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The possibility of utilizing erythrocytes remain-
ing after the removal of plasma has been of in-
creasing interest in the last years with the expand-
ing use of plasma and its derivatives and with
better understanding of the clinical use of red cells.
Although several reports of the large-scale use of
resuspended cells are available (1 to 9), only
scant information exists on in witro changes tak-
ing place in separated red cells during storage in
the packed state or in resuspension. The present
study, part of an investigation dealing with in
vitro changes of stored blood, is concerned with
dimensional, osmotic, and chemical changes of
separated cells . In view of the fact that the Ameri-
can Red Cross during the war collected blood in
simple citrate solution as well as in ACD solution,
depending on whether the blood was to be used as

such or for the preparation of plasma, both types of -

cells, those derived from bloods collected in simple
citrate solution and.those from bloods collected in
ACD solution, were studied. The purposes of the
study may be defined as follows: (1) to establish
the validity of in witro testing of separated red cells
and (2) to delimit, if possible, the optimum con-
ditions of storage and the best type of resuspension
fluid for separated cells. In most instances the
report will be limited to a presentation of changes
of 4 indices of blood preservation: (1) hemolysis
in 0.6 per cent NaCl solution, (2) changes in cellu-
lar thickness, (3) adenosine triphosphate content,
and (4) glycolyzing power of erythrocytes. Com-
plete measurements of dimensional changes, in-
cluding diameter, surface and volume; of the os-
motic behavior ; and of the phosphorus and cation
distributions were performed as described in the
first paper of this series (10), but are omitted here

1 The work described in this paper was done under a
contract, recommended by the Committee on Medical

Research, between the Office of Scientific Research and
Development and the Children’s Hospital of Cincinnati.

for the sake of conciseness. The results of these
studies in all instances supplemented and con-
firmed the data to be reported.

METHODS

Bloods were collected at the Blood Bank of the Cin-
cinnati General Hospital in a manner earlier described
(10). They were centrifuged, the plasma separated 24
hours after collection, and the blood cells promptly re-
suspended in an equal volume of resuspension fluid.
After mixing they were distributed into a series of vials
and stored at 4° C. until the time of testing. In the ex-
periments on preservation of cells stored in the packed
state, the packed cells were left undisturbed until im-
mediately prior to testing, when they were diluted with
an equal volume of 0.9 per cent NaCl solution. A series
of 16 bloods were collected in the Blood Bank of the
American Red Cross in Indianapolis, resuspended in the
Lilly Research Laboratories, and shipped to Cincinnati
by Railway Express. This series of experiments was
undertaken in order to test the preservation of red cells
under actual conditions of practice. Since the bloods did
not differ significantly from those studied under laboratory
conditions, results on them were combined with the other
data. A list of the principal resuspension fluids used is
given in Table I. The fluids were made up in such a way

TABLE 1
Composition of mixtures for the resuspension of blood cells
Plas-
. o e N Total
Mixture Citric acid citrate Glucose gll?[
mgm. | mM. | mM. g;aotg.t "ﬁa
per per per .
100 ml.| 100 ml.| 100 ml.| final
cells cells | diluent | mixture
CsDs 30 0.14 1.32 0.3 7.04
CiEs 60 0.29 1.32 .3 6.96
CsFs 90 0.43 1.32 0.3 6.86
C1Gs 120 0.57 1.32 0.3 6.79
Cs 0 V] 1.32 0.3
CsEs 60 0.29 1.32 03 7.04
Globulin 3 per cent* -
ﬁi& tin 5 o 60 0.29 1.32 0.3 7.02
nox gela cen
1Es per 60 0.29 1.32 0.3 7.03
Oxypolygelatin 4 per cent*
The mixtures were made up with 80 ml. of 0.9 per cent

NaCl and sufficient water to give a final volume of 100 ml.
They were added in equal volume to separated blood cells.

