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Abstract: The pathogenic mechanisms underlying the occurrence of cerebral malaria (CM) are still incompletely un-
derstood but, clearly, cerebral complications may result from concomitant microvessel obstruction and inflammation.
The extent to which brain edema contributes to pathology has not been investigated. Using the model of P. berghei
ANKA infection, we compared brain microvessel morphology of CM-susceptible and CM-resistant mice. By quantita-
tive planimetry, we provide evidence that CM is characterized by enlarged perivascular spaces (PVS). We show a dra-
matic aquaporin 4 (AQP4) upregulation, selectively at the level of astrocytic foot processes, in both CM and non-CM
disease, but significantly more pronounced in mice with malarial-induced neurological syndrome. This suggests that a
threshold of AQP4 expression is needed to lead to neurovascular pathology, a view that is supported by significantly
higher levels in mice with clinically overt CM. Numbers of intravascular leukocytes significantly correlated with both
PVS enlargement and AQP4 overexpression. Thus, brain edema could be a contributing factor in CM pathogenesis
and AQP4, specifically in its astrocytic location, a key molecule in this mechanism. Since experimental CM is associ-
ated with substantial brain edema, it models paediatric CM better than the adult syndrome and it is tempting to
evaluate AQP4 in the former context. If AQP4 changes are confirmed in human CM, it may represent a novel target for
therapeutic intervention.
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Introduction

Severe malaria remains a major problem of
public health [1-5]. This has been studied in
various ways, including the use of experimental
models. The syndrome of cerebral malaria (CM),
the major fatal complication of plasmodium
infection, invariably occurs, in susceptible
mouse strains, at day 7 after infection with Plas-
modium berghei ANKA (PbA) and is not directly
related to parasite count in the blood [6]. The
fatal outcome is generally attributed to the se-
questration of activated blood cells (notably
monocytes / macrophages, parasitized erythro-
cytes, and platelets) in cerebral vessels and to

inadequate immune responses in the host [7,
8]. The pathogenic mechanisms underlying the
occurrence of cerebral lesions are still incom-
pletely understood but, clearly, cerebral compli-
cations may result from concomitant microves-
sel obstruction and inflammation [9-11].

Blood-brain barrier (BBB) alterations and edema
formation are among the major features of se-
vere malaria (reviewed in [12-14]). Post mortem
observations of CM patients’ brains have re-
vealed parasitized erythrocyte sequestration,
edema, BBB breakdown and petechial hemor-
rhages [15]. The few isolated cases of adults
with CM studied by in vivo imaging techniques
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have shown brain swelling, small hemorrhagic
lesions and focal lesions in cerebrum and brain-
stem [16-20]. Among malaria patients, the pedi-
atric syndrome has been reported to be associ-
ated with pronounced degrees of brain edema
[21], while adults are suggested to present
milder signs of edema [18]. However, brain
edema also is substantial in adults and shows
prognostic value [19]. In the mouse model,
brain edema further worsens ischemia by com-
pressing cerebral arteries, which subsequently
leads to a collapse of the blood flow that ulti-
mately may represent a cause of death [22].

The two main types of brain edema are cytotoxic
and vasogenic [23]. Vasogenic edema involves
accumulation of excess fluid in the extracellular
space of the brain parenchyma because of a
leaky BBB [24]. Cytotoxic edema consists of
intracellular fluid accumulation that occurs dur-
ing anoxic conditions [25].

