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INTRODUCTICN
General

The investigation to be described in this thesis forms
paert of a larger research on blood pressrvetion and plasma
substitutes that has been carried on in the Department of
Blochemistry since the first year of the war with the finan-
cial support of the National Kesearch Council., The present
study was begun during the fourth year of the war and has been
supported largely by & grant from the John snd Mary Markle
Foundation in New York., The chemicel wocrk has been closely
Integrated with the other aspects of the research and parti-
cularly with the studies carried on by Dr. Dorothy Osborne
on the survival of preserved blood cells after transfusion,
which were partly conducted in collaborestion with Harvard
University and the Massachusetts Institute of Technology.

The present study was conceived at a time in the evolu-
tion of blood preservation when there was little agreement
amongst workers on this Continent and 1ln Great Britalin on the
matter of so-called preservative solutions for the preserve-
tion of erythrocytes. Special committess hed bseen formed in
the esarly years of the war under the Research Councils in
Canada and the United States to deal with matters perteiuning
to blood preservation, plasma substitutes and the treatment
of shock. This move in enlisting all the research psrsonnel

in a collaborative and systematic study in which each research



group was assigned a particular phase of the problem marked
a beginning of & real progress in the improvement of blood

preservation and the treatment of shock.

Historical

Blood preservation had, es far as one can tell, its in-
ception in the experiments of Veil and of Rous and Turner in
the early years of world %“ar I. Well in 1915 successfully
infused citrated blood that had been stored in the cold for
severel days. Rous and Turner (1916), who were interested
in preserving rabbit erythrocytes for serological purposses,
mede the important observation that the addition of dextrose
to citrated rabbit blood greatly improved the preservation
of the c¢ells during storsge in the cold. Robertson,(1918)
toward the end of the war,used the mixture of Rous snd Turner
for preserving human blood at one of the British Casualty
Clearing Stations in France., He stored blood for as long
as 22 days in this solution and transfused it into battle
casuvalties with good results. Unfortunately, no attention
appears to have been given to Robertson's important demon-
stration and it remained practically forgotten in the years
between the two World Vars. HKenswel of interest in blood pre-
servetion must bs credited to the Russian workers who redis-
covered the successful use of preserved blood for transfusion
purposes. Interest in the use of preserved blood gr-dually
spread to other countries from Russia, and during the Spanish

War preserved blood was used extensively in ths treatment of
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wounded., The outbreak of Vorld ‘.ar II then rrovidzi s =ichty

impetus to ressarch on blood preservation,

A, Studies on cell preservation

Within the pest f2w ysars numerous rsports hsve sap-
peared concerning the influence of verious conditiorns of
storage on the preservation of erythrocyvtss., Th= influence
of the conditions has been judged either from ths chemicel
or physical changes in the storsd tlood, or from the survival
of the stored r=d cells after transfusion., Th: results of
these studiss lead to the belief, wihich was quite prevalent
until a little over o year ago, that c=1lls could be stored
for a certain time without suffering any loss of viesbility,
while longer storage would result in a progrsssive deteriora-
tion of the cells. Ths length of time during which the stored
cells would remain as viable as fresh cells was found by many
workers to depend greatly upon thes nature of the preservstive
used. Thus it has been reported that cells preserved in
citrate solution will survive as well as fresh cells when
stored for less than one week (VWiener and Schasefer, 1939,
1940; Mollison and Young, 1941, 1942), while further storage
will result in a rapid loss of cell viability. Cells trans-
fused sfter about three weeks of storege in simple citrate
solution were stated to be promptly eliminated from the
recipient's circulation within a few hours (i.iener and
Schaefer, 1940; .lollison and Young, 1941, 1942).

However, lollison (1940), kollison et al. (1940, 1941),

Denstedt ot al. (1943, 1944) and others have cleimed that if



glucose is present in the preservative solution, the cells
remain as viable as fresh cells for two to three weeks of
storage,

Many factors were believed to influence the preserva-
tion of the erythrocytes, The nature of the preservative,
the degree of dllution of blood by the preservative, the pH
of the solution and the temperature at which the blood was
stored have all besn suggested to influence the preservation
of the blodd.

Many preservatives have been advocated on one basis or
another, but as yet the only reliable way of determining the
relative efficacy of a preservative to retard the loss of
cell vieability during storage involves the transfusion of
stored blood and a study of the rate of elimination of the
cells from the recipient's circulation. Such a method was
first used by Ashby in 1921 and a modification was later
introduced by Schaefer and VWisner (1939). In the Ashby
method, group O blood is transfused into a group A recipient,
Blood samples are taken from the recipient at intervals and
the recipient's cells are selectively agglutinated with group
B serum., By this method the donor's cells, which are left
free in the sample, can be counted. Or a group B recipient
can be employed and the blood samples treated with group A
serum, The method of Schaefer and hisner is simlilar in

principle but in this case, the sub-groups M and N are made

use of.
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By tlisss msthods it is possibl: to <stermi.s the loss

]

of viebility of red cslls during storage fron ths rarcent of
the donor's cells which ars 3liminatzd within ¢ 73+ hours of
transfusion. The rcte of subsequsnt discard can also be fol-
lowed until precticelly 8ll the c31ls havs diseprearzd from
the circulation,

The last mstrhod, which s nicrs linited in scops, mskss
use of cells labelled vith radioesctive iron instsad of aggl -
tinogens, The labellsd c=lls er:z cbteinsd by administzring
radioactive iron to th: prospective donor vho utilizsas this
iron for the formation of lazunoglobin, Ihz relativs efficacy
of different priservetivas can be sstimat:d fron the rropor-
tion of stored cells which are eliainntsd from ths rocipi-=nt's
circulation shortly after transfusion,

Th: disadvantage of this mstirod I1s thet ths studi:s cen-
not bs carried cut for longer than two days ns the radiorctive
iron liberated from the cells which a2r2 broksn dovn shortly
after transfusioan is reopidly incorporated into rnew ceolls

(Ross and Chapin, 194%). llost of ths studiss on blood pr -

‘u

servation using radicactive iron ar: to bz found in confile..-
tiel reports of the liational Rssearch Councils of Canaca, the
Unit-d states ond Grsat Britain,

Although the results obtained by ths radioactive iron end
acglutination methods (suerelly agres, ther occasionally nmey
differ bty as ch as 20 percent, with & tendency for tre

n3ionctive iron method to slhow thse mors rapif rats of dzc-

truction o" stored cells,



As a means of studylng the relative efficacy of preser-
vatives, these methods have many disadvantages. First, they
are laborious and time consuming. It hes been shown by Askby
(1919) and by Wiener (1934) that the average life span of
red cells 1s about eighty days, but that some may survive
for onse hundred and thirty days or longer. Therefore, 1if
cell survivel after each treansfusion of stored blood is to
be followed until the time of complete disappearance of the
cells from the circulation, it is obvious that this will re-
guire sbout four months 1n cases where the traensfused cells
are as viable as fresh cells., Secondly, individual variation
in the rste at which the cells are destroyed in the body neces-
sitates a large number of transfusions of blood stored in each
preservative before any conclusions can be drawn as to rela-
tive merits of the preservatives. Thirdly, these methods for
following the rate of disappearance of transfused cells re-
quire at least a 200 cc. sample of blood for each transfusicn,
Therefors, sach donation can only be collected in two or three
preservatives,

These disadvantages have been appreciated, and various
attempts have besn made to find some in vitro method of es-
timating the viability of stored cells. Most investigators
have approached this problem by attempting to relate the loss
of viability that occurs during storage to some single physiceal
or chemicel change in the blood.

of all the physical changes, the degree of srcrtaneous
haemolysis and alterations in the osmotic fragility of red



cells during storage have been most frequsntlr folloved,
(Bushby et el., 1940; Maizels and '"hitteksr, 1940; Denstedt

et al.,, 1941, 1943, 1944; l‘ollison et al,, 1941, 1242; lurmser
et al,, 1942; lMaizsls, 1943-1044; Loutit et al.,, 1943-1944 and
others.) It has been shown that the extent of thr:se chenges
in stored blood 1is gresatly dependsent upon ths chemicol com-
position of the prsservative used (DsCGowin st al,, 1939;
Dubash et al., 1940; Thistle st al., 1941, and meny others) ths
dilution of the blood v.ith the pressrvative (Denstedt et al.,
1941, 1944), the pH of the solution (Cotter and lacllenl, 103%8;
Meizels and 'hittaker, 1940; 'urmssr et al,, 1942; Loutit et
al.,, 1943-1944) and the tanpzrature of storage (Thistl: st al.,
1941).

Maizels and Thittaksr on the basis of thoir studies con-
cluded, howevsr, that ths extsnt of hacmolysis in stor:d blood
cannot serve as a guide to the viability of th: red cells.
Maizels (1941,19043-1944) also found tlhiat thisre was lack of
agresment between the various in vitro tests. Moilison =nd
Voung (1941 and 1942) and Denstedt et al.(1942) prssent dcta on
both in vitro and in vivo studizs on stored tlood vi:lch demon-
strate that neithsr the dsgree of sponteansous haemolysisnor the
changes in the osmotic fragility bears eny constent r:letion
to the capacity of ths cells to survivs i:.. vivo., Loutit 2zt =1,
(1943-1944) have also found tnat ths osmotic fragility of
stored cells provides a very fallaclous gulds to tlelir ctete
of preservation. Gibson (1946) on ths other hsnc, still mein-
tains that the rasults of the fragility tasts agrse vith the

results of ths radioactive iron netiod of siudring ths aflicacy



of varlous rressrvativss with respsct to 1:diceting the rro-
portion of non-vieble cells in a sample of stored blood.

In point of fact, thess two in vitro t=sts hceve little
experimental basis, Ilost worksrs have assumed trat cells
become progressively less resistant to nrrotonic solutions
with age. The expsriaentel rssults of Cruz ot al. (1941)
are diametrically opgosed to such a concept. Thcss worksars
have found, using radiocactive iron to labsl ths cslls, thoet
the very new blood cells of dogs ars trs lz2ast resistant to
hypotonic salt sclutions, thet this difference disaerrears
after three to four days, tut that ths very old cells (130
days) are mors rssistant to hypotonic saline than the cir-
culating cells of a2 mean age group.

At present, the iIn vitro msthods dsscribzsd =bove are
in a state of disrspute. Ths dstsrmination of the extsnt
of haemolysis in a pressrved saaple, how:ver, has a certain
negative value in the study of blood preservation, as pre-
servatives which allow rapid haeiiolysis will obviously bs
of 1ittls value.

Attempts to relate the loss of cell viebility to a
specific chemical changse in ths blood, red cells or plasaa
have so far proved abortive, DeGowia et al, (1977, 1040),
Mainwaring et al. (1940), Loutit et al, (1942-19244) and
others have found that the extent ol the lcss of rotessium
from red cells during storage bears no r:zlation to trhe 3f-

ficacy of the prasarvative ussd to retard tr: loss of cell

Viability. Although Aylward 2t 21, (1940) h-re shown *»~t



glucose decreases the rate of hydrolysis of organic acid-
soluble phosphates in the red cells, preservation of the
organic phosphates does not appear to be necessary for the
maintenance of cell viability. Loutit (1943-44) has shown
that while decreasing the pH of the preservative solutions
to as low as pH 5 hes no dslsterious sffsct on cell preser-
vation, 1t will increass the rate of liberation of inorganic
phosphate. Maizels (1943-44) also has found that while
diluents causing a rapid disappearance of easily hydroly-
sable phosphate (i.e. adenosine triphosphate) are associated
with poor cell survivel in vivo, psrsistence of this phos-
phate is not necessarily associated with good survival after
transfusion,

According to Loutit et 2l., (1943-1944) the extent of
glycolysis cannot be corrslated with the capaclty of the
erythrocytes to survive in vivo after transfusion. However,
1t must be noted that thess workers centrifuged the blood for
one hour before analyses were carried out on the red cells
and it is possible that a considsrable amount of glycolysis
might have occurred during this period,

On the whols, relatively few efforts havse been made to
£find some in vitro method of evaluating the extsnt of cor-
puscular deterioration, and still fewer whers both in vitro
snd in vivo studiss havs been conducted together. Further-

more, these studies have been by no means exhaustive in scope.
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B. Studies on chemical changzs in storsd blood

On the other hand, thsre heve bsesn 2 nuwiter of studlss
on the nature and rats of sutolytic changss i stcrsd blood
which have not besn directly conc:rnsd with r:slating thsse
to the loss of viability of thes stored c¢slls. Ch2agss In
plasma proteins, ths stability of haemoglabin, . th: formetion
of ammonis, =stc. have gll fom=2d tns tesis of ons or more
studies, Howevsr, by far th: most sxtsnsivs chemical studles
on stored blood have besn cc.icerned with compounds rssociatad
with the glycolytic processss, Bafors procs:3di.g to discuss
glycolysis in stored blood, en outline oi’ this mnetabolic pro-
cess in blood studied under physiclopical coaiitions -aight te

pertinent.

(a) Glycolysis in blood under phisiologicsl ~onditions

Glycolysis, vhich is cdefiscd as ths snzymatic breakdown
of glucose to lactic acid, has heen rsrortad to occur only
in the formed slements of blood (L%pins, 1820; Kono and
Ddblin, 1911; von fodrden, 1912; Rone and Armheim, 1917;
MacLeod, 1913 and othars), although Picado (1€40)end Fick
(1929) claim that it also occurs in plasme, Sccording to
Dische (1934, 193%, 1977, 1646), vho is on= of thz lzading
workers in this field, g-ucose is rhosthorylatad ' “e pre-
sence of adsnosine triphosphat=s =ud iig to Lrsicsusriicsphate,
which in turn is coavsrted to tricse phosrrate, Ths lattzr
then undergooss ths Following reaction:

- v A ~) xr 3
Trioss phospliate + pyrhvate-#phos:“o_¢~carat, 4+ lactat=
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This scheme 1s ssssntially similzr to thst slaboretsd
by Meyerhof, smbden and others for muscl:s glycolysis, How-
ever, thers 1s one respsct in which musclz and rsd cell
metabolism apparsatly differ, viz, that in most memuzlian
red cells only 2,3-diphosphoglycsrats is found (Gresnwald,
1925, Jost, 1927), while only the 1, 3 isomer has besn
demonstrated in muscls, Guest and Kapoport (1941, 1942)
have suggested that in the rsd cells of animals which nor-
mally contain much 2,3-diphosphoglycsrate (this usuelly
accounts for about half of the acii-sclubls rhosphats),
the labile 1,3 isomer is rapidly convsrtsd to the stabls
2,3 form, There 1s, howevzr, no diract svidenc: as vzt
that 2,3 diphosphoglycerate participatss in ths glycolytic
cycle.

