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Abstract

Experimental cerebral malaria (ECM) resulting from Plasmo-
dium berghei ANKA (PbA) infection in mice results in neuro-
nal cell death. However, the precise mechanisms leading to
neuronal cell death in ECM have not been fully elucidated. In
the present study, we report the presence of endoplasmic
reticulum (ER) stress markers and activation of the unfolded
protein response (UPR) in the brain during the pathogenesis
of ECM. Specific findings included activation of PKR-like
ERkinase, inositol-requiring enzyme 1 and cleavage of acti-
vating transcription factor (ATF) 6 indicating the activation
of all three major arms of the UPR. Further, we found chang-
es in the protein levels of phosphorylated eukaryotic initia-
tion factor a (p-elF2a), ATF4, growth arrest and DNA dam-
age-inducible protein 34, B cell ymphoma protein 2 (BCL-2),
BCL-2-associated X protein, caspase-7, cleavage of caspase-3,
and caspase-12. Our results demonstrate that ER stress-in-
duced neuronal cell death in PbA-infected mice is associated

with the expression of the pro-apoptotic molecule CHOP
and downregulation of anti-apoptotic ER quality control
molecules bindingimmunoglobulin protein, calreticulin and
calnexin. Further CHOP was found to be localized in neurons
and plays an essential role in neuronal cell death as revealed
by our Fluoro-Jade B double staining. These results implicate
an imbalance between ER stress-mediated pro-apoptotic
and anti-apoptotic/survival signalling as a critical determi-
nant of neuronal cell death in ECM.

Copyright © 2012 S. Karger AG, Basel

Introduction

Cerebral malaria (CM) is the life-threatening compli-
cation of Plasmodium falciparum infection in humans,
responsible for more than 1 million deaths annually [1].
Cerebral dysfunction becomes evident through a variety
of symptoms, including extreme lethargy and febrile con-
vulsions and can progress to coma and death in approxi-
mately 20% of cases [2]. Although a number of studies
have described the neurological complications of human
CM, the pathogenesis remains controversial. Apart from
post-mortem brain studies, an experimental murine
model, induced by the infection of susceptible mice with
Plasmodium berghei ANKA (PbA), has been used to fur-
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ther understand the pathogenesis of CM [3]. Studies with
this model have suggested that experimental CM (ECM)
complications are multifactoral involving activation of
platelets, upregulation of pro-inflammatory cytokines
and endothelial cell adhesion molecules, disruption of
the blood-brain barrier, infiltration of leucocytes togeth-
er with the mechanical blockage of microvessels by the
monocytes and parasitized erythrocytes (PRBC) [4]. The
pathological features of the fatal stage include PRBC and
monocyte adhesion to cerebral vascular endothelial cells,
oedema, petechial hemorrhages, glial activation and neu-
ronal cell death in the central nervous system [5-9]. The
mechanisms leading to cell death are complex, and sev-
eral pathways have been implicated, including mitochon-
drial dysfunction, calcium-activated kinases, phospha-
tases and proteases, caspases and c-Jun N-terminal ki-
nases (JNK) [8, 10-13]. Though the events central to
tumour necrosis factor and interleukin are activated dur-
ing ECM [14], to our understanding no reports exist on
the role of endoplasmic reticulum (ER) stress proteins
during cell death in the brain.

