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The Plasmodium berghei-infected mouse model is a well-recognized model for human cerebral malaria. Mice
infected with P. berghei exhibit (i) metabolic acidosis (pH < 7.3) associated with elevated plasma lactate
concentrations, (ii) significant (P < 0.05) vascular leakage in their lungs, hearts, kidneys, and brains, (ii)
significantly (P < 0.05) higher cell and serum glutamate concentrations, and (iv) significantly (P < 0.05) lower
mean arterial blood pressures. Because these complications are similar to those of septic shock, the simplest
interpretation of these findings is that the mice develop shock brought on by the P. berghei infection. To
determine whether the immune system and specifically CD8� T cells mediate the key features of shock during
P. berghei malaria, we depleted CD8� T cells by monoclonal antibody (mAb) treatment and assessed the
complications of malarial shock. P. berghei-infected mice depleted of CD8� T cells by mAb treatment had
significantly reduced vascular leakage in their hearts, brains, lungs, and kidneys compared with infected
controls treated with rat immunoglobulin G. CD8-depleted mice were significantly (P < 0.05) protected from
lactic acidosis, glutamate buildup, and diminished HCO3

� levels. Although the blood pressure decreased in
anti-CD8 mAb-treated mice infected with P. berghei, the cardiac output, as assessed by echocardiography, was
similar to that of uninfected control mice. Collectively, our results indicate that (i) pathogenesis similar to
septic shock occurs during experimental P. berghei malaria, (ii) respiratory distress with lactic acidosis occurs
during P. berghei malaria, and (iii) most components of circulatory shock are ameliorated by depletion of CD8�

T cells.

Circulatory shock is defined as an inadequacy of blood flow
in multiple organ systems that leads to inadequate delivery of
nutrients to tissues and inadequate removal of waste products
(reviewed in reference 14). The most common causes of cir-
culatory shock are cardiac and circulatory abnormalities, such
as myocardial infarction, and hemorrhage. Less common but
no less deadly is the development of circulatory shock caused
by an infectious agent, also called septic shock (45). Bacteria or
bacterial products in septic shock initiate an inflammatory re-
sponse that feeds on itself, becomes uncontrolled, and ulti-
mately destroys the host (45). Leukocytes, including T cells,
secrete cytokines (such as tumor necrosis factor alpha [TNF-
�], interleukin 1 [IL-1], and gamma interferon [IFN-�]) that
further enhance the inflammatory response, leading to endo-
thelial dysfunction. The endothelial dysfunction leads to in-
creased vascular permeability, which in turn decreases blood
volume, diminishes perfusion of tissues, and results in intersti-
tial edema. In the absence of adequate blood flow, cells must
rely on glycolysis for energy production and consequently pro-
duce lactic acid. While a variety of reflexes and compensatory
mechanisms are activated in response to shock, these efforts to
restore normal tissue perfusion can fail, which leads to a fur-
ther reduction in cardiac output, more lactic acidosis, and

ultimately tissue necrosis. Unless this cascade of immune de-
struction and tissue necrosis is interrupted, death results.

Malaria is a leading cause of morbidity and mortality. Pa-
tients with severe Plasmodium falciparum malaria develop the
following complications: coma or cerebral malaria, respiratory
distress with lactic acidosis, anemia, and occasionally renal
failure. The mechanism of cerebral malaria pathogenesis is
being intensely debated, and there are two major hypotheses,
the mechanical hypothesis and the inflammatory hypothesis
(reviewed in references 8 and 31). In the mechanical hypoth-
esis, parasitized red blood cells bind to the endothelium, caus-
ing minithrombi, which in turn lead to the petechial hemor-
rhaging that is observed on autopsy, tissue hypoxia, and
ultimately death. The inflammatory hypothesis states that the
immune response to parasites leads to vascular damage in the
brain, coma, and ultimately death. Clark et al. have proposed
that the inflammatory response leads to breakdown of the
blood-brain barrier and that nitric oxide is a key mediator of
pathology (6). Infection with P. falciparum increases the levels
of inflammatory cytokines (TNF-�, IL-1�, and IFN-�) in se-
rum. Individuals with a single nucleotide polymorphism in the
OCT-1 site of the TNF-� promoter region have a fourfold-
greater risk of developing cerebral malaria and respiratory
distress (30). The inflammatory cytokines are believed to up-
regulate expression of several adhesion molecules, such as
ICAM-1, VCAM-1, and CD36. CD36 and ICAM-1 are used by
the parasite for cytoadherence to capillary endothelium (1),
but these molecules are also known to be important for leu-
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kocyte endothelial adhesion (43). The precise pathologic
mechanisms in humans are difficult to identify for obvious
ethical reasons.

