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Abstract

NF-kB p65 and cleaved caspase-3 expression.

(ry = 0.696; p = 0.037) in fatal CM.

the brain ECs and intravascular leukocytes of fatal CM.

Immunohistochemistry

Background: Cerebral malaria (CM) caused by Plasmodium falciparum is known to be associated with the
sequestration of parasitized red blood cells (PRBCs) in the microvasculature and the release of soluble cytokines. In
addition, the involvement of signaling molecules has gained wide interest in the pathogenesis of CM. An important
signaling factor, nuclear factor kappa B (NF-kB) is known to regulate apoptosis. This work aimed to study the
expression of NF-kB p65 and its correlation with apoptosis in the brain of fatal CM.

Methods: The expression of NF-kB p65 and cleaved caspase-3 in the brain of fatal P. falciparum malaria cases was
investigated by immunohistochemistry. Histopathological features were analysed together with the correlations of

Results: NF-kB p65 activation and cleaved caspase-3 expression were significantly increased in the neurons, glial
cells, vascular endothelial cells (ECs) and intravascular leukocytes of the brain in fatal CM, compared with the
control brain (p < 0.001) and non-cerebral malaria (NCM) (p = 0.034). The percentage of neurons that expressed
nuclear NF-kB p65 showed a positive correlation with the total score of histopathological changes (r, = 0.678;

p = 0.045). Significant positive correlations were established between vascular ECs NF-kB index and ECs apoptotic
index (r, = 0.717; p = 0.030) and between intravascular leukocytes NF-kB index and leukocytes apoptotic index

Conclusions: This study documented that NF-kB p65 is one of the signaling factors that modulates apoptosis in
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Background

The process of malaria pathogenesis is very complex.
Despite malaria being one of the most extensively stud-
ied infectious diseases over the past decade, the exact
molecular basis for disease progression remains poorly
understood. However, several key processes can be rec-
ognized; these include the adherence of parasitized red
blood cells (PRBCs) to microvascular endothelial cells,
leading to vascular obstruction and subsequent cerebral
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hypoxia [1] and the production of high levels of pro-
inflammatory mediators during acute malaria infection
[2]. The attachment of PRBCs is mediated by specific host
endothelial receptor molecules, predominantly intercellu-
lar adhesion molecules 1 (ICAM-1) in the brain [3]. Sev-
eral investigations have shown that the expression of
adhesion molecules on the endothelium is closely linked
to the activation of transcription nuclear factor kappa B
(NF-xB) protein [4-6]. Recently, Tripathi et al. showed
that PRBC exposure to human brain endothelium can
induce a predominantly pro-inflammatory response that
is mediated by activation of NF-kB [4]. NF-kB is a
transcription factor that regulates the expression of
various genes involved in cell proliferation, adhesion,
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anti-apoptosis and apoptosis [5]. One of the important
events regulated by NF-«B is apoptosis, a complex bio-
logical process of cell death. This process can be mediated
by various stimuli, including hormones, cytokines, growth
factors, bacterial or viral infections and immune response
[6]. An important and reliable indication of apoptosis
induction is the detection of cells that express the ac-
tive form of caspase-3 [7], an executor enzyme which
can be activated by several other active caspases. In
vitro evidence further suggests that PRBCs, leukocytes,
and platelets are directly involved in endothelial cell
damage and might, therefore, contribute to blood—brain
barrier (BBB) disruption by apoptotic cell death [8-10].
In addition, soluble cytokines such as tumor necrosis
factor (TNF) are known to alter BBB permeability [11],
allowing cytokines and malaria antigens to enter the
brain compartment. These could lead to the activation
of the microglia or damage to glial cells, which have
been observed in murine and human cerebral malaria
[12-15]. Recently, axonal injury was demonstrated in
the brain of cerebral malaria (CM) patients [16]. However,
the underlying mechanisms of neuronal and glial degener-
ation are not yet sufficiently understood. Although it is
known that increased production of pro-inflammatory
cytokines is an important process that contributes to
the pathogenesis of Plasmodium falciparum malaria, very
little is known about the nature of the various potential
ligands of the parasite and the signaling mechanisms
involved.

In this study, the involvement of NF-«xB p65 activation
and caspase-3 expression was investigated by immuno-
histochemistry in postmortem brain tissues of patients
who died from P. falciparum malaria. The correlation
between NF-kB p65 and caspase-3 expression was
analysed with the clinical parameters and histopatho-
logical changes seen in fatal CM.

