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A B S T R A C T During the course of Plasmodium
berghei malaria in the rat, splenic clearance ofdamaged
uninfected erythrocytes (heated or Heinz body-con-
taining) underwent changes strikingly similar to those
of infected erythrocytes. Splenic trapping of abnormal
erythrocytes was impaired during the period of rising
parasitemia but became supernormal just before the
onset of resolution ofthe acute infection. These changes
could be related to the development of splenomegaly
and alterations in splenic cordal microcirculation dur-
ing infection. The relative distribution of flow through
the cords was decreased during rising parasitemia and
was restored before the onset of resolution. Together,
our observations support the hypothesis that altered
rheologic properties of infected erythrocytes are a major
determinant of their removal by the spleen. These data
suggest that the alterations in splenic microcirculation
that occur during malaria may have important implica-
tions for host defense.

INTRODUCTION

Although a major role for the spleen in defense against
plasmodial infection is suggested by the strikingly
deleterious effects of splenectomy (1), the mechanisms
ofhost defense of malaria are incompletely defined. To
more clearly understand how the spleen exerts a pro-
tective effect we examined its role in trapping parasit-
ized erythrocytes by studying the intravascular clear-
ance of 51Cr-labeled Plasmodium berghei-in.fected
erythrocytes in the rat (2). In this model infected eryth-
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rocytes were cleared from circulation more rapidly than
uninfected erythrocytes as a result of splenic trapping.
Trapping of parasitized erythrocytes seemed to be
important in the host defense to acute malaria since
clearance was markedly reduced during the period of
rising parasitemia but increased to supernormal levels
just before the onset of spontaneous resolution of the
infection (2). Since clearance ofthese cells was not anti-
body-dependent (3) we proposed that it might be based
upon the decreased deformability of infected erythro-
cytes (4). In the present study, we have attempted to test
this hypothesis by comparing the clearance patterns of
parasitized erythrocytes with those ofheated or phenyl-
hydrazine-damaged uninfected erythrocytes during
acute P. berghei infection.

METHODS

Malaria infections. Male Wistar rats (Hemobartonella-
free; Charles River Breeding Laboratories, Inc. Wilmington,
Mass.) weighing 125 g were used throughout. Infections were
initiated by the intraperitoneal inoculation of 107 P. berghei
(NYU-2 strain) parasitized rat erythrocytes suspended in
sterile isotonic saline. The magnitude of parasitemia was
determined daily by counting the number of P. berghei-
infected erythrocytes per 1,000 total erythrocytes on Giemsa-
stained thin films prepared from tail vein blood. The course of
this infection has been described (2).
Preparation of erythrocytes and clearance studies. P.

berghei-infected erythrocytes and Heinz body-containing
erythrocytes were prepared and tagged with 5'Cr as described
(2). Briefly, P. berghei-infected erythrocytes were obtained by
cardiac puncture from weanling rats with 70% parasitemia and
enriched to a concentration of 85-90% infected cells by cen-
trifugation (900 g for 5 min). Heinz-body containing erythro-
cytes were obtained from infected rats injected subcutaneously
on two separate occasions (48 h apart) with phenylhydrazine
hydrochloride (J. T. Baker Chemical Co., Phillipsburg, N. J.).
Erythrocytes were labeled by incubation for 30 min at 20°C
with Na251CrO4 (200 ,uCi/ml packed cells; sp act, 400 mCi/mg
Cr; Amersham Corp., Arlington Heights, Ill.). Normal RBC
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were radiolabeled in the same manner and heated at 50°C for
20 min in a stationary water bath before use in some experi-
ments. Cells were all washed once with phosphate-buffered
saline (pH 7.4) and resuspended to 109 erythrocyte/ml in
sterile isotonic saline before injection of 1 ml i.v.
Three groups of40 rats were simultaneously infected intra-

peritoneally with 107 P. berghei-infected erythrocytes, and on
alternate days thereafter studies of clearance of the three
damaged erythrocyte populations were performed on four rats
from each group. Splenic and hepatic uptake of radiolabeled
erythrocytes were performed 24 h after injection ofthese cells
by measuring the radioactivity present in 0.5 g samples of tis-
sue, and calculating total uptake on the basis ofthe determined
wet weight of the organ. Organ uptake was expressed as a per-
centage of the radioactivity present in the inoculum. The
methods and calculations employed in these studies were the
same as those described (2).
Determination ofsplenic microcirculation. The clearance