The ER is a cell organelle which plays a pivotal role in
the synthesis, folding, posttranslational modifications
and trafficking of secretory and membrane proteins, cal-
cium storage and release, lipid biogenesis and apoptosis.
Perturbations in ER functioning may lead to accumula-
tion of misfolded proteins in the ER lumen, and the ER in
turn initiates an adaptive response known as the unfold-
ed protein response (UPR) that protects the cell against
the accumulation of misfolded proteins [15]. However, if
the ER stress is excessive and prolonged, these adaptive
responses fail to compensate and the UPR leads to cell
death by both caspase-dependent and caspase-indepen-
dent pathways [16, 17]. The UPR is initiated by the bind-
ing of the ER chaperone binding immunoglobulin pro-
tein/glucose-regulated protein 78 (BiP/GRP78) to the
misfolded proteins. Under normal physiological condi-
tions, BiP forms a complex and suppresses the activity of
3 proximal ER-resident stress sensors: protein kinase R-
like ER kinase (PERK), inositol-requiring enzyme 1
(IRE1) and activating transcription factor 6 (ATF6) [16].
During ER stress, BiP binds to misfolded proteins thereby
releasing PERK, IRE1 and ATF6 from the complex. Upon
its release from BiP, PERK is activated by homodimeriza-
tion and autophosphorylation, and subsequently the ki-
nase domain of PERK phosphorylates elF2a (p-elF2a),
thereby shutting down global protein synthesis [18].
However, phosphorylation of elF2a can also lead to selec-
tive translation of activating transcription factor 4 (ATF4)
which in turn activates the transcription of prosurvival
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genes such as GRP78 and GRP94, genes that are resistant
to oxidative stress and genes that are involved in amino
acid metabolism and transport [19, 20]. IREI is activated
by dimerization and trans-autophosphorylation upon its
release from BiP [21]. Activated IRE1 splices XBPI mRNA,
resulting in a translational frameshift and formation of
potent transcriptional activator, inducing the transcrip-
tion of ER stress-responsive genes [16]. ATF6 is an ER-
resident protein which binds to BiP under normal physi-
ological conditions. However, during ER stress BiP binds
to unfolded proteins releasing ATF6 which translocates
to the Golgi apparatus and is cleaved by site 1 and site 2
proteases to release transcription factors [22]. The re-
leased transcription factors migrate to the nucleus and
induce the transcription of ER chaperone proteins such
as GRP78, GRP94, protein disulphide isomerase, and the
transcription factors CHOP and X box-binding protein 1
(XBP1) [16, 23]. Further the role of ER stress pathways in
mediating neuronal cell death has been well documented
in several neurodegenerative diseases like Alzheimer’s
and Parkinson’s disease, amyotrophic lateral sclerosis,
transmissible spongiform encephalopathies and isch-
aemia [24].

The present study examines the role of ER stress pro-
teins in modulating neuronal cell death in ECM, with
particular emphasis laid on the PERK-elF2a axis. Our
study shows for the first time that CHOP mediates neu-
ronal cell death in murine CM.

Materials and Methods

Induction of CM in Mice

All the protocols followed for the use of animal experimenta-
tion were approved by the institutional as well as national ethical
committee guidelines. Six- to 8-week-old C57BL/6] mice of either
sex (approx. 20 g body weight, n = 4 per group) were inoculated
intraperitoneally with 10° PRBC, suspended in 200 pl of phos-
phate-buffered saline (PBS, pH 7.4). Uninfected mice of the same
age and sex were used as negative controls. The animals infected
with the PbA strain showed behavioural changes around day 5
after inoculation followed by cerebral symptoms like paralysis,
hemiplegia, convulsions and coma eventually leading to death.
The parasitaemia was monitored by preparing periodic blood
smears from day 1 of parasite inoculation and was typically be-
tween 15 and 20% at the time of sacrifice. The duration between
parasite inoculation and sacrifice of terminally ill animals was
approximately 6-12 days.

Preparation of Tissue Lysates

Mouse brain tissues were homogenized in 5 volumes of radio-
immunoprecipitation assay buffer containing 50 mM Tris-HCI
(pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.4% deoxycholate, 1% NP-
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40 containing protease inhibitors including 2 pg/ml leupeptin,
2 pg/ml aprotinin, 1 mM phenylmethylsulphonylfluoride and
phosphatase inhibitors including 10 mM B-glycerophosphate, 10
mM NaF and 0.3 mM Na3VOy,. The lysate was sonicated for 2 min
and centrifuged at 14,000 g for 15 min at 4°C. The supernatant
was collected as whole tissue lysate and frozen at -80°C before
use. Protein concentrations were determined by the method of
Bradford (Bio-Rad).

Western Immunoblotting

Western immunoblotting was performed according to the
procedure published earlier [13]. Briefly, 50 pg of tissue lysates
were separated by sodium dodecylsulphate polyacrylamide gel
electrophoresis and transferred onto nitrocellulose membranes
and probed with primary antibodies for 1 h. Then membranes
were incubated with secondary antibodies conjugated to alkaline
phosphatase (anti-rabbit and anti-mouse IgG conjugated to alka-
line phosphatase obtained from Genei Pvt Ltd., Bangalore, India),
and immunoreactivity was visualized by incubating the mem-
branes with BCIP-NBT solution (Genei Pvt Ltd.). Immunoreac-
tivity was analysed quantitatively using Image J software (NIH).
The primary antibodies used in these experiments included rab-
bit polyclonal antibodies raised against eIF2-a, growth arrest and
DNA damage-inducible protein 34 (GADD34), BiP, calregulin,
calnexin (Santa Cruz Biotechnology); phospho-IRE1 (p-IRE1),
ATF4 (Abcam); p-elF2a (Epitomics), phospho-PERK (p-PERK),
caspase-3, B cell lymphoma protein 2 (BCL-2), BCL-2-associated
X protein (BAX), cleaved caspase-7, caspase-12 (Cell Signaling
Technology); CHOP/GADDI153 (Pierce) and mouse monoclonal
antibodies raised against ATF6 (Abcam).