* These products were brought to a pH of 7.0 by addi-
tions of NaOH or HCI before they were mixed with the
other ingredients of the preservative solutions.
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as to keep the final concentration of total citrate and of
dextrose constant after mixture with blood, while varying
the proportions of citric acid and of trisodium citrate.
The amount of citric acid was adjusted in such a manner
as to cover the range between pH of 6.80 and 7.05 in the
suspension after mixture with the red cells, taking into
account the buffering properties of hemoglobin, the amount
of lactic acid formed before resuspension, and the ab-
sence of plasma buffers. Colloids, where added, were
brought to a pH of 7.0, which is close to the pH of the
resuspended blood cells themselves, before they were
mixed with the other ingredients of the preservative
solutions. This was an important consideration, in view
of the fact that the various products had varying initial
pH values, 7.44, 6.74, and 5.63, for the globulin, gelatin,
and oxypolygelatin preparations, respectively. Also their
buffering powers varied considerably. A number of other
resuspension fluids were prepared and tested but are
omitted from this list since they did not differ significantly
in their characteristics from the series tabulated.

RESULTS
“Spontaneous” hemolysis of resuspended cells

The measurement of so-called spontaneous he-
molysis (hemolglobin in the supernatant fluid after
centrifugation), used as a measure of blood pres-
ervation by some observers (11 to 14), appeared
of particular interest in view of earlier indications
that this test may give results in disagreement
with other indices of preservation in bloods stored
in solutions entailing great dilution or in suspen-
sions of separated blood cells. In Figure 1 is pre-
sented graphically a comparison of “spontaneous”
hemolysis with that in 0.9 per cent NaCl solution
for erythrocytes stored as whole blood in various
mixtures entailing less than 25 per cent dilution
and for erythrocytes in resuspension. It may be
seen that for whole blood both measurements usu-
ally gave comparable results, as indicated by the
tendency of the values to group themselves around
the diagonal line, while the values for all cell sus-
pensions were above the diagonal, indicating that
“spontaneous” hemolysis was much less than he-
molysis in 0.9 per cent NaCl solution. It may be
recalled that in earlier papers a general parallelism
between hemolysis in various concentrations of
NaCl, including 0.9 per cent NaCl solution and
other indices of blood preservation, was demon-
strated. Under the conditions described here, in
resuspended cells, no correlation is found between
“spontaneous” hemolysis, on the one hand, and he-
molysis in 0.9 per cent NaCl solution or any of the
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other criteria of blood preservation, on the other.
Spontaneous hemolysis under such circumstances
is a fallacious index of the state of the red cell.

" Optimal acidity of resuspension fluids

The beneficial effect of acidification of whole
blood to a pH of about 7.0 on the preservation of
erythrocytes has been established. Experiments
were therefore undertaken to define the optimal
amount of acid to be used in the resuspension of
“citrate” cells and “ACD” cells, that is, cells de-
rived from blood collected in simple citrate and
ACD mixtures, respectively. The suspension
fluids, designed to produce acidification to a vary-
ing degree and the pH values measured after sus-
pension of the red cells, are listed in Table I. In
the left-hand side of Figure 2 are presented data
on the hemolysis in 0.6 per cent NaCl solution,
cellular thickness, and adenosine triphosphate con-
tent of 2 suspensions of “citrate” cells after 15 days
of storage. These indices are plotted against the
amounts of citric acid added. It would appear
from the data that 30 to 75 mgm., that is, 0.14 to
0.35 mM. of citric acid per 100 ml. of cells, pro-
vide optimal acidity for the resuspension of “ci-
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trate” cells, while greater acidification has deleteri-
ous effects.

In the right-hand side of the same figure is pre-
sented a similar experiment designed to establish
the optimal amount of acid for the resuspension of
“ACD” cells. It is apparent that there was no
significant difference in the preservation of red
cells over the entire range of acidity studied.

