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Abstract:  Although the role of systemic proinflammatory cytokines, IL-1β and TNF-α, and their up-regulation of 
adhesion molecules, ICAM-1, VCAM-1 and E-Selectin, in the pathogenesis of cerebral malaria (CM) is well 
established, the role of local cytokine release remain unclear. Immunohistochemistry (IHC) was used to compare 
the expression of ICAM-1, VCAM-1, E-Selectin, IL-1β, TNF-α and TGF- β at light microscopic level in cerebral, 
cerebellar and brainstem postmortem cryostat sections from 10 CM, 5 severe malarial anemia (SMA), 1 purulent 
bacterial meningitis (PBM), 2 non-central nervous system infections (NCNSI) and 3 non-infections (NI) deaths in 
Ghanaian children. Fatal malaria and Salmonella sepsis showed significantly higher vascular expression of all 3 
adhesion molecules, with highly significant co-localization with sequestration in the malaria cases. However, 
there was negligible difference between CM and SMA. TGF-β showed intravascular and perivascular distribution 
in all cases, but expression was most intense in the PBM case and CM group. TNF-α and IL-1β showed prominent 
brain parenchymal staining, in addition to intravascular and perivascular staining, in only the PBM case and CM 
group. The maximal expression of all 6 antigens studied was in the cerebellar sections of the malaria cases. 
Endothelial activation is a feature of fatal malaria and Salmonella sepsis, with adhesion molecule expression 
being highly correlated with sequestration. IL-1β and TNF-α are upregulated in only cases with neurodegenerative 
lesions, whilst TGF-β is present in all cases.  Both cytokines and adhesion molecules were maximally upregulated 
in the cerebellar sections of the malaria cases. 
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Introduction 

 
Despite technological advances and global economic 

development, malaria is still the parasitic disease 
responsible for the greatest number of deaths worldwide. 
Malaria parasites infects between 300 to 500 million 
people, causing up to 2 million deaths globally per year 
(mostly children in sub-Saharan Africa) from 
complications of primarily cerebral malaria (CM) and 
severe malarial anaemia (SMA) [1].  CM, characterised 
by seizures and loss of consciousness, is an important 
complication of Plasmodium falciparum infection with 
mortality rate of 15-20% [2]. Despite this high mortality 
rate, the pathogenic mechanisms of CM have not been 
well elucidated. Little is known about the blood brain 
barrier (BBB) interactions in CM that result in the 
neurological disorder, and it is unclear how the 
intraerythrocytic parasite, which sequesters in the 

cerebral microvasculature but rarely enters the brain 
parenchyma, influence parenchymal function to induce 
coma and death. The unavailability of infected human 
specimens and suitable animal models has hindered a 
thorough understanding of the pathogenesis. 

There is compelling evidence that the inflammatory 
response at the BBB in CM involve increased systemic 
production of proinflammatory cytokines, especially tumour 
necrosis factor (TNF)-α and interleukin (IL)-1β [2-6], and up-
regulation of cerebral endothelial adhesion molecules, 
especially intercellular adhesion molecule (ICAM)-1, 
vascular cell adhesion molecules (VCAM)-1 and endothelial 
(E)-selectin, that facilitate sticking of parasitized erythrocytes 
(PEs) to blood vessels [7-10]. There is immunohistochemical 
(IHC) evidence for endothelial cell (EC) activation during 
CM in humans [8, 10-12], and animal models of CM [13]. 
Endothelial activation occurred not only in fatal CM, but 
also in the other fatal malaria syndromes, indicating that 
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systemic endothelial activation is a feature of fatal malaria 
[8, 10, 11]. A role for tyrosine phosphorylation has been 
demonstrated in EC activation for two adhesion molecules 
(VCAM-1 and E-Selectin) induced by TNF-α [14]. 

In addition to systemic proinflammatory cytokine 
production, local cytokine release could contribute to 
organ-specific pathophysiology, especially in the brain in 
the case of CM. Recent studies have shown the 
expression of proinflammatory cytokine protein, 
including TNF-α, in postmortem brain tissue in human 
CM [5, 15, 16]. TNF-α is over-expressed in cerebral 
microglia, astrocytes, monocytes and vascular 
endothelium in mice with CM, relative to controls [15-
20]. However, the lack of a classical inflammatory 
response to the presence of PEs in the brain 
microvasculature indicates anti-inflammatory cytokine 
involvement, and recent reports have suggested an anti-
inflammatory and neuroprotective role for transforming 
growth factor (TGF)-β in the host defense mechanism 
against neuronal loss in neurodegenerative diseases [21], 
including CM. 

TGF-β has been found in both haemorrhagic white-
matter lesions of human CM [5], and in white-matter 
lesions of human immunodeficiency virus (HIV)-1 
encephalitis brain samples [22]. This association of 
TGF-β with central nervous system (CNS) 
neurodegenerative lesions suggests an anti-inflammatory 
and neuroprotective role for TGF-β in the host defense 
mechanism against neuronal cell loss [21]. In mice 
infected with lethal or non-lethal strains of malaria 
parasites, a strong and sustained TGF-β response, 
beginning on the 5th to 6th post-infection day when the 
peak parasite replication has been reached, was 
associated with abrogation of mortality and resolution of 
infection [23]. Furthermore, neutralization of TGF-β 
leads to 100% mortality in BALB/c mice infected with 
normally non-lethal P. chabaudi A/J [23]. 

