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Abstract
Neglected tropical diseases are a group of tropical dis-
eases endemic in poor countries even though medical 
treatment and cures are available. They are considered 
a global health problem due to the severity of the phys-
iological changes they induce in their hosts. Malaria is 
a disease caused by Plasmodium sp. that in its cerebral 
form may lead to acute or long-term neurological defi-
cits, even with effective antimalarial therapy, causing 
vascular obstruction, reduced cerebral blood flow and 
many other changes. However, Plasmodium falciparum 
infection can also develop into a cerebral malaria (CM) 
disease that can produce neurological damage. This 
review will discuss the mechanisms involved in the 

neuropathology caused by CM, focusing on alterations 
in cognitive, behavior and neurological functions in hu-
man and experimental models.

© 2014 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: This review attempts to compile the lim-
ited current knowledge on the behavioral and cogni-
tive effects of cerebral malaria (CM) and the possible 
pathological mechanisms related to neurobehavioral 
manifestations. CM induces acute/chronic neurologi-
cal damage, affecting several Central Nervous System 
regions responsible for behavioral, neurological and 
cognitive functions which may result in motor deficits, 
epilepsy, blindness, speech/hearing and memory/at-
tention disorders, hyperactivity, anxiety-like behavior, 
neuropsychiatric manifestations of post malaria neuro-
logical syndrome, both in humans and animal models. 
The action mechanisms involved in the alterations are 
not yet clearly defined; however proinflammatory me-
diators have been described with consequent axonal 
damage and demyelination.
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INTRODUCTION
Malaria, leishmaniasis and tuberculosis together with 
other neglected tropical diseases (NTDs) cause 32% of  
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the burden of  ill health in Africa and seriously impact on 
health outcomes in many regions of  the world. NTDs 
share common features such as high endemicity in rural 
and impoverished urban areas of  low-income countries. 
Some NTDs are disfiguring and stigmatizing, being con-
sidered poverty-promoting conditions, particularly in Af-
rica, Asia, and the tropical regions of  the Americas[1,2].

Among various NTDs, malaria is one of  the most 
life-threatening diseases, provided that the currently rec-
ommended interventions are not adequately implement-
ed[2]. In 2011, the World Health Organization (WHO) 
estimated that 3.3 billion people were at risk of  malaria. 
More than 274 million clinical cases and 1.1 million 
deaths occurred between 2001 and 2010 worldwide, with 
approximately 80% of  cases and 90% of  deaths esti-
mated to occur in the African Region, mostly in children 
under five years of  age and in pregnant women[2,3]. Kisze-
wski et al[4] estimated that Global resource requirements 
for malaria control totaling USD 38-45 billion will be 
spent from 2006 to 2015 for the diagnosis and treatment 
of  malaria, mainly in countries and populations at risk of  
epidemic, such as sub-Saharan Africa.

Human malaria is caused by five species of  obligate 
intraerythrocytic protozoa of  the genus Plasmodium: P. 
falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi[2], and 
is transmitted by the bite of  an female anopheles mos-
quito. At least three-dozen different species of  Anopheles 
mosquitoes can transmit malaria worldwide[5]. However, 
infections can also occur through exposure to infected 
blood products (transfusion malaria) and via congenital 
transmission[6].

Of  these, P. falciparum is the organism primarily re-
sponsible for severe malaria, although P. vivax[3] and P. 
Knowle[7,8] can also cause severe disease. According to 
WHO’s criteria[9], severe malaria is defined by clinical or 
laboratory evidence of  vital organ dysfunction and/or 
high parasite burden; this high parasitemia can be a risk 
factor for death from P. falciparum malaria[9].

Overall, clinical features of  severe malaria include 
cerebral malaria (CM) with impaired consciousness (in-
cluding coma), prostration, multiple convulsions, deep 
breathing and respiratory distress (metabolic acidosis), 
acute pulmonary edema and acute respiratory distress 
syndrome, circulatory collapse or shock and acute kidney 
injury[9,10]. However, severe malaria is a complex multi-
system disorder that can mimic many other diseases that 
are also common in malaria-endemic countries, such as 
central nervous system (CNS) infections, sepsis, severe 
pneumonia and typhoid fever[9].