There are two well-characterized models of cerebral malaria
(10, 28, 36, 38). The advantages and disadvantages of these
models have been reviewed elsewhere (8). It has been pro-
posed that the Plasmodium yoelii model is better than the
Plasmodium berghei model because P. yoelii-parasitized eryth-
rocytes, like P. falciparum-parasitized erythrocytes, bind to
brain microvasculature. However, Hearn et al. reported that P.
berghei-parasitized erythrocytes adhere to brain microvascula-
ture, indicating that both P. yoelii and P. berghei mimic P.
falciparum in this regard (15, 19, 20). We selected the P. berghei
model for this study because P. berghei-infected mice develop
impaired consciousness, whereas P. yoelii-infected mice do not
(10, 28, 38). In the respects pertinent to this study, the P.
berghei-infected mouse model remarkably mimics P. falciparum
infection in humans. Virtually all mice with a susceptible back-
ground (C57BL/6 mice) that are infected with P. berghei de-
velop cerebral malaria on day 6 of infection and die between
days 6 and 12, which is the time window for the development
of cerebral malaria (36). In contrast, only 20% of resistant
mice (BALB/c and A/J mice) succumb to cerebral malaria.
Mice that succumb after day 12 die of hyperparasitemia.

The immune response is vital for pathogenesis of P. berghei
malaria. Elevated levels of inflammatory cytokines are de-
tected in sera of P. berghei-infected mice, and endothelial cell
adhesion molecules are also upregulated (7, 12). If anti-LFA1
monoclonal antibodies (mAbs) are administered or ICAM-1-
deficient mice are used, cerebral malaria does not develop (9,
13). Petechial hemorrhaging is observed in brains of P. berghei-
infected mice, and there is a breakdown of the blood-brain
barrier, as determined by Monastal blue and Evans blue dye
leakage, prior to the onset of cerebral symptoms (33). In con-
trast to immunologically intact mice, mice lacking T and B cells
or CD8� T cells do not develop cerebral malaria, indicating
that the immune response is required for pathogenesis (11, 16,
44). Type 1 cytokines (IL-2, IFN-�, and TNF-�) are also re-
quired for pathogenesis of experimental cerebral malaria (7,
27, 44). The role of the immune system in P. yoelii pathogenesis
and the reason for death remain to be determined. We selected
CD8� T cells to test whether the immune system contributes to
circulatory shock during malaria because these cells are re-
quired for malarial pathogenesis and depletion is easily veri-
fied (44).

Based on the findings described above and similar manifes-
tations in humans with severe P. falciparum malaria, we hy-
pothesized that P. berghei-infected mice develop complications
of circulatory shock with multiple organ dysfunction and that
the immune response mediates the damage. To test this hy-
pothesis, we first assessed whether P. berghei-infected mice
develop key features of circulatory shock, including (i) meta-
bolic acidosis, (ii) increased vascular permeability and tissue
edema, (iii) respiratory distress, and (iv) decreased mean ar-
terial blood pressure. All of these key features of circulatory
shock, which are anticipated in septic shock, were observed in
P. berghei-infected mice. To determine which of these features
are immune mediated, we examined the development of these
complications during P. berghei malaria in mice depleted of
CD8� T cells by mAb treatment. We found that P. berghei-

infected mice depleted of CD8� T cells were markedly pro-
tected from most of the features of circulatory shock described
above, whereas rat immunoglobulin G (IgG)-treated control
mice developed malarial shock.

MATERIALS AND METHODS

Parasite, infection, and treatment of mice. The malarial parasite used in this
study, P. bergehi ANKA, a gift from William Weidanz, was maintained and used
as described previously (17). This strain kills susceptible C57BL/6 mice on about
day 6 after infection. Frozen parasite stabilate was therefore injected intraperi-
toneally (i.p.) into a resistant BALB/c source mouse. Blood was obtained from
the source BALB/c mouse to generate the inoculum used for the experimental
C57BL/6 mice. All experimental mice (both test mice and control mice) were
identically infected, so the use of BALB/c mice should not have affected the
development of malarial pathogenesis. The experimental mice were injected i.p.
with 106 erythrocytes parasitized with P. berghei, and parasitemia was assessed by
examining between 200 and 1,000 erythrocytes in Giemsa-stained thin blood
films.

