
Physical Properties of Red Cells as Related to Effects in

Vivo. III. Effect of Thermal Treatment on Survival of

Red Cells in the Dog. Role of the Spleen

By DENNIS J. CARLSON* AND THOMAS HALE HA�I

C ERTAIN ABNORMAL RED CELLS are sequestered by the spleen�8
in a variety of conditions, including hereditary spherocytosis’9 thalassemia

major,6 thermal treatment of red cells,8”#{176}�4 drug intoxication with certain

oxidant compounds such as phenylhydrazine21517 and sickle cell disease.2”8

When red cells are sequestered by the spleen, a series of events occurs de-

scribed by the term “conditioning” of the cells and including the following:

osmotic and mechanical fragilities increase with increasing spheroidicity; hemo-

lysis of some cells occurs in situ; some of the conditioned cells may be released

by the spleen, and some may be recovered from the splenic vein,4’5’7 and some

from the parechyma of the spleen.2’47”6’18

In hereditary spherocytosis, the studies of Griggs, Weisman and Harris7

established the progressive development of conditioned red cells during a ten

day period when the spleen was present, and rapid destruction of the pre-

viously conditioned cells after splenectomy. There is agreement8’9”9 that

certain patients with hereditary spherocytosis may show normal osmotic fra-

gility and even a decreased hemoglobin content of the red cells, yet have

increased destruction in the spleen.

Recent studies suggest that the sequestration by the spleen in hereditary

spherocytes may be related to decreased deformability of these cells under

conditions which exist in the spleen. Hereditary spherocytosis cells were as

deformable as normal cells at pH 7.4, but at pH 6.8, as found in spleen pulp,

the abnormal cells were considerably less deformable compared to normal

cells.2#{176}

In the studies of thermal treatment of dog cells reported here, it is pro-

posed that increased rigidity of red cells, as indicated by increased viscosity,

and not spheroidicity, may be responsible in part for the sequestration of

cells in the spleen and in certain other organs, leading to their subsequent

destruction. In the second report2’ of this series, it was demonstrated that dog
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PHYSICAL PROPERTIES OF RED CELLS III. 873

blood heated at 49 C. for 15 minutes showed an increased resistence to packing

and an increased viscosity but no signfficant change in the osmotic fragility

or diameter or volume of the red cells. These changes appeared to result

from thermal effects on red cell stroma, producing increased rigidity and in-

creased viscosity of the intact red cells. This report is concerned with the be-

havior of such altered cells in vivo and in answering the following questions:

Would heated red cells of the dog be sequestered by the spleen if the cells

showed no increase in osmotic fragility under conditions that cause increase

in viscosity of flow? Would the osmotic fragility of heated red cells change

if they were sequestered in the spleen? Would the survival of the heated red

cells be affected by splenectomy?

MATERIALS AND METHODS

General plan of study

One-fourth to one-fifth of the dog’s total blood volume was removed from the jugular
vein, defibrunated, tagged with 5’Cr and heated in vitro, and then injected back into the

same dog. Blood samples were taken and the radioactivity was measured over the spleen,

liver and precordium at intervals after the transfusion. After 50 to 75 per cent of the

tagged cells had disappeared from circulation (24 to 48 hours), splenectomy was performed
and samples of blood were obtained from the splenic vein, from the pedicle of the spleen

when removed, and from the splenic pulp. The sample referred to as splenic pulp was a

small volume of red cells recovered after cutting the spleen into small pieces, grinding the

pieces in a domestic meat grinder, filtering the brei through gauze and washing the

filtered cells repeatedly with the dog’s own serum to remove most of the buffy coat.

Thermal Treatment of Blood

Venous blood was defibrinated in an atmosphere of 5 per cent carbon dioxide and 95

per cent air and the pH was adjusted to 7.35 to 7.4 by the addition of either carbon dioxide

or air. The blood was heated in a constant temperature water bath. The period of heating

began when the blood had reached 49 C. and maintained at 49.0 ± 0.05 C.

Tagging of Red Cells

51Cr as Na9CrO0 (Abbott Laboratories), was added directly to the defibrinated blood

before heating. Approximately 18 to 20 microcuries per ml. of blood and 0.007 to 0.016

micrograms (metallic ion) of chromium per ml. of blood were used. An uptake of 85 to

95 per cent of the 51Cr by the cells occurred under these conditions. After heating, tagging,

and cooling to 37 C. the blood was transfused directly back into the same dog without

further manipulation or washing of the sample. The 51Cr radioactivity in red cells was
determined for a 1.0 ml. sample of whole blood or serum in a well-type counter, cor-

rected for background, decay, serum activity and hematocrit. The final count was ex-

pressed as counts per minute per 1.0 ml. of packed red cells and the survival of the cells

in each sample was calculated from the concentration of radioactivity in the peripheral

blood 5 minutes after the completion of the transfusion. Counts of radioactivity were

made over the spleen, liver, and precordium by a scintillation probe, and expressed as

the ratio of radioactivity over the site compared to the precordium.