Methods

Brain tissue specimens

The paraffin-embedded brain tissues from cerebral mal-
aria (CM) patients and non-cerebral malaria (NCM) pa-
tients at the Department of Tropical Pathology, Faculty of
Tropical Medicine, Mahidol University, Thailand, from
1995 to 2004, were enrolled into this study. Normal brain
tissues (n = 10) were obtained from patients who had died
from accidents without head injury. The use of left-over
brain specimens and the study protocol were reviewed
and approved by the Ethics Committee of the Faculty of
Tropical Medicine, Mahidol University (MUTM 2010-
053-01, MUTM 2010-053-02).

Histopathological examination
Brain sections were stained with modified haematoxylin
and eosin (H&E) stain, according to routine methods.
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Representative brain tissues were randomly obtained
from cerebellum (frontal, temporal and occipital lobes)
and cerebellum. Three parameters of histopathological
features in the brain section were evaluated- including
vascular sequestration with PRBCs, ring haemorrhage
and Durck’s granuloma. For the semi-quantitative ana-
lysis of histopathological changes, a grading scale (range
from 0 to 10 points) was developed to determine CM-
related histopathological changes (Table 1). A score of 0
meant the absence of PRBC sequestration, ring haemor-
rhage and Durck’s granuloma, while a score of 10 signi-
fied the most severe histopathological changes.

Immunohistochemistry for NF-kB p65 and cleaved
caspase-3

Brain tissues were sectioned at 4 pm in thickness,
deparaffinized in xylene and rehydrated through graded
concentrations of alcohol. Subsequently, antigen was re-
trieved in 0.1 M Tris—HCI buffer (pH 9.0) for NF-xB
p65 and 0.1 M sodium citrate buffer (pH 6.0) for cleaved
caspase-3 by microwave method. The endogenous
peroxidase was inactivated with 3% hydrogen peroxide
in distilled water for 30 min at room temperature.
After washing the sections in phosphate-buffered sa-
line (PBS, pH 7.4), the nonspecific binding site was
blocked with 10% normal goat serum for 30 min at
room temperature. Sections were incubated overnight
at 4°C with specific primary antibody; mouse mono-
clonal antibody directed against the p65 (F-6) RelA
component of the NF-kB complex (1:50; Santa Cruz
Biotechnology, CA, USA), and rabbit polyclonal anti-
body that recognized the large fragment (17/19 kDa)

Table 1 Three features, 10-points histological scoring
devised to determine histopathological changes in the
brain of fatal malaria cases

Parameters Histological characterization Score
None 0
< 30%/HPF 1
31-50%/HPF
51-70%/HPF
71-90%/HPF

> 91%/HPF

Sequestration of PRBCs

o U~ wWwoN

Ring haemorrhage None
< 10 areas/slide
11-20 areas/slide

21-30 areas/slide

o w N

Durck's granuloma None
< 2 areas/slide 1
> 2 areas/slide 2
Total Score: (5) + (3) + (2) = 10

HPF = high power field (X400).
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of cleaved caspase-3 (1:200; Cell Signaling Technology,
USA). During the ensuing days, sections were washed
three times with PBS and incubated with secondary anti-
body for 30 min at room temperature and reacted with
avidin-biotin complex (ABC) conjugated with horseradish
peroxidase (HRP) (for NF-kB p65) or alkaline phos-
phatase (AP) (for cleaved caspase-3) (Vectastain ABC
kit, Vector Laboratories, CA, USA), according to the
manufacturer’s instructions. After washing with PBS, en-
zymatic activity was visualized by 3,3'-diaminobenzidine
tetrahydrochloride (DAB) or Vector® Red substrate kit
(Vector Laboratories, CA, USA) for peroxidase (brown
color) and alkaline phosphatase (red color) activity, re-
spectively. Sections were counterstained with haematoxy-
lin, then dehydrated and mounted with a coverslip.

Positive and negative controls

Known positive controls (breast cancer for NF-kB p65
and lymph node for cleaved caspase-3) were used to con-
firm the specificity of primary antibodies and validate the
immunohistochemistry staining techniques. The negative
control was implemented by omission of primary anti-
body, with staining in each run. In addition, brain sections
were incubated with the immunohistochemistry substrate,
DAB or Vector® Red substrate, to confirm the presence of
endogenous peroxidase and alkaline phosphatase activity.