It has becn suggested that clycolysis may have various
important functions in the rzd cell, First, it is nec=ssary
to maintain the ester phosphat=s which Guest and kapoport
(1939, 1941a) believe are sssential in the meaint:znence of
jonic equilibria in the blood., It has been postulated also
(Rapoport and Guest, 1l¢3¢;1839b; Guest and Feroport,1938) thet
these estars may sarve as carrisrs of phosphorus to ths
tissuss. Furthermore, thers is considerabl: zvidsnc: that
the glycolytic processes have an important role in ths main-
tanance of the normal conczntration gradisnts of cetions

between plasma and red cz2lls (Danows i, 1941; =arris 1941),
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(b) Pactors influencing glycolysis in blood

A number of factors have been found to influence gly-
colysls in blood. The effect of temperature has long been
appreciated. Arthus (1891), Bose et al, (1942) and others
have observed a retardation of glycolysis at low temparatures,

The removal of glucose from blood is also decreased by
lowering the pH, (Martland, 1925, 1929; Rochz and roche, 1927;
Wurmser et al., 1942), and accelsrated when alkali is added.
Martland (1925) has reported that glycolysis practically
ceases in blood with a pH below 7.29. Guest and Rapoport
(1941) attribute this phenomenon to a decreassd phosphory-
lation of glucose at a low pH,

During glycolysis, synthesis and hydrolysis of organic
phosphates occur simultanseously, so that the inorganic phos-
phate content of the red calls remains low (Lawaczeck, 1924; Guest
and Rapoport, 1941). At a low pH however, where glycolysis is
inhibited, hydrolysis of orgenic acid-solubls phosphatss pre-
dominates over synthesis so that there is a fall in the concen-
tration of the organic phosphates and an accumulation of in-
organic phosphate (Rapoport and Guest, 1939). It has besn
demonstrated that processes which accelsrate glycolysils all
causs an esterification (although it may be tsmporary) of in-
organic phosphate, while processes wvhich retard glycolysis all
result in an immediats relsase of inorgenic phosphate (Rona
and Dosblin, 1911; Lawaczeck, 1924; Martland et al., 1924;

Rona and Iwasaki, 1927; Engslhart and Braunstein, 1928; Xoche



13

and Roche, 1929; and others).

Guest (1932) who summarizes much of the earlier work
also demonstrated the retarding action of glucoses on the
dephosphorylation of organic acid-solubls phosphates in
blood.

It has been generally stated that haemolysis leads to
en inhibition of glycolysis (kone and Doeblin, 1911; Rona
and Arnheim, 1913; Barrenscheen and Braun, 1930). Howsver,
these workers have usually used water to hasmolyze the cells.,
Edelmann (1912)and MacLeod (1913) have rsported that laking
blood with saponin does not destroy glycolytic powsers, and
Solomon et al. (1940) have observed that some breakdown of
phosphoric esters does occur at 37°C, in a blood haemolysate
produced by successive thawings and freezings,

Various chemical agents have been found to inhibit gly-
colysis in blood. Fluoride and monoiodoacetic acid have both
been shown to retard glycolysis (Barrenscheen and Braun, 1930;
Bueding and Wortis, 1940; Bueding and Goldfarb, 1941; Long,
1944; and others). The rstarding action of oxalate has been
observed by MacLeod,(1913); Long,(1944); Bueding and Goodhart,
(1941) and others. Lohmann and Meyerhof, (1934) have obssrved
that in musclse oxalate inhibits the dephosphorylation of phos-
phopyruvate. They also report that citrate in high concen-
trations inhibits both the dephosphorylation of phosphopy-

ruvate and the conversion of phosphoglycerate to phosphopy-

ruvate,



(c) Glycolysis s assocciatz? =hsromsn: i storad blood

(i) Glucose - Thers ars but a faw rsrorts "a ths 1litsre-
turs on th;: bsheviour of glucoss in blood during ctoregs.
Denstedt st al, (1941) =.d Pick (1932¢) nsv: shcv.. that ths
glucoss contsnt of bloc. storsd ‘n citrats dicrscsss <rriag
storage and theot it disavprsars during ths cscond or third
week. Ths Tigurss prassntsdl by Dz2CGowia (1¢7¢) <rdicets *het
the glﬁcose cont:nt of ths plasma of citretzd “lood Talls to
zero during tihs <scond vweel of stcrape, In tis plesae of
blood stored in a gluvcosz-contaiiing prassrvetive, o fell,
often irreguler, can bs 10t31 dnrin
storacsz, £ decrsass in th pglucoss coalsnt of oatol=zd plesma
has been reported by FPiclt (1079), Althourh Lovtit =t o1,
(1947-44) neve statad thet ths p¥ of t¥ 3 ctorad blood do=ss
not have a merked of "3ct on the rzwovel of ~lucoss, "urnssr
et al. (1942) have found that at o low pIl (7,0) glrcolrsis in

blood stored for ten days is ritovied,

(i1) :cidl soluble phosphatss - An ircrsas:s in ths iror-

ganic phosphate contsat of blood during ctoracgs has besn O -

servad by avlward ot al, (1€40):Ilalzsls and Whittelsr (1¢40);
Majzels (1v41b); Loutit (1947-1944) and others, Lrlvard st

al, have found that tie prssancs cf clucoses in the (racsr-

mn

vative rotards ths brsaldovn of orgenic acili-solubl: rhos-
phates (whichkx occurs meinly in the rsd cz211s), =nd ilive ths
iycrenss in Lnorgenic presrhote,  Tiis nas besn conllrmed by

'aizols (1041b, 1947-1044) ond others, 1li'zels (1947-10:4)

i



has demonstrated that the addition of sodium fluoride to

the preservative results in a dscreased breakdown of slowly
hydrolysable phosphate and an incrsassd breakdown of hydro-
lysable phosphate (adenosine triphosphate). The fall in
hydrolyseble phosphate cen be attributed to the fact that,
while this compound continues to be hydrolysed in the pre-
sence of sodium fluoride, formation of phosphopyruvate, which
is required for the rephosphorylation of adenylic acid, is
inhibited.

The effect of pH on the breskdown of organic acic-scluble
phosphetes has beéh studied by Maizels (1943-44), who showed
that in stored blood at an alkaline reaction there was a de-
cre;se in inorganic phosghate during the first week of stor-
ege, while in acid systems, an incrsase occurred, indicating
hydrolysis of organic phosphates. However, although there
is 2 rapid decrease in total orgenic ecid-scluble phospheate
at & low pH, hydrolysable phosprhate shows & better preser-
vation et a slightly acid reaction. Maizels has suggested
that this might be due to a decrsased activity of adenosine
triphosphatase in acid sclutions. Loutit (194%-1244) has
elso demonstrated a rapid increase in inorganic phosphate
in blood stored at & low pH,

In spite of the large increese in inorgenic phosrhate
that has been found to occur meinly in the red cells, there
is only slow diffusion of this substance into the plasma

during storage at low temperatures (llaizels and Whittaker,

1940; Maizels, 1943-1944), although diffusion of inorganic
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phosphate across the red cell membrans occurs very quickly
at room temperature (Halpern, 1936), Similarly, when phos-
phate is sdded to the preservaetive solution, the incresase

in total acid-scluble phosphate in the red c¢sll during stor-
age is also slow, However, Maizels (1943-1244) finds that
the ingress of phosphate 1s considerably more rapid then

the egress in stored cells.

Aylward et al, (1940) have observed that the totel acid-
soluble phosphate content of blood remains constant (within
the experimental error) although it decrezses in the red cell;
this indicates that there is no considerable liberation of
inorgenic phosphate from phospholipids in stored blood (see
also Maizels and Vvhittaker, 1940.)

(111) Potassium - Under physiological conditions, there

is only & very slow exchange of potassium between thes cells
and the serum (hisenman et sl., 1940; Dean, 1941). The con-
centration of this cation in the red cells is sbout twenty
times as great as in the plasme, During storage, howsever,
there is a loss of potassium from the red cells, (Duliere,
1931la, 1931b; Jeannemy et al., 1938a, 1938b; DeGowin st

gl,, 1939, 1940; Scudder et al., 1932, 1940, 1941; Den-
stedt, 1941; Muether and Andrevs, 1941a, 1941b; Loutit,
1043-1944; Maizels, 1943-1944 and a number of others.)

The rate of loss was found to be greatest during the first

five to ten days or so of storage and then to become rro-

gressively slower.
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Harris (1941) has shown thet this loss does not repre-
sent a deterloration of the cell, as it starts immediately,
and he attributes it to a reduction at the low temperature
of storage of metabollic activities essential to the mainten-
ence of a normal concentration gradient of potassium. In
proof of this, he has shown that raising the temperature of
the stored cells to 379C, leads to an accumulation of the
potassium by the cells., In this connection it may be ststed
that Downman et al. (1940) have found that the loss of potes-
sium from the cells 1s greater when blood is stored st 2-4°c,
than at room tempserature. According to Harris, the metabolic
activity required for the malntenance of & normal distribution
of potaessium between cells and plasma is not glycolysis per
se, as depletion of glucose is not followed by an immediate
loss of potassium. However, the accumulation of potassium
by stored cells on incubation 1s grsater and more prolonged
if the cells are actively bresking down suger.

_DeGowin ot al.,(1940); Scudder, (1939); Maizels, (1243-
1044) and others have not found that the presence of glucose
in the preservative retards the loss of csll potassium. Scudder
et al., (1939) have stated that this loss is independent of
the anticoagulent and takes plece in blood stored under oil
without admixture with a preservative,

Jeannergy and Servantie, (1832); Maizels, (1943-1944) and
Loutit, (1943-1944) have shown that the rate of potassium leak-

ege from the red cells decreases &s the pH of the blood is

lowered,



(iv) Sodium - The increase in sodium contsnt of the
red cells during storage which has been observed br Jeannerey,
Servantis and Ringenbach, (1939); Msizels and i :ttaker, (1540b);
Scudder et al., (1941); ileizsls,(1943-19244) snd many otrzrs,
has also been attributed by Harris to the reduction of the
metabolic activities of cells stored at lc temperstures.

He states that the exchange of sodium and pctassium during
storage is not necessarily equivalent and depsends tc a largs
extent on the concentration of thess ions in the extra-cellular
medium, He also believes that the metabolic activiti=s con-
trolling sodium and potessium distribution ars not nscessarily
the same,

(v) pH - A decrease in the pH of rlesme and whole tlood
during storege hes been rsported by‘jDeGoQin, (192C); iiaizels
end VWhitteker, (1940)% Scudder and Smith, (1940); laizels,
(1943-1944) and others. Malzels and Vhittaker steste the
the pH of stored blood is between 7.8 and 7.4 (sometimss
more acid) after twvo weeks of storage in citrate, and 0.2
to 0.6 pH units lower in blood stored in citrete-glucose,
Mollison and Young, (1942) found similer, although somewhat
lowsr results. Their studies also i..diicate that the rate
of decrease is most rapid Jduring the first two tc thres
weeks of storcge. From the figures presented by oJeGow:in
on the pH changes in the plesne of blood storzd for thirty-
five days, frequent fluctuations can te observed,

It has been suggsstad that tr: great:r acliity of blocd

stored in citrate-glucose sclutlons may be due to the fact



that 1In the case of simple citrste solutions, tre glucosz
present in the blood rapidly disappears so leciic ccid
formation is limited, whilst in the presence of additional
glucose, glycolysis may proczed for longer i:tervals and
thus more lactic acid be produced.

At the time this study was undertsken, there were e
number of questlons corncerning the preservation of blood
that required to be clarified. /i few of trese ars sumirrized
in the following sentences,

(a) What is the nature of the physical and ch:~nical

changes that occur in ths red blcod c=lls during
storege?

(b) In what manner are these changes influsnced by
the conditions of storage?

(c) Do all the stored red cells undergo the same
type and rate of change?

(d) To what change or changes in ths cell contents
or membrane can the loss of viability be at-
tributed?

(8) 1Is there any chemiceal change in stored red c=1lls
that besrs a quantitetive relation to the lcss
of viability of the cells?

(f) Can the autolytic changes be reversed vhen the
stored red cells are returned to a physiologlcal
environment?

The present study represents an attempt to find an answer to
these questions, In view of the imrortance of glucose in cell

preservation, autolytic changes in compounds escociated with

the glycolytic processses in tre red c2ll have form=d the main

subject of investigation.
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METHODS

A, Collection of the blood

The blood was collected from normal, human subjects
under aseptic conditions. The mouth of the vessel in which
the blood was received was covered with cellophane contair-
ing a hole just sufficient in diameter to allow insertion of

the bleeding tube. In this way the blood was collected in

a8 nearly closed system,

B. Preservative solutions
The composition of the preservatives and the proportion
of blood to preservative used in these studiles are given be-

low,

(a) Citrate:

Trisodium citrate: 3.27 solution

5 parts blood: 2.5 parts citrate solution
(b) Citrate-glucose (ilcGill):

Trisodium citrate: 3.2% solution

Glucose: 5.07 solution

McG111 (1): 5 parts blood: 1 part citrate solution:
1.5 parts glucose solution

McGi11(2): 5 parts blood: 2/3 parts citrate solution:

1 part glucoss solution

(¢) Disodium citrate-glucose (Loutit, i:ollison and Young):

Disodium citrate: 27 solution

Glucose: 187 solution

42 parts blood: 10 parts citrate solution: 2 parts

ucose solution. Disocdium citrate is prepa?ed
g; mixing 588.24 gm.of tri-sodium citrate vith
210.11 gm. of citric acid.



(d) Citrats-glucoss-scdium chlorids (Als .vsr rd
Ainslie):

Trisodium citrate: £, ,7& £11.
Glucose: . 18,06 gnm,
Sodium chloridz: 4,18 gm.

i1x end add watsr to givs on: litre of solution:
1l part blood: 1 rart solution,

(e) Citrate-glucose-phosphate (eGill):
Trisodiuwn citrste: 3.27 solution
Glucose: 5,09 solution

lionobasic sodium
phosphatae: 1.72 gn.)
Sodivm hydroxide: 0.46 gi1.,) c¢iluts to 100 cc.

MeGill (1): 5 parts blood: 0,75 perts citrats solu-
tion: 1 part glucose solution: 0,75 parts ghos-
phate solution:

McGill (2): 5 yarts blood: 1 part citrate solution:
1l rart glucoss solutio.n: O,° parts phosphets
solution:

(f) Citrats-glucose-prhosphate (Musether):
Trisodiwi citrate: 0,427
Glucose: 4,387

Monobasic sodium
phosphate: 00,1073

Dibasic sodium
phosphate: 0.17167

C, Resuspension of ths rad cells
Vhen the colls wers to be resuspsndsd, tiz Plool was col-
leeted in citrats or citrate-glucose soiution ond contifagsd

. P, J-‘, Y Y Y "3
iﬂol‘, thirt&r Inil’lutes o *\f ter ol Uy 81 Of LiZo 1’31883’.8, thJ C JJ.lS

wsre nade ur to the origianl volwis with:r ¢

D Solutions used for the rasusy:znsion ¢ tihe red cells
[ ‘. FY

(a) Citrate

he r3suspsnding solution,
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Citrate-glucose (McGill 1)

'+ Citrate-glucose (McGill 2)
Disodium citrate-glucose (Loutit, ¥ollison and Young)
Citrate-glucose-rhosphate (McGill 1)
Citrate-glucose-phosphate (McGill 2)
Citrate-glucose-phosphate (Muether)

PN S PN P PN PN
mPhoo o
et St Sss” Nt s “ut?

These solutlons have the same composition as those des-

cribed abovse.

