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Abstract: The pathogenesis of the neurological complications of Plasmodium falciparum malaria is unclear. We meas-

ured proteins and amino acids in paired plasma and cerebrospinal fluid (CSF) samples in children with severe falciparum 

malaria, to assess the integrity of the blood brain barrier (BBB), and look for evidence of intrathecal synthesis of immu-

noglobulins, excitotoxins and brain damage.  

Methods: Proteins of different molecular sizes and immunoglobulins were measured in paired CSF and plasma samples in 

children with falciparum malaria and either impaired consciousness, prostrate, or seizures.  

Results: The ratio of CSF to plasma albumin (Qalb) exceeded the reference values in 42 (51%) children. The CSF concen-

trations of the excitotoxic amino acid aspartate and many non-polar amino acids, except alanine, were above the reference 

value, despite normal plasma concentrations. IgM concentrations were elevated in 21 (46%) and the IgM index was raised 

in 22 (52%). Identical IgG oligoclonal bands were found in 9 (35%), but only one patient had an increase in the CSF IgG 

without a concomitant increase in plasma indicating intrathecal synthesis of IgG.  

Conclusions: This study indicates that the BBB is mildly impaired in some children with severe falciparum malaria, and 

this impairment is not confined to cerebral malaria, but also occurs in children with prostrate malaria and to a lesser extent 

the children with malaria and seizures. There is evidence of intrathecal synthesis of immunoglobulins in children with ma-

laria, but this requires further investigation. This finding, together with raised level of excitotoxic amino acid aspartate 

could contribute to the pathogenesis of neurological complications in malaria. 

INTRODUCTION  

 Plasmodium falciparum is one of the most common para-
sitic diseases of the central nervous system (CNS) [1], yet 
the pathogenesis remains poorly understood. Sequestration 
of the parasitized red blood cells in the microvasculature of 
the brain is thought to be the main pathogenetic factor in 
cerebral malaria (CM) [2], but how the intra-erythrocytic 
malarial parasites induce neuronal dysfunction without pene-
trating the cerebral tissue is unclear. The pathogenesis of less 
severe CNS manifestations such as prostration and seizures 
are similarly unknown. 

 Integrity of the blood brain barrier (BBB) may be impor-
tant in understanding the cause of the neurological complica-
tions of falciparum malaria, in particular CM; since impair- 
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ment of the BBB would allow substances produced by the 
intravascular parasites and by the host’s response, to pene-
trate the brain parenchyma and impair function [2]. Break-
down of the BBB has been shown in murine models of neu-
rological involvement of malaria [3], but the evidence in 
humans is not clear [4]. Studies in South East Asian adults 
with CM have shown that the BBB is able to exclude large 
molecules from the cerebrospinal fluid (CSF) [5,6], however 
no work has been reported on the transport of smaller mole-
cules, such as amino acids. In contrast, autopsy studies in 
Vietnamese adults [7] and Malawian children [8] with CM 
demonstrated endothelial cell activation and disruption of 
intercellular junctions, suggesting BBB breakdown in areas 
of parasite sequestration. Furthermore, the Malawian chil-
dren with CM had a significantly higher albumin index com-
pared to the English controls [8]. Integrity of the BBB in less 
severe CNS manifestations of falciparum malaria has not 
been reported, and it is not clear if these less severe manifes-
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tations are caused by the same pathogenetic mechanisms as 
cerebral malaria. 

 Immunoglobulins and excitotoxins (compounds that 
overactivate receptors resulting in death of neurons) may 
also contribute to the neurological impairment in falciparum 
malaria. Neurological complications are immune mediated in 
mouse models of malaria [9]; and in one study in Brazilian 
adults, CM was thought to have features of vasculomyeli-
nopathy [10], and intrathecal synthesis of immunoglobulins 
was found in a study of adult Thais [11], but the evidence 
from other studies is lacking. Increased concentrations of 
quinolinic acid, an excitotoxic compound, were found in the 
CSF of Kenyan children [12] and Vietnamese adults [13], 
but other excitotoxic mediators have not been reported. Fi-
nally petechial haemorrhages are seen in the brains of pa-
tients that have died with cerebral malaria, but cannot be 
detect in vivo. Ferritin is raised in intracerebral haemorrhages 
[14], and may detect petechial haemorrhages in life.  