Female C57BL/6 experimental mice and BALB/c source mice were purchased
from Jackson Laboratories (Bar Harbor, Maine) when they were 4 to 5 weeks
old, and they were provided food and water ad libitum. In each experiment, age-
and sex-matched groups consisting of between four and eight C57BL/6 mice were
used, and the animals were between 6 and 12 weeks old. The animals were
housed at the Louisiana State University Health Sciences Center Animal Care
Facility, an American Association of Laboratory Animal Care-approved facility.
All procedures were approved by the Animal Resources Advisory Committee of
the Louisiana State University Health Sciences Center.

To deplete CD8� T cells, we injected i.p. 1 mg of anti-CD8 mAb (rat IgG
mAb, clone 53-6.72), which is a depleting mAb (24), on day 1 of P. berghei
infection into mice. Control mice were injected i.p. with 1 mg of rat IgG (Ac-
curate Scientific). The extent of depletion was assessed on day 4 of infection by
obtaining about 50 �l of blood and analyzing 30 �l of this blood for the presence
of CD3� CD8� cells by flow cytometry.

Flow cytometry. Flow cytometry was performed as described previously (42).
Briefly, erythrocytes from 30 �l of mouse blood were lysed by hypotonic shock.
The cells were washed to remove erythrocyte debris, and Fc block was added to
the cell suspension to minimize nonspecific binding of mAbs. After 10 min of
incubation, biotinylated anti-CD8 mAb (Pharmingen, San Diego, Calif.) was
added, and the cell suspension was incubated with the antibody for 30 min. After
the cells were washed, CD3-fluorescein isothiocyanate, CD4-phycoerythrin, and
streptavidin-allophycocyanin (Pharmingen) were added to the suspension, and
the mixture was incubated for 30 min. The cells were washed and resuspended in
0.5 ml of phosphate-buffered saline (PBS), and propidium iodide (Sigma Chem-
ical Co., St. Louis, Mo.) was added 5 min before data acquisition in order to
exclude dead cells. Flow cytometry data for the cell suspension were acquired
with a FACSCalibur (Becton Dickinson) by using the CellQuest program and
were analyzed by using the Attractors program (Becton Dickinson).

Assessment of vascular leakage and tissue edema. Vascular leakage into
selected organs during P. berghei malaria was assessed as described by Tateishi et
al. (39). Briefly, 0.2 ml of 2% Evans Blue dye in saline was injected intravenously
into each mouse. The dye was allowed to circulate for 10 min, and then the
mouse was anesthetized with xylazine (7.5 mg/kg) and ketamine (150 mg/kg)
injected i.p. for 6 min. The right atrium was snipped, and then 25 ml of PBS was
injected into the left ventricle and 20 ml of PBS was injected into the right
ventricle to remove dye from the vasculature. Selected organs were removed
from the animal, weighed, and placed in a test tube containing 1 ml of N,N-
dimethyl formamide. The amount of Evans Blue dye in each organ was assessed
by incubating the organ in 1 ml of N,N-dimethyl formamide (Sigma) for 48 h to
extract the Evans Blue dye. The A630 of the Evans Blue dye solution was
measured with a spectrophotometer. To ensure that measurements were in the
linear range of the spectrophotometer, the solution was diluted with N,N-di-
methyl formamide until the A630 was less than 0.7. The absorbance value was
divided by the weight of the tissue to normalize for the amount of tissue. The
ratio of wet weight to dry weight was calculated by dividing the weight of the
organ immediately after dissection (wet weight) by the weight of the organ after
it was dried overnight at 80°C.

Lactate, bicarbonate, and amino acid assessment. To precipitate proteins,
serum samples were promptly treated with an equal volume of ice-cold 5%
trichloroacetic acid, left on ice for 10 min, and then centrifuged at 10,000 � g for
10 min. Aliquots of the protein-free supernatant containing free amino acids
were then treated with o-phthaladehyde (Fluka, Buchs, Switzerland) for precol-
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umn derivatization and injected into a C18 column (4.6 by 250 mm; Microsorb;
Varian, Walnut Creek, Calif.) for separation of the derivatized amino acids. The
column effluent was passed through a fluorescence detector along with major
amino acid standards that formed peaks at the following retention times: aspar-
tate, 7.85 min; glutamate and glutamine, 16.4 min; homoserine (internal stan-
dard), 17.5 min; and alanine, 20.5 min. The plasma concentrations of the major
amino acids were obtained by dividing the sample peak areas by the peak areas
for the corresponding standards. The coefficients of variation for replicate de-
terminations of aspartate and glutamate in plasma were 1.6 and 2.3%, respec-
tively (n � 3), and for whole blood the coefficients of variation were 2.8 and
5.2%, respectively; the levels of recovery of the glutamate and aspartate stan-
dards (100 nmol) added to plasma were 103% � 4% and 106% � 5%, respec-
tively.