Recently, the bidirectional water channel ag-
uaporin 4 (AQP4) has been found to play an
important role in brain-water homeostasis [25-
30]. Aquaporins are a family of unique trans-
membrane molecules acting as bidirectional
water channels [31]. Twelve members have
been identified but AQP4 is the main water
channel expressed in the brain [32]. AQP4 is
expressed in astrocyte foot processes, sur-
rounding the brain capillary endothelial cells,
but little is known about the molecular mecha-
nisms involved in its regulation [25, 33]. AQP4
protein is expressed strongly in astroglia at the
BBB and cerebro-spinal fluid (CSF)-brain inter-
faces, suggesting involvement in water move-
ment between fluid compartments (blood and
CSF) and brain parenchyma [34, 35]. AQP4 ap-
pears to facilitate water movement into brain
astroglia in cytotoxic edema, and water move-
ment out of the brain in vasogenic edema [30].
Thus the mechanisms by which brain AQPs are
regulated will be of the utmost clinical impor-
tance, since perturbed water flow via brain
AQPs has been implicated in many neurological
diseases and, in brain edema, water flow via
AQP4 may have a harmful effect [33].

From a histopathological perspective, enlarge-
ment of perivascular spaces is recognized as a
sign of brain edema and has been described
using electron microscopy [36] but not ap-
praised quantitatively in CM. In the PbA mouse
model of CM, our MRI data demonstrated the
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coexistence of inflammatory and ischemic le-
sions and proved the preponderant role of
edema in the fatal outcome of experimental CM.
We previously have demonstrated that CM in-
volves both cytotoxic and vasogenic edema [22,
37].

Along these lines - and in particular considering
the suggestion of a causal relationship between
brain edema, AQP4 expression, and the clinical
severity of malaria - we set out to compare the
CM-susceptible (CM-S) mouse strain, CBA/CaH,
and CM-resistant (CM-R) BALB/cA mice in terms
of their brain microvessel morphology upon in-
fection with PbA. In this study we provide evi-
dence that CM is characterized by enlarged
perivascular spaces (PVS), and markedly in-
creased leukocyte sequestration. We show a
dramatic AQP4 upregulation, selectively at the
level of astrocytic foot processes, in both CM
and non-CM disease, but significantly more pro-
nounced in mice with malarial-induced neuro-
logical syndrome. These findings are consistent
with a pathogenic role of brain edema and as-
trocytic AQP4 in the development of cerebral
complications.

Materials and methods
Animals and parasites

Animal studies were undertaken in accordance
with the guidelines under the Australian Code of
Practice for the Care and Use of Animals for
Scientific Purposes and approved by the Univer-
sity of Sydney Animal Ethics Committee. Four-
teen female CBA/CaH and 15 female BALB/c
mice (8-10 weeks old) were used for this study,
3 of each as controls and 11 of CBA/CaH and
12 of BALB/c that were infected with P. berghei
ANKA by intraperitoneal injection of 106 parasi-
tized erythrocytes, as described [38]. The mice
were housed in individual ventilation cages and
fed ad libitum in the laboratory animal facility of
the Medical Foundation Building, Department of
Pathology, University of Sydney. Parasitemia
was monitored on days 4 and 7 of infection by
examining DiffQuick® (Jorgensen laboratory,
J322A3)-stained blood smears. Mice were
screened on a daily basis for neurological mani-
festations.

Specimen processing

Mice were euthanized with over dose inhalation
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of Isoflurane® on day 7 post inoculation and
brains collected and fixed in 10% v/v neutral
buffered formalin for 8 h at 4°C. Fixed speci-
mens were dehydrated in graded alcohol and
processed using standard procedures. The tis-
sue was embedded in paraffin and sectioned at
7 um. Serial tissue sections were mounted on
SuperFrost plus slides (Menzel GmbH & Co KG,
SF41296PL) for immunohistochemistry and
normal glass slides for H&E staining.