 Thus we examined the integrity of the BBB in malaria by 
measuring proteins and amino acids with differing molecular 
sizes and physicochemical properties in CSF and plasma 
samples. Also we looked for evidence of intrathecal immu-
noglobulin synthesis, excitotoxins and neuronal damage with 
S-100 (astroglial damage) [15], Protein 14-3-3 (neuronal 
damage) [16], glial neurofilament heavy chain (astrocyte 
damage) [17] in Kenyan children with different neurological 
complications of falciparum malaria. 

METHODS 

Study Setting 

 The study was conducted at the Kenya Medical Research 
Institute (KEMRI) unit, at the Kilifi District Hospital on the 
coast of Kenya. Malaria transmission occurs throughout the 
year, with peak transmission after the rainy seasons of April 
to May and October to November [18].  

Patients 

 Children with falciparum malaria had a lumbar puncture 
(LP) performed to exclude other CNS infections. The indica-
tions for LP were i) under the age of three years who were 
prostrated, defined as unable to sit unaided or cannot drink if 
less than 6 months [19]; ii) under the age of 2 years with 
history of convulsions, excluding those with previous history 
of febrile convulsions; iii) any impairment in consciousness; 
or iv) clinical suspicion of meningitis such as irritability, 
bulging fontanelle and neck stiffness. Children who had 
convulsions, or were unconscious on admission had LP de-
layed until they were neurologically stable [20]. 

 Blood samples were collected by venepuncture within 10 
minutes of LP, centrifuged and plasma extracted. For the 
amino acid samples, the plasma and CSF was snap frozen in 
liquid nitrogen and stored at –80

o
C until analysis. For the 

measurement of the other proteins it was stored at –20
o
C.  

 A primary diagnosis of malaria was made if the child had 
a febrile illness with a peripheral asexual parasitaemia and 
no other cause was found for the fever. The neurological 
complications of malaria were classified as follows:  

(i)  Malaria with seizures (M+S): history of seizures, or had 
seizures on presentation to hospital but had no impair-
ment in consciousness between seizures. 

(ii)  Malaria with Prostration (MP): inability to sit unsup-
ported (greater than 8 months) or breastfeed (if less 
than 8 months).  

(iii)  Cerebral malaria (CM): a patient unable to localize a 
painful stimulus, and other causes of encephalopathy 
excluded [21]. 

 These findings were compared to children with acute 
bacterial meningitis (ABM), an encephalopathy in which 
impairment of the BBB is established [22]. ABM is defined 
as definite (culture positive CSF) or probable (CSF white 
cell count (WCC) > 50 cells/μl with a blood:CSF glucose 
ratio < 0.67) [23].  

Laboratory Methods 

 Thick and thin blood films were stained with Giemsa and 
examined for asexual forms of P. falciparum, with the para-
site count reported per 100 white blood cells or 500 red 
blood cells and parasitaemia calculated from the concomitant 
white and red cell counts (Beckman/Coulter, UK).  

 The CSF leukocyte count was performed by manual 
count in a modified Neubauer counting chamber at 400 x 
magnification. Gram stain was performed if the WCC was 
greater than 10 cells/μl. All CSF samples were cultured by 
inoculating 20μl CSF on to 7% horse blood agar and 5% 
chocolate blood agar plates. 

 CSF total protein and albumin were used as conventional 
markers of blood brain barrier integrity [24]. We measured 
immunoglobulin M (IgM) and G (IgG) to look for immune 
activation. CSF protein s100-b was used as a marker of as-
trocytic activation. We assayed CSF ferritin as a marker for 
intracerebral bleeding and infection [25].  