The plasma lactate concentration was determined enzymatically with protein-
free trichloroacetic acid extracts by using lactate dehydrogenase-catalyzed oxi-
dation of lactate to pyruvate coupled to NADH formation from NAD monitored
spectrophotometrically at 340 nm (Sigma); the concentration of lactate was
calculated by dividing the absorbance by the absorbance for the lactate standard
(4.4 mM). The coefficient of variation for replicate determinations of control
plasma lactate concentrations was 3% (n � 5). The plasma bicarbonate concen-
tration was measured by determining the total CO2 content manometrically with
a microgasometer (32); under the conditions used the serum bicarbonate rep-
resented virtually all of the CO2.

Echocardiographic assessment of cardiac output. Mean arterial blood pres-
sure was determined in anesthetized mice (mice given sodium pentobarbital [50
mg/kg] and ketamine [50 mg/kg] i.p.) by using a common carotid artery catheter
and a BP-1 pressure monitor (World Precision Instruments). In vivo echocardi-
ography of mouse hearts and aortas was performed with a 15-MHz linear array
transducer interfaced with a Sequoia C256 (Acuson) as previously described
(18). In accordance with the American Society of Echocardiography recommen-
dations (37), parameters were measured by using the leading-edge technique.
Two-dimension-guided, M-mode echocardiograms were captured from long- and
short-axis views of an aorta to obtain the diameter (d). From the diameter, the
cross-sectional area (CSA) of the aorta was calculated as follows: CSA � 	 �
(d/2)2. Using pulse wave doppler analysis, we determined the velocity-time in-
tegral (VTI) . The stroke volume (SV) was then calculated with the following
equation: SV � CSA � VTI. The heart rate (HR) was directly measured from
the M-mode tracings of the aorta. The cardiac output (CO) was then calculated
with the following equation: CO � HR � SV. All echocardiogram evaluations
were performed for at least 10 cardiac cycles per mouse and in a blind fashion by
one observer.

Statistical analysis. Analysis of variance with the Statview program (SAS
Institute) was performed to statistically compare all measurements with a P value
cutoff of 0.05. Means and standard deviations are reported below.

RESULTS

On day 4 of P. berghei infection, mice appear to be healthy
and to have no obvious signs of disease. Virtually all C57BL/6
mice successfully infected (by i.p. or intravenous injection of
106 P. berghei-parasitized erythrocytes) develop signs and
symptoms of cerebral malaria on day 6 (rarely day 7) of infec-
tion; the mice become lethargic, lose their righting and grip-
ping reflexes, and die hours later. The majority of the mice on
day 6 of P. berghei infection have cracks in their skulls, sug-
gesting that severe brain swelling occurs. On average, about
one mouse per experiment is excluded because of inadequate
parasitemia. Most investigators believe that inadequate infec-
tion of mice is due to injection of the parasite inoculum into an
area outside the peritoneal cavity, such as the bladder. Inade-
quately infected mice are mice with levels of parasitemia of

0.5% on day 4 of infection and are excluded from analysis;
these mice generally succumb on day 8 or 9 of infection. Mice
fail to gain weight during the infection and exhibit significant
(P 
 0.05) weight loss by day 6 of infection.

The P. berghei model is therefore highly reproducible. How-
ever, there are subtle differences in disease presentation from
experiment to experiment. In all cases, we observed significant

damage in both brains and lungs, but in some experiments
damage appeared to be greater in the lungs than in the brains,
whereas in other experiments the converse was true.

Clinical and pathological signs of circulatory shock occur
during P. berghei infection. To verify that the observed increase
in vascular permeability led to tissue edema (which also occurs
during septic shock), we determined the ratios of wet weight to
dry weight for selected organs during P. berghei infection and
evaluated other parameters, such as histology and whether the
skull was intact. Brains, lungs, and kidneys, but not hearts and
intestines, contained significantly (P 
 0.05) greater amounts
of fluid on day 6 in P. berghei-infected mice than in uninfected
controls (Fig. 1). The P values were 0.001, 0.0001, and 0.04 for
brains, lungs, and kidneys, respectively, and 0.95 and 0.49 for
hearts and intestines, respectively. About 50% of the mice on
day 6 of P. berghei infection had cracked skulls, and the extents
of the cracks were related to the degrees of brain edema and
neurological complications (loss of righting and gripping re-
flexes). Microscopic evaluation of hematoxylin- and eosin-
stained sections of lungs obtained from P. berghei-infected
mice on day 6 of infection revealed marked infiltration of
mononuclear cells and granulocytes into alveolar space and
walls and thickening of alveolar walls. Severe hemorrhaging
and moderate congestion were observed in lungs of infected
animals. In addition, there were modest amounts of pink-
stained alveolar spaces, which is characteristic of lung edema.