Evaluation of NF-kB p65 and cleaved caspase-3
immunostaining

The quantitative immunoreactivity of NF-kB p65 was
evaluated in nuclear NF-kB p65 stained cells. Cleaved
caspase-3 stained with red color in the cytoplasm and/or
nucleus of a cell was considered an apoptotic cell. The
expressions of NF-kB p65 and cleaved caspase-3 immu-
nostaining were examined in neurons, glial cells, endo-
thelial cells (ECs) and intravascular leukocytes. In each
case, five brain sections (three from cerebrum and two
from cerebellum) were evaluated. Each immunostained
section was randomly counted in 10 microscopic fields
under high-power field (X400) microscope. In each field,
positive cells and total cell number were recorded and
added up with all 50 microscopic fields then percentage
of positive stained cells (%) was calculated as the num-
ber of positive cells divided by the total cell count,
multiplied by 100. The staining intensity was graded on
a scale (range O to 3) by semi-quantitative assessment, as
follows: 0 = negative, 1 = weak staining, 2 = moderate,
and 3 = strong. Finally, the total score (TS) was calcu-
lated by multiplying percentage of immunopositive cells
(P) by staining intensity (I) [Total score (TS) = percent-
age of positive cells (P) X staining intensity (I); max-
imum = 300], which was modified from previous studies
[17,18]. Nuclear NF-kB and apoptotic indices in ECs
and intravascular leukocytes were measured in blood
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vessels between 10 to 50 pm in diameter. Finally, the
index was calculated by dividing the total number of
immunopositive cells by the total number of blood vessels.
Histopathology and immunohistochemistry were evalu-
ated by two independent observers (CP and PV) unaware
of the patients’ clinical outcome. When inter-observer
disagreement was noted, a third investigator evaluated
the sample.

Statistical analysis

Results were presented as mean * standard error of the
mean (SEM). The normality of distribution was tested by
Kolmogorov-Smirnov test. Differences between groups
were analysed by Mann Whitney U-test. Spearman’s rank
correlation coefficient (r,) was computed to estimate the
direction and strength of correlations between the ex-
pression of NF-kB p65 and cleaved caspase-3, histo-
pathological changes, and clinical data. Statistical analysis
was conducted using SPSS version 17.0 software (SPSS,
IL, USA). A p value < 0.05 was considered significantly
different.

Results

Clinical data of fatal CM and NCM cases

Brain-tissue specimens were obtained from nine patients
who had died of cerebral P. falciparum malaria and two
from NCM; their clinical data appear in Table 2. The
CM group comprised three women (age range 3 to 35
years) and six men (age range 8 to 41 years). The follow-
ing clinical features were obtained on admission for the
CM patients: the mean haemoglobin concentration was
11.3 + 0.9 g/dl, mean white blood cell (WBC) count was
18,486 + 3,947.8 cells/mm? mean time from admission
to death was 47 + 17.5 hr, mean parasite count on ad-
mission was 564,605 + 259,125 parasites/ul, and mean
last parasite count was 377,042 + 395,839 parasites/pl.
Other complications associated with CM included an-
aemia (5/9, 55.6%), jaundice (7/9, 77.8%), pneumonia
(5/9, 55.6%), shock (2/9, 22.2%), pulmonary oedema
(5/9, 55.6%), disseminated intravascular coagulation
(DIC) (2/9, 22.2%), acute kidney injury (AKI) (4/9,
44.4%), hypoglycemia (2/9, 22.22%) and acidosis (1/9,
11.1%). The NCM group comprised two cases. The
significant differences in clinical parameters between the
CM and NCM groups were mean parasite count on ad-
mission (p = 0.034) and mean last parasite count (p =
0.0033).

Histopathological observations in the brain of fatal CM
and NCM patients

Histopathological changes in the brains of fatal P.
falciparum malaria cases are summarized in Table 3.
The total score for histopathological changes was semi-
quantitatively assessed in each specimen. For the CM
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Table 2 Clinical details of fatal malaria cases
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Code no. Group Age Sex Hb' WBC' (ul) Time to Admission Last parasite Other complications
(Year) (g/dl) death (hr) parasite count/pl count/pl

