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Abstract
Experimental cerebral malaria is a neuroinflammatory condition that results from the host immune
response to the parasite. Using intravital microscopy, we investigated leukocyte recruitment in the
brain microcirculation and the temporal relationship of this process to the behavioral changes
observed in Plasmodium berghei (strain ANKA)-infected C57Bl/6 mice. We found that leukocyte
recruitment was increased from day 5 post-infection (p.i.) onwards. Histopathological changes and
increased levels of inflammatory cytokines in the brain were also observed. Behavioral
performance evaluated by the SHIRPA protocol showed functional impairment from day 6 p.i.
onwards. Thus, early leukocyte migration into the brain and associated inflammatory changes may
be involved in neurological impairment in parasite-infected C57Bl/6 mice.
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1. Introduction
Malaria infection causes a wide variety of clinical symptoms, ranging from mild unspecific
signs to severe forms marked by deep anemia, respiratory distress syndrome and cerebral
malaria (CM) (WHO, 2000). CM is the major complication of Plasmodium falciparum
infection in humans and, in agreement with WHO clinical criteria, is defined as a potentially
reversible diffuse encephalopathy with coma in the absence of other factors that could cause
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reduced level of arousal (Lou et al., 2001; Medana and Turner, 2006). Long-term
neurocognitive impairment has been described in children afflicted by CM (Idro et al., 2006;
John et al., 2008a), but the pathogenic mechanisms underlying this impairment remain
unclear.

Two main hypotheses have been proposed to explain the pathogenesis of CM: 1) neural
injury following direct sequestration of parasite-infected red blood cells in the cerebral
microvasculature and endothelia, and 2) neural injury associated with an inflammatory
response to the parasite in the central nervous system (CNS). More recently, there is a trend
to consider a unified hypothesis in which parasite sequestration and inflammation
cooperatively lead to microcirculatory dysfunction and to neurological symptoms (van der
Heyde et al., 2006).

Many animal models have been developed to elucidate the inflammatory and/or
immunological mechanisms involved in CM (de Souza and Riley, 2002). Experimental CM
is characterized by an intravascular accumulation of mononuclear leukocytes and platelets
and the presence of perivascular inflammation and parenchymal microhaemorrhages in the
CNS (Lackner et al., 2006a). High levels of circulating and cerebral tissue cytokines have
also been observed (Grau et al., 1987), including increased expression of CXCL10, CCL2,
and CCL5 in mice infected with Plasmodium berghei (strain ANKA) (PbA) (Hanum et al.,
2003). These chemokines may represent the signal responsible for the chemoattraction of
circulating leukocytes into the CNS and they may also contribute directly to neuronal and
glial dysfunction.

Finally, mice infected with PbA may exhibit behavioral symptoms as a result of these
neuroinflammatory processes (Lackner et al., 2006b; Desruisseaux et al., 2008). In this
study, in order to better understand the timing of processes involved in the behavioral
changes that occur during CM, we studied early events in leukocyte migration into the CNS
in PbA-infected mice using intravital microscopy.

2. Materials and Methods
2.1. Animals

C57Bl/6 mice (6 to 8-week-old) were obtained from the Animal Care Facilities of the
Federal University of Minas Gerais, Brazil. Animals were housed in cages in temperature-
controlled rooms and received food and water ad libitum. All procedures described had prior
approval from the local animal ethics committee.

2.2. Parasite and experimental infection
Plasmodium berghei (strain ANKA) (PbA) was used in this study. Parasites were
maintained in a stabilizer in liquid nitrogen and subjected to at least one in vivo passage
prior to use in experimental infection. Mice were infected by intraperitoneal (i.p.) injection
of 106 parasitized red blood cells (pRBC) suspended in 0.2 mL PBS (Grau et al., 1986). The
level of parasitemia in infected mice was monitored on Giemsa-stained blood films from day
3 onwards and estimated at 1,000 infected RBCs under immersion oil.