In-vitro studies have shown TNF-α mRNA in 
inflammatory infiltrates within the meninges of 
experimental rabbit pneumococcal meningitis [24], and 
upregulation of neuronal TNF-α expression in response 
to bacterial lipopolysaccharide [25]. IL-1β is not 
expressed in normal human brain, but induced and 
expressed intraparenchymally in human CM brain and in 
meningeal infiltrating leukocytes of human 
meningoencephalitides cases [5]. In in-vitro studies, IL-
1β is neurotoxic and rapidly induced in response to 
neuronal cell death, and therefore is suggested to play a 
causal role in ischaemic cell death and 
neurodegeneration in the brain [26]. Tongren and 
colleagues [27] showed that the proinflammatory 
cytokines (IL-1β and TNF-α) and TH-1 cytokine 
[interferon (IFN)-γ] had the highest level of mRNA 
expression in the cerebellum during late P. coatneyi 
infection in rhesus monkeys, agreeing with 
histopathologic observations of the preferential 
sequestration of PE in the cerebellum in rhesus monkey 
[27-29], and in human CM [30]. However, recent 
evidence from mice indicates that it may be 
overproduction of lymphotoxin-α (LT-α) rather than 
TNF-α that leads to CM, since mice deficient in TNF-α 
were found to be just as susceptible to CM as controls 
whereas LT-α deficient mice were resistant to CM 

pathology, dying from hyperparasitaemia and severe 
anaemia instead [31]. 

Although, the role of cytokines and adhesion molecules 
has been extensively studied in human malaria, the role of 
local cytokine release in the brain in human CM is unclear. 
Children living in sub-Saharan Africa bear the brunt of 
malaria mortality, yet there is a dearth of relevant postmortem 
studies in African children, and most of the few human CM 
postmortem immunohistochemical (IHC) studies are in non-
African adults. Therefore, the role of local cytokine release 
and associated up-regulation of adhesion molecules in human 
CM has not been adequately confirmed and substantiated, 
especially in sub-Saharan African children.  

The present study was aimed at ascertaining the role 
of cytokines (TNF-α, IL-1β and TGF-β) and adhesion 
molecules (ICAM-1, VCAM-1 and E-Selectin) in fatal 
CM, and used IHC techniques to examine and compare 
the distribution of these 6 antigens at light microscopical 
level in postmortem human cerebral, cerebellar and 
brainstem cryostat sections of Ghanaian children dying 
from CM, severe malarial anaemia (SMA), purulent 
bacterial meningitis (PBM), non-central nervous system 
infections (NCNSI) and non-infections (NI) cases. 

 
Materials and Methods 

 
Case Selection 

 
During the peak malaria season, from July to 

September 2001, all clinically certified deaths in children 
admitted to the Emergency Unit at the Department of 
Child Health, Korle-Bu Teaching Hospital, Accra, 
Ghana, with detailed clinical and laboratory records and 
in whom duly signed written informed consent had been 
obtained from parents or guardians after the death of 
their child were included in the study.  Twenty-one (21) 
parents or guardians agreed to and signed the consent 
form for the participation of their children and to donate 
tiny brain tissue samples at autopsy for this study. 
Volunteered cadavers were immediately moved from the 
Emergency Unit to the morgue for cold storage at 4˚C 
and a full autopsy with removal of brain tissue samples 
done within 12 hours of death. 

In each volunteered case, brain tissue blocks of about 
0.3-0.5cm3 were surgically removed from 3 regions of 
the brain, namely cerebrum, cerebellum and brainstem. 
Brain smear cytology was done for each case at autopsy 
and stained with Giemsa for the demonstration of 
parasitized erythrocytes and/or malaria pigment in the 
cerebral microvasculature as previously described [32]. 
The full autopsy gross findings, autopsy brain smear 
cytologic/microscopic findings, in addition to the 
detailed clinical and diagnostic laboratory records were 
used to classify the 21 cases into five groups, namely: 

 

(1) Cerebral malaria [CM]. 
 

(2) Malaria complicated by severe anaemia/severe 
malarial anaemia [SMA]. 

 

(3) Purulent bacterial meningitis [PBM] (i.e. central 
nervous system infection other than cerebral 
malaria) 

 

(4) Non-central nervous system infection [NCNSI] (i.e. 
infection in an anatomic organ-system other than the 
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central nervous system), and (5) Non-infection 
deaths [NI] (i.e. no focus of infection found 
clinically or at autopsy). 

 

A CM death was defined as clinically fulfilling WHO 
definition of severe malaria [33] with Blantyre coma 
score <2, and gross autopsy findings of slaty-gray 
discolouration and/or white matter petechial 
haemorrhages of brain, and/or brain smear cytologic 
findings of parasitised erythrocytes and/or malaria 
pigment in the cerebral microvasculature. SMA deaths 
fulfilled WHO definition of severe malaria [33] with 
hemoglobin ≤ 5 g/dl, and absence of gross autopsy 
findings of slaty-gray discolouration and white matter 
petechial haemorrhages, but presence of moderate to 
severe pallor of all internal organs, and absence of brain 
smear cytologic findings of parasitised erythrocytes and 
malaria pigment in the cerebral microvasculature. Deaths 
with clinically negative P. falciparum peripheral 
parasitaemia, absence of gross autopsy findings of slatey 
gray discolouration of brain, liver and spleen, and white 
matter petechial haemorrhages, and absence of brain 
smear cytologic findings of parasitised erythrocytes and 
malaria pigment in the cerebral microvasculature, were 
included as non-malartia controls. 