(h) Sodium chloride:0.9% sodium chloride solution
(1) Sodium chloride-glucose:0.5 parts 0.97 sodium
chloride solution: 2 parts 5% glucose solution
(J) Sodium chloride-citrate-glucose: 0.5 parts 0.9%
sodium chloride solution: 1 part 3.27 trisodium
citrate solution: 1 part 57 glucose solution
(k) Corn syrup: 10% corn syrup solution
(1) Citrate-corn syrup: 1 part 3.2% trisodium citrate
solution: 1,5 parts 10% corn syrup solution
Except in the case of the disodium citrate-glucose pre-
servative, the glucose solutions were autoclaved separatsly
and added to the sterile citrate solutions prior to the col-
lection of the blood. By this mesns, caramelization of the
glucose during sutoclaving was prevented. The pH of the
disodium citrate-glucose preservative was sufficiently low
so that the glucose and citrate solutions could be sutoclaved
together without extensive discoloration,
Citrate -glucose (McGill 1) wes the preservative most fre-
quently used in these studies, and unless specified, the term

citrate-glucose will refer to this preservative in the sub-

sequent pages.
BE., Dispensing of the blood

Before the blood was dispensed, the cells were thoraughly
resuspended by gently swirling the blood for three to five

minutes. The blood was then dispensed into small serologicsal
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test tubes which were immedistely stoppered, covered with
sterile paper and placed in the refrigerator,

Throughout all the manipulations, sterile precautions
were Observed,

F. Storage of the blood samples

The blood was stored at 5°C, (+1°C). The tubss were
inverted once sach day to resuspend the cells. In the one
case where the blood was kept in a flask, resuspension was
- effected by careful swirling of the sample,

G. Washing of the cells

At intervals, usually every third or fourth day, a tube
of blood was centrifuged immedietsely after removal from the
refrigerator, the plasma discarded, and the cells washed
twice with ice-cold, hypertonic (124) sucrose. The entire
procedure took about 20 minutes to complete. The plasma-
fres cell residue was then made up to the originasl volume
with distilled water, and chemical analysis of the haemoly-
sate was carried out without delay.

To determine whethsr there was any loss of the c¢211 ccn-
stituents during washing, a preliminary study was carried out
in which the cell glucose, lactic acid, pyruvic acid, total
hydrazonss, total acid-soluble phosphate and potassium were
estimated by two methods: (a) the direct met-odi whereby ths
analyses were carried out on the washed and haemolysed
and (b) the indirsct method whereby the composition

cells,

of the cell was estimated from data on whole blood, plasme

and the haematocrit.
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The red cell values obtained by the two methods are
tabulated in Table I and with the exception of the total
hydrazone values, show good agreement, In this way, it
was possible to establish that no considersasble loss of total
acld-soluble phosphate, glucoss, lactic acid, pyruvic acid
or potassium occurred during the washing procedurs, The
causs of the increase in total hydrazones that was observed

in washed cells 1s obscure armd will be investigated,

TABLE I

A Comparison between the results of chemical analysis
of various constituents of the red cell by two methods

Dirsct Indirect
(mg. percent) (mg. percent)

(a) Total acid-soluble

phosphate (1) 13.5 13.4

(2) 14 .4 14,7

(3) 13.3 13,3

(b) Glucose (1) 28,8 27.1
(2) 20,0 19.8

(3) 55.8 57.8

(¢) Lactic acid (3) 20,0 21,2
(2) 25.9 27 .1

(d) Pyruvic acid 0.26 0.25
hydrazones (1) 2,83 0.72
(e) Total hy (5) e 0.72
um (1) 313 294

(f) Potassi (53 ola e
(3) 239 239

A loss of potassium from the red cells during sus-
pension in a non-slectrolyte medium has been rsported by

several investigators (Davson, 1939; Kurnick, 1941; and



others). To dstsrmins the rate of loss, trs pciessium cor-

-

tent of the cell during rssuspsnsicn in cold rrrsrion’c

e @ a N
¢ -

sucrose was followed Tor ssventv-five wminutes.

TiBLE TI

The potassium coatsnt of red c:lls
aurling suspsnsion in cold, nvypertonic sucrose

Time (minutes) Potassium (rmrenar 100 cc.ha:molysate)
15 104
45 100
75 o1

When these values are plottsd end thie linc cuii.zcting
them is sxtrapolated back to z=2ro tins, it c:1mi bs ses3 that
the loss of potassium during the first fifteen mirutss (which
corresponds to ths tims raquir:d for washing of th: cells) is
less than 1 mg. percent.

As noans of the substances studicd wes found to sscape to
to any appreciable sextent Iron the rad cslls during ths wash-
ing vith cold, Liypertonic sucross, ths dirsct =sthod of ancly-
sis was used in this work. This method is simpl:r, involvss
Fewer analvses than ths indirect method ond is hence 1:ss
subisct to error. Furthsrnore, this mathod can be eprliad
to partially hasuolysed blood, vhersas th= 1idirsct cer not,
This latter esdvantage is of particulor inmrortance os it al-
~ continuation of tihe studies on the chemicel ciinngss

lowzd =«

RS 2 v,r‘z,l ‘/\l 3 7 - »T :A “
in stcred blood pest th: tline whsir naz10lysis comenced,
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H, Chemical methods

(a) Total acid-soluble phosphate - Total acid-soluble

phosphate in the red cells was dsterminsd by ths method of
Warweg and Stearns (1933),

One cc. of 1ON H2804 was added to 1 cc. of a 1:4 trich-
loroacetic acid filtrats in a large Pyrex test tube, and the
solution digested to a pale amber colour. After psrmitting
the specimen to cool slightly, & drop of 30 psrcent hydrogen
peroxide was added and heating continued for several minutes
to complete the oxidation. The tubs was then cooled, and
the contents dilutsed to 20 cc. with distilled water. The
estimation of the phosphats content was carrisd out by the
method of Fiske and Subbarow (1925), using an Ivelyn colori-
meter and allowing ten minutes for the colour to develop.

(b) Partition of the organic acid-soluble phosphates -

The analyticeal procedurs for the phosphats partiticn was
based on the different rates of hydrolysis of the organic
acid-soluble phosphates by mineral acids. This method was
devised by Lohmann in 1928(1928) and first applied to blood
by Bomskov(1932). While such a procedurs does not allow an
sccurats estimation of the various phosphate fractlons as
no one of these is hydrolysed speciiically during any of
the more or lsss arbitrarily chosen perlods, ons can obtaln
a fair indication of the changes in the differsnt fractions

by such a method.

It has been shown that within ssven minutss hydrolysis
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in N HC1 or H2804 at 100°C. two of the three phosphats
groups of adenosine triphosphate ars completsly liberatsd

as inorganic phosphate, On prolongation of this hydrolysis
to one hundred minutss, Needham (1937) has found that the
hexosediphosphate is converted to hexosemonophosphate with
the llberation of one of the two phosphate groups as in-
organic phosphate. For hydrolysis of both phosphats groups
of cémmercial hexosediphosphate, Warweg amd Stearns (1936)
have shown that nine hours are required, but that hydrolysis
proceeds most rapidly during the first two hours when about
sixty per cent of the organic phosphate is relsased. Diphos-
phoglycerate has been shown to be very resistent to hydroly-
sis (Greenwald, 1925; Jost, 1927; warweg and Stearns, 1936).
Warweg and Stearns, using phosphoglycerats isolated from
pig's blood by the method described by Greenwald for the
i{solation of 2,3 diphosphoglycerats, observed only & 4.8
percent hydrolysis of this compound within two hours of
heating at 100°C. in N HpS0,. They also showed that hy-
drolysis of non-phosphoglycerats organic acid-soluble phos-
phates continues in blood filtrates for twelve hours,

The following procedure for the partition of organic
acid-soluble phosphates was adoptsd in this work. One part
of the haemolysate was added to four parts of cold 5% trich-
loroacetic acid, stirred and centrifuged. Two cc. of 2N HC1
were added to each of the four 2 cc, aliquots of supernatant

f£1luid and the tubses placed in boiling water, /‘fter thirty
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seconds, they were tightly stoppsrsd. Two of the tubss were
removed after seven minutes hydrolysis, and the othsr two
after one hundrsd minutes hydrolysis, and placed immediately
in lce water. After cooling, 1 cc. of N HCl was added to
each tube to bring the volume to 5 cc. The inorganic phos-
phate content was estimated by the method of Fiske and Sub-
barow (1925).

The phosphate liberated on sevsn minutes hydrolysis re-
presents mainly two-thirds of the phosphate present in adeno-
sinetriphosphate. This fraction will be designated as labile
phosphate, The phosphate liberated between seven and one
hundred minutes hydrolysis is derived mainly from one phos-
phate group of hexosediphosphate and will be referred to as
HDP-phosphate, The remaining organic-acid soluble phosphate
is composed mainly of diphosphoglycerats, but also contains
hexosemonophosphate, some adenylic acld and possibly other
compounds, This fraction will be referred to as stable phos-
phate in the subssequent pages,

Barrenschen and Braun (1930) have observed a rapid libera-
tion of inorgenic phosphate from easily-hydrolysables phosphate
in haemolysed blood. It was important to determine in this
study whether any considerablse hydrolysis occurred during thse
five minute (or less) intserval between the time when the cells

were haemolysed and the time the proteins wers precipitated.

A comparison of the inorganic phosphate content of red cells

as determined by both the direct method asnd indirect method

(which does not involve haemolysis) is shovn in Table ITT.
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TABLeE III

The extent of hydrolysis of organic acid-soluble
phosphates in a blood haemolysate during five minutes

Inorganic phosphate (mg.percent)

Direct method Indirect method
2.14 2.08
6 .22 6.12

It is apparent from these results that the sxtent of hydroly-
sis of orgenic acid-solublse phosphates during washing and
haemolysis 1is very small,

(c) Glucose - Glucose was determinsd by Somogyi's
modification (1937) of the method of Schaffer and Somogyi.
The proteins of the hasmolysate wers precipitated using ten
parts of copper sulphate (0.7 percent) to one part of haemoly-
sate to four parts of sodium tungstats (10 percent).

(d) Non-fermentable reducing substances - Yeast cells

were washed five times using four parts of water to one part
of yeast., An aliquot of the protein-free filtrate from the
haemolysate was added to the same volume of packed, washed
yeast cells, and the latter were suspended by stirring.
After standing for fifteen minutes at room temperature, the
sample was centrifuged and the reducing substances in the
supernatant fluid determined. A control determination of
the non-fermentable reducing substances in yeast, using
water instead of the filtrate, was carried out at the same
time. The differsnce between the two valuses indicates the

amount of non-fermentable reducing substances in the filtrate,
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(e) Glycogen - To 1 cc. of hasmolysate in a centrifuge
tube was added a similar volume of 60 percent potassium
hydroxide. The tube was placed in a boiling water bath until
the contents were clear (about fifteen minutes were required).
It was then removed, cooled, and the glycogen in the protein-
free solution precipitated with 90 percent ethanol. After
standing overnight in the refrigerator, the precipitate was
washed twice with 60 percent, and once with 90 percent,
ethanol. After removing most of the alcohol by aspiration,
the remalning traces were dissipated by placing the tube in
hot water for several minutes. Two cc., of N HCl were blown
on the precipitate, and the glycogen hydrolysed in a bolling
water bath for three hours. After the hydrolysate was coolsd
and neutralized to phenol red, it was filtered, and the glucose
content of the filtrate detzrmined.

(f) Lactic acid - Lactic acid was determined by the

Koenmann modification (1940) of the method of Ilill=sr and

Muntz,

(g) Pyruvic acid, total keto acids and "Total hydrazones"-
These substances were determined by ths method of Friedemann
and Haugen (1943). The total hydrazones are the substances
which react with 1,4-dinitrophenylhydrazine within five min-
utes under the conditions of the procedure. By subtracting

the values obtained for pyruvic acid from the total hydra-

zones, an estimation of the concentration of rsactive, nsutral,
b

keto compounds in blood (aldehydes, kstones, triosss) can be

obtained,
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(h) Potassium - Potassium was estimatsd by Vvood's

colorimetric adaptation (1942) of the method of Harris.

(1) Survival of erythrocytes after transfusion - Red

cell survival time after transfusion was followed by a modi-
fication of the serological method of Ashby (1919) using A,B,
end 0 blood types, and by the method of Ticner and Schasfer
(1939 ) using the M and N blood types. These studiss were
carried out by Dr, Dorothy 0Osborne.
I. Calculation of analytical results

For purpose of uniformity, all the analytical values in
this study were calculated to a base of 10 grams of hasmo-
globin per 100 cc. Immediately after the cells were washed
and haemolysed, & hacmoglobin estimation was carrisd out., If,
for exsmple, the haemoglobin content of the specimen was found
to be x grams per 100 cc., the analytical values for potassium,
glucose, etc, were multiplied by the factor 10 so that the
values obtained in ell analyses could be com;ared. In this
way, such factors as the number of cells in the sample and the
degres of swelling or haemolysis undergone by the cells during
storage are taken into account. It is well established from
previous studies 1n this laboratory that the haemoglobin in

red cells stored at 5°C. remains stable for longer then ten
weeks (Denstedt et &l., 1941).

Plasme and whole plood values were also racalculated on
this besis. In the case of plasma, the analyticel values were
multiplied by the sams factor as was used for th: whole blood.

It has been found in thesse studies that a haemoglobin value



of 10 grams psr 100 cc. of blood corresponds to a haemato-

crit value of about 35 - Z7 rercent, or in other words, to
a red cell volume of akout one-third of the totel volume of

the sample. The analyticsl velues, eltlough determined as

the concentration per 100 cc, of haemolyssaste, 2nd not per

100 cc. of red cells, will be raferred to in the followling

peges as cell values for the sake of simplicity.
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RESULTS

The results of these studies are presented in the fol-

lowing tables,

In each experiment, aliquots of tlood ob-

tained from one donor were stored in different rreserveatives,

The symbols used for the preservatives in the tables are as

follows:

Symbol

C
CG(1)
CG(2)
CGP(1)

CGP(2)
CGP (1)
CON(A&A)
L

N
NG
NCG
Cs
CsC

Preservative

citrate

citrate glucose (McGill 1)

citrate glucose (icGill 2)

cltrate glucose phosphate
(1icGi111)

citrate glucose phosphate
(McGill 2)

citrate glucose phospheate
(Muether)

citrate glucose sodium
chloride (Alsever and Ainslie)

disodium citrate glucose
(Loutit)

Solutions for resuspension of cells

sodium chloride

sodium chloride glucose

sodium chloride glucose citrate
corn syrup

corn syrup citrate

In soms cases, cells were resuspended in the preservatives,

A,

Inorganic phosphate

An inerease in the inorganic phosphate content of red

cells during storage was observed in all expsriments (Teble

IV). When cells were preserved in ths absence of glucose or

in Loutit's or Alsever and Ainslie's soluticns, a raric rise

in inorgenic phosphete was always aprerent within the first

nine days (and

usually within the first week) of storage,
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In several cases, ©.g., sxperiment : (citrate), this in-
crease continued for sbout three wssks when trz :crganic
rhosphate mede up 80 to 85 percent of the totsl acid-
soluble phosphate in tre red cells, after which a f2ll in
concentration occurred., This fall was founi to be due to
the diffusion of the inorganic phosphats out cf the cells.
when cells were stored in other rhosplate-free preserveatives,
the increase 1n inorgeanic phosphate was not marked until the
tenth day or later, after which the rate of increass was
accelerated (although it was always less rapic then in tre
cases previously described). Cells stored in any thosrhcte-
centaining preservative shoved a steady incresse from lsss
than one milligrem rercent at ths time the blood was collected
to about ten to seventeen mg. percent efter four we=ks of

storage.
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IV

The effect of varlous prassrvativses on thz ber-viour of ircrganic
phosphate in red cells durinz storage

TNOKGILNIC PHOSPE/ . T=
(as milligrams of phosphorus psr 100 cc., of hasmo.ysate)

