphate compounds 

disappear at about the same time as the depletion of the gl~cose 
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oeeurs. The store of diphosphoglyeerie acid continues to be 

metabolized, and the stable phosphate fraction falls to a low 

level after t'wo weeks of storage. 

lNhen 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, JB 

and 8B). '!'he hydrolyzable phosphate fraction begins to decrease 

during the second week of storage and uS'.lally reaches an inunea­

surable vaIlle 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 peri od glycolysis proceeds at a relatively rapid 

rate while the level of adenosine triphosphate, as indic8.ted 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 hecomes 

depleted, the ph os phoI'"'Jlati on of glucose is diminished and the 

phosphor~rlated esters fail to be s~rnthesized at the sarne rate as 

they are being metabolized. The glycolytic intermediates phosphory­

late adenylic aeid as they are metabolized and are able to partially 

maintain the level of the labile phosphate fraction for two or three 

weeks. 

In tables 7A and SA it may be seen that during the 
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incubation of fresh citrated blood at 37 0 C.: glycolysis proceeds 

at a rate of about 10 mb. per 100 ml. per hour. No potassium is 

taken up by the red cAlls and no sodium is expelled by them. This 

ste.tement refers ta c;.uantitative changes of these ions, not ta 

the normal inward and outward flux demol".strable by isotope studies 

(Sheppard and 1~rtin, 1950; 1951; Hastings et al. 1950; Salomon, 

1951; 1952). The concentration of inorganic phosphate in the cells 

increases as sorne of the hexose phosphate and diphosphoglyceric 

acid js hydrolyzed, but sorne of this newly formed inorganic phos­

phate diffuses into the plasma as the m8mbrc-.ne is readiIy permeated 

by phosphate ions at 370 C. (Table 7A). ':L'he concentration of 

adenosine triphosphate is generaIIy hibh and weIl maintained 

during the incubation of fresh blood for periods up to four hours. 

Glucose disappears at the sa~e rate (10 mg. per 100 nI. 

per hOur) durinci the incubation of two-day old citrated blood as 

OCCl~S during the incubation of fresh blood.There is a concomitant 

decrease in the concentration of potassiwn in the plasma (0.75 to 

1.5 ffi. ell. per liter per hour) and an increase in the concentration 

of sodium (about l m.eq. per li ter per hour). The concentration 

of inorganic phosphate in the cells El nd th8 plasma rises steeply 

as the organic phosphate compounds are being metabolized more 

rapidly than the:JT are ceing replenished (Tables 7A and BA). 

Incubation at 37° C. of citrated blood stored for four , 
five and six days at [;0 C. l'esults in a rél.pid depletion of the 

glucose present, ''(hile potassium 5.s being removed from the plasma 
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at a rate of l to 1.5 m.eq. pel' liter pel' hour and sodium is 

entering the pl::l.s:na a tas imilar ra te. The amount of organically 

bound phosphate tends to decrease during the incubation fB riod 

and t~e amount of inorgo.nic phosphate to increase in the cells 

and tœ plasma (Tables 7A anrJ 8A). 

Ci trated blood s tored for periods loncier than one week 

do not contain an;}' gJ..ucose, and on being returned to body ter!1pera­

ture, the er~rthrocytes are no longer able to accUI!lulate potassium 

3.nd expel sodium. 'lbe phosphorylated glycolytic intermediates are 

slowly metaholiz.ed during the incubation ±:Briod, liberating 

additional inorganic phosphate. 'l.'hjs ion is rapicUy released from 

the cells a t 37° C., S 0 that the concentration of inorganic phos­

phate in th.e plaslT'.a. increases anj the concentration in the cells 

actually ctec"Y'eases (Ta'ble 7A). Eventually all of the orGanic acid­

sol'-1ble phosphate compounds are hydrolyzed and the inorganic phosphatF:l 

that they cive rise to is di.stributed equal1y 'retween the intra- and 

the extracellular phases. 

During the incubati0n at 370 C. of fresh blood, with 

glucose 3dd0t1 to 2. c:onc G::ltr ", tinn of 300-L~oo mg. pel' 100 ml., 

glycolysis proceeds at ::l. rate of 5 ta 20 mg. pel' 100 ml. pel' hour 

(Tables 6A a!'!r1 B, 7B and 8B). 'The cells show little tcndency to 

accumulate potassium, r.ot beca'.lSe of the relativel~r lovr concentration 

of this ion in the plasma, but cecause their cé'.pacit~r to contain 

i t is limi ted and probably already is 2. t a maximum. In other Vlords, 

the normal di.f~·usion 0: p0tassiur.l out of the cells if' quantitatively 
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c2.1::mced h:- the active uptake of potassium 2t;2inst the concen­

tration gradiont (Hastin3s et al. 1950; ::lolomon, 1951). 

Similarl;y, the sodim,; content of the cells is at a nünimwn in 

fresh erythroc~rtes and t hey are unahle to expel this ion ta a 

de ~rreE: other tha.n the capaci t;;- to maintain the normal sodium 

fl~x (Table SB). There is a slight incrùase in the concentrati on 

of inorganic phospr..ate in the cells and the plaSll'J.a as the organic 

phosrh~te fra ctions tend to decrease during the incubation periode 

Blood speciraens with added glucose stored at 50 C, for 

t'fro days glycol~Tze at approximately the sarne rate as fresh blood 

when returned to body temperature. The preser1Ted erythrocytes now 

demonstrate a capaci t y to recapture potassium from the plasma, 

and to eJq)el sodium, at a rate of &bout l ffi. eq. per li ter per 

hour. The organic phosphate compounds te!'.d ":0 '-.mdergo hydroljl'5is 

during the incubaticr:. period and the inorganic phosphate content 

of bath the cells andc.he plasma increases. The stable phosphate 

fraction is generél.lly weIl maintained, and t he increase in the in­

organic phosphate concentr2.Uon is mainly at the expense of the 

labile and hyrlrolyzable phosphates. 

During the incubation of Glucose-cnxiched b100d stored 

for four to six da:rs, blucose usUP.11y disappears at a rate of 

abo'..lt 10 mG, per 100 ml. per hour, while tl'w sodi1J.I!l concentration 

of the plasma increasef: at a rate of 1-2 m.eq. pel" l1ter pel" ho'.l.'t' J 

ancl t h2 potas~ium c0!1cent:r'ation oi the plasma decreases at a 

simi1er rate (Tahles 6A and DJ 713 and SB). It has been noticed 



that occasionally the glycolytic rate of a blood specimen is 

greater after a few days of storaLe than it was in the fresh 

specimen. This phenomenon will be discu.ssed in a later section 

dealing with the Pa.steur effect in blood. The organic phosphate 

c0!llpounds continue tn be rnetabolized more rapidly than they are 

being replenished and thus the concentration of inorganic phos­

phate increases in the cells and the plasw~. 

Wnen blood that has been stored with added glucose 

for one to two weeks is incubated at 37 0 
C., the utilization 

of glucose proceeds at a rate of 5 to }o mg. per 100 ml. per 

hour, while the cells demonstrate the c8.pacity to recé\.pture 

potassium and expel sodium at a rate of 1-2 m.eq. par liter per 

tour. During the incubation period, the organic phosphate 

compoands in the red cells gener3.11y tend to decrease, increasing 

further the c oncen tre tion of inor (;anic phosphate in both the cells 

and the plasma. 

Incubation of the tlood specimens during the third week 

of storage results in a rate of 6lucose disappearance of about 

2-7 rn~. per 100 ml. per hour, accoPlpanied b;r a decrease in t.l-}e 

concentration of potassium in the plasma of about 1 rn.eq. per 

li ter per hour, and 8.n increas e in the s odiu.'ll concentration in 

the plasma of th=; same order of magnitude. Dm-in€; the incubation 

period a further breakdown of the organic phosphate compounds 

occurs, giving rise to more inorganic phosphate in the blood. 

Eowever, the celJs contain a large amount of inorganic phosphate 
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that has accumulated during the cold-storage period, and during 

incubation at 37 0 C., more inorsanic phosphate ions are released 

into the p18.s ma than are formed frc;->1 the further raetabolism of 

the organic phosphates. The concentration of inorganic phosphate 

in the cells therefore decreases during the incubation JE riod. 

After three weeks of storage at SO c. the cells have 

practically lost their ability to glycol:}"ze when incubated at 

370 c., and have aIs 0 los t their abili ty to re~ain potas sium 

and expel sodium. Etr this time the adenosine triphosphate content 

has usually fallen to an immeas urable level, as haS the hydrolyzable 

phosphate fraction. Small amounts of stable phosphate present in 

the blood after thre e weeks of storageare slowly hydroly-7.ed 

during the incubation periode 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 370 c. 

After four weeks in the cold the blood cells are no 

longer capable of regaining potassiurn when incubated for four 

hours. Glucose utiliza tion is negligible and onl;>r traces of the 

organic phospha te compounds remain. The only s ignificant change 

produced on warrning 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, i t is of incidental interest to point out that 

about 60% of them would be expected to be viable if transfused. 

It is obvious from the da ta in Tables 6A and 13, 7A 
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élnd B é'.nd BJ.and B that potassium is not held in the erythrocytas 

by being bouno to organic phosphate anions ES has been S0 often 

stated (l'i?izels and Farmer, 15'39). These are generally weIl 

maintained, and may even increase in amount, at a time when 

pot~ssium is rapidly leaving the cells. Similarly, the uptake 

of potassium by preserved erythrocytes~ when brought back to 370 

C., is usually accompanied by a breakdown of the organic phosphate 

esters and A release of inorg31'ic phosphate from the c ells. 

Conway (191.;.7) has proposed, with reference to frog 

sértorius muscle, that the high potassium and lovr sodium leveJ.s in 

the cells are maintaineri entirely by phys ical forces of electro­

static attraction and selective permeability of the cellular membrane. 

Potrtssium is accumulated b;r being trought in with inorganic phosphate 

anions. The inorbanic phosphate is then built into non-diffusable 

organic phosphate anions within the cells which reté'.ir. pot?ssi um 

ions electrostatically (Boyle é'nd Convray, 1941). Hoberts and his 

co1leagues (1949; 1950) have shawn that Sscherichia coli take up 

potassium by binding i t wi th varions hexose phosphates. Steinbach 

(1951) stated that he fi •••• knows of no justification in the 

chernistry of these compounds to indicate such a binding ll • In 

any case, such a mechanism obviously does not exist in hwnan 

erythrocytes, as organic phosphate compounds are being decomposed, 

and inorganic phosphate 1eavinb the cells, a t a time when potassi mn 

. is being él.ccumulated. 

HOVT8ver, the maintenance of the organic phosr!hate 
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compounds appears to be essentia1 ta sorne degree for cation 

movements against the concentration gradient. Llaize1s (1949) 

is of the opinion that active cation movements " •• • require that 

phosphorylatf~d comI,ounds break dOVin a ctivel;)', yet not so rapid1y 

as t 0 overtake resynthesis". Of course, this is simply another 

wë_y of saying that glycolys is is essential for active Cô. tion 

exchan::;es to OCC'.lI'. 'l'he relationship be tween glycolysis and 

potassi um upt2_ke or s cildium output by the er~rthroc:rtes, however, 

is hy no means d:i_rect. :n s orne instances potassium accumulation 

may occur at the maximum rate whj_le Zlycolys is proceeds re1atively 

slow1y; at other ti!:les [ lycolysis lTh:'l~/ be at a maximum and active 

cation movements virt'-1a1ly at a standstill. Of the organic 

phosphate fractions measured, t!le behEwiour of the labile 

phosphate or adenosine triphosphate fraction appears ta be best 

correlated with the active 8ation movements. The relationship 

between high~ner 6Y phosp!1ate campounds and r eéictions involving 

ion b:,ansport is obvious. V'Jhether t !"_e adenosine triphosph8.te is 

!1ACessary ta provide energy for another me té'l-Jo1ic system 

involved in cation transport or whether i t is ü.sed directly ~_n 

t.h8 s~'11th8sis of an ion-carrier complex, is 8t r resent nnknown. 

Harris (1941) was 0!: the opinion -I:h at t he met'? holis!ll 

of glucose is an i'T1:)ortant factor, either dire ct1~r or indirectly, 

in enerbizil'" the passage of cnt.ions across the erythrocyte membrane. 

j'.;;aizels (1?)..j9, 1950) supportod this vi~w, with the reservation 

that the active process Ül cold-.'3tored erythroC'ytes is the C'xpu1sion 



119. 

of sodiwn fro!!! t.he interior, &.nd thé,t the uptake of potassiwn. 

is ffierely él passive prccess (to maültéin osmotic and electrical 

neutrality). En inc'~ba.ted six~ay old blood only, for periods 

of six to twenty-four ho:rrs, ,<)~ , ~l . ~rlUnd a poùr cùrr;·,l<'.ti.é;Yl t<=:i;ween 

glycolysis and cation mover:Jents. Powev~r, !le Trjeas·.lred the glucGse 

~oncentr~;tion in the cella after inc'.lhaticn and in rr:an:r cases +'b..e 

blood sped.mens vrere not rocked. The aIr:0unt of 611:cose found in 

the cells cOèlld therefore not be a true index of the concentration 

of .::;l:lCose in thE. blooo, or the ratlJ of Llucose utilization. Our 

rlatô. show 'TIore clearly that the rate of [;lycol;ysis, p;~l' se, does 

not de termine the rate of either potassium accUlllulation or sodium 

exp'.lls ~_on. 

IIastings and his co~{crkers (1950) hav~ attempted to 

correlate glucose cons l!I'!ption with the maintenance of the potassium 

gradient in fresh incub2.ted erythrocytes, while Solorncn (1952) has 

calculated the amount of energy req'.lired b:r the erythrocytes for 

the expulsinp of sodium éll"ld the uptake of potassiu."ll in ord~"r to 

maintain the status quo. Clycolysis in fresh cells at 370 C. provides 

enerby to maint!)in the nor!'12.1 .::~lux cf sodium élnd potassil~m between 

the cells ~!1rl plas'1lél, the energy being used pr(~SL'Rably in the 

outwA.rd transport of sodium and the inwél.rd transport of potassi'JD. 

les s than ten i:ercont of the ener gy provided b;)r r;lycol;)rsis in 

fresh blood cells is used in th::'s prOCGSR (Solomon, 1952). 

Olycolysis in stored cells brout:;ht to 370 c. rrovides 8nE!r;;y Dot 

onl;y for the mê,intenp.nce of the norna.l c9tion flux, but rllore 

potassiuI'l is tr;1,nsported inwarn than diffnses out along the 
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concentration gradient and r.lOre sodium is tranfl[orted outward 

than passively diffuses in. Storecl erythrocytes, therefore, no->-, 

only mair:tain the stéltus quo regarcling their cation ~ontent, hut 

éJre able q'J.antitA.tiv21y ta expel sodium rtnd accumulate potassium 

while .:;lycol;;'Tzin; ~. t a diminished rate. IIow C2. r: one recol1dle 

tr.e lower metebolic activity of the stored cells witt vrhat 

appears to he a GreA.t:::r amount of osm.otic vrork? Is the cell 

able to divert a ;:;reater proportion of its metabclic energy toward 

re-est2.blis'üng its normal cation c0T'1~0.sition, or are the enf:rg;r 

requirements for active cation rr.ovements in stored erythrocJrtes 

less thar. in fresh ones? This latter suggestion rnght imply 

that the memèrane of stored cells is less permeable to cations 

than that of fresh c ~üls, and the pélesive diffusion of cations 

alon(; the concentration gradient is correspondir[;Ly slower. Land 

(1952) has pointed ou:' that tœ energy required for pot&SS ilU1 

accumulation may be less in s tored erythrocytes than in fresh 

ones if tœ membrc:;.ne becomes alt::red in s'lcn a way as to offer 

less resistance to the entr3' of potassium. It sho1l1d be emphasized 

however, that the movement of potassium into stored ce Ils :ls against 

a much less s teep concentration 6~'adient than exists for the 

maintenance of the potassium flux in fresh blood. In the differences 

in tlE gradients i nvolved, as well as the perneability properties 

of tl-:le m3mbrane, Play lie the explanatbr. of the abilit:r of stored 

cells to ëccumulate potassium 8nd expel sadüun at a 100er metabolic 

level. ~e resoll:.tion of this problem awaits an investigation of 
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the energ~r requirement~ ta l'1air.tain t.l'1.8 flux of sodium and 

potassi'JJll in stored blood cells, as has been studied by Solomon 

(1952) wHh fresh red cells. 

Davidsen and Ejerulf-Jensen (1950) have studied the 

uptake of radioactive potassium by red cells vIi th a low content 

of potassiur:J brought on by chronic hypoJralemia. Dy rais:tng the 

concentration of potassiurn in the plasma, the depleted cella were 

found ta take up more radioactive potassium than did the normal 

ones. A net gain of potassium by the cells res'-llted, while the 

passive exchange rate was ur.affected. 

In the opinion of Maizels (1949) the correlation between 

cation movements and the concentration of the cr ganic acid-solublè 

phosphate compounds in six-day-old blood incubated at 37 0 C. for 

eighteen hours is not good, but he cone luded the.t when the c oncen­

tration of the organic acid-soluble phosphates falls below 1.5 mg. 

per 100 ml., the active t!'2.nsport of catior.s fails. In our experi­

ments we have separated the components of the organic acid-soluble 

phosphate fraction into the labile, hydrolY2able and s tA.ble phosphate 

fractions and are of the opinion that the Jev-el of labile phosphate 

is probably the factor which determines whether or not active cation 

movements OCC'-lr. In l'1A.ny cases the s table phosphates were not en­

tirely depleted, but tœ labile phosphates were exhausted at the 

time when the movement of the cations against their concent!'ation 

gradients no lonber occurred durinb incubation. 

Flynn and ;vfaÜ',els (1949) were able to provide further 

evidence that the outward transport of sodium by cold~tored 
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erythrocytes incu'bated for periods up te twenty hours is an 

active process, and the uptake of potassiu...111 b;y these cells 

or.ly secondary te it, 2.nd pi'l.ssive. Theil' conclusions are based 

ta a large extent on the repeated observations t~2t the output 

of sodium by the cells may exceed the uptake of potassium rhJring 

incubation. 

Ponder (1950) also has investigated the ability of 

stored erythrocytes to regain lost potassium, but reservea 

jud~ment on whether the uptake of potassium is secondary to 

sodium expulsion or also is an active process requiring energy. 

In our experiments, the movements of thE cations were nearly 

always found te be almost reciprocal to each other, and no 

conclt'..sions regarding tœ nature of the primary process can be 

drawn. I\'laiz81s 1 (1949) argument for the need of a sodiu.:n­

expelling rnechanism in aIl cells is very convincing, i'l.nd he 

believes that this '.vould necessarily entail the passive uptake 

o~ potassium 3.Gi'l.inst the concentration 6radient. Parpart and 

Green (1952) point out that for potassium uptake to be passive, 

a normally hiCh imperrrteability of the membrane to potassium as 

compared to sodium must existe Studies on the permeability of 

the erythrocyte membrane to sodium and potassium do not bear 

this out (Solomon, 1951;:,iaizAls and HarriS, 1951). 

ISaizels has not reported on the stability of the cation 

transport Syst3ID in blood stored in the cold, but u8ed six- to 

eight-day oJd specimens. Such specimens, we have observed, 

demonstrate the rraximllm capacity of the cells to ta.ke up 

potass ium from the medium, 3.pd in the opinio'1 of the wri ter, 

L'aizels must have established this in preliminary studies 
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involving the incubation of specimens stored for various periods 

of time. However, Fonder (1950) claims to have shown that the 

accumulating mechanism for pot.?SSÜU'l deteriorates durin[; ten days 

of cold-storage, at a tir'lc when the celIs are still able to 

glycolyze. This confirms our findings for ci trated blood, where 

thA cells are une.ble to recapture lost potassium after ten days 

of storaga. However, this failure occurs only because their 

glucose content has been depleted durine the storage periode 

1jfhen blood cells are stored in a glucose-enriched medium, tho 

cation transport mechanisrns are preserved for over twent: r days, 

and fail only when t.he glycolytic acti vit Y falls to a lov{ level. 

The failure of both these syst.enm, glycolysis and ion transport, 

may be caused by a 1000vering of the pH due to the accumulation of 

acid products of gl~rcolysis. lire have not att,empted to meaS'.lre the 

pH of our s ystems, plasma ph not being a true index of red cell. 

pH, but it is apparent that the proctucts of glycolysis themselves 

do not alter the pH of the cells sufficiently to abolish either 

glycolysis or active catien movernents. Our results indicate that 

[l'J.cose is beine broken down during the incubatior: periofl withO'..~t 

decreasinz the rate or extent of the uptake of potassium and the 

output of sodiur:J. by the cells. 



124. 

F. Potassium exchanges and glycolysis in stored erythrocytes 
incubated in a buffered system. 

Maizels (1949) and Ponder (1950) have emphasized the 

dependence of cation movements between the red cells and the plasma 

on the pH of the system. They agree that the optimum pH range for 

the active uptake of potassium by cold-stored er.ythrocytes i8 from 

pH 7.3 to 7.8, and that above or below this pH, active cation move­

ments are less or abolished. In other words, at high or low pH, 

either the cation transport fails or the permeability allowing 

passive diffusion increases. The possibility that the pH of the 

blood mixtures under study was not optimum for active cation 

movements should be seriously considered, sinee in some instances 

the amount of potassium taken up by the cells per hour was not as 

great as was observed by Ponder, who incubated cel1s in a phosphate 

buffer of pH 7.5, or by Maizels who added alkali to the cell suspensions 

ta maintain a high pH. It is possible that during the storage of the 

blood in the co1d the accumulation of lactic acid and pyruvic acid over­

came the buffering capacity of the bload and lowered the pH of the 

cella sufficiently to inhibit bath their glycolytic mechanism and 

their cation transport mechanism. 

Experimenta were designed to 88sess the ability of co1d­

stored rad blood cel1s to recapture potassium at 37
0 

C. when the pH 

of the medium was kept constant during the incubation periode Krebs­

Ringer phosphate buffer at pH 7.5 (umbreit et al., 1945) was used 
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in sorne of the pre1iminary experiments, but on the whole proved 

unsatisfactory because of the considerable degree of hemolysis 

that occurred during the incubation periode While these studies 

were in progress, Ponder (19.50) pointed out that the most satis­

factory concentration of phosphate buffer to maintain the volume 

of the red cella ia 0.11 M, and not 0.061 M, the concentration 

often employed in buffer mixtures. The sodium phosphate buffer 

at pH 1 • .5 recommended by Ponder was used and no hemolyais or 

cell volume changes were encountered. 