Histopathology

Formalin-fixed, paraffin-embedded mouse brain sections
were deparaffinized in xylene, rehydrated in alcohol series and
stained with haematoxylin and eosin (HE) for histological anal-
ysis.

Immunohistochemistry and Double Immunofluorescence

Analysis

For immunohistochemistry, infected and control mouse
brains were perfused first with 0.9% saline solution followed by
4% paraformaldehyde in 0.1 M PBS, pH 7.4, and were embedded
in paraffin. Paraffin-embedded mouse brains were sectioned
horizontally (5 wm) by an automated rotary microtome (Leica),
deparaffinized in xylene, passed through graded alcohols and
further rehydrated in PBS. Antigen retrieval was carried out by
microwaving sections in 10 mM citrate buffer, pH 6.0, for 10 min.
Sections were then treated with 3% H,O, for 10 min to inhibit en-
dogenous peroxidase followed by incubation with serum for 1 h
at room temperature in a humid chamber. Primary antibody
(1:100 dilution of rabbit polyclonal antibodies against p-elF2a
and CHOP) was diluted in blocking solution and incubated over-
night at 4°C. Peroxidase-conjugated secondary antibody was
used for 1 h at room temperature followed by Tris-buffered saline
washes (3 X 5 min each). Diaminobenzidine in buffer was used
till sections developed colour. Sections were then counterstained
with haematoxylin for 10 s and washed with dH,O followed by
dehydration in graded ethanol and xylene and coverslipped with
DPX mount.

ER Stress in ECM

For double immunofluorescence analysis, the same procedure
was followed except that the sections were not pretreated with 1%
hydrogen peroxide. Double immunofluorescence analysis was
performed by incubating sections in a cocktail of primary anti-
bodies [rabbit polyclonal p-elF2a 1:100 dilution with mouse
monoclonal synaptophysin (Abcam) 1:100 dilution and rabbit
polyclonal CHOP (1:100) dilution with mouse monoclonal synap-
tophysin (Abcam) 1:100 dilution] overnight at 4°C. The sections
were washed in PBS and then incubated in fluorochrome-conju-
gated secondary antibodies 1:100 for 1 h at room temperature and
further incubated with diamidinophenylindole and mounted us-
ing Vectashield (Vector Laboratories). The sections were visual-
ized using a Leica confocal microscope.

Fluoro-Jade B Staining

For Fluoro-Jade B staining, deparaffinized sections were sub-
jected to 100% ethanol for 10 min followed by basic alcohol (1%
sodium hydroxide in 80% alcohol) for 5 min. This was followed
by immersing the sections in 70% alcohol for 2 min and double-
distilled water for 2 min. Sections were then immersed in potas-
sium permanganate solution for 10 min, washed once with PBS
for 2 min, and immersed in Fluoro-Jade B solution (0.0004% con-
centration) for 30 min at room temperature. After staining, the
sections were washed 3 times with double-distilled water, cleared
with xylene, air dried and coverslipped using DPX (Fluka). For
colocalization studies of CHOP with Fluoro-Jade B, deparaf-
finized sections were washed once with PBS for 5 min, micro-
waved in citrate buffer for 15 min, blocked with 5% goat serum
and probed with CHOP antibody for 1 h, followed by 3 PBS wash-
es. Sections were then incubated in secondary antibody, washed
thrice with PBS and subjected to graded alcohol series. Sections
were pretreated for 2 min with 0.06% potassium permanganate,
rinsed in double-distilled water for 3 min and immersed in Fluo-
ro-Jade B solution (0.0004% concentration) for 30 min at room
temperature. After this step, sections were washed thrice with
PBS for 5 min each, cleared with xylene and air dried on a slide
warmer at 50°C, mounted with DPX and coverslipped. Later, sec-
tions were analysed under a Leica confocal microscope.

Data Analysis

Data are reported as means = SEM of n experiments. All pa-
rameters were compared using a two-tailed Student’s t test be-
tween infected and control animals. A level of p < 0.05 was con-
sidered statistically significant and was determined using Sigma
Plot 2000 for Windows version 6.00 (SPSS Inc., Ill., USA).