AOO1 M 3 F 12 ND 12 677,040 677,040 Anaemia, Jaundice, Pneumonia, Shock, PE

A002 ™M 18 M 8 28,200 4 29,900 29,900 Anaemia, Jaundice, PE

A003 @Y 15 M 12 18,350 0.5 190,000 190,000 Jaundice, Pneumonia, DIC, PE

A004 ™ 28 M 73 32,500 96 20,460 3410 Anaemia, Jaundice, Pneumonia, AKI

AO005 M 35 F 146 6941 144 52,780 81,200 AKI

A006 M 41 M 14.3 23,250 13 521,730 521,730 Pneumonia, Shock

A007 M 18 M 132 4350 48 2,494,940 702,800 Jaundice, AKI, Hypoglycemia

A008 M 13 M 10.7 6,600 96 313,900 64,500 Anaemia, Jaundice, Pneumonia,
Hypoglycemia, PE

A009 ™M 8 F 95 27,700 8 780,700 1,122,806 Anaemia, Jaundice, AKI, Acidosis, DIC, PE

A101 NCM 65 M 114 9312 120 150 0 Pneumonia, PE

A102 NCM 38 M 6.8 4800 144 96 0 Metabolic acidosis, Pneumonia, PE

F = female; M = male; "data on admission; CM = cerebral malaria; NCM = non-cerebral malaria; PE = pulmonary oedema; DIC = disseminated intravascular

coagulation; AKI = acute kidney injury, ND = no data.

group, the highest score for PRBC sequestration (Score 5)
was observed in 4 cases (44.4%). PRBC sequestration
was found in the brain sections of all cases with scores
ranging from 1 to 5. The highest score for areas of ring
hemorrhage was seen in 2 cases (22.2%). Durck’s granu-
loma, showing a reactive gliosis resembling the formation
of granulomas, was observed in 2 cases (22.2%). The mean
total score for overall histopathological changes in the
brains of the fatal CM cases was 4.4 points, whereas no
significant histopathological changes were observed in the
brain sections of the NCM cases.

Table 3 Histopathological changes in the brains of fatal
CM and NCM patients

Histopathological changes

Code no. Group #PRBC PRing “Durck’s 'Total

sequestration haemorrhage granuloma score
A001 M 5 1 0 6
A002 M 5 3 0 8
A003 @Y 3 0 0 3
A004 @Y 1 3 1 5
A005 @Y 1 1 0 2
A006 ™ 5 1 0 6
A007 ™M 5 0 0 5
A008 ™M 1 0 2 3
A009 M 1 0 1 2
A101 NCM 0 0 0 0
A102 NCM 0 0 0 0

2PRBC sequestration range: 0 to 5 points, °Ring haemorrhage range: 0 to 3
points, “Durck’s granuloma range: 0 to 2 points.

Total score range: 0 to 10 points. A score of 0 signifies no abnormal
histopathological changes, while a score of 10 signifies the most severe
histopathological changes.

Expression of NF-kB p65 in neurons and glial cells

Localized NF-kB p65 immunostaining was detected in
the cytoplasm and/or nucleus of cellular components in
the brain--neurons, glial cells, vascular ECs, and intra-
vascular leukocytes. Cytoplasmic NF-kB p65 expression
represented an inactive protein state bound to inhibitor
kappa B (IkB), while NF-kB expression in the nucleus
represented an active state. Since NF-kB p65 activation
results in nuclear translocation [19], only nuclear-stained
cells were considered and counted for quantitative ana-
lysis. Figure 1 represents comparative histopathologic
changes stained with modified H&E stain. Figure 1 repre-
sents histopathologic changes stained with modified H&E
stain (left panel- A, C, E, G, I) and comparative immuno-
staining pattern for NF-kB p65 (right panel- B, D, E, H, J).
Neurons were mostly positive for cytoplasmic NF-kB p65
staining, indicating NF-kB in an inactive state (Figure 1B).
However, many glial cells in the white matter were
frequently found to express nuclear NF-xkB p65 stain-
ing (Figure 1D) as well as glial cells located in areas
of ring haemorrhage (Figure 1F). Additionally, a col-
lection of activated glial cells called Durck’s granu-
loma (Figure 1H), and glial cells closely associated
with blood vessels (Figure 1J), mostly showed intense
nuclear NF-kB p65 expression. Different brain sec-
tions from the cerebrum and cerebellum showed
similar immunoreactive cells and staining intensity.
The mean percentages and total scores for nuclear
NE-kB p65 immunostaining in neurons and glial cells
are shown in Figure 2. NF-kB p65 expression in the
neurons and glial cells in the CM cases was signifi-
cantly greater than the control brain (all p < 0.001)
and NCM (all p = 0.034). To observe the ratio of the
glial cell population expressing nuclear NF-kB p65,
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A A 1 = o' P b A
Figure 1 Histopathologic changes (A, C, E, G, 1) and pattern of immunohistochemistry staining for NF-kB p65 (B, D, F, H, J) in the brain
of fatal cerebral malaria. (A) Group of neurons (H&E). Apoptotic features of cellular shrinkage, apoptotic nuclei and increased cytoplasmic
staining for eosin were observed in some neurons (arrows). (B) Neurons demonstrating predominantly cytoplasmic NF-kB p65 staining. (C) Glial
cells in white matter (H&E). (D) Group of glial cells showing cytoplasmic and nuclear NF-kB p65 immunostaining (E) Ring haemorrhage in white
matter (H&E). (F) Glial cells in area of haemorrhage showed strong positive staining for cytoplasmic and nuclear NF-kB p65. (G) Mass of reactive
glial cells forming an ill-defined granuloma collectively called Durck's granuloma (H&E). (H) Reactive glial cells showed intense positive staining
for cytoplasmic and nuclear NF-kB p65. (I) Group of glial cells associated with blood vessel (arrow) containing PRBCs (arrowhead) (H&E). (J) Glial
cells stained for nuclear and cytoplasmic NF-kB p65 associated with blood vessel (arrow). Scale bars = 20 um.
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glial cell subtypes were identified by cell morphology. Oli-
godendrocytes had significantly higher mean percentage
nuclear NF-kB p65 than astrocytes (p < 0.001).