Experiment A P C
Preservative C CG CGP C CG CGP L CGP | CG CGP

(1) (1) (1) (1) (M) | (1) (1)
Days of storage

0 0.21 0,21 1,66 - - - - - - -

1 0.21 0.25 0.96 - - - - - 0.20 1.95

2 - - - 0.38 0.46 1,19 1.6 *,78 0,28 1.9°

3 0,40 0.27 1.6% - - - - - - -

4 - - - - _ _ - - - -

5 - - 1.62 0054 1072 2.4.1 5091 - -

6 - - - - - - - - 0.°-% 2,08

7 1062 0055 2.59 - - - - - -— -

8 - - - - _ - - — - -

9 - - - - - - - 0.87 7,28
10 4.78 0086 3.56 5.16 1008 3-:21 4.47 4094 - -
11 - - - - - - - - - -
12 - - - - - - - - - -
13 - - - - - - - 2.14 £.,42
14 6,12 1,73 6,66 8,64 1,72 £,97 £,f5 =.,81 - -
15 - - - - - - - - - -
16 - - - - - - - - 2,98 9,49
17 5,95 2,51 5.39 - - - - - -
18 - - - - - - - - -
19 - - - 10,6 3,06 9,70 £,99 8.55 - -
20 10.4 6.35 12.9 - - - - - 6.22 12.‘(:
21 - - - - - - - - - -
22 - - - - - - - - - -
23 905 7.23 ]-5.8 - 4.37 llog 9.81 9.98 7._]_1 1?.3
24 - - - - - - - - -
25 - - - - - - - - - -
06 - - - 10.5 3,04 18,3 6.97 11,7 7.54 17 .4
27 S
oo - - - - - = - - B.8417.4
50 - - - 8.67 7.15 1504 AQO-Z 12.0 - -

N
=
@
[ J
‘.—J
3
NN
<O
’——J
N
l4})
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TABLs IV (Cont'd.,)

The effect of varicus preservatives on ths besh

eviour of inorga:.ic
phosphate in red cells during storaga
THOFCALIC PEUSFEAT,
(as milligrams of phosphorus per 100 cc, of nezrclysate)
sxperiment D
Preservative
C CG CG CGP CGP L CGP CGii CGPx & cc.* o™
(1) (2) (1) (2) (11) (A&4) (L) (AZA)
Days of -
storagse
O - 0038 - 00‘72 0044 - - 0.78 - 0038 0.10 -
1 - - - - - - - - - - - -
) - - - - - - - - - - - -
3 0.24 - 0.31 0.94 0,64 0,48 1,42 - 5,77 1,1% 0,64 0.28
4 - - - - - - - - - - - -
5 - - - - - - - - - - -
6 3.80 - - - - - - 0.6 £.44 - 1.41
74 - - - - - - - - - -
8 - 0.42 0.44 1,88 1,15 0.84 2,76 - - -
9 5,36 - - - - - 1.67 - 2.03
10 - 0.,51 - 2.55 1,82 1,28 *,48 - - - - -
11 - - - - - - - - - -
12 - - - - - - - - -
13 8,58 - - - - - 2,35 7,91 2,29 4,09 2.50
14 - 1,06 1.14 4,72 3,48 2.7°2 5.14 - - - - -
15 - - - - - - - - - - - -
16 - - - - - - - 4,79 8,40 10,2 4.48 *,68
17 .34 1,85 7,27 5.26 5,41 €.89 - - - - -
18 - - - - - - - - - - - -
19 - - - - - - - -
20 10.4 - - Lt - - 6.08 9 90 9 94 3065 5.45
21 - 2,81 4.51 11.4 9.73 7.41 8,13 - - - - -
22 - - - - - - - - - - -
23 - - - - - - - - - - - -
24 - - - - - - - - - - - -
25 - - - - - - - - - - - -
26 - - - - - - ~ r‘v_': N j "'- ~ -
ory _ 6.41 - 14,3 - 8.07 10.8 7,57 11.6 - (.15 6,77
e - - - T I T T I T o oo
29 - - - - T T T T _ L
30 - - - - -
31 - - - - - - B B B - - -

x Thesusp-=nded cells.



B. Total aclid-soluble phosphate

From the results presented in Table V it can be seen that
in most experiments, a decrease in the totsl acid-sclubls phos-
phate content of the red cells was apparent after a month of
storage in a phosphate-free preservative. 1In some cases, this
fall was preceded by a rise in the totsl acid-soluble phos-
rhate during the first two weeks, e.g. oxperiment A (citrate);
in others the total phosphate was maintained at a fairly con-
stant level for sbout the first three weeks of storage, e.g.
experiment D (Alsever and Ainslie). In still others, 8.g.
experiment B (Loutit) a fall was encountered after the first
few days and finally in some cases, no apprreciable change in
concentration was observed after a month o storage, e.ge.,
experiment C (citrate-glucose). The extent of the decresase
in total acid-scluble phosphate in the red cells varizd from
blood to blood. Thus in experiment A (citrate-glucose) there
was about a fifteen percent loss during thirty-cne days of
storage, while in experiment C (citrate-glucose)only a very
small chenge in the total acid-soluble phosphate content of
the red cells was observed after twenty-nine days. Thers was
always a grester loss of total phosphate from cells preserved
in Loutit's solution than from cells in ordinery citrate-glucose
solution. Vith cells preserved 1n other solutions, the r:lative
loss in daifferent preservatives was not constant,

A progressive lIlncrease in total acid-soluble phosphete
during storage was always observed in cells preserved in any
phosphate-containing solution. The extont of the increase varied
from sbout 55 to 122 percent with the greater increasss In con-

centration generally being obssrved in resuspended cells,



TABLE V
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The effect of various preservatives on the beheviour of total
acid-soluble phosphate in the red cells during storege

TOTAL ACID-SCLUBLL PHOSPHAT:
(as milligrams of phosphorus per 100 cc. of haemolysate)

bBxpseriment A B C
Preservative C CG CGP ¢C C¢€G CGF L CGF | CG  CGF

(1) (1) (1) (1) (M) | (1) (1)
Days of storsage

O 12.8 1206 1403 .1.5.9 13.7 1408 1301 1805 - -

l 1304 14.5 1504 - - band [d - 13.6 1501

2 - - - ].3'04 1304 16¢5 1309 20.4 13.9 l\‘.: 01

3 13,0 12,3 17,5 - - - - - - -

4 - - - - - - - - - -

S - - - 14,6 - 16,4 11.3 2%.4 - -

6 - - - - - - - - 12,5 16,8

7 13,9 14.2 19.0 - - - - -

8 - - - - - - - -

o) - - - - - - - - 12,8 18.8
10 14,2 14.2 17.3 12,9 12,5 15.% 11.9 20.4 - -
11 - - - - , .

12 - - - - - - -

13 - - - - - - - - 14,4 12.9
14: 13035 1506 2005 13Q4 12.3 18.7 1107 27.4 - -

15 - - - - - - - - - -

16 - - - - - - - - 13,7 20.0
17 12.3 12.9 18,4 - - - - - - -

18 - - - - - - - -

19 - - - 14,5 13,6 1¢.,°8 12,1 27,1 - -

20 12.6 12.9 21.8 - - - - = 13,3 21,8
21 - - - - - - - - -

22 - - - - - - - - - -

23 11,9611.8 20.7 - 13.0 19.2 11,4 29,7 13.3 20.6
24 - - - - - - = - -

25 - - - - - - - - - -

o6 - - - 12,4 13.4 22,0 11.4 3.3 1%.,4 2.8
27 - - - - - - = - - -

28 - - - - - - - - - -

29 - - - - - - - 12,2 22,8
20 - 11.7 12.4 21,7 10,6 27.2 - -

9.74 1006 21.5 -



TABLE V (Cont'd,)

The effeact of various preservetives on the behaviour of totecl
ecid-scluble phosphate in the red c¢slls during storage

TOTAL ACID-SOLUBLE PZCSPHAT=
(as milligrams of phosphorus per 100 cc., of haemolysate)

Experiment D

Preservative x < x
C CG CG CGP CGF L CGF CGN CGP N©  CGN Cs
(1) (2) (1) (2) (M) (A&A) (i) (A&A)

Days of
storage

13,0 13.9 13.7 - - - 18.4 13.6 20.6 14.8 13,0 14,2

1300 1509 1304 - - - - 13.6 20.4 1406 12.8 1309

12,0 14.2
- 13,9 13.6 16.6 15.4 12,7 21,6 - - -
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TABLE V (Cont'd.) %0

The effect of various pressrvatives on the behaviour of total
acid-soluble phosphate in the red cells during storage

TOTAL ACID-SOLUBL& FEOSFHATE
(as milligrams of phosphorus per 100 cc. of haemolysate)

Experiment £ F
Presservetive
G CG CGP CGP N NG NGC CsC Cs CG ~CG CGN CGP
Days of (1) (1) (w) (1) (LxA) (1)
storage
0 14.6 13.6 17.0 16,5 14,0 13.4 13,4 17,6 13,7 13.% 12.8 12.2 16,0
1 - - - - - - - - - - - - -
o - - - - - - - - - - - - -
3 13.6 13.9 20.5 18.4 14.2 14,0 13,7 - 14,1 - - - -
4 - - - - - - - - - 17.8 14,1 12.1 18.4
5 - - - - - - - - - - - - -
6 13,8 13,6 22,0 18,0 13,9 13.2 - - - - - - -
7 - - - - - - - - - - - - -
8 - - - - - - - - - - -
9 13.5 14.2 24.3 22.4 14,2 13,4 13,7 14.1 14.1 - - - -
10 - - - - - - - - Ld 13.6 12.9 13.3 25.4
11 - - - - - - - - - -
12 - - - - - - - - - - - -
13 14.1 14.2 25,0 22.5 13.7 - 14.2 13.6 12,7 - - - -
14 - - - - - - - - - 12.% 14,1 12,9 25.4
15 - - - - - - - - - - - -
16 12.8 15.p 26.8 26,0 13.3 13.8 14,0 13,3 12.6 - - - -
17 - - - - - - - - - 17,6 14,2 12,8 26,9
18 - - - - - - - - - -
19 - - - - - - -
20 12.4 12.8 29.6 - 12.4 - 1301 12.9 - -
21 - - - - - - - - -
22 - - - - -
23 - - - - - - - - - - - - -
24 13.3 - 20,5 24.8 12,8 13.2 14,0 12.2 12.2 - - - -
25 - - - - - - - - - 1302 l’Z.E 1300 28.6
26 - - - - - - - - - - - - -
27 - - - - -
28 - - - - - - - -
29 14:06 - - - - - - -
30 - - - - - - - - - - - -
31 - - - - - - - - - - -
32 - - - - - - - - -
33 - - - - - - - - -
34 - - - - - - - - = - -
35 - - - - - - - - - - - - -
36 - - - - - - - - - - - - -
37 - 11.7 30.8 23.6 13.0 - 12,0 10.9 10.4 - - - -
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C. Labile phosphate

The labile phosphate is derived mainly from the two
pyrophosphete groups of adenosine triphosphete, During stor-
age 1t tended to decrease slowly and irregularly (Table VI)
except in cells stored in Muether's solution. The fall in
lablile phosphate was found to proceed more rapidly in cells
preserved in the absence of glucose, although in experiment
A (citrate) a temporsry ineresse in this fraction was ob-
served between the tenth and fourteenth days of storage, and
during this period the lablile phosphate content sxceeded that
found in cells 1In ciltrate-glucose solution. The results with
Musether's solution indicate a synthesis of labile phosphate
during storage. In experiment B the synthesis of lsbile phos-
rhate in cells in Muether's solution continued during the
first ten days of storage; in experiment D, en increass in
labile phosphate was apparent until the twentieth day. Oc-
casionally in these studies, an increase in concentration was
found towerds the end of storage, e.g., experiment B (Loutit),
Cells stored at a low pH (i.e. cells in Loutit's solution)
mainteined their labile phosphate content as well as cells

stored in less acid solutions such s citrate-glucose (ieGill 1),



The effect of various preservetives on trs bzraviour ci

TABLx VI
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lebile

organic acid-scluble phosphates in rsd cells durinc storesge

(as mill

Experiment

Preservative

Days of storage

QOOMIM OWANMHO

el vl
s G 00+

NV W
H oOO®mIm

N
o

AR \v v}
O A

G\ \W AW\
QOWOIM

W
=

L:BILn CRGAINIC ACID-SCLUBLE r=(SrEATH
lgrams of phosphorus per 100 cc., of hazmolysste)
A B C
C CG CGP C CG CGP L CGP CG CGI
(1) (1) (1) (1) (M) (1) (1)
2,53 2,36 0,80 - - - - - - -
2.70 2,25 3,22 - - - - - 2.0 2.52

- - - 2.17 2006 2.75 2.65 ?.34 2.10 -
2.09 2,09 2,38 - - - - - -

- - - l1.52 2.24 2,76 2,63 4,06 - -

- - - - - - - 1.88 2.58
1057 2.23 3.12 - - - - - -

- - - - - - - - 1.67 2,32
2.,20 2,12 2,01 0.81 2,70 2.46 2,36 4,27 - -

- - - - - - - - 0.90 1.47
3,73 1,73 2.54 0,37 1.21 1.40 1.84 4,11 - -

- - - - - - - - 1060 1.82
2.14 0,57 3,71 - - - - - -

- - - 0.40 1,10 2,00 1,19 4,07 - -
0.56 1.1¢ 1,72 - - - - - 0.57 1,93
0.54 0.81 1.67 - 1.12 1,03 0,21 4,21 0,50 1,285

- - - 0.21 0.84 0,61 2.1¢ ~.,84 0.92 1.82

_ - - - 0.72 0.50

- - - O‘.EG 1.06 1071 1.90 :’050 - -
1.05 1,76 0.86 - - B - - - -



The effect of various preservatives on the behaviour of labile

TABLE VI (Cont'd.,)

1>
N

organic acid-socluble phosphates in red cells during storage

LABILE ORGANIC ACID~SCLUBL: PHOSPHATE
(as milligrems of phosphorus per 100 cc, of haemolysate)

gxperiment

Preserva

Days of
storage

OV O

D

tive
C

CG C
(1) (

G
2)

CGP
(1)

CGP
(2)

L

CGP CGN
(M) (A&A)

cGp*
(11)

NX

CGN* csX
(A & A)

2.49

0.05

o

1,98
2.03 2

.52 2,87

{ I S T |
4]
e | 1
o
o

. 06

{ N T B
)
.
100)
o

x Resuspended cells,

2.93

1.40

1.61

2,30

1,57

1.44

1.24

1.22

2,93 2.46

{ I I
AV)
.
(o))
0o

1
—
I o
69)
(]

67

2.95

2.20 2.44

2.13 1,87

1.20 1

0.62 1.54

- 1.29

2.08

2.36

1,17
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D. Hexosediphosphats

The inorganic phosphate liberated between seven and
one hundred minutes hydrolysis at 100°C. in N EC1 is derived
mainly from one phosphate group of hexosediphosphate. For
the sake of simplicity, this phosphate will be referred to
as hexosedliphosphate. This fraction showed a tendency to
decrease during storage except in cells stored in Muether's
solution in which an appreciable synthesis occurred during
the early periods of storage (Table VII). An incrsase in
hexosediphosphate was also observed in cells in citrats-
glucose-phosphate, and occasionally in other preservatives
during the first few days of storage, but in no case was
this synthesls as prolonged or as extensive as that obser-
ved in cells stored in Muether's solution. The most rapid
fall in concentration was genereslly found in cells stored
in the absence of glucose and in Loutit's solution. Usually,
although not always, the hexosephosphate and lablle phosphate

tendsed to show a roughly parallel bshaviour during storage.



TABLE VII
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The effect of various preservatives on the behaviour of
hexosedliphosphate in red cells during storage

Experiment

HeEXOSEDIPHOSPHATE
(as milligrams of phosphorus per 100 cc, of haemolysate)

Preservative C

Days of storage

NNV RV ol e

OO~IM?