Results

As shown in figure 1 a, all the infected mice suc-
cumbed to the disease and died by day 12 after infection
with a median survival of 7.5 days (p < 0.0001) often with
parasitaemia not exceeding 15% (data not shown), where-
as all the uninfected control mice had 100% survival. HE
staining of brain sections taken from PbA-infected ani-
mals (fig. 1c, e and g) showed distinct neurological le-
sions, with parenchymal microhaemorrhages, cells with
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Fig. 1. a Kaplan-Meier survival curve analysis showing C57BL/6]
mice (n = 10) inoculated intraperitoneally with 10® PRBC which
died by day 12 after infection with a median survival of 7.5 days
(p <0.0001), while all uninfected controls (n = 10) had 100% sur-
vival. Observation of animal survival experiments was done in a
masked manner so as to avoid bias toward any group of animals.
b-g HE staining of brain sections encompassing the cortex (c),

irreversible damage, shrinkage of the nucleus, vacuoliza-
tion of the cytoplasm with distinct apoptotic morpholo-
gy, disruption of vessel walls and adherence of leucocytes
to the vessel walls. In contrast, brain sections taken from
uninfected controls (fig. 1b, d and f) had a healthy paren-
chyma and clear vessels with no haemorrhage.

To investigate whether PbA infection leads to the acti-
vation of ER stress sensors, we performed Western blot
analyses using antibodies against the phosphorylated
forms of PERK and IREL. Significant increases in immu-
noreactivity for p-PERK (p = 0.006) and p-IRE1 (p = 0.05)
were seen in PbA-infected mouse brains as compared to
controls. We further assessed the cleavage status of ATF6
in both PbA-infected and control mouse brains using an
antibody which detects spliced and unspliced versions of
ATF6. As shown in figure 2, ATF6p50 (the activated cy-
tosolic form of ATF6) protein levels were significantly in-
creased in PbA-infected mouse brains as compared to un-
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hippocampus (e) and striatum (g), taken from PbA-infected ani-
mals showing widespread neurological lesions, cells with apop-
totic morphology, petechial haemorrhages and blood vessels
clogged with leucocytes and PRBC. Sections taken from control
animals (b, d and f) have a healthy parenchyma, with no vascular
clogging or haemorrhages. Figures were taken at a magnification
of X60.

infected controls (p < 0.001). Taken together our results
indicate the activation of all the three major arms of the
ER stress signalling pathway.

Since activation of PERK induces the phosphorylation
of elF2a, we next checked the status of eIF2a phosphor-
ylation. As shown in figure 3a, there is a significant in-
crease in the p-elF2a levels in the infected brains com-
pared to controls (p < 0.001), while unphosphorylated
elF2a levels remained the same. In addition, we per-
formed immunohistochemistry on brain sections encom-
passing the cortex, hippocampus and striatum of PbA-in-
fected animals or uninfected controls, to confirm the in-
duction of p-elF2a. In control mouse brain sections
(fig. 3b, d and f), p-elF2a immunoreactivity was poorly
distributed. However, in infected mouse brain sections
(fig. 3¢, e and g), signals for p-elF2a increased in intensity
and were thus correlated with our Western blot results.
Furthermore, double immunofluorescent analysis of p-
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Fig. 2. a Immunoblot analysis of p-PERK, p-IRE1, ATF6 and (3-
actin in the control and infected mouse brains. An equal amount
of protein was electrophoresed by sodium dodecylsulphate poly-
acrylamide gel electrophoresis and transferred to nitrocellulose
membranes and probed with primary antibody to p-PERK, p-
IRE1, ATF6 and B-actin. B-Actin was used asloading control. The
result is representative of 4 independent experiments with similar
results. The lanes C and I indicate uninfected control and PbA-
infected mouse brains sacrificed on day 7 after infection, respec-
tively. b—d Densitometric analysis (arbitrary units, AU) showing
significant increases in the levels of p-PERK, p-IREl and ATF6 in
infected samples as compared to their respective controls. * p <
0.05, ** p < 0.001: significant difference relative to the corre-
sponding control.
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elF2o with synaptophysin, a neuronal marker (fig. 3h-k)
revealed neuronal induction of p-elF2a in infected mouse
brain sections, implying that neurons are the principal cell
types in which p-elF2a is activated in murine CM.