Based on above criteria, the 21 volunteered cases were 
made up of 10 CM, 5 SMA, 1 PBM, 2 NCNSI, and 3 NI 
deaths. The study was approved by both the Ethical and 
Protocol Review Committee of the University of Ghana 
Medical School, and the Institutional Review Board (IRB) of 
the Noguchi Memorial Institute for Medical Research, Accra, 
Ghana. 

 
Brain Tissue Preparation and Immunohistochemistry 

 
All the sixty-three (63) brain tissue samples obtained at 

autopsy within 12 hours of death were immediately snap-
frozen in liquid nitrogen, and stored at -80°C until used. 
Fourteen (14) cryostat sections of 5-7 μm thickness were cut 
from each of the 63 brain tissue samples, mounted unto 
SuperFrost® Plus  (Menzel-Glazer, Germany) light 
microscope slides and 2 of each stained for the localization of 
the six antigens studied and two for negative controls. Two 
independent experiments, using 6 sections for the 6 antigens 
and 1 negative control section in each, were performed by 
identical methods for each of the 63 samples to ensure 
reproducibility. 

Cryostat sections were air-dried overnight at room 
temperature, fixed in 100% acetone for 10 minutes, and 
air-dried for 30 minutes at room temperature.  Slides 
were immunostained immediately using a standard 
indirect alkaline phosphatase method.  Briefly, sections 
were incubated with a 1 : 20 dilution of normal rabbit 
serum (DAKO, Denmark) in Tris-buffered saline (TBS), 
pH 7.4 for 30 minutes in a humidified chamber to reduce 
non-specific protein binding.  Primary antibodies against 
ICAM-1 (mouse anti-human, monoclonal, Immunotec, 
UK; dilution 1 : 500), VCAM-1 (mouse anti-human, 
monoclonal, DAKO, UK; dilution 1 : 200), E-Selectin 
(mouse anti-human, monoclonal, DAKO, UK; dilution 1 
: 200), TNF-α (mouse anti-human, monoclonal, Serotec, 
UK; dilution 1 : 250), IL-1β (mouse anti-human, 
monoclonal, Serotec, UK; dilution 1 : 250) and TGF-β 
(mouse anti-human, monoclonal, Serotec, UK; dilution 1 

: 250) were applied for 60 minutes at room temperature.  
Antibodies were used as dilutions in TBS, pH 7.4. 

Sections were then washed with TBS pH 7.4 for 15 
minutes (3 times, each for 5 minutes).  Secondary incubation 
and staining were performed using indirect immunostaining 
microscopic technique with Universal DAKO Alkaline 
Phosphatase Anti-Alkaline Phosphatase (APAAP) KitTM 

System 40 for Monoclonal Mouse Antibody (DAKO 
Corporation, USA). After incubating with freshly prepared 
chromogenic substrate for 8-10 minutes, the sections were 
then washed in tap water, lightly counterstained with Meyer’s 
Haematoxylin for 3 minutes, washed again, and mounted 
with glycergel (DAKO, Denmark). Negative control slides 
were prepared for each of the 63 samples by substituting the 
primary antibody with normal non-immune mouse IgG 
(DAKO, Denmark). Appropriate concentrations of primary 
antibodies were determined using optimization on malaria 
and non-malaria tissues. 

 
Evaluation of Immunostaining 

 
Slides were examined and graded blindly by two 

independent authors [HA & EKW], who were not involved 
in the immunostaining of the sections and had no access to 
the clinical, laboratory and autopsy details of volunteers until 
after the results had been collated. Ten fields per section, 
immunostained with ICAM-1, VCAM-1 and E-Selectin, 
were examined under a magnification of X400 and the 
degree of staining and the number of vessels showing 
staining were assessed using a five-tiered semi-quantitative 
scale: -, negative (no endothelial cell staining); +/-, positive 
endothelial cell staining on < 25% of vessels; +, positive 
endothelial cell staining on > 25% and < 50% of vessels; ++, 
positive endothelial cell staining on > 50% and < 75% of 
vessels; and +++, positive endothelial cell staining on > 75% 
of vessels.  

Similarly, ten fields per section, immunostained for TNF-
α, TGF-β and IL-1β, were examined under a magnification of 
X100 and the location and intensity of staining were assessed 
using a five-tiered semi-quantitative scale: -, no red reaction 
product/colour; +/-, faint/mild staining in some fields; +, 
moderate staining in some fields; ++, moderate consistent 
staining in all fields; and +++, deep/strong consistent staining 
in all fields.   