In this review, we described neurocognitive and be-
havioral outcomes of  CM in humans and animals so as 
to facilitate further understanding of  the disease’s patho-
genesis in the CNS.

CM
CM is one of  the most severe and rapidly fatal neurologi-
cal complications caused by Plasmodium species, mainly 
P. falciparum, with around one million deaths per year in 
children from sub-Saharan Africa[11,12]. The first manifes-
tations of  CM are non-specific fever, chills, irritability, 
agitation or psychotic behavior, vomiting and cough. 
In adults, complications are severe jaundice, respiratory 
distress syndrome, and severe intravascular hemolysis 
leading to hemoglobinuria and anemia, which further 
contributes to renal failure (Figure 1). The most severe 
manifestations are impaired consciousness with coma, 
generalized convulsions and neurological sequelae. Preg-
nant women are also vulnerable and develop anemia, hy-
poglycemia, coma and pulmonary edema. In children, the 
main symptoms are severe anemia, metabolic acidosis, 
hypoglycemia, coma and gastrointestinal symptoms[13-15], 
as shown in Figure 1.

CM may result in acute or long-term neurological def-
icits, even with effective antimalarial therapy[16,17]. CM is 
a neurological complication that occurs in approximately 
1% of  infections caused by P. falciparum[18,19]; however, a 
high mortality rate follows[14,20].

PATHOLOGICAL MECHANISMS
The pathological mechanisms that lead to neurological 
complications and mortality are not yet clearly defined. 
It is believed that in infected erythrocytes, platelets, and 
activated leukocytes inflammatory events occur owing to 
increased levels of  adhesion molecules on the inflamed 
endothelium, leading to a reduction in microvascular 
blood flow, decreased delivery of  nutrients to affected 
brain tissue and vessel walls, followed by hemorrhage and 
neuronal alterations[21-23].

The blood-brain barrier (BBB) acts as a physical bar-
rier that limits the trafficking of  substances via trans-
cellular transport and is responsible for regulating ion and 
nutrient transport into the brain, a feature that restricts 
the free flow of  physiological molecules between the 
bloodstream and brain parenchyma[18,24].

Conversely, perturbations to the BBB can lead to 
deregulation in any of  the neurovascular components, 
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which in turn can alter the brain’s homeostasis leading 
to a multitude of  neural dysfunctions and inappropriate 
BBB activation as observed in multiple sclerosis, Al-
zheimer’s disease, stroke, certain depression disorders and 
parasitic infections, among others[25-29]. Vascular dysfunc-
tion with subsequent BBB damage has been observed 
both in human CM and in animal models[18,19,30].

The pathogenesis of  CM is associated with cerebral 
microcirculatory disturbances resulting from the adhe-
sion to and sequestration of  parasitized erythrocytes, im-
mune cells and platelets by vascular endothelial cells that 
line the small blood vessels of  the brain, leading to their 
blockage[30], as shown in Figure 2. In this regard, several 
studies provide evidence that in the erythrocytic phase 
the merozoites modify the surface of  erythrocytes, induc-
ing the expression of  a surface protein-Plasmodium falci-
parum erythrocyte membrane protein 1-that has a strong 
affinity for adhesion molecules expressed on the surface 
of  vascular endothelium, such as intracellular adhesion 
molecule 1, vascular cell adhesion molecule 1, and plate-
let endothelial cell adhesion molecule 1, among others[31].

In sequestration, P. falciparum-infected erythrocytes 
adhere to the brain endothelium through binding to 
PfEMP1[32]. There is no evidence to date of  infected 
erythrocyte entry into brain parenchyma, suggesting that 
these cells remain in the vascular space where they are se-
questered. This sequestration of  parasitized erythrocytes 
leads to multiple vascular effects, including the forma-
tion of  clusters of  agglomerated platelets and leukocytes, 
increased vasoconstriction, as well as the agglutination 
of  erythrocytes not parasitized by generating so-called 
rosettes, which significantly reduce cerebral blood flow in 

the capillaries and cause vascular obstruction, leading to 
hypoxia, brain parenchymal hemorrhage[22] and disruption 
of  BBB integrity[11,33].

