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ARTICLE INFO ABSTRACT
Article history: The role of neurotrophic factors on the integrity of the central nervous system (CNS) during
Accepted 21 October 2012 cerebral malaria (CM) infection remains obscure, but the long-standing neurocognitive

sequelae often observed in rescued children can be attributed in part to the modulation of
neuronal survival and synaptic plasticity. To discriminate the contribution of key responses in
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malaria syndrome we defined four stages (I-IV) of the neurological progression of CM in
C57BL/6 mice infected with Plasmodium berghei ANKA. Upregulation of ICAM-1, VCAM-1, e-
selectin and p-selectin expression was detected in all cerebral regions before parasitized red
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Cytokine blood cells (pRBC) accumulation. As the severity of symptoms increased, BDNF mRNA
progressively diminished in several brain regions, earliest in the thalamus-hypothalamus,
cerebellum, brainstem and cortex, and correlated with a four-stage disease sequence.
Immunohistochemical confocal microscopy revealed changes in the BDNF distribution
pattern, suggesting altered axonal transport. During CM progression, molecular markers of
neurological infection and inflammation in the parasite and the host, respectively, were
accompanied by a switch in the brain constitutive proteasome to the immunoproteasome,
which could impede normal protein turnover. In parallel with BDNF downregulation, NCAM
expression also diminished with increased CM severity. Together, these data suggest that
changes in BDNF availability could be involved in the pathogenesis of CM.
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1. Introduction

Cerebral malaria (CM) is the most important parasitic central
nervous system (CNS) disease worldwide, accounting for 80%
of all fatal cases of malaria. Although CM may be lethal in
15-30% of cases, it is potentially reversible (Armah et al., 2005;
Bentivoglio et al., 2011). Most patients that survive CM make a
full recovery, though long-standing neurocognitive sequelae
are often observed, particularly in African children. Post-CM,
impairments are observed in working memory, attention,
language, hearing and vision and these may be accompanied
by ataxia, hemiparesis or quadriparesis and epilepsy (Boivin
et al,, 2007; Idro et al., 2010a, 2010b). CM sequelae seem to be
of multifactorial origin although their cause is largely
unknown. A major role in triggering CM has been ascribed
to microvascular obstruction by parasite adhesion and an
exacerbated host inflammatory response (Lou et al., 2001). In
a retrospective study, the severity of the clinical picture was
linked to axonal injury (Medana et al., 2007) and neuronal
damage has been identified to be a key process in CM (Anand
and Babu, in press; Eeka et al., 2011). In this context, there is
growing evidence that brain-derived neurotrophic factor
(BDNF) is an important regulator of synaptogenesis and
synaptic plasticity underlying learning and memory in the
adult CNS. Moreover, BDNF promotes the survival and differ-
entiation of neurons, axon regeneration and is involved
in synaptic transmission (Cunha et al, 2010; Lu, 2003).
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Neuroprotection/neurotoxicity balance has been reported
critical in CM development (Delahaye et al, 2007) and
damaged synaptic transmission is also observed in CM
(Marin-Garcia et al., 2009). All these suggest that BDNF could
play a major role in the CM syndrome. Moreover, this central
neurotrophin interacts with the proteasome system and
neural cell adhesion molecule (NCAM), both attributed sig-
nificant roles in neuronal survival and synaptic plasticity
(Dong et al., 2008; Kiss et al., 2001; Seo et al., 2008). Hence,
altered levels of any of these molecules give rise to CNS and
behavioral impairments (Bingol and Sheng, 2011; Fukami
et al., 2000; Rubinsztein, 2006). Pro-inflammatory cytokines
produced during CM could induce immunoproteasome
expression and proteasome switching to immunoproteasome
(Groettrup et al., 2010; Nguyen et al., 2010). Host NCAM could
also contribute to the sequestration of the parasitized red
blood cells (pRBC) that provoke CM since it is capable of
in vitro interacting with pRBC (Pouvelle et al., 2007). However,
expression changes in NCAM produced during the course of
CM have not yet been examined.

Given the role played by NCAM and BDNF in neurocognition
(Bisaz et al., 2009; Zuccato and Cattaneo, 2009), these bio-
markers were examined in parallel with the proteasome
during the progression of experimental CM (ECM) in mice.
Animals were clustered by neurological outcome to avoid the
heterogeneity involved in the timing of disease events
(Cabrales et al., 2010). In addition, the physiological functions
of the different brain regions were independently considered,
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Fig. 1 - Clinical heterogeneity in progression of the neurological stages of ECM. (A) Clinical heterogeneity in CM progression
observed in three representative mice (horizontal bars) within an experimental group. Vertical green bar illustrates
heterogeneity at a given time point (day 6). (B) Percentage of mice that start developing CM stages (11, III or IV) at different
times: day 6, day 7 or from day 9 to day 13 (>9). (For interpretation of the references to color in this figure caption, the reader

is referred to the web version of this article.)
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since specific damage in any region could lead to recogniz-
able neurological symptoms and sequelae (Lackner et al.,
2006; Marin-Garcia et al., 2009; Penet et al., 2005).

Here we demonstrate the reduced expression of brain-
derived neurotrophic factor, constitutive proteasome and
neural cell adhesion molecule in Plasmodium berghei-infected
mouse brain dependent on the clinical severity of disease.
Locally, inflammation markers as well as adhesion molecules
precede the onset of parasite accumulation in the brain.
Finally, in the four stages of cerebral malaria defined, neuro-
protection markers in brain could be correlated with
neurological signs.