2.3. SHIRPA screen
The SmithKline/Harwell/Imperial College/Royal Hospital/Phenotype Assessment (SHIRPA)
screen was conceived as a multi-test behavioral battery used for longitudinal studies with
standardized guidelines and materials (Rogers et al., 1997). The primary SHIRPA screen
consists of a series of observations of reflexes and basic sensorimotor functions and provides
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a behavioral and functional profile by observational assessment of individual performance
(Lalonde et al., 2005).

The SHIRPA protocol was used to evaluate behavioral changes during the course of the
infection. After a period of adaptation, the procedure was carried out on day 0 (day of
infection) and then from day 3 until death on daily basis. For analysis purpose, the
individual parameters assessed by SHIRPA were grouped into five functional categories
(neuropsychiatric state; motor behavior; autonomic function; muscle tone and strength, and
reflex and sensory function) according to Lackner et al. (2006b), determining an overall
score and five domain scores. The reflex and sensory domain involves visual placing, pinna
reflex, corneal reflex, toe pinch and righting reflex.

2.4. Intravital microscopy in mouse brain
Intravital microscopy of brain microvasculature was performed as previously described
(Vilela et al., 2008, 2009). Briefly, control and infected mice (on day 3 and 5 p.i.) were
anesthetized by intraperitoneal (i.p.) injection of a mixture of Ketamine (150 mg/kg,
Laboratório Cristália, Brazil) and Xylazine (10 mg/kg, Rompun®, Bayer, Germany) and the
tail vein was cannulated. A craniotomy was performed using a high-speed drill (Beltec,
Brazil) and the dura matter was removed to expose the underlying pial vasculature.
Throughout the experiment, the mouse was maintained at 37°C with a Thermo Plate
(TOKAI HIT, Nikon Inc., Japan) and the exposed brain was continuously superfused with
artificial cerebrospinal fluid (composition in mM: NaCl 132, KCl 2.95, CaCl2 1.71, MgCl2
0.64, NaHCO3 24.6, dextrose 3.71 and urea 6.7, pH 7.4) held at 37°C.

To observe leukocyte/endothelium interactions, leukocytes were fluorescently labeled by i.v.
administration of rhodamine 6G (0.3mg/kg, Sigma-Aldrich, St. Louis, MO) and observed
using a microscope (Nikon, Eclipse 501, X10 objective lens) outfitted with a fluorescent
light source (epi-ilumination at 510–560 nm, using a 590 nm emission filter). Images were
captured by a camera (Nikon, DS-Qi1MC) and projected onto a monitor (LG, FLATRON-
W1952TQ). Rolling leukocytes were defined as white cells moving at a velocity less than
that of erythrocyte flux. Leucocytes were considered adherent to the venular endothelium
(100 μm length) if they remained stationary for 30s or longer.

2.5. Histology
For histological analysis, brains were quickly removed, fixed in 10% formalin, embedded in
paraffin and cut into 4 μm sections. The sections were stained with hematoxylin and eosin
(H&E) to assess neuronal injury. Slides were examined under a light microscope for
qualitative analysis of inflammatory parameters.

2.6. Tissue Extraction and Measurement of NAG Activity
The extent of macrophage sequestration was quantified indirectly by the measuring of N-
acetyl-β-D-glucosaminidase (NAG) activity in brain supernatants, as an index of monocyte
influx (Barcelos et al., 2005). In brief, the brains of control and infected animals (on day 5
p.i.) were removed, weighed and the tissue was homogenized in extraction solution (100 mg
of tissue per mL), containing: 0.4 M NaCl, 0.05% Tween 20, 0.5% BSA, 0.1 mM phenyl
methyl sulphonyl fluoride, 0.1 mM benzethonium chloride, 10mM EDTA and 20 KIU
aprotinin, using Ultra-Turrax. Brain homogenate was centrifuged at 3,000 g for 10 min at 4°
C and supernatants were collected for ELISA and stored at −20° C. The resultant pellet was
resuspended in saline/Triton 0.1%. The NAG reaction was run at 37°C for 10 min in a 96-
well microplate following the addition of 100 μL p-nitrophenyl-N-acetyl-β-D-glucosaminide
(Sigma-Aldrich, St. Louis, MO), dissolved in citrate/phosphate buffer (0.1 M citric acid, 0.1
M Na2HPO4, pH 4.5) at a final concentration of 2.24 mM per 100 μL supernatant derived
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from tissue sample processing. The reaction was terminated by the addition of 100 μL 0.2 M
glycine buffer (pH 10.6). NAG activity was assayed by measuring the change in absorbance
(optical density [OD]) at 405nm in a spectrophotometer (Emax, Molecular Devices) and
interpolated on a standard curve constructed with p-nitrophenol (0–500 nmol/ml) (Sigma-
Aldrich). Results were expressed as change in O.D. per gram of tissue.