To determine whether P. berghei-infected mice develop ac-
idosis, a clinical sign of circulatory shock, we assessed serum
lactate contents and pH values for groups of C57BL/6 mice
during P. berghei infection. The levels of serum lactate in in-
fected mice were significantly (P 
 0.05) elevated on day 4 of
infection compared with the levels in uninfected controls, and
the levels increased even more by day 6 (P � 0.04 and P 

0.0001, respectively) (Fig. 2A). The levels of serum lactate in
mice on day 6 of infection were about five times higher than
the levels in uninfected controls. The pH of serum declined
markedly during P. berghei malaria, and mice were acidotic
(pH 
 7.3) on days 4 and 6 of infection (P � 0.03 and P 

0.0001, respectively) (Fig. 2B). The levels of serum HCO3

�,
which buffers the blood at pH 7.4, declined significantly (P 

0.0001) by day 6 of infection compared with the levels in
uninfected controls (Fig. 2C).

FIG. 1. Tissue edema during P. berghei malaria. The ratios of wet
weight to dry weight for selected tissues were determined at zero time
and on days 4 and 6 of infection for groups of five mice. The ratios for
days 4 and 6 were divided by ratios for zero time. An asterisk indicates
statistical significance (P 
 0.05) for a comparison of a group of
infected mice and uninfected controls.
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To determine whether glutamate levels in serum were high
and possibly inhibited production of HCO3

� by the kidneys,
we determined the levels of selected amino acids during P.
berghei malaria. Significantly elevated levels of glutamate were
detected in plasma on days 4 and 6 of infection compared with
the levels in uninfected controls (P � 0.008 and P � 0.0006,
respectively) (Fig. 2D). No significant changes in the serum
levels of glycine, aspartate, and alanine were detected during P.
berghei malaria. However, the levels of glutamate and aspartate
in the erythrocytes were significantly (P 
 0.05) higher during
P. berghei malaria; the glutamate concentrations at zero time
and on days 4 and 6 were 97 � 20, 256 � 46, and 239 � 57 mM,
respectively, and the aspartate concentrations at these times
were 79 � 17, 201 � 65, and 238 � 3 mM, respectively. These
findings suggested that there was active transport into the
infected erythrocytes.

To investigate whether increased vascular permeability and
tissue edema caused the blood pressure to fall during P. berghei
malaria (which also occurs during septic shock), we measured
the blood pressure of infected C57BL/6 mice. The mean arte-
rial blood pressure decreased significantly (P 
 0.05) on day 4
of P. berghei infection compared with the mean arterial blood
pressure of uninfected controls and fell further by day 6 (Fig.
3).

Clinical symptoms of circulatory shock during P. berghei
malaria are markedly reduced after depletion of CD8� T cells.
CD8-depleted mice did not exhibit any neurological signs of
cerebral malaria (such as loss of the righting reflex or the
ability to grip) and were not lethargic, whereas rat IgG-treated
controls showed neurological signs of cerebral malaria and

were lethargic. The CD8-depleted mice were adequately in-
fected because the parasitemia in anti-CD8 mAb-treated mice
was similar than that in rat IgG-treated controls. Therefore,
the two groups of mice had similar clinical symptoms of un-
complicated malaria (i.e., fever and anemia). In each of the
experiments with CD8-depleted mice, we determined the per-
centage of CD3� CD8� T cells in the peripheral blood by flow
cytometry on day 4 of infection and performed an experimen-
tal analysis on day 6. Few, if any, CD3� CD8� cells (0.0 �
0.0%) were detected by flow cytometry in the anti-CD8 mAb-
treated mice, whereas more than 8% of the peripheral blood
leukocytes in rat IgG-treated mice were labeled with anti-CD3
and anti-CD8 mAbs. The percentages of CD8� T cells in
peripheral blood were similar for infected rat IgG-treated mice
and uninfected controls.