10

A B C
CG CGP C CG CGP L CGP CG CGP
(1) (1) (1) (1) (1) { (1) (1)
2.94 2‘66 4.50 - - - - - - -
2,66 3,79 3.43 - - - - - 1.80 1.6%2
- - - 2.98 2,97 4,25 1,94 5,58 2.21 -
2,93 3.80 3,45 - - - - - - -
- - - 1,99 2,856 4,00 1,10 5,21 - -
- - - - - - - - 3.729 Z.41
2.35 5056 5.21 - - - - - -
- - - - - - - - 2.29 2.95
1,19 2.84 2,60 1,11 2,56 2,55 1,92 4,51 - -
- - - - - - - 1.77 2.40
0,73 1.79 1,86 1,09 1.82 2,08 0,66 - - -

- - - - - - - - 2,04 1,59
: - - 0.88 1.77 .1.-83 l.8l 4037 - -
1.65 1,40 2.28 - - - - - 1.71 1.80
0:45 0.91 - 1.63 1,26 1.83 1,76 4,05 1,36 1,1
- - - 1,70 2.35 1,00 1.80 4,90 1.91 1.64
- - - - - - - - 1012 1050
- - - 0.98 1.30 2,87 1,70 4.13 - -



TaBLE VII (Cont'd,)
The effect of verious preservatives on the behaviour of
hexosediphosphate in red cells during storage

HuXOSEDIPHOSPHATE
(as milligrams of phosphorus per 100 cc. of hrasmolysate)

Experiment D
Preservative X . X
C CG CG CGP CGP L CGP CGN cGP* NX CGi™ Cs
(1) (2) (1) (2) (1) (A&A) (1) (L& A)
Days af
storage

0 2.38 3,60 2,28 3,26 3,37 2,57 3,50 2.53 1.32 2,99 3,08 2,85

1 - - - - - - - - - - - -

2 - - - - - - - - - - -

3 - - - 3,95 3.87 1.98 =~ 3.24 = - 2.87 2,63

4 - - - - - - - - - - - -

5 - - - - - - - - - - - -

6 2085 - - - - - 2.30 Oo56 1080 - 3010

7 - - - - - - - - - - - -

8 - 3.30 3,09 3,50 3,70 1,70 5.0 - - - - -

9 - - - - - - - 2.0 - - 1,54 1,11
10 - 6.26 3.60 3.60 3020 1.98 5.15 - - - -
11 - - - - - - - - - -

12 - - - - - - - - -
13 1.82 - - - 1,70 6,54 1.21 1,63 1,74
14 - 2,77 - 2.64 2,12 1,55 7,38 - - - - -
15 1.19 - - - - - - - - - - -
16 - - - - - - - - S.56 1,09 1,39 1.82
17 - 3461 1426 1485 127 640 - - - - -
18 - - - - - - - - - -
1¢ - - - - - - - - - - - -
20 - - - - - - - 1.57 5,50 - 1.28 1,20
21 - 1.84 - 1.50 1.70 0,87 3.9 - - - - -
22 - - - - - - - - - - -
23 - - - - - - - - - - - -
24 1019 - 1.53 - - 0061 4052 1.21 - 0066 -
25 - - - - - - - - - - - -
26 - - - - - - - - - - - -
27 - 2.33 - 1085 - 0099 4.28 1.53 4.40 - 1009 1.60
28 - - - - -* - - - - - - -
29 - - - - - - - - - - -
30 - - - - - - - - - - - -
31 - - - - - - - - - - - -

X Resuspended cells,
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E., Stsble phosphate

The stable phosphate is derived mainly from diphos-
rhoglycerate. The results which are presented in Table VIII
indicate that the behaviour of steble phosphate in red cells
during storage is dependent upon the preservative used. In
cells preserved In the absence of glucose, the steble phos-
rhate was observed to fall abruptly sometime during the first
ten days of storage (in all cases except ons, this feall was
observed during the first week). In cells stored in Loutit's
or Alsever and Ainslie's solution an early fall was also ap-
parent. When cells were stored in citrate-glucose (:icGill 1)
or citrate-glucose-phosphate (McGill 1) solutions this fall
did not occur until the third or fourth week of storage.
Often a small increase in stable phosphate was observed during
the first few days. It can be observed from Table VIII that
in experiments A and B where the citrate preservative was used,
the stable phosrhate completely disapreared from the cells by
the twentieth and twenty-sixth days of storage respectively,
end then reappeared to the extent of about one and one-half
milligrems per 100 cc, of haemolysate. In cells stored in
citrate-glucose or citrate- glucose-phosphate (ifcG111 1)
solutions there was approximately a seventy percent d=screase
in stable phosphate in the red cell after about a month of
storage (except in experiment D, where only sabout a fifty
percent fall occurred). Cells prsserved in Alsever and

Ainslie's end Loutit's solutions showed about a ten percent

greater loss during this period.



The addition of phosphate to ths pr=s:rvative rzssulted
in en increase in stable phosphate. This incressz was of
short duration in cells preserved in citrats-glucose-phos-
rhate (McGill 1) solution, and 2 fall was observed at the
seme time as in cells in citrate-glucose., Vhen the cells
were preserved in Muether's solutions, however, this rise in
steble phosphate was more prolcnged., In experiment B, for
instance, an increase in stebls phosphate during the first
twenty-six days of storege was obssrved, after whrich a fall
was noted.

Studles on resuspended cells r:zveeled similer results
for cells resuspended in Ifuether's solution, but less con-
gistent results in the other csases, In sxpsriment &, for
example, the values for steble phosphate ir cells resuspcnded
in phosphate-free solutions siow a dovnward trend Ifrom the
beginning of storage, while in experiment F, the cells re-
suspended in citrate-glucoss solution showed no decrsase in
stable phosphate content within a period of twenty-five days

of storege.



TABLs VIII

H>
<O

The effect of verious preservatives on the beheviour of stabls

organic acid-scluble phosphetes in red cells during storeage
STABLE ORGANIC ACID-SCLUBLZ PHOSPHATE

(as milligrams of phosphorus per 100 cc. of hasmolysats)

Experiment A
Preservative C CG CGP C CG CGP L CGP CG CGP
(1) (1) (1) (1) (M) 1 (1) (1)
Days of storage
O 7.1 7.4 6.3 9.2 8.5 8.4 6.5 890 - -
1l 7.8 8.2 7.8 - - - - - 8.8 8.7
2 - - - 7.9 7.9 8,1 7.8 7,7 8.3 -
3 7.6 6.1 9.0 - - - - - - -
4 - - - - - - - - -
S - - - 9.5 8.8 5.2 10,2 - -
6 - - - - - - - 8.1 8.7
7 8.4 8.1 10.3 - - - - - -
8 - - - - - - - - - -
9 - - - - - - - - 8.9 10,2
10 6.1 8.4 8.3 4.8 7,3 - 2.2 - - -
11 - - - - - -
12 - - - - -
13 - - - - - - - - 8.9 10.6
14 2.6 8.4 2,5 3.3 7,7 9.2 3.7 9.5 - -
15 - - - - - - - - -
16 - - - - - - - 7.6 7.1
17 - - - - - - - -
18 - - - - - - - - -
19 - - - 2.7 7.7 6,7 2.1 10,2 - -
20 0.0 4,0 4.9 - - - - - .0 £.6
21 - - - - - - - - -
22 - - - - - - - - - -
23 1.4 208 - - 602 404 057 1104 4.3 4.9
24 - - - - - - - - - -
25 - - - - -
o6 - - - 0.0 3.6 6,0 - 12,8 2.6 2.9
27 - - - - - - - - - -
28 - - - - - - -
29 - - - - - - - - Ce6 2a8
30 - - - 105 2.9 200 1.0 7.8 - -
31 - 0.48 2,1 - - - - - - -



T 2L~ VITII (Cornt'd.)

Trs «ffsect of various prsssrvetivsec cor. the beraviour of stsble
orginic acid-sclubls rrcsphats i rzd c:1ls during storags
STeELx ChGroIC fCID-SCLUBLLL P=CSFEATE
(as milligrams of prosphorus 3 100 cc. of hsamolvsats)

xpoeriasat D

Pregervative . x
C CG CG CGP CCP L CGP CGY cer~ ¥ ccy* cs*®
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TABLE VIII (Cont'd.)

The effect of various preservativsess on the behaviour of stable
organic acid-soluble phosphate in red cells during storage

STABLE OKRGANIC ACID~-SOLUBLE PHOSPHATE
(as milligrams of phosphorus per 100 cc, of haemolysats)

Experiment B F
Preservativg x x
¢~ cG6* ceP cep® N* NGX NGCECsC® cf|cGE NCA® CGMCGP
(1) (1) (M) (1) (A%A) (31)
Days of
storage
0 - 8,27.6 8,18,78.,48,37.88.,27.,.9 7.67.317.7
1 - - - - - - - - - - - - -
o - - - - - - - - - - - - -
3 7.37.57.67.,47,87,77.2 - 7.9 - - - -
4 - - - - - - - - - - 8.17.87.
S - - - -
6 7.6 7,7 8,77.86,97.16,97.%26.,8 - - - -
7 - - - - - - - - - - - - -
8 - - - - - - - -
9 6.1 '700 8.0 9.0 5.2 6.0 6.8 7.1 6.8 - - - -
lo - - - - - - - - - 8.5 7.4 7.7 905
11 - - - - - - - - - - - -
12 - - - - - - - - - - -
13 7.07.07.2 8,02,7 - 6,6 6,4 6,5 - - - -
14 - - - - - 704 806 5.5 9.8
15 - - - - - - - - -
16 504 602 604 901 6.5 6.5 5.9 - - - -
17 - - - - - - - 8,4 8,3 3,9 10,7
18 - - - - - - - - -
19 - - - - - - - - - - - - -
20 4,1 4.8 8.1 - 0,9 - - 5.,8:¢8.,0 - - - -
21 - - - - -
22 - - - - -
23 - - - - - - - - - - -
24 4.7 4.612.2 8.6 102 6.0 3.4 4.3 - - - -
25 - - - - - - - - - 8,6 6,1 1,7 2.,°F
26 - - - - - - - - -
27 - - - - - - - - - - -
28 - - - - - - -
29 - - - - - - - - -
20 - - - - - - - - - -
31 - - - - - - - - - - - - -
X nesugpendsd cells,
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F. Potassium

The results presented in Table IX show that in all cases

there was a loss of potassium from the red cells during stor-

age. The rate of loss was most rapid during the first two
woeks and then decreased., After the third week, there was
little change in the potassium content of the cells. The
extent of the loss varied with the preservative used, being
greatest in cells stored in citrate solution, and least in

cells in Muether's and Loutit's solutions,
TABLE IX
The potassium content of red cells during storege

POTASSTIUM
(millimoles per litre of haemolysate)

Experiment A B C
Preservative C CG CGP C CG CGP L CGP CG CGP
(1) (1) (:1) (1)
Days of storage
0 117 104 109 109 119 114 110 114 - -
1 97 98 109 - - - - - 117 118
2 - - - g2 88 82 100 114 105 94
3 90 83 96 - - - - - - -
5 - - - 64 - 64 105 108 - -
6 - - - - - - - - 80 88
7 78 84 93 - - - - - - -
9 7 - - e - - - - 67 -
10 68 77 89 42 85 87 85 102 - -
14 62 73 79 41 45 62 86 91 - -
16 - - - - - - - - 61 67
17 40 75 83 - - - - - - -
19 - - - 40 42 88 79 82 - -
20 45 73 82 - - - - - - o4
23 2} - 68 - 40 - 69 80 87 72
26 - - - 32 41 &1 68 82 - -
30 - - - 30 41 50 63 80 - -



53

G. Glucose

From Table X it is obvious that the glucose content
of the red cell underwent marked fluectuations during stor-
age. In Figure 1, where the values ars presented graphi-
cally, the periodic nature of the fluctuations is saspparent,
In general, there was a fall in cell glucoss during the
first few days of storags, followsd by an increase which
reached a maximum value sometime betwsen the fifth and tenth
days. A rapld fall and subssesquent rise in cell glucose was
then zpparent, with a second peak being attained betwesn ths
twentleth and twenty-sixth days of storage. In many cases
the second peak was higher than the first. There was an
indication of another rise 1In several instances which sug-
gosted that a third peak might have been observed 1f the
studies had been prolonged. Figure 2, in which the peak
values are plotted against the time of storagses, summarizes
these time relations in graphical form., In several experi-
ments, & rapid increasse in cell glucose was found during the
first day of storage.

There were only & few cases whers the fluctuations in
the glucose content of the red cell did not conform to thse
pattern outlined above. In cells stored in citrats alone,
the first pesk wés found on the second or third day of storegs,

In experiment A (citrate) and sxperiment £, although a
second rise in cell glucose was found, this was prolonged
to the end of the experimental period. In sxpsriments B

(Muether) and G (citrate-glucose),nc prsliminary fell in
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glucose was observed, In the latter case, an additional pesk
was found on day 19, which was not noted in any other sgxp3ari-
ment,

Fluctuations in the glucose content of cells wers also
observed in experiment J whers the blood was storad in a flask
and samples removed aseptically at intsrvals for anelysis,

This indicatses that the fluctuations cannot be attributed to
a difference in beshaviour of glucose in blood stored in indi-
vidual tubes,

The magnitude of the fluctuations can be seen to bear a
relation to the concentration of glucose in the rsd cell, both
being greatsst in cells storsd in Musther's solution, and smal-
lest in ¢s8lls stored in citrats,

The results of studies on whole blood and plasme (Table X)
indicate that the fluctuations were not limited to the red cells,
In oné experiment (K) whers the glucose content of whole blood
preserved in citrate was followed, it can be noted that after
the glucose had completzly disappeared for a period of more than
one wesk, it suddenly reappearsd 1in appreciable amounts,

To compare the relative magnitude of the fluctuations ob-
served in whole blood and plasma with thoss found in an equal
volume of red cells, it is necessary to multiply the "cell
glucose" values by three, as these were obtained from a hae-
molysats containing about one-third cell matter. ‘hen this
was done in experiments G and H whers the glucose content of
whole blood, plasma and red cells wers detsrminsed simultan-
sously, it was seen that the changes in glucoss concentration

are comparable in extsnt, although somewhat smaller in the

cells than in the plasma,
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TABLE X

The effect of verious preservatives on ths bshaviour of glucose
in whols blood, plasma, and red cells during storags

GLUCOSE
(as millimoles per 1litrs of plasma, whols blocd cr hasmolysate)

Experiment A%X X cX
Preservative C CG CGP C CG CGP L CGP CG CGP

(1) (1) () (1)
Days of storage

0 0.34 1.38 0,69 0,11 7.32 3.44 2.32 10.7 - -

1 0.00 0-61 Ooll - - - - - 5.16 3.16

2 - - - 0.27 4,44 2,45 1.44 14,7 4,94 2.11

3 0,59 0,48 1.00 - - - - - - -

4 - - - - - - - - - -

5 - - - O.ll 5.06 3.45 1.22 21.2 - -

6 ; ; - - - - - - 2,97 2.58

7 0-19 0045 1033 - - - - - - -

8 - - - - - - - - - -

9 - - - - - - - - 7,78 3,38
10 0.09 2,22 2,40 0,00 2,50 2,45 1,58 21.5 - -
11 - - - - - - - - - -
12 - - - - - - - - -
13 - - - - - - - - 7.66 2,
14 0.14 0.33 0.43 0,00 3,10 1.07 1.14 13.8 -

15 - - - - - - - - - -
16 - - - - - - - - E.17 2,65
17 0,00 1,02 0.73 - - - - - - -
18 - - - - - - - - - -
19 - - - 0.00 2,84 1.50 0.54 19,2 - -
20 O‘OO 2.66 0.85 - - - - - 6.39 F/.72
21 - - - - -

29 - - - - - - - - - -
23 0.09 1.25 0,81 0.98 2,74 1,61 0,00 1¢,0 9.11 €,
24 - - - - - - - - - -
25 - - - - - - - - - -
26 - - - 0.00 6,50 5.82 1,73 2¢,9 - -
27 - - - - - - -

28 - - - - - - - -
29 - - - - - - - - 9.00 2.67
'30 - - - OOOO 4.10 2.67 1030 1’-".9 - -
51 0019 3.00 1039 - - - - - - -
32 - - - - - - - - -
33 - - - - - - - - - .
24 - - - - . - - _ i _
35 - - - - - - - - . _

X Red cells,
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T4BLE X (Cont'd.)