Furthermore, ten fields per section, immunostained with 
ICAM-1, VCAM-1 and E-Selectin, were examined under a 
magnification of X400 for each of the 90 brain tissue 
sections, 2 each from the 3 regions of the brain of the 15 
malaria cases (10 CM & 5 SMA), and the following four 
categories of vessels were counted, namely the number of 
vessels showing both receptor expression and sequestration 
(R+S+), the number of vessels showing receptor expression 
but no sequestration (R+S-), the number of vessels showing 
no receptor expression but sequestration (R-S+), and the 
number of vessels showing neither receptor expression nor 
sequestration (R-S-). 

 
Data Analysis 

 
For each of the six antigens studied, the percentage of 

immunostained cases and the intensity of staining were 
compared between the five groups of cases and the three 
regions of the brain from which samples were obtained for 
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this study.  The co-localization of sequestration and receptor 
expression was analyzed using a chi-square (X2) test on the 
2 x 2 contingency tables constructed for each of the three 
adhesion molecules by comparing the expected and observed 
association in cerebral vessels for the malaria cases (both CM 
and SMA groups).  The level of significance was five percent 
and all analyses were performed using Epi Info 2002 
statistical software (CDC). 

 
Results 

 
Clinical and Diagnostic Details 

 
The clinical and diagnostic details of the 21 studied cases 

are summarized in Table 1. Ten died of CM, five of

SMA, one of PBM, two of NCNSI and three of NI. The 
two NCNSI cases were severe bronchopneumonia 
(SBP), and typhoid perforation and septicaemia (TP&S), 
whilst the three NI cases were nephrotic syndrome 
(NPS), bleeding duodenal ulcer (BDU) and haemolytic 
sickle cell (SC) crisis (HSC). There were 10 males and 
11 females. The mean age of the CM deaths of 69.1 
months (SD = 32.1) was significantly higher than that of 
the SMA deaths of 20.2 months (SD = 16.25) [X2 = 7.33, 
df = 1, P value = 0.0068].   Eighty percent (12 out of 15) 
of the malaria deaths occurred within 24 hours of 
admission.  The mean peak parasitemia of the CM deaths 
of 45,107/μL (SD = 27,091) was significantly lower than 
that of the SMA deaths of 198,453 /μL (SD = 146,913) 
[X2 = 14.68, df = 1, P value = 0.0001]. 

 
 
 
 

Table 1: Clinical and Diagnostic Details of the 21 Studied Cases.  

Case Age 
(months) Sex Duration of 

Admission (hours) Hb (g/dl) Blantyre 
Coma Score

Peripheral 
Parasitaemia on 
Admission (μl) 

Brain Smear# Final 
Diagnosis

1 56 M 28.5 8.1 2 14,654 Pos CM 

2 96 M 13 12.2 2 54,392 Pos CM 

3 50 F 4 6.0 0 21,413 Pos CM 

4 48 F 3.5 4.7 4 88,796 Neg SMA 

5 108 F 12 7.4 2 14,486 Pos CM 

6 132 M 31 9.2 1 78,624 Pos CM 

7 48 F 14.5 6.9 2 74,092 Pos CM 

8 18 M 8 8.1 5 0 Neg SBP* 

9 84 M 6 4.1 5 0 Neg HSC** 

10 39 F 3 6.4 2 54,867 Pos CM 

11 9 F 1 3.4 4 440,262 Neg SMA 

12 144 M 1.5 2.5 5 0 Neg BDU†

13 72 M 5 8.5 3 0 Neg PBM‡

14 8 F 2.5 4.0 4 140,251 Neg SMA 

15 90 M 48 8.7 5 0 Neg TP&S¶

16 18 M 2 3.0 4 231,175 Neg SMA 

17 18 F 3.5 2.8 3 91,782 Neg SMA 

18 48 F 31 8.0 2 80,640 Pos CM 

19 72 F 2 7.2 2 17,789 Pos CM 

20 42 F 1 6.6 1 40,115 Pos CM 

21 36 M 37 10.4 5 0 Neg NPS§

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

#Pos: Parasitized erythrocytes adhering to cerebral microvessels; Neg: No malaria parasites or pigment in cerebral 
microvessels.  
*SBP: Severe Bronchopneumonia with no bacterial growth after 7 days of incubation of blood culture.  
**HSC: Haemolytic Sickle Cell crisis;  †BDU: Bleeding Duodenal Ulcer;  ‡PBM: Purulent Bacterial Meningitis.  
¶TP&S: Typhoid Perforation and Septicaemia with Salmonella typhi isolated in blood culture after 48 hours of incubation. 
§NPS: Nephrotic Syndrome. 

 



Int. J. Environ. Res. Public Health 2005, 2(1) 
 

127

Adhesion Molecule Immunostaining 
 
Immunostaining for the 3 adhesion molecules 

showed only vascular labeling (Figure 1A-F). There was 
no one particular receptor whose expression on the 
endothelial cell surface was consistently related to the 
presence of sequestered PEs in the cerebral microvessels 
of the malaria cases.  Generally, if a vessel showed 
positive staining for a marker of endothelial activation, 
this was present throughout its length, rather than being 
related to the presence of PEs in one segment or over 
one endothelial cell.  Within vessels from the same 
patient and same region of the brain of the fatal malaria 
cases, there was heterogeneity between parasite 
sequestration and the presence of receptor staining. 
Hence, not uncommonly, there were vessels engorged 
with PEs without any evidence of adhesion molecule 
expression and vice versa. 