Moreover, hyperinflammation in the brain has also 
been related to CM and is another mechanism responsible 
for the vasculopathy observed during infection (Figure 
2). Some studies report that during the inflammatory 
response, activation of  inflammatory cells may occur 
accompanied by an overproduction of  type-1 proinflam-
matory mediators, especially tumor necrosis factor-alpha 
(TNF-α), which is produced by microglia, astrocytes, 
monocytes and cerebral vascular endothelium[34]. In hu-
mans, this cytokine induces the upregulation of  adhesion 
molecules on endothelial cell surfaces, which contributes 
to the increased capture of  erythrocytes in the cerebral 
capillaries and other organs[25,35]. Furthermore, inflam-
mation enhances nitric oxide (NO) production by mac-
rophages, which seems linked to the pathogenesis of  the 
disease, considering that it is extremely toxic to nerve tis-
sue and disrupts synapses, contributing to the damage to 
the nervous tissue[36]. In addition, inflammation can lead to 
micro- and ring hemorrhages and necrosis of  surround-
ing tissues and cerebral edema, resulting in significant 
compression of  cerebral arteries that can lead to death, as 
well as the various symptoms of  CM, such as confusion 
or stupor of  obtundation, or deep coma with long-term 
neurological deficits such as cortical blindness[25,37].

Postmortem analyses of  children who died with CM 
revealed that the axonal and myelin damage was associ-
ated with ring hemorrhages and vascular thrombosis in 
the cerebral and cerebellar white matter and brainstem. 
Disruption of  the BBB and accumulation of  monocytes 
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quadriparesis or quadriplegia may be observed after 
CM[46]. Disorders in movement and gait can be noted, 
including ataxia, choreoathetosis, dystonia and poor 
neck control, as well as feeding difficulties[46]. Dai et al[47] 
demonstrated that motor coordination impairment was 
associated with dysregulation of  Akt and GSK3β signal-
ing in a murine model of  CM. The inhibition of  the Akt 
pathway results in modifications in neuronal integrity, 
since it is a protein kinase playing a key role in the in-
sulin signaling pathway and an important regulator of  
apoptosis, being consequently important for cell viability, 
although via an GSK3β-dependent pathway. In addition, 
the intracranial hypertension may contribute to the motor 
sequelae, given that it reduces the cerebral perfusion pres-
sure, nutrient and oxygen delivery and, where death does 
not occur, subsequent global ischemic injury and brain-
stem compression can lead to cerebral atrophy, which 
may result in motor and cognitive impairment[48].

Convulsions in CM are common and inflammatory 
products such as quinolinic acid contribute to the neu-
ropathology, considering that this metabolite from the 
kynurenine pathway is a N-methyl-D-aspartate agonist 
that causes neuroinflammation, convulsions, and cell 
death[49-51]. Dobbie et al[52] demonstrated that quinolinic 
acid provokes seizures in animals, possibly, altering the 
neurotransmission excitatory and triggering long-term 
deleterious effects on cognitive function and/or behavior. 
Sokol et al[53] demonstrated irreversible neuron damage af-
ter long-term seizure activity, followed by gliosis and focal 
atrophy, resulting in more seizures and brain damage. The 
epilepsy (recurrence of  seizures without apparent cause) 
occurs in approximately 10% of  pediatric cases and may 
be occasioned by focal or global hypoxia or ischemia[54,55]. 
The epileptogenesis mechanisms are unclear. Structural 
brain damage and the presence of  Durck’s malarial 
granuloma may contribute to the epileptogenesis mecha-
nisms[56]; however, other factors should also be consid-
ered, like genetic propensity[57].