The procedure finally adopted was to draw the blood into 

the anticoagulant solution, 3.2% sodium citrate, with or without 

added glucose, and to store these two mixtures in the refrigerator 

at SC C. At various time intervals about 30 ml. of each mixture 

was taken from the reft igerator and the cells washed three times 

with cold 0.11 M sodium phosphate buffer at pH 1 • .5 containing about 

20 rn. eq. of potassium per liter, added as isotonie potassium 

chIo ride. The cells were diluted to the original volume of the 

blood with the potassium containing phosphate buffer. 1'0 15 ml. 

of this cell suspension was added 0.6 ml. of .5.b% glucose solution, 

while 0.6 ml. of water were adrled to the remaining 1.5 ml. to serve 

as a glucose-free control. Each of these mixtures was transferred 

ta three small tubes in .5 ml. aliquots. One tube of each set was 

taken for the determination of glucose on the suspension and the 

cells separated for the determination of their potassium content. 

The other tubes were stoppered and incubated for two and four 
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hours at 370 C. and analyzed for the concentrRtion of glucose 

in the suspension and potassium in the packed cells. 

The resul ts of incubating blood stored w:i.thout 

additional glucose in the medium are presented in Table 9A. They 

are essentinlly confirmatory of the conclusions arrived at from the 

incubation ofstored blood cells in the native pl~~ma. In the 

absence of glucose, the cells lose potassium slowly at a rate of 

about 1 m. eq. per liter per hour, except the fresh cells which 

are able to retain their potassium content even in the absence of 

glucose. The phosphate esters and the adenosine triphosphate 

present in the fresh ce1ls provide energy for the back-transport of 

the potassium ions diffusing out, enabling cel1s to maintain their 

potassium content. 

When glucose is added to the fresh cells, they are unable 

to take up more potassium, despite the presence of about 20 rn.eq. 

of potassium per liter in the surrounding medium. However, after 

being partially depleted of their potassium content during storage 

in the cold for periods up to one week, the cel18, on incubation at 

370 C. are able to recover potassium at a rate of from 1 to 2 rn.eq. 

per li ter per hour. Erythrocytes stored fo r ten days wi thout addi tional 

glucose in the plasma, however, lose their ability to take up potassium 

from the medium on incubation. The abili ty to rnaintain the potassium 

flux likewise appears ta be failing. The glycolytic power of the 

erythrocytes falls progressively though somewhat irregularly with the 

duration of cold-~torage and appears to be re1ated to the potassium 

accumulating capacity of the cells only to the extent that bath 
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mechanisrns fail almost simultaneously. 

Table 9B depicts the results obtained when glucose-

enriched blood was used for the incubation studies. The fresh 

erythrocytes again were unable to accumulate appreciable amounts 

of potassium despite an active glycolytic rate. When stored 

for periods of up to two weeks with added glucose, the cel18 are able 

to accumulate potassium at a rate of from l to 2 m.eq. pel' liter 

h h · b t d at 370 c. pel' our w en J.ncu a e When stored in the cold for 

twenty days the erythrocytes, on incubation, still demonstrate 

the capacity to glycolyze and to accumulate potassium from the 

medium, though at a diminished rate. It is doubtful whether the 

1088 of these capacities in blood cells stored for twenty days and 

incubated in their native plasma can be attributed to pH changes 

alone. The wri ter holds that the maintenance of both these systems 

depends on the presence of adenosine triphosphate in the cells, and 

when this becomes depleted, glycolysis and cation transport fail. 

Previous attempts to demonstrate an uptake of potassium 

by erythrocytes stored in an acid-citrate-dextrose medium when 

incubated at 310 C., in their native plasma, had fliled, due to 

the low pH of the medium. These specimens glycolyzed, albeit 

slowly, but at no time was evidence obtained of 8, decrease in the 

concentration of potassium in the plasma. The technique of 

incubating the stored cells in a buffer at pH 7.5 was therefore 

ideally suited to test the preservation of the glycolytic activity 

and the potassium accumulating mechanisrn in blood stored in the 

acid-citrate-dextrose (ACn) medium. 
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The disodium citrate anticoagulant used was a mixture 

of :5.9 gm of trisodium citrate dihydrate and 2.1 gm of citric 

acid, ground together intimately, and made into a 3.4% solution. 

Two hundred ml. of blood were drawn into a mixture of 40 ml. of 

this 3.4% disodium citrate solution and 2 ml. of 54% glucose 

solution and stored in a refrigerator maintained at ~ t 10 c. 

At appropriate intervals during storage about 30 ml. of the blood 

mixture were removed from the bottle and divided into two lots. 

One lot was divided into three 5 ml. aliquots, dispensed into 

small tubes, two of which were stoppered and incubated for two and 

foùr hours at 370 C. TheBe represent the rad blood cells incubated 

in their native plasma. The cella in the second 15 ml. lot were 

washed three times with the phosphate buffer described above, and 

made up to the initial volume of the blood,15 ml. with the phosphate 

buffer at pH 7.5, containing about 20 m.eq. of potassium per liter 

and about 200 mg. of glucose per 100 ml. This cell suspension was 

th en dispensed in three 5 ml. aliquots into small test tubes, two 

of ,which were stoppered and incubated at 310 c. for two and four 

hours. The concentration of glucose was determined on the whole blood 

or on the cell suspension in each case, and the packed cells were 

analyzed for their potassium content. The results of this experiment 

m~y be found in Table 10A. 

When blood is stored in the acidified citrate medium 

enriched with glucose, potassium diffuses out of the cells as 

previously described for the c ells stored in neutral citrate media. 



129. 

However, the rate of diffusion of this ion from the cells is slower 

in the acidified medium than in the neutral media. Similar~, 

glycolysis proceeds at a slower rate at the lower pH of the blood 

stored in ACD. Although no data for the sarna blood stored in 

neutral media are presented as a control, the effect of the pH 

on the diffusion of potassium from the erythrocytes and on the 

glycolytic rate of the blood has been observed in sorne preliminary 

studies, and confirms the findings of several other investigators 

(see Historical Introduction). 

In none of the experiments did the incubation of who le 

blood stored in the acidified medium result in an appreciable uptake 

of potassium by the erythrocytes. The pH of the blood specimens 

was not measured, but was probably in the vicinity of pH 7 or Iess 

(Rapoport,1947a), which is unfavourable to active cation movements 

(Maizels,1949; Ponder,1950). Glycolysis proceeds during the incubation 

of the stored blood, despite the lack of active accumulation~ 

potassium by the cells. Although the rate of g~colysis during the 

incubation period is slower than with the neutral blood mixtures, the 

ability to glycolyze is preserved for a longer period of storage. 

(Rapoport, 1947a) e' 

When the erythrocytes, preserved in the acidified medium, 

are suspended in a bufferat pH 7., containing about 20 m.eq. of 

potassium per liter and about 200 mg. of glucose per 100 ml. and then 

incubated at 370 C., they show an augmented capacity to break 
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down glucose and demonstrate the ability to take up potassium trom 

the surrounding medium. These metabolic functions are performed 

to a similar degree by cells stored in neutral media (Tables 9A 

and B), but it would appear that the acidified medium favours the 

preservation of the capacity of the cella to glycolyze and to 

accumulate potassium. The duration of the storage experiment was 

four weeks, and alter this period glycolysis and potassium 

accumulation still occur during the incubation period, though at 

a diminished rate. 
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G. Glycolysis, phosphorolysis and electrolyte exchanges in 
citrated blood stored witfi metabolic infiibitors. 

It was of interest to investigate the effect of certain 

well known metabolic inhibitars on the cation exchange in blood 

during prolonged storage at ,0 C. and during incubation at 370 C. 

To this end, 300 ml. of blood were mixed with 60 ml. of 3.2 sodium 

citrate solution and divided into six equal portions. One portion 

of the blood mixture was retained to serve as a control, while to 

each of the five remaining 60 ml. ~liquots of the citrated blood was 

added one of the follawing metabolic inhibitors. 

1) 1.2 ml. of 0.5 M sodium fluoride solution; ~o give a final 

concentration of 0.01 M sodium fluoride in the blood 

2) 0.6 ml. of 0.5 M sodium fluoride solution, to give a final 

concentration of 0.00, M sodium fluaride in the blood 

mixture. 

3) 0.6 ml. of 0.5 M iodoacetic acid (IAc) solution, to give 

a final concentration of 0.00, M iodoacetate in the blood 

mixture. 

4) 0.12 ml. of 0.5 M iodoacetic acid (IAc) solutio~ to give 

a final concentration of 0.001 M iodoacetate in the blood 

mixture. 

5) 0.24 ml. of M sodium cyanide solution (neutralized with 

hydrochloric acid), to give a final concentration of 

0.004 M sodium cyanide in the blood mixture. 
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The mixtures were dispensed in 5 ml. aliquots into 

small tubes which were then stoppered and sealed. Within one 

hour of the drawing of the blood, one tube from each lot was 

taken for immediate analysis, and two tubes from each lot were 

ineubated at 310 C. for two and four hours. The remaining 

tubes were stored at sa C., and after two, five and nine days 

of storage respeetive1y one tube from each lot was taken for 

immediate analysis and two tubes from each lot were incubated 

at 310 C. for two and four hours respectively. 

The rate of loss of potassium from the erythrocytes 

during the cold-storage of the citrated specimen without any 

inhibitors added i8 quite typical. The potassium content of the 

cells falls from an initial level of 96 m.eq. per liter to about 

60 m.eq. per liter by the ninth day. (Table III and C). This 

rate of potassium diffusion may be compared with that which oceurs 

in blood specimens stored under similar conditions (Table 6B, 9A,etc), 

but any direct cornparison of the changes which occur in blood 

specimens from different donors is impossible because of individual 

variations. The decrease in the potassium content of the cells 

during the storage period has generally been attributed to the 

retardation of glycolysis in the cold, resulting in the failure of the 

metabolically driven "pump" to maintain the intracellular potassium 

against the concentration gradient (Harris,1941). However, it may 

be seen in Table llA that the loss of pot~qsium from the cells in 

the presence of metabolic inhibitors was retarded. With 0.01 M 

sodium fluoride, 0.005 M sodium fluoride or 0.001 M iodoacetate, the 
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loss of potassium from the cells i5 approximately 50% less after 

two days, and 30% less after nine days at 50 C., than from the 

unpoisoned cells. In the presence of 0.005 M iodoacetate, the 

diffusion of potassium from the red cells also appears '00 be 

delayed for a few days, but hemolysis becomes quite pronounced 

and the results are difficult te interpret. These findings are 

similar to those obtained when oxalate, which also i8 a glyco­

lytic inhibitor, was used as the anticoagulant (TroIe 4A). 

Similarly, the glycolytic activity of blood cells stored at a low 

pH, as in the Acn mixture, is diminished, and the rate of loss 

of potassium retarded (Table 10A). 

Obviously, the diffusion of potassium from the er,y­

throcytes during cold-storage cannot be due simply to a lowering 

of the glycolytic rate, and the inhibition of a system for the 

back-transport of potassium. The effect of the glycolytic 

inhibitors on potassium diffusion in the cold i5 not due to the 

absence of the acid products of glycolY8is. On the contra~, an 

increased a~idity tends te decrease the rate of potassium 108s 

from the erythrocytes during storage. It appears then that these 

metabolic inhibitors decrease the rate of diffusion of potassium 

from the cells during cold-storage either by rendering the membrane 

less permeable te this ion at SC C., or by preventing the breakdown 

of a component of some system that helps the cell retain potassium. 

The effect is similar to that of storing blood at a low pH. Both 

glycolysis and potassium diffusion are diminished, and it is felt that 

potassium is retained by the er,ythrocytes stored in ACD because the 
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adenosine triphosphate is weIl preserved in the cells by the 

acidified medium (Rapopart,l947a). A consideration of the 

effect of the glycolytic poisons on the preservation of the 

labile phosphate fraction of the blood led to equivocal findings 

(Tables llC-G). On the whole,hawever, it would appear that 

adenosine triphosphate i5 not weIl preserved in the poisoned 

specimens, and although the possibility cannot at present be 

ruled out, it seems that the preservation of high-energy phosphate 

is not the explanation for the decreased loss of potassium from 

poisoned cells at 50 c. 

Sodium enters the cells from the plasma at practically 

the same rate in the poisoned and unpoisoned cella (Table llB). 

The rate of sodium diffusion into the cells in the cold is relatively 

unaffected by glycolytic poisons, in contrast to the effect of the 

poisons on potassium diffusion. 

Erythrocytes, with added cyanide, recapture lost potassium 

at the same rate as normal cella when incubated at 370 C., while 

accompanied by an increased glycolytic rate. In the presence of 0.01 M 

sodium fluoride the 1088 of potassium from the erythrocytea when incubated 

at 370 C. i8 Most profound. While a downhill gradient from the cella 

to the plasma exists, potassium leaves the cella at the rate of 

approximately 3 m.eq. per liter per hour. (Table lla) This rate 

appears to be independent of the storage-age of the cella and is 

determined by the prevailing ionic gradient. Incubation of erythro-

c~s in the presence of 0.005 M sodium fluoriàe or 0.001 M iodoacetate 

results in a loss of from 1-2 m.eq. of potassium per liter per hour from 
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the cells (Table lIA). The rate of diffusion of potassium from 

the erythrocytes in the presence of 0.005 M iodoacetate is about 

the saroe as in the presence of 0.001 M iodoacetate but i8 again 

complicated by hemo1ysis. 

At the concentrations of inhibitors used, glycolysis 

at 370 C. was inhibited tovarying degrees. With 0.01 M sodium 

fluoride, the inhibition was about 80%, while with 0.005 M sodium 

fluoride, about 50%. The utilization of glucose appeared to be 

completely blocked at all the concentrations of iodoacetic acid 

used. Obviously the rate of diffusion of potassium from the cells 

i8 not directly dependent on the degree of inhibition of glycolysis. 

As described earlier, blood cells incubated without glucose in the 

medium (Tables 9A and B) lose potassium at a rate of about l te 2 m. 

eg. per liter per hour and at a similar rate when glycolysis has been 

inhibited by oxalate (Tables 4A and SA). The loss of potassium from 

the cells incubated wi th 0.005 M sodium fluoride, 0.005 M iodoacetate 

or 0.001 M iodoacetate may therefore be largely attributable to the 

inhibition of glycolysis, while the massive loss of potassium from 

the cella incubated with 0.01 M sodium fluoride may be due to a direct 

effect of the poison on the cellular membrane, causing it te become 

more permeable te potassium at 370 c. 

Sodium continues te enter the poisoned cells during the 

incubation period ( Table lIB), in contrast to the tendency of un­

poisoned cells te expel it. The exchange of sodium and potassium, 

moving along their respective concentration gradients, is almost 

reciprocal in the blood specimens in which only the glycolytic capacity 
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has been impaired by the poisons. However, in the case of the 

blood with 0.01 M sodium fluoride, sodium does not enter the cells 

as fast as potassium escapes. If a metabolic "pump" expelling 

only sodium was the sole factor operating, potassium would leak 

out only as fast as sodium enters. We must accept then, that a 

concentration of fluoride in the region of 0.01 M alters the 

penneabili ty of the erythrocyte membrane ta potassium but not to 

sodium, and the loss of potassium cannot be attributed to the 

blocking of a metabolically-driven transport mechanism alone. This 

view confirms the observations of Wilbrandt (1937;1940), who found 

that relatively high concentrations of sodium fluoride (0.015-

0.007 M) increase the oSillotic resistance of erythrocytes by releasing 

potassium. This observation in i tself implies that sodium had not 

entered the cells in excessive amounts, and that the loss of 

potassium is not necessarily preceded or followed by the entry 

of sodium. A comparable effect on the potassium content of ery­

throcytes, in vivo, was produced by Henriques and Orskov(1936) by 

injecting lead salts. After thirty-f1ve minutes the potassium content 

of the red cells had decreased by eighty percent, with a corresponding 

shrinkage in the volume of the oel18, indicating that the outflow of 

potassium exeeeded the inflow of sodium. During the following 

twenty-three hours there was a marked increase in the potassium 

content of the erythrocytes which could not be accounted for by the 

formation of new red blood cells, but must have been brought about 

by the uptake of potassium from the plasma. Under sueh circumstances 
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process and not secondary to an active sodium ''pump''. 

Wilbrandt (1937j19hO) attributed the effect of glycolytic 

inhibitors to the interference with the nutrition of the membrane, 

which he qonsidered necessary for the maintenance of its normal 

impermeability to cations. However, he also found that concentrations 

of f1uoride from 0.007 - 0.005 M inhibit ~J~rco1~'sis, b'lt had 1itt1e 

effect or: the rer;:lA2.;~:~1::J:r 0.:-' t;1.€ ;-;:(;~llbrane to potassium. Our 

ohservé'.tions are essontia11y in at:;reement with those of Wi1brand t, 

bùt we cannot re';.<lrd the effect of 0 .. 01 ~.'! sodiur.~ f1uoric1c on th/3 108s 

of potassi'lL1 from the rüd ccIls to be due on1y ta the in:èihition of 

th/3ir meteboJism. Parpé'.rt and Green (1950) have demonstra ted similar 

(-'·f :~ect.s \'.'ith metélbolic poisons Of! t,he p""r:ileabili.ty of t :'l':! erythrocytc 

m.embrane to pot'issiurr.. The reader i8 referred to !:avson and Da:1ielli 

(:!.9!.t3) fD!' a discussion of their ol'servatioJ"s on the effect of rnetalxlic 

inhibitors on the cation gradier:t in erythroc~rtes v:ith lm! potassilun 

a nd high sodium content. 

Greig (1949 et seq.) haS suggested that the effect 0:1.' those 

pois ons an +.he cholinesterë.se 0: tha rad cella is resf.-onsihle for the 

incr;;::ased per:neatili t:r of the mCLlbr&ne to [lotass üm ions. She and hcr 

cO...l,'!orkers 1"E.Ve amp1y deve10ped this ideél :i.n recent ~reé:'.rs (Greig [md 

Hc11anè, 1949; 1950; lS)l;Holl2.nd ancl Greig, 19)0 ; 1951) in connection 

with the osmotic fragi2.ity of the eryt:nroc~rtes. Ovr fil"ciings do not 

contradict her theory, but it must be borne in mind t:1fl t a cle?r 

distinction must be madA beb'leen passive per~:1eél.bili.ty phenomena a.nd 
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.?ctive tre.nsrort rnechanisms. Recentl;,r a lar~e V02.tIT1A of nevr 

infnr'i?tirm has been ~ddeù to our u!1derstandinc of the rc12.ti.on­

ship hebreen thf:l c t olinestera8e sJ"stem and the permeabilHy of 

cellular memhranes to socli'11l1 anrl potaeflium ions. Fnfortunately, 

a good deal of confus ion has l'een introduced thr01t6h a fai lure 

ta distinGui3h cetv;?en the r..etabolic processes unc'lerlyin6 active 

cation move8cnts ~g~inst the concentration grarlient ~nd the rête 

of sodiu!'1 ?nd pOtê.SS:.U!'1 e;;:ch9.nges in the direction of the diffusion 

[ radient. 

Teorell (19L?) and Steinbach (1951) have emphasized the 

need for ê . c1e"rer defini tion and t'.~A.ge of the terr!'. "perf!leé;.bilit~r", 

bui: tr'ür ot.hcrrdse excellent reyü~ws rio not always '!lnke the 

dis tir:cU.on between active transport and permeability phenomena 

cle8.r. lTssing (1949) and Sheppard (1951) he.ve, on the rlhale, avoided 

this amc:i.~uity in their discussions of the p ermeation, accUJ!1r,lation and 

expulsion of ionA. Parpart and Green (1952) have wade a stüm1é'ltin€; 

and provocetive contrihution to the controversia 1 question, 1f'hether 

the relative imperl11eability of the red cell r;:8mbrane, or '3.ctive 

trar:s:!)ort mechar:ü nr.s, play the dominant role in maintainine the high 

potassium conc3ntration apd the 10w socliUJ11 concentration in human 

Of course, neither process is dœJinant in sa far 

as one s 5.l"'lp1y acts to offset the other. Recent. studies y.rith radio­

"ctive isotopes of sodimn and potassium (Sheppard and .i.~artin,1950; 

1951; Hastings et &1.15150; Solo!Jlon,1951;1952; l.~aiz 'üs and :iarris, 

1951)have nemonstr&ted the dei.,ree of the permeabilit:r of the 
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erythrocyte1:'.embrane to these cations, vrhile the active transport 

mechanis:ns normally bal':!nce the passive diffusion. 

Attempts to poison the active trar~port mechanism have 

led to contradictory results beCél'lse of the failure ta realize 

tbt.t the metabolic poisons used é'lso are capable of altering the 

permeability of the mem.brane ta passive cation diffusion. Our 

observations sboulri help resolve this prcbleni in that certain 

c0!1r::3ntrations of metaboli.c poisons affect active transport by 

inhibi +'ing the source of enerby, gl;rc o lys is , while hicher con­

centrations of these poisons, in add.ition to inhibiting b1ycolysis 

and active transport, render the memb!'é'.ne more permeable ta potasRium 

for =-,assive è-iff'-:ISicr. alonC the concentration gradient. 

rr:'he effect Of' fluoricJe and iodoBcete, te on ;;lycol;)rsis and 

phosphorolysis é:t SO C. and FIt 37 0 c. can "he seen by co:nparing 

the data in Table Ile with those in Tables IlD-G. The findings 

are essentially in keeping with current concepts of the action of 

these agents on the t;lycolytic cycle in erythroc~Ttes (Gourley, 1951; 

El1.eller and Hastings,1951), and do not contribute to an underfltanding 

of cation transport mechanisms. 

The action of cyanide on glycol::rsis in blood deserves 

further cOl".::J.ent, sinee this poison intl3rferes with the oxidative 

metabolism of é1.ctively respiring cells. G:,ranide, in a concentration 

tha t would inhibi t oxid2.tive processes in most cells, does not affect 

the active transport of potassium by stored, incubated erythrocytes. 