of mildly heated and Heinz body-containing erythrocytes
appears to depend upon the distinctive vasculature of the
spleen (5). Slits between adjacent sinus endothelial cells
restrict the movement oferythrocytes with decreased deform-
ability (6), whereas normally deformable erythrocytes can pass
through these spaces unimpeded. Blood flowing through the
cordal pathways (open circulation) encounters these spaces in
passing into the sinuses, while blood bypassing the cords
(closed circulation) enters the sinuses without encountering
this obstacle. Thus, the ability of the spleen to remove rigid
erythrocytes depends in large part on the relative distribution
of blood flow through the open and closed pathways.
To assess splenic microcirculation in rats with malaria, a

technique was used that measures the distribution of plastic
microspheres within the spleen after intravenous injection (7).
This method is based upon the fact that the anatomic distribu-
tion ofmicrospheres in a capillary bed is a function of relative
blood flow to these areas (8). In our experiments, microspheres
of 3-4 ,um were used since they are small enough to move
within the cordal meshwork, yet large enough to be detained
in the cords by the sinus wall (7). The interendothelial spaces
in the splenic sinus wall are in the range of 0.5-2.5 ,um (6).

Uninfected rats and those at different stages of infections
were anesthetized with pentobarbital (4 mg/100 g body wt
i.p.), secured to a guillotine platform, and 2 x 108 carbonized
plastic microspheres (3-4 ,um; 3M Co., St. Paul, Minn.) sus-
pended in 0.4 ml ofsaline were injected rapidly into the dorsal
vein of the penis. The splenic blood was stopped 5-6 s later
by dropping the guillotine through the thorax at a level be-
tween the diaphragm and the heart. The spleen was removed
and fixed by interstitial perfusion with 6% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.2) for 10 min and then allowed
to remain in this fixative for additional 12 h. Spleens were cut
transversely into 1.5-mm thick slices, and the slices were
washed in cacodylate buffer, dehydrated through graded
ethanol, and embedded in a mixture of butoxylethanol and
glycomethacrylate (Polysciences, Inc., Warrington, Pa.). 3-,um
thick sections were cut with a JB-4 microtome (Dupont Instru-
ments Sorvall-Biomedical Div., Newtown, Conn.) using glass
knives and stained with hematoxylin and eosin. For each
spleen, the percentage of the microspheres in the cords and
the sinuses was determined by counting 1,000 micropheres in
several random tissue sections.

RESULTS

Parasitemia. After the inoculation of 107 P. berghei-
infected erythrocytes parasitemia rose steadily (pre-
crisis period) in all rats to a peak of 61.2+5.7% (mean
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FIGURE 1 Clearance of 5'Cr-labeled heat-damaged erythro-
cytes (RBC) in noninfected rats and in P. berghei-infected
rats, precrisis and during crisis. Each point represents the
mean of determinations in six rats; SEM <10% of mean.

+ SEM) by day 15 of the infection. During the next 3 d
(crisis period) parasitemia declined rapidly to unde-
tectable levels. After day 19, no circulating parasites
could be detected on blood smears. 15 of 120 infected
rats died (12.5% mortality).
Clearance of 5'Cr-labeled erythrocytes during

malaria. In this study we confirmed our previously
published observations (2) which indicate that 5tCr-
labeled PRBC are cleared rapidly in uninfected rats.
Clearance was characterized by a rapid phase that
occurred in the first hour and attributable to splenic
trapping. This was followed by a slower second phase
most likely representing lysis of infected erythrocytes
resulting from terminal intraerythrocytic parasite de-
velopment (2). In rats experiencing rising parasitemia,
the splenic phase of clearance was not observed,
whereas in rats studied during the period of resolution
of the infection (crisis period, days 16-18), the rate of
clearance of infected erythrocytes was markedly ac-
celerated with enhancement ofboth the first and second
phase (2).
Like infected erythrocytes, heat-damaged and Heinz

body-containing erythrocytes were cleared in unin-
fected rats with an initial rapid phase and a slower
second phase (Figs. 1 and 2). In infected rats experi-
encing a rising parasitemia, these altered erythrocytes
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FIGURE 2 Clearance of 5'Cr-labeled Heinz body-containing
erythrocytes (RBC) in noninfected rats and in P. berghei-in-
fected rats, precrisis and during crisis. Each point represents
the mean of determinations in six rats; SEM < 10%o of mean.