Partial Mars’upialization of the Dog’s Spleen

The dog’s spleen was partially marsupialized under the skin, at least three weeks prior

to these studies, by bringing its distal edge through a midline incision in the abdominal

wall and securing this edge in a pouch made under the skin which was closed, as de-
scribed by Swisher and Young.22 The vessels to the spleen remained inside the abdominal

cavity. The size of the spleen could be palpated directly over the immobilized organ,

allowing accurate localization.
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Fig. 1.-Control studies of blood �

from Dog 11, incubated at 37 C. for
60 minutes showing normal survival �

of red cells and no increase in radio- g
activity over the spleen or liver. The �
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trail of increase in the sample from �
the splenic pulp. No significant effect �
occurred on injection of adrenalin.
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Hematocrits were determined by the method of Wintrobe or by the microhematocrit

technic.2’ Plasma heme pigments were determined by the benzidine method of Bing and
Baker.23 The osmotic fragility was determined as previously described.2’

RESULTS

A control study with serum containing 51Cr activity gave no evidence

that radioactivity in large amounts in serum affected red cells, spleen or

liver.

Control Studies of Blood Heated at 37 C.

Control studies of the effect of incubating blood and tagging it at 37 C.

for 60 minutes showed no accumulation of radioactivity over the spleen or

liver (Dog 11, Table 1 and Fig. 1). The osmotic fragilities were normal except

for a trace of increase in the sample from the splenic pulp at 47 hours, shown

in Figure 1. This sample and the spleen brei showed significantly less radio-

activity than the peripheral blood taken at the same time. The injection of

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/32/6/872/574606/872.pdf by guest on 19 M

ay 2023



PHYSICAL PROPERTIES OF RED CELLS III. 875

adrenalin intravenously produced a marked decrease in the size of the spleen,

as measured by palpation, but it did not affect the radioactivity over the spleen.

These observations demonstrated that the several procedures employed in

the manipulation of the blood, the process of heating and tagging at body

temperature, and reinjection did not cause demonstrable abnormalities of the

red cells and produced no sequestration of the incubated cells or increase in

radioactivity in the spleen.

Blood Heated at 49 C. for 15 Minutes

In the four in vivo experiments reported below, dog blood that was heated

at 49 C. for 15 minutes and tagged with ‘1Cr showed no change in osmotic

fragility before reinjection. In three dogs the spleen was intact and partially

marsupialized. In one dog the spleen had been removed before the study.

The results for one representative experiment are shown in Table 1 ( Dog

12) . In this and two similar studies there was a decrease in survival of the

heated red cells at 48 hours to 56, 63 and 40 per cent and an accumulation of

radioactivity over the spleen. In each animal, adrenalin injected intravenously

always reduced the size of the spleen and radioactivity in the spleen during

the first 20 hours, with a small rise in 51Cr in the peripheral blood. This suggest-

ed that heated red cells had been sequestered in the spleen and were expelled.

At 48 hours, however, adrenalin caused a decrease in the spleen size but the

radioactivity over the spleen remained elevated, indicating that sequestered

red cells were not expelled. At the time of splenectomy, both the red cells

from spleen pulp and the spleen brei showed a greater content of radioactivity

as compared to the peripheral blood at that time.

The osmotic fragility of heated red cells circulating in the peripheral blood

remained completely normal, but those obtained from the splenic pulp at the

time of splenectomy showed an increase in osmotic fragility of the chromium

tagged (heated) cells as shown in Figure 2. The unheated population of cells

from the spleen pulp had a normal osmotic fragility. Thus, it was established

that red cells heated at 49 C. for 15 minutes, which had normal osmotic fra-

gility in vitro and in the peripheral blood, were sequestered by the spleen.

After sequestration, these cells were conditioned, as evident from the increase

in osmotic fragility. These abnormal cells were not demonstrated in the splenic

vein or splenic pedicle and may have been trapped in the spleen. Since free

heme pigments were not found in the peripheral blood, there was no direct

evidence for intravascular hemolysis.

In a splenectomized dog (Dog 14), the survival of the red cells heated at

49 C. for 15 minutes was longer than in the non-splenectomized dog, being

57 per cent in six days (Table 2).