This was to be expected, sin-::e hurnan red cells have a lovt oxygen 

consumpti.on and are cons idered to derive mos t of t heir energy from 
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nerobic glyco1ysis. The sma11 amounts of energy arising from 

oxictative processes arc rep1aced by a more active .;lycolysis in 

the presence of cyanide. Maizels (1951) has shown a s iJl'li1ar effect 

with carbon monoxide and azidc, as weIl as with cyanide. 

Pluoride and iodoacetate have a profollr.dly deleterious 

effect on the stability of the erythrocyte membrane. The spontaneous 

hemolysis of the poisoned cells dt~ing the cald-atorage and the 

incubation periods was very great (Table III). Tte rcmoval of 

calcium by fluoride has been sUJgested as the reason for the 

increased frazilit~r of the cells (also seen in oxalated cells (Tables 

4A and SA», but the even more profound hemolytic effect of icdoacetate 

:i.ndicates tha t the dam.ege ta the membrane is probably metabolic in 

orizin, possibly related ta the nutrition of the ~ehlbrane. 

The i'ragility of the poisoned cells in various dilutions 

of buffered saline after ten days of cold-etorage is shawn in Table 

llJ. The cells stored with the blycùlytic inhibitors demor.strate 

a greatly increased fr~gility, not the dccreased fragility found by 

Wi1brandt (1937;1940) in poisoned fresh cells. His experiments were 

done at roœn temperature, where potassium leaves the poisoned cella 

rapidly. This decreases the amount of oSI'lotically active material 

in the cells, wh:i_ch attract •• rater and cause the cells t0 swell beyond 

their critical volume, vrhen exposed ta hypotonie saline. In our 

storage experiments in the cold, the poisoned cells do not lose 

potafsium at an abnormal rate and could not be cxpected ta be more 
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stable to hypotonie s8.Ene than unpoisoned cella. On the cor.trary, 

the poisoned cells are more prone to osmotic hemolysis than the 

normal ones, r.ot because of eny increase in the ar.lCunt of osmotieally 

active material inside, but because the membrane itself is more 

fragile and unable te withstand the inevi table swelling tha t ooeurs 

in hypotonie saline. 

Sodium cyan:Lde has little, if an~r , effl3ct either on the 

degree of spontaneous hemolysis of the erJ~hrocytes during storage 

and incutation, or on the fragilit;y of the cells when expased ta 

hypotonie saline •. 



H. The influence of hormones on the electrolyte exchanges in 
erythrocytes. 

It has long been recognized that the concentration of 

potassium in the plasma generally foll'JWs the carbohydrate c~rcle, 

rising élnd falli~~ with the blood sugar level (1<ènn, 1940). As 

ear1yas 1923, Harrap and Benedict (1923;1924) and Briggs, et al. 

(~?23) had shawn that the concentration of potassium in the plasma 

decreased after the injection of insuline During the last decade 

m2~y c1inical reports have indicated that dlœing diabetic acidosis 

the potassium co~centration in the plasma. may be increased (Danowski 

et al.,1927; Nadler et a1.,1948), while during insulin therapy 

this concentration may be rednced (see Overman,1951, for nW"!lerous 

references; Groen et al.,1952). 

Tbe 10ss of potassium fram diabetic cells is, for the 

most part, due ta changes in celblar metabolism (Elkinton and 

Wink1er,1944) and durin~ the recovery of the cells, under the 

inflt:''3nce of insulir., potassium is recovered. It is zenerally 

thought that under such circumstances potassium migrates from the 

extrace11u1ar ta the intracel1u1ar space where i t becomes fixed 

with newly formed ti1ycogen and perhaps proteine Kanuninga and his 

cO-'Norkers (1950) have shcw:n that the increased 61ucose utilization 

by iso1ated rat diaphragm in the presence of added insulin is 

accompanied by an uptake of potassium from the mediUTI. 

As earl;r as 1926, Kerr (1926a;1926b) demonstrated that 

the injection of insuli~ Gould increélse the potassium content of 



circulati!1g er~.rthrocytes, while low reG blood cell potassium levels 

ha'.re been reported in diabetic acidosis (SchrrJ.itt,1936; Danowski et 

al.,19hl; Guest ê.nd H.apoport, 1948). The rate of glycolysis in 

diabetic erJrth1" oey tes has been increased, in vitro, b~T the addition 

of insulin (Eevilotti and Citardé'.,1948). The accumulation of 

potassiuM by previously depleted er~rthrocytes has been demonstrated, 

in Yivo, "by Eaizels (1943) and Davidsen and Kjerulf-Jensen (1950). 

It was considered profitable to investibate the influence 

of insulin on the uptake of potassium by erythrocytes that had 

previously been depleted of sorne of their potassium durin::; a period 

of sta:r'3ge in the calo. The effect of insulin on the Clycolytic 

rate and the glycogen content of the erythrocytes was also inves­

tiga ted. Inst.;.lin had IV) dttectable effects vhen added to blood in 

a concentration of 10 units per 100 ml. The insulin did not affect 

the rate of poté'ssium diffusion, glucose breakdown and glycogen 

disappearance during cold~torage. Hor did this amount of added 

insu}in affect eit.her the rate of potassium uptê.ke, ;lycolysis or 

the breakdg~n of glyco[en in incubated specimens. Diabetic blood 

eeD.s have not bèen investigélted in this respect. 

Thare is some question as ta the exact nature of the 

gl~Tcogen found in the erythrocytes. Attempts to demonstrate its 

presence t-y histo-chemical metbods have invariably failed (Vfachstein, 

1949; Gibb and Stovrell, 19).+9). The material we measureo was, like 

e;lycogcn, resistant to alka2.i hyrlrolys:'s, insoluble in ethanol and 

gave rise to copper-reè'Jcing substances on acid hydrolysis. We 'Nere 



able to deI!lonstrate the presence of an amount of this material that 

yie:lds the equiva19nt of 30 mt.;. of glucose pel' 100 ml. of erythrocytes. 

This level falls te zero during ten deys of cold-storage, but is 

rapidly depleted durin:,: incucation at 370 c. ~~ndreç:e (1946) found 

similar amounts in blood, which é' Iso rlisappeared durinc; tE'll days of 

stor<1.ge. 

Yamagata (1949), using anot.her technique, found 30 to 80 Œ.g. 

of glycogen in 100 ml. of hlood. We have net suèjected the red cell 

;lycogen \'re isolatpd to salive.ry diGestion and B.re therefor8 not 

certain of i ts true chem~.cal nature. 

The effect of the adrcna1 corticA.l hormones on the ionic 

compos ition of the b00Y is v.'ell known. Loeb (1932) showed tha t hypo-

natre!llia and h:rperk,. le:nia 'Nere p2rt of the symptom complex of !,drlis 'Jn fS 

disp.2se in humans. He advB!1ced the hypothests that the horrrlOnes of the 

!:J.drenal cort.ex ,:let direct.J.y on the l - icine~", causing sodiwn retention 

anrl potassit:m excretion. Swin[le and his cO-\'forkers (1937) were cf 

the op:'!1ion th, t the cortical hormones affected the dis trib'ltion of 

catic:J.s between the intrccel:!.ular a.nd extracell'..ü.:;.r cOI!:partlT'3r..ts of 

the boèy directly. 

It is vlOll knovrn that adrenalectoIT'ized 2.nimals shov.' chanGes 

in the c:onceatra':ioD of electrolytes in +.l:.e int:ro.cell'llar as WAll .'.r; 

Muscles and erythrocytes S!lOV.' Er.. incre~sed 

poté'. s~iul'"', él.!1d ctE'cres.sed soriium content, while desoxycorti.co sterone 

acp.tat'9 inc-r::!2.ses the in-:raeel1ular sodium and decreases the intra-

C'~lll·. lar potassÎ'llâ 0.:' J:;usclAs U~iner an" Darro")] 941; Àicmtv:yler et 

al., 194h). The corticcl hormones mél.:' a~t only on the reabsorptive 
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p".e::::lê.r.ism in the tidney tuè>..:.les, but there is evide!1ce thst. they 

have é'.. direct 8ffect on the electrolyte composi tian of other cells 

83 ,,;e11. Regnaner (1943) decree.sed the po te.8 S ium content of the 

muscles and erytr..roc~~tes of rpts by ;:\ potassium deficier:t diet. 

Injections of desoxycorticosterone acetate did not allow a fall 

in the concentration o~ potass~_è' .r ' in the ~EX; cells in the potassiwn 

œficü)nt animaIs, although the muscle potessium was 10':". Krogh (1946) 

suggested th2t the hormone lilay stimuJ? te the potassium transport 

mechanism in the erythrocytes of the potassium depleted animals. 

The caUoI' ctistribl'tion in blood stored at 50 c. is unaffectcd 

by the prBsence of 2 m;. of either desox'Jcorticosterone or its acetate 

in 100 r.ll. of the blood mixture. Similarl~r, the addi-:ion of either 

of these two steroids had no effect on the cation 3xcha~[es in 
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1. I)+::--~r sources of energy for active cOl.tion trensport in the 
erythrocyte. 

l~aizels (1951) b..as shoVIn t.h!'1. t map.Jlose <',nd fructose can 

replace glucose in ener;;iz.ing cation transport in hunan erythrocytes. 

Galactos'J, pentoses, disaccharides, :;;rruvate and lactate vrill !'lot 

energize active cation transport. 

Y.rebs and his co~!orkers (1949 ;195oa. ;1950b) 511O" re(1 that 

glutamic ~cid plays an i~portant raIe in the transport of potassilL~ 

in brain and reti.né'l cell:::. Colè-l3tored retinol cells, which had 

lost 50% of their poi:asfl i.um, ret;<2ined it afte:, :incubation ."ith glucose 

and glutamate, but not vrell v!ith eUher alone. Glucose can be replar:ed 

by lucte.te or pyruvate, glutar.1ate b;r aspartate. 

lHe have been unahl'3 ta demonstrate 8.ny offect of glutamic 

a eid 011 the upta.ke of potassium b;y previously rleple-:C!d erythrocytes •. 

There is no eviclence that er:rtr..rocytes can utilize glutamate as an 

enerE;Y source. 



J. Ox~rgen cons'lJ'llption and t.he pasteur effect in eryt hr oey tes • 

The natlJre human reè cell derllonstrates a low consumption 

of OXJrgen, and sorne investig8.tors doubt that this respiratory 

act:i.v:i.ty is of any si.:;nificance in the en,,=rG~r metabolism of these 

cells (see Demtedt,1952,for numerous references). On the other 

hand, evidence bath direct and ind::..rect, indicates that é'.lthough 

the metabolism of the erythrocyte is mainly eonducted through 

aerobic Glycolys is, this is Hccompanied by a small amount of 

respiration, a. dual metabolic route norma lly followed by many 

cella S:lch as sper!'1atozaa, retina and pus, and resortsd ta by 

other tissues in times af insuffieient o~Jgen. 

It has been known for ma~r years that the respiration 

of mammalian erythrocytes is accorapanied by the liber2tion of 

carbon diaxide and heat (Harrap and Barran, 1928; Ramsay ano 

W'arren,1930). rrarren and Ponder (Ponder,19L8) D.2Ve est~mat,,=rl that 

60% oi' the energy gener,~ted l'y er;j"throcyte metabolism is derived 

frorn oxidati~e l:rocesses, feetle as they n-2~r seern. Warbux6 (1949 ) 

has referre d to the oXYLen eomnlmption of marunalian erytr..rocytes 

in connection with the effect of respiratory poisons. 1jïithin 

fort y ho'.JTS a t J 70 c. aIl the oXYben in arterializ ed blood is used 

up b~r oxij ative processes in the red cells. These processes can be 

inhibi t~cl by carbon monoxide and cyanide (onaka, 1911). V.f}len the 

r3spira tion of the er~TthroG~rte is thus inhibited, [ lycolysis increases 

frorl the 8.erohic to the élnaer obic value. Drabkin (J.9.51) has sho'fl'n 
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the.t the concentration of cytochrome C, a member of the biocatalytic 

systerr. responsible for the utilization ofax:ygen, is proportional 

to the ra te of oXJ"gen consumption or oxidative metabolism in numerolls 

tissues, including mamm,,"lian red blood cells. 

The effect of ageing on the oxygen consumption of rat 

erythrocytes has heen studied by Angelone and .Angerer (1949). The 

oxygen consumption of the red cells was me~snred intermittently in 

the Warb'.lrg man0rnetric apparatus. ~Tesh erythrocytes showed a 

Q02 (rlry wei6ht) of -0.16 rn..~ After two deys of storage at 20 -80 
C. 

in Kreb '8 sol'J.tion (pH 7.4), the c<'02 fell to -0.138 mm) and after 

fo~ daJ~ storage, to -0.095 mrJ.3 The Q02, after storage for a week, 

was reduced to - 0.053 Ilun), "hile after tv'o weeks, the Q02 had fa}.len 

to -0.03 

The writer studi8d the rate of oxy~el"! consum~")tion in vThole 

blood during cold-stora ge al"!d subsequent incubation at 370 c. Citrated 

blocr!, with and without added glucose, was ctispensed into small tubes, 

which were almost completely filled wi th the mixture, stopper~d and 

sealed with paraffin wax. These tubes werc stored at 50 C. and 

incv.béltd at 37° c. as described under Methods. The decrease in the 

oxygen content of the specimens during the storage period is seen 

in Table 12. The changes are quite irref;ular dtle ta the limitations 

of the technique ~sed, and a chance in the oxygen content of the blood duril"!g 

° four hours at 37 C. coulrl not be demonstrated unequivocally. It may 

be readil:r obseryed, by plotting a graph of the oxygen content of the 



blood against the duration of the storage, that the rate of oxygen 

consumption falls off ouite rapidly during the storage period, and, 

in citrated blood, stops l'lithin a Vleek or two. Tbe data indicate 

that the nxygen consumption proceeds for a lonber period in blood 

er..riched .. li th glucose. ~!e have not attempted to measure the o~rgen 

content of blood storecl in the presence of respirator;r inhibitors, 

but have noticed that the bri[ht red color of oxyhemoglobin persists 

in cyanide-containing blood,whereas t:le color of ci trated blood 

progressively darkens during storage. Rochlin (19L2) has shovm 

tl~3.t methemoclobin does not form in blood during prolonged storage 

in the eold. 

The significance of the oxygen consumption of human 

erythrocytes has been questioned by sorne, especially since Aliyisa toI 
(1951) was u.nable to demonstrate succinic dehydrogenase activity 

in these cells. However, the demonstration that anaerobic glycolysis 

exceeds aerobic glycolysis (Bird,1947; Warburg,1949), and that 

inhibitors of oyidative enzymes accelerate glycolysis in blood, 

elevating it from the aerobic to the étnaerobic level (compare Table 

Ile with IlH) (Onaka,l911; 1:aizels,19S1), are evidences of ~ Pasteur 

effect in human erythrocytes (see Eurk, 1939). Moreover the writer 

has observed, occasionally, thet the incuba.tion of tWQ to four rlay 

old blood specimens may result. in a :;reater decrease in the glucose 

content thcn in . fr~sh speci:1ens. \':e have suggested that this may 

he 8.f;ain related to t~e pasteur mechani~m, "rhereby the rapid failure 

# Personal communication. 
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of the rcspiratory systems is compensated for, in part at least, 

by an accelerated glJrcolytic activity. The reader is referred to 

a furthp.r disc1.lssion by the writer, on the possible significance 

of. the 10Yl respiratory rate in the energy metabolism of human 

erythrocyt'J~ (see Denstedt,1952) .. 

It is possible, then, that respiratory processes norJTJally 

contribute to active transport ne chanis ms in the erythrocyte, . 

él.lthough agents such as cyanide do not seeL'l to affect the accumulation 

of potassium nor the expulsion of sodium ty these cells. If the 

transport mechanisms are regulated by the amount of adenosine 

triphosphate available, the accelerated g~colysis that occurs 

an3erobically, will meet these require::1ents .. 
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K. Carbonic anhydrase in stored blood. 

The ery·throcytes contain a number of enzymes associated 

with respire tion, one of which, carbonic anhydrase, is important 

ir: the transport of cart.·on dioxide. Meldr'.lID. and Roughton (1933) 

first deI;lonstrated its existence, and it was crystallized from the 

red cells by Keilin and Manr. (1940). This enz;rme catalyz,es the 

reversible formation of carhonic acid from carbor. dioxide and water, 

driving it forward in the tissues, p.nd driving it backward, liberating 

carton dioxide, in the lungs. There is sufficient carbonic athydrase 

in the erythrocJTtes to accelerate this reaction about 1,500 t.imes at 

38° c. An extensive review of aIl aspects of carbonic anhydrase 

distrihution and activi+'y is availa.ble (van Goor, 1948). 

The role of carbonic anhydrase in certain ionic exchEnges 

in t!"ie erythrocyte has been stuclied by Jacobs and Stewart (1941), but 

this did not inc1ude an investiciation of the role of this enzyme in 

ca tion exchant;es. The ro1e of carbonic anhydr&se in ion transport 

mechanisms in the bastric mucosa, (Anderson and Wi1bur,1948; Martinson, 

1950: Davies 1948), and in the y.idney (Pitts and Lotspeich,194~; 

Pitts,1948; Davies,19S0) has been investiga.ted extensively. The 

systems describei by these investi:;ators involve ion-exchange 

mechanisms, h~~rcgcn ions from carbonic acid, formed under the 

a[ency of carbonic anh;)rdrase, exc~1anging for s odiura ions. 

The possibUi t~r tha t cerbonic anhydrase is invo1ved in 

ca tion transport mechanisrns in the erythrocyte prompted the ,:"rri ter to 

de terrlir>e th8 s ta "bilit y 0: the enz;rme (br ing the pres er,ra tiop of b lood 
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in the cold. :a Y'A.S found Ul;lt the act.ivit;,' of the enzyme 

rem2ins llnaltered in stored blood long after cation transport 

has failed. furthermore, the writer fOl1nd that nO!'!"I~al activity 

is reVüned in specimens of hurnan blood 8torcè &septica11:r ir. 

thf'> refrigerator for over a year. Keilin anrl Wang (1947) f01.:nd 

that A fcrty-two year old specimen of horse blood had retained 

83% of the normal activH:" 1';hen stored in ~lass amp11les without 

conb_nuous re:rigaration. 

Cyanir16 and sulfanilarnide incibit the activity of 

carbonic ar.hy<iras8 (.see LevJis élnd i.ltsh'.llc,1949, for numerous 

re:~rences), but we b.é'.ve shown that neither s:Lbstance affects the 

uptaYe of pot;:;.ssi1.lm 1:y stored er~.r1:hrocytes. The conclusion, therei'ore, 

is 'Hélrranted th?t carto11ic anhyc1rase plays no role in cation l:'.cve­

ment~ ~_n the hu.man erythrocyte. 



1. Srolinp.sterélse ir, Stored I.:lood . 

GrEÜ;; é',nd l'l ollc9nd (1949-1?Sl; sec ? Iso Ho llA.nd and 

GY'e i .:;; ) h;:'\TC in:'roduced D. concept 'l!hich'81ates the activity of 

th~ crolinest'3rase-chol :ne acetJr12se SySt9I1 to the perI"eahilit;,' 

rropertü~s (lf mélfmnalian 0~rthrocytes, lll'lr.h ~\S :Tachmansohn 

(1 Ir-' lQlé 1 0 r:' C) \ ..3 ..... dt' t" t' f th' \~?Lj); . , , 1': ; ."-/.) 1 fUS uescrl< ;e ne p.:l.r lClpalon 0 .1S 

enzyme S~TsteI!1 ino,<on3.1 con(bction. vJorkin __ with tjo~ erythro-

cytes, '.'!r,ic)' r,aV8 a low [lotc.ssiur:: anc1 2. '1i3h so'E'-lJ:l content, 

Grei~ h.::'.s r , ' l é: bd '.-he osrnotic st:!bility of t.he cells ta 2 

f1!nc:tionin;:: coolir>ester2sp. system. The inhibition cf the 

cholinest~l.'~s e activit~ 0:1" tl}e r cd cel1s b~ v'œi.uus v:e l1 known 

~~J .1.!S cert2.i.n oth ',T c1:o1ine ~ ' rd non-cholinE' ::st rs, increase tr.0 

resisté-lncp of t:r", erythrocytes t 'I D.r 5.sot.on:'c ;ot sssi1.iID. chloride-

eff2ct or t~lesp -:lrucis or. t he frp(;iEty of th" rsd colls of cats, 

riOJ3 ar c1 l.''?Q·bits nay re reli'l ted to thcir Af:\~ct on the pe!'Y:le"J:: -

0f t'l': h:'rl rvl;;,'sis Qf élcet;yl choEl i2 21'd. c ~Ttain oUler choline 

ar.r. r.o!l -choline p-st :::~ rs v'ith :J. ~lor:(;r r :.;. t e c: J.038 of pot'lsf::i'-lrn 
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Ahovrp thé'lt the :J:'Ct t '2 of diffusion o!: ;:ot.asé:i'..1.I: froT.' 'mnan erythro-

cytSfi r 2.y te retarned t0 1:;'13 saIlle 8xi:r.mt ':rith 2::,::;ropriate élll'(\',mts 

nei tht.::t' acetic acid nor cholir:.e alone vras effective i:l d:1F:ring 

cation diffusi0ïl :\n tr.8 rlog, cat and rabbit erythrœ:.rtes (EoJ l-1::td 

an~ 3reig, 1950). 

cholinesterélse Activity of the red ce;11s of vario'J.s '!1.BT!'y".alion 

spocieA 2T(1 the st.::.bility of th"S3 cells ir. \-1p.TIlol3'tic so1utior1S 

a cho1incstcrase inhiLi.tor, profi1ctccl the escare of potaS f' iur. 

"R.it;;;s (1?51) indica.te t.h?t this effect is Dot !J1.edi&te0. throui,h 

th.::> i!1hibiticr Qf t h:- cholinesterase s~~str;m, t ,ut b/ the 

CO!lC2n+.rRti. ')l'18, r:ws os ti;;binp. interf8res "ri th th'" trm:s }lort 

ni' pot0ssü.:n ir:.to th,~ cell, but rot \',ith the dif::'usi0n of 

potasfi'.l:n Ol'.t of the cr~ll (Taylor é.r-d l}f)ller, çuoted by 

Christ.cnsen and Eiccs, 1951). 