To determine whether CD8� T cells in the tissues actually
contribute to the increased vascular permeability during exper-
imental malaria, we measured vascular permeability by the
Evans Blue dye leakage technique on day 6 of P. berghei in-
fection of CD8-depleted mice. There was a marked, significant
(P 
 0.05) reduction in vascular permeability in the brains,
lungs, kidneys, and hearts of anti-CD8 mAb-treated mice with
P. berghei malaria compared with the vascular permeability in
infected rat IgG-treated controls (Fig. 4A). The P values were
0.0001, 
0.0001, 0.002, and 0.0009 for the brains, lungs, hearts,
and kidneys, respectively. There was marked tissue edema in
lungs and brains of rat IgG-treated controls on day 6 of P.
berghei infection (Fig. 4B). However, CD8 depletion signifi-
cantly (P 
 0.05) protected against edema in brains, lungs, and
kidneys during P. berghei malaria compared with the results
obtained for rat IgG-treated and infected controls; the P values
were 
0.0001 and 0.01 for brains and lungs, respectively, and
0.07, 0.8, and 0.6 for kidneys, hearts, and intestines, respec-
tively. None of the anti-CD8 mAb-treated mice infected with
P. berghei showed signs of cracked skulls, whereas two of five
infected rat IgG-treated mice had cracked skulls. In some
experiments vascular permeability appeared to predominate in
lungs, whereas in other experiments changes in brains predom-
inated (Fig. 1 and 4).

To determine whether CD8� T cells actually contribute to
pathogenesis of circulatory shock during experimental malaria,
we assessed acidosis in P. berghei-infected mice depleted of
CD8� T cells by mAb treatment. The serum lactate, HCO3

�,
and glutamate contents of infected CD8-depleted mice were

FIG. 2. Acidosis of blood during P. berghei malaria. Serum lactate
(A), HCO3

� (C), and glutamate (D) levels were measured for groups
of five mice at zero time and on days 4 and 6 of P. berghei malaria. The
blood pH (B) was measured in a separate set of experimental animals.
Similar results were obtained in duplicate experiments. In addition, the
results for controls used in the experiments whose results are shown in
Fig. 5 were similar. An asterisk indicates statistical significance (P 

0.05) for a comparison of a group of infected mice and uninfected
controls.

FIG. 3. Mean arterial blood pressure during P. berghei malaria.
Mean arterial blood pressure was measured for groups of five mice at
zero time and on days 4 and 6 of P. berghei malaria. Similar results were
obtained a duplicate experiment. An asterisk indicates statistical sig-
nificance (P 
 0.05) for a comparison of a group of infected mice and
uninfected controls.
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significantly (P 
 0.05) decreased compared with the contents
of infected rat IgG-injected controls (Fig. 5A, C, and D); the P
values were 0.005, 0.0002, and 0.01 for lactate, HCO3

�, and
glutamate levels, respectively. The blood pH (Fig. 5B) was
significantly (P � 0.01) higher in CD8-depleted mice infected
with P. berghei than in infected rat IgG-treated controls.

To determine whether the observed changes in mean arte-
rial blood pressure were also dependent on CD8� T cells, we
assessed blood pressure on day 6 of infection in C57BL/6 mice
depleted of CD8� T cells by mAb treatment. CD8-depleted
mice infected with P. berghei had a mean arterial blood pres-
sure similar to that of infected rat IgG-treated mice, and both
of the values were lower than the value obtained for the un-
infected controls (Fig. 6). However, cardiac output was signif-
icantly (P 
 0.05) lower in infected rat IgG-treated mice than
in either infected anti-CD8 mAb-treated mice (P � 0.02) or
uninfected controls (P � 0.0005). Cardiac output was slightly
lower in infected CD8-depleted mice than in uninfected mice,
but the difference was not statistically significant.

DISCUSSION

Our studies were designed to examine the hypothesis that
complications that occur during P. berghei malaria in mice are
consistent with circulatory shock. Unlike most studies of P.
berghei malaria, which focus exclusively on changes in the
brain, in our study we examined tissues that are damaged in
humans with P. falciparum malaria to develop a complete pic-
ture of malarial pathogenesis. Our observation that vascular
leakage occurs in the brains of mice with P. berghei malaria
prior to the onset of symptoms confirms the results of similar

FIG. 4. Ratios of vascular permeability (A) and tissue edema (B) in
CD8� T-cell-depleted mice (anti-CD8) infected with P. berghei malaria
to vascular permeability and tissue edema in uninfected controls (un-
inf). These ratios are compared with the ratios of vascular permeability
(A) and tissue edema (B) in rat IgG-treated and infected mice (rat
IgG) to vascular permeability and tissue edema in uninfected controls.
Vascular permeability was determined by the Evans Blue technique for
selected tissues from groups of eight mice. The ratios of wet weight to
dry weight for selected tissues were determined on day 6 of infection
for groups of five mice. The vascular permeability or ratio of wet
weight to dry weight for infected groups of animals (anti-CD8 mAb
and rat IgG mAb treated) were divided by values for uninfected ani-
mals. Similar results were obtained in replicate experiments for vas-
cular permeability and in duplicate experiments for tissue edema. An
asterisk indicates statistical significance (P 
 0.05) for a comparison of
a group of infected CD8-depleted mice and infected rat IgG-treated
controls.