were cleared slowly, with disappearance of the early
rapid (splenic) phase. There appeared to be an inverse
relationship between magnitude of parasitemia and
clearance rates for these cells. At the time of crisis,
when the acute infection began to resolve and para-
sitemia fell, clearance of altered uninfected erythro-
cytes was markedly increased to supernormal rates.
The reduction in clearance of infected and uninfected

altered erythrocytes during the rising parasitemia
could be explained on the basis of decrease in splenic
uptake (Fig. 3). Decreased splenic uptake occurred
despite the fact that splenomegaly developed during
the early infection. Hepatic uptake of infected and
damaged uninfected cells is shown in Table I. A re-
ciprocal relationship between hepatic and splenic up-
take of damaged uninfected erythrocytes was observed
during the precrisis period and of all abnormal erythro-
cytes during the crisis period. This suggests that in the
absence of normal splenic clearance, the liver can
remove a greater percentage of damaged uninfected
but not parasitized erythrocytes. The lung contained
c6% of radioactivity at all times during the infection.
With the onset of crisis, there was a rapid and sudden
increase in the 24-h splenic uptake of all abnormal
erythrocytes (Fig. 3) and accentuation ofthe early rapid
clearance phases (Figs. 1 and 2).

Alterations in splenic microcirculation. In unin-
fected rats, microspheres distributed primarily to the
cords (Table II), thus confirming in these rodents the
previous studies in rabbits, which demonstrated the
preeminence of the open pathway (7). Rising parasit-
emia was associated with a significant decrease in the
relative blood flow through the cords and a relative in-
crease in circulation through the closed pathways
which bypass the cords. With the onset of crisis, the
pattern of microcirculation reverted toward normal,
with an increase in relative cordal flow above precrisis
levels.

DISCUSSION

Previous efforts to define the mechanisms whereby the
spleen exerts a protective role in malaria have revealed
that parasitized erythrocytes become trapped as they
circulate through the splenic cords. Electron micro-
graphic studies of the spleen of rhesus monkeys in-
fected with Plasmodium knowlesi indicated that in-
fected erythrocytes were unable to pass through the
interendothelial spaces separating the cords and
sinuses (9). On the basis of these observations, it was
suggested that the relatively rigid intracellular parasite
retarded the passage of the otherwise highly deform-
able erythrocyte. Independent measurements of the
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FIGURE 3 Splenic uptake of5'Cr-labeled P. berghei-infected
erythrocytes (PRBC) heat-damaged erythrocytes (heated RBC)
and Heinz body-containing erythrocytes (H-B RBC) in rats on
different days of infection. Mean spleen weight is shown in
the upper panel by vertical bars. Mean parasitemia (percent
infected RBC) on each day of infection is shown for comparison
in the upper panel. The crisis period occurred between day
16 and 18 ofinfection. SEM <10% ofmean for all parameters.
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TABLE I
Hepatic Uptake of 55Cr-labeled Erythrocytes during P. berghei Malaria in Rats

Hepatic uptake of erythrocytes*

Stage of P. berghei- Heinzbody-
infection Organ wt infected Heat-damaged containing

g %

Noninfected 7.4±0.3t 36.2±3.2 11.8±2.1 16.8±2.7
Precrisis§ 8.5±0.7 30.2±4.1 26.1±4.4 26.2±3.9
Crisis" 9.3±1.1 12.4±3.8 4.4±1.2 11.2±2.5

* Percentage of inoculum taken up by liver 24 h after inoculation (Mean±SE).
t Mean±SE.
5 Period of rising parasitemia.
"Period of falling parasitemia.

deformability of infected erythrocytes suggested that
the host cell membrane itself might be poorly deform-
able as a consequence of the infection (4). These ob-
servations suggest that the altered rheologic properties
of the infected erythrocytes might be the major deter-
minant of their removal by the spleen. The present
study, designed to test this hypothesis, has revealed
that malaria infection indeed has strikingly similar
effects on the clearance of parasitized and uninfected
damaged (rigid) erythrocytes.
The alterations in splenic clearance function during