2.7. ELISA of proteins in cerebral tissue
Brain tissues were obtained from control and infected mice (on day 3, 5 and 7 p.i.) and the
supernatants were collected and stored at −20° C. The concentrations of TNF-α, CXCL1,
CXCL9, CCL2, CCL3 and CCL5 were determined by ELISA. Additionally, the systemic
concentration of TNF-α and CXCL9 was measured in serum obtained from coagulated
blood (15 min at 37° then 30 min a 4°C, stored at −20°C until analysis). Samples at a 1:3
dilution in 0.1% BSA in PBS were assayed by ELISA using commercially available
antibodies according to the procedures supplied by the manufacturer (R&D Systems,
Minneapolis, MN and Pharmingen, San Diego, CA).

2.8. Statistical analysis
Data are shown as mean ± SEM (except the survival curve). Student t-test was used in NAG
analyzes. SHIRPA results, leukocyte-endothelium interaction and ELISA were evaluated by
ANOVA, with Newman-Keuls post-test. The survival rate was expressed as the percentage
of live animals. A value of p<0.05 was considered significant.

3. Results
3.1. Plasmodium berghei (strain ANKA) infection changes behavioral parameters in C57Bl/
6 WT mice

C57Bl/6 WT mice were infected with PbA and monitored daily. Parasitemia progressively
increased (Fig. 1A) and mortality peaked on day 7 p.i. (Fig. 1B). There was a marked weight
loss in mice during the infection (Fig. 1C).

To further analyze the clinical signs of animals, we performed the SHIRPA behavioral
battery. SHIRPA analysis confirmed that infected mice developed a wide range of
behavioral changes during the course of the disease prior to death (Fig. 2). Neuropsychiatric
state was altered in the early course of malaria infection, starting from day 4 p.i. Motor
behavior, autonomic function, muscle tone and strength were altered from day 6, while
reflex and sensory function did not change until day 7 p.i.

3.2. PbA-infected mice present several histopathological changes in the brain
Brain samples were evaluated by routine histological techniques in order to determine the
progress of the morphological changes in cerebrum and cerebellum of infected mice.
Control and infected mice sacrificed on day 3 p.i. had no evidence of morphological changes
(Fig. 3A–D). Infected mice on day 5 p.i. showed moderate intravascular infiltrates,
consisting primarily of mononuclear cells, and hemorrhagic areas, especially in the
cerebellum (Fig. 3E and F). On day 7 p.i., surviving animals exhibited endothelial damage,
mild intravascular infiltrates, multifocal hemorrhages (brain parenchyma and cerebellum)
and changes consistent with glial activation and neuronal damage (Fig. 3G and H).

3.3. Monocytes/macrophages are increased in the brain of PbA-infected mice
To confirm the presence of monocyte/macrophage infiltration in the brain of PbA-infected
mice, we measured NAG activity in brain tissue from control and infected mice. In infected
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mice, on day 5 p.i., the NAG activity was almost two-fold higher than that observed in
controls, indicating the presence of monocytes and macrophages (Fig. 4).

3.4. Leukocyte recruitment is increased in the pial microvasculature of PbA-infected mice
To assess the time course of the infiltration of cells into the brain, we performed intravital
microscopy in the pia mater vessels. The number of rolling and adherent rhodamine-stained
leukocytes was similar in control and infected animals on day 3 p.i., but increased
significantly on day 5 p.i. (p<0.001) (Fig. 5), consistent with the heightened monocyte/
macrophage infiltration observed by histology and NAG measurements.