 

 
 

Figure 1A-F (original magnification, X400): 
Immunohistology for ICAM-1, VCAM-1 & E-selectin. 
(A-B) Sections of non-malaria cases: (A) Staining for 
ICAM-1: positive in < 25% of brain microvessel 
(average score +/-). (B) Staining for VCAM-1: positive 
in < 25% of brain microvessels (average score +/-). (C) 
Section of typhoid perforation and septicaemia case: 
Staining for ICAM-1: positive in 25 to 50% of 
microvessels (average score +). (D-F) Sections of 
malaria cases: (D) Staining for ICAM-1: positive in > 
75% of microvessels (average score +++). (E) Staining 
for ICAM-1: positive in > 75% of microvessels (average 
score +++). Note the more extreme heterogeneity 
between sequestration and receptor expression in the 
SMA case in 1E than the CM case in 1D. (F) Staining 
for ICAM-1: Positive in > 75% of microvessels (average 
score +++). Note the more intense staining of the CM 
cerebellar section in 1F compared to the CM cerebral 
section in 1D. 

ICAM-1 showed positive staining of the endothelia 
of < 25% of the brain microvessels (average score of +/-) 
in all the non-malaria deaths (Figure 1A), whilst VCAM-
1 showed positive staining of the endothelia of < 25% of 
the brain microvessels (average score of +/-) in some 
(highest being in the cerebellar sections of 4 out of 5) of 
the non-malaria deaths (Figure 1B), except the case of 
typhoid perforation and septicaemia. E-Selectin staining 
was consistently and uniformly negative in all the 
cerebral microvessels (score of -) in all the non-malaria 
controls, with the exception of the case of typhoid 
perforation and septicaemia. ICAM-1 (Figure 1C), 
VCAM-1 and E-Selectin showed positive staining in 25 
to 50% of the microvessels (average score of +) in all the 
brain sections of the case of typhoid perforation and 
septicaemia.   

The expression of these three sequestration receptors 
on the cerebral endothelium of the malaria cases showed 
an increase in both the proportion of cases showing 
expression and the intensity of staining. ICAM-1 showed 
positive staining in nearly all (> 75%) vessels (average 
score of +++) in all malaria cases (Figure 1D).  VCAM-1 
showed positive staining in most (50 to 75%) of the 
microvessels (average score of ++) in all the malaria 
cases, whilst E-selectin showed positive staining in 25 to 
50% of the microvessels (average score of +) in all the 
malaria cases.  There was no significant differences in 
endothelial staining between the 10 cases of fatal CM 
and the 5 cases of fatal SMA, since both groups had a 
similar increased intensity of ICAM-1, VCAM-1 and E-
selectin expression of +++, ++ and + respectively. 
However, the increased adhesion molecule expression 
was more often not associated with sequestered PEs in 
the SMA cases, than for the CM cases.  Thus, though 
heterogeneity between sequestration and receptor 
expression was observed in all the malaria cases, it was 
more extreme in the SMA cases (Figures 1D & 1E). The 
staining patterns of all the 3 adhesion molecules in brain 
sections from the case of typhoid perforation and 
septicaemia differed significantly from that of the other 5 
non-malaria cases and the 15 malaria cases.  The 
intensity of staining of all 3 adhesion molecules were 
significantly higher than that of the other 5 non-malaria 
cases, but not as intense as that of the 15 fatal malaria 
cases. Generally, the maximal expression (in terms of 
increased percentage of cases showing expression and 
intensity of staining) of all the 3 adhesion molecules in 
the malaria cases was evident in the cerebellar sections 
(Figures 1D & 1F).  

We found that the presence of sequestered PEs was 
highly significantly associated with the expression of 
ICAM-1 (P = 3.1 X 10-16), VCAM-1 (P = 1.2 X 10-12) 
and E-selection (P = 6.1 X 10-16) [degrees of freedom 
(df) = 1] in the fatal malaria cerebral vessels (Table 2). 
The relative risk of cerebral vessels expressing ICAM-1, 
VCAM-1 and E-Selectin showing sequestered PEs was 
1.73, 1.53 and 1.67 respectively.  

 
Cytokine Immunostaining 

 
Positive immunostaining for TGF-β showed 

intravascular and perivascular distribution (Figures 2A & 
2B), whilst there was intravascular, perivascular and
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Antigen Total Number 
of Vessels R+ S+ R+ S- R- S+ R- S- X2 Value P Value 

(df = 1) 

Table 2: Quantitation of Cerebral Vessels and Co-localization of Sequestration with Expression of Receptors in the 15 
Malaria Cases. 

Relative Risk 

ICAM-1 860 350 173 130 207 66.55 3.1 X 10-16 1.73 

VCAM-1 821 305 127 180 209 50.52 1.2 X 10-12 1.53 

E-Selectin 843 317 140 160 226 65.43 6.1 X 10-16 1.67 

R+S+: Number of vessels showing both receptor expression and sequestration; R+S-: Number of vessels showing receptor 
expression but no sequetration; R-S+: Number of vessels showing no receptor expression but sequestration;  
R-S-: Number of vessels showing neither receptor expression nor sequestration. 

prominent brain parenchymal staining for IL-1β (Figures 
2C-E) and TNF-α (Figures 2F). TGF-β was detected in 
intravascular and perivascular distribution in brain tissue 
from all 5 groups studied, but expression was more 
intense in PBM and CM groups (Figures 2A & 2B). 
TGF-β showed moderate intravascular and perivascular 
immunostaining in some fields (average score of +) of all 
the NCNSI sections (Figure 2A), whilst it’s staining was 
strong in intravascular and perivascular locations in all 
fields (average score of +++) of all the CM and PBM 
sections (Figure 2B). 
 