T~e r0.s:ü ts of f,lrther 2. INesti6e.tio!'lS ir.to the rale 

of the cholinesterase-ch()E~:e acety1ase syst ~ l'1 in the main-

tr}D.".ncG of th.e " ct2.s s ium conto.nt of ~1Un2.n red hlood cells 
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have rec,mtly becn rf'ported (Td:,- ]or, Vieller "3.nd tlastin[;s, 1952). 

These ;_nvcf:tit;ators ";ere é:.Dl'J to meaSlU'8 qualitative as vTell Q.S 

<;.uanti t~ltiv8 chllnges ic T; t8 y; ot3.ssiu'll content 0: the er:rtr.J'o-

C: r t0S by tYc ,-<se (':: a radioactive is:;,tope cf pot r>.ssit:.r.l. They 

found th:ü the é:.ddition of 2.::;Cr.tS th2t will inhibit U~9 choEne 

ac~t.ylase system, results in a rapid decreA.se :Ln the potas:üur.'l 

content of '~he cells, by increasinc the rate at 1f!hicr. this ion 

rliffuses from them; the addition 0: 2.[ent.'3 the.t will ir.hitit the 

cholinester9se s;;Tstem, results in a net decrease jn the potassium 

content of the cells, by interfL~rinb v.-ith the accumulating 

rnechanism for potassium. J'he Eé'~rVélrd group W2.S able to demonstrate 

that, at 37° C. bi,:h soncF;mtrE,tions of fluoride decrease the rate , ~ 

of entr:T cf pot~ssi'.lffi and increase tl:.e rate of :.tR exit, both 

effects lead :i_q~ to a f~J]' in e1.3 ~;otassi'.un conter'.t of the colIs. 

Thjs observ::..ticn is in 8.ccorc' "'fi th the 'i.'!'itc;r 's finJin[s, as 

des cribed abùve (secti on G). 71t:oride 2-ffects the transport 

of rotassiun into t~:'3 cells by inhiriting t;lyccl~Tsis (the ener;;;;>, 

SO~lrce) anc1 cholinest8rase (role l~nknovm). 'l'he :iT.plication is 

thê. t +.he èifi\ts ion of potassium fr o...'U t:-~e cells is<'ccelerated 

by the actior. of f1uorj_de on the cl:olin8 acetylase ~~rst'3m •. 

Flucride r'1ay inhibit this p::. !'t~_cular systmr. inclirectly, by 

blocking glJTcol:rs:l.s anj the rroduction of adcnosine triFhosphate 

and ~yruvat s , both necess 8ry ir:. the s~rnth~si2 of 2cetyl chc~.ine 

b:r cholir'.8 acetylase (narpur an::l Q'1.1astel, 1949). HOVf the 

cholin'? acety13se system or:8ré'ter-: to 1-::eep tl:.G cell 1I1embrane 
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relatively impermeable te potassium ions if; unknewn at the 

!J!'esent ti!'le. Its ]xnction l:!ay te related ::0 the maintf?né'.nce 

of a posi "tively charged area ir: the cell Hembr8 ne (see 

Lïs cus s :i. o!!., 

1:'3centl~T [orey (see IJé'.chmé'nsohn ê.nà V/Hson, 1951) 

and Greig and Hollar!d (1952) have dern.onstrat~d the exiE;tence, 

in hUIl3n 3rythroc~rtcs, of a sys t em capable o:t:' ,:he enz~'3Htic 

acetylation of choline. (,.,hat tha naturA.l substré'.tes and products 

of this syst ::: m are is as yet unknO'l'm. The worl<" of Christensen 

and Hastings (1940) on the cOr.J.plexin;:: of cations by cert2in 

phospholipids T'lay be of signi':'icJ.nce in this connection. Also, 

thE> existence of choline-containing phospholipids in the erythro­

c:,-te membrme should not be overlooked. 

AlthoaGh the wcrk of some (T'ly1or, \,j-eller and :-!astinGs, 

1952) has been more definitive in this subject than that of 

others, it is still safe to s a y t hat the role of the cholinest~rase­

choline p.cetylase system in the maintenance of the cation gradients 

in cells, by activL transport mechanisms and by the maintenance 

of a relatively impermeable nelllbrane, is unknown. 

The writer 's main. object in studying the cholinesterases 

of hlooc! '.':a é! to deterl11ine tbe stability of these enzyl11es d1U'ing 

cold-storage. Pritcha.rd (1949) had shawn that the youpger eryttra­

cytes in He blood of the rat have 2 higher cholinesterase 

activity than the older ones. Keilin and Wang (1947) found that 

s~ecimens of hors~ blocd that had been stored in ampules for 

forty-two ~-ears, still ret&i.!led 85;~ of the <'\ctivity. 



Ths writer T::eascred the eholines:terase activitJr of 

the hlose!, the ceEs an;! the plasma dcring a period of cold­

st0ra.gc of whole citrated t:loco. Th e non-spacific substrate, 

acet~rl-choline c hloride, was usect sinee the rrain ohject was to 

determir.e tÏ1.':: chances in terLlS of relative v-'llues only. The 

effects of thirty-three days of cold-6torage on the cholinesterase 

acti vit~r oi' bloon, erythroc;rt8s and plasma are illustré:' ted in 

Table 13. The cholinesterase activity of the whole blood does not 

eh~nge signifieantly during the storage period. The writer a~ 0 

determined the eholinesterase activity of a. specimen cf hunan 

blood which had been stored aseptically for two years, and found 

it ta be norm31. 

Of [;reater in tores t is the f il1è.i.ng tha t t hG cholines­

terase gradually leaves tLe erythrocytes and enters the plasna 

during ~he first thr'ee v!eeks of storage. n,-U'in~ :'he following 

twe l'le -d3Y l'sri od the ré!. te of loss of the cholines tcrës e fI' on 

the c e lls into the plé:'.sma is greatly accelerated. Dy the thirty­

third day of storage the :' ctivity of the enzyme in the plasma is 

almost 20Cl,0 tha t of frosh plasma, and the Retivi t~· of the cells 

is about 60~; that of fresh cel1.s. A simple calculation (Terle 13) 

shows thet aIl the cholinesterase activi ty that leaves the cells 

can bf' .'l.ccollnted for in the pla.sMa qnd that none WaS lost in 

the washi:lg of the ~ells. Déwies an(! his co~.",rorkers (1951) 

noticed [;. decrease in the cholinesterase activity of the cells 

ar.d a:1 ir.crease in the rlA.sma of oxal8.ted blocd s;>ecimens durin;:; 

short periods of storage. They attributed this to the progressive 
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hemol:rsis, which WE'S appreciable under their condttions. The 

\'rriter fS fjndin[;s do not correle.te with the deeree of spbn­

t2.neous hemolysis occurir:.~ if' the specimens, which vras negli~ible, 

but t~e post' j.bili ty that the cholinestcrase l,:;aves the c ells in 

a pre41emolytic stage cannot be overloGked. 

The cholinesterase activity of rlasma, stored separatel~T 

from the erythrocytes, does not cbs.nce, evs n aft8r long perioès 

A.t hO C. Scudamore and his collee.gues (19~O) stored plasma :'n a 

"deep-freeze" and founo no crancp. in the cholinesterase activi ty 

of th2 plasma. 

The 1'!riter hemolyzed erythrocytes by repeatedly freezinb 

and thawinc them in a dry-ice-aacohol mixture and founcl that this 

procedure d oes not affect th:3 total cholinesterase activity of 

the specimen. Henoval of the cell dehris from snch a hemolysate, 

è:- righ-speed centrifugation, does not .J.lter the activity of thz 

hemolysate, indicêting thet the enzyrlle, which is consj.dered to he 

si tuated L1 or on the rad cell membranG O~rauer and Root, 1945; 

Faleus, 194!) becomes detached from the stroma during the process 

of freezing :!emolysis. Accordint; to l~~entha él.ni his colleagues 

(1947), tha cholinesterase Cél.n be extracted from chilled red 

cells at pH B.3 with lit tle hemolysis. This indice.tes thE.t the 

enzyu3 is quite readily detaché'.ble from the stroma of thecel1s. 

The siGni.f'ica.nce of the departure of U:e cholinesterétSe 

from the erythrocyte surface d1:.ring cold-storage, 3.nd the rela.tion­

sbip .between this process and the permeability properties of such 

stored cells ta cations, remains te be eh~cidated. 
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TABLE lA 

The effect of cold-storage and of incubation at 37°Con the 
. concentration of plasma electrolytes* 

Storage Incub. Whole B100d Plasma Period Period 
(days) (mina) H. Crit Hb Kr- Cl 

gm.% meq ). meq/l. 

0 0 37 11.$ 7.1 102 
30 37 11.7 7.5 101 
60 38 11.5 6.8 105 
90 37 Il.3 6.5 110 

120 38 li.8 6.8 115 

7 0 37 Il.4 33.4 105 
30 37 Il.6 33.2 104 
60 31 li.5 32.2 104 
90 31 Il.5 30.2 104 

120 38 11.5 29.4 103 

14 0 38 Il.4 36.3 108 
30 37 11.5 35.9 106 
60 37 11.$ 34.9 108 
90 38 Il.6 34.8 108 

120 38 11.5 33.5 108 

21 0 37 11.5 39.6 102 
30 38 Il.4 40.2 103 
60 38 Il.5 38.9 103 
90 31 Il.5 .38.9 102 

120 39 Il.4 39.6 103 

28 Q 39 11 • .5 43.3 103 
30 37 Il.6 45.6 103 
60 38 Il.7 46.9 102 
90 38 11.4 45.4 102 

120 39 Il.5 45.0 102 

* B100è : Citrate: plucoae = 5:1:1 

FeT-'--";' (/-) 

IJ!g- % 
0.22 
0.26 
0.33 
0.22 
0.33 

0.21 
0.28 
0.37 
0.41 
0.37 

0.35 
0.43 
0.45 
0.47 
0.39 

0.49 
0 • .58 
0.51 
0.47 
0.58 

0.49 
0 • .53 
0 • .52 
0.75 
0.72 



UBŒ W 
The effect of cold-storage and of incubation at 370 c. on the fragility of the red cells 

Storage Incub. Fercentage of Isotonie Saline (Simmel's) 
Period Period LOO 1 70 1 65 bO 55 1 50 45 40 
(days ) (Atins. ) % hemolysis 

0 0 0 6 39 90 98 
30 2 4 38 96 100 
60 0 7 60 95 100 
90 0 17 70 95 100 

120 0 12 67 90 100 

7 0 2 4 6 17 51 91 98 
30 0 4 6 15 55 96 100 
60 0 8 9 19 55 98 100 
90 0 6 9 22 70 98 100 

120 2 7 9 20 71 100 

" 14 0 0 3 5 9 22 55 97 98 
30 0 3 5 9 20 65 97 100 
60 0 3 5 9 20 65 100 100 
90 0 3 4 8 20 70 98 100 

120 2 9 15 20 32 72 98 100 

21 0 2 4 9 16 45 88 98 100 
30 2 3 5 13 32 76 97 100 
60 2 3 7 13 37 80 98 100 

1-' 

~ 
• 

90 2 3 5 18 50 85 98 100 
120 2 3 8 14 40 78 96 100 

28 0 3 5 8 20 48 82 98 100 
30 3 7 10 20 52 86 96 100 
60 2 6 8 20 52 85 96 100 
90 3 6 12 22 54 87 96 100 

120 3 12 15 32 68 91 98 100 

Blood-ci tra te-rf 
(;) ~cose - 5 :1:1 
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TABLE 2A 

The effect of various preservatives on the concentration of 

Magnesium in the b100d and plasma during co1d-storage. 

Storage Citrate Citrate~G1ucose Oxalate 
Period B100d Plasma Blood Plasma Blood 
(daysJ mg% mg% mg% mg% mg% 

0 3.0 1.3 2.7 1.0 3.3 

1 3.2 1.2 2.8 1.1 3.3 

4 3.0 1.0 2.8 0.9 3.5 

7 3.1 1.1 2.8 0.8 3.3 

10 3.1 1.2 - - 3.3 

13 3.0 1.1 - - 3.3 

14 - . - - - 3.3 

1. Blood-Citrate ~ 5:1 2. Blood-citrate-g1ucose .!W 5:1:0.5 

3. B1ood-oxa1ate - 5:1 

Plasma 
mg% 

2.0 

2.0 

1.9 

2.0 

2.2 

2.5 

2.6 



! 

1 
1 

1 
1 

! 

1 
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TABlE 3A 

The effect of s toring and of incubating blood in various preservative 
mixtures on the concentration of magnesium in the plasma. 

Storage mcub. Citrate Citrate-blucose ~~ate 
Period Pericx:i mgot t mg.lt mg. .;. 
,days) ,hours mg% mg~ mg% 

0 0 1.5 1.4 1.5 
2 1.5 1.4 1.5 
4 1.4 1.4 1.5 

2 0 1.4 1.4 1.5 
2. 1.3 1.5 1.5 
4 1.5 1.4 1.3 

5 0 1.2 1.3 1.5 

1 
2 1.2 1.3 1.6 
~- 1.2 1.3 1.5 

9 0 1.3 1 \. 0'-1- 1.6 
2 l "l 1.4 1.8 -0." 

4 1.3 1.4 1 1.9 1 

1 

14 0 1.3 1.4 1 1.7 1 

2 1.3 1 1.4 1.8 
4 1.3 1.4 1.8 

21 0 1.2 

1 

1., 1.9 
2 1.2 1.4 1.9 

1 4 1.2 1.4 2.0 1 

1 
1 

1 

28 0 1.3 
1 

1.4 2.0 
2 1.2 1.4 2.1 
4 1.2 J 1.3 2.2 1 

1 

2 • = 5:1:0.5 .B1ood -ci ta te : 5: 
. ' Blood -0 ala te = 5 1 

Elood ri tra te -glucose 

: 



TABlE 4A 

The effect of cold-6torage and incubation at 370 c. on the concentration of plasma 
e1ectro1ytes. 

-S-torage 
Period 
(days) 

o 

1 

2 

5 

8 

Incub. 
period 
(rI'ù.ns • ) 

o 
30 
60 
90 

]20 

o 
30 
60 
90 

120 

o 
30 
60 
90 

120 

o 
30 
60 
90 

120 

o 
30 
60 
90 

120 

K,L -- -----CI- I-f Fef~~ 

-cn;:-r OXaI. Cit. 1 OXaI.. C~t. ï oxaI. Grt: àT 
m~--rm~ -r-- -mg% r -rrig~~_l-=rri~--T~riigJ:._ --1 -m~ 1 mg% 

16.2 
15.9 
16.2 
16.5 
17 .1 

36.9 
32.4 
30.9 
28.8 
29.4 

50.4 
46.8 
44.1 
42.0 
42.0 

73.5 
72.0 
69.9 
61.2 
66.6 

15.0 333 
19.8 328 
20.1 333 
21.6 329 
23.6 327 

36.0 340 
37.8 340 
39.8 339 
37.8 333 
43.2 335 

44.1 328 
45.9 331 
46.8 331 
46.2 328 
47.7 326 

69.0 
72.0 
72.0 
72.9 
72.9 

323 
326 
324 
326 
326 

93.0 117.0 
92.1 121.2 
91.8 118.8 
88.5 120.0 
91.5 123.3 

322 
322 
318 
324 
322 

365 
370 
}65 
363 
366 

368 
372 
370 

372 

368 
370 
366 
364 
368 

363 
365 
366 
363 
359 

359 
361 
361 
363 
359 

2.3 
2.4 
1.9 
2.1+ 
2.9 

3.6 
3.6 
4.5 
5.h 
4.8 

3.h 
3.5 
4.7 
5.3 
6.8 

3.6 
4.0 
5.3 
6.5 
B.5 

4.8 
7.8 
9.9 

Il.7 
12.9 

4.9 
4.6 
5.5 
7.7 
6.2 

5.6 
6.9 
8.0 
8.0 
8.4 

4.8 
5.7 
8.2 
8.3 
9.2 

5.5 
7.1 
7.9 
7.9 
8.8 

8.6 
11.0 
Il.6 
12.0 
11.6 

0.25 
0.]2 
0.39 
0.35 
0.90 

0.35 
0.23 
0.32 
0.39 
0.38 

0.32 
0.41 
0.35 
0.35 
0.41 

0.35 
0.32 
0.32 
0.45 
0.50 

0. 25 1 
0.29 
0.35 

0.55 

0.42 
0.64 
0.69 
0.67 
0.84 i 
0.56 1 

0.62 
0.69 
0.77 
1.0 

1.4 
1.6 
1.8 
1.9 
2.0 

0.36 1 2.8 

0.39 1 3.1 

cont'd 

1-' 
0>­
w 
• 



TABlE ~ - Continued. 

Storage Incub. 
1 KI Cl- l Pf FeH (fJ 

Perm period Cit. Oxal. (;~t. Oxal. Cit. 0xa1. Cit. ûxar·1 
(days) (Mins. ) mg% mg~ mg% mg% mg~ mg~ mg% mg% 

11 0 109.8 113.1 322 351 3.6 7.4 0.35 3.6 
30 110.7 117.0 320 350 13'~2 9.0 - -
60 lC9.5 116.1 318 355 16.1 9.6 - -

1 

90 118.8 120.9 316 352 18.2 11.0 - -
120 115.2 120.0 316 350 18.0 10.4 0.45 6.5 

14 0 121.5 127.8 315 353 6.0 8.4 0.38 7.6 
30 123.3 127.8 315 350 14.4 10.8 - -
60 125.1 128.7 313 352 19.2 11.7 - -
90 127.8 132.0 307 352 19.2 11.4 - -

l20 127.8 134.1 311 348 22.0 12.3 0.57 9.4 

21 0 149.4 144.0 307 , 338 11.4 13.5 0.77 9.9 
30 153.9 146.7 305 338 20.4 13.5 - -
60 - 147.6 - 336 - 15.6 - -
90 - 148.5 - 337 - 20.1 - -

1 

120 156.6 151.2 302 338 26.4 19.6 1.0 11.2 1 

1-' 

~ l P - norganiCtPhOS phat, P 

_ 1. Blood - citrat = 5:~ 2. B oOd-oxa1le = 5:1 
1 

~ 
• 
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TABrE 4B 

The effect of incubation at 370 C. for 2 hours on the concentration 

of potassium in the plasma of citrated b100d # stored for various 

periods. 

Storage Before 1 After Net 
Period Incubation Incubation Change 

(days) mg% mg% mg% 

<) 16.2 17.1 ,;.0.9 

1 36.9 29.4 -7.S 

2 50.4 42.0 -8.4 

5 73.5 66.6 -6.9 

8 90.0 91.5 -1.5 

Il 109.8 115.2 15.4 

14 121.5 l27.8 16·3 
21 149.4 156.6 17.2 

# B10od-ci trate = 5:1 



TABLE SA 

The effect of co1d-storage and of incubation at 370 C. on the concentratio~ of plasma 
e1ectro1ytes of citrated and oxalated b100d stored with added glucose.,. 