The effect of various preservetives on the behaviour of gluccse
in whecle blood, plasma, end rsd cells durirg storags

[

GLUCOSE
(millimoles per litre of plasme, vhole blood or heericlvs=siz)

Experiment ¢* mX I1X JX Gxx = gY%t pEX pNEN XX
Preservative CG__ _CG GG cG CG CG CG CG C
Days of storage
O - - 2.54 705,7 - - - - -
1 9075 11016 8.00 9.62 56.1 61.4 61.3 71.2 -
2 - - 4,55 6,25 - - - - 2.11
z - - - - - - - - -
4 - 4,18 - 5.34 - - 29,9 40.8 -
5 - - 7.00 - - L - - -
6 12.35 - 6.78 - 45,5 48,4 - - -
7 11.28 - 6,22 10,36 49,5 2.2 - - -
8 - 8.7%3 5.82 - - - 2,7 61.1 0.0
9 7.84 - 504‘8 9092 46.5 56.1 - - -
1C - - - 6.83 - - - - -
11 - - - - - - - - -
12 - 4,40 5,37 - - - 4,2 41,7 0.0
13 8.1 - 5.09 - 46,1 951.0 - - -
14 - - 4,73 6.7¢ - - - - -
15 - 3.83 - - -~ - 42.1 26.7 -
16 8.89 - £,08 7.81 40.9 48,2 - - -
17 - - - - - - - - -
1 - - - - - - - - -
19 - 6.19 - - - - 44,8 49.°% -
20 0.73 - 4,93 - ., 41,3 48.0 - - -
21 - - £.,15 10.90 - - - - 2.11
22 - - 6,23 - - - - - -
23 7 86 6,77 4,97 11.,3F 71,6 35,1 49.4 49.° -
24 - - - - - - - -
25 - - - 9.89 - - - - loOl
26 5.78 - 6.06 - 3603 4401 - - -
2 - 7.65 - - - - - - -
28 - - - - - - - - -
29 - 8,90 - - - - - - -
30 - - - - - - - - -
31 - - - - - - - - -
32 - - - - - - - - -
55 - 12030 - - - - - - -
24 - - - - - - - - _
& 6.36 - - - 7,0 27,0 - - -

x Red cells xx Whole blood xxx Plesma



Figure 1.

Fluctuations in thie glucosz content of r=d cslls
during storags in verious rraservatives®
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H, Non-fermentable reduclng substances

The non-farmentable reducing substances in rsd cells
were followed during storage in experinz=nt G, The rssults
wnich are presented in Table LI indicats thet there were
sllight fluctuations in these substances up to the thirtesnth

day of storage, after which they disappeared from the c=11s,
TABLs XI

The non-fermentable reducing substances in red cells during
storage. The results ars expressed as millimoles of ¢clucoss

equivalents per litre of hasuolysate.

Non-farasnteblzs reducing substances

mxperiment G

.+ Preservative CG

Days of storags

1 . 0.18
6 0,01
13 0.18
16 0,00
20 0,00
23 0,00
26 0.00

I. Glycogsen
The results presentsd in Teble XII show a fall in the

glycogen content of rod cells during storags, and a disap-

pearance of this compound from the c¢cells by tn=s t=nth day,
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TAELE 1T

The glycogen content of red czlls during storags. The
results ars sxpressed as :1llimolss of glucose =quival-=nts

per litre of haemolysate,
Glycogsn

sXparinent I

- —

Freservative CG

Days of storage

0.47
0.,o4
0.28
Celd
0.21
0.00

OIPMVHO

1
Je Lactic acid
The lactic acid content of rsd cells was followad in
sXperiment J. Ths rasults pressated In Tebl:s Y“IIT iadicats
a gredual rise in concentraticn until th: fourteenth dey,
Thers was thsn little change for the nsxt fav days, but

another increas: vas notad bty the tveaty-"irst day,

TABLe XITI
Ths lactic acid coutent of rad cz3lls auring storagce

Loctic acic

(milliicles p2r litrs of he.oiclysets

-

sapsrimasnt i ¢ o
Preservative CG
Dars oI storsage
O 1,87
1 1,22
2 2027
4 2.4l
7 Tl
14 4,22
16 4,01
18 =1
21 5./:2

23 Col7
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K. Pyruvic acid, total keto acids and total hydrazones
From the results presented in Tabls XIV it is svident
that pyruvic acid, total keto acids and total hydrazones
showed an almost parallel behaviour during storage. In
both experiments, they all fell during the first fsw days
of storage, and then remained at a fairly constant level
for about two weeks, after wnich they increased progres-
sively for the remainder of the expsrimental period. The
rate of increase was most rapid during the first few days
of the rise. The total keto acid values (exprsssed as
pyruvic‘acid) were approximately 0.03 to 0.07 mM/1 higher
than those found for pyruvic acid for the first two to three
weeks of storage; after this the differsnce between the two
values decrsased, indicating that keto acids, other than
pyruvic acid, disappeared from the red cell. In experlimsnt
I, the total hydrazone values (expressed as pyruvic acld)
wers 0.2 to 0.4 mM/1 higher than the pyruvic acid values
from the first to the ninetsenth day of storage, and 0,5
to 0.6 mM/1 higher for the rsst of the study. In experiment
J, the difference between the total hydrazonss and pyruvic
acid values increased from 0.28 mM/1 on the day the blood
was collected to 0.67 mM/1 on the twenty-third day of storags.
These results indicate an increase in the neutral, reactive
keto compounds (aldehydes, ketones, trioses) during storage.

Friedemann and Haugen (1943) have reportzd that they
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find only 0.12 to 0.69 mg. percent (i,s, 0.01 to 0.08
mM/1) difference between the values for pyruvic acid and
total hydrazones (expressed as pyruvic acia) in blood. In
the present studies it was found that ths rsason for the
much larger difference betwesen thess two values in our
studies 1s due to the washing procedure, The total hydrs-
zone values estimat=zd by the indirect method, which doss
not involve washing of the cells, are much lowsr. This

was not rsalized until the completion of these studies,



TABLx LIV

63

The pyruvic ccid, total keto acid and total hydrazons
content of red cells during storage.
all exprsssed as millimoles of pyruvic acid per litre

of haemolysatse,

Th= values ars

Pyruvic acld Total keto Total
acids hydrazones
xperiment I J T J I J
Preservative CG CG CG CG CG CG
Days of storage
0 0.12 0.16 - - 0.79 0.44
4 - 0.03 - 0.06 - 0.30
7 0.03 0.03 0,07 0.41 -
8 0005 - 0007 - 0033 -
9 0006 - 0009 - 0045 -
10 - 0.06 - 0.1% - 0.61
12 - - 0,07 0.33
13 0.09 - 0,08 - 0.29 -
14 0.06 0.07 0.09 0.12 0.39 0.68
16 0.16 0.21 0.16 0.24 0.47 0.69
18 - 0.32 - 0.37 - -
1 0.51 - - - 0.81 -
20 0.51 - - - 1,04 -
21 0,52 0.50 0.54 0.01 1.11 1,07
22 - - 0.51 - - -
23 0.S5 0.952 - 0.54 1,07 1.19
26 0060 - 0060 - lol5 Ld
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L, Survival of erthrocytes eftsr transfusion

The results of the cell survival studiss are presented
graphlically in Figures 3, 4 end 5. In sach experi=snt, blood
taken from one donor was divided into two to four aliquots
eand transfused after various intervals of storage. Trs blood
was collected into citrate-glucose, Loutit's and _usther's
solutions respectively; the disaprearanczs of cells from the
rocipient's circulation was followed in all cases. T e stabla
phosphate content of the red cells was determined at various
intervals during storage on small samplss of the blood storad
in individual tubes. An analysis of the stable rlrosphats con-
tent of the blood kept in the flasks was carried out just prior
to transfuslon in most of the sxperim:z=nts. The results of the
studies on the stabls phosphatz ars rresented with rssults of
the cell survival studies in i ures 3, 4 and 5,

From these figurss, it 1is clsar that thers was 1little
difference bstween the in vivo survival of the cells stored
in citrate-glucose, Loutit's and iuether's solution, Furtner-
more, it can be noted that the disappearance of the transfused
cells proceeded at the rate of about 0.9 percent per day.
Finally, the rate of loss of viabilit; of the stored cells
was also sbout 0.9 percent per day, as can be seen from the
fact that the proportion of cells vhich ars eliminated from
the recipient's circulation within a few hours cftsr trans-
fusion corresponded to slightly lsss than th: number of days

that they were stored,
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The stable clrosprliete content of cells storsd in
;Tusther's solution showed a very rapid incrsase Jduring ilre
first twec wssks of storasgs, thsn a gradual f¢11 until about
the fortieth day, aftsr vhich it decrsasszd abrurtly, It
can bs noticed th2t even after ths fortisth day ¢ storcgsz,
ths stable phosphate coatcnt of the cells was spprscliably
higher than the initial concz=ntration, In cells in citrate-
glucose solution, ths stable rhosyhate start:1 to dzcrecse
after about a waek of storages and cradually =1l to -~bout
thirty-five percent of ths orizinal value by ths thirty-£ifth
dey, after which a wore rapid rats of dscrsnse vas obssrvsc,
In no other case did the stebls plosphats of c:1lls storsd in
citrate-glucose colution start to Tall as soon aftzr storags,
A fall in stable phosphete wes aprarzant from ths baginaing
ol storage in cells in Loutit's solut’on, cnd wes mors pra-
cipitous then in cells stored in citrats-glucose, reaching
about twenty percent ol the initial concsentretion by the

twenty-seventh day of storage. How:ver, ¢n incrsase In

concentration then was apparent,



Picure 3,

The percentags survival of rzd czlls transfussd

after storege for 1, 13, 21 and 40 dars rsspsctivsly

in citrsts-glucose sclution
1001 1
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PERCENTAGE CELL SURVIVAL
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Thoe stabls P contsint of ths: rad coells (sxprasassd
as milligrans of phosphorus psr 100 cc. of nesaolysate)

was 6.7, 5.9, 4.9, 2.3 :nd 0.4 on days O, g, 12, 29,

25 and 42 respsctively of storage.



F'igure 4,

The percentage survival of »=d c:11ls trsnsfussd
af'ter storag:s for 22 end 28 days rzspactivsls
in Loutit's solution
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The stable ghosrhorus ccentent of the rz2d czlls
(expressed as milligrems of rhosprorus rsr 100 cc. of
hasnolysats) was 7.6, &,9, 1.4, 1,4 end 2,2 ou days

0, 8, 21, 27 and 31 of storoga,
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The percentage survival of rsa c3lls trausfussc
after storage for 1 and 29 dars rsspsclively
in Huether's solution
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The stable phosphorus contzut of ths :sd
cells (exprsssed as milligrams of hosplorus rer
100 cc. hasmolysate) wes 8,8, 17,4, 11,6, 10.5

end 6,9 on days 3, 12, 27, 28 cnd 54 respsctivaly

of storags,
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DISCUSSION
rsnical chengss in rsd cells during storage

Of all ths compounds studisd, glucoss shovsd th: .-ost
spsctaculer and unexpectsd behaviour duriig storagsz, It
can be seen that therse vers psriodic fluctuations in tkrs
glucose concentration in red cells duriang storage, and that
In almost svery case whers ths blood vas stored in a glucosa-
containing prsservative, the c¢=211 rlucoss, aftsr sn initiel
fall, rose to o peak between ths fifth rnd tsath days and
then fell) again., After ssveral davs, another ric: vas ob-
gserved and o maximum valus was attained tetws:3n ths nine-
teenth and twenty-sixth days. Thss2 secoad pealis wars 8O-
times hi;her than ths values obs:rved after the first twenty-
four hours of storage, vhen diffusion oi glucose into ths
red cells from thes plesma had ceassd,

The magnitude of the fluctuations i~ glucose concz=n-
traion ecppears to dspend to soms extent on th: coacentration
of glucoss in ths cells on the first day of storegs, beinc
smallest in cells with a low glucose content (3.g. in c=311s
in citrate solution) =nd grzatest in c23lle with a very righ
glucose content (o,g. cells storsd in uwsther's solution),

These fluctustions in flucose canrot b2 attribut:d cimply
to sxpeririontal srrors in analysis. Althourh & ccsuel lasrsc-

tion of the graphs may -ive the imrression that the flvctua®icns
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sr3 sharply discontinuous, it will te obssrved on clos=r
exsmination that the points on meny of the curvss (=sr=cially
in sxperim=snts I and J, where znalyses wers carricd out at
one or two day intsrvals during most of the study) indicets
a smooth course of rise and fall. Illore i~portant still, the
fluctuations occurred =2t about the same time in nearly =211 of
the fourtssn exXperiments,

~ While the incrsasz in cell glucoszs during ths first few
hours after the colleaction of blood can be 3xplained by the
diffusion of glucose into ths c¢=1lls fron the sxternal medium,
the reason for the subsequsant fluctuations is obscure., As
there was no svidence of any significant incress: in the
amount of non-fsrmentable reducing substances in the rod
cell during storage, the fluctnations in rsducing substances
appear tc represent real changsc in glucosex. The grscursor
of the synthesissd gluccss, vhick e~prearzd at ths tvo regular
and predictable intsrvals during storage still remains unliden-
tified, The glucoss cannot be dzrivad from the glycorsn in
the red cells to any sxtent as this compound wes found o-ly
i{n smell concentration and, in the one cesz wvhere it was
studied, it was found to disappear -fter tns tenth day of
storage, Nor can it be derived from hexoserhosr-hatas in the

cells as those were nevar present in sufficient quantities to

x However, Castellani and Taylor (se= Clinical Fiochsamistry
by Centarow cnd Trumper, Zrd editlon, rage 60) havs founc
that baker's ysast usually consists of one or two s:aciazs
of saccheromyces with a contaminating grom-rositivs
breillus and that this "ysast" vill ferm2nt glucoss,
levuloss, galasctoss, sucross, maltess and oftsn lrctose,.
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8Xplain the large increasss in glucos=, £fgain, no reilation-
ship could be demonstrated betwsen the changes in any of ths
other phosphorylated compounds or in lsctic acid a2nd ths in-
crease in glucosse,

The possibility that the fluctuations in glucose ~ight
be due to a transitory diffusion of glucose into ths cell
from the plasms, and out again, has not been ignorsd. At-
tempts to settlc the point, however, by carrying out simul-
taneous analyses on the cslls, whols blood and rlasma wsIe
complicated by the high concentrstion of glucose in the pre-
servative media which mads the estim=~tion of small changses
in the glucose contsnt of plasma liabls to large analrtical
error. It is necessary to rep2at thsse studiss uslng a pre-
ssrvative with a minim=l content of glucose, The analytical
data obtained, howevar, do not point to the diffuston of
glucose into the rad cell as being the cause of the fluc-
tuations, particularly as thesc fluctuntions wers also ob-
served in stored wholes blood.