 CSF total protein was measured by turbidimetry using 
benzethonium chloride [26]. Glucose was assayed on a GM7 
analyzer (Analox Ltd UK). Albumin was measured using 
electroimmunoassay [27]. Plasma and CSF (IgM) were 
measured by sandwich enzyme-linked immunosorbent assay 
(ELISA). The IgM Index was calculated from CSF/plasma 
IgM divided by the CSF/plasma albumin ratio. Immuno-
globulin G (IgG) oligoclonal bands were detected in plasma 
and CSF with isoelectric focusing in agarose followed by 
transfer to nitrocellulose membrane and immunodetection 
using goat anti-human IgG followed by horse-radish peroxi-
dase conjugated rabbit anti-goat [28]. Ferritin [14] and s100-
b [29] were measured by sandwich ELISA. Glial neurofila-
ment heavy chain was measured with a specific ELISA [30] 
and protein 14-3-3 was detected using Western blotting [31].  

 Amino acids were assayed using high performance liquid 
chromatography (HPLC) of paired samples of CSF and 
plasma. Samples were deproteinised by perchloric acid prior 
to analysis by HPLC using a system based on precolumn 
derivatisation with phenylisothiocyanite. 

 Reference intervals (RI) which included 95% of the nor-
mal values were obtained from the ranges used at the Insti-
tute of Neurology, London, UK and published ranges [24]. 

Statistical Methods 

 Clinical and laboratory data were double entered and 
verified using Foxpro for Windows Version 2.6 (Microsoft 
Corp. USA). Data were analysed using Stata Version 6.0 
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(Stata Corporation, Texas, USA). Each child provided paired 
CSF and plasma samples, and the ratio of CSF to plasma 
provided an index of BBB integrity. We plotted the albumin 
quotient on an age dependent quotient diagram with hyper-
bolic discrimination lines (Reibergram). In order to interpret 
the results for the other proteins and amino acids, we com-
pared the CSF values to reference ranges. The proportion of 
children with values above the RI in the different groups was 
compared using Fisher’s exact test.  

Ethical Approval 

 This study was approved by The National Ethical Com-
mittee of Kenya.  

RESULTS  

 One hundred children were studied and 43 were classi-
fied as having malaria with seizures, 8 with malaria with 
prostration, 44 with cerebral malaria and five with ABM 

(Table 1). In the children with ABM, three cases were con-
firmed (Haemophilius influenzae in two and one Streptococ-
cus pneumoniae) and the remainder had CSF WCC > 50 
cells/μl with a blood:CSF glucose ratio < 0.6.  

 All the lumbar punctures were performed within three 
days of admission. 54 were performed on the day of admis-
sion, 34 on the day following admission, and 9 and 3 respec-
tively on the second and third day after admission. There 
were no significant differences in the values of the parame-
ters measured and the day of sampling.  

  In the children with malaria, the median CSF WCC was 2 
cells x10

9
/l (90% central range 0-8). There was no evidence 

of an association between the proportion with CSF WCC > 5 
cells x 10

6
/l and the malaria groups. The median CSF glu-

cose in the children with malaria was 3.2 (90% central range 
1.0 – 4.9) mmol/l. There was no evidence of an association 
between the WCC or CSF glucose and the malaria groups. 

Table 1. Clinical and Laboratory Data of Children on Admission 

 Malaria with  

Seizures (MS) 

 Malaria with  

Prostration (MP) 

Cerebral  

Malaria (CM) 

Acute Bacterial  

Meningitis (ABM) 

N 43 8 44 5 

Age (months) † 21.9 (9.1 – 56.0) 19.6 (5.3 – 146.0) 28.9 (4.0 – 64.0) 8.3 (0.2 – 94.7) 

Duration of history (days) 

1 

2 

3 

4 or more 

 

 7 (16%) 

11 (26%) 

18 (42%) 

7 (16%) 

 

0 

0 

3 

5 

 

9 (20%) 

11 (25%) 

13 (30%) 

11 (25%) 

 

0 

1 

3 

1 

Convulsionsa Y 

  N 

40 (93%) 