To further gain insight into the downstream effectors
of the PERK-eIF2a branch of the UPR during PbA infec-
tion, we asked if factors which are normally activated by
high levels of p-elF2a, such as ATF4 and GADD34, are
expressed under these conditions. In our immunoblot
analyses (fig. 4) we found significant increases in the ex-
pression of both ATF4 and GADD34 (p =0.002 and 0.005,
respectively) in infected mouse brains as compared to
controls indicating activation of the PERK-elF2a branch
of the UPR during PbA infection. To confirm the acti-
vation of IRE1, we checked the status of spliced XBP1
(XBP1s) by immunoblot analysis. Our results revealed a
significant upregulation of XBP1s (p = 0.008) in infected
brains as compared to controls implying the activation of
the IREI axis of the ER stress pathway (fig. 4). We next
investigated the status of ER chaperones such as BiP, cal-
regulin and calnexin which are prosurvival and are ex-
pressed during the UPR and ER stress (fig. 5). Western
blot analysis revealed a significant downregulation of cal-
regulin (p = 0.02) and calnexin (p = 0.002) in infected

ER Stress in ECM

mice when compared to controls. On the other hand, al-
though we observed the downregulation of BiP levels in
infected mice compared to controls, the decrease is not
that significant (p = 0.073).

All the three major arms, i.e. PERK, IRE1 and ATF6
of the UPR and ER stress signalling pathway, converge on
the elements in the CHOP promoter region to induce
CHOP expression. To test this, we first performed West-
ern blot analysis and later the bands are quantitated by
densitometry (fig. 6a). Our results show a prominent in-
crease in the levels of CHOP protein in infected samples
(p = 0.009) but in control samples it is barely detectable.
Immunohistochemistry of brain sections using CHOP
antibody revealed a robust increase in immunoreactivity
with distinct nuclear localization in all the three brain
regions in infected sections (fig. 6¢, e and g) but not in
control brain sections (fig. 6b, d and f). Further double
immunofluorescence labelling on infected brain sections
revealed colocalization of CHOP (fig. 6j) with synapto-
physin (fig. 6i), a neuronal marker suggesting the neuro-
nal expression of CHOP in the infected brain.

Moreover, several studies have shown CHOP playing a
role as a pro-apoptotic molecule induced by ER stress [16,
17,23] and earlier studies from our laboratory have shown
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Fig.3.aImmunoblotanalysis of p-eIF2c and elF2« in the control
and infected mouse brains. The result is representative of 4 inde-
pendent experiments with similar results. The lanes C and I indi-
cate uninfected control and PbA-infected mouse brains sacrificed
on day 7 after infection, respectively. Densitometric analysis (ver-
tical bar graph; arbitrary units, AU) showing significant increas-
es in the levels of p-eIF2a in infected samples as compared to
controls while the levels of elF2a remained the same in both
groups. ** p < 0.001: significant difference relative to the corre-
sponding control. b-g Immunohistochemistry. In control mouse

that the pathology of ECM manifests neuronal apoptosis
[10-13]. To substantiate our results, we checked the levels
of pro-apoptotic proteins like BAX, caspase-3, active cas-
pase-7, caspase-12 and anti-apoptotic BCL-2. Immuno-
blotting with caspase-3 antibody revealed significant in-
creases in the levels of cleaved caspase-3 (p < 0.001) in the
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brain sections, p-eIF2a immunoreactivity was barely detectable
(b, d and f). However, in infected mouse brain sections there is a
robust increase in p-eIF2a immunoreactivity in all three brain
regions (c, e and g). Pictures were taken at a magnification of
X 60. h-k Double immunofluorescence analysis. Double immu-
nostaining of p-eIF2a (j) and synaptophysin (i) showed neuronal
induction of p-elF2« in infected brain sections (overlay, k). Di-
amidinophenylindole (DAPI) was used as nuclear counterstain
(h). Photomicrographs shown here in this figure are representa-
tive of 3 individual animals from each group. Bar = 40 pm.