That the inecrcase in glucose could result from ths
liberation of "protsin sugar" or from hydrolysis of sone
glycosidic linkage is another surgsstion that comes to mind.
But, if this was so, cne would not expsct ths magnituds of
the periodic increases to show any relaticn to the concsn-
tration of glucose in the red cell. A sinilar objectlon can
be raised to the sxplanation thst the incrsasas ars dus to
some kind of reaction of citrate on the c21l surfacs (citrats
does not entesr the red cell to any oxtent duri.c the first

month of storags).
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It iIs possible 2l1so that ths glucose vtrich sntsrs the
cells during the first day of storage is convsertsd to soms
28 yet unidentified compound which is subssquently broksn
down at int=srvals during storage with the liberation of +hs
glucosc,

It is equally difficult to sxplain the rapid cdisapps=sar-
ance of glucose after the psriods of synthesis. As it can be
seen from the graphs, the fall is oftsn as pracipitous as the
rise 1s steep. No corrresponding change could be demonstratzd
in the lactic acid concentration in the ons expsrinant in
which 1t was followsd. Hor did the changes in the phosphory-
latsd compounds, pyruvic acid, total keto acids, or reactivs,
neutral, keto compounds show any rzslationsnip to the fall in
glucose concentration, It might bs mentionsd in this connec-
tion that Dische (1946) has reported an incrsass in triose-
phosphete and hexosediphosrhats in citrated blood kept at 4°C,
for twenty-four hours. On subsequent incubation for thirt; =minutes
at 40°C, the ester phosphate was found to break dovm to lactic
acid. Although an increase in hexossdiphosph-ts wes occasional-
ly found during ths first few days of storags in tire presont
studies, it was never large enough to account for mors than
a small part of the glucose disappsaring.

Only two reports have been found in the literaturs con-
cerning fluctuations in the glucose concentrstion of rlasma
and vhole blood. nleiner and nalrer: (1933) observel tnat
hyperglycemic blood, when kept et room tempersiurs, fraquently

showsd marksd fluctuations in glucoss contsnt whan studia2



at fiftesn minuts int=ervals over a period of thrss rcurs.
This phenomencn weas observed in blood collzctad in citrats,
fluoride, oxalatz or hirudin. The fluctustions in many of
the curves were found to rangs from 30 to 75 mp. percant.
The range and type of fluctuations found bty these workers in
hyperglycemic blood kept at room tsmueraturs for thrze hours
are similar to those observed in this work over a period of
thirty deys in blood stored at 5°C. *ileiner end Eeslpsrn could
not explain this phenomenon and thelr rssults could not be
confirmed by ideuwirth(1934),

Literature on the behaviour of glucos: ia storad rtlood
ls scanty. As far as the author is awars, ther:z are only two
reports whers the glucose concentr=ation in tlood was follow:z4d
at intervals during storage. From the figur=s vhich Bick (127¢)
and D-nstedt et n1.(1941) present thers is no indication of
any increase in the glucosse coétant of the stored blood.
Previous studies conducted in this laboratory by other worksrs,
however, have revealsd fluctuations in the glucose conc-ntro-
tion of whole blood during storege similar to those observaed
by the writer., The results of DeGowin's studiss on glucose
content of the plasma of stored blood indicats a fall in con-
centration during thirty-five days, with occasional evidenc
of an incrsase,

The behaviour of the organic acid-solublzs phosphatss in

red cells during storage has besn reportad by savaral pr:vious

workers, The present study, vhile confirmning thess reports,
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was mors sxtensive than the earlier irvsestigations and has
revealed several points of intsrsst which =sve not as yet
been rscorded in the literature,

From the results it can be seen that thers was & fall
in the concentration of stabls phosphats in red c=1lls during
storage and that the time when this f2ll commenced was fairly
characteristic of the preservativs used, Ths carly dzcrease
observed in cells storsed in & glucose-frese preservative can
be ascribed to the rapid deplstion of glucoss vhich is re-
quired for the synthesis of stabls phosphetss, so that the
bnlance between synthesis and hydrolysis is not maintainesd
and the concentration of stsble phosghets falls,

The equally early fall observed in cells stored in Loutit's
solution is explainable on the basis that the relatively low
pH of blood pressrved in this solution inhibits the formation
of orgenic phosphates from glucose. Guest and Fapoport (1941)
believe thet ths rate of hydrolysls of stable phoschats is
lsss affected by a low pH than is the phosgiorylation of glucoss=s,

The fall of stable phosphate in cclls rreserved in othsr
glucose-conteining prssservatives has besn ascribsd by ileclzels
to sn accumulation of metnbolic products which "chenge the
reaction of the erythrocytes and so lmpart a csrtain momentum
to phosphate brsakdown". However, again it is mors 1li%=ly
that the change of reaction results in a dzcrsased utili:za-
tion of glucose rather than in an increased rets of hydrolysis

off organic phosphates,



According to Martland (1925) the disappearazncs of gluco:s
from blood is gresatly rsterdsed, and the increas=s i- inorganic
phospheate 1is accelerated at a pH below 7,3, Therafors it would
be expected that a retardation of clycclysis end 2 f211 in
stable phosphate should be observsed 2t the timc when ths rEH
of the stored red ceslls falls to 7.2 or lower. The pi of the
stored cells was not followed in the pres=nt studiss. >ollison
et al., (1942) have found that the pH of blood in citrats-
glucose solution falls to below 7,3 by the fifth day or sarlisr
of storags,

These workers measursd the changes in y© in blood by m3ans
of a glass elactrode. Maizels (1943-1944) esserts that such a
method only measures the plasma pH, and that an sexagg:rated ides
of the changes in the reaction of blood is obtainzd if one at-
tempts to judge whole blood pH from the plasma pH alons, since
part of the fall in plasma pH is duse to the pressnce of the
non-penetrating anion citrate and is accocmpanizsd by & corrss-
ponding tendency for the cell pH to rise., This t=ndsncy is,
however, offset by an increase in acidity due to the produc-
tion of lactic acid. It is possible, thersfors, that in thez
present studies the pH of the cells storsd In citratc-glucose
solution did not f&ll to below 7.3 until ths secona or third
week of storage, 1.e. the time vhen stable phosphats bagan to
fall,

It is not vossihbls to estatlish from the studies on cell
glucose whether or not glycolysis was inhibited at ths ti-ne
when ths decrsess in stable phosphcte became aprarsnt, In

one case whers lactic occid coneentrotion was iollowed, 1t
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was obssrved that thzs rate of increase was most repid during +io
first two weeks of storage, and that during the subssquzn
period of study, when stable prhosphate showed 2 mari=d de-
crsase, the rete cf production ol lactic 2c¢id was rstarded.
In this connection it may be mentioned that the results prs-
sented by Mollison and Young (1942) indicate 2 decrsasa2d ra‘s
of fell in the pH of blood aftzsr ths sscond or third wsek of
storage. It 1s possible that thz lactic acid vhich apreared
during the later stages of storage was derived almost wholly
from the breakdown of intermediary compounds involved in
glycolysis, end that littls or no phosphoryletion of glucose
took place,

However, befors any conclusions can be drawn rzparding
the sxtent of glycolysis in blood during storags, more ax-
psrimental datse are required,

The synthesis of stable phosphate in cells stored in
Musther's colution is mors difficult to explain. The initiel
pH of blood in Muether's solution is slightly lower then hlood
in citrate-glucoss-phosphate (McGill 1) and yet cells stcred
in the former solution showed not only a much greater incrsa:ce
in stabls phcsphate but also a more prolonged meintenance cf
this substance at a high level than was found in cg¢lls stored
in the 1icGill preservative, The synthesis and maintzenance
of stabl:s phosphate and other organic acii-solublzs phospnctas
in cells stored in Musther's solution can.:ot be expleinzd
entirely by ths hig¢h concentraticn of inorganic rrosphate in

the red cells since an equallv hirh conc=ntrstion wes observ:d
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in cells przs=srved in thes 1icGill solution; possibly the
excesadingly high concentraticn of glucoss in c31ls in
livethsr's colution may be pertly responsible for this to-
haviour, llaizels (1943-1944) has found that en increase

in organic acid-soluble phosphate (other than labils phos-
phate) can bz accomplished by storing cells in =lkaline
cltrate-glucose solutions and that an svsn grsater syathssis
will occur Iif alkaline citrats-glucose-phosphats sclution is
used. It should be noted, howsver, that cslls in llusther's
soclution showed an increase 1n all ths phosphats fractions
studied, including labile rhosrphate,

Rapoport (1939) on the other hand, hass found no svicence
of any synthesis of diphosphorlycerate in blood duirg in-
cubction for six hours In the presence of added glucose and
phosphate, However, the concentration of glucose and rhos-
prhate in his expsrim=nts wes not as high as in blood stored
in Muether's solution,

In one experiment where the behaviour of pyruvic acic
was followed in cells praserved in citraete-glucosc solutions,
a sudden increase in the concentretion of thi: compound ves
observed about the fourteenth day of storage. As 1t praviocusly
had been found thet ths stebls phosphats contert ol cells
stored in citrats-glucose usuelly bz ins to dscreace at cbout
this time, a relaticnship bstween ths bresxdovn of statls
phosyhate and ths cccurmlation of pyruvic acild wos cusyected,
A second experiment ir vhich stable phosrhets and Tv:uvic

acic were followed s:imultaneously lent furtrer suppor* ‘c this
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suggestion, In that the decreése in stabls prcsrhete veas ot-
served to coincide with ths rise in pyrivic aci<, Celculsting
the stable phosphate in tsrms of diphosphoglycerate, it was
found that durirg the period of mzost marked chernge in concen-

tration, thers was = dscrzese of 0S5 mi/1 in diphosphoglyceret

@

and on increase of 0,46 mM/1 in pyruvic acid. During this reriod,
lactic acid formetion was continuing, hence one would not necss-
gsarily expect to find a quantitative relaticn betwecn the changes
in pyruvic acid and diphosphoglycerate, PFurthzrmors, the metlod
for determining stable phosphate is not csr=cifiec for diphcsrhogly-
cerate, These results, however, do sug;zst thet in the red

cells, 2, 2-diphosphoglycerats nay be broksn don by way of

pyruvliec acid. Up to the present, the breakdown prroducts of

)

2, 3=~diphosphoglycerate havs becn z matter of speculation,
praunstoain (1934) has found thsat dirhosrhogclycsrate, in con-
trast to monoprosphoglycerate, 1is brolken down but slowly irn
blood haemolysate and that pyruvic acid 1s not foru:d in tre

process, Rapoport cnd Gusst (1939) suggest that sincs the

dition of iodoacetic acid, it is independsnt of the irics:-
phosphote-pyruvats reaction postulotcd by 2icschz. Howsvar,
thece vorkers did not follow th2 bercvicur of prruvic aci’

111 their studies. Tf th:y had, it is rossibls tret ther waunld
have obssrved, durin: ths breakdovn of dlphos hoglicerate, 2n
accvmulation of pyruvic ecid, vhiecl, ss 1t has beon szmevn n
the prosent studies, does not inhibit thes disarpeareonce of

diphosphoglycerats.



According to Dischs, pyruvic acid in blood is d:spos:zd
of by the following rsaction:

Triose phosphate - pyruvats 5 dirhosrhoglycerats - lacte‘s,
It is poscible that in the prssent studics thsare was 2 simultan-
sous fall in both triosz phospheot:s and stablszs :rosrhats during
storcgs, and that as the concentration of trioss phosphate
fell, the rate of reduction o pyruvic acid bscans slowsr
than the rats of formation, so thet cn ‘necrease in concentra-

tion resulted.

~

In theoe studies, the triose rrosrhrete content of red

cells was not followzd durirng storage. Ths total roective nsutrel

t

i

keto compounds which ii:clude tricses shcws mell increass

(&)

during storage, However, this doss not preclud:s s f2ll in
trioses masksd by an increase in some other lesto compound,

An increase in th: prruvic aci: content of shed blocd
has been observed by a few werksrs. Busding cnd Goodhert
(1941) have found in heperinrised or dsfibiinsted (but neot
oxalated) blood o transitory fall in the concentrrtion of
pyruvic acid folloved by an increase, so thet cfter four hours
at room toumperature, the concentration of pyruvice acid wes
ireater than wes found at ths beciniiing of thzs study., Thess

vorkers suggest that as thes atount of avallabls trios=s In

(o)
mn
o

blood decrezass, the rats of ramoval of pyruvie acid
decrecses. Long (1944) has clso obsarved trat efter ¢ nre-
liminary £:11 in tre prruvic acid contzsnt of citratzd blocd

kept ot room tempersture, there was < cutsecuent rise and

tlat thes concentretior after twentv-four hours excecded tre
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initial value. This rise continued for about on: 33k,
Von muler et al. (1940) have rsported a tenfold incrssss
in pyruvic acid countent of rat's blood meintai:.sd at 20°C.
for twelve hours, after which a fsll in conc=antration oc-
curred. The cowncentration of lactic acid vas also grsatest
about tlis twelfth hour, while thes sugar decreased slowly
during ths eXperimznt,

The present studies showed no evidence of an incrssas :
in any keto acids othsr than pyruvic acid during storags,

Fal

Trere was, however, en indication of a small increas:
total reactive, neutral k:to couipcunds (ald=rydss, koton:s,
triosss). The identity of the keto corpounds vl ich in-
cregased 1is not known.

Befors concluding this section, .iznticr shoulcd be made
of the effect of pH on the chemical compocition of tle rad
cells during storags., This =ffect can bs obssrved from s
comparison of the chesmical changes founc In c=2lls storzd in
ordinary citrate-glucose ~olution »ith thoss found in c=11s
in Loutit's solution. (The initial pE of blooc collected 1i..
the formar preservative is about 7.4 anl in the lattsr, atout
7.1.) In cells stored at the lower pH, a grzats:r loss of
total acid-scluble phosphat: and o smecller loss of rotas-
sium was observed than in cells prsservsd 1in ordinary
citrate-glucose solution. MNnizels (1947-1044) and mrny

others have previously demonstrated tihot ths diffusion of

potessium freom the rsed c=lls 1is dscreesed in ac!i: solutions,
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The effect of pH on ths distribution of phosghets tatvzen

red cells and e potassium phosphate solution has beer siudied
by ilaizels and Hampson (1927)., These workers rounc that on
lowering the pH of ths rosuspendi.g phosphats solution from
8.1l to 5,35 there was a progressive increase in the inor-
ganic phosphate conc:ntration of the cells., Thzss v.orkers

to not appear to have appreciated the fact, howevsr, tnrot
lowering the pH of the cells will also result in an increase
in inorganic phosphste due to the decrsased utilization of
this phosphate which 1s constantly produced by hydrolvsis

of the orgenic &cid-scluble phosphates. It can bse noticed
from Maizels and Hampson's results that there was an incrsase
in the inorganic phosphate contcnt of both cells snd resus-
pending solution when the pH was lowered from about 8,0 to 5.5,
which indicates that the increase in c:11 phocphats did not
result from an inward difrsusion of this substance.