It has been observed that speech and language were 
the most common neurocognitive impairments found in 
Kenyan children who survived severe malaria[58]. The au-
thors suggested that language impairment may be part of  
a broad impairment that is most noted in the patterns of  
language, which probably contributes to deficits on ver-
bal components of  other cognitive assessments. On the 
other hand, Dugbartey[59] reported that children affected 
by CM develop impairments in bimanual tactile discrimi-
nation, accuracy of  visual scanning, visual memory, per-
ceptual abstraction and rule learning skills, right ear audi-
tory information processing, and dominant-hand motor 
speed. Other studies revealed deficits in spatial memory, 
mental processing, sequential processing, and attention 
tasks[58,60,61]. Indeed, other kinds of  memory, such as epi-
sodic memory, also seem to be affected by CM[62].

Dai et al[47,63] demonstrated that memory deficits 
either during or after successful treatment were associ-
ated with reduced Akt expression and dysregulation of  
Akt/GSK3β signaling in a murine CM model. GSK3β 

with phagocytosed hemozoin within microvessels con-
taining infected erythrocytes was found, suggesting a link 
between infected erythrocyte sequestration and intra-
vascular/perivascular pathology in fatal pediatric CM[38]. 
In animal models, the presence of  apoptosis was also 
observed initially in endothelial cells and later in neurons 
and glia[39], and may be associated with persistent cogni-
tive impairment[17]. These disturbances in the homeostasis 
of  the cerebral microcirculation play an important role 
in the pathogenesis of  CM, generating vascular obstruc-
tions, reduced cerebral blood flow and BBB disruption 
associated with high cerebral vasoconstriction[24,40]. In 
addition, in the presence of  seizures and/or fever, the 
metabolic demand increases with consequent risk of  neu-
ral injury[41], as shown in Figure 2.

NEUROLOGICAL FEATURES
Unfortunately, severe brain injury occurs after CM and 
25% of  pediatric cases result in epilepsy or long-term 
neurological and cognitive deficits[42-44]. According to the 
time of  symptom onset, CM may be classified into two 
patterns of  neurological sequelae[45], as shown in Figure 3. 
The first is immediate and characterized by coma and sta-
tus epilepticus during the acute illness, resulting in focal 
sequelae such as hemiplegia and focal seizures, or multi-
focal sequelae with spastic quadriparesis, motor disorders, 
cognitive and behavioral impairment, blindness, speech 
or hearing impairment. The second pattern develops 
within months or years after CM, and behavioral deficits 
and/or epilepsy may occur.

Among gross motor deficits, hemiplegia, diplegia, 

Figure 3  Neurological features of cerebral malaria.
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plays a key role in the process of  neurodevelopment and 
the transcription of  brain derived neurotrophic factor, 
affecting long-term memory and synaptic plasticity[64]. 
In this context, it has been associated with hyperphos-
phorylation of  tau protein[65], which is the major com-
ponent in neurodegenerative disorders like Alzheimer’s 
disease[66]. Abnormal tau levels in the cerebral spinal fluid 
in CM survivors[47,67] lead to long-term deficits in cogni-
tive areas like memory, learning, language and psychiatric 
disorders[17,42,68,69]. Specific damage in neuronal areas such 
as the hippocampus and sub-cortical white matter may 
lead to impairments in learning, memory and language 
function[70-72].

Hyperactivity, impulsiveness and inattentiveness have 
also been observed in CM survivors[45], similar to what 
occurs in attention deficit hyperactivity disorder (ADHD), 
which produces impairments in the cognitive, behavioral, 
and interpersonal domains[73]. Dysregulated reward pro-
cessing in the frontostriatal system has been proposed 
as a central mechanism in prevailing theoretical models 
of  ADHD[74,75], and altered dopamine signaling underlies 
a number of  ADHD symptoms[75]. Several anatomical 
changes in the brain are related to ADHD, including 
in the caudate nucleus, prefrontal cortex white matter, 
corpus callosum, cerebellar vermis[76] and globus pal-
lidus[77], which are all areas that contain high densities of  
dopamine receptors. Most probably, damage occasioned 
by CM in the frontostriatal and cerebellar areas by a de-
crease in local blood flow or neuronal loss may produces 
impairments in dopamine signaling and consequently 
ADHD[78].