 
 
Figure 2A-F (original magnification, X100): 
Immunohistology for TGFβ, IL-1β & TNFα. (A-B) TGFβ 
staining (intravascular & perivascular). (A) NCNSI section: 
moderate in some fields (average score +). (A) CM/PBM 
section: strong in all fields (average score +++). (C-E) IL-1β 
staining (intravascular, perivascular & parenchymal). (C) 
PBM section: moderate in some fields (average score +). (D) 
CM section: strong in all fields (average score +++). (E) 
NCNSI section: no staining in all fields (average score -). 
TNFα staining (intravascular, perivascular & parenchymal). 
CM/PBM section: strong in all fields (average score +++). 

IL-1β staining was limited to only some (none of the 
brainstem sections) of the PBM brain sections (Figure 
2C) and all of the CM brain sections (Figure 2D) in a 
predominantly intravascular and perivascular pattern, but 
in none of the sections of the other three groups (Figure 
2E).  Additionally, it was more intense in CM group than 
the PBM case (Figures 2C & D).  IL-1β showed 
moderate intravascular and perivascular immunostaining 
in some fields (average score of +) of some of the PBM 
sections (none of the PBM brainstem sections showed 
any IL-1β staining) [Figure 2C].  IL-1β showed strong 
intravascular and perivascular immunostaining in all 
fields (average score of +++) of the CM sections (Figure 
2D), whilst it showed no staining (score of -) in none of 
the fields of all the NCNSI sections (Figure 2E). 

TNF-α was expressed in all the PBM and CM (Figure 
2F) brain sections in intravascular, perivascular and 
intraparenchymal pattern, but none of the sections of the 
other three groups.  The intensity of staining was, 
generally, more intense in the CM group compared to the 
PBM case.  TNF-α showed moderate intravascular, 
perivascular and parenchymal immunostaining in some 
fields (average score of +) of the PBM sections. TNF-α 
showed strong intravascular, perivascular and 
parenchymal staining in all fields (average score of +++) 
of all the CM sections (Figure 2F), whilst it showed no 
immunostaining in none of the fields (score of -) of all 
the NCNSI sections. Generally, the expression of all the 
three cytokines studied was highest in the cerebellar 
sections of the studied cases.  

 
Discussion 
 

The pathology of fatal P. falcipaium malaria has been 
extensively investigated, but many areas of controversy 
and inadequate knowledge still remain. Several 
hypotheses have been developed to explain the 
pathogenesis of CM. The release of Plasmodium GPI 
toxin, production of pro-inflammatory cytokines (both 
systematically and locally), up-regulation of cerebral 
endothelial adhesion molecule expression and associated 
sequestration of PEs and their downstream 
consequences, such as mechanical blockage, ischaemia, 
acidosis, haemorrhage, and nitric oxide production have 
been implicated in the pathogenesis [3]. Most studies, 
however, have focused on plasma and CSF levels of 
cytokines in clinical studies or have used animal models 
in tissue studies.  There is a dearth of direct evidence for 
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local cytokines release in human CM brains [5, 15, 16], 
mainly because of difficulties in obtaining human post-
mortem tissue from malaria cases. 

Malaria-induced brain inflammation is known to be 
mediated partly by complex cellular and 
immunomodulator interactions involving co-regulators 
such as cytokines and adhesion molecules, resulting in 
the sequestration of Plasmodium-infected erythrocytes. 
However, the role of sequestered platelets and 
leucocytes, chemokines and chemokine receptors in 
malaria brain immunopathogenesis still remain unclear. 
Apart from the sequestration of Plasmodium-infected 
erythrocytes, recent studies [34-37] have revealed 
significant accumulation of platelets and leukocytes in 
the distal microvasculature of the brains of human cases 
of CM, suggesting a role for platelet and leukocyte 
sequestration in human CM pathology. Sarfo et al (2004) 
recently reported up-regulated expression of RANTES 
and its receptors (CCR3 and CCR5) in the cerebellar and 
cerebral regions of post-mortem human CM brains [38]. 
Additionally, others [39, 40] have reported increased 
migration of CCR5+ leukocytes into the brain in 
experimental murine CM models. These studies support 
the hypothesis that leukocyte recruitment by chemokines 
may play a role in the pathogenesis of human CM.  