Immunohistochemistry

Heat-induced antigen retrieval with citrate
buffer, pH 6 was used to unmask the antigen.
Endogenous peroxidase was quenched with 1%
v/v hydrogen peroxide in methanol after sec-
tions were cooled. Sections were washed with
0.2% v/v Tween in Tris buffered saline (TBS)
and blocked with 10% w/v skim milk for 20 min.
Sections were incubated for 30 min at room
temperature with 1:40 rabbit anti-GFAP
(Biogenex, San Ramon, CA, USA) diluted in TBS
with 1% v/v normal goat serum (NGS, Vector,
USA, S1000). The sections were washed in TBS
and incubated for 30 min with 1:200 bioti-
nylated goat anti-rabbit antibody (Vector, USA,
BA1000) in 1% NGS/TBS at room temperature.
Slides were washed, incubated with avidin bio-
tin peroxidase complex (ABC Vectastain, Vector,
USA, PK4000) in TBS for 30 min at room tem-
perature, and visualized with diaminobenzidine
(DAB, DAKO, K3468). Sections were again
blocked with 10% skim milk after several
washes with 0.2% Tween in TBS and incubated
overnight at 4°C with 1:80 polyclonal rabbit anti-
rat AQP4 (Chemicon, AB3068). The sections
were washed in TBS and incubated for 30 min
with 1:200 biotinylated goat anti-rabbit antibody
(Vector, USA, BA1000) in 1% NGS/TBS at room
temperature. Slides were washed in TBS, incu-
bated for 30 min with avidin biotin alkaline
phosphatase complex (ALP; DAKO RealTM De-
tection System, K5005) and visualized with lig-
uid permanent red (LPR, DAKO, KO604). Slides
were counterstained with hematoxylin before
permanent mounting with Vectamount (Vector,
USA). Image analysis was performed using the
AnalySIS Five software (Olympus).

Statistical analysis
Nonparametric Kruskal Wallis test, Friedman

test, and Mann-Whitney U-tests were performed
with GraphPad Prism 4.0 software and p < 0.05
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was considered significant. Results are ex-
pressed as mean + SEM.

Results
Quantitation of perivascular space

Non-infected and PbA-infected mice of both
strains were sacrificed, on day 7 post-
inoculation (p.i.), i.e., at the time of CM onset in
CBA mice, and brain tissue collected and proc-
essed with buffered formalin, which gave the
most consistent results in terms of tissue pres-
ervation and reproducibility. On all vessels that
were visible on each H&E stained section, i.e,,
without any selection, the outline of the perivas-
cular space (PVS) was drawn manually so as to
delineate its outer and inner limits, with a yellow
and a green line, respectively, as shown in Fig-
ure 1A. The “Polygon” selection of the Analysis
Five software was used to draw the lines and
the surfaces of these two areas were computed
by planimetry for each vessel. The PVS was cal-
culated by subtraction of these two surfaces
and expressed in m2. While infection with PbA
was associated with a highly significant PVS
enlargement both in CM-S CBA and CM-R BALB/
€ mice, this increase was significantly greater in
CM-S than in CM-R animals (Figure 1B). The
infection-induced PVS enlargement was seen in
all the CNS areas studied, with differences be-
tween infected CBA and infected BALB/c mice
being significant only in cerebrum, midbrain and
hippocampus (Figure 1C).

Pattern and modulation of aquaporin 4 (AQP4)
expression

On the same brain samples, we then sought to
examine and quantify the expression of AQP4 in
relation to malarial infection. In PbA-infected
CBA mice, which were exhibiting signs of CM
(detailed in 7, 8), we observed an increased
AQP4 staining in the PVS, at the level of astro-
cyte foot processes, when compared to non-
infected mice (Figure 2A). No such difference
was seen in CM-resistant BALB/c mice. Dual
staining for GFAP confirmed the localization of
increased AQP4 (Figure 2A, right panels). It is
noteworthy that the AQP4 expression at the
level of vascular end feet of astrocytes was
identical in infected and non-infected mice, irre-
spective of the mouse strain (Figure 2A, left
panels). In contrast to what was seen at the
level of PVS, the other two AQP4-rich barriers,
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Figure 1. Quantitation of brain edema during PbA infection. A. Delineation of the perivascular space (PVS) with a
green line (inner part) and a yellow line (outer part); B. Changes in PVS in CM-S versus CM-R mice, as quantified by
planimetry. The numbers of vessels analysed were 302 in non-infected (NI) CBA, 274 in PbA-infected CBA, 227 in NI
BALB/c and 247 in PbA-infected BALB/c (total numbers of vessels, in 5 or 6 mice per group). All vessels on each
sections were analyzed: this explains the different numbers of vessels in each group. C. Topographical distribution of
PVS changes in CM-S and CM-R mice upon PbA infection. *: p<0.05 between infected and non-infected;#: p<0.05
between infected CBA and infected BALB/c; ***: p<0.0001, non-parametric Mann-Whitney U tests.