Animal model parameters may reproduce some 
symptoms related to ADHD and stroke. In this regard, a 
murine study demonstrated a lower level of  general activ-
ity associated with reduced response to touch escape and 
absent vocalization correlated with large areas of  hemor-
rhage in animals with CM[39]. These findings suggest an 
important influence of  parenchymal hemorrhage distri-
bution on the severity of  neurological deficits in the late 
stage of  the illness[46].

An inflammatory cytokine profile has been associated 
with CNS dysfunction found in human and experimen-
tal CM. In the course of  experimental CM induced by 
Plasmodium berghei (strain ANKA), leukocyte migration 
into the brain, as well as the production of  TNF-α and 
chemokines (CCL2, CCL3, CCL5 and CXCL9) preceded 
neurological changes including in the neuropsychiatric 
state, motor behavior, autonomic function, muscle tone 
and strength, suggesting that the inflammatory changes 
may be involved in the neurological impairment[79]. In this 
context, de Miranda et al[80] demonstrated an anxiety-like 
behavior in C57BL/6 mice infected with P. berghei using 
the elevated plus maze test. The anxiety symptoms were 
correlated with histopathological alterations in the brain-
stem, cerebrum and hippocampus and increased cerebral 
levels of  interleukin-1 beta and TNF-α. In humans, Dug-
bartey et al[81] described anxiety disorders in a CM patient’
s recovery, suggesting that falciparum malaria is associated 
with enduring, albeit subclinical, anxiety and depressive 

symptoms.
Some authors have reported correlations between 

neurological disabilities and glutamate levels and their 
contribution to the pathogenesis of  these deficits, show-
ing increased glutamate levels in cerebral spinal fluid and 
cerebrocortical synaptosomes from CM animals associ-
ated with alterations in neuropsychiatric state, motor 
behavior, reflex and sensory function, autonomous func-
tion, muscle tone and strength[82]. Glutamate is the prin-
cipal excitatory neurotransmitter in the mammalian CNS, 
participating in several cognitive and neurological func-
tions under physiological conditions[83]. Therefore, large 
amounts of  glutamate release trigger neurotoxicity and 
neuronal cell death, being involved in neurodegenerative 
disorders[84]. Thus, the imbalance in the neurotransmit-
ter glutamate may be important in the establishing the 
pathogenesis mechanism of  CM[82].

The neuropsychiatric manifestations of  post malaria 
neurological syndrome (PMNS) are highly variable and 
include an acute confusional state or acute psychosis with 
one or more of  the following symptoms: inappropriate 
speech or behavior, visual hallucination, catatonia with 
waxy flexibility, generalized convulsion, fine postural 
tremor, clouding of  consciousness and decreased muscle 
tone. It may occur within 2 mo after acute MC, with ei-
ther neurologic or psychiatric symptoms[85]. A case report 
on a Taiwan CM patient reported severe headache, diz-
ziness, delirium and polyneuropathy within 2 mo after 
recovery[86]; even psychotic symptoms with both visual 
and auditory hallucinations, aggressiveness, and inability 
to communicate have been related[87,88] that can last for 12 
d. The symptoms observed may not be attributed only to 
CM, since other factors could be responsible; however, 
the neurologic and psychiatric presentations were com-
patible with PMNS and the mechanisms are the same as 
those related to other neurologic CM deficits, including 
cerebral hypoperfusion and immunologic mechanism, 
which prompts psychosis in a small minority[88].

CONCLUSION
Malaria is a parasitic disease that can affect the CNS, al-
tering cognitive and behavioral functions. Neurological 
and behavioral changes described in the course of  experi-
mental or human CM are mainly a consequence of  brain 
hyperinflammation, vascular obstruction, reduced cere-
bral blood flow, and disruption of  the BBB associated 
with high levels of  cerebral vasoconstriction, thrombus, 
ring hemorrhage, ruptured capillaries, and cerebral blood 
vessels filled with infected erythrocytes, with consequent 
axonal damage and demyelination. Additionally, neuro-
logic alterations have been observed as motor deficits, 
seizures and epilepsy; neurocognitive impairment in 
language, speech, learning, and memory; and behavioral 
damage with hyperactivity, anxiety, PMNS and psychosis.
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