In this study, we identified and localized the induced 
expressions of ICAM-1, VCAM-1, E-Selectin, TNF-α, 
TGF-β and IL-1β in 3 different regions of the brain 
during human CM, non-CM and non-malaria deaths to 
ensure a more extensive and exhaustic comparison in 
ascertaining the role of local production of cytokines and 
adhesion molecule expression in the brain in human CM. 
IHC analysis revealed differential expression patterns of 
the 6 antigens studied in the 3 brain regions and 5 groups 
of diseases. Fatal malaria (both CM and SMA) and 
Salmonella septicaemia were associated with induction 
of endothelial activation markers, with significantly 
higher levels of ICAM-1, VCAM-1 and E-Selectin 
expression on vessels in the brain compared to non-
malaria controls.  All the non-malaria (NM) controls, 
except the case of salmonella septicaemia, showed a 
low-level of ICAM-1 and VCAM-1 expression, but no 
E-Selectin expression consistently. ICAM-1 was most 
widely expressed and intense in the malaria cases, and 
hence may mediate the bulk of PE sequestration.   

Furthermore, we observed no significant differences 
between the endothelial receptor immunostaining in the 
CM and SMA cases, as previously reported by others [8, 
10, 11], and indicate that systemic endothelial activation 
is a feature of fatal malaria and systemic sepsis. There 
was highly significant co-localization of sequestration 
with the expression of ICAM-1, VCAM-1 and E-
Selectin in cerebral vessels of the malaria cases, as 
previously observed [10], and further supports a role for 
these receptors in sequestration in-vivo. The observation 
of vessels engorged with sequestered PEs without any 
evidence of adhesion molecule expression, and vice 
versa, was not a rarity. The heterogeneity observed in the 
distribution of sequestered PEs and receptor expression 
in the fatal malaria sections may suggest that other 
factors like sequestered platelets and leucocytes, in 
addition to the sequestered PEs, may play a role in the 
pathogenesis of CM. The heterogeneity between PE 

sequestration and adhesion molecule expression in our 
study may indeed reflect the degree of sequestration of 
chemokine-releasing leucocytes and the consequent 
endothelial cell activation at the site. 

TGF-β was detected in an intravascular and 
perivascular distribution, but not intraparenchymal, in 
the brain sections from all the 5 groups studied, but 
expression was most intense in the meningitis and CM 
groups, thus the cases with neurodegenerative lesions. 
As previously suggested [5], serum leakage may be the 
most probable principal source of the low-level 
expression in the 3 disease groups with no 
neurodegenerative lesions (SMA, NCNSI & NI), whilst 
the more intense expression in the 2 disease groups with 
neurodegenerative lesions (CM & PBM) may be the 
result of additional production by reactive glial 
responding to local tissue damage. This finding is similar 
to that of a previous report [5], and further supports the 
suggested anti-inflammatory and neuroprotective role of 
TGF-β in host defense mechanism against neuronal cell 
loss [21], since recently  TGF-β has been associated with 
neurodegenerative lesions [5, 21, 22].  

TNF-α and IL-1β were detected within the brain 
parenchyma in only the PBM and CM groups, 
suggesting neuronal and/or glial up-regulation of TNF-α 
and IL-1β expression in response to local bacterial and 
malarial antigens, respectively. The brain parenchymal 
expression of TNF-α in the CM brain sections of the 
Ghanaian children we studied, collaborates a similar 
recent report in CM deaths in Malawian children [5]. 
Others have shown the up-regulation of neuronal TNF-α 
expression [25] and TNF-α expression in infiltrating 
meningeal leukocytes [24] in experimental animal 
models of meningitis, but we observed brain 
parenchymal TNF-α expression in the human PBM case 
studied. IL-1β, though present in CM, was not as high in 
intensity as TNF-α expression. Our observed 
parenchymal IL-1β protein expression in both the PBM 
and CM brain sections contrasts a previous report [5] that 
showed no staining for IL-1β in brains without CM 
infection, but IL-1β was only expressed using 
immunofluorescence on infiltrating leukocytes in PBM 
cases and not in the brain parenchyma [5]. We propose 
that this local proinflammatory cytokine release may be 
neurotoxic and contribute to ischaemic cell death in the 
brain, as previously suggested [26]. 

Significantly, the endothelial activation in the case of 
Salmonella septicaemia was not as intense as that in the 
fatal malaria sections, and unlike the CM sections was 
not associated with local proinflammatory cytokine 
release. We, therefore, propose that the local presence of 
malarial antigens by way of sequestered PEs in the fatal 
malaria sections contributes to the more intense 
endothelial activation compared to systemic sepsis, and 
that the quantitatively more sequestered PEs in the cases 
of CM than SMA may account for the observed local 
release of proinflammatory cytokines in CM but not in 
SMA.  Similarly, the local presence of bacterial antigens 
in the PBM case may account for the observed local 
release of proinflammatory cytokines in the PBM case. 
The lack of parasite adherence ligands (PfEMP-1) in the 
absence of malaria infection explains why sequestered 
PEs were not found in the Salmonella sepsis brain 
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sections, despite the up-regulation of adhesion 
molecules. In the meningitis case, the observed increase 
in the expression of these proinflammatory cytokine 
expressions was not associated with an increased 
receptor expression. 