Storage Tncuo. Kf Ul- TP TA~ Pli 
Period Period 

1 (Days) (Mins. ) 1 2 1 2 1 2 1 2 
mg% mg% mg% mg% mg% mg% mg% mg% 

0 0 18.6 24.6 407 410 3.6 3.8 4.6 5.9 
30 19.8 27.0 408 410 3.1 4.1 3.8 6.5 
60 21.3 28.2 407 411 2.9 5.3 )-1..1 7.3 
90 19.8 30.0 406 410 3.1 5.0 4.8 8.3 

120 21.0 27.9 408 411 4.8 5.6 4.9 8.0 

1 0 54.0 39.3 400 410 3.2 3.8 4.0 4.9 
30 51.3 40.5 402 408 2.9 4.9 5.3 6.4 
60 h5.9 42.6 402 409 3.7 5.2 )~.o 7.2 
90 42.6 40.5 400 410 4.6 6.1 7.5 7.7 

l20 40.5 42.3 402 408 5.9 6.3 9.1 7.7 

2 0 77.4 54.3 400 408 2.5 3.6 4.3 6.9 
30 1 72.0 56.7 400 408 2.9 4.3 5.0 7.1 
60 66.0 54.0 398 406 4.1 5.5 6.5 7.8 
90 63.9 58.5 398 407 5.2 5.8 7.5 8.5 

120 61.2 57.9 400 407 6.3 6.4 9.2 9.7 

5 0 128.7 86.4 392 402 3.5 4.8 4.5 5.7 
30 1 115.2 90.0 393 h04 3.4 5.5 4.6 7.4 
60 113.4 90.0 393 h02 4.9 5.7 6.9 7.4 
90 111.9 91.2 392 402 6.6 6.7 8.6 9.0 

120 106.8 90.8 392 404 7.9 7.3 1 9.5 9.6 

8 0 150.9 112.8 387 402 3.5 4.6 6.7 8.8 
30 147.3 116.1 387 401 7.1 5.8 7.0 10.6 
60 146.1 109.8 386 401 5.6 6.4 9.1 9.4 
90 - 112.8 - 400 - 7.3 - Il.3 

120 133.5 111.9 388 1 402 7.3 7.8 Il.9 10.6 

1 
cont'd 

~ 
• 

1 



TABLE SA - Continued 

Storage ! Inc'J.o. K1' 
Period Period 
(Days ) (Mins. ) 1 2 

mg% mg% 

Il 0 165.6 130.5 
30 160.8 133.5 
60 1 1S6.9 131.4 
90 - 128.7 

120 1S4.5 131-4 

1)~ 0 170.1 140.L!. 
30 166.8 141.0 
60 165.9 141.0 
90 - 139.8 

120 162.9 139.2 

20 0 173.1 164.4 
30 176.7 165.0 
60 176.7 166.8 
90 - 166.8 

120 

1 

173.1 167.7 

____ 11_ ___ _ __ ----
"TA-Sp - total acid-so1uble ph'osphate P 

~ B1ood-citrate=g1ucose - 200:28:12 
Blood-oxa1ate-g1ucose - 200:28:12 

Cl-

1 2 
rng% rng% 

383 394 
385 394 
383 394 
- 396 

38S 393 

372 386 
373 384 
374 1 386 
- 386 

372 387 

361 378 
360 376 
363 377 
- 378 

361 j J7~_ 

IP 

1 2 
rng% mg% 

3.9 6.L~ 
6.0 7.0 
7.6 7.4 
- 8.1 

9.4 9.5 

5.3 7.S 
8.4 8.0 

11.3 7.5 
- 9.4 

13.8 9.0 

9.1 8.8 
14.7 8.8 
18.1 9.4 

- 9.7 
19.3 10.3 

L-_________ -

TA~PH 

1 
mg% 

6.3 
7.6 
8.8 
-

9.8 

7.3 
10.6 
13.3 

-
16.4 

9.3 
14.9 
18.0 

-
19.0 

-- - - -

2 
mg% 

9.4 
10.4 
10.8 
11.6 
11.5 

10.2 
12.0 
12.2 
12.8 
12.8 

9.7 
10.3 
10.8 
11.9 
12.3 

1-' 
C> 
-J 
• 
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TABIE 5B 

The effect of cold-storage émd incubation at 370 c. on the 

concentra tion of plasma electrblY'tes .wi th glucose.# 

Storage Be fore After Net 
Period Incubation Incubation Change 
(Days) mg% mg% mg% 

0 19.8 19.2 -0.6 

1 54.0 40.5 -13.S 

2 77.4 61.2 -16.2 

5 128.7 106.8 -21.9 

8 150.9 133.5 -17.4 

Il 

1 

165.6 154.5 -11.1 

14 170.1 162.9 -7 .2 

20 173.1 173.1 0.0 

# B10od-citrate-g1ucose = 200:28:12 



1 

1 

~BŒ M 
The effect of cold-storage and of incubation at 37 8 C. on glycolysis, phosphorolysis, and potassium and 
inorganic phosphate movements in citrated blood stored with glucose # 
~torage lncub. Plasma 1 Ce Ils 

Ipl li ~ole Dlgod 
Period Period K,.! IP IPL HP SP Glucose 
(Days ) (Hours) meqjl · mg% mg% mg% mg% , Mg% mg% mg% 

0 0 3.3 2.0 0.8 1., 3.0 ].7 11.0 360 
1 3.4 2.0 1.3 1.8 2.2 1.9 10.9 330 
2 3., 2.2 3.0 2., 2.1 2.4 10.2 316 

2 0 10.6 2.5 0.0 L, 1.3 2.8 13.7 320 
1 8.9 3.0 2.3 2.1 1., 1., 13.0 306 
2 8.7 4.0 4., 4.2 0.9 1.i! 11.0 290 , 0 18.3 2.1 0.6 1., 1.4 3.2 13.2 3J..4 
1 16.2 3.1 4.4 3.6 1.0 1.6 12.9 294 
2 1,.1 4.6 ,.9 5.1 1.0 0.9 12 .3 276 

8 0 21.8 2.1 1.6 1.9 1.1 3.0 10.9 278 
1 19.8 4.4 4.2 4.3 1.1 2.0 9.9 214 
2 19.0 5.6 5.9 ,.1 1.2 2.L 8.9 266 . 

12 0 24.5 2.8 4.3 3.4 1.7 1.1 Il.8 243 
1 22.8 5.2 7.0 5.9 D.3 0.9 10.1 236 
2 21.5 7.2 7.7 7.4 0.0 1., 8.8 2)0 

16 0 28.7 3.7 15.5 8.4 0.8 1.0 Il.3 222 
1 28.0 6.7 15.0 10.0 0.5 0.8 9.1 2J..4 
2 27 .0 10.2 11.0 10., 0.0 1.7 ,.8 210 

20 0 30.2 1.0 19.8 12.1 0.6 0.0 5.5 210 
1 30.2 12.3 12.3 12.3 0.8 0.0 5.4 196 
2 29.8 13.0 Il.8 12.5 0.4 0.0 5.4 194 

21 0 35.5 7.5 25.0 14.5 0.3 0.0 2.3 194 
1 )6.0 13.8 16.8 15.0 0.3 0.0 1.9 192 
2 35.2 14.8 16.6 15.5 0.0 0.0 1.4 192 

1. IP - in( rganic ph osphate P 2.L P - labile p osphate P 3 H l' hydrol ,lzab1e phos phate P 
4. SP - sté b}be phosp ~ate P #B1c od-ci trD. te- glucose - 5:1:0.5 

1-' 
~ 
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TABlE 6B 

ThC3 effect of cold-storage and of incuhation at 37° C. on glycolysis, pho~orolysis, and potassium 
and inorganic phosphate movements in citrated blood stored with glucose # 

Storage Incub. 1 Plasma Ce Ils 
-t-- - -

Whole Blood 
Period Period K IP K IP LI-' ' 

".'- Hp Sp Glucose 
(Days) (Hours) i meq/l mg% meq/l mg% mg% mg% mg% mg% 

0 0 ! 3.2 2.2 102.2 0.8 2.4 2.6 10.1 406 
1 3.4 2.5 102.1 1.8 1.9 2.3 11.8 380 
2 ! 3.3 2.4 102.0 2.6 1.6 2.6 10.4 360 

2 0 10.4 2.6 89.0 0.6 1.8 2.0 13.1 360 
1 8.9 2.9 92.1 3.7 1.2 1.7 12.3 346 
2 8.4 4.2 92.6 4.7 1.3 1.0 10.8 330 

5 0 17.8 2.2 74.5 1.2 1.3 2.4 14.0 300 
1 16.2 3.1 78.0 4.3 1.2 1.5 12.6 212 
2 15.6 4.6 79.4 5.9 0.9 0.7 12.4 . 190 

8 0 21.0 2.4 68.0 2.2 1.4 3.1 10.2 272 
1 19.5 4.9 71.6 4.9 0.7 2.0 10.9 268 
2 18.0 5.8 73.5 5.8 1.3 3.1 7.7 256 

12 0 2ü.5 2.9 63.2 3.2 1.6 1.5 11.9 256 
1 23.2 5.6 66.0 6.3 0.0 0.7 11.1 256 
2 22.2 7.9 68.5 6.7 0.0 0.7 9.9 246 

16 0 28.5 3.9 55.2 16.2 0.0 0.7 8.9 250 
1 27.0 6.5 56.8 15.5 0.0 1.1 10.3 246 
2 26.0 10.7 58.3 11.7 0.2 0.8 8.3 236 

20 0 30.2 6.2 52.0 20.5 0.6 0.0 6.5 236 
1 30.2 12.9 52.0 9.9 0.7 0.0 5.7 220 
2 29.8 14.0 54.4 12.3 0.4 0.0 5.6 212 

27 0 35.5 8.3 45.5 23.8 0.2 0.0 2.7 21.0 
l 34.8 13.6 L!.4.8 16.9 0.3 0.0 2.4 212 

WBIOod-Ci~rate :glUCO 

35.0 ll~. 7 45.7 16.7 0.0 0.0 2.1 209 

se = 5:1:0 5 

1 

1 

1 

, 

1-' 
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TABrE 7A 

The effect of cold-s torage ami of incubation at 370 c. on glycolysis, phosphorol:rsis and potassium 

and inorganic phosphate movel"lents in citrated bloocl stored without glucose.* 

Storace Incub. 1 plasma Ce 115 lifuole Blood l 

Feriod period Af IP IP IP LP HP SP -Glucose 

(Days (hours) meq71 mg% mg% mg% mg;:" mg% mg% mg% 

0 0 4.7 3.9 1.2 2.8 3.4 5.0 13.1 50 
2 5.0 3.5 5.5 4.3 3.3 3.7 13.3 29 
4 5.1 5.4 6.9 6.0 3.4 2.4 12.1 9 

2 0 12.4 4.6 0.0 2.6 2.4 5.h 16.6 A) 

2 9.9 6.9 7.'( 7.2 1.1 3~ü 15.5 0 
4 8.9 12.6 15.6 13.8 0.1 2.8 9.1 0 

5 0 19.5 4.0 2.8 3-5 2.5 5.3 10., 5 
2 17.7 9.9 Il.4 10.5 0.0 ü.2 9.7 0 
4 18.1 15.0 18.2 16.3 0.8 0.0 9.2 0 

9 0 22.0 4.8 23.8 12 .4 u.o 1.2 Il.6 0 
2 22.0 16.6 21.9 IB.7 0.1 0.0 8.4 0 
4 22.0 25.0 19.2 21.7 0.0 0.0 3.8 0 

14 0 24.0 2.4 37.9 16.6 8.2 
2 23.8 13 .3 38.3 21.7 2.4 
4 24.2 14.2 33.1 22.0 3.5 

21 0 28.5 10.1 28.0 17 .6 6.0 
2 28.5 22.1 10.6 17.B 2.3 
4 28.9 22.9 1l~.9 19.7 5.5 

28 0 33.0 12.6 36.6 22.2 0.0 
2 32.8 21.3 29.3 24.2 1.0 
4 33.8 23.9 23.4 23.7 1.Ü 

35 0 35.0 20.3 29.0 23.8 0.3 

~Blood-ci tr te - 5: 

1-' 
-.,J 
1-1 
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TAPIE 7B 

The effect of co1d-storage and of inc~bation at 370 c. on glyco1ysis, phosphoro1ysis and potassium 

and inorganic phosphate mavements in citrated b100d stored with glucose. 

Storage Incub. Plasma Cella Whole B100d 1 
1 

Peri~ Period K" IP IP IP LP HP SP Glucose ! 

Jdays) (hours) meqj1 mg%_ mg% mg"- mg! mg% mg% mg% 
0 0 4.3 4.2 0.7 2.7 3.2 7.ë. 12.0 332 

2 4.3 3.8 5.3 4.3 3.3 8.2 7.8 312 
4 4.4 5.5 6.3 5.8 3.5 5.0 10.0 296 

2 0 10.8 4.0 0.5 2.8 2.2 8.6 15.1 274 
2 8.9 6.9 2.2 5.0 0.9 4.1 16.2 263 
4 8.1 10.0 Il.0 10.4 1.0 6.4 Il.8 231 

5 0 18.3 3.8 0.0 2.0 3.5 3.6 15.3 256 
2 16.2 7.6 7.4 7.5 0.4 2.9 14.9 207 
L 15.2 11.6 12.1 Il.8 5.0 0.0 12.4 202 

9 0 22.0 3.9 3.4 3.7 1.6 3.6 13.3 245 
2 20.1 1 7.9 5.2 6.8 1.1 1.3 13.8 228 
4 19.1 12.0 13.0 12.4 1.6 0.6 9.5 206 

14 0 22.5 1 3.4 16.9 8.8 2.0 2.5 15.3 190 
2 21.8 8.8 14.8 11.0 2.3 1.4 11.6 178 
4 21.2 14.6 3.1 10.0 2.6 0.2 14.6 170 

21 0 25.6 8.8 20.1 1) .) 0.5 0.5 8.4 155 
2 25.2 19.3 7.8 14.7 0.6 1.8 8.6 145 
4 25.2 19.8 11.1 16.) 0.7 2.) 6.4 145 

28 0 27.9 10.7 )6.0 20.8 1.3 0.3 0.2 147 
2 28.8 19.8 19.3 19.6 1.) 0.9 2.5 141 
L 29.0 20.4 23.7 21.7 0.0 0.8 1.3 1)5 

35 0 30.0 19.0 28.0 22.6 1.0 0.5 1.6 1)1 
1 

Blood-ci rate-glue pae = 5: 0.95:0 oS 

~ 
~ 
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TABlE BA 

The effect of cold-atorage and of incubation at 370 c. on glycolysis, phos phorolysis and potassium, 

sodium and inorganic phosphate movements in citrated blood stored without glucose. 

Storage Incub. Plasma ifuole Blooo 
Period Period K -Wa iP TI -LP HP ~p Glucose 
(days) (Hours) meq/l meq/J. mg:t) mg?r mg:t) mg:t) mg% ~ 

0 0 3.9 19t1 3.0 1.9 2.3 J.o.o ti.o tsl 
1 3.L 200 3.6 2.4 2.7 8.1 9.0 69 
2 3.Ü 202 3.3 2.8 2.0 7.2 10.2 63 
4 4.0 200 4.2 3.9 2.6 8.9 5.6 45 

2 0 18.5 189 1., 1.3 1.5 2.5 17.7 44 
1 14.3 190 1.8 3.0 1., 2.0 16.5 35 

1 

2 Jlf .6 192 4.4 4.8 1.0 2.0 15.1 27 
4 12.4 194 7.5 6.7 1.1 2.9 12.2 13 

4 0 29.4 178 3.4 1.3 1.7 10.1 11.6 53 
1 26.3 180 4.4 3.6 1.2 2.0 15.3 36 
2 25.0 180 7.1 5.5 0.9 1.3 15.9 23 
4 23.9 182 11.8 9.7 0.0 2.8 10.4 12 

6 0 33.4 170 2.9 1.5 1.3 5.5 16.7 12 
1 30.0 173 4.3 4.0 0.7 3.9 14.3 7 
2 30.5 173 6.8 6.7 0.0 2.9 14.2 6 
4 28.6 175 12.4 11.1 0.0 8.0 7.0 8 

9 0 40.8 172 3.7 ,.0 1.2 6.9 11.9 0 
1 44.1 173 7.4 7.2 0.5 ,.7 11.6 0 
2 40.0 170 9.8 8.9 0.9 1.7 13., 0 
4 40.0 172 14.4 13.6 0.6 0.7 11.1 0 

cont Id 
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Storage Incub. Plc1.sma 
Period period X Na 
(days) (Hours) meq/1 meqjl 

12 0 40.6 171 
1 42.6 170 
2 37.5 Ih9 
4 39.8 170 

16 0 1 41.3 169 
1 40.3 168 
2 42.5 1 

166 
4 42.5 168 

B1ood-ci trate = 5:1 

TABlE BA - Continued. 

Whole Blood 
IP IP LP HP 
m~ m~ mg% mg~ 

7.1 12.0 1.4 0.0 
14.9 14.6 0.0 0.8 
17.0 15.8 0.4 0.0 
18.7 IB.h 0.7 0.0 

8.5 18.0 0.7 0.0 
18.9 

1 
18.7 0.6 0.1 

20.5 18.9 0.0 0.6 
20.5 18.9 0.5 0.0 

- - -- --- ------- --

SP 
mg% 
6.6 
8.4 
6.9 
7.0 

4.3 
2.9 
2.3 
2.6 

---

Glucose 
mg% 

1 

f - -~-- ---- ---

1-' 
--l 
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TABLE 8B 
o The effect of cold-storage and of incubation at 37 on glycolysis, phosphorolysis and potassium, 

sodium and inorganic phosphate movements in citrated blood stored with glucose. 

Storage Incub. Plasma Whole Blood 
Period Period K Na IP Ip LP HP SP Glucose 
(days) (hours) meqjl meqjl mg% ~ m~ mg% mg% mg! 

0 0 3.8 190 3.1 1.8 2.1.!. 3.1 13.6 373 
1 3.4 192 4.2 2.0 2.6 7.9 8.0 373 
2 3.4 193 3.4 2.7 2.7 5.0 Il.6 366 
4 3.8 191 4.6 3.9 2.0 8.2 6.4 357 

2 0 15.8 181 1.7 1.3 1.5 5.6 14.6 280 
1 13.8 181 2.0 3.1 1.6 4.2. 13.9 278 
2 13.4 184 4.4 4.9 1.0 2.7 15.3 268 
4 11.h 186 7.0 7.3 0.7 0 •. 4 14.8 256 

4 0 26.3 175 3.5 1.3 1.8 3.3 17.2 252 
1 24.5 175 4.7 4.0 0.7 1.7 li.3 242 
2 23.3 176 7.1 5.4 0.6 1.8 16.3 240 
4 22.8 178 10.3 8.4 1.'", 0.0 14.0 233 

6 0 30.0 167 3.2 1.7 1.0 5.7 16.6 240 
1 28.9 170 4.5 3.9 0.6 4.}", 16.4 236 
2 27.5 170 6.3 5.7 0.1 2.8 15.6 236 
4 26.0 172 10.0 9.2 0.1 1.4 12.6 214 

9 0 35.0 164 3.2 2.6 2.5 2.4 17.5 230 
1 34.9 166 . 4.3 4.3 1.4 4.6 13.8 224 
2 33.5 168 6.4 5.9 1.2 2.9 15.0 222 
4 33.0 166 9.8 9.2 0.8 3.9 9.7 206 

cont'd 
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TABLE BB - Continued 

Storage Incub. Plasma Whole Blood 
Period Period K Na IP IP LP HP 
(days) (hours) me9L1 me_q/~ mg% mg~ mg! mg! 

12 0 38.5 163 4.8 5.7 1.3 0.0 
1 36.6 164 1.5 1 7.1 1.1 0.0 
2 31.6 166 7.9 8.0 0.0 1.1 
4 33.9 161 11.5 14.4 0.0 0.0 

16 0 38.2 161 5.6 10.1 1.7 0.8 
1 37.4 162 li.9 li.l 2.0 0.7 
2 31.0 162 14.0 12.9 1.1 1.4 
4 35.8 165 15.3 14.9 0.9 0.4 

20 0 40.1 160 10.4 14.4 0.9 1.9 
1 39.8 162 15.5 15.2 1.0 1.4 
2 40.9 162 15.9 15.8 1.0 1.1 
4 40.1 160 11.9 17.3 0.7 1.3 

25 0 42.6 159 li.5 17.8 0.0 1.8 
1 44.4 159 15.6 11.4 0.3 1.8 
2 42.1 158 17.1 17.1 0.4 0.1 
4 44.3 158 18.6 19.1 0.0 0.6 

Blood-citrate=glucose - 5:0.95:0.05 

SP 
mg~-

13.4 
13.6 
10.1 
10.9 

10.6 
7. 6 
6. 2 
5. 2 

7. 8 
7. 4 
1. 2 
5. 1 

6. 0 
5. 5 
6. 8 
5. 1 

G!ucose 
mg,% 

198 
198 
202 
185 

182 
172 
180 
168 

160 
161 
160 
160 

152 
141 
132 
134 

1 

, 

1 

...... 
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177. 

TABLE 9A 

The effect of storing blood in citrat&* on the capacity of the 

erythrocytes to recapture potassium when incubated in phosphate 
H 

buffer at p 7.5 

storage Incub. Glucose absent Glucose added 
Period period K" K" Glucose 
(days (hours) meqfl cella meqfl cella mgLl~ ml. 

0 0 98.3 98.0 216 
2 100.0 99.0 190 
4 98.1 98.8 118 

2 0 81.2 88.2 238 
2 84.8 90.6 228 
4 83.1 9301 216 

6 0 12.0 74.1 222 
2 70.3 75.8 208 
4 68.8 77.9 200 

10 0 69.8 10.2 128 
2 65.8 70.8 210 
4 65.0 69.0 204 

*Blood-dtrate = 5:1 



178. 

TABLE 9B 

The effect of storing blood in citrate-glucose* on the capacity 

of the erythrocytes to recapture potassiwn when incubated in 

phosphate buffer at pH 7.5. 

Storage Incub. Glucose absent Glucose added 
Period Period Kr Kf Glucose 
(days) (hours) meqjl cells meqjl cells mg/lOO mI_ 

l 0 95.2 95.8 242 
2 94.8 96.1 228 
4 96.0 97.9 198 

3 0 84.6 83.0 230 
2 86.2 88.2 212 
4 82.8 89.0 202 

5 0 76.2 77.2 236 
2 74.0 80.8 220 
4 74.0 81.3 200 

8 0 71.0 72.0 218 
2 68.2 76.1 208 
4 65.0 78.0 193 

12 0 64.2 63.1 236 
2 60.0 66.3 230 
4 61.4 68.8 226 

20 0 54.0 55.0 212 
2 52.6 58.1 218 
4 51.8 54.4 208 

*Blood-citrate-glucose = 5:1:0.5 



179. 

TABLE 10A 

The effect of storing blood in ACD* on the capacity of the erythrocytes 

to recapture potassium when incubated in native plasma and in phosphate 

buffer at pH 1.5 

-=-
Duration Incub. Inc. in Native Plasma Inc. in Buffer-pu 1.5 
of Storage Period K Glucose K Glucose 
(Days) (hours ) meqjl cella mg/lOO ml. meqjl cells mg/Il ml 

0 0 92.8 412 91.0 206 
2 93.0 404 93.2 185 
4 91.2 396 91.8 168 

3 0 84.8 388 83.0 212 
2 80.9 380 85.0 200 
4 82.4 369 89.6 119 

1 0 17.1 332 15.2 238 
2 18.2 330 11.0 222 
4 16.2 320 80.6 119 

14 0 10.~ 3)8 11.2 230 
2 68.3 300 13.8 220 
4 11.4 282 15.2 202 

21 0 63.1 213 65.0 216 
2 62.0 268 66.8 200 
4 62.9 252 69.1 114 

28 0 59.0 264 58.2 236 
2 56.0 261 58.8 229 
4 55.8 248 59.0 218 

*' B1ood-disodium citrate-g1ucose = 2oo:hO:2 



TABLE lIA 

The effect of metabolic inhibi tors on the content of potassium in the erythrocytes 

during cold-storage and incubation at 370 C. 

, storage Incub. Cellular Kf - m.eq./liter cells 
: Period Period Citrate 0·9l1! O.OOSM O.~OO~M O.OOlM O.OO4M 
i (days) (hours) Control NaF NaF IAC* IAc NaCN 

0 Q 95.1 98.0 91.1 94.8 96.0 96.6 
2 96.0 84.3 94.3 91.5 92.6 96.4 
4 97.0 72.6 90.6 87.4 89.8 96.0. 

2 0 78.6 87.3 87.5 84.L 86.5 82.5 
2' 84.0 66.0 83.5 80.5 83.6 86.5 
4 85.7 60.3 80.0 71.9 80.5 88.5 

5 0 66.1 78.1 78.0 68.1 78.h 72.2 
2 71.6 52.1 74.1 63.5 75.2 78.2 
4 73.5 55.5 70.6 58.8 70.3 79.9 

9 0 59.h 68.0 68.0 56.2 67.8 67.0 
2 62.0 62.1 66.5 54.3 66.2 67.7 
4 62.6 56.6 62.9 51.7 62.0 68.5 

*IAc - Iodoacetic acid 

! 
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TABLE lIB 

The effect of metabolic inhibitors on the content of sodium in the plasma of blood during 

o cold-storage and incubation at 37 c. 