 3 (7%) 

1 

7 

34 (77%) 

10 (25%) 

2 

3 

Localiseb Y 

 N 

43 (100%) 

0 

6 

2 

2 (5%) 

42 (95%) 

2 

3 

Prostrate Y 

 N 

13 (30%) 

30 (70%) 

4 

4 

38 (86%) 

6 (14%) 

3 

2 

Blantyre Coma Score [21] b 

5 

4 

3 

2 

1 

0 

 

14 

1 

1 

0 

1 

26 

 

4 

2 

0 

0 

0 

2 

 

2 

5 

5 

15 

9 

7 

 

0 

2 

1 

1 

0 

1 

Parasitaemia ( /μl) † 

Haemoglobin (g/dl) ‡ 

White Cell Count (x106/l) † 

110,580 (1062-797,040) 

7.0 (2.5) 

10.6 (6.0-19.7) 

179,560 (175-442,860) 

6.8 (1.6) 

18.5 (4.8-28.3) 

94,060 (972-1077,440) 

6.9 (2.1) 

12.2 (6.3-37.1) 

- 

8.0 (3.4) 

15.7 (4.6-30.9) 

Blood glucose (mmol/l) † 4.9 (1.9-6.8) 4.7 (3.7-7.9) 4.6 (2.2-7.9)  2.2 (1.3-4.1) 

pH* ‡ 

Base deficit † 

7.3 (0.1) 

-8.2 (-21.7- -3.1) 

7.3 (0.2) 

-18.2 (-23.1- -2.3) 

7.3 (0.2) 

-9.4 (-21.4- -3.7) 

7.4 (0.1) 

-10.4 (-13.5- -6.8) 

†Median (90% central range). 
‡Mean (SD). 
*Venous blood gas done on 61 patients.  
a3 developed seizures post admission. 
bSome patients fulfilled the criteria for cerebral malaria after admission. 
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The Integrity of the Blood Brain Barrier 

Protein Analysis 

 In the children with malaria, 19/93 (20%) had CSF total 
protein concentrations greater than the reference interval 
(RI). The ratio of CSF to plasma albumin (Qalb), an index of 
BBB integrity, was above the RI in 42/82 (51%) children 
[32] (Fig. 1). In the children with ABM, the proportions with 
CSF protein concentrations (Fisher’s exact test p= 0.003) 
and Qalb levels (p= 0.031) above the RI, were significantly 
greater than in those with malaria (Table 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Qalb in children with malaria. Shaded area represents nor-
mal values for that age. 

CSF Amino Acids 

 The amino acids that could be measured in the CSF from 
10 patients with CM are shown in Fig. (2). Some of the 

valine peaks were missed because retention times were offset 
from the controls in the HPLC. The glutamate peaks could 
not be resolved under the HPLC conditions used, thus the 
data is omitted. Asparagine and tyrosine are not shown since 
the values were barely above the baseline noise, and these 
data were omitted.  

 The CSF concentrations of the excitotoxic amino acid 
aspartate were above the RI in all the children. Many non-
polar amino acids, except alanine, were above the RI (Fig. 
2). The CSF concentrations of the neutral amino acids trans-
ported by sodium-independent L exchange transporter were 
raised, whilst none of those transported by the specific amino 
acid system y

+
 or B

0+
 were raised [33].  

Evidence of Immunoglobulin Synthesis 

CSF IgM and IgG Oligoclonal Bands 

 Immunoglobulin M (IgM) concentrations were elevated 
in 21 (46%) of 46 children with malaria in whom it was 
measured. We excluded samples with elevated red blood 
cells since the measurement of IgM in the CSF is sensitive to 
blood in this compartment. There was no evidence of a dif-
ference between the groups (Table 2). The IgM index was 
greater than 0.23 in 22 (52%) of the 42 children with malaria 
in whom the plasma and CSF IgM concentrations were 
measured.  