namely the glia limitans and the ependyma, did
not show any modulation of AQP4 expression
with PbA infection in either CM-S or CM-R mice
(Figure 2B). When AQP4 expression was quanti-
fied using planimetry of the stained surfaces,
we found that malarial infection resulted in a
significant increase in AQP4 expression in both
CM-susceptible and CM-resistant mice (Figure
2C), with a significantly higher expression in the
former (p<0.001). Interestingly, the AQP4 ex-
pression was found to be significantly higher in
CBA mice with clinical signs of neurological in-
volvement i.e., showing palsies, convulsions or
ataxia, than in CBA mice also sampled on day 7
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but without neurological signs (Figure 2D). In
addition, PVS was significantly larger when
AQP4 expression was higher (PVS: 367.72 +
25.83 m2when AQP4 was 5-10 m?2versus
512.55 + 27.74 m2, when AQP4 was > 15 m2, p
< 0.05).

Quantitation of leukocyte sequestration in brain
microvessels during PbA infection

All brain sections analysed for PVS were then
examined for intravascular leukocytes. While
non-infected mice of the two strains showed no
leukocyte in either capillaries or post-capillary
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Figure 2. Patterns of AQP4 expression in CM-S and CM-R mice upon PbA infection. A. Distinct patterns of AQP4 ex-
pression: selectively increased expression in perivascular spaces in CBA mice with CM, on day 7 p.i. The AQP4 expres-
sion in astrocytic foot processes is higher in CBA than in BALB/c mice. AQP4 is revealed in brown (DAB) except on the
two right panels, where it is revealed in red (LPR) and GFAP in brown (DAB), representative of 5 mice. B. AQP4 pat-
terns in glia limitans and ependymal cells. DAB staining. C. Quantitation of AQP4 expression by planimetry in non-
infected (NI) versus PbA-infected mice. The incubation conditions were identical between all sections and all animals
by incubating simultaneously for all immunostainings. Numbers in parentheses indicate the numbers of vessels stud-
ied. *: p<0.01,***: p < 0.0001. D. AQP4 expression in relation to clinical expression of CM. CBA mice, 7 days p.i.,
with clinically silent versus clinically overt neurological syndrome of CM. Numbers in parentheses indicate the num-
bers of vessels studied. Kruskall-Wallis test, non-parametric one-way ANOVA with Bonferroni test.

venules, PbA-infected mice, on day 7 p.i., pre- Discussion

sented a substantial accumulation of mononu-

clear leukocytes. When computed as either the In this paper we have analysed histopathologi-
number of white blood cells in brain vessels or cal parameters in experimental CM by compar-
as the numbers of brain vessels showing more ing mice that are either susceptible or resistant
than 2 white blood cells in their lumen, we to the neurological syndrome. First, we analysed
found that this phenomenon was significantly the perivascular spaces (PVS), a well recognised
more pronounced in CM-S CBA than in CM-R change related to brain edema, but which had
BALB/c mice (Figure 3A and 3B, respectively). never been precisely quantified in relation to
Representative illustrations of the leukocyte the neurovascular pathology of CM. We found
sequestration are presented in Figure 3C - 3E, that malaria causes a marked enlargement of
the intensity of which was higher with large PVS PVS in both strains of mice, compared to non-
and high APQ4 expression (Figure 3F). infected mice. This PVS enlargement was signifi-
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Figure 3. Leukocyte sequestration in brain microvessels and its relation to edema during PbA infection. A. Individual
microvessels were analysed in 15 mice per group. 518 and 398 vessels were studied in CBA and BALB/c mice, re-
spectively. Mann-Whitney test. B. Proportion of microvessels containing more than 2 WBC. Each dot represents per-
centages in individual mice (n = 15). Representative post-capillary venule with 10, 5, or 3 leukocytes, (C, D, E, respec-
tively). PbA-infected CBA mouse, day 7 p.i. Haematoxylin-eosin staining, magnification 400x. F. Intravascular leuko-
cyte numbers correlate with PVS and AQP4 (same vessels studied as in A.). Non parametric Mann-Whitney U test.

