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Introduction

Malaria is a leading cause of morbidity and mortality globally 
with up to half of the world’s population at risk of infection. 
Most deaths occur in children in Africa, where malaria accounts 
for approximately 1 in 6 childhood deaths.1 Malaria is an intra-
vascular disease caused by Plasmodium spp. and is spread by 
infected female Anopheles mosquitoes. The majority of malaria 
deaths are caused by infections with Plasmodium falciparum, but 
the presenting symptoms and pattern of illness vary according to 
transmission intensity, patient age, and host and parasite genetic 
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Malaria affects millions of people around the world and a small 
subset of those infected develop cerebral malaria. The clinical 
presentation of cerebral malaria differs between children and 
adults, and it has been suggested that age-related changes 
in the endothelial response may account for some of these 
differences. During cerebral malaria, parasites sequester 
within the brain microvasculature but do not penetrate into 
the brain parenchyma and yet, the infection causes severe 
neurological symptoms. Endothelial dysfunction is thought 
to play an important role in mediating these adverse clinical 
outcomes. During infection, the endothelium becomes 
activated and more permeable, which leads to increased 
inflammation, hemorrhages, and edema in the surrounding 
tissue. We hypothesize that post-natal developmental 
changes, occurring in both endothelial response and the 
neurovascular unit, account for the differences observed in the 
clinical presentations of cerebral malaria in children compared 
with adults.
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determinants. The endothelium is central to malarial pathobi-
ology as it acts as the critical barrier between host and patho-
gen. Endothelial activation and dysfunction in malaria is well 
described. In this review, we compare differences in the clinical 
and pathological features of cerebral malaria (CM) in children 
and adults, focusing on the brain endothelium and the neuro-
vascular unit (NVU). As CM often strikes children at a critical 
time in brain development, maturational changes in the cerebral 
vasculature may account for some of the differences in disease 
presentation and outcome between children and adults.

Key differences between CM in children and adults include: 
lower mortality, more frequent seizures and more commonly 
reported neurocognitive sequelae, higher rates of associated ane-
mia, and lower rates of renal dysfunction. Other relative differ-
ences include retinal vessel changes, as well as more frequent 
ring hemorrhages and inflammatory cell accumulation in the 
pediatric brain microvasculature. We hypothesize that develop-
mental aspects of the endothelium and the NVU underlie these 
observations. This review therefore attempts to integrate a cur-
rent understanding of the NVU and neurodevelopment with 
age-related differences in childhood and adult CM.

Here, we provide a narrative review of the pediatric and adult 
literature of CM, drawing on experimental data from animal 
models where it informs mechanistic understanding of disease 
processes. We begin with a description of the anatomy and func-
tion of the NVU, and highlight selected molecular pathways 
involved in endothelial activation and dysfunction. We next 
review the dramatic growth and changes that are occurring in 
the brain and brain vasculature during the period of maximum 
incidence of CM, in early childhood. We then integrate these 
findings within a framework of CM pathogenesis that includes 
mechanisms of parasite sequestration and dysfunction of the 
NVU, highlighting age-related changes in the key pathologic 
pathways. We review differences in clinical, ophthalmologic, and 
autopsy findings in children and adults with CM, drawing links 
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between pathologic pathways of illness and age-specific disease 
manifestations. Finally, we propose that therapies targeting the 
endothelium are attractive potential adjuncts to improve out-
comes in CM, and that such therapies may have to be age-appro-
priate in light of the differences between children and adults.

Methods. Information for this narrative overview was drawn 
from the following sources: MEDLINE search from 1966–May 
2013 (keywords: blood–brain barrier; neurovascular unit; brain 
development; cerebral malaria; endothelial dysfunction; child; 
adult), and hand searches of references of retrieved literature. 
Papers were included if they provided information on brain 
development, the neurovascular unit, or adult–child differences 
in cerebral malaria, and were excluded if they did not provide 
insight into age-related differences in cerebral malaria.

The Neurovascular Unit

P. falciparum is an intra-erythrocytic parasite that exerts its 
pathogenic effect on the central nervous system (CNS) without 
direct contact with neurons. The interface between the vessel 
lumen, where the parasite resides, and the brain parenchyma, 
the target tissue in CM, represents a critical barrier that must be 
breeched in order to generate CNS injury in malaria. Thus, the 
endothelium and closely associated cellular components of the 
NVU play central roles in malaria pathogenesis.