Blood Heated at 49 C. for 60 Minutes

In two in vivo experiments reported below, dog blood heated for 60 mm.

showed an increase in osmotic fragility before being reinjected (Table 1,

Dogs 5 and 6). In Dog 5, which had an intact spleen 65 per cent of the heated

cells disappeared within 90 minutes, and slight hemoglobinemia was noted.
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Radioactivity over the spleen was increased. The intravenous injection of

adrenalin decreased the spleen’s radioactivity and simultaneously increased

the radioactivity in peripheral blood (Fig. 3). There was an increased hemo-

globinemia at 19 hours that continued at 24 hours. At this time 75 per cent of

the heated cells had disappeared from the peripheral blood and the radioactiv-

ity of the spleen was elevated and did not decrease after the intravenous in-

jection of adrenalin, although the spleen’s size decreased.

The osmotic fragiities of the heated sample in vitro and the samples ob-

tained in vivo were all elevated, and a further increase was observed in the

sample obtained from the splenic pedicle and pulp. The sample drawn from

the splenic pedicle possessed increased radioactivity, indicating that it con-

tained a high proportion of heated cells. Based on the symmetry and the

similarity of the curve of osmotic fragility of cells from the peripheral blood

and that from the spleen, no evidence was obtained that the sequestration

of red cells was related to their osmotic fragility. The heated cells appeared
to be sequestered in a uniform pattern of the whole population.

In Dog 6, whose spleen had been removed, there was a similar disappear-
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PHYSICAL PROPERTIES OF RED CELLS m. 879

Table 2.-Rate 0/ Destruction of Red Cells Incubated at 37C.

Compared to Heating at 49C. for 15 or 60 Minutes

Hate of (IC-

st ruct ion

Incubation of No. of Days per day

Red Cells Dog No. Spleen Observed

37C.

45 mm. 3 Intact 5 4

60 mm. 11 Intact 2 4

49C.
15 miii. 10

12

13

14

Intact

Intact

Intact

Removed

2

2

2

8

22

19

30

7

60 mm. 5

6

Intact

Removed

I

6

79
17

ance of 72 per cent of the heated red cells from the peripheral circulation

within three hours. Radioactivity over the liver was increased, and this was

not affected by the intravenous injection of adrenalin. There was a rise in

plasma hemoglobin beginning in three hours and continuing through 29 hours,

at which time 88 per cent of the heated cells had disappeared from the per-

ipheral blood. On the second day, when only 2 per cent of the heated cells

remained in the peripheral blood, the liver showed its highest radioactivity,

comparable to that of the spleen in Dog 5. The osmotic fragilities of the sur-

viving heated red cells remained high as long as they could be detected by

the 51Cr activity, i.e., for 20 hours.

There was evidence in both Dogs 5 and 6 that a large number of heated

red cells disappeared in 60 to 90 minutes after injection and could be accounted

for in part by the increase in radioactivity over the spleen in Dog 5 and the

liver in Dog 6. Hemoglobinemia began after this sequestration and increased

progressively in 8 to 19 hours, indicating that hemolysis was occurring when

the red cells were out of the peripheral circulation.

DISCUSSION

In the second report2’ in this series, it was demonstrated that heating intact

red cells or red cell stroma at 49 C. produced increases in viscosity and mor-

phologic changes of budding in human cells and the formation of spicules

in dog cells. There was evidence that the increased rigidity of intact heated

red cells resulted from changes in the stroma.

When dog red cells, heated at 49 C. for 15 minutes, were studied in vivo,

the results were comparable to those observed by Weisman et al.’8 for sickle

cell anemia. The osmotic fragility of the red cells in both of these in vivo studies

remained normal in the peripheral blood. There was, however, sequestration

of the abnormal red cells in the spleen. Sickle cells’8 or erythrocytes which

had been heated, withdrawn from the spleen at splenectomy, had increased

osmotic fragility consistent with the processes of conditioning in this organ.”2’
4,5,7,16,18 There is parallel evidence, therefore, to support the following hypo-
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thesis: with thermal injury to red cells there is increase in rigidity that causes

increase in viscosity of the cells and subsequent sequestration of these red

cells in the spleen. There is no necessary correlation between sequestration

and shape, since the dog cells heated for 15 minutes had no demonstrable

changes in surface area, volume or diameter and therefore were not spher-

oidal. There is no direct relation to osmotic fragility since no change occurred

after heating the dog cells for 15 minutes. These observations confirm the

in vitro observations and hypothesis of Teitel24 who showed that heated cells

were not filterable because of rigidity. Increased rigidity or less deformability

of cells has also been demonstrated in Hb CC erythrocytes and may be related

to splenic sequestration.25’26

After heating blood for 60 minutes at 49 C. the changes are more complex

because of the increase in osmotic fragility and metabolic changes.21 There

was no evidence for preferential removal of cells with increased osmotic

fragility. The rate of destruction in vivo was increased for cells heated for

60 minutes compared to 15 minutes. The presence of the spleen was associated

with greater destruction in each instance. Theoretically, the increase in rigidity
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PHYSICAL PROPERTIES OF RED CELLS III. 881

Table 3.-lncreased Rigidity as Measured by Viscosity of the Intact Red Cells.