3.5. CC and CXC chemokines are increased in the brain of PbA-infected mice
Leukocyte activation and recruitment depends on the involvement of cytokines and
chemokines. Therefore, we evaluated cerebral levels of TNF-α and the chemokines CCL2,
CCL3, CCL5, CXCL1 and CXCL9 (Fig. 6). PbA infection increased cerebral levels of
CXCL9 on days 5 and 7 p.i., and CCL2, CCL3 and CCL5 on day 7 p.i., but did not alter
CXCL1 levels. Serum levels of TNF-α were increased on days 5 and 7 p.i., and serum
CXCL9 levels were increased on days 3, 5 and 7 p.i.

4. Discussion
In this study, we found a temporal association between behavioral changes and
inflammatory parameters in the CNS of PbA-infected mice. The early leukocyte recruitment
events observed on day 5 p.i. preceded neurological changes, which were clearly evident
from day 6 p.i. until death.

PbA induces a neurological syndrome in susceptible mouse strains that mimics human CM.
The concept of experimental CM is traditionally associated with the presence of typical
neurological signs, such as ataxia, paralysis, seizures and coma, followed by death (Bagot et
al., 2002). However, as the pathogenesis of CM includes different mechanisms with a
varying degree of severity, this concept may be too restrictive, not encompassing more
subtle neurological signs, including mild to moderate cognitive impairment (Medana et al.,
2001). Along this line, Desruisseaux et al. (2008) recently demonstrated that memory
dysfunction in experimental malaria correlated with brain inflammation and hemorrhage, as
well as microglial activation. Our results corroborate these findings, as a series of
neurological signs developed in association with early inflammatory changes in CNS. We
found an increase in the rolling and adhesion of rhodamine-stained leukocytes by in vivo
analysis of cell recruitment using intravital microscopy. This increase was observed on day
5 p.i., while most neurological changes were observed after 6 days of infection.

Once we had observed these inflammatory changes, we looked at the brain tissue. The major
histopathologic findings were hemorrhagic areas and intravascular inflammatory infiltrates
composed mainly of mononuclear cells. The increase of NAG in brain supernatants
corroborated the histopathologic finding of mononuclear recruitment to brain tissue in
infected animals. NAG activity is one of the many parameters that can assess macrophage
activity and, hence, is an index of monocyte/macrophage tissue infiltration (Reiner et al.,
1981). One limitation of our work is the absence of a more detailed study of the types of
leukocytes recruited into CNS. This is an interesting issue as previous studies emphasized
the role of determined cell types, such as CD8+ T, in the development of neurological signs
in the course of CM (Belnoue et al., 2002). Future studies will address in detail the
leukocyte subtypes infiltrating the brain and their putative role in modifying behavioural
function.
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There was also an increase in the levels of chemokines in the brain. Previous studies showed
that chemokines up-regulate the expression of adhesion molecules and facilitate leukocyte
migration processes in the brain (Ransohoff, 2002). The specific role of chemokines in
determining the clinical severity and/or the outcome of malaria or CM remains to be
defined. However, as demonstrated by others (Hanum et al., 2003; Miu et al., 2008; Van den
Steen et al., 2008), we found increased cerebral levels of chemokines in the brain of mice
infected with PbA. Specifically, we found that CXCL9, an interferon-γ-inducible chemokine
(Faber, 1997), was upregulated at day 5 p.i. in the brain and at day 3 p.i. in the serum
(Figure 6), predicting the large increase in infiltrating leukocytes in the brain
microvasculature (Figures 3 and 5) and the onset of functional deficits (Figure 2). This
CXCR3 ligand is associated with macrophage activation (Menke et al., 2008) and leukocyte
infiltration in a number of inflammatory disease states associated with parasite infection,
including Chagas disease (Cutrullis et al., 2009). Whether CXCL9 in our model was
produced by neural cells or by an early wave of infiltrating macrophages and whether the
brain CXCL9 promoted additional macrophage recruitment and/or T cell recruitment
remains to be determined.