Comparison of cells from bloods collected in simple
citrate and in ACD solution

In graphs A to C of Figure 3 are charted the in-
dividual data and in graph D the averages on the
percentage of erythrocytes hemolyzed in 0.6 per
cent NaCl solution after varying periods of storage
and their regression lines. It may be seen that “ci-
trate-cells,” even if resuspended in ACD solution,

were less well preserved than “ACD-cells.” Data
on changes in thickness, adenosine triphosphate
content, glycolyzing power, and potassium con-
tent of erythrocytes, presented in a summary man-
ner in Figure 4, confirm the conclusions based on
the osmotic behavior of the red cells. In Table IT
are presented the numerical values for the regres-
sion equations of the 5 indices against time. It
may be seen that the changes in all characteristics
of the red cell progressed at their most rapid rate
in citrate cells suspended in neutral solution and
most slowly in ACD cells. It is noteworthy that
the values of the various indices extrapolated to
zero time approximated those actually observed in
whole blood at the beginning of storage, indicating
that the changes in resuspended cells tended to pro-
gress at an approximately linear rate. These find-
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ings support the opinion that conditions during the
first 24 hours of storage are of decisive importance
for the subsequent survival of red cells. The state
of preservation of resuspended cells at a given time
is more variable than that of whole blood, as shown
by the wide scatter of points in the graphs. There
is some indication, both from inspection of the data

and of the errors of the regression coefficients,

that “ACD-cells” are more uniformly preserved
than are “citrate-cells.” F inally, it should be em-
phasized that all cells separated from their plasma,
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including ACD-cells, are less well preserved than .
those of corresponding whole bloods.

Comparsion of preservation of erythrocytes stored
‘in the packed state and in resuspension

In Table III is presented a comparison in 2 sam-
ples of blood of the preservation of cells stored in
the packed state and in resuspension, from which it
may be seen that there was no significant differ-
ence in any of the indices between the 2 modes of

storage.
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The effect of globulin, gelatin, and oxypolygelatin
on the preservation of resuspended red cells

With the possibility in mind that the inferior
preservation of separated red cells may be caused
by the absence of the colloidal properties of the
plasma proteins, the effect of several high-molecu-

lar substances on the preservation of red cells was
tested. In Table IV are presented data on an ex-
periment carried out on 2 bloods, in which the ef-
fect of globulin (Cohn fraction IV-3, 4), gelatin
(Knox P16-180) and oxypolygelatin on the pres-
ervation of “citrate” cells was compared with that

.
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TABLE 11

Changes of 5 indices of preservation during storage of resuspended cells
Regression equations and their sampling errors

Cells and solution | Fpemobvsisof cellotn | eyt thickness AT e Glycolysls rate Potassium in cells

per cent » mgm. per 100 ml. """'I', 3:;01130 ml. m.eq. per liter

Citrate-cells in —13.14+35.6x 1.7740.095x 11.5—0.89x 42.5-3.40x 88.4—1.7x

saline +0.47 +0.009 +0.13 +0.43 +0.71

Citrate-cells in —5.84-2.7x 1.994-0.054x 11.6—0.39x 52.7—1.66x 86.5—1.3x

ACD solution +0.33 +0.009 +0.04 +0.16 +0.19

ACD-cells in ACD —1.141.5% 2.2740.023x 11.7-0.35x 46.8—1.20x 85.5—1.0x

solution +0.15 =+0.003 +0.02 +0.20 +0.05
of a standard acid resuspension fluid. As may be . SUMMARY

seen from the data, no particular effect, favorable
or unfavorable, was obtained by the addition of
these materials. In other experiments not reported
here, dextrin and small amounts of plasma protein
in concentrations up to 1 per cent likewise failed to
affect the preservation of cells.

The preservation of erythrocytes centrifuged and
resuspended in own plasma

The data presented in Table V indicate that
there was no difference in the preservation be-
tween the portion of blood that had been centri-
fuged and the one which had been left undisturbed,
while the separated red cells showed distinctly in-
ferior preservation. It would seem, therefore, that
mechanical factors play a minor part in the deter-
mination of the preservation of the red cell.

TABLE III

Comparison of preservation of erythrocytes stored in the
packed state and 1n resuspension

The cells studied were derived from blood collected in
ACD-15 (ACD-G) solution.

Stor- Hemol-
Sample and age | Diam-| Thick-| §' 2’ in ATP | Glycoly-
condition pe- | eter | ness | 0 DFT sis rate
riod NaCl
days » per mj"e’: ) ";ggmlm
cent | 100 ml. | per hour

Sm. cells 20 { 7.2 |2.35] 323 | 5.1 29
Sm. suspension* | 20 | 7.2 | 2.38 | 314 | 6.8 22
As, cells 24| 70 [2.7127.7 | 3.1 30
As. suspension* | 24 | 7.0 | 2.80 | 27.1 | 3.5 31

* Mixture C;, a neutral citrate-saline-dextrose diluent,
added in equal amount to the separated cells.