 Identical immunoglobulin G oligoclonal bands (type 4) 
were detected in CSF and plasma in 4/12 of the M+S group, 
and 4/11 in the CM group. In one child with CM, the bands 
were detectable only in the CSF but not in plasma, indicative 
of intrathecal synthesis (type 2). Of the patients with ABM 
that were assayed, all 3 also had identical oligoclonal bands 
in CSF and plasma. 

 The CSF S100-b protein was above the reference range 
derived from European controls [24] in 3 (5%) of 64 children 
with malaria. 

Table 2. Cerebrospinal Fluid Parameters in Children with Malaria and Bacterial Meningitis  

 Malaria with  

Seizures (MS) 

Malaria with  

Prostration (MP) 

Cerebral  

Malaria (CM) 

Acute Bacterial  

Meningitis (ABM) 

Maximum number† 43 8 44 5 

White cell count (/μl)‡ 2 (0-8) 2 (0-16) 0 (0-4) 208 (74-926) 

CSF/blood glucose ratio <0.67 15/41 (37%) 5/8 (63%) 22/44 (50%) 4/5 (80%) 

CSF protein > 400 mg/l 5/43 (12%) 3/8 (38%) 11/42 (26%)  3/4 (75%) 

CSF albumin > 155 mg/l 11/30 (37%) 2/6 (33%) 13/27 (48%) 1/1 

Qalb > RI for age [32] 15/40 (38%) 3/5(60%) 24/37(65%) 3/4 (75%) 

IgM >0.55 mg/ml 8/19 (42%) 0/3 13/24 (54%) 0/1 

IgM index >0.23 7/17 (41%) 0/3 15/22 (68%) 0/1 

Ferritin > 12.0 ng/ml 1/30 (3%) 1/6 (17%) 2/28 (7%) 1/1 

S100 protein > 0.55 ng/ml 2/30 (7%) 0/6 (0%) 1/28 (4%) 1/1 

†Not all children had all the tests. Percentages are calculated from the numbers who have had the tests performed. 
‡Median and 90% central range. 
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a) Non-polar amino acids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) Polar amino acids. 

 

 

 

 

 

 

 

 

 

 

 

 

c) Polar and non-polar amino  

    acids with high concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Plasma and CSF concentrations of amino acids in children with malaria. 
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CSF Ferritin 

 Five patients overall had ferritin concentrations above 
reference range [24]. The patient with bacterial meningitis had 
a CSF red cell count of 236μl, and the patient with MS had 
228 /μl. The remaining 3 (one MP and 2 CM) had CSF fer-
ritin levels above the upper reference value at 18.2, 15.2 and 
17.9 ng /ml respectively (reference value 12.0 ng/ml) [24]. 

Markers of Neuronal Damage 

 Protein 14-3-3 was detected in 5/32 children with malaria, 
none of whom had neurological sequelae detected on dis-
charge. All the neurofilament heavy chain (n=27) titres were 
within the reference range derived from European controls 
[17]. 

DISCUSSION  

 This study indicates that the BBB is impaired in some 
children with severe falciparum malaria, but the impairment 
is less severe than that in bacterial meningitis. The impair-
ment of the BBB is not confined to children with CM, but 
also occurs in children who are prostrate or have seizures 
associated with malaria, and there is a possibility that media-
tors induced by parasites cross the BBB and cause neuronal 
dysfunction. Furthermore, there is production of excitotoxic 
amino acids in children with CM. There is also evidence of 
immune activation, since some children have raised IgM 
concentrations in the CSF and 52% had a raised IgM index 
[34]. 

 Half of our patients had CSF parameters including total 
protein and albumin, and the albumin partition index within 
ranges considered to be normal. In contrast, the CSF findings 
in the ABM group showed significant increases in these pa-
rameters, indicative of BBB breakdown. However, our re-
sults suggest that there may be a milder degree of disruption 
of the BBB in malaria, since a proportion of patients in each 
malaria group had values that were just above the normal 
range. The mild increases in Qalb could be caused by tran-
sient impairment of the BBB following seizures [35]. We 
were unable to obtain CSF specimens from Kenyan children 
without CNS infections, and thus had to rely on reference 
intervals from European controls.  