infected brain (fig. 7). Further, PbA infection resulted in
the elevated protein levels of BAX (p = 0.002), active cas-
pase-7 (p < 0.001) and active caspase-12 (p < 0.001) in the
infected brain (fig. 7). On the other hand, anti-apoptotic
BCL-2 levels in infected brains were barely detectable in-
dicating predominance of apoptosis in the infected sam-
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Fig. 4. a Immunoblot analysis of spliced and unspliced XBP1 XBPlu ——— ——— 29kDa
(XBP1s and XBPlu, respectively), ATF4 and GADD34 in the con-
trol and infected mouse brains. B-Actin was used as loading con- ATF4 S 10 D
trol. The result is representative of 4 independent experiments
with similar results. The lanes C and I indicate uninfected control
and PbA-infected mouse brains sacrificed on day 7 after infection, GADD34 - 3 kD2
respectively. b-d Densitometric analysis (arbitrary units, AU)
showing significant increases in the levels of XBP1s, ATF4 and B-Actin @ e 45kDa
GADD34 in infected samples as compared to their respective con- a
trols. * p < 0.05: significant difference relative to the correspond-
ing control.
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Fig. 5. a Immunoblot analysis of BiP, calregulin and calnexin in
the control and infected mouse brains. B-Actin was used as load-
ing control. The result is representative of 4 independent experi-
ments with similar results. The lanes C and I indicate uninfected
control and PbA-infected mouse brains sacrificed on day 7 after
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Fig. 6. a Immunoblot analysis of CHOP in the control and infected
mouse brains. The result is representative of 4 independent exper-
iments with similar results. The lanes C and I indicate uninfected
control and PbA-infected mouse brains sacrificed on day 7 after
infection, respectively. Densitometric analysis (vertical bar graph;
arbitrary units, AU) showing significant increases in the levels of
CHOP in infected samples as compared to controls. B-Actin was
used as loading control. ** p <0.001: significant difference relative
to the corresponding control. b-g Immunohistochemistry. In con-
trol mouse brain sections, CHOP immunoreactivity was barely de-
tectable (b, d and f). However, in infected mouse brain sections,

ples. To confirm neuronal cell death in PbA-infected
mice, we stained the sections with Fluoro-Jade B, a novel
fluorescent marker which binds to dying neurons [25].
Our results revealed several Fluoro-Jade B-positive cells
in all three brain regions in infected samples (fig. 8¢, gand
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there is a marked increase in CHOP immunoreactivity in all three
brain regions with nuclear localization (as shown by black arrows
in panels ¢, e and g; in contrast, yellow arrows indicate cytosolic
CHOP immunoreactivity; colours shown in the online version
only). Pictures were taken at a magnification of X60. h-k Double
immunofluorescence analysis. Double immunostaining of CHOP
(j) and synaptophysin (i) showed neuronal induction of CHOP in
infected brain sections (overlay, k). Diamidinophenylindole was
used as nuclear counterstain (h). Note nuclear localization of
CHOP in k. Photomicrographs shown here in this figure are rep-
resentative of 3 individual animals from each group.

k) but not in control brain sections (fig. 8a, e and i) indi-
cating widespread neuronal cell death in PbA-infected
murine brains. Moreover, colocalization studies of CHOP
with Fluoro-Jade B on infected mouse brain sections
(fig. 8m, n and o) clearly showed that CHOP is upregu-
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Fig. 7. a Immunoblot analysis of caspase-3, BCL-2, BAX, active
caspase-7 and caspase-12 in the control and infected mouse
brains. B-Actin was used as loading control. The result is repre-
sentative of 4 independent experiments with similar results. The
lanes C and I indicate uninfected control and PbA-infected mouse
brains sacrificed on day 7 after infection, respectively. b, ¢ Densi-

lated in degenerating neurons following PbA infection.
Together, these results proved unambiguously that CHOP
is involved in neuronal cell death in murine CM.

Discussion

The murine CM model has provided important in-
sights into the pathogenesis of CM and enabled potential
targets for modulation to be identified for study in hu-
mans. C57BL/6] mice infected with PbA develop neuro-
logical signs and symptoms typical of human CM and die
within 6-12 days after infection [3]. Studies with this
model have identified the upregulation of several pro-
apoptotic mediators as major cause of neuronal cell death
during the course of infection [8-13]. An overwhelming
evidence points out the activation of inflammatory path-
ways, upregulation of cytokines such as tumour necrosis
factor «, y-interferon, interleukins 1, 6 and 8 and PRBC
sequestration during the pathophysiology of CM [4]. Fur-
ther, sequestration results in reduced blood flow leading
to tissue hypoxia and hypoglycaemia [26], which in turn
causes protein misfolding and ER stress. Although there
is growing evidence underlying the role of the UPR and
ER stress in several neurodegenerative disorders [24],
there is no data currently available as to which of the three
possible branches of the UPR are activated, or the kinetics
of activation or the extent of their involvement in neuro-
nal cell death in ECM.

ER Stress in ECM

tometric analysis (arbitrary units, AU) showing significant in-
creases in the levels of cleaved caspase-3 and significant increases
in the levels of total and cleaved versions of caspase-12 in infect-
ed samples as compared to their respective controls. * p < 0.05,
** p < 0.001: significant difference relative to the corresponding
control).