With certain limitations n vitro testing is applic-
able to the study of resuspended red cells as well as
to whole blood. A comparison of the changes of

TABLE IV
Effect of the addition of globulin, gelatin, and'oxypolygelatin
on the preservation of resuspended red cells

The cells studied were derived from blood collected in
simple citrate solution.

N Hemol-|
Sample and ig- Thick-| ysisin Glycoly-
mixture pe- | ness ofe&e' ATP sis rate pH
riod NaCl

P mgm. 1!;%; "{:ler

s # c);;r‘ Io%e:nl of cells

per hour
Ap. CEp* 31230 49| 88 56 | 7.04
11 {238 12.1 | 8.0 34 6.66
18 | 261 ] 246 | 6.5 30 6.50

Ap. globulin 21237 18] 9.3 56 |7.01
3 per cent 12 | 246 | 10.7 | 8.3 6.61
(Cohn Fr. 19 [2.71 | 40.2 | 64 27 6.50
1vV-34) ‘

Ap. oxypolygela- | 11 [ 248 | 7.1 | 9.2 33 6.63
tin 4 percent | 19 | 2.68 | 30.0 | 2.4 17 6.50

Pa. C.E.* 2239} 48| 9.1 51 7.02

12 |1 2.74 | 26.7 | 6.0 6.56
19 | 2.84 | 50.8 | 3.0 13 6.44

Pa. globulin 31249 33| 9.0 50 7.02
3 per cent 11 | 2.55| 13.0 | 6.9 26 6.61
(Cohn Fr. 18 | 2.88 | 49.1 | 4.2 12 6.49
1V-3-4) .

Pa. gelatin 11 | 2.64 | 11.7 6.59
5 per cent 19 | 2,98 | 50. 1.9 12 6.44
(Knox P16-180)

. Pa. oxypolygela- | 12 | 2.68 | 20.4 6.62
tin 4 per cent | 18 | 2.96 | 479 | 3.0 11 6.49

* The composition of this mixture is given in Table I.
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TABLE V

The preservation of erythrocytes, centrifuged and
resuspended in own plasma

The blood studied was collected in ACD solution. One
ortion was left undisturbed, another one was centrifuged
or 2 hours and resuspended, and a third one was centri-

fufed, the plasma removed and replaced by an acid crys-
talloid resuspension solution. Measurements of preserva-
tion were carried out after 17 days of storage.

Hemolysis
n
e Di- | mps g |——
Congmsne® | am) T 0o [ 00 | ATP | iar | om
per | per
cent | cent
NaCl| NaCl
o | s | o |0 ity
cent | cent | of cells cells
Undisturbed | 7.2] 2.60 | 1.1 | 33.2| 6.2 71.5 | 6.58
Centrifuged
and resus-
pended in
own plasma | 7.2| 2.65 | 1.0 | 35.7| 6.8 70.4 | 6.61
Resuspended
in crystalloid
solution 6.8| 3.11 { 2.3 | 49.1] 4.4 63.2 | 6.55

the various indices # witro indicates that they
maintain similar relationships with each other as
they do in whole blood. Even under the best con-
ditions the preservation of separated red cells is
inferior and much more variable than that of the
cells of corresponding whole blood. Cells derived
from bloods collected in ACD solution are better
preserved than those derived from bloods collected
in citrate solution. The preservation of cells from
citrate blood may be improved by resuspension in
acidified solutions, but even then they are not so
well preserved as ACD cells. Such data indicate
that processes taking place in the first 24 hours of
storage before the cells are separated have a de-
termining influence on the course of the subsequent
preservation. The optimal acidity for the preser-
vation of citrated cells may be defined within the
limits of 0.14 to 0.35 mM. of citric acid per 100 ml.
of cells. ACD cells may be conveniently and ad-
vantageously stored in packed form. The cause
of the inferior preservation of separated red cells is
unknown at present. Addition of globulin or gela-
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tin products does not appear to improve their
preservation.
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