malaria infection that we observed can be understood
in relation to the role of splenomegaly and splenic
microcirculation in the trapping process. It has been
well established that a variety ofdamaged erythrocytes
are trapped more readily by an enlarged spleen (10) and
this has been confirmed specifically in the case of P.
berghei-infected erythrocytes (2). Since splenomegaly
characteristically develops in most acute malaria infec-
tions and specifically during P. berghei malaria in the
rat (Fig. 3), one would have anticipated that damaged
erythrocytes would be cleared at a supernormal rate
during the infection. The observation that splenic
clearance actually decreased progressively during the

period of rising parasitemia (precrisis) (Fig. 3) thus
appeared paradoxical. One explanation for this was the
observation that relative cordal microcirculation was
significantly reduced during the precrisis period (Table
II). Since trapping of the damaged erythrocytes occurs
largely within the cords, decrease in circulation through
the open pathways and increase in circulation in the
closed pathways would be expected to decrease the
efficiency of splenic trapping of these cells (6). Con-
firmation of this interpretation was provided by the
observation that at the time of crisis, circulation in the
open pathways was restored toward normal and effi-
cient trapping of the damaged erythrocytes once again
occurred. The fact that trapping ofthe cells was actually
supernormal during the crisis period could be explained
by the presence of splenomegaly during this period, in
conjunction with restoration of normal microcircu-
lation.
The mechanisms responsible for the observed

decrease in splenic cordal blood flow in the precrisis
period are presently uncertain. One possibility is that
large numbers of parasitized erythrocytes become se-
questered in the cords during the period of rising para-
sitemia and thereby retard microcirculation in this re-

TABLE II
Effect of Malaria on the Distribution of Plastic Microspheres in Rat Spleen

Percent microspheres* Total
Stage of Number microspheres
infection of rats Parasitemia Sinuses Cords counted

Noninfected 6 0 1.7±+0.3p < .0001 98.3+0.3 5,271
Precrisis§ 6 24-50 38.2+2.6 p < 0.0001 61.8±2.6 3,446
Crisis" 6 0-10 10.6+1.9J 89.4 1.9 3,485

* Mean+±SEM.
t Comparison of means by Student's t test.
§ Period of rising parasitemia.
"1Period of falling parasitemia.
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gion. Indeed, we could observe in histological sections
large numbers ofparasitized erythrocytes in the splenic
cords of animals during the precrisis period (unpub-
lished observations). However, it is difficult to imagine
how obstruction based solely on parasite sequestration
would be alleviated at the time of crisis. A more likely
explanation is that cordal obstruction results from the
marked cellular hyperplasia that occurs in this region
during malaria. In preliminary studies (unpublished
observations) we noted that during the precrisis period
marked hyperplasia of erythroid precursors occured in
the region of the cords, undoubtedly in response to the
progressive anemia. At the time ofcrisis, large numbers
of reticulocytes were released into circulation (11) and
the splenic erythroid islands were noted to have
decreased substantially in size. Thus, the observed al-
terations in splenic blood flow may have resulted from
transient obstruction of the cords by erythroid pre-
cursors.
Our earlier observations, which are confirmed here

(Fig. 3), that parasitized erythrocytes are cleared at a
supernormal rate during crisis, when parasitemia began
to decrease, suggested a potential causal relationship
between increased clearance and resolution of infec-
tion. Certain considerations suggest that increased
splenic trapping is probably a necesary but not a suf-
ficient basis for resolution of the infection. Although
parasites were trapped in the spleen very early in in-
fection, parasitemia continues to rise (Fig. 3), indicating
that trapping is insufficient to curtail the infection.
Furthermore, although the degree of trapping of in-
fected erythrocytes could be greatly augmented by in-
ducing splenomegaly nonspecifically by methylcellu-
lose treatment, the rise in parasitemia in the treated
animals was indistinguishable from that in untreated
controls (unpublished data). In addition, it seems un-
likely that the spleen could rapidly remove the huge
number of plasmodia replicating within erythrocytes
present at the time of peak parasitemia. Therefore we
propose that during the precrisis period an additional
splenic defense mechanism is initiated which, in
concert with trapping, results in resolution of infection
during the crisis period. One additional mechanism
that has been proposed is the elaboration by cordal
macrophages of soluble substances, which might retard
the intracellular development of the parasite (12).
The demonstration that clearance of damaged unin-

fected erythrocytes undergo similar alterations during

acute malaria as do P. berghei infected erythrocytes,
the evidence that these alterations are related to
changes in microcirculation and the suggestion that
these changes may be causally related to resolution of
the infection have important implications to under-
standing host defense in malaria.
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