Generally, the expression of all the 6 antigens studied 
was maximal in the CM cerebellar sections. Others have 
observed maximal cerebellar cytokine [27] and adhesion 
molecules [28] in the P. coatneyi infected Rhesus 
monkeys. Additionally, our observed maximal 
expression of cytokines and adhesion molecules in the 
cerebellum in human CM correlates well with 
histopathologic observations of maximal sequestration of 
PEs in this region of the brain in both human CM [30] 
and Rhesus monkey model of CM [27-29]. The maximal 
up-regulation of adhesion molecules and cytokines in 
human CM cerebellar sections, though the other brain 
regions in all probability should be equally exposed to 
the elevated circulating proinflammatory cytokines in 
plasma and CSF, suggests that the maximal sequestration 
of PEs in this region of the brain is the trigger event for 
the local IL-1β and TNF-α expression. Most probably, 
parasite-derived factors resulting from sequestered PEs 
may have induced the local proinflammatory cytokine 
release. Our observed maximal cytokine and adhesion 
molecule induction and the previously reported maximal 
PE sequestration [30] and maximal up-regulation of 
RANTES and its corresponding receptors [38] in human 
CM cerebellar sections, correlates well with the 
documented cognitive impairment in Kenyan and 
Senegalese children surviving CM [41], since the 
cerebellum controls co-ordinated movement and some 
forms of cognitive learning [42].  
The current study, though limited by the absence of the 
assessment of peripheral blood for the 6 selected 
immunomodulator markers (sICAM, sVCAM, sE-
Selectin, TNFα, IL-1β and TGFβ), suggests that local 
proinflammatory cytokine release may be a major 
immune mediator during human CM pathogenesis, 
particularly in the cerebellum. The mechanisms by 
which the induced proinflammatory cytokines in the 
brain in human CM mediate immunopathology is 
unclear. In conclusion, this study provides evidence to 
suggest that the induction of IL-1β and TNF-α in the 
brain in human CM is involved in further up-regulation 
of adhesion molecules, and may exacerbate the observed 
immunopathology associated with the disease, 
particularly in the cerebellum. Further studies currently 
in progress will reveal the specific role of these 
molecules in the exacerbation of CM. To our knowledge, 
this is the first report indicating maximal expression of 
adhesion molecules and cytokines in human CM 
cerebellar sections. 
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	Despite technological advances and global economic development, malaria is still the parasitic disease responsible for the greatest number of deaths worldwide. Malaria parasites infects between 300 to 500 million people, causing up to 2 million deaths globally per year (mostly children in sub-Saharan Africa) from complications of primarily cerebral malaria (CM) and severe malarial anaemia (SMA) [1].  CM, characterised by seizures and loss of consciousness, is an important complication of Plasmodium falciparum infection with mortality rate of 15-20% [2]. Despite this high mortality rate, the pathogenic mechanisms of CM have not been well elucidated. Little is known about the blood brain barrier (BBB) interactions in CM that result in the neurological disorder, and it is unclear how the intraerythrocytic parasite, which sequesters in the cerebral microvasculature but rarely enters the brain parenchyma, influence parenchymal function to induce coma and death. The unavailability of infected human specimens and suitable animal models has hindered a thorough understanding of the pathogenesis. 
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	Case
	Age 
	Sex
	Duration of Admission (hours)
	Hb (g/dl)
	Blantyre Coma Score
	Peripheral 
	Final 
	Diagnosis
	1
	56
	M
	28.5
	8.1
	2
	14,654
	Pos
	CM
	2
	96
	M
	13
	12.2
	2
	54,392
	Pos
	CM
	3
	50
	F
	4
	6.0
	0
	21,413
	Pos
	CM
	4
	48
	F
	3.5
	4.7
	4
	88,796
	Neg
	SMA
	5
	108
	F
	12
	7.4
	2
	14,486
	Pos
	CM
	6
	132
	M
	31
	9.2
	1
	78,624
	Pos
	CM
	7
	48
	F
	14.5
	6.9
	2
	74,092
	Pos
	CM
	8
	18
	M
	8
	8.1
	5
	0
	Neg
	SBP*
	9
	84
	M
	6
	4.1
	5
	0
	Neg
	HSC**
	10
	39
	F
	3
	6.4
	2
	54,867
	Pos
	CM
	11
	9
	F
	1
	3.4
	4
	440,262
	Neg
	SMA
	12
	144
	M
	1.5
	2.5
	5
	0
	Neg
	BDU†
	13
	72
	M
	5
	8.5
	3
	0
	Neg
	PBM‡
	14
	8
	F
	2.5
	4.0
	4
	140,251
	Neg
	SMA
	15
	90
	M
	48
	8.7
	5
	0
	Neg
	TP&S¶
	16
	18
	M
	2
	3.0
	4
	231,175
	Neg
	SMA
	17
	18
	F
	3.5
	2.8
	3
	91,782
	Neg
	SMA
	18
	48
	F
	31
	8.0
	2
	80,640
	Pos
	CM
	19
	72
	F
	2
	7.2
	2
	17,789
	Pos
	CM
	20
	42
	F
	1
	6.6
	1
	40,115
	Pos
	CM
	21
	36
	M
	37
	10.4
	5
	0
	Neg
	NPS§
	Antigen
	Total Number 
	R+ S+
	R+ S-
	R- S+
	R- S-
	X2 Value
	P Value 
	Relative Risk
	ICAM-1
	860
	350
	173
	130
	207
	66.55
	3.1 X 10-16
	1.73
	VCAM-1
	821
	305
	127
	180
	209
	50.52
	1.2 X 10-12
	1.53
	E-Selectin
	843
	317
	140
	160
	226
	65.43
	6.1 X 10-16
	1.67