Expression of NF-kB p65 in vascular ECs and intravascular
leukocytes

It is known that the PRBC-sequestration and cytokine-
mediated mechanism are involved in the pathogenesis of
CM. Vascular ECs are an important attachment site and
the target of PRBC cytoadhesion. The results demon-
strated that vascular ECs show a strong nuclear immu-
noreactivity against NF-kB p65 in CM (Figure 3). Sixty
percent (60.4% + 5.1) of ECs were immunopositive for

&
<
(o)
<
&

3 «

—
s

Figure 3 Immunohistochemical staining of NF-kB p65 in ECs
and leukocytes in the brains of CM cases. This micrograph
illustrates a cross-section of a blood vessel with strong immunopositive
staining for NF-kB p65 in ECs (arrows) and an adhered leukocyte
(arrowhead). BV = blood vessel. Scale bars = 10 pm.

NF-«B p65 as compared to 29.7% + 4.8 in control group
(p = 0.002) and 30.0% + 5.0 in NCM group (p = 0.044).
Circulating inflammatory cells particularly lymphocytes
are seen in CM. Intravascular lymphocytes shows higher
nuclear immunoreactivity against NF-xB p65 than con-
trol and NCM, which indicates the active state of these
cells during malaria infection. To better characterize the
expression of NF-kB p65 in vascular ECs and intravascu-
lar leukocytes, the number of immunopositive cells per
blood vessel was counted and calculated for a nuclear
NF-«B p65 index. The ECs NF-«B index and intravascu-
lar leukocytes NF-kB index were significantly higher in
the brains of fatal CM cases than controls (all p < 0.001)
and NCM (all p = 0.034) (Figure 4).

Expression of cleaved caspase-3 in neurons and glial cells
One of the important events regulated by NF-kB p65 is
apoptosis. To evaluate whether apoptosis detected at the
final apoptotic cascade pathway (caspase-3) is involved
in the cause of CM, brain sections from fatal CM pa-
tients were investigated to determine the expression of
cleaved caspase-3. Immunostaining patterns for cleaved
caspase-3 showed homogenous staining in both the
cytoplasm and nucleus. Localization of cleaved caspase-3
in the brain of fatal CM is shown in Figure 5. Neurons
were frequently positive for cleaved caspase-3 (Figure 5A).
Glial cells were reactive and showed strong immuno-
staining (Figure 5B). Glial-cell processes exhibited ra-
dial immunostaining of cleaved caspase-3, resembling
a spiderweb pattern (Figure 5C). There was no detect-
able cleaved caspase-3 immunoreactivity in the brains of
the control group (Figures 5D and 5E) and to a lesser de-
gree in the NCM group. Interestingly, cleaved caspase-3
in the glial cells was frequently found around and within
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Figure 4 Quantitative analysis of nuclear NF-kB p65 index in vascular ECs and in intravascular lymphocytes in the brains of control,
NCM and CM groups. The graphs show NF-kB p65 expression in vascular ECs (A) and intravascular leukocytes (B) in three experimental groups.