FIG. 5. Acidosis of blood in CD8� T-cell-depleted mice infected
with P. berghei malaria. Serum lactate (A), HCO3

� (C), and glutamate
(D) levels were measured in groups of four mice at zero time and on
day 6 of P. berghei malaria. The groups of infected mice were treated
with either anti-CD8 mAb or control rat IgG. The blood pH (B) was
measured with a separate set of experimental animals. Two of five mice
in the control rat IgG-injected group died on day 6 of infection before
blood was obtained for pH measurement, so the pH values are aver-
ages based on the data for three mice. Similar results were obtained in
a duplicate experiment. An asterisk indicates statistical significance
(P 
 0.05) for a comparison of a group of infected mice and uninfected
controls.

FIG. 6. Cardiac output (A) and mean arterial blood pressure (B) in
CD8� T-cell-depleted mice infected with P. berghei. The mean arterial
blood pressure was measured for groups of five mice at zero time and
on day 6 of P. berghei malaria. The groups of infected mice were
treated with either anti-CD8 mAb or control rat IgG. This experiment
was performed once. An asterisk indicates statistical significance (P 

0.05) for a comparison of a group of infected mice and uninfected
controls.
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studies (5, 40). The finding that breakdown of the blood-brain
barrier occurs prior to the onset of symptoms is important
because it shows that vascular leakage occurs not merely be-
cause an animal is moribund and tissue integrity is failing.
Rather, the breakdown of the blood-brain barrier may contrib-
ute to the animal’s demise. Increased vascular leakage was also
observed in lungs, hearts, and kidneys. This result confirmed
our previous findings obtained by using Evans Blue dye leak-
age and a radiolabeled mAb technique (41). It also agrees in
large part with the results of semiquantitative Monastral Blue
studies in which increased vascular permeability was observed
in lungs, brains, hearts, and kidneys (33); however, Neill and
Hunt also observed increased permeability in the liver and
spleen, which are blood filtration organs with little, if any,
permeability barrier. Endothelial cells actively transport Mo-
nastral Blue across the endothelium, and there is no relation-
ship between hemorrhage and extrusion of Monastral Blue
into tissue, suggesting that Monastral Blue extrusion does not
always reflect vascular leakage. Collectively, the results indi-
cate that vascular permeability increases markedly during P.
berghei malaria in several organs besides the brain.

One consequence of increased vascular permeability is tissue
edema. An increase in the ratio of wet weight to dry weight is
a well-recognized indication of tissue edema. We observed
significant (P 
 0.05) increases in the ratios of wet weight to
dry weight in the lungs and brains of P. berghei-infected mice
compared with the ratios for uninfected controls; this finding
indicates that tissue edema occurs during experimental ma-
laria. Even in our genetically controlled (both parasite and
mouse) model of malaria, we observed striking increases in
brain permeability in some experiments (Fig. 1), striking in-
creases in lung permeability in other experiments (Fig. 4), and
equal increases in brain permeability and in lung permeability
in still other experiments. This reflects the situation in humans;
some patients with P. falciparum develop mainly cerebral ma-
laria, other patients develop respiratory distress, and most pa-
tients develop a combination of cerebral malaria and respira-
tory distress (29).

Increased vascular permeability and tissue edema contribute
to poor tissue perfusion, resulting in buildup of waste products
in the blood. The increased lung vascular permeability and
lung edema interfere with gas exchange in P. berghei-infected
mice compared with gas exchange in uninfected controls.
When tissue oxygenation is poor, a switch to glycolysis occurs,
and this results in lactic acid production, tissue acidosis, and a
drop in the extracellular pH. The malarial parasite also uses
glycolysis, and its production of lactic acid may exacerbate the
acidosis. Indeed, the lactic acid concentration in serum in-
creases markedly during P. berghei malaria compared with the
serum lactic acid concentration in uninfected controls. Acido-
sis (pH 
 7.3), which occurs on day 4 of P. berghei infection,
when the animals appear healthy, is usually prevented by in-
creasing the amount of serum HCO3

�. Our data indicate that
malaria results in increased serum glutamate levels. The levels
of glutamate observed during malaria should inhibit HCO3

�

production by the kidneys (4), resulting in the observed decline
in serum HCO3

� levels on day 6 of infection. The high levels
of glutamate may also contribute to neurological complications
of malaria because glutamate has profound effects on the cen-
tral nervous system. Collectively, the changes indicate that

significant (P 
 0.05) metabolic derangements occur with ex-
perimental malaria, possibly as a result of initial changes in
vascular permeability.