Recently, Miu et al. (2008) showed the up-regulation of CXCL9 and CCL5 in experimental
CM at the level of mRNA expression. These two chemokines are directly involved in T cell
and monocyte/macrophage recruitment to target tissues (Simpson et al., 2000). Additionally,
CXCL9−/− mice (Campanella et al., 2008) and IP-10−/− mice (Nie et al., 2009) were
reported to be partially/markedly resistant to CM during PbA infection, and exhibited lower
leukocyte migration to the brain. Therefore, the increase in leukocyte recruitment during
PbA infection in wild type mice in our model may be a direct consequence of CXCL9
upregulation.

Finally, systemic inflammation, as suggested by the increase of serum CXCL9 levels on day
3 p.i., could explain the early alteration in neuropsychiatric state starting at day 4 p.i.
However, whether chemokine expression directly results in cognitive dysfunction or
whether recruited leukocytes are primarily responsible remains unclear. The association of
inflammatory chemokine and cytokine production in the CNS with mild cognitive
impairment (John et al., 2008b) and under conditions of CNS viral infection (Sui et al.,
2007) suggests that these factors may directly impair neuronal function.

In the present study, we found that deficits in cognitive function associated with cerebral
malaria in mice triggered by infection with Plasmodium berghei (strain ANKA) follows an
early wave of leukocyte recruitment to the CNS. This recruitment may be driven
predominantly by CXCL9, as this was the chemokine that we observed to be increased in
the brain prior to severe cognitive impairment. The upregulation of CCL2, CCL3, and CCL5
in the brain at later timepoints just prior to death suggests that these chemokines are not
responsible for the initial inflammatory infiltration into the malarial CNS. Further studies are
necessary to define leukocyte subsets recruited into the CNS and possibly involved in
behavioral changes.
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Fig. 1.
(A) Time course of parasitemia in infected mice (n=8). (B) Time course of survival of mice
infected with PbA (n=8). (C) Weight variation in control (n=4) and infected (n=8) mice.
Each point of parasitemia and weight loss is expressed as mean ± SEM.
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Fig. 2.
Visualisation of performance of control animals and PbA -infected animals in the five
distinct functional categories (neuropsychiatric state; motor behavior; autonomic function;
muscle tone and strength, and reflex and sensory function) (A–E). Overall scores of the
functional categories are shown in groups of at least five mice. Scores of animals at different
time points of infection and scores of control animals were compared by One-way ANOVA
with Newman-Keuls post-test. *p<0.05; **p<0.01; ***p<0.001.
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Fig. 3.
Hemorrhages and intravascular inflammatory infiltrates in the brain of PbA-infected C57Bl/
6 mice (H&E). (A and B) Hematoxylin and eosin-stained sections of cerebellum and
cerebrum of control mice without morphological changes. (C and D) Cerebellum and
cerebrum parenchyma without inflammatory cells and a typical architecture in mice on day
3 p.i. (E) Intravascular inflammatory cells and hemorrhagic areas in the cerebellum on day 5
p.i. (F) Cerebrum parenchyma with intravascular inflammatory infiltrates in the same date.
(G) Multifocal hemorrhages in the cerebellum and neuronal damage on day 7 p.i. (H)
Vasculat alteration with edema and intravascular inflammatory cells on day 7 p.i.
Magnification, ×200.
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Fig. 4.
NAG levels in cerebral tissue from control and infected mice. Infected mice on day 5 p.i.
showed increased NAG levels when compared with control. Groups of at least five mice and
results are expressed as mean ± SEM, where *p<0.05.
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Fig. 5.
The study of leukocyte-endothelium interaction was performed by intravital microscopy.
The rolling (A) and adhesion (B) of leukocytes in the brain microvasculature were assessed.
The protocol included control (sham) and infected animals. Mice, infected by PbA, on day 5
p.i. showed an increase in cell recruitment when compared with control. Groups of at least
five mice, results are expressed as mean ± SEM, where **p<0.01; ***p<0.001. ANOVA
confirmed the significance.
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Fig. 6.
Comparative analysis of TNF-α, CCL2, CXCL1, CXCL9, CCL5 and CCL3 concentration in
control and PbA-infected mice by ELISA. Results were expressed as the mean ± SEM from
at least five animals per group. Asterisk(s) indicate statistical differences where *p<0.05,
**p<0.01 and ***p<0.001.
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