Significance of p < 0.001 compared with control brain (Mann-Whitney U test). ®Significance of p = 0.034 compared with NCM (Mann-Whitney
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Figure 5 Pattern of immunohistochemical staining for cleaved caspase-3 in the brains of fatal CM cases. A strong neuronal

immunoreactivity for cleaved caspase-3 was observed in the neurons (arrows) (A) and glial cells (arrowheads) (B and C) compared with the
neurons (D) and glial cells (E) of the normal brain. Scale bars = 20 um.
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areas of ring haemorrhages (Figure 6). For quantification,
immunoreactivity and the total score for cleaved caspase-
3 was significantly higher in neurons and glial cells than in
the control (all p < 0.001) and NCM (all p < 0.001) groups
(Figure 7). In addition, oligodendrocytes showed signifi-
cantly higher cleaved caspase-3 expression than astrocytes
in the brains of fatal CM cases (p < 0.001).

Expression of cleaved caspase-3 in vascular ECs and
intravascular leukocytes

In addition to the parenchymal cells, ECs immunopositive
for activated caspase-3 were observed in the blood vessels
containing PRBC sequestration as well as both circulating
and adherent leukocytes (Figure 8). The percentage of ECs
immunopositive for cleaved caspase-3 was significantly in-
creased in CM (77.4% + 3.8) compared to control (2.0% +
2.0, p = 0.000) and NCM groups (2.5% + 2.5, p = 0.034).
To determine the occurrence of apoptosis in the vascular
ECs and intravascular leukocytes, the apoptotic index, in-
dicating the number of immunopositive ECs or leukocytes
stained for cleaved caspase-3 per blood vessel, was used to
measure the degree of apoptosis in ECs and leukocytes.
The vascular ECs apoptotic index and the intravascular
leukocyte apoptotic index were significantly higher in fatal
CM than in the control brain and NCM group (all p <
0.001) and NCM group (all p = 0.0.034) (Figure 9).

Correlations of NF-kB p65 and caspase-3 expression with
histopathological changes and clinical findings

The percentage of neurons that expressed NF-kB p65
correlated positively with total score for histopatho-
logical changes (Spearman’s rank correlation, r; = 0.678;
p = 0.045) (Figure 10A). There was a significant positive
correlation between nuclear ECs NF-kB index and ECs
apoptotic index (r; = 0.717; p = 0.030) (Figure 10B), and be-
tween intravascular leukocyte NF-kB index and leukocyte
apoptotic index in the CM group (r; = 0.696; p = 0.037)
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(Figure 10C). However, no association was established
between NF-kB p65 and caspase-3 expression in neu-
rons, glial cells, and the following clinical parameters: age,
haemoglobin, WBC, time to death, admission, and last
parasite count.

Discussion

NF-kB p65 and apoptosis in cerebral malaria

The expression of NF-kB p65 and the occurrence of
apoptosis was investigated in the brains of patients who
had died from CM, hoping to determine correlations be-
tween NF-kB p65 cell signaling events and apoptosis in
various cellular components of the brain--neurons, glial
cells, ECs, and intravascular leukocytes. Nuclear NF-kB
p65 positive cells indicate the activation of NF-kB p65.
NF-kB p65 activation in these cell types as well as the
presence of activated glial cells in the damaged brain
(areas of ring hemorrhage and Durck’s granuloma) and
associated blood vessels suggests that histopathological
changes in CM is mediated by the NF-kB p65 signaling
pathway. NF-kB responded variably in different cell
types as a consequence of malaria infection. Glial cells
are known to be sensitive and respond quickly to patho-
gens and injury. Among the glial cells observed, oligo-
dendrocytes were considered more sensitive to NF-kB
p65 activation than astrocytes (glial cell differentiation
based on morphology). Purkinje neurons are more re-
sistant to NF-kB p65 activation than other neurons. The
presence of glial cells exhibiting NF-kB p65 activation
close to the blood vessels may be an immune response
secondary to the leakage of soluble mediators from the
disruption of vascular permeability in CM.