Storage Incub. Plasma Na,L - m.eq./liter 
Period Period Citrate O.OlM o--O.OO5M O.OO5M O.OOlM 
(days) (hours) Control NaF NaF lAc lAc 

0 0 193 194 196 19!J 190 
2 194 192 193 192 192 
4 191 189 194 188 191 

2 0 183 183 181 179 177 
2 189 177 181 168 174 
4 187 174 183 169 179 

5 0 168 168 170 163 162 
2 165 160 156 157 156 
4 163 161 165 164 154 

9 0 160 164 171 157 160 
2 162 163 168 150 162 
4 114 161 169 156 160 

0.004J,! 
NaCN 

189 
193 
194 

179 
181 
185 

111 
165 
165 

110 
168 
112 

1-' 
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TABLE llC 

The effect of cold-storage and incubation at 370 C. on glycolysis, phosphorolysis and 

electrolyte exchanges in c1trated blood without 1nhib1tors. 

Storage Incub. P~lasma Ce~l_s* J3.100d 
Period Period K" Naf Kf IP LP HP SP Gl.ucose 
(daye) (hours) megfl me_qfl megA mg% mg% mg% mg% mg% 

0 0 2.9 193 95.7 0.3 7.2 4.8 28.2 18 
2 2.8 194 96.0 1.5 8.2 6.5 23.~ 55 
4 2.4 191 91.0 4.9 8.1 4.0 29.2 40 

2 0 12.1 183 18.6 0.3 5.0 4.2 28.0 51 
2 9.3 189 84.0 3.9 7.0 2.6 28.3 31 
4 8.3 181 85.0 4.1 6.1 1.4 26.8 15 

5. a 21.0 168 66.1 0.0 6.5 2.4 30.5 22 
2 15.9 165 71.6 3.4 2.3 2.9 28.7 3 
4 14.9 163 73.5 5.4 8.5 0.0 30.2 a 1-' 

~ 
• 

9 0 22.5 160 59.4 1.4 1.9 1.1 28.1 1 
2 21.0 162 62.0 13.6 3.2 0.0 25.1 0 
4 20.8 174 62.6 9.4 0.5 0.9 16.2 0 

~e11ular composition calculated as described under Methods (c15) 



TABLE llD 

The effect of cold-storage and incubation at 370 c~ on glycolysis, phosphorolysis and 

electrolyte exchanges in citrated blood with O.PlM NaF. 

storage IncuD~ P~asma vel~s Blood 
Period period Kf Na,' Kr JP LP HP SP plucose 
(days) (hours) meqfl meqfl meqfl mg% mg~%" m~ mg% mg% 

0 0 2.8 194 98.D 1.1~ 3.9 5.13 28 •. 4 78 
2 9.J. 192 84.3 2.5 0.0 6.0 26.h 70 
4 15 • .4 189 72.6 1 •. 7 0 .. 0 5 •. 4 24.p 67 

2 0 7 .. 5 183 87.3 2..5 2.3 2 •. 2 34 • .0 79 
2 18.$) 177 66 • .0 2 •. 7 4.2 1 •. 7 28.,5 80 
4 22 • .0 114 60.3 3 • .3 1.1 1.9 25.9 80 

1 

i 
5 0 12..4 168 78.1 0.]. 2.3 3 •. 4 25.,2 73 

2 21..0 160 62..1 0 •. 0 2.1 1 • .1 27.,6 71 
4 2L..-6 161 55.5 1.3 0.,0 1J 25.,9 71 

9 0 17.8 164 68.0 2.1 1.1 2.5 25.8 70 
2 21 .. 0 163 62.1 3 .. 2 3 .. 5 0.,2 28â 70 
4 24 .. 0 161 56.6 4 .. 4 0 .. 7 0,0 25 •. 7 70 

..... e 
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TABLE llE 

The effect of cold-storage and incubation at 310 c. on glycolysis, phosphorolysis and 

electrolyte exchanges in citrated blood with 0.005 M NaF 

Storage Incub. Plasma CeJ.J.s Blood 
Period Period !t Na,t Kr IP LP HP 1 SP Glucose : 
(days) (hours) meqfl meqfl meqfl mg% mg% mg% mg% mg% 1 

0 0 3.2 196 97.1 3.4 2.3 6.3 28.9 11 
2 3.7 193 94.3 4.4 0.2 5.5 29.1 61 
4 5.1 194 90.6 5.1 0.0 5.1 28.4 57 

2 0 7.4 IBl 87.5 2.9 3.2 2.5 30.6 16 
2i 9.5 181 83.5 2.4 3.9 2.9 29.6 76 
4 Il.5 183 80.1 3.4 2.1 2.4 29.6 14 

5 0 12.5 110 78.0 2.0 2.3 3.9 24.5 71 
2 14.6 156 14.1 2.3 4.0 1.8 26.4 64 
4 16.5 165 70.6 0.0 5.6 1.0 29.0 62 

1 9 0 17.8 171 68.0 5.4 0.4 2.5 22.1 73 

1 
2 18.6 168 66.5 5.2 2.3 0.0 31.5 13 
4 20.6 169 62.9 4.7 0.0 1.2 29.6 73 

1-' 

~ 
• 

. - - - - ------ _.-



TABLE 11F 

The effect of co1d~torage and incubation at 370 c. on glycolysis phosphoro1ysis and 
electrolyte exchanges in citrated b100d with O.ooS M lAc. 

Storage Incub. ~lasma Ce Ils 

Period period Kt Naf Kt IP LP HP SP 
(days) l hours l me'ijl meq/l meq/1 Mg~b mg% mg% mg% 

0 0 3.4 193 94.8 1.S 8.2 4.7 30.8 
2 S.6 192 91.S 6.3 1.6 S.6 20.6 
4 7.4 188 87.4 8.3 2.5 2.9 24.3 

2 0 9.1 179 84.~. S.7 S.3 0.0 34.5 
2 11.1 168 80.5 5.3 3.9 2.3 25.8 
4 15.8 169 71.9 5.6 2.5 1.8 18.8 

5 0 17.8 163 68.1 S.4 5.6 4.3 26.3 
2 20.3 157 63.5 4.2 3.5 3.2 27.0 
4 22.8 164 58.8 4.9 3.5 1.9 29 .1 

9 0 24.2 157 56.2 7 .L~ 1.8 1.7 23.8 
2 25.3 150 54.3 5.4 6.1 0.4 28.2 
4 153 51.7 Il.1 7.5 1.4 

Blood 
Glucose 

mg% 
79 
72 
79 

77 
79 
84 

78 
82 
81 

82 
82 
82 

---- ------
.. 2§.6_ 22·L --- H 

co 
\J1. 
• 



TABlE IlG 

The effect of cold~torage and incubation at 37° C. on glycolysis phosphorolysis and 
electrolyte exchanges in citrated blood with 0.001 M .Ir. c,. 

Storage Incub. p'lasma l;el.ls 

Period Period Kr nt Kt IP LP HP SP 
,days) \hourS) meq/l meq/l meq/J mg% mg% mg% mg% 

0 0 2.9 190 96 .. 6 1.8 5.6 6.0 29.2 
2 4.7 192 92.6 7.0 3.5 4.6 21.3 
4 6.1 191 89.8 10.7 4.9 5.2 10.7 

2 0 7.9 177 86.5 7.4 0.0 5.7 18.0 
2 9.5 174 83.6 7.4 6.8 2.9 11.7 
4 Il.1 179 80.5 9.3 1.4 2.1 4.7 

5. 0 12.3 162 78.4 13.9 6.8 3.7 22.9 
2 14.0 156 75.2 6.3 6.3 2.4 15.2 
4 16.6 154 70.3 7.9 7.4 2.7 10.5 

9 0 18.0 160 67.8 17.0 8.4 1.6 15.4 
2 18.6 162 66.2 14.1. 5.6 1.0 7.2 
4 21.3 160 62.0 10.9 7.4 0.0 3.1 

- --~- -~ 

Blood 
Glucose 

mg% 

78 
79 
72 

85 
82 
84 

79 
76 
80 

77 
77 
77 1-' 

~ 
• 



TABlE).1 H 

The effect of cold-storage and incubation at 37° c. on glyco~sis phosphorolysis and 
e1ectrolyte exchanges in citrated b100d with 0.004 M NaCN. 

storage Incub. Plasma Cells 
Period Period Kt Naf Kt IP 1P HP SP 
(days ) (hours) rneq/l Meq/l meqjl mg~ mg% mg%- mg% 

0 0 ~.5 .l(j9 9b.b 0.7 4.b 4.~ j~.4 

2 2.7 193 96.4 4.2 7.4 4.9 27.8 
4 2.8 194 96.0 5.1 6.5 4.0 23.6 

2 0 10.0 179 82.5 1.9 8.2 2.3 26.4 
2 7.9 181 86.5 6.9 6.0 2.5 25.0 
4 6.8 185 88.5 7.9 9.6 4.2 10.6 

~ 0 15.6 171 72.2 l.b. 2.8 3., 31.8 -' 

2 12.3 165 78.2 6.4 4.2 3.2 26.3 
4 11.5 165 79.9 9.7 4.6 2.5 11.5 

9 0 13.4 170 67.0 17 .8 4.7 0.8 27 .8 
2 18.0 168 67.7 Il.9 5.1 0.0 23.1 

Blood 1 

Clucose 1 

mg% 
7b 
38 
18 

~2 
31 

7 

18 
0 
0 

2 
0 

L- __ ~ _ ____ _ 17.5 172 68.5 13.1 2.8 1.0_ '------12_.~ ___ ~ 9 ___ J-I 
Q) 
-,J 

• 



TABLE 11 l 

The effect of metabolic inhibitors on spontaneous hemolysis during cold-storage and 

incubation at 310 C. 

-

Storage Incub. % Spontaneous Hemolysis* 
Period Period Citrate O.OlM 0.OO5M 
{days ) {hours) Contrd NaF NaF 

0 0 0.22 0.59 0.22 
2 0.31 o. !!.1 0.52 
4 0.37 0.L4 0.33 

2 0 0.61 1.8 2.3 
2 0.10 3.0 2.8 
4 0.18 3.7 3.1 

5 0 1.0 3.1 4.0 
2 1.0 5.5 6.4 
4 1.5 9.7 8.8 

9 0 1.2 9.7 11.4 
2 1.4 13.8 17.5 
4 1.5 19.0 22.0 

- - - - --- -~-- --- ---- - - - - - --- - - -

*Percentage of hemolysis : Plasma hemoglobin xlOO 
Blood hemoglobin 

0.005M O.OOIM 
IAc IAc 

1.9 0.59 
2.1 0.61 
1.9 0.61 

4.0 2.2 
5.l. 2.6 
5.4 2.1 

5.5 2.9 
1.7 4.3 

10.0 6.6 

17.0 9.8 
24.0 12.6 
32.1 14.8 

- -- - - - - - - -

O.OO4M 1 

NaCN 

0.33 
0.52 
0.31 

0.44 
0.51 
0.59 

0.14 
0.78 
0.74 

0.90 
1.2 
1.1 

1-' 
co 
co 
• 
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TABLE 11 J 
The fragi1i ty of erythrocytes stored for 10 days wi th various 

metaldic inhibi tors. 
Percent M 
Isotoni NaF IAc NaCN 
Saline l.ne 

100 6.5 25.2 25.2 24.8 20.0 2.9 

90 1.5 58.3 50.4 39.3 33.0 9.1 

80 10.8 65.2 72.2 65.8 61.0 16.5 

70 19.3 18.3 83.5 88.0 81.0 33.9 

60 31.4 86.9 85.2 93.2 84.4 43.5 

50 83.3 91.3 92.2 100 91.7 98.3 

40 96.6 98.3 98.7 100 97.8 98.3 

30 100 100 100 100 100 100 



TABLE 12 

The effect of storage at 50 C. and of incubation at 310 C. on the oxygen content of 

who1e b100d* 

Storage Incub. Citrate 
Period Period 

. (days) 
1 

(hours) 02 Vol.% 
1 

0 0 15.6 
2 -
4 15.3 

2 0 ll~.h 
2 13.6 
4 15.0 

5 0 12.0 
2 11.6 
4 12.8 

9 0 -
2 Il.2 
4 11.2 

B1ood-citrate = 5:1 
B1ood-citrate-g1ucose ; 5:1:0.5 

Citrate-
glucose 

15.4 
15.4 
13.0 

12.h 
12.0 
9.6 

12.h 
13.6 
12.8 

9.2 
--

. -
Storage Incub. Citrate 

' Period Perlod 
(days) (hours) U2 Vol 

14 0 9.2 
2 10.0 
4 9.6 

21 0 10.4 
2 10.0 
4 9.6 

28 0 9.6 
2 10.0 
4 9.6 

35 0 8.4 

42 0 9.2 

Citrate-
Glucose 
% 

9.6 
8.0 
7.6 

8.0 
8.4 
8.0 

8.8 
9.6 
8.4 

7.6 

7.2 

1 

1 

1-' 
'0 
o 
• 
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TABLE 13 

The effect of storage at 50 C. of who1e citrated bloo~ton the 

cho1inesterase activity of the b1ood, the erythrocytes and the 

plasma. 

Storage Who le Cell Plasma Who le 
Period Flood Suspension Blood* 
(days) ~1.1hr~1 0.1 ml. enzyme sys'tiem 

1 582 416 2üO 576 

3 580 419 244 581 

6 569 414 252 582 

9 570 409 254 579 

Il 569 396 264 572 

13 568 390 258 562 

15 584 382 264 558 

18 580 384 270 564 

21 582 388 276 572 

33 565 276 456 576 

*These Whole Blood values are calculated from the values 

of the cell suspension and the plasma by the formula, 

WB = CS .;. P.P! 

where, WB = calculated whole b100d value 
Cs = cell suspension value 
P = plasma value 
PF = plasma fraction derived from the hematocrit. 

" Blood-citrate-g1ucose - 5:1:0.5 
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Resume. 

When b100d is stored at 50 C. potassium leaves the 

erythrocytes and enters the plasma. It i.s replaced by sodium 

which diffuses in fram the plasma. The rate of exchange of these 

ions is mœt rapid during the first week of cold-etorage, after 

which it becomes slarer and more constant. For a discussion and 

mathematical treatment of the kinetics of this diffusion process, 

the reader is referred to Ponder's recent article (1951). 

Studies with radioactive potassium have shawn that at 

370 
C. about 1 ~ ft' diff .;/ m.eq. 0 po ass ~um use from a li ter of 

erythrocytes in one hour, but at 40 G., the rate is only about 

0.15 m.eq. of potassium per liter per hour (Raker et al., 1950). 

During one week of cold-etorage, from 25-30 m.eq. of potassium 

are lost from one liter of red cells, whieh elosely appraximates 

the rate found with the tracer technique. At 370 C., the greater 

permeability of the cellular membrane to potassium is offset b.Y 

a mechanism which brings an equal amount of this ion back into 

the cell. At 40 C., the membrane 18 much lesa permeable to 

potassium (10%), but apparently the potassium accumulating 

mechanism fails eompletely, and a net 109's of this ion oceurs. 

The same observations may be applied ta the entry of sodium into 

the erythrocytes during tœ storage of blood in the c old. The 

permeability of the membrane to this cation is decreased in the 

cold, but the system that pumps sodium out fails to offset even 

this low degree of fE rmeation. 

The inhibition of glycolysis by the eold has a dual 
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effect on the sodium and potassium content of the celle The 

number of these ions that pasaively penetra tes the membrane 

along the concentration gradient is diminished. This would 

tend to hold potassium in the cella, and sodium out. But in 

the cold, the active transport mechanisms that normally 

counteract the diffusion process fail completely, and the cells 

tend, gradually, to assume the ionic compos i tion of the 

surrounding medium. 

That the inhibition of glyco~sis actually decreases 

the rate of diffusion of potassium out of the cell during cold-

storage is further shawn by the effect of glycolytic inhibitors, 

such as oxalate, fluoride and iodoacetate, and by the effect 

of a lowered pH. These factors which diminish the glycolytic 

rate also decrease the rate of diffusion of potassium fram the 

cells, and of sodium into them, at ,0 c. 

The enrichment of the blood with glucose, up to 400 

mg. per 100 ml., slightly retards the outflow of potassium frOOl 

the cella during cold-atorage by altering tœ permeability 

properties of the membrane itself, and not through any effect 

on the metabolism of the cella. This is further demonstrated 

by the effect of added glucose in delaying the onset of spontaneous . 
hemolysis and the diffusion of ina- ganic phosphate from the cella, 

and improving the stability of the erythroeytes in hypotonie 

saline, when glycolysis has been inhibited by oxalate. 

When stored erythrocytes are warmed to 370 C., they 

demonstrate a capaeity to increase their potassium content and 
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to decrease their sodium content, both processes occurring 

against the concentration gradient. This occurs despite 

the increased rate at which these ions diffuse a10ng their 

respective concentration gradients at 310 C. The potassium 

content of a liter of red cells is decreased by 1-2 m.eq. per 

hour at 370 C. if no active accumulation of this ion is taking 

place, either through lack of a glycolyzaëe substrate, or through 

inhibition of the glycolytic activity. tctive accumulation of 

potassium by glycolyzing preserved er,ythroc,ytes more than offsets 

this diffusion process, and an increase of 2 m.eq. of potassium 

per liter of cells per hour, actually represents a back-transport 

of 3-4 m.eq. of potassium per liter of cella per hour. 

The capacity of preserved erythrocytea to take up 

potassium and to excrete sodium is dependent upon the energy 

rnetabolism of the cella. Glycolysis is essential for active 

cation transport in the erythrocyte, and in its absence, only 

passive diffusion of these ions occurs. The rate of g~colysis, 

however, cannot he correlated with the number of ions transported. 

Far instance, fresh cella at 310 C., at equilibriumwith respect 

to their potassium content, lose 1-2 m.eq. of potassium per liter 

per hour, but recapture the same amount by an active transport 

mechanism. These cel1s, glYco~zing at their optimum rate, are 

therefore able to accumulate only 1-2 m.eq. of potassium per 

liter per hour. In the preceding paragraph we have described how 

stored cella when incubated at 370 c. are able to accumulate up 

to 4 m.eq. of potassium per liter per hour. These cells do not 
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glyco~ze as rapid~ as do fresh cells, but perform at 1east 

twice the amount of osmotic work. In the 1ight of these findings, 

attempts to link active transport pDocesses direct~ to g~colysis, 

and to correlate the transport of cations with the amount of energy 

derived from this metabolic process, lose their significance. 

F.resh erythrocytes are unable to alter their content of 

sodium and potassium s :ignificant~ when incubated at 370 C. The 

ability of preserved erythrocytes ta accumulate potassium and to 

excrete sodium when warmed to 370 C. increases during the first 

few days of storage, and thereafter gradually decreases as the 

storage period lengthens. 

The behaviour of potassium 'in blood s tared at ,0 C. 

with citrate only, am subsequent~ incubated at 370 C. is , 
illustrated in Figure l, page 201. The erythrocytes, on incu-

bation, show a maximum capacity to accumulate potassium between 

the 3rd and 5th days of s torage at ,0 C. Thereafter the capacity 

i8 decreased and is lost by the IOth day of storage, when aIl 

the indigenous glucose has been used up. If glucose is added 

immediately befora returning the 10..da.y old specimen to 370 C., 

it :Ls not utilized, nor is there any restoration of tœ capacity 

of the ce Ils to accumulate potassium. 

If the blood is enriched with glucose prior to the 

storage period, tt:e capacity of the cells t.o glycolyze and to 

accumulate potassium, when returned to body temperature, is 

preserved for a longer periode The behaviour of potassium in 
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the plasma of blood stored at ,0 C. with added glucose, and 

subsequently incubated at 370 C. is illustrated in Figure 2, 

page 202. The behaviour of this cation in the erythrocytes of 

another blood specimen, under the same conditions of storage 

and incubation, is illustrated in Figure 3, page 203. The 

ability of the stored cella to recapture potassium during a 

two to four heur period of incubation reaches a maximum after 

the specimen has been stored for about five daye. This maximum 

rate is maintained in specimens stored for as long as ten days 

at ,0 C. The erythrocytes in specimens older than this gradually 

lose the capacity to recover potassium. After a cold-storage 

period of more than three weeks, in a glucose-enriched medium, 

the c ells are no longer able to recapture potassium when warmed 

to 370 C. 

When erythrocytes are preserved in the acid-citrate­

dextrose medium, the glycoljrtic capacity and the ability to 

regain potassium are maintained for a longer period of time, as 

tested by incubating the cella at 37° C. in a buffered medium 

at pH 7.5. These functions are still operative in specimens stored 

up ta at least 28 days at ,0 C. 

Acidification and a high glucose concentration both 

appear to favor the preservation of the qynamic processes in the 

erythrocytes during cold-storage. The preservation of the ability 

of the cells to recover potassium at 370 C.closely follows the 

preservation of the ability to consume glucose at this temperature. 

Despite the lack of a quantitative correlation between the glycolytic 

rate and the capacity to accumulate potassium, it is obvious, that 



when the energy-yielding process fails, cation transport also 

fails. This points to the existence of a fa.ctor in the red 

blood ce11, cornmon ta both processes. 

A thorough investigation of the phosphate compounds 

of blood during cold-storage and subsequent incubation has 

indicated that when the adenosine triphosphate content of the 

cel1s is dep1eted, both glycolysis and active cation transport 

no longer occur. The other organic phosphate compolmds serve 

merely as glycolyzable substrates, and the inorganic phosphate 

content of the blood i8 a reflection of the state of the organic 

acid-soluble phosphate compounds. Potassium is not accumulated 

or held in the erythrocytes by the attraction of the anionic 

phosphate esters. The conclusion arrbred at is that cation 

transport depends on the metabolism of the cell only in so far as 

i t provides the high-energy phosphate bonds of adenosine tri­

phosphate. 