Hemoglobin and Stroma in Five Different Conditions

Fixation by
glutaraldehyde

or

formaldehyde

Sickle

cell

abnormality

Hypertonic

sodium

chloride

hypertonic

sodium

chloride and

sickle cell

abnormality

heating at

49C. for

15 or 60

minutes

Viscosity

intact red cells

marked increase marked increase

with removal of

oxygen

increase marked increase;

occasional gel

of the suspension

increase

Viscosity of

stroma-free

hemoglobin

gel formation

and precipitate

normal when

oxygenated;

tactoids and

gel with removal

of osygen

normal at 30-32

Gm./100 ml.;

gel formation at

40 Gm./100 ml.

and above

normal when

oxygenated;

tactoids and

gel with removal

of oxygen

normal

Viscosity of

washed stroma

increase normal normal normal increase

Destruction by

freeze-thaw

0 + + + ±

water 0 + + + +

sonic vibration 0 + + + +

may account in part for the rapid disappearance from the peripheral circu-

lation of red cells heated for 60 minutes. These cells were then destroyed,

associated with delayed hemoglobinemia that could have resulted from he-

molysis of red cells which were conditioned in the spleen, liver or other areas.

Kimber and Lander’3 found a similar disappearance of heated red cells in

human subjects.

The physical property of increased rigidity and loss of plasticity of the

red cell appears to result from several causes and to be associated with in-

creased destruction in vivo, probably by decreasing or obstructing the flow

in the microcirculation. The red cells then become sequestered and destroyed

by metabolic changes producing such effects as osmotic lysis or mechanical

rupture. A compilation of the causes for increased rigidity that are studied

in this series�’27 are summarized in Table 3.

SUMMARY

Dog red cells heated at 49 C. for 15 minutes with no change in osmotic

fragility, showed a decreased rate of survival in vivo, and increased seques-

tration by the spleen, and an increase in the osmotic fragility when recovered

from the spleen. The peripheral blood showed normal osmotic fragility at

all times. These changes were comparable to those seen in the spleen in

homozygous sickle-cell disease and hereditary spherocytosis. There was no

hemoglobinemia. Splenectomy decreased the rate of destruction of such heated

red cells in vivo. In these studies the rigidity of the red cells with increased

viscosity, but with normal osmotic fragility, may have resulted in the removal
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of the heated red cells by the spleen and subsequent conditioning of these

cells in the spleen.

In contrast to the 15 minutes heating, dog cells heated at 49 C. for 60 mm-

utes had increased osmotic fragility and were rapidly removed from the

circulation. There was sequestration by the spleen or by the liver with hemo-

globinemia. The red cells with the greatest increase in osmotic fragility were

not preferentially removed in vivo.

SUMMARIO IN INTERLINGUA

Erythrocytos canin calefacite a 49 C durante 15 minutas sin alteration in br fragilitate
osmotic monstrava reducite longevitate in vivo e augmentos de br sequestration per be

splen si ben como un augmento de br fragilitate osmotic post br recovramento ab be splen.

Le sanguine peripheric monstrava normal fragilitate osmotic a omne tempores. Iste

alterationes esseva comparabile con illos vidite in be splen in homozygotic morbo a

cellu.las falciforme e in spherocytosis hereditari. Hemoglobinemia non esseva constatate.
Splenectomia reduceva be intensitate del destruction de tal calefacite erythrocytos in vivo.

In be presente studios be rigiditate del erythrocytos con reducite viscositate sed con normal

fragilitate osmotic ha possibilemente resultate in le elimination del calefacite erythrocytos

per be splen e in be subsequente conditionamento de iste cellulas in be splen.
Per contrasto con le calefiaction durante 15 minutas, cellulas canin calefacite a 49 C

durante 60 minutas monstrava un augmentate fragilitate osmotic e esseva eliminate

repidemente ab be circulation. Occurreva sequestration per le splen o per le hepate con

hemogbobinemia. Le erythrocytos con be augmento le plus marcate in fragilitate osmotic

non esseva preferentiabmente removite in vivo.
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