The activation of NF-kB p65 expression and the in-
duction of the apoptosis process in the neurons and glial
cells in CM imply important cell signaling processes.
In P. falciparum malaria, the process of PRBC-EC
cytoadhesion leads to impairment of the BBB, which

Figure 6 Immunohistochemical staining for cleaved caspase-3 in the area of haemorrhage in the brains of fatal CM cases.
(A) Representative photograph of area of congestion and ring haemorrhage is shown with H&E stain. (B) Many glial cells located around
and within the area of haemorrhage show strong positive staining for cleaved caspase-3 (arrows). Scale bars = 50 um.
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subsequently allows passage of soluble mediators re-
leased by malaria parasites and the host immune re-
sponse to the brain parenchyma [20]. These soluble
factors may trigger the activation of NF-«B in various cellu-
lar components of the brain. The results demonstrated that
activation of NF-kB and apoptosis occurred in neurons,
glial cells, ECs and vascular leukocytes of fatal CM how-
ever, both neurons and glial cells showed no correlation
between NF-kB p65 expression and cleaved caspase-3,

Figure 8 Immunohistochemical staining for cleaved caspase-3
in the blood vessel of fatal CM brain. A micrograph to
demonstrate strong positive staining for cleaved caspase-3 in the
ECs (arrows) sequestered with PRBCs and leukocytes (arrowheads)
inside the vascular lumen. VL = vascular lumen. Scale bars = 20 um.

suggesting that the NF-kB p65 signaling pathway is not
the main culprit for neuronal and glial cell apoptosis in
CM. It is possible that other cell signaling events and
stimuli from soluble mediators during the process of mal-
aria infection may contribute to neuronal and glial cell
apoptosis. On the contrary, ECs and intravascular leuko-
cytes showed positive correlations between NF-kB p65 ac-
tivation and cleaved caspase-3 expression suggesting that
NF-kB p65 activation modulates apoptosis in ECs and
intravascular leukocytes in CM. Previous in vivo studies
by Tripathi et al., demonstrated that PRBC exposure in-
duced nuclear translocation of NF-kB in brain ECs and
was associated with intercellular adhesion molecule 1
(ICAM-1) expression [3,4]. At the transcript level, apop-
totic genes were among the members of up-regulated
genes [4]. The study suggests that alteration in expression
of apoptotic genes does not translate to functional apop-
tosis probably due to the balancing effect of positive
and negative signaling regulators of apoptosis which
determines whether apoptosis will occur or not [4]. The
association between NF-«B signaling process and the oc-
currence of apoptosis at the molecular level still needs to
be clarified. In this study however, the linkage between
NE-«B signaling process and the apoptotic changes in the
brain ECs and vascular ECs of CM is documented. Apop-
tosis of ECs has been reported to be caused by several
mechanisms during malaria infection, including (1) se-
questration of PRBCs, which is associated with the
overexpression of ICAM-1 receptor on ECs surface
[21-23] and highly toxic derivative molecules [24], which
contribute to apoptosis by caspase-8 and 9 dependence
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[8], (2) pro-inflammatory cytokines secreted by activated
leukocytes [25], and macrophages, such as TNF [26-28],
which may act as apoptotic ligands bound to the death re-
ceptors, leading to the induction of apoptotic pathways,
(3) malaria products, such as glycosylphosphatidylinositol
(GPIs) of P. falciparum inducing nitric oxide (NO) and
oxidative stress [29], and (4) a role of perforin-mediated

cytosis by cytotoxic T lymphocyte, leading to apoptosis of
ECs [24,30]. These mechanisms, together with the NF-kB
signaling process in the present study, could contribute to
the cause of apoptosis in ECs in CM, leading to BBB dys-
functions. In intravascular leukocytes, NF-kB activation
has a positive correlation with apoptosis, a finding con-
tributing to the role of NF-kB cell signaling induced
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apoptosis in CM. This finding may reflect the relationship
of NF-kB p65 function with the regulation of apoptotic
genes. In addition, the expression of NF-kB p65 in the
intravascular leukocyte in the CM brain tissue is consist-
ent with a previous report that demonstrated that the
activation of NF-kB p65 in the circulating peripheral
blood mononuclear cells (PBMCs) of malaria patients
could be due the suppression effect of high levels of
interleukin (IL) -10 [31].

Conclusions

The activation of NF-kB p65 and apoptosis was established
in the neurons, glial cells, ECs and intravascular leukocytes
of patients who died from CM. This study demonstrates
that NF-«B is one of the signaling molecules that modu-
lates apoptosis in the brain ECs and intravascular leuko-
cytes of fatal cerebral malaria. This represents a significant
contribution to the understanding of the progression of
human cerebral malaria.
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