The notion of a blood–brain barrier (BBB) originated with 
early experiments by Ehrlich (1885) and Goldmann (1909) that 
showed that the brain parenchyma, unlike other organs, was 
protected from dyes injected into the bloodstream.2 Later inves-
tigators showed that smaller molecules, bile salts and ferrocya-
nide, which act as neurotoxic agents, did not penetrate the brain 
from the bloodstream.2 These classic experiments describe a BBB 
that acts as a relatively impermeable blockade to macromolecule 
and toxin extravasation, yet the BBB is a more complex gate-
keeper. Conceptually, the BBB must regulate the flow of fluid, 
ions, small molecules (e.g., glucose, amino acids), toxins, drugs, 
large macromolecules, cytokines, antibodies, and cellular com-
ponents. Regulation of the bi-directional passage of these ele-
ments between the vascular and CNS interstitial compartments 
is governed by multiple cellular and molecular mechanisms. The 
current conceptual construct of the NVU is related to the BBB, 
but encompasses the complex interplay between numerous cel-
lular elements, including neurons, glia, and their nutrient micro-
vasculature, which together perform multiple functions, one of 
which is to regulate transport from the vascular space into the 
brain parenchyma.

Structure of the neurovascular unit. The NVU consists of mul-
tiple layers of cellular and extracellular components.3 Proceeding 
radially from the blood vessel lumen, the first layer of the NVU 
is a glycocalyx secreted by the endothelial cells lining the vessel 
intima. Next, a layer of endothelial cells lie in tight apposition, 
sealed together by belt-like tight junctions and punctate adherens 
junctions. The endothelial cells are bound to their basolateral 
pole by the extracellular basal lamina. Pericytes are located in 
close proximity and communicate with adjacent endothelial cells 
through peg-shaped connections. The Virchow–Robin space 

forms a true or potential fluid zone between the endothelial basal 
lamina and the glia limitans, a layer of astrocytic endfeet which 
form a lacework of fine lamellae around the microvasculature.4,5 
Mast cells, containing neuroactive and vasoactive substances, are 
located at perivascular locations on the brain side of the BBB in 
apposition with astrocytic and neuronal processes.6

Important histological differences exist between the capillary 
bed and larger vessels, with functional implications for vessel bar-
rier function. Capillaries (by definition) do not have a smooth 
muscle intima. Thus, the basolateral pole of the endothelium lies 
adjacent to pericytes embedded within the basement membrane 
and the astrocytic foot processes. In larger vessels (arteries and 
veins), the smooth muscle layer in the vessel media provides an 
additional barrier to molecular diffusion and cellular transit. 
The post-capillary venules in the CNS possess intermediate fea-
tures, including mural cells, with properties of both pericytes and 
smooth muscle cells, as well as a perivascular space (the Virchow–
Robin space). The perivascular space is patrolled by macrophages 
which act as phagocytes, providing an added barrier mecha-
nism. Under inflammatory conditions, immune cells migrate 
first across the endothelial layer into the perivascular space, and 
from the perivascular space across the glia limitans into the brain 
parenchyma. This anatomical organization creates two function-
ally distinct BBBs: the physiologic BBB at the capillary level and 
the neuroimmunological BBB at the level of the post-capillary 
venules, with important implications for immunologic privilege 
of the CNS (Fig. 1).7 In CM, parasitized erythrocyte (PE) seques-
tration occurs at the level of the post-capillary venules8 and recent 
experiments have shown that neurological signs in animal models 
of experimental CM are related to the regulated opening of fluid 
transport pathways at the level of the neuroimmunological BBB.9

The anatomical basis of this barrier function lies in the tight 
junctions between endothelial cells and their low pinocytotic 
activity.10 The endothelium in the brain has more complex tight 
junctions than in capillary beds outside the CNS, approximately 
50–100 times tighter than peripheral microvessels.11 The tight 
junctions between endothelial cells consist of several molecu-
lar components including occludin, claudins, and the zona 
occludens (ZO) proteins. Occludin is an integral membrane pro-
tein, found in higher concentrations within the CNS, which acts 
as an important determinant of BBB permeability. The distribu-
tion of occludin is continuous at tight junctions in the brain, but 
discontinuous at cell–cell contacts of endothelial cells outside the 
brain vasculature.12 Occludin knockout mice display a complex 
phenotype, including calcifications in the brain, suggesting that 
occludin is essential for well-developed immunologic privilege of 
the brain. The claudins comprise a family of more than 20 pro-
teins that form tight junction strands through the interaction of 
their extracellular loops.13 Important claudins at the BBB include 
Claudin-5, -3, and -12.14 Claudins appear to act as size-selective 
filters for macromolecules, as illustrated by claudin-5 knockout 
mice, which die as neonates due to a loosening of the BBB for 
molecules <800 Da.14