2. Results
2.1.  Neurological course of CM in mice

Since time-course studies during CM infection cannot be
conducted in humans for obvious reasons, researchers have
opted for the use of models of ECM such as infection of
C57BL6/mice with Plasmodium berghei ANKA. Although these
models might not reproduce all the features of human
disease, they do recapitulate most of these features (de
Souza et al., 2010; Hunt et al., 2006; Lou et al., 2001; Pierrot
et al, 2003). In these models, disease severity is usually
defined in terms of the number of days post infection
(Delahaye et al., 2007; Lovegrove et al., 2007). However, in
view of the heterogeneity observed in disease onset (Cabrales
et al., 2010; de Souza et al., 2010), we classified the animals
accordingly to neurological outcome.

In our study, infection levels and CM progression were
assessed daily in individual mice by quantifying peripheral
blood parasitemia and recording characteristic clinical symp-
toms of this syndrome. ECM mice showed progressive clinical
changes, starting with early symptoms and later developing
more specific neurological signs. Finally, animals lapsed into
the most severe symptoms (Fig. 1 and Table 1). Stage I was
defined as no neurological manifestations in the first few
days of infection. Animals at this stage were neurologically
indistinguishable from controls, although they presented
parasitemia. Stage II was defined as the incipient symptoms
of CM: head deviation or hemi-paralysis (Table 1). Some of
these animals also exhibited ruffled fur, altered motility,
weakness, tremor, rollover reaction and anemia (Table 1).

From this stage, symptoms worsened rapidly. At stage III,
neurological signs were appreciable: head deviation and or
hemi-paralysis/paralysis, motionless, weakness and ruffled
fur (Table 1). Finally, the most severe symptoms were
observed in stage IV and included intense head deviation,
severe hemi-paralysis/paralysis, motionless, intense weak-
ness and ruffled fur (Table 1). Some animals assigned to
stages III and IV also showed anemia, pelvic elevation, no
response upon stimulation, tremor and swollen eyes
(Table 1). Neurological outcome at each stage also considered
the contingency response and spatial orientation displayed
upon swimming.

It should be emphasized that, individually, ECM mice did
not display the same symptoms at the same time (Fig. 1).
Although initial symptoms were observed from day 6 as
previously reported (Lou et al.,, 2001), temporal heterogeneity
was observed in the appearance of stage II. Most severe stages
(stages III and IV) were most often observed within 6-30 h after
the first neurological symptoms appeared (stage II).

2.2.  BDNF expression pattern during the time-course
of ECM

bdnf mRNA levels were determined during the course of
cerebral malaria in the main brain regions (olfactory bulb,
hippocampus, frontal cortex, thalamus-hypothalamus, brain-
stem and cerebellum). bdnf was significantly and steadily
downregulated until stage IV in all the cerebral regions
examined (ranging from 4- to 7-fold depending on the
cerebral region); the thalamus-hypothalamus, cerebellum,
brainstem and cortex being the most affected areas
(Table 2). This observed downregulation was inversely corre-
lated with the increasing severity of neurological signs of
infection. Based on these results, we then went on to examine
BDNF expression also at the protein level. Care was taken to
avoid antibody cross-reactivity between Plasmodium and the
mouse housekeeping proteins used to normalize the data.
Antibodies against mouse glyceraldehyde-3-phosphate dehydro-
genase (GADPH), o-tubulin and p-actin were tested with a P.
berghei protein extract and only anti-mouse GADPH showed no
band of the expected size (Fig. 2A). Consequently this house-
keeping protein was used for analysis of protein expression.
BDNF protein expression levels were similar in control animals
and those with stage IV CM (Fig. 2B). Next we compared the

Table 1 - Clinical symptoms associated with CM progression. Percentage of mice showing the different symptoms during

the defined stages of disease from II to IV.

Stage  Ruffled Motionless Head deviation Paralysis Pelvic No Tremor  Weakness Anemia  Eyes Roll-
fur elevation response swollen over
upon
stimulation
I A S I A S I A S Vis Aud A S
II 60 40 40 0 20 0 0 80 0 0 0 0 20 60 0 40 0 60
III 100 33 67 0 33% 67 0 0 83° 0 0 0 0 100 0 83 0 0
v 100 0 29 71 0 57 43 0 0 100 43 29 29 14 86 57 14 0

I, incipient symptoms; A, appreciable symptoms; S, severe symptoms; Vis, visual; Aud, auditory.
& All animals which presented incipient signs of head deviation developed appreciable paralysis.
® All animals which not presented paralysis developed appreciable head deviation.
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immunohistochemical BDNF distribution pattern between con-
trol and CM mice at the most severe stage of the disease (stage
IV). BDNF was detected in all analyzed regions. BDNF signal
intensity was particularly high in cerebellum and preferently at
the neuropil in granule layer in both control and CM mice (Fig. 3).
In addition, a significantly higher (P<0.05) co-localization signal
for BDNF and 4'-6-diamino-2-phenylindole (DAPI) was observed
in infected mice (Pearson’s correlation=-0.134+0.03) vs. control
mice (Pearson’s correlation=-0.2140.02) whereas control ani-
mals showed a higher (P<0.005) co-localization signal for BDNF
and a-tubulin (Pearson’s correlation=0.52+0.02) vs. infected
mice (Pearson’s correlation=0.41+0.02).

2.3.  Proteasome and immunoproteasome subunit
expression switching

BDNF can interact with the proteasome system in such a way
that proteasome inhibition blocks transcription of neurotro-
phins including bdnf (Dong et al., 2008). Further, diminished
proteasome expression leads to the accumulation of

Table 2 - Brain mRNA expression of bdnf. N-fold changes

in the expression of bdnf mRNA in the brain regions in
control mice (C) and mice at different CM stages (I-1V).

Region Stage Average + SE
Cerebellum C —0.011 0.047
I —0.244 0.090
II —0.231 0.036
1II —0.331 0.045
v —0.604 0.097
Olfactory bulb c —0.008 0.040
I —0.096 0.042
II —0.132 0.066
111 —0.427 0.066
v —0.547 0.054
Brainstem © —0.010 0.047
I —0.253 0.055
II —0.225 0.045
111 —0.465 0.083
v -0.714 0.074
Frontal cortex © —0.018 0.064
I —0.209 0.065
1I —0.425 0.022
III —0.653 0.062
v —0.660 0.068
Hippocampus C —0.008 0.047
I —0.155 0.012
II -0.217 0.050
11T —0.356 0.044
v —0.331 0.075
Thalamus-hypothalamus @ —0.118 0.163
I —0.493 0.076
II —0.725 0.024
I —0.613 0.175
v —0.837 0.085

Data are the mean +standard error (SE) of determinations made in
5-7 animals. N-fold change was calculated as the ratio between
the amount of mRNA recorded for each mouse and the mean
amount of mRNA detected in the control mice. P values for
comparisons among the four groups in bdnf mRNA expression
levels detected in the regions O.B., BS, CX, P<0.001 and CB, HIP,
T-H, P<0.005.

misfolded proteins (Kwak et al., 2003), which may mask bdnf
downregulation at the protein level. On the other hand, the
inflammation produced during an infection is known to
increase the expression of immunoproteasome subunits
causing switching from the constitutive proteasome, which
achieves normal protein processing through the ubiquitin
system, to the immunoproteasome complex, which pro-
cesses polypeptides for antigen presentation (Nguyen et al.,
2010). This in turn leads to the accumulation of misfolded
proteins. To investigate this switching from proteasome to
immunoproteasome during CM progression, mRNA levels of
the proteasome subunits psmb1 (B1) and psmb5 (5) and their
replacing immunoproteasome subunits psmb9 (Imp2) and
psmb8 (Imp7) were analyzed. At the early asymptomatic stage
I, immunoproteasome subunits Imp2 and Imp7 were found to
be upregulated 5- to 10-fold in all brain areas, but more
remarkably in the cerebellum (Table 3) and continuing into
later CM stages. Conversely, the constitutive proteasome
subunits f1 and B5 were gradually downregulated (approx.
2- to 4-fold, depending on the brain region) with the cere-
bellum and brainstem showing the most reduced levels
(Table 3). This progressive downregulation of proteasome
subunits p1l and p5 was correlated with increasing neurolo-
gical signs in ECM mice and the mRNA expression of bdnf
(Table S1).

2.4.  Early pro-inflammatory cytokine expression changes
in the brain

Overall, interferon-y (IFN-y), tumor necrosis factor-o. (TNF-o)
and lymphotoxin-a (LT-o) are pro-inflammatory cytokines
known to participate in the pathogenesis of CM (Chen et al.,
2000; Engwerda et al., 2002; Hunt and Grau, 2003; Lou et al,,
2001; Weiser et al., 2007). However, it has also been estab-
lished that IFN-y and TNF-o cause the increased expression of
immunoproteasome subunits (Groettrup et al., 2010). To
examine a potential link between proteasome switching
and local inflammation, mRNA expression of these three
cytokines was determined in the different brain areas at
clinical stage I, when the expression of the immunoprotea-
some subunits dramatically changes. At this asymptomatic
stage, all brain areas exhibited almost identical cytokine
mRNA expression patterns. Thus, with respect to the control
mice, ifn-y and tnf-a were significantly higher, between 10-
and 200-fold, and It-o showed identical expression levels
(Fig. 4). The ifn-y gene was the most upregulated, showing
around 10-fold the expression shown by tnf-a in the cortex,
hippocampus, thalamus-hypothalamus and brainstem.

2.5.  NCAM expression pattern and brain parasite load
during ECM progression

NCAM has been reported to interact with BDNF to mediate
neuronal survival and plasticity (Kiss et al.,, 2001; Vutskits et al.,
2001). The in vitro ability of this adhesion molecule to adhere
PRBC (Pouvelle et al., 2007) suggests that it might also be involved
in cytoadherence. Nevertheless, NCAM induction and its poten-
tial role in cytoadherence events or brain dysfunction during CM
have not yet been elucidated. Cytoadherence is a specific CM
outcome that consists of pRBC preferentially localized in the deep
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Fig. 2 - Protein expression of BDNF. P. berghei cross-reactivity of the antibodies against several murine housekeeping genes
(A): Western blot showing GADPH, o-tubulin and g-actin immunoreactivity at the expected size of protein extracts from
brainstem (BS), infected brainstem (iBS) and blood-isolated P. berghei (Pb). BDNF protein expression analysis (B): Western blot
and densitometry used to determine BDNF and GADPH protein contents in the cerebellum and brainstem in control (C) and
stage IV-CM (IV) mice. Relative optical density (OD) values given are the means + standard errors recorded in four different
animals, calculated as normalized expression of BDNF in each mouse relative to mean expression in control mice. NS, not

significant.

vascular beds of body organs (mainly brain) preventing their
removal by the spleen (Bentivoglio et al., 2011). The upregulation
of other inducible adhesion molecules such as intercellular
adhesion molecule (ICAM-1), vascular cell adhesion molecule
(VCAM-1), p-selectin and e-selectin in CM brains (Armah et al,,
2005; de Souza et al, 2010; Turner et al, 1994) suggests the
interaction of several molecules as responsible for pRBC adhesion
to blood vessels (Armah et al., 2005; Pino et al., 2005). However,
there is no consensus on the sequence and timing of such
cytoadherence events in CM (Combes et al.,, 2010; de Souza et al.,
2010). Hence, to investigate NCAM in association with the other
known cytoadherence players, mRNA expression levels of ncam,
icam-1, vcam-1, p-selectin and e-selectin in parallel with parasite
load were determined during the course of CNS infection.

In infected mice, each adhesion molecule exhibited a similar
expression pattern in all the brain areas (Fig. 5). As expected,
the expression of e-selectin, p-selectin, icam-1 and vcam-1 was
significantly upregulated during CM progression. This event
was observed early from asymptomatic stage I in all brain areas
but most remarkably in cerebellum and brainstem (Fig. 5). The
upregulation of these molecules continued into the remaining
neurological stages (stages II-IV). The order of adhesion mole-
cule expression upregulation levels was e-selectin>icam-1>p-
selectin~ucam-1, and the maximum increases observed from
baseline levels were 40-, 10-, 4- and 3-fold respectively, depend-
ing on the brain region and disease stage.

Conversely, in the brain areas examined, ncam was signifi-
cantly downregulated mainly in stages IIl and IV (from 2- to

3-fold, depending on the brain region), and again this down-
regulation was especially noticeable in the cerebellum and
brainstem (Fig. 5).

The reported accumulation of pRBC in brain and peripheral
tissues in the murine ECM model has raised some debate on
their pathophysiological relevance (Amante et al., 2007; Baptista
et al., 2010; Bentivoglio et al., 2011; Franke-Fayard et al., 2005).
Hence, to compare pRBC accumulation during ECM between
brain regions and peripheral tissues (including liver, lung and
kidney), accurate parasite loads were determined by quantita-
tive PCR. Peripheral blood samples obtained from ECM mice on
the day of sacrifice at the different clinical stages (Fig. 6A)
revealed low parasitemia levels during the course of infection.
Although parasitemia increased significantly from controls to
stage IV (P<0.001), the largest increase was produced from
stages 1 to II (two-fold) and no significant differences were
observed from stages II to IV, which is the time-period when the
most severe symptoms develop. Parasite loads in peripheral
tissues behaved similarly, including liver, lung and kidney
(stages C-IV in lung, P<0.005; in liver and kidney, P<0.001). In
these tissues, parasite loads failed to vary significantly once
neurological symptoms appeared (Fig. 6B) unlike the behavior
observed in the different brain regions (Fig. 6C). Thus, during
the course of ECM, parasite loads increased in all brain regions
(C-IV in all regions except thalamus-hypothalamus, P<0.001;
thalamus-hypothalamus, P<0.05). In most brain areas, the build
up of parasites was detected from stage II onwards, and
increases were significant in the cerebellum (P<0.05), brainstem
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Fig. 3 - BDNF distribution in brain. Immunohistochemical distribution profiles of BDNF in brain slices obtained from
the cerebellum in control (C) and CM mice at stage IV (IV). Images show the co-localization of BDNF (red), DAPI (blue) and
a-tubulin (green). Granule layer, GL. Scale bar: 25 pm. (For interpretation of the references to color in this figure caption, the

reader is referred to the web version of this article.)

(P<0.05) and olfactory bulbs (P<0.05). Greatest accumulations of
the parasite were observed at stage III (in the cerebellum,
brainstem and thalamus-hypothalamus) or IV (in the olfactory
bulbs and cortex) depending on the brain region. The highest
numbers of pRBC per milligram of tissue were detected in the
cerebellum (161.1431.9) and brainstem (196.2+70.9) at stage III
The significant parasite accumulation observed from stage II and
thereafter was positively correlated with the appearance of the
most prominent neurological symptoms and therefore with the
neurological outcome of infection and negatively correlated with

the expression of bdnf, ncam and proteasome observed in most
tissues (Table S2). Remarkably, when absolute amounts were
compared, parasite loads (pBRC/mg) were up to 10-fold higher in
peripheral tissue than brain (Fig. 6).

3. Discussion

Neurological sequelae are frequently observed in African
children who survive CM (Idro et al., 2010a, 2010b). Since
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Table 3 - Brain mRNA expression of proteasome and immunoproteasome. N-fold changes in the expression of mRNA of

the immunoproteasome subunits Imp2 and Imp7 and the proteasome subunits 1 (prot 1) and p5 (prot p5) in the brain
regions in control mice (C) and mice at different disease stages (I-IV).

Region Stage Imp2 Imp7 prot p1 prot 5
Average + SE Average + SE Average + SE Average + SE
Cerebellum C —0.007 0.039 —0.046 0.101 —0.002 0.019 —0.004 0.029
I 1.005 0.048 1.104 0.059 —0.179 0.075 -0.217 0.054
I 0.965 0.043 1.095 0.017 —0.237 0.018 -0.211 0.023
111 1.109 0.039 1.274 0.047 —0.345 0.033 —0.386 0.048
v 1.328 0.208 1.248 0.054 —0.484 0.075 —0.611 0.090
Olfactory bulb C —0.023 0.070 —0.026 0.076 —0.001 0.017 —0.003 0.027
I 0.744 0.121 0.742 0.168 —0.093 0.036 —0.099 0.051
i 0.719 0.051 0.686 0.069 —0.173 0.033 —0.239 0.021
111 0.744 0.032 0.742 0.036 —0.248 0.040 —0.386 0.066
v 0.729 0.036 0.780 0.029 —0.339 0.043 —0.438 0.038
Brainstem @ —0.004 0.029 —0.011 0.048 —0.010 0.045 —0.006 0.036
I 0.785 0.081 0.733 0.082 —0.123 0.047 —0.141 0.053
I 0.922 0.024 0.841 0.057 —0.287 0.043 —0.289 0.039
III 0.975 0.049 0.992 0.038 —0.393 0.042 —0.442 0.105
v 0.964 0.051 0.989 0.036 —0.537 0.029 —0.588 0.062
Frontal cortex C —0.009 0.044 —0.006 0.033 —0.003 0.026 —0.016 0.057
I 0.849 0.081 0.846 0.082 —0.072 0.047 —0.152 0.066
I 0.946 0.053 0.971 0.057 —0.130 0.006 —0.230 0.053
I 1.043 0.032 1.064 0.039 —0.280 0.027 —0.329 0.042
v 0.968 0.048 1.007 0.050 —0.308 0.049 —0.360 0.063
Hippocampus @ —0.017 0.062 —0.013 0.051 —0.003 0.027 —0.005 0.033
I 0.883 0.066 0.794 0.078 —0.054 0.037 —0.096 0.049
I 0.891 0.039 0.861 0.039 —0.098 0.024 —0.106 0.042
111 1.013 0.039 1.007 0.055 —0.131 0.043 -0.197 0.055
v 0.952 0.045 0.993 0.051 —0.182 0.045 —0.277 0.031
Thalamus-hypothalamus C —0.014 0.052 —0.021 0.066 —0.027 0.076 —0.005 0.034
I 0.812 0.069 0.764 0.054 0.060 0.070 —0.036 0.084
I 0.902 0.044 0.896 0.021 —0.084 0.037 —0.182 0.061
11 0.994 0.059 1.004 0.035 —0.223 0.042 —0.291 0.040
v 0.963 0.029 0.998 0.040 —0.273 0.031 —0.383 0.035

Data are the mean + standard error (SE) of determinations made in 5-7 animals. The N-fold change for each subunit was calculated as the ratio
between the amount of mRNA recorded for each mouse and the mean mRNA recorded in control mice. P values for comparisons among the
four groups in mRNA expression levels of prot 1: CB, O.B., BS, CX, P<0.001; T-H, P<0.005; HIP, P<0.05; prot f5: CB, O.B., T-H, P<0.001; BS, CX,
HIP, P<0.005; Imp2: CB, BS, CX, HIP, TAL, P<0.005; O.B., P<0.01; Imp7: BS, T-H, P<0.001; CB, O.B, CX, HIP, P<0.005.
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Fig. 4 - Brain mRNA expression of cytokines. mRNA expression levels of cytokines in the different brain regions. N-fold
changes in mRNA expression levels of ifn-y, tnf-o and It-o detected in the cerebellum (CB), olfactory bulb (O.B.), brainstem (BS),
frontal cortex (CX), hippocampus (HIP) and thalamus-hypothalamus (T-H) in control mice (C) and mice at CM stage I (I). Data
are the means + standard errors of determinations made in 3-6 animals. The N-fold change for each cytokine was calculated
as the ratio between the amount of mRNA recorded for each mouse and the mean mRNA detected in control mice. Minor
expression levels of It-o were detected that did not vary between C and CM mice. * indicates a significant difference in ifn-y
expression between control and CM stage I mice; ° indicates a significant difference in tnf-a expression between control and
CM stage I mice. *, °P< 0.01.
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Fig. 5 - Brain mRNA expression of adhesion molecules. N-fold changes recorded in the expression of mRNA for e-selectin
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cortex, hippocampus and thalamus-hypothalamus in control mice (C) and mice at the different CM stages (I-IV). Data are the
means +standard errors of determinations made in 5-7 animals. The N-fold change for each adhesion molecule was
calculated as the ratio between the amount of mRNA recorded for each mouse and the mean mRNA detected in control mice.
P values for comparisons among the four groups in adhesion molecule expression levels observed in the cerebellum: icam-1,
p-sel, P<0.001; vcam-1, ncam, P<0.005; e-sel, P<0.01; olfactory bulb: e-sel, P<0.001; icam-1, vcam-1, p-sel, ncam, P<0.005;
brainstem: icam-1, vcam-1, P <0.001; e-sel, p-sel, ncam, P <0.005; frontal cortex: icam-1, ncam, P<0.001; vcam-1, e-sel, P <0.005;
p-sel, P<0.01; hippocampus: icam-1, P <0.001; e-sel, P<0.005; ncam, P<0.01; vcam-1, p-sel, P <0.05; thalamus-hypothalamus:

icam-1, P<0.001; e-sel, P<0.005; p-sel, P<0.01; vcam-1, P<0.05. *P<0.05. NS, not significant.

BDNF is critical for neuronal survival, synaptic plasticity
and cognitive processes (Greenberg et al., 2009), here we
examined bdnf expression in ECM animals grouped
together according to their neurological outcome. At the
mRNA level, a gradual decrease in bdnf expression was
observed that paralleled the progression of neurological
symptoms (Linares et al.,, 2011b). bdnf downregulation
could be responsible for altered pathways modulating cell
survival, proliferation and differentiation in brain. bdnf
expression is critical for neuron survival after injury
(Ebadi et al., 1997). Thus, the changes observed in this
marker might suggest the existence of a critical point of

non-return for the neurocognitive deterioration observed
in recovered patients. Detailed studies of CM in humans
and mice have identified an array of neurological altera-
tions including axonal injury and loss of endothelial cells
and neurons (Eeka et al., 2011; Medana et al., 2007; Miu
et al., 2008; Penet et al., 2005). Moreover, apoptosis markers
have been shown to increase in the brain during CM
progression (Anand and Babu, in press) in an inverse
manner to the bdnf expression observed in this study.
Since bdnf transcription relies upon neuronal activity (Lu,
2003), the loss of neurons in CM (Eeka et al., 2011) could
also mediate the bdnf downregulation observed.
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Fig. 6 - Parasite accumulation in brain, blood and peripheral tissues. Parasite loads detected in peripheral blood (A),
peripheral tissue (B) and brain tissue (C) during CM progression. Brain areas analyzed: cerebellum (CB), olfactory bulb (0.B.),
brainstem (BS), frontal cortex (CX), hippocampus (HIP) and thalamus-hypothalamus (T-H). Data are the means +standard
errors of determinations made in 4-6 animals. pRBG, infected red blood cells. G, control mice; I, disease stage I, II, stage II; III,
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groups II and IV. ¥, °P<0.05. NS, not significant.

Although changes in BDNF at the protein level were not
observed, modified functionality of BDNF could account for
the neurological deterioration that occurs during CM. Thus,
mice at the most severe stage of the disease showed a
preferential BDNF distribution in cell somas. Axonal trans-
port modifications have been observed in human CM
(Medana and Esiri, 2003), which could contribute to the
altered BDNF distribution. The lack of diminished BDNF
expression at the protein level can be explained by the
observed downregulation of proteasome subunits 1 and 5,
delaying protein turnover via the ubiquitin-proteasome path-
way (Sommerfeld et al., 2000). In support of this hypothesis is
the downregulation of other key molecules involved in the
ubiquitin—proteasome pathway, such as the ubiquitin ligase
complex, which mediates the polyubiquitination of mis-
folded proteins, recently reported in CM (Desruisseaux
et al.,, 2010). In addition, hijacking of the constitutive protea-
some by the immunoproteasome is a brain inflammatory
response to viral infection that impedes normal protein

turnover (Nguyen et al, 2010). TNF-o and IFN-y are main
inducers of proteasome immunosubunits (Groettrup et al.,
2010) and thus, the early mRNA upregulation of these two
pro-inflammatory cytokines, before any neurological symp-
toms appeared in our 4-stage model, suggests that inflam-
mation could play a major role in the proteasome switching
described here. The proteasome also participates in neuronal
survival and plasticity (Dong et al., 2008; Gavilan et al., 2009;
Kwak et al., 2003) and its dysfunction contributes to neuro-
cognitive disturbances as a consequence of altered protein
turnover impairing synaptic function (Bingol and Sheng,
2011; Nguyen et al.,, 2010). Thus, the association between
BDNF transcriptional blockade and proteasome inhibition,
reported also in other neurological malfunctions (Dong et al.,
2008; Seo et al., 2008), could be responsible for the accelerated
neurological deterioration that occurs during ECM in the
mouse. Spatial memory training upregulates constitutive
proteasome subunits and downregulates inducible ones
(Gavilan et al., 2009) suggesting that the inflammatory
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induction of immunoproteasome in CM underlies, at least in
part, cognitive impairment sequelae arising as a consequence
of protein aggregation. This is consistent with the observa-
tion of detrimental effects of TNF-a and IFN-y on brain
protection and synaptic plasticity (Di Filippo et al., 2008).

In our 4-stage CM model, the expression of ncam was down-
regulated with increasing CM severity. NCAM plays a key role in
neural development, cell migration, differentiation, survival,
synaptogenesis, synaptic stabilization, and neuroplasticity
(Bisaz et al., 2009). In addition, NCAM contributes to functional
recovery and survival after injury (Kiss et al., 2001) and it is
involved in learning and memory (Bisaz et al., 2009; Kiss et al.,
2001; Vutskits et al., 2001). Moreover, NCAM interacts with BDNF
to mediate neuronal survival and plasticity (Kiss et al., 2001;
Vutskits et al., 2001). Interfering with NCAM function leads to
cognitive impairment including deficits in learning, memory
and emotions (Bisaz et al., 2009; Kiss et al., 2001).

In vitro studies have revealed that NCAM might participate
in pRBC adhesion (Pouvelle et al., 2007). However, in our
in vivo model, downregulation of ncam contrasts with the
early upregulation of icam-1, vcam-1, e-selectin and p-selectin
and the increasing brain parasitemia observed during the
course of ECM, suggesting that NCAM is unlikely to play a role
in pRBC adhesion to brain endothelium. In addition, these
data suggest an early requirement of upregulated adhesion
molecules for subsequent brain sequestration of pRBC, con-
firming previously reported findings (Armah et al., 2005; de
Souza et al., 2010; Ho and White, 1999; Turner et al., 1994).

The pRBC sequestration in the brain of mice showing
neurological signs of CM observed by us and other authors
(Amante et al., 2007; Baptista et al., 2010; de Souza et al., 2010;
Engwerda et al., 2002; Hearn et al., 2000; Lackner et al., 2006)
contrasts with the findings of another study in which the
build up of pRBC was only detected in peripheral tissue
(Franke-Fayard et al., 2005). Whole body imaging and multi-
organ comparisons could under-estimate pRBC accumulation
since the signal from pRBC is likely to be much lower in the
brain than in highly vascularized organs, where we also
detected the largest parasite amounts but not their progres-
sive increase.

According to our results, the inflammatory TNF-o and IFN-y
response could elicit pRBC accumulation by upregulating
expression of icam-1, vcam-1, e-selectin and p-selectin (Armah
et al., 2005; de Souza and Riley, 2002; Lou et al., 2001; Pino et al.,
2005; Schofield and Grau, 2005; Turner et al., 1994; van der
Heyde et al., 2006). Moreover, the early involvement of local
cytokines could explain why cytokine-blocking antibody ther-
apy is able to prevent but not reverse ECM (de Souza et al,,
2010). Conversely, although a major role in icam-1 upregulation
has been advocated for LT-a, this cytokine does not appear to
mediate the early upregulation of adhesion molecules in our 4-
stage neurological model. Hence, the reported high levels of LT-
o in the last stage of ECM (Engwerda et al., 2002; Hunt et al,,
2006) could be the consequence of later brain alterations.

In our study, major alterations were observed in cerebellum
and brainstem, as previously reported (Lacerda-Queiroz et al.,
2010; Lackner et al.,, 2006; Penet et al., 2005), which is in
agreement with the neurological symptoms of CM including
ataxia and impairment of movement and balance (Idro et al,,
2005; Penet et al., 2005). The cerebellum is also one of the

brain regions showing highest basal BDNF expression (Cunha
et al,, 2010). Further, greatest parasite accumulation during
ECM was detected in the cerebellum, as reported elsewhere
(Marin-Garcia et al., 2009; Sein et al., 1993). Since human CM
brain sections (Armah et al., 2005) also show peak adhesion
molecule expression in the cerebellum, this region seems to
be the most damaged in both human and mouse CM.

In conclusion, the current study shows that the normal-
ization of neurological scores in four stages during progres-
sion of cerebral malaria in mouse follows phenotypic
changes in neuroinflammation markers and neuroplasticity
mediators in parallel to pRBC sequestration (Fig. 7) thus,
establishing a preclinical model for the evaluation of poten-
tial therapeutic agents to rescue cerebral malaria sequelae at
the different phases of the disease. To this respect, since
BDNF prevents cell death and reduces neurological signs of
several CNS diseases (Zuccato and Cattaneo, 2009) and NCAM
activates intracellular signaling cascades associated with
cognitive processes (Bisaz et al., 2009) our findings suggest
that these molecules could be a promising therapeutic target
for modifying or reversing the neurocognitive effects of CM.
Thus, although the direct implication of BDNF and its recep-
tors in the protection mechanism remains to be investigated,
glatiramer acetate, a compound that boosts BDNF expression
(Aharoni et al., 2005), has been already shown to reduce the
risk of developing ECM (Lackner et al., 2009). Similarly, new
compounds modeled after binding sites of NCAM promote
neuronal survival, modify cell adhesion and impair spatial
learning (Kohler et al., 2010). Thus, these pharmacological
tools and others are now amendable for in vivo analysis to
restore expression levels of these new ECM biomarkers
associated to neurocognitive phenotypes.

4. Experimental procedures
4.1. Ethics statement

All experiments with animals were conducted at the Uni-
versidad Complutense de Madrid in accordance with national
and international regulations for animal experimentation
and were performed with full adherence to the corresponding
deontological and ethical guidelines. The study protocol was
approved by the Committee of Animal Experimentation of
the Universidad Complutense de Madrid on February 11 2010.

4.2.  Animals and experimental infection

Five-week old male C57BL/6 mice were purchased from
Harlan Ibérica (Barcelona, Spain). All animals were
pathogen-free and were kept in our facilities at the Complu-
tense University of Madrid, with free access to food and
water. Twenty-four mice were intraperitoneally injected with
5 x 10° pRBC obtained from P. berghei (ANKA)-infected mice.
Six uninfected mice served as controls. To minimize suffering
and discomfort, the present study was conducted using non-
injected control mice (Marin-Garcia et al., 2009). The choice of
using non-injected animals was based on the national and
international regulations regarding animal experimentation
implemented at our University by the Committee of Animal
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Fig. 7 - Physiopathological markers of ECM progression. The cartoon summarizes events hypothetically connected during
the course of ECM. Thus, the early inflammatory cytokines TNF-a and IFN-y could trigger pRBC accumulation by modulating
the expression of ICAM-1, VCAM-1, E-selectin (E-SEL) and P-selectin (P-SEL). However, NCAM is unlikely to collaborate in
PRBC adhesion to brain microvasculature. Reduced NCAM levels could be related to BDNF downregulation and proteasome
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accumulation of misfolded proteins. Finally, BDNF, NCAM and proteasome downregulation could impair neural cell survival

and neuroplasticity. EC: endothelial cell; RBC: red blood cell.

Experimentation aimed at minimizing animal suffering.
According to preliminary experiments supported by previous
reports (Marin-Garcia et al., 2009), injected and non-injected
control mice showed identical behavior and histological
phenotype during the experimental course, with no signs of
disease or distress.

Infection progress was monitored daily by staining blood
smears with Wright’s eosin methylene blue solution (Merck)
followed by pRBC counts under the microscope. Neurological
symptoms in the animals were also monitored daily. The
signs assessed were similar to the components of the SHIRPA
score described previously (Amante et al., 2007; Lackner et al.,
2006) and included ruffled fur, abnormal gait and reduced
motility, tremor, reduced grip strength and weakness,
affected auditory response, abnormal visual response, head
deviation, hemi- or paraplegia, tendency to rollover on
stimulation, pelvic elevation and swollen eyes. Infected
animals were assigned to one of four disease stages (I-IV)
depending on the severity of their neurological signs. At each

stage, mice were sacrificed by cervical dislocation, decapi-
tated and specimens obtained of peripheral tissue (lung, liver
and kidney) and CNS tissue (olfactory bulb, frontal cortex,
hippocampus, thalamus-hypothalamus, brainstem and cere-
bellum). To compare pRBC levels recorded in mice with
human data, perfusion was not performed as recently sug-
gested (de Souza et al., 2010).

4.3.  RNA expression analysis

Total RNA was isolated from the olfactory bulb, hippocampus,
frontal cortex, thalamus-hypothalamus, brainstem and cer-
ebellum in control and CM mice using an ABI PRISM®™ 6100
Nucleic acid Prepstation following the manufacturer’s
instructions (Applied Biosystems). Reverse transcriptase
reactions were performed using the High Capacity cDNA
Archive Kit (Applied Biosystems). A 1:1 proportion of reverse
transcriptase buffer to RNA was used.
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Cell adhesion molecule, BDNF and cytokine mRNA levels
were determined by quantitative reverse transcriptase-PCR.
Relative abundances of these molecules were determined
using the 5 fluorogenic nuclease assay (TagMan) of the ABI
7700 Prism Sequence Detector system (Applied Biosystems).
In separate PCR reactions, a commercial mixture was used of
mouse specific primers and probes for icam-1, vcam-1, ncam,
p-selectin, e-selectin, bdnf, tnf-a, ifn-vy, It-o, immunoproteasome
Imp2 and Imp7 subunits, proteasome 1 and 5 subunits and
the housekeeping B-actin gene (TagMan MGB probes). All PCR
reactions were prepared with TagMan PCR master Mix, No
Amperase UNG (all from Applied Biosystems). The specificity
of the primers and probes used was verified by basic local
alignment search tool (BLAST) analysis comparing the mouse
genes selected to the Plasmodium berghei genome and no
significant similarity was found. The B-actin gene served as
an endogenous control to check for slight variations in the
initial concentration, total RNA quality and the conversion
efficiency of the reverse transcription reaction. PCR reactions
included an initial incubation of 10 min at 95 °C for polymer-
ase activation, followed by 40 cycles (melting 15s at 95 °C,
annealing and extension 1 min at 60 °C) using an ABI PRISM
7000 Sequence Detection System (Applied Biosystems). Rela-
tive amounts of RNA were calculated by the comparative Ct
method (27#4“T method).

4.4.  Western blot analysis

Total protein was extracted from the brainstem and cerebel-
lum of control and CM mice as described previously (Linares
et al., 2011a). Briefly, samples were homogenized in modified
RIPA lysis buffer (50 mM Tris-HCl, pH8, 50 mM NacCl, 3%
CHAPS and EDTA-free protease inhibitor cocktail), vortexed
for 1 h at intervals of 10 min, centrifuged for 30 min and the
extracted proteins recovered in the supernatants. About 25 ug
of each protein extract were separated in a 10% SDS-acrylamide
gel and transferred to nitrocellulose transfer membranes (Pro-
tran, Whatman). Membranes were blocked in a 5% milk
phosphate buffer saline (PBS)-Tween 0.05% solution and probed
with antibodies against BDNF (1/200, Santa Cruz Biotechnology)
overnight at 4 °C. Membranes were then washed with PBS-
Tween solution, incubated with horseradish peroxidase-
conjugated anti-rabbit-IgG secondary antibody (1/2000, GE
Healthcare), reacted in SuperSignal solution (Pierce) for 5 min,
and exposed to a medical X-ray film (Agfa). Densitometry of
blots was performed using Quantity-One 1-D analysis software
(Bio-Rad). The housekeeping gene used to normalize the data
was chosen after examining the specificity of several antibo-
dies: GADPH, 1/4000, Applied Biosystems; o-tubulin, 1/10,000,
Sigma-Aldrich; B-actin, 1/5000, Sigma-Aldrich) by comparing
their reactivity with 9pg of a mouse or Plasmodium berghei
protein extract.

4.5. Immunofluorescence assays

Control and infected mice were sacrificed and whole brains
removed and fixed overnight at 4 °C in 4% paraformaldehyde
in PBS (w/v). After fixation, the brain tissue was subjected to a
cryoprotective process. Sections of 10pum were prepared
using a Leica 3050 M cryostat. CM and control brain sections

were incubated using the following primary antibodies:
polyclonal rabbit anti-BDNF antibody at a 1:25 dilution from
Santa Cruz Biotechnology and monoclonal mouse anti-a-
tubulin at 1:500 from Sigma. Subsequently, the brain sections
were washed with PBS buffer and incubated with secondary
antibodies at the following dilutions: donkey anti-rabbit IgG
labeled with indocarbocyanine, Cy3, (Jackson Immunore-
search Laboratories) (1:400) and goat anti-mouse IgG labeled
with Alexa Fluor 488 from Invitrogen (1:400). Finally, the brain
sections were washed in PBS, stained with DAPI, washed
again in PBS and mounted following standard procedures.
Blank slides were used to subtract any unspecific signal,
following the same procedures but substituting the primary
antibody with the same volume of PBS (Fig. S1). Both markers
were analyzed by confocal microscopy taking successive
Alexa Fluor and Cy3 fluorescence images using a Leica CTR
6500 fluorescence microscope (Leica Microsystems). Alexa
Fluor was monitored by excitation with the 488-nm wave-
length laser, Cy3 and DAPI were excited at wavelengths of 561
and 405 nm, respectively. The immunofluorescence images
obtained were subjected to Pearson correlation analysis of co-
localization of BDNF and a-tubulin or BDNF and DAPI using
the automatic tool of the LAS-AF Lite software package from
Leica Microsystems. A total of 13 images were analyzed in
each group and correlation coefficients obtained in each
experimental group were compared by Mann-Whitney tests.

4.6.  Quantifying tissue infection levels by quantitative PCR

Tissue parasite loads are expressed as the number of pRBC
per milligram of host tissue and determined by quantitative
PCR as previously described (Marin-Garcia et al., 2009). Briefly,
genomic DNA from the different peripheral tissue and brain
regions was isolated using the TransPrep chemistry system of
the ABI PRISM® 6100 Nucleic acid Prepstation, following the
manufacturer’s protocol (Applied Biosystems). Parasite and host
DNA were subjected to quantitative PCR, amplifying the P.
berghei (ANKA) 18S and mouse B-actin genes in the same DNA
sample in separate tubes using specific pairs of primers
designed in our laboratory (Marin-Garcia et al., 2009) and the
Fast SYBR Green Master Mix (Applied Biosystems). Amplifica-
tion, data acquisition and data analysis were carried out using
the ABI 7700 Prism Sequence Detector system. The amplifica-
tion conditions were 20 s at 95 °C for enzyme activation and 40
cycles of 10s at 95°C and 30s at 60 °C. Finally, the amount of
host tissue and the number of pRBC present in each experi-
mental sample were quantified by interpolating the corre-
sponding CT values on two independent standard plots of a
known log number of either parasites or milligrams of host
tissue against amplification CT values, respectively (Fig. S2).

4.7. Statistical analysis

Data are presented as the mean+standard error. Statistical
analyses were performed using the SPSS 15.0 statistics
package. The non-parametric tests U-Mann-Whitney and
Kruskal-Wallis were used to compare two groups or more
than two groups respectively. Correlations between two
variables were assessed by Spearman correlation analysis.
Statistical analyses were performed independently for each
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molecule and brain region. Differences between means were
considered significant when the P value was<0.05.
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