1!'hen glycolysis is not taking place in the erythrocytes 

incubated at 37
0 

C., either through the lack of a substrate, or 

under the influence of a low concentration of a glycolytic inhibi tor, 

active cation transport fails, and potassium leaves the cells at 

a rate of about 1-2 m.eq. per liter cells per hour, the rate predicted 

by isotope studies. The los~ of potassium fram the red cells can 

be increased to the rate of 3 m.eq. par liter cells per hour by 

the addition of sodium fluoride to a final concentration of 0.01 M. 

This concentration of fluoride not only inhibits glyco1ysis and the 

active accumulation of potassium, but increases the permeability of 

the membrane to the passive diffusion of potassium, allowing this 

ion to move more freely out of the cel1, along the concentration 
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gradient. The rate of the diffusion of sodium into the cella, 

passively, is practicallV unaltered by 0.01 M sodium fluoride. 

The implication of the action of fluoride in increasing the 

penneation of the erythrocyte membrane by potassium ions has 

been discussed. 

Glycolytic inhj.bitors (oxalate, fluoride and iodoacetate) 

increase the fragility of the erythrocyte membrane, and accelerate 

the onset of spontaneous hemolysis. The damaging effect of these 

agents probably is due to their interference with the nutrition 

of the membrane. 

The magnesium content of the er,ythrocytes remains 

virlually unchanged during the storage period and during subsequent 

incubation at 370 C. The concentration of magnesium in the cells 

does not appear to be influenced either by the temperatur~ or by 

the metabolism of the cells. 

Ghloride ions tend to leave the cells du ring the oxygenation 

of the blood specimens. During prolonged cold-storage, however, this 

ion tends to enter the cells,along the concentration gradient, possibly 

in exchange for inorganic phosphate anions that diffuse slowly out 

of the cella at f C. o However, when the cella are warmed to 31 C., 

the inorganic phosphate leaves the cells rapidly, while the concen-

tration of chloride remBins unchanged. It is futile to consider 

Dannan effects in such a rapidly changing system. 

Although both insu lin and desoxycorticosterone influence 



199. 

ptassium metab01ism in vivo, no effects of these agents on the 

electrolyte metabolism of erythrocytes, in vitro, was demonstrated. 

Insulin doea not affect the metabolism of glucose or glycogen in 

red blood cells from healthy donors, either during storage at 

,0 C., nor during incubation at 37
0 c. 

Erythrocytes depend mainly on aerobic glycolysis for 

their energy production, but respirator,y processes also m~ 

contribute to the energetics of the celle Oxygen is slowly 

consumed by human red blood cells, and a slight Pasteur effect 

can be elicited. It is considared that respiratory metabolism 

may normally contribute to the energizing of the active transport 

of cations. Glutamic acid, however, does not facilitate the 

accumulation of potassium by preserved erythrocytes. 

The carbonic anhydrase acti vi ty of blood i8 preserved, 

under sterile conditions, for an indefinite periode This enzyme 

does not play a role in the cation transport mechanisms of the 

red blood celle 

The cholinesterase acti vi ty of l'thole blood is likewise 

preserved indefini tely under sterile conditions. The erythrocyte 

cholinesterase is easily detached from the onter surface of the 

membrane, where it is normally located. It tends to separate 

from the cell, very slowly, during the first month of cold­

storage. After this time, the enzyme leaves the cell ver,y rapidly. 
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The significance of the activity of the erythrocyte cholines­

terase in the maintenance of the cation distribution in the 

red cell has been discussed. 
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Figure 1. 

The effect of cold-storage and subsequent incub~tion at 310 C. on the concentration 

of potassiun in the plasma of citrated blood.* 
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Figure 2. 

The effect of cold-storage and subsequent incubation at 310 c. on the concentration 

of potassium in the plasma of citrated blood with added glucose.* 
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Figure 3. 
The effect of cold-storage and subsequent incubation at 3ro C. on the potassium 

content of the erythrocytes of cltrated blood with added glucose.* 
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DISCUSSION 

There i8 no problem more fundamental to biology than 

that of the passage of materials into and out of living cella. 

One of the Most perplexing aspects of this is the paradoxical 

distribution of ions between the intracellular and extracellular 

fluids. Certain ions are held almost exclusively within the 

cell substance, while others are excluded from it. Knowing 

that this selectivity exists only while the cell is living, and 

gives way to a stable distribution on death, and knowing, from 

isotopie studies, that cell membranes maJr be permeated by these 

ions, one naturally wonders what processes are involved in the 

living cell which maintain the internal ionic concentrations. 

Animal cel18, and most plant cells, are characterized by 

having a higher concentration of potassium inside the cell than 

outside, and a lower internaI concentration of sodium and chloride, 

Uneven distributions of other ions are also found in aIl living 

cells. 

Living material is, in general, very sensitive to its 

ionic content, and the ionic concentration of the various body 

fluids must be maintained within fairly narrow limits to sustain 

life. The individual roles of the ions in biology are rather 

ambiguous and complicated (see Lehninger,1950). Of gre~t signifi­

canee is their thennodynamic role in helping to maintain the proper 

osmotic pressure across cell membranes. Specifie activations of 



enzyme systems by electrolyte ions, and their roles as co­

enzymes are familiar, and have been thoroughly investigated. 

We may weIl wonder at the importance of so much potassium in 

most cells, or conversely, why sodium is banned from the interior 

of many cells. In erythrocytes, it is evident that potassium 

plays no esaential role which cannot be served by sodium, for 

the red cells of Carnivora normally contain much more sodium 

than potassium. 

In attempting an investigation of the reasons behind 

the electrolyte distributions, and the mechanisms whereby the 

cell practices its discrimination, all manner of living cells have 

been examined. 

Early botanists, such as Pfeffer, de Vries and Overton, 

were amongst the first to study permeability and the osmotic 

forces of living cells, by using Nageli's discover,y of plasmolysis 

and deplasmolysis. Botanists have made good use of the large 

marine plant cells such as Valonia and Halicystis from sea water~ 

Nitella from fresh water and Chara from brackish water. Single cells 

of ~ multinucleate algae are frequently as large as grapes, with 

a large internaI vacuole filled with intracellular sap, which is 

easily analyzed chemically or bio-electrically. There ls a great 

variation of the internal milieu from one species te another, but 

of greater interest is how the concentration gradients of ions arise, 

some up hill, some down, whether they represent a static or dynamic 
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equilibrium, and if the latter is the case, by what means this 

equilibrlurn is maintained. 

For many years the concept was that the cells build 

their ionic pattern in sorne early stage of development, and then 

cease to be permeable to the ions that were held in or out against 

the concentration gradient. 

Then, Hoagland and Davis (1923;1926) observed that 

Nitella cells, which at low temperatures or in the ctark become 

leaky to the inside chloride, recapture it upon warming or during 

exposure to light. Many other workers, from that time on, have 

demonstrated the intimacy between ionic concentrations and metabolic 

activi ty in plant cells. 

In 1937, Steward published a stimulating paper on the 

role of metabolism and growth in promoting salt accumulation by 

plants. He realized that the problem was not one of equilibrium, 

but that the transfer of salt from the external solution to the 

cell sap tended to increase the total energy of the cell, and 

work must be done and energy expended. The living cells thus 

evade the limitations of true thermodynamic equilibrium by means 

of their own metabolism. Equilibrium i8 rapidly achieved after 

the cell i8 killed, and the second law of thermodynamics 1s then 

appeased. 

In water plants, such as Nitella, the accumulation of 

ions takes place only in the light, and this focused attention 

on the energy relations involved in salt accumulation. The 
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energy of the light source is not utilized directly, however, but 

salt accumulation operates through those oxidative reactions in 

which the products of photosynthesis are the substrates. The 1ight 

effect, besides supp1ying carbohydrate, also maintains aeration 

conditions, whieh are conducive to active absorption. stewa~ 

demonstrated the marked effeet of the oxygen concentration on the 

uptake of both anions and cations by discs of storage tissue, such 

as potato and artichoke tuber!?, and by roots. During anaerobic 

metabo1ism, carbon dioxide is produced, but no salt is accumulated, 

suggesting that carbon dioxide production alone does not resu1t in 

salt acCUI!lu1,e.tion, but a high rate of aerobic respiration is required 

(see Osterhout's cell1932, page 224). 

Low temperatures cause potato dises to 10se potasslum 

comparable to the 10ss of chloride from single plant cells referred 

to above, whi1e raising the temperature increases respiration, and 

an uptake of potassium by the potato dises is elieited. 

• Blinks (1940), by making bioelectric measurements on the 

sap of Halycystis, showed that potassiwn can be accumul.ated from 

artifical sea water eontaining little of this ion. The process is 

greatly modified by tempeature. At 200 C., potassium enters fairly 

rapidly, but cooling to ~ C. results in a 108s of potassium from the 

ce 11 sap. 

Pu1ver and Verzar (1940) found that yeast cells selectively 

remove potassium ions from the medium during fermentation, and tend 
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to release them when fermentation ends. Certain bacteria also 

show this behaviour. 

COnway and his co-workers (1946,1948,1950) postulated 

that this uptake of potassium by yeast cells during fermentation 

is due to an exchange for hydrogen ions, which they observed 

lowered the pH of the medium from 4 te 1.6. If sodium replaces 

potassium in the medium, no sodium is accumulated, ancl few hydrogen 

ions are formed. Sj.nce the pH of the contents of the fennenting 

yeast cells is around 6, Conway suggested that there are two ragions 

in the cells, the outer being vP.ry acidic and in Donnan equilibrium 

with the external medium, while the inner compartment i8 isolated 

by a cation-impermeable membrane. Potassium would then he accumulated 

only in the outer compartment by exchange for hydrogen ions. Since 

this does not account for all of the intracellular potassiUm, Conway 

conceded that an active transport of potassium and sodium m~y occur 

across the boundary between the acidic region and the rest of the 

celle As yet, there is no evidence that the cell has such an area 

of high acidity. 

~rskov (1950) careful1y studied fermentative processes 

in yeast cells and concluded that the uptake of potassium depends 

on the general metabolic state of the cells, and not on the ac1d 

production, which 15 merely incidental to the metabo11sm. 



Oxidative and fermentative met abolie processes are 

clear~ related to the absorption of salt by plant cella, but 

it is difficult ta find any quantitative relationship. Perhaps 

a constant fraction of the total energy produced is directed 

. tawards doing this osmotie work. The activity of these plant 

cells in bath salt accumulation and respiration is determined 

by the amount of carbohydrate availahle, and it is logical to associate 

sorne stage of the oxidative breakdown of susar with salt transport. 

Steward (1937) considered that nitrogen metabolism is also involved, 

as the synthesis of protein from alcohol-soluble nitrogenous compounds 

is also affected by light, oxygen and tempeature, and this synthesis 

parallels the respiration. 

The pattern of the electrolyte distribution in muscle 

cells and nerve fibres has also been studied intensively for many 

years. These tissues can be compared with single cells since 

their fibres are he1d together loosely, the interspaces being 

generally open ta the surrounding medium. Muscle and nerve fibres 

contain twenty to thirty times as mueh potassium as is found in 

the extrafibral fluide 

It had been supposed for years that cell membranes are 

impermeable to potassium, but this concept has required radical 

alterations. The rapid disappearance from the blood stream of 

injected potassium demonstrated that tissue cells could admit this 

ion. A more direct praof 1s afforded by ,the injection of radio-
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active isotopes of potassium (Fenn et al. 1941; Hevesy,1948). 

Evidence i5 not lacking for the permeability of cellular membranes 

ta sodium as weIl as to potassium (Cohn and Cohn, 1939; Eisenman 

et al., 1940) • 

Numerous workers have shown that sodium may exchange 

for potassium under various conditions. Heppel (1939;1940) 

rai8ed rats on a potassium deficient diet, and nearly half of the 

normal potassium content of the muscle was replaced by sodium. 

Injected radioactive sodium readily exchanged with the intracellular 

sodium of these muscles. 1r1Jhen potassium was restored to the diet 

of these animals, a redistribution to the normal electrolyte 

pattern resulted. Steinbach (1940) did analagous experiments by 

soaking isolated frog muscles in potassium-free Ringer solution, 

whereby 40% of the intracellular potassium was replaced by sodium. 

On returning these muscles to potassium-containing Ringer solution, 

they were able to reconcentrate this ion in the fibres against a 

concentration gradient of 10:1. 

Over a period of many years, it has been well established 

that during activity, muscle cells 108e potassium and gain sodium. 

Fenn and Cobb (1936) showed that artificial stimulation caused 

rat muscle to lose about 15% of its potassium, which is replaced 

by sodium. During recovery, potassium i8 regained by the fibres, 

and sodium 1s expelled, each transfer taking place against a steep 

concentration gradient. 

It is difficult to see how the muscle can get rid of 

sodium by any equ1librium process, but must expend energy and 



211. 

perform work to do so (see Steinbach,1952). 

Nerve fibres possess an inorganic ion composition simi1ar 

to that of muscle. The fibres of the giant axons of the squid have 

a ratio of intracel1ular potassium to potassium in the extrafibral 

5pace of about 30:1 (Baer and Schmitt,1939; Webb and Young,1940). 

Gerard (1929) and Furu5awa( 1929) were the first to show that the 

normal polarized state of nerves is maintained by an energy expen­

diture related to the utilization of oxygene The resting potentia1 

of the nerve falls during anoxia and i5 restored after oxygen is 

returned to it. During anoxia, potassium escapes from the axons, 

as it does during excitation. Certain poisons also cause 

depolarization and a loss of potassium. The metabolic activity 

that maintains the polarized state, and presumably maintains the 

potassium concentration, appears to be related to the oxidation 

of the intermediary products of glycolysis, such as lactate and 

pyruvate, and only when oxygen is present can the fibre maintain 

the normal electrolyte composition (Shanes and Browne,1942; van Harre­

veld,1950). That the isolated axon loses potassium on stimulation 

and rapid1y regains it at rest has been well established (see 

Shanes 1951; Keynes,195l; Hodgkin,1951). 

Hodgkin subscribes, in general, to the theGries of 

of Conway (Boyle and Conway,194l), with Dean's (1941) modification, 

whereby sodium is continuously extruded from the axon by some 
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"pumping" device, and potassium diffuses in pas si vely, to 

maintain electrostatic and osmotic equilibrium. Obviously it 

makes little difference in this theor,y if sodium is held out by 

an impenneable barrier, as in Conway's original hypothesis, or 

is actively transported out. 

During the passage of an impulse along a nerve, the 

membrane becomes more permeable to sodium, or the process of 

sodium extrusion is diminished. In any case, sodium enters 

the fibre, with a resultant leakage of potassium. The resting 

axon rapidly readjusts its ionie composition, either by 

accumul ating potassium or exereting sodium or both. Such processes 

must require work, and energy must be derived from the metabolic 

activity of the tissue. 

Dixon (1949) has demonstrated that anaerobie glycolysis, 

as weIl as the oxidative processes, may be instrumental in energizing 

the transport of potassium into brain ce11s. Krebs and his 

eollaborators (1950) have suggested that l-glutamie acid has an 

important role in ion tra.'lsport mechanisms in brain and retinal 

cells. Glutamine does not promo te potassium transport, so they 

proposed that the ionized Y-carboxyl group may serve as an anion, 

carrying in the cationic potassium equivalently. This wou1d maintain 

ele(!trical neutrality, but an active outward transport of sodium, wi th 

an equivalent anion, must be hypothesized in order to maintain osmotic 

equi1ibrium. Krebs, in contrast te Dixon, was unable to demonstrate 
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potassium transport under anaerobic conditions. The requirement 

of an oxidative process utj.lizing glucose, pyruvate and lactate 

to energize sodium ana potassium transport is ;ell ~ecognized. 

The role of glutama.te is more obscure. It will facilitate the 

metabolism of pyruvate by the formation of a-ketoglutarate, but 

also may have a more specifie function. As early as 1943, Nachmansohn 

had shown that glutamate facilitates, and may participate in, the 

synthesis of acetyl chiine in the brain. 

Despite the increasing literàture on the subject, the 

role played by the enzymes capable of synthesizing and hydrolyzing < 

acetyl choline, in the maintenance o~ ionic constitution of cells, 

i8 obscure. This subject i8 briefly discussed with regard to 

erythrocytes in a preceding section. Results: L, page 1.53 (see 

Nachmansohn with regard to nerves). 

Flink, Hastings and Lowry (1950) studied the inorganic 

composi tion of liver slices in rela.tion to their metabolic activity. 

Such tissue cells 108e potassium and gain sodium if theil'" aerobic 

metabolism is interfered with, but a~ able to recapture potassium 

and expel sodium if returned to a favourable environment, before 

the irreversible effects of oxygen deprbration occur. The reader 

is referred to the extensive studies of Mudge (1951) on the 

maintenance of the sodium and potassium content of kidney slices 

by metabolic processes. These cells also lose potassium in 

unfavourable conditions and take up sodium; this process may be 

reversed under the stimulus of active aerobic metabolism. These 
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studies show the need of an active oxidative metabolism, as a 

source of energy, for Bueh tissues to maintain theL:' :~onic 

composition, or ta restors it, if it has bean previously 

disrupted. On the other hand, tissues and cells that normally 

derive energy from aerobic glycolysis, or are able ta revert to 

an acti"e glycolysis in the absence of o:xygen, do not depend 

on aerobic conditions to maintain or restore, their ionic 

composition. 

Regarding erythrocytes, the groundwork was laid in the 

late 19th century by Hamburger, Gruber and Koepe, that the 

membrane of these cells is impermeable to cations, while demo~trating 

a high degree of permeability ta small anions. Erythrocytes invariably 

contain more potassium and less sodium than the extracellular fluid, 

the plasma, they are bathed in, but this varies a great deal with 

the species. The erythrocytes of man, and most other species, 

contain about 100 m.eq. of potassium and about 10 m.eq. of sodium 

per liter. Those of the Carnivora, such as the dog and cat, have 

about 5-10 m.eq. of potassium and about 100 m.eq. of sodium per 

liter. The ox is intermediate, with about 20 m.eq. of potassium 

and 80 m.eq. of sodium per liter of red cells (Kerr,1937). This 

selectivi ty is independent of the cat5.on concentration of the 

surroundine medium, as the ionie composition of the plasma is 

identieal in all species of m81'1l'1als, wi th sodium far in excess of 

potassium. 
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The characteristic imbalance of sodium and potassium 

is easily upset under circumstances that alter the normal 

environment of the erythrocyte ~ a nd a movement towards a more 

equal distributinn begins. 

Before discUBSing the penetration of the cellular 

membrane by sodium am potassium, an examination of this 

membrane may be in order.# Human erythrocytes stromata contain, 

by chemical analysis, 4.7 mg. of lipid per ml., or 430 x 10-12 mg. 

6 -12 per cell, or 2. x 10 2 
mg. per u of cell surface. Assuming a 

density of 0.85, this quantity of lipid could form a continuous 

layer 31 Ao thick. About 40% of the total lipid is cephalin, 

21% lecithin, 25% cholesterol,5% cholesterol ester and 9%"neutral 

fat", now recognized as c onsisting of glycolipids and referred to 

as "the cerebroside fraction". The total amount of lipid, and 

the proportion of each, varies from one species ta the next. 

The protein content of the red cell stroma is about 

8.6 mg. per ml. or 780 x 10-12 mg. per celle Taking 1.3 as the 

density of the protein, it could form a layer 37 AO thick over 

the surface of the erythrocyte. The washed and extracted protein, 

#The writer has made liberal use of the discussion of Fonder 
(1949a ) on the ultrastructure of the erythrocyte, and of the 
articles appearing in the Annale of the New York Acade~ of 
Science, 50, 1950, for the foll~ring remarks. 
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called stromatin, belongs to a class of proteins similar to, 

but not identical with, the keratinsmd collagens (Ballantine, 

1944). By physical means, Boehm (1935) described the stromatin 

as having a very high assymetry number, a..T. as seen in the 

electron microscope (Wolpers,1941), the red cell surface has a 

fibrous structure. The erythrocyte envelope is visualized as 

being composed of a scaffolding or felt-work of protein fibrils, 

in which lipid molecules are interspersed. Other proteins exist 

in the ultrastructure, but have not yet been characterized. A 

globulin is found in the supernatant fluid in the course of the 

preparation of stromatin. ponder and Furchgott(1940;194l)described 

an anti-sphering albumin that covera the erythrocytes loosely to 

a depth of 50 A o• Enzymes and immune bodies are also known to 

be present in or on the red cell lÙtrastructure. 

By weighing the stromata or post-hemolytic residues of 

erythrocytes, and by calculation from the phospholipid content of 

red c ells and hemoglobin-free residues, 1t has been establlshed 

that the cell stroma composes 3.4% of the dr,r weight of the human 

erythrocyte. The process of washing the post-hemolytic residues 

to rid them of hemoglobin, causes a loss of lipids and pro teins , 

especially in electrolyte-poor media. Erickson and her collaborators 

(1938) report that they were able to 0 btain stromata wi th 90% of 

the original lipid content, while Waugh and Schmitt (1940) admitted 

to los ses of up to 60%, by allowing the cell residues te stand in 

the hemolyzing medium. At the srune time 25% of the original protein 

may be lost te the medium. 
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The question as to how much of the material that makes 

up the stroma or fixed framework of the red cell can be regarded 

as composing the surface ultrastructure is not easily disposed of. 

As yet we do not know if the cell is a balloon, filled with a 

solution of hemoglobin, or has an internal framework supporting the 

hemoglobin, and surrounded by denser surface layers. By assuming 

that all the material of the fixed framework go es into the 

construction of the surface ultrastructure, or membrane, a value 

for its thickness may be deduced, which will have to be scaled 

down when, and if, an internal fixed architecture is established. 

If 3.4% of the dry weight of the intact human red cell go es into 

the surfece ultrastructure, the thickness of such a membrane would 

be 190 AO (cell volume = 90 u3, cell area = 163 u2; assumed 

density = 1.0). This calculated (Ponder, 1949) thickness does not 

take into eccount the contribution of water, which is appreciable. 