To this end, we performed Western blot analyses, and
for the first time our results showed the induction of p-
PERK and p-IREl and cleavage of ATF6 in infected
mouse brains but not in uninfected controls indicating
the activation all three branches of the UPR. Our results
are in agreement with earlier studies of brain ischaemia/
reperfusion and other neurodegenerative disorders which
implicate the activation of multiple pathways of the UPR
following insult [24]. However, we emphasized the role of
the PERK-elF2a axis in this study mainly because our
aim here was to investigate a well-established pathway of
translation arrest and to provide a deeper insight into the
mechanisms by which the PERK-elF2a axis mediates
neuronal cell death in ECM.

Along with hypoglycaemia which is known to occur
in CM [26], depletion of ER calcium stores is known to
activate PERK [27, 28]. Further, a direct proof of evidence
linking disturbances in neuronal calcium homeostasis to
PERK activation is lacking in the ECM model. However,
supporting evidence in the form of calpain activation ow-
ing to altered calcium homeostasis in pathological mani-
festation of the disease is well established [12]. Activation
of PERK leads to eIF2a phosphorylation, thereby shut-
ting off mRNA translation and reducing the protein load
on the ER. In this study, we evaluated PbA-induced al-
terations in both eIF2a phosphorylation and elF2a pro-
tein levels by Western blotting using the respective anti-
bodies. While there is no change in the levels of elF2a
protein, p-elF2a levels increased significantly in infected
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Fig. 8. Paraffin-embedded sections of both control (a, e and i) and
PbA-infected mouse brain sections (¢, g and k) were stained for
Fluoro-Jade B. While control sections stained very little for Fluo-
ro-Jade B, infected sections have significantly higher numbers of
Fluoro-Jade B-positive cells in all three regions. Panels b, f and
jand d, h and | are phase-contrast images of control (a, e and i)
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and infected (c, g and k) panels, respectively. Double-label stain-
ing of CHOP (m) and Fluoro-Jade B (n) showed that CHOP-posi-
tive cells were also positive for Fluoro-Jade B (o). Photomicro-
graphs shown here in this figure are representative of 3 individu-
al animals from each group.
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mice as compared to controls. Further we performed im-
munohistochemistry to determine whether there was any
regional difference in the expression of p-eIF2a. We se-
lected the cortex, hippocampus and striatum, the three
different neuro-anatomical regions that control move-
ment because CM affects movement and coordination in
terminally ill mice with symptoms ranging from (but not
limited to) stupor, hemiplegia, dysplegia, paraplegia,
coma and finally death. Robust increases in immunore-
activity for p-eIF2a were observed in the cortex, hippo-
campus and striatum indicating that all three regions are
equally vulnerable to ER stress, and in fact this regional
vulnerability coincides with neuronal cell death as ob-
served in our HE and Fluoro-Jade B staining. We further
performed p-elF2a/synaptophysin colocalization exper-
iments in infected mouse brain sections to confirm the
neuronal induction of p-elF2a. Our results show that p-
elF2a was significantly upregulated in neurons, and tak-
ing into account the pattern of Fluoro-Jade B staining we
conclude that neurons are particularly vulnerable to ER
stress-mediated cell death.

elF2a phosphorylation was followed by the induction
of the transcription factor ATF4 and GADD34, both
genes being specific targets of the PERK/eIF2a pathway.
GADD34 is a regulatory subunit of protein phosphatase
1, which is required for eIF2a dephosphorylation and re-
covery from a shut-off of total protein synthesis in re-
sponse to ER stress [29]. In our results we found distinct
increases in both ATF4 and GADD34 emphasizing the
point that the PERK/elF2a pathway is activated in ECM.
Increased levels of p-elF2a and GADD34 observed in in-
fected mice throw light on the dynamic stress response
involving regulation of elF2a kinases and phosphatases.
Increased GADD34 levels in infected animals also sup-
port the notion that the increase in the levels of p-elF2«a
is due to elevated activity of the upstream kinase and not
due to decreased activity of phosphatase.