The complications of shock observed in P. berghei-infected
mice are similar to those of septic shock. In both diseases,
there is multiple organ failure (particularly lung, brain, kidney,
and heart failure) and respiratory distress with lactic acidosis.
Our data showing (i) increased vascular leakage and edema in
the lungs and (ii) histological changes with infiltrating cells,
alveolar wall thickening, congestion, and fluid in alveolar space
support the contention that respiratory distress occurs during
P. berghei malaria in mice. This respiratory distress exacerbates
metabolic complications and contributes to the vicious cycle
during malarial pathogenesis and septic shock. As in septic
shock, hemodynamic changes also occur during P. berghei ma-
laria. The observed decreases in mean arterial blood pressure
and cardiac output on day 6 of P. berghei infection probably
exacerbate the metabolic complications, thereby creating pos-
itive feedback and leading ultimately to death of the animal.
These findings collectively indicate that mice infected with P.
berghei are in circulatory shock, which resembles septic shock.

There are reports of shock occurring in patients with severe
P. falciparum malaria, and the World Health Organization lists
shock as a poor prognostic indicator for malaria (3, 23). There
are also numerous parallels between complications in patients
with severe malaria and complications in patients with septic
shock, including a prominent role of TNF in pathogenesis (21).
While some workers report no breakdown in the blood-brain
barrier in humans with cerebral malaria (2, 26), other workers
have observed increased blood-brain permeability which was
associated with poor outcome (34, 35). In addition, retinal
hemorrhages are poor prognostic factors and are believed to
reflect petechial hemorrhaging into the brain (5, 25). Lactic
acidosis and shock are other poor prognostic factors for severe
P. falciparum malaria (22). Thus, we propose that circulatory
shock mediates damage in the brains and lungs of some pa-
tients with severe P. falciparum malaria. Consequently, P.
berghei infection of mice is a model for severe P. falciparum
malaria and should allow researchers to study malarial shock.

The concept that malarial pathogenesis is circulatory shock
actually unifies the mechanical hypothesis and the inflamma-
tory hypothesis. For example, minithrombi occur in the late
stages of septic shock. These minithrombi may be analogous to
erythrocyte rosetting during P. falciparum malaria and conges-
tion in cerebral blood vessels. The immune response directed
at the parasite may cause the vascular leakage and edema that
are observed and contribute to the circulatory complications of
malaria, which is the basis for the inflammatory hypothesis.

To test whether the immune response contributes to the
circulatory complications of malaria, we assessed these com-
plications in CD8 T-cell-depleted mice. We selected CD8� T
lymphocytes because this T-cell subset is required for death
due to experimental cerebral malaria (16, 44). Mice depleted
of CD8� T cells by mAb during P. berghei malaria exhibit (i)
attenuated vascular permeability and edema in their lungs and
brains, (ii) diminished lactic acidosis, and (iii) no increase in
serum glutamate levels compared with the levels in rat IgG-
treated and infected controls. CD8-depleted mice infected
with P. berghei also exhibit significantly (P 
 0.05) lower car-
diac output than rat IgG-treated and infected controls. Collec-
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tively, these findings indicate that CD8-depleted mice exhibit
markedly ameliorated circulatory shock compared with the
circulatory shock of rat IgG-treated controls. The pathogenic
mechanism(s) mediating cerebral malaria and respiratory dis-
tress may in fact be similar because depletion of CD8� T cells
protects against vascular permeability changes and edema in
both brains and lungs.

The reemergence of P. falciparum, which causes severe ma-
laria, and the development of drug resistance by the parasite
highlight the need to develop new ways of treating malaria. To
develop new treatments for patients with severe malaria, we
need to better understand its pathogenesis. Our observations
indicate that P. berghei-infected mice develop circulatory
shock, which may be the underlying mechanism for both cere-
bral malaria and respiratory distress with acidosis. The im-
mune system (specifically CD8� T cells) contributes to the
development of these complications. If our concept of circu-
latory shock underlying malarial pathogenesis is validated after
analysis of patients with severe P. falciparum malaria, then
novel treatment modalities may be developed due to an im-
proved understanding of malarial pathogenesis. Thus, we pre-
dict that treatments for septic shock should also be effective in
blunting the severe complications of malaria.
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