Waugh and Schmitt (1940), with the aid of the leptoscope, have found 

rabbit red cella ta be 220 A 0 thick at pH 6.0, as compared to a 

thickness of 135 AO calculated from the weight of the fixed frame­

work. They estimated that water contributès about 25% of the 

thickness of the ultrastructure. Ponder (1949a) believes that 

water makes up about 80% of tll3 natural thickness of the erythrocyte 

membrane. Electron microscope measurements of the thickness of the 

red cell stroma of humans range from 230-500 AO, and by allowing for 

a 25% contribution of water, the total thickness becomes 300-600 AO 

(Zwickau,1941: Rebuck 1948;1949). 
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polarization studies of the residues of rabbit erythro­

cytes show that the surface ultrastrueture i8 optically similar 

to that of the sheath of invertebrate nerve. The protein eomponent 

has its long axis oriented tangentially, while th~ interspaced 

lipids are radially oriented. The lipids, eephalin, leeithin and 

sphingo~in, are visualized to be lying in the ultrastrueture, 

with their fatt,y acid ends, bearing serine and choline, protruding 

into the surrounding medium. It is these ionized polar groups 

whieh dominate the surface from an electrophoretic standpoint. 

From electrophoretic data, it can be deduced that the surface of 

the red eell is dominated b,y strong aeidic groups, the isoeleetrie 

point being about 1.7. The extracted lipid has an isoelectric 

point of 2.6, and the protein 4.7. The phosphoric aeid groups of 

cephalin an:} lecithin are probably responsible for the electro­

phoretic behavior of the cell residues, although sueh charged 

groups are not necessarily limited to the region occupied b,y the 

outermost molecules. 

Electron microscope micrographs show that the red cell 

surface is not a homogeneous film, but is folded, and holes may 

appear after lipid extraction. Wolpers (1941) has visualized the 

surface ultrastructure as being similar to a matting of protein 

fibres, in which lens-shaped lipid bodies are embedded. Such a 

protein-lipid mosaic, with the protein axis tangentially arranged 

and the lipid mole cu les radially oriented, fits weIl into the 

observations with polarization optics. 



219. 

What is referred to as the red cell membrane, and held 

responsible for the permeability properties, ia auggested to he 

a specia1~ oriented region in the u1trastructure. The reatraints 

on diffusing ions may be thought of as due to charges on the 

oriented molecu1es in this region. Fricke and his co11eagues 

(1939) estimated this region, by impedance measurements, to be 

30 AO thick. 

It cannot be expected that the penetration of substances 

through such a complex surface ultrastructure can he explained 

adequately by the c1assica1 theoriea of membrane permeabilit,y. 

These theories were of a purely physical nature, depending on a 

lipid layer in one version, and on a aieve-like membrane (Collander) 

in another. Such theories posaeaaed many diacrepancies, but by fusing 

them into a ttlipoid~ieve" theory, some of the failings were overcome. 

The theory was built around model experiments with sieve-like 

membranes, and living structures were supposed ta he enveloped in 

such sheets (see HOber, 1945). AlI permeabi1ity studies on erythro­

cytes were interpreted in the light of this theory (Davson and 

Danie1li, 1943). It had long bean known that certain anions move 

readil3" in and out of the erythrocyte, as seen in the "chloride-shift". 

Experiments of short duration contributed to the idea that cations 

could not penetrate the intact cell membrane. It is probable that 

in theae axperiments a steady state existed, in which the passive 

diffusion of cations was balanced by the active proceaaes which 

are now known to oceur. 
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Until quite recent~ it was thought that the cation 

distribution in red cella (and all body cells for that matter) 

i8 established in some inexplicable manner during the active 

stage of cell development and is perpetuated in maturity by the 

cell becoming impermeable to at least one of the cations, sodium 

or potassium. That the cation content of the erythrocyte can be 

altered very readily had been shawn as early as 1924 by Ashby, and 

by Kerr in 1929, but because of the currently accepted thearies, 

these findings were either ignored, or at be~t, explained away. 

Studies on the changes occuring in stored blood called 

attention to the fact that the red cell membrane does permit the 

diffusion of cations. Proponents of the classical theory Buggested 

that tha normally impermeable membrane was injured in some way, 

permitting cation diffusion. Among the corxlitiona which allow the 

leakage of potassium from the red c ell, and presumably damage the 

membrane, are suspension inslightJ;y- flYPer-or hypotonie media, a 

slight imbalance of cations i4 the auspending salt medium, arise 

or fall in the temperature, centrifugation, or even standing in 

serum or Ringer solution. When Wilbrandt demonstrated that 

g~colytic poisons caused massive cation shifts, attention was 

focused on the metabolic factor involved. The supporters of the 

classical theory of cation impermeability proposed that normal 

glycolysis was necessary to provide energy to maintain a structural 

situation which is cation impermeable (Wilbrandt, 1937; 1940). 

Harris' findings in 1941 made this concept untenable. 

Not only does active glycolysis prevent the loss of potassium from 
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the red cella, but it will energize a slow uptake of this ion 

by previously depleted cells. Such a phenomenon cannot possiblY 

be explained on the basia of surface properties alone, but 

implies the existence of a metabolic "pump", or an aCCUllllllating 

mechanism, of sorne sort. 

The conclusive evidence that cation gradients in cella 

are not maintained by membrane impermeability came from experiments 

with radioactive isotopes of these ions (see Hevesy, 1948, for 

references to pioneering work). The early experiments with radio­

active potassium showed that about 12-15% of the potassium in 

human red cella, kept in vitro at37° C., is exchanged for plasma 

potass ium in ten hours. rater experiments, from different 

laboratories (Sheppard and Martin, 1950; Raker et al., 1950; 

Solomon, 1951) have achieved remarkable agreement in demonstrating 

that 1.6-1.8% of the red cell potassium is exchanged for potassium 

in the extracellular medium par hour at 3-70 C. AIl the intracellular 

potassium lB iree to participate in the exchange. The rate of 

exchange of potassium is slow in sorne respects, but is fast when 

compared with the 120 day life span of the circulating erythrocyte. 

Red cells are even more permeable to sodium than to potassium , 

as has been demonstrated by radioactive tracer studies (Sheppard 

and Beyl, 1951; Solomon, 1952). The cella normally excrete over 

3 m.eq. of sodium per hour per liter of cella, or, in other words, 

a complete turnover of the intracellular sodium can occur every 

three hours. 
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It is impossible, then, to retain the idea that the human 

red cell possesses a membrane that does not norma11y permit the 

entry or exit of cations. The question still is, what maintains 

the cation gradients between the intra- and extracel1ular f1uids, 

or in other words, what prevents the ce1Is from assuming an ion 

composition identica1 ta the medium surrounding them? 

The classica1 point of view is that the ionic gradient 

between the rad c e11 interior and the plasma is maintained by the 

permeabi1ity properties of the membrane. Undoubtedly this plays 

a major ro1e, presumab~ due ta the insu1ating layer of Fricke 

(1939), whichwi11 restrain positive1y charged ions. Despite this, 

potassium does escape from the ce11 and sodium enters it, and to 

offset these shifts, potassium must be transported back and sodium 

transported out, against their respective concentration gradients. 

That the active transport of cations aeross tl:e boundaries 

of living cella does oceur has been recognized for almost a quarter 

of a century. Netter (1928; 1934; Mond and Netter, 1930) demonstrated 

a mode1 ce11 that was able to concentrate potassium. He separated 

with a collodion membrane, a solution, "pt, consisting of M/1400 

potassium sulfate and MilO sulphuric acid, from a solution "0", 

consisting of the same amount of potassium sulfate made isotonie 

with respect to "1" by the addition of the proper amount of glucose, 

to avoid water shifts. '!he collodion membrane used to separate "In 

from "0 11 was permeable to hydrogen and potassium ions, but not to 
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sodium ions, glucose or anions. Hydrogen ions tend to pass through 

the membrane, following the steep concentration gradient from pH 1 

to pH 7, and for electrostatic reasons, su ch a passage is on~ 

possible by the exchange of an equiva1ent amount of potassium. This 

mode1 is capable of eventual~ creating a potassium gradient of 

25:1 between ''l'' and "0". Thus, in living cella, acid production 

could result in potassium accumulation, if the cell membrane 

possessed the same permeability properties as doea a dried collodion 

membrane. 

Osterhout and Stanley (1932) recognized that cells are 

encloaed in a structure that does not permit a ready inflow of 

ions. They devised an artificial "cell" that could accumulate potassium 

by the use of a carrier in the "membrane". In their mcx:lel, a guaiacol 

solution serves as the cellular "membrane", separating potassium 

hydroxide outside the "cell" from potassium hydroxide inside. On 

bubbling carbon dioxide into the solution inside the cell, potassium 

bicarbonate forma. Potassium ions in the outer compartment form a 

complex with the guaiacol, whieh diffuses imrard and the potassium 

is released by combining with the carbon dioxide. Henee the guaiacol 

is free to transport more potassium, and the concentration of 

potassium may beeome much greater inside the cell than outBide. The 

production of carbon dioxide iB not essential for potassium accumu­

lation b.Y living cella, but anything that will preferentially take 

thiB ion from its carrier would serve equa~ weIl. Similarly, the 

destruction of the carrier, in this case the guaiacol, on the inside 
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of thecell, would result in a net uptake of potassium by the celle 

Guaiacol apparently demonstrates a much lower affinity for sodium 

than for potassium. Osterhout's (1952) timely review, which 

summarizes his earlier ideas, coincides with the advent of several 

modern modela to explain tœ transport of cations through living 

membranes. 

The failure to explain the cation distribution in muscles 

by physical forces alone, led Steinbach (1940) and Dean (1941) to 

accept an active transport of sodium across the cellular membrane. 

Dean recognized that the concentration of ions by cella requires 

1I'ork and hypothesized a "pump" mechanism, whereby sodium is excreted 

by the muscle fibre and potassium diffuses in, to maintain osmotic 

and electrostatic equilibrium. He recognized that such a transport 

mechanism must be motivated by metabolic energy. Muscle can maintain 

its high potassium content under anaerobic conditions, or in the pres­

ence of glycolytic poisons, but not when both oxidative and anaerobic 

metabolism was stopped. Muscle ia well known for its ability to 

function narmally anaerobically and aerobical~. 

As yet, the exact nature of the forces bringing about the 

transport of ions across cell boundaries is unknown, but, in many 

cases at least, it must involve chemical reactions between cell 

constituents and the transported ion. The accumulation of ions in 

response to an electrical potential (Lundegardh, 1945; Conway, 1951) 

is not sufficient~ specifie to perform, for instance, the separation 

of sodium and potassium ions from a mixture of the two ions. 



In the case of phosphate transport, it is easy to 

visua1ize the formation of a phosphate ester at one boundary 

of a ce11 membrane and the sp1itting of the ~~ter at another 

point in the celle Gour1ey (1952) has, in fact, shown that 

inarganic phosphate ions enter the erythrocyte through the 

formation of adenosine triphosphate in the cell membrane. 

The search for chemica1 constituents of cells capable 

of transporting sodium or potassium by complexing wi th either 

cation preferentially in the cell membrane has met with little 

success. Steinbach (1950) isolated a fraction of a muscle homo­

genate that appeared ta bind sodium. This must be sodium in the 

process of being transported through the cellular membrane. 

Proteins apparently do not selectively bind either sodium or 

potassium, although the ability of certain ones to take up 

alkaline earth metals i8 well known (Denstedt; K1otz, 1952). 

Iamm and Malmgren (1940) describe the selective binding of 

sodium, in preference ta potassium, b.Y palyphosphates. The 

binding of these cations by the po1yphosphates in cellular 

membranes warrants further study. The possible participation of 

the cho1inesterase and choline acetylase systems, in the main­

tenance of ionic gradients, points ta a possible ro1e for the 

choline containing phospholipide in the cellular membrane. 

Investigations of purified 1ipid components of brain homogenates, 

however, show no saective binding of potassium as compared to 
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sodium (Christensen arxJ Hastings, 1940). 

Ussing (1949) warns that too much emphasis should not 

be placed on the chem.cal simi1arity between sodium and potassium. 

The artificial cell of Osterhmut described above, accumu1ates 

potassium in preference to sodium, due to the higher affinity of 

guaiaco1 for potassium. Hodgkin (1941) and Steinbach (1952) point 

out that cations with sma11 atonic numbers genera1ly have a greater 

tendency to form complexes, and sodium should have a greater affinity 

for a lipoid carrier than potassium. 

Krogh (1946), Ussing (1949), Steinbacp (1952), and others, 

subscribe to the view that ion transport must entail a chemical 

reation between some cell constituent and the specific species of 

ion to be tra.nsported. Such a system requires that the carrier form 

a relatively stable complex with the ion, and be free to diffuse, or 

be rotated, through the membrane. At the other boundary of the membrane 

the ion-carrier complex must be broken, either by altering the carrier 

chemically, or by supp1ying another ion which can replace the trans­

parted ion in the comp1ex. Ussing concedes that pore size and 

electrical potentials resulting from metabolic processes may be 

involved in the transport of ions, but believes that a specifie 

chemica1 reation between the ion and sorne organic membrane constituent 

is of decisive importance. 

Steinbach (1952) has provided a model to explain the cation 

distribution in muscle and nerve fibres. He postriated that the 

membrane of the cell has "holes" which permit the slow penetration 
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of sodium into and of potassium out of the fiber. To remove the 

sodium which tends to accumulate in the cel1, a transport or 

carrier i8 provided. ThiB carrier~ion complex is supposed to 

diffuse through the membrane and he released at the external 

boundary, or perhaps the sodium is released and the organic 

carrier salvaged or destroyed. Such an active removal of sodium 

should create an electrical gradient which would induce potassium 

to diffuse in passive~. During excitation, the complexing of 

sodium ceases am the ions move passive~ in reponse to the 

chemical gradients. SteinbacH realized that sodium transport 

must be linked with the energy~ielding reactions in the cel1, 

either to synthesize the carrier, or to synthesize the ion­

carrier complex, or both. 

Conway (1947) and Ussing (1949) advanced reasons for 

be1ieving that the potassium movements in nerve and muscle are 

purely passive a10ng an electrical gradient and against the 

chemica1 gradient. 

Salomon (1952) has recent~ advanced an hypothesis . 

to account for cation transport in human erythrocytes which i5 

similar, in some respects, to that suggested by Osterhout (1952) 

for plant cella, and by Steinbach (1952) for nerve and muscle cella. 

Solomon postu1ated that separate carrier me chanis ma operate in the 

red cell membrane for the transport of sodium am potass ium. 
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Moreover, in this qypothesis, sodium and potassium are not on~ 

transported through the membrane against their respective 

chemical gradients by the organic carriers, but are transported, 

by different carriers, along their respective chemical gradients. 

Solomon suggested that simple diffusion of cations through the 

membranes, even along the concentration gradient, cannot oceur 

for thermodynamic reasons. He reinforced thi9 argument by showing 

that within certain limits at least, potassium transport is 

unaffected by the external concentration of potassium ions. 

With the inward transport of potassium proceeding at the maximum 

rate, the outflow of potassium is unaffected by the external 

potassium concentration, (up to 14 m.eq. per liter) imp~ing 

that the outflow is not due simply to free diffusion in response 

to the concentration gradient. Solomon suggested, therefore, that 

the outflow of potassium must also be mediated by a carrier, 

working maximally. Hovlever, if free diffusion were to take place 

through "holes" in the membrane, the rate could be limited by 

the number and size of the "holes", and not by the number of 

carriers avaiable. Such movements in response to the chemical 

gradient are generally assumed to be passive, and Ussing (1949) 

has defined active transport as the transfer of a substance 

against a chemical potential or gradient. This definition i9 

rea1ly too 1imited. As Shannon (1938) has pointed out, an active 

transport system can limit the rate of transfer in the direction 
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of a gradient, as well as facilitate transport againat it. 

At the time of writing, there are tvlO divergent schools 

of thought with regard to active cation movementa through the 

membranes of animal cells. Steinbach's (1952) theory exemplifies 

the view general~ accepted for nerve and muscle cella, while 

Solomon (1952) has advanced an hypothesis for application to 

erythrocytes. Both ,theories propose an active extrusion of sodium 

through the cell membrane, energized in sorne way by metabolic 

processes in the cell, but they are at variance with regard to the 

mode of potass ium accumulation. 

Steinbach's explanation for the uptake of potassium i8 

based largely on the Bqyle-Gonway the ory , of which the fundamental 

concept is that as sodium is being active~ carried out of the 

cell, potassium diffuses in passively, in response to the large 

amount of fixed anion in the cell, in order to maintain electrical 

neutrality. There ia no allowance for an active transport of 

potassium, and such a mechanism need not be poatulated if the amount 

of non-penetrating anion, the phosphate esters and the protein, 

remains unchanged during the expulsion of sodium and the accumulation 

of potassium. 

However, in the erythrocyte, the active extrusion of 

sodium, by stored cells at least, is usually accompanied by a 

decrease in the azoount of fixed anions in the call, am electro­

neutrality could be maintained by the outflow of inorganic phosphate, 
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which actual~ does oceur. The oamotic equilibrium would be 

maintained by a simultaneoua outflaw of water, and the cell would 

shrink, but would not take up potassium. It follows, therefore, 

that the accumulation of potassium must aIso be an active procesa, 

and Solomon has established thia by radioactive tracer studies 

(see Reaulta, G and L for further evidence of an active transport 

mechanism for potassium). 

Maizels (1949-1951) has pointed out that all living cella 

must be able to eliminate sodium, to offset its inflow, accompanied 

by water, whichwould eventually cause the cell to burst. He 

argued for an active output of sodium, and since he considered 

that there was no evidence for an active uptake of potassium, was 

of the opinion that potassium could be attracted in, and accumulate 

passively • 

As described above, the concept that potassium is accumu­

lated passively by nerve am muscle cella depends primari~ on the 

belief that no anionic change occurs during the exchange of sodium 

for potassium. However, there is no evidence against the existence 

of a mechamism for the transport of potassium into these cells. In 

the light of the accumulated evidence for an active transport of 

potassium, as well as of sodium, in tœ hwnan red cell, it is 

suggested that all living cells possess similar mechanisms for 

cation transport in order to maintain their chemical integrity. 

It is now well recognized that tœ capacity to regulate the intennal 
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concentration of sodium and potassium is a property common to 

aIl cella. Hence, phylogenetically, these mechanisms must be 

very old, and it is possible that the extrusion of sodium and 

the accumulation of potassium, energized by metabolic processes, 

may have acquired an extra and later significance in highly 

differentiated tissues. 
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SŒilMARY 

1. The exchange of sodium and potassium, glycolysis and phos­

phorolysis in human blood during prolonged storage at rf c. 

has been discussed, both from the point of view of the 

existing literature on the subject, and from the writer's 

own experiments. 

o 
2. During the storage of human blood at 5 C., the rate of 

diffusion of potassium from, and of sodium into, the 

erythrocytes is decreased. 

3. The inhibition of the glycolytic proces9 in the rad cells 

by the cold is held responsible for the decreased permeability 

of the membrane to sodium and potassium. 

4. The further inhibition of glycolysis by low concentrations 

of glycolytic inhibitors, or by a lowered pH, delays the 

109s of potassium from the erythrocytes kept at SC c. 

5. The transport mechanisms in the red cell that normally 

accumulate potassium and expel sodium are completely 

inhibited in the cold. This results in a net decrease 

in the potassium content and a net increase in the sodium 

content of the cells, 

6. The failure of these transport mechanisms is attributed 

to the inhibition of the energy metabolism of the er,y-

throcytes in the cold. 
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7. Added glucose does not affect the glycolytic rate of blood 

stored at ~ C., but nevertheless tends to delay the 

diffusion of potassium from the er.ythrocytes. This is 

attributed to a specifie effect of glucose on the permeability 

properties of the membrane. 

8. The ability of preserved erythrocytes to accumulate potassium 

and to expel sodium when incubated at 370 
C. was thoroughly 

investigated. A liter of preserved er,ythrocytes i8 able to 

accumulate up to 4 m. eq. of potassium per hour, and to expel 

a sirnilar amount of sodium. This activity is indirectly 

related to the glycolytic activity of the cells. Both 

processes f~_l within ten days if the blood is stored without 

additional glucose. If the blood i5 enriched with glucose 

during the cold-storage period, the capacity of the cells to 

glycolyze and to accumulate potassium and excrete sodium when 

~ncubated at 370 C . d f thr k ~ • 1S preserve or ee wee s. When the 

blood i8 stored in a slightly acidified medium (ACD) these 

functions are preserved for at least four weeks. 

9. The metabolism of the red blood cell i8 related to the active 

transport of cations only in 50 far as the former process 

provides high-energy phosphate bonds for the latter processes. 

10. The abili~ of preserved erythrocytes both to glycolyze and 

ta effect the active transport of cations fails when their 



adenosine triphosphate content is depleted. 

11. Glycolytic inhibitors, at low concentrations, allow the red 
o 

cells to lose potassium and to gain sodium at 37 C. by 

abolishing the active transport mechanisms. 

12. At 31
0 

C. a concentration of 0.01 M sodium fluoride increases 

the permeabili ty of the membrane to potassium twof'old, while 

the permeability to sodium 1s relatively unaffected. 

13. Aerobic glycolysis i5 the main source of energy in the mature 

human red blood cel1, but oxidative pro cesses ma.,v contribute. 

Erythrocytes slowly consume oxygen and a Pasteur effect can 

be elicited. 

14. G1utamic acid does not play a role in the transport of cations 

in preserved erythrocytes. 

15. Nei ther insulin nor desoxycorticosterone affect the electrolyte 

or carbohydrate metabolism of erythrocytes from normal donors. 

16. The distribution of magnesium in human blood i5 unaffected by 

the glycolytic rate of the cells. 

17. Ch10ride ions tend to diffuse into the red cells during a 
o 

prolonged period of storage of blood at 5 c. 

18. Carbontc Anhydrase i8 preserved indefinite1y in human blood 

stored unGer sterile, refrigerated conditions. This enz.yme 

. doea not play a role in the transport of cations in the 

erythrocyte. 
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19. The cho1inesterase activity of human b100d remains unchanged 

over extended periods of storage at 50 c. The cholines-

terase on the erythrocyte membrane tends to slow1y 1eave 

and to enter the plasma during the first three weeks of 

cold-storage. This process i8 great1y accelerated during 

the following week. 

20. The active transport mechanisms for cations in severa! 

widely divergent tissues ha,re been discussed and an attempt 

has been made to compare these with the active cation 

transport mechanisms existing in the human erythrocyte. 
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The statements found in the Summary briefly describe 

original contributions by the w~ter tO scientific knowledge. 
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