Function of the neurovascular unit. Flux of materials across 
the BBB can occur via paracellular (across tight junctions) or 
transcellular routes. The BBB is permissive to the passage of 
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small lipophilic molecules such as oxygen, CO
2
, and 

ethanol, which diffuse freely across the lipid membranes 
of the endothelium. Small polar molecules, such as glu-
cose and amino acids, have specific transport systems. 
Other transporters regulate the efflux of potentially 
toxic metabolites out of the brain (e.g., glutamate). 
Exogenous compounds are actively excluded from the 
brain interstitium by systems such as P-glycoprotein, 
an energy-dependent efflux pump with broad speci-
ficity localized at the luminal endothelial membrane. 
Endocytosis and transcytosis occur at reduced rates in 
the brain endothelium relative to peripheral capillaries. 
Nonetheless, larger macromolecules such as peptides 
and lipoproteins transit to the brain via specific systems 
for receptor-mediated and adsorptive endocytosis. The 
CNS endothelium performs protective and detoxify-
ing functions with enzyme systems such as monoamine 
oxidase that block circulating neuroactive agents from 
the central synapses. Collectively, the barrier functions 
of the NVU encompass a host of physiologic processes 
that enable the endothelium to protect and regulate the 
brain microenvironment.

In addition to the endothelial layer, several accessory 
cells contribute to the function of the NVU, including 
pericytes and astrocytes. Pericytes regulate endothelial 
transcytosis, mediate the appropriate alignment of tight 
junction proteins, and govern endothelial activation 
and quiescence by releasing angiopoietin-1 (Ang-1), a 
key mediator of endothelial stabilization.15 Illustrating 
their central role in BBB function, vessel permeability 
is directly correlated with extent of pericyte coverage, 
with CNS vessels having the highest levels of cover-
age.15 Astrocytes support the function of neuronal pop-
ulations and communicate with segments of associated 
vasculature. Astrocyte foot processes form the glia limi-
tans, and regulate the flux of ions and fluid across the 
BBB.16 Both pericytes and astrocytes participate in the 
regulated opening of the BBB during inflammation.15,16

Numerous factors have been shown to affect the 
permeability of the BBB, including angiopoietins,17 
sphingosine-1-phosphate (S1P),18 Slit,19 nitric oxide, 
bradykinin, histamine, serotonin, glutamate, purine 
nucleotides (ATP, ADP, and AMP), adenosine, plate-
let-activating factor, phospholipase A2, arachidonic acid, pros-
taglandins, leukotrienes, interleukins (IL-1a, IL-1b, and IL-6), 
tumor necrosis factor (TNF), macrophage-inhibitory proteins 
MIP1 and MIP2, and free radicals.11 Several of these mediators 
have been implicated in CM pathology20-23 and selected pathways 
are discussed below and illustrated in Figure 2.

The angiopoietin–Tie2 axis represents a recently described 
pathway central to endothelial regulation. During systemic 
inflammation, Ang-1 exerts a stabilizing effect on endothelial 
junctions through its interaction with Tie2, halting the perme-
ability-inducing effects of the vascular endothelial growth fac-
tor (VEGF)-mediated signaling pathway. This inhibition occurs 
at the level of Src, and results in decreased phosphorylation 

and reduced endocytosis of the adherens junction component 
VE-cadherin (Fig. 2).17 Decreased levels of Ang-1, a promoter 
of endothelial quiescence, are associated with severe malaria and 
predictive of fatal outcomes.24,25 Low Ang-1 levels are also asso-
ciated with retinopathy in severe malaria, suggesting a link to 
vascular injury.26 Ang-2 antagonizes Ang-1 at the Tie2 recep-
tor (Fig.  2). Ang-2 is released from activated endothelial cells 
when they exocytose Weibel–Palade bodies (WPBs), which 
contain a variety of molecules in addition to Ang-2, including 
von Willebrand Factor (vWF), P-selectin, and Endothelin-1.27 
Released Ang-2 sensitizes endothelial cells to TNF which results 
in increased expression of the intercellular adhesion molecule 
(ICAM)-1.28 Ang-2 levels are elevated in patients with severe 

Figure 1. The effect of cerebral malaria on the blood–brain barrier (BBB) and the 
developing neurovascular unit. The BBB can be separated into the physiological 
BBB, where the endothelial cells are in close apposition to astrocyte end processes 
and pericytes, and the neuroimmunological BBB, which has a perivascular space 
separating the endothelial cells from the astrocytic foot processes. During malaria 
infection, the endothelium becomes activated leading to both transcellular and 
paracellular leak. The neurovascular unit, which makes up the BBB, undergoes 
marked changes during development which may impact the pathogenesis of cere-
bral malaria, including: synaptic pruning, myelination, immune system maturation, 
maturation and differentiation of glial cells, increased expression of tight junction 
proteins, and ultimately improved endothelial barrier function.
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malaria compared with those with moderate or mild dis-
ease among adults in Oceania29 and Asia,24 and in children in 
Africa.25 Plasma levels of Ang-2 are correlated with disease sever-
ity and act as a predictor of mortality in both adults and children 
with malaria infection.21-25,29-31 Plasma levels of angiopoietins 
were not affected by age in a study of CM from India including 
both children and adults.24 However, the angiopoietin receptor, 
Tie2, increases with age in young infants32 and in aging rats,33 
suggesting an age-dependent responsiveness of the endothelium 
to angiopoietin signaling.