 The high concentrations of IgM in the CSF and the raised 
IgM index in half of the children support immune activation 
in the CNS [36]. Since IgM may be raised if there is blood in 
the CSF, we cannot exclude the fact that petechial haemor-
rhages may have contributed to this finding. A lower propor-
tion with raised IgM was reported in 2/21 Zairean children 
with CM, but not in other forms of malaria [37]. Increased 
CSF IgM concentrations usually suggest active immune dis-
ease and increased IgM index is thought to be a good indica-
tor of recent immunological stimulation [38]. The lack of 
oligoclonal bands detected in the CSF without an increase in 
plasma, except in one child with malaria and seizures, and 
the normal IgG index in Malawian children with CM [8] 
does not support intrathecal synthesis of immunoglobulins. 
All the CSF samples were obtained within 3 days after ad-
mission. This time may have been too short for the induction 
of IgG class of immunoglobulins [39] and if the LPs were 
performed later, increases in IgG may have been detected. 

 The CSF concentrations of S100 protein were below the 
upper limit of a RI derived from a European population, and 

there was no evidence of differences between the groups of 
malaria patients. The CSF amino acid assays performed in 
10 patients with CM suggested that the BBB had increased 
permeability to all but one (alanine) of the non-polar, hydro-
phobic amino acids. The amino acids are smaller molecular 
weight compounds but have specific transport mechanisms 
that may be impaired in CM. Of the polar amino acids, the 
concentrations of excitotoxic neurotransmitter amino acids 
(aspartic acid) and the precursors of the other excitotoxic 
amino acids (glutamine and tyrosine) were increased. These 
results support excitotoxic mechanisms contributing to the 
pathogenesis of CM [12], possibly seizures and neurological 
sequelae.  

 One of the histological hallmarks of CM are ring and 
punctiform haemorrhages in the parenchyma of the brain 
[40]. We measured CSF ferritin as a potential marker of in-
tracerebral bleeding and acute inflammation. The highest 
ferritin concentrations were associated with CSF red cell 
counts, but had no association with severity of disease. We 
found little biochemical evidence of neuronal injury by 
measuring protein 14-3-3 or axonal damage (neurofilament 
protein) as documented in Vietnamese adults with CM [41]. 
However we have recently found evidence of axonal damage 
(tau protein) and an association of S-100 with seizures after 
admission in Kenyan children with malaria [42]. 

  The assessment of the BBB by the measurement of sub-
stances in the CSF at a single time-point needs to be inter-
preted with caution. CSF composition may not always reflect 
BBB function as it may be affected by changes in brain in-
terstitial fluid originating in the brain itself, and the choroid 
plexus may also actively secrete substances into the CSF. 
However in malaria, the parasites are largely confined to the 
intravascular space, in particular the venules, and there is no 
evidence of sequestration in the choroid plexus [29]. 

 Autopsy studies may afford a more direct look at the 
BBB, even though they only offer an assessment of the BBB 
in the terminal stages. Immunohistochemical studies in Viet-
namese adults with CM showed, in contrast to our results, 
that there was widespread perivascular macrophage activa-
tion, and plasma protein leakage in patients with CM, sug-
gesting that there were functional changes to the BBB [7]. 
Autopsy studies in 8 children with CM also showed activa-
tion of endothelial cells and macrophages, and disruption of 
endothelial intercellular junctions in vessels containing se-
questered PRBCs, but in contrast to the studies in adults, 
there was no gross leakage of plasma proteins [8].  

CONCLUSIONS  

 Our findings suggest that the BBB in many children with 
severe malaria is able to exclude high molecular weight par-
ticles like albumin, but may be permeable to smaller com-
pounds including the neurotransmitter amino acids associ-
ated with excitotoxic mechanisms. Furthermore there is evi-
dence for intrathecal immunoglobulin synthesis in Kenyan 
children with falciparum malaria, but this needs to be inves-
tigated further. 
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