The increased loss of phosphats from cells in ths nore
acid solution (Loutit's) cannot be attributed, to -ny sxtent,
to the greater concentretion of Inorganic phosphats in these
cells, as an equally high or higher concentrstion was observed
in citrated cells, which mai.tained their inorganic rhosphats
content much better than the cslls stored in Loutit's soluticn.
It is tentatively suggest:i that the lower the pH oI tlre
stored blood, the greater the loss of phosphats from tre rad
cells.,

The increase in total acid-scluble phosphats observsc
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occasionally in red cells during ths earlisr stagss ¢ stor-
age both in the present studies and by ilaizels (1743-1044)
may be related to the pH of the blcod, This can..ot be ds-
clded from the experimental results on hand,

The effect of pH on the stable phosphats content of
red cells has already been discussed, Hovsver, in spite of
more rapid disappearance of stable phosphate at a low ri,
the concentration of labile phosphate in c=1ls stored irn
Loutit's solution was maintained as vell as it was in cells
preserved in less acidic sclutions. This has bssn previously
noted by Maizels, who attributed this phenomenon to a decreased
activity of adenosine trijhosphatase in an acild medium. Guest
and Rapoport (1939) have also r:zported that tl: d:crease in
orgenic acid-soluble phosphates in blood occurs mainly at
the expense of diphosphoglycerate and that the labile plos-

phate is less affected.
Chemical chenges in the red c=11ls in rclation to cell survival

During the courses of the first three experiments it was
observed that the stable organic phosphate contsnt c' cells
preserved in citrate solutions sterted to descrease abruptly
at about the end of the first week of storage, while in
citrate-glucose preservatives, this fa2ll di' not occur untll
the third week. Furthermors, vhile ths stable phosiphate
completely, although temporarily, disappeared r1om calls in

citrate by the twentieth to twenty-sixth drrs af storags,
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this was never obcerved in cslls stored in citrats-glucoss
for thirty-one days.

It was believed at the time that these studies wvere
initiated (although later disyroved) that preservsd cells
would remein as vieable as fresh cells if stored in citrate
for not more than one week, or in cltrate-glucose for tvo
to three weeks., With more prolonged storags, a r-pid deter-
loration of the cells was stated to occur., Th: rats of
deterioration was found to be greater in the citrated cslls
than in c¢ells stored in citrats-glucose; thus citrated cells
transfused after three weeks of storage were found to be
virtually all climinated from ths circulation within a few
hours, while cells stored in citrate-glucose could be de-
tected for at least three months in the circulation after
transfusion.

The results of the first three chsniical studies suggested,
therefore, that there might be a relationship betwseen the
stable phosphate content of the stored cslls and their viability,

Further studies revealad that, dep:ndiag upon the naturs
of the preservative used, the stabls phosphate in the rsd
cells showed one of the following types of bechaviour:

(e) & rapid fall starting sometiis within the first ten

days of storsge. This was observed in cells stored in all
glucose-free preservatives and in Loutit's solution and in

two of ths three cases where cells were preservsd in slszvsr
and Ainslie's diluent; (b) mai.tensmnce of the stabls picsrhate

content of the cells for two or thres ueeks., Thls was uvsually
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observed in cells stored in glucose—containing rreserve-
tives other than Loutit's, Llsever and Ainslis's and Musthsr's
soluticns, (c)a merked increase in stable phosphate duri.ag
the first few weeks of storage, and the maintenance of a
concentration exceeding that found initially for at least

a month. This was observed only in cells preserved in
Muether's solution.

If the concentration of stable phosphats in the red
cells 1s a factor in determining thzir viability, one vould
expect that cells stored in Muether's solution should show
a markedly superior survivel aftsesr transfusion to c21lls pres-
served in Loutit's solution for the same lsngth of time.

This was not substantiated by ths results of transfusion

and cells survivel studies, It was found, for instance,

that despite the fact tlat cells in Muether's solution srovaed a
thirty percent incrsase in steble phosphate during four weeks
of storage and those in Loutit's solution srowed a sixty p:r-
cent decrease during the same tiws, the in vivo survival of
cells stored in both Loutit's and Muether's solutions wrs
practically ths same. It is clear, thersfore, that the
concentration of stable phosphate in the r=d c¢slls cannot

be related to the viability of the cells,

These cell survival studies (and others conducted in
this laboratory) besides showing that the nature and extsnt
of the autolytic chconges may greatly diirfer in cells stored

in dirferent preservatives without iaflusncing ths viabllli-y
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of the cells, also irdicated that stored blocod undsrgces
a progressive deterioration from the moment it is r:roved
from the body, so that the concept that blocod can bs stor=d
for several weeks and remaln clinically equivalent to fresh
blood must be regarded as fallacious. Judging from ths
number of donor's cells which disappear from the ri:cipisnt's
circulation within a few hours after transfusion (i.2, the
cells that have lost their viability), acout 0.8 to 1 per-
cent of the cells in blcod preserved in any glucose-contain-
ing solution become non-viable per dey. It is interesting
that this is the rate of discard of red cells that normally
occurs in the body. In preservative mixtures not containing
glucose, this rate of cell detsrioration during storage is
greatly accelerated,

llone of the chemical clicrnges studied in stored bloocd
were found to show any constant quantitative rslationship
to the extent of ccllular dsesterioretion, i.e. none of the
substances underwent a constent change at ths rat: of about
one percenit per day. It was concluded, thesrsfore, that
neithsr the concentration of potassium, glucose, lactlc
acid, pyruvic acid, etc., or the extent of hydrolysis of
any of the organic acld-soluble phosphates in the red cslls
cen be used as a guide to the viability of the stored cells,

The mechanism whereby glucose prolongs cell viabillity
during storags is not fully understood. Ths most svident
protective action of glucose 1s the retardetio. of he=.clrsis,

Jnizels et al, (1940) have suggestsd that glucos: in the
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medium in some way increases ths extensibility aof thz cell

- s

membrane so that the cells are capable of swslling to sa
much greater extent than they are in the absence of glucosc,
However, the retardation of haemolysis cannot be tre only
or even main function of glucose, for it has been shovn
that the degree of haemolysis of blood beers no rslation

to the capccity of the remaining intect cells to survive

after transfusion (ilollison and Young 1941). In this prs-

sent study also 1t was obsserved that while cclls preserved

.....

when stored for fifty days, and cclls in citrate-glucosse
underwent an appreciable anount of hss=molysis within this
time, there was little differencs in ths abllity of sither of
the solutions to preserve the viability of the red cells,
Maizels et al. (1940) have suggrested ths glucoss exerts
a beneficial action by reterding the lors of sumi-permea-
bility of the cecll membrane to cations. DeGowin et al.(1939)
others have not found that the addition of glucoss to ths
preservative prevents the loss or potassium from stored
cells, although Harris (1941s) has shown that there is a ds-
creased loss when cells ars preserved irn the pressnce of
glucose. The results of the present studies &also indicate
that the loss of potassium is someswhat greater in c:lls
stored in the absence of glucose, but that the least change
occurred in cells in Loutit's and lusther's solutions (the
two wost acii solutions). It is possible that the smaller

loss of potassium from cells stored in glucose-contani:ig



preservatives can be attributed more to the lower pf of
the blood stored in these solutions than to ths presence
of glucose, per se,

It has been postulsted that glucose scts by retardingr
the decrease in organic acid-solublz rhosphatz compounds.
Loutit (1943-1944) and others have shown, howsver, that =
rapld breakdown of organic acid-scluble phosphate does not
necessarily result in an impaired viability of the stored
cells, Maizels (19432-1944) has noted that an accelerated
fall in labile phosphate is always associated with poor in
vivo cell survivel. In the present study it vas found that
the only change during storege vwhich was peculiar to cells
stored in poor preservatives was a rapid fall in the labile
phosphate concentration to a low level., In other pressrva-
tives, this fall was more gradual. on t..z othsr hand,
maintenance of the labile phosphats at a high lavel (e.g.
in cells stored in liuether's solution) was not found to be
essential to good preservation. furtherrmores, 1in soinc cases,
the labile phosphate content of cells after a month of stor-
age in glucose-containing preservatives was es low as that
observed in citrated cells stored for about thres wvseks.
Therefore, it does not appsar that the beneficial action
of glucose on cell preservation can be wholly ascribzd to

a retardation of the rate of disappzarance of labile rhcs-

rhate from the red cells.,
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It i1s possible that trke loss of viabilitr of rsd c=21ls
during storage is not du: to any specific ciznicsl or ~rny-
sical chenge but is the rssult of the sum total of the
autolytic clianges which tsks placse., In trs prsssnt stucias,
glucos: has besn found to lead to a general rstardation of
all autclytic process=s in the red cells during storage,

It may be that by this retardation glucose maintains the

cell functions for a longer period in a state vhere ti:v

can resume normal activities whsan the c=1lls ars returned to
the circulation and thus bring about a rsversal ol ~utolvtic
changes that have taken place durin: storage. .laizels et 2l,
(1940) have shown that, with respact to sodiwa cni potassium,
such a reversal does occur; they found that very rapicly aft:r
stored cells are transfused, the cells which survive lose
sodium and accunulats potassium, thus t:ncdirng to rsvert to
their original state. It is conccivable that in th: abs:ncs
of glucose, the autolytic processes advaic: rapidly to a
state where the cslls become functionless and ars thzr:fors
unable to reverse th:e cutolvtic chong:s when transfused. One
would, however, expect that c2=1lls stored in ‘usthzr's sol -
tion (which retards all th= autolytic processes studied to

a much grester extent than any other pres=-vative) should
survive for much longer periods thri ther do,

Thet e progrescivse lose of m=t-bolic cctivity dcss ocevr

4 . a S = Sons trat e v Herris 141 o~ b
during storcgs lias Dasn damonstr 1 b (1¢ ,T)
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vho found thet i ~itreted cslle storsd at 49C,, toth *hs
£lyecolrtic powars asnd thz abilit to rscover loct potassiun
on incubatlion at 37°C. decrease rapidly, =ixw that by iie
twentieth day of storage, both of these prropertisess ars al-

most completely absent. It has been shown that red c=11s
preserved in citrate for twenty days are speedily =liminated
from the circulation after transfusion. It ssems possibtle,
therefore, that there might be 2 cuantitativ:s relationship
between the viability of ths prsservsd cells and their

abillty to carry out g¢lycolysis or to accumulat: potassium,

The writer hes carried out one :xXpzsriunsnt vhich suggasts thet
such a conc=pt is plausible. In the =xpr=riient, blood sampl=s
wsre subject to incubation at 27°Cc. ror twenty-ons nours

after five and twenty-six days os storacs raspsctivelyr ond

th: potassium ccntont of the c21ls wos dstzrminzd both ba:fors
and ~ftsr incubation. It veas found thct thz e¢21lls incubsts! af-
ter twentv-six deys or storag: took up o..1ly n~bout ons-third

as much potascium as did ths c:lls cf ths fivs duy old sanmpls,
As it hecs been praviously stated, sbout 0,9 pircz-t of the

cells havs besn found to dstoricrat: n2r der of storacs;
tharefors in ths sbove cxparimoent ons micht cxpusct cvout a
19 percsnt cell detsrioration tetwson the filftn end trentr-
sixth deys o storags. Although tho agresaint oztwasn tho
loss of ability of ths cslls to recovsr roitnssium cat th
exp:cted cmount of c¢sll deterioretion 1s not vary closs in

-~

. o .. oD AP © a 1'_‘. ~
this expsriment, ons should sllow rfor the Iact that ths
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metabolic products which accumulate during storage tend

to interfers with glycolysis and the accumulation of potas-
sium. Probably a mors correct estimate of the capacity of
stored cslls to take up potassium on incubation could be
obtained by washing the cells and then resuspsnding them

in compatible plasma prior to incubation,

It is suggestsd that the degrse to vhich stored cells
can reverse autolytic processss when returnsd to s physiolo-
glcel environmsnt may provide the basis for an in vitro
method for ascertaining the viability of these cells, If
such a method could be develcoped it would undoubtsdly bse
of great use in ressearch on the improvement of blood pre-

sgrvation,
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SUMMAKY

1, Chemical changes in compounds associated with gly-
colysis were investigated in red cells stored in differsnt
preservatives at 5°C. for about one month,

2 The glucose concentration of ths red cells undsrwent
marked fluctuations during storage. After ths first day
there was usually a fall in concentration followed by a
rise which reached a maximum value bstween the second and
tenth days of storage. A second fall and a subsequent in-
crease then occurred with another peak being found betwesn
the nineteenth and twenty-sixth days. These fluctuations
were observed in nearly all instances, regardless of ths
pressrvative used, The glucose vwhich appearsd psriodically
was not derived to any extent from the glycogen or hexos:s-
phosphates present in the red cells, nor did it appsar to
be the result of a transitory diffusion of glucose into

the red cells from the plasma. The fluctuations in glucose
concentration also eppsarsd to occur independently of the
glycolytic processes., The concsntration of ths non-fer-
mentable reducing substances in the red cells rsmained et

a low level during the first two wesks of storage and sub-
sequently disappeared.

Se The clycogen content of the red cells decr=as:d during
stofége and disappeared from the cells after the tsnth day,
4, The rats of increase of lactic acid conc:ntration was
most rapid during the first two wecks of storags in c2lls

stored in citrates-glucose solution and then decrsased,



SUMMARY (Cont'd,)

5, Pyruvic acid, total ksto acids and toteol hrdrazones
decreased during the first few days of storags =2nd ramained
at a low lsvel until about the end of the second veelr, after
which a steady incresse in concentration occurred. Trsrs was
no increase in any keto acids other than pyruvic scid. The
Increase In total hydrazones was greater than could bs nc-
counted for by the increase in pyruvic scid, indicating a
rise in the concentration of nsutral reactive keto compounds.
6. A fall in stabls phosphate (winich is derived mainly from
2, 3=diphosphoglycs3rats) was found to bs accompanizd by an
accumulation of pyruvic acid. Thesse results sugg3sted that
2, 3=dliphosphoglycerats is an intsrmediary in tr: formetion

of pyruvic acid in red cells,

e The fall in stabls phosphate took place more rapidly in
cells presserved in the absence of glucose or in Loutit's
solution than in other solutions. In cells stored in lluether's
solution, there was a marked synth:esis of stabls phosphats,

8. Hexosediphosphate end labile phosphats dscrsasad slowly
and irregularly during storage. Ths rats of dscreass was most
rapid in cells preserved in glucose-frs: solutions, In c:1lls
preserved in Muether's solution, thsre was an sxt3nsive syn-
thesis of these phosphate fractions vhich parsisted for
several weeks, after vhich a fall became cpparsnt,

9. The incrsase in the inorganic phosphat: contznt of ths
cells resulted from the breaskdovn of organic acic-solubls

phosphate compounds in cells storsd in phosphete=fres preossr-
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vatives, The rate of increase in inorganic phosphats was
most rapid during the time when the breakdown of stable
phosphate was most marked,

10, The total acid~soluble phosphats contsnt of red cells
tended to show a decrease after a month of storage, except
In cells stored in a phosphate-containing preservative, in
which a progressive rise in concentration occurred,

11, The chemical changes observed in all of the compounds
with the exception of glucose are in harmony with the scheme
of glycolysis in blood as elaborated by Dische and others,
12, None of the chemical changss in the red cells were ob-
served to bear a quantitative relation to the loss of cell
viability which proceeded at ths rats of 0.8 to 1 percent

of the red cells per day of storage,

13, It was suggested that the dsgreec £o vhich the autolytic
changes take place in the red cells during storage can be
reversed when the cells are returned to a physiological en-
vironment may be quantitatively related to the viability of
the cells,
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