WPB exocytosis is inhibited by nitric oxide (Fig. 2),34 a pleio-
tropic signaling molecule that has been shown to have decreased 
bioavailability in severe malaria.35-37 Reactive hyperemia-periph-
eral arterial tonometry (RH PAT) index, a physiologic marker 
and surrogate for measuring nitric oxide bioactivity, is negatively 
correlated with Ang-2.29 Nitric oxide also decreases endothe-
lial expression of key adhesion molecules including ICAM-1.38 
The importance of nitric oxide during severe malaria was fur-
ther supported by the use of inhaled nitric oxide as an adjunctive 
therapy for the treatment of experimental CM.20 It was shown 
that inhaled nitric oxide resulted in decreased expression of endo-
thelial activation markers, decreased inflammation, decreased 
endothelial permeability and increased survival in mice with 

experimental CM.20 Thus endogenous nitric 
oxide signaling appears to be an important regu-
latory molecule in endothelial activation. Age-
dependent changes in nitric oxide synthesis have 
been described,39 suggesting that further studies 
into this pathway may shed light into differences 
in pediatric and adult CM.

Sphingosine-1-phosphate (S1P) is a signal-
ing lipid molecule involved in numerous cel-
lular processes including inflammation and 
endothelial homeostasis through its interaction 
with G-protein-coupled receptors. Downstream 
signaling results in stabilization of the tight 
junction protein ZO-1 (Fig. 2).40 S1P has been 
proposed to play a protective role in human 
and experimental CM.18 Agonists at the S1P 
receptor stabilize the BBB and improve out-
comes in experimental CM.9,18 S1P also plays 
an important role in neurogenesis, endothelial 
proliferation and morphogenesis, angiogenesis, 
and promotes CNS myelination through inter-
actions with oligodendrocytes.41 Given these 
important functions in the development of the 
NVU and in brain myelination, S1P may be an 
interesting target to dissect age-related differ-
ences in CM.

Roundabout (Robo) receptors and their Slit 
protein ligands were originally discovered in 
the context of brain development as mediators 
of repulsive axon guidance signaling.42 In addi-
tion to neural development, a number of other 
functions have been described, and an endothe-

lial-specific Robo family member, Robo4, mediates endothelial 
stability and prevents excessive destabilization in the presence 
of circulating cytokines. The mechanism of action involves 
Slit-Robo4 mediated inhibition of (cytokine-induced) phos-
phorylation of VE-cadherin at a key tyrosine residue, resulting 
in stabilization of its interaction with p120-catenin, and local-
ization to the plasma membrane (Fig.  2).19 Robo4-dependent 
Slit signaling improves survival in experimental models of sepsis 
and influenza infection,19 and may play a role in other infectious 
diseases characterized by a cytokine storm, such as CM. Given 
roles in CNS and vascular development, the Slit–Robo signaling 
pathway may operate differentially in pediatric and adult CM, 
and might explain some of the phenotypic differences in disease 
manifestations.

In summary, the endothelium plays a critical barrier function 
which is regulated through several pathways which include the 
Ang–Tie2 axis, nitric oxide, S1P signaling, and the Slit–Robo 
pathway. In reviewing these molecular mechanisms (illustrated 
in Fig. 2), we note a paucity of data comparing children and 
adults, and/or juvenile vs. mature rodents in model systems, 
and we propose that these cellular programs represent fruitful 
avenues of investigation to dissect age-dependent differences in 
CM.

Figure 2. Key molecular pathways that govern endothelial barrier function and may play a 
role in the endothelial dysfunction occurring during malarial infection. (1) Ang-1 mediated 
signaling inhibits NFkB, prevents the internalization of VE-Cadherin, promotes nitric oxide 
formation and promotes endothelial cell survival. Conversely, Ang-2 competes with Ang-1 
for Tie2 binding after being released during Weibel–Palade (WP) body exocytosis. Ang-2 
antagonizes the effects of Ang-1. (2) Nitric oxide inhibits exocytosis of WP bodies. (3) Sphin-
gosine-1-phosphate (S1P) stabilizes proteins that make up tight junctions, adherens junc-
tions and focal adhesions. (4) Slit-Robo4 signaling promotes VE-cadherin localization to the 
plasma membrane and inhibits VEGF mediated endocytosis of VE