cantly more pronounced in CM-susceptible ani-
mals than in their CM-resistant counterparts. In
BALB/c mice, the significant degree of PVS
enlargement in the absence of neurological
signs suggests that that a threshold of edema
may be needed to lead to CM.

Since CM involves both cytotoxic and vasogenic
edema [22, 37], we focussed our attention on
the three brain sites that are rich in AQP4, i.e.
where it is known that excess water can be
eliminated in the case of either cytotoxic or
vasogenic edema: the blood-brain barrier, into
the bloodstream; the glia limitans, into the su-
barachnoid space; and the ependyma, into the
ventricles.

In physiological conditions, the pattern of distri-
bution of AQP4 within the perivascular space
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might be related to the control of the perivascu-
lar volume, a function that may be crucial for
maintenance of cerebral blood perfusion [39].
The density of AQP4 expression may be related
to the size of the extracellular space. The stra-
tum pyramidale, which shows a high degree of
AQP4 labeling, exhibits a very low extracellular
volume fraction [40]. The presence of AQP4
may also be due to the sensitivity of these re-
gions towards an expansion of the extracellular
space [41]. Several studies of pathologic AQP4
expression have been reported. Mice deficient
in AQP4 show decreased cerebral edema and
improved neurological outcome following anoxia
-producing conditions and infectious diseases
[25, 26, 35, 42, 43]. AQP4 expression is in-
creased in edematous human brain tumors,
traumatic brain injury, ischemia, and various
inflammatory lesions [28, 44], notably in rat
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brain in severe hydrocephalus [45]. The expres-
sion pattern of AQP4 has been described to
correlate with BBB disturbance, but not with
survival, in glioblastoma [46, 47]. Finally, dexa-
methasone has been found to reduce both
brain edema and AQP4 expression [48].

In our study, we show that it is the AQP4 pre-
sent in astrocytic foot processes that seems to
be relevant to the triggering of CM, while the
molecule expressed in glia limitans and ependy-
mal cells is not. In addition, very much like PVS,
this AQP4 expression was increased in both CM
and non-CM, but was significantly more pro-
nounced in the former. This suggests that a
threshold of increased AQP4 expression is
needed to lead to neurovascular pathology, a
view that is supported by the observation of
significantly higher levels in mice presenting
with clinically overt signs of CM (Figure 3B).

Leukocyte accumulation in brain microvessels is
a central feature of experimental CM histopa-
thology, as shown in several reports [49-53] and
we show here that it is quantitatively related to
CM. While intravascular leukocytes are not nec-
essarily associated with pathology, as dissocia-
tion between these two can be seen upon anti-
LFA-1 treatment [54] or in uPA KO mice [55], we
demonstrate here that there is a significant cor-
relation between intravascular leukocytes and
both PVS enlargement and AQP4 overexpres-
sion.

Taken together, our data point toward brain
edema as a contributing factor in CM patho-
genesis and to AQP4, specifically in its astro-
cytic location, as a key molecule in this mecha-
nism. Since experimental CM is associated with
substantial brain edema, it models paediatric
CM [21] better than the adult syndrome [18]
and it is tempting to evaluate AQP4 in the for-
mer context. If AQP4 changes are confirmed in
human CM, it may represent a novel target for
therapeutic intervention.
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