While ATF4 on one hand induces the transcription of
prosurvival genes such as GRP78, GRP94 and genes that
are involved in amino acid metabolism and transport, on
the other hand it also leads to the transcription of CHOP/
GADD153 which is a pro-apoptotic ER stress marker. In
fact, the PERK-elF2a signalling pathway directly regu-
lates the transcriptional arm of the UPR, affecting both
the pro- and anti-apoptotic components [30]. In this con-
nection we performed Western blot analyses of BiP and
CHOP, and our results show a decrease in BiP levels and
a corresponding increase in CHOP levels suggesting that
the pro-apoptotic component of the PERK-elF2a signal-
ling pathway is dominant over its anti-apoptotic counter-

ER Stress in ECM

part in the PbA-infected mice. This fact is further
strengthened by our results wherein we also found the
downregulation of calreticulin and calnexin, the two ER-
resident prosurvival chaperones [31, 32] in infected mice
as compared to controls. Our results are in agreement
with earlier studies where BiP expression was reduced
while CHOP expression was increased in the late phase
of permanent middle cerebral artery occlusion in mice
[33]. Thus, in light of these observations we conclude that
in ECM, ER stress accompanied by failure of an adaptive
response, may eventually result in apoptotic cell death.

CHOP is a transcription factor that translocates to the
nucleus after its activation. In fact, all three axes of the ER
stress pathway converge on CHOP induction [34], and it
is one of the highest inducible genes during ER stress as
revealed by micro-array analysis [35]. Numerous pieces
of evidence reveal that overexpression of CHOP or micro-
injection of CHOP into cells promotes apoptosis [36-38],
while overexpression of BiP attenuates CHOP-induced
apoptosis [39]. Similarly, mice deficient in CHOP showed
reduced apoptosis in response to ER stress [38, 40]. Our
results from CHOP immunohistochemistry show that
CHOP immunoreactivity is robust in all three brain re-
gions of the infected mouse brain as compared to con-
trols. Further CHOP is localized exclusively to the nucle-
us and CHOP/synaptophysin colocalization experiments
revealed that CHOP is expressed in neurons in infected
mice. Moreover, CHOP/Fluoro-Jade B dual staining con-
firms that CHOP is involved in neuronal cell death in
PbA-infected mice. Taken together, our results highlight
the importance of CHOP-mediated neuronal cell death
in ECM.

Apart from its intrinsic ribonuclease activity, IRE1
also has a Ser/Thr kinase domain which once activated is
involved in ER stress-mediated cell death [16]. In fact,
modulation of UPR signalling via IREla is also depen-
dent on its association with pro-apoptotic members of the
BCL-2 family BAX and BCL-2 antagonist/Kkiller [41]. Our
results, in conjunction with this previous study, show the
activation of IREI, induction of XBP1s, upregulation of
BAX, downregulation of BCL-2 and cleavage of caspase-3
indicating the ER stress-mediated apoptotic pathway in
PbA-infected mouse brains. Activated IREla also medi-
ates apoptosis via its interaction with the cytoplasmic do-
main of TRAF2 and activation of JNK via the IREla-
TRAF2-ASK1-JNK signalling pathway [16, 42]. In fact,
Liu et al. [43] recently demonstrated the IREla-ASK1-
JNK-mediated pro-apoptotic pathway in the hippocam-
pus of patients with chronic epilepsy. Earlier, we have
demonstrated the activation and involvement of JNK in
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mediating neuronal cell death in the ECM model [13].
Taken together, these data implicate a role of IREla in
neuronal apoptosis in PbA-infected mice.

Unlike activated IRE1 which plays a major role in
apoptosis in ER-stressed cells, activation of ATF6 is pro-
survival aimed to counteract ER stress [23]. Moreover, in
a recent study it was reported that ischaemia activates
ATF6 and induces ER stress-responsive genes [44]. Fur-
thermore, sequestration of PRBC, attachment of mono-
cytes to cerebral endothelia, cerebral oedema and in-
crease in brain lactate result in ischaemic conditions [45]
which may provide a plausible explanation for the activa-
tion of ATF6 in the PbA-infected murine brain.

Caspase-12 is present on the cytoplasmic side of the ER
and mediates cell death associated with ER stress. Cas-
pase-12 is activated either by calpain owing to Ca*" im-
balances [46] or it is activated by the classical TRAF2-
IREI-JNK pathway [47] or it is activated by caspase-7 [48].
Our results show the activation of caspase-12 in infected
animals, but at this point of time we cannot exactly de-

lineate as to which of these pathways are involved in cas-
pase-12 activation. In fact, we have reported earlier the
activation of calpains and JNK [12, 13] in murine ma-
laria. Further, we have also checked the levels of active
caspase-7 in this study which suggests that activation of
caspase-12 in ECM could be synergistic involving cal-
pains, TRAF2-IRE1-JNK and also caspase-7.

In summary the results presented here show for the
first time activation of multiple apoptotic ER stress path-
ways which could shed new light onto the mechanisms
underlying the relationship between ER stress, the UPR
and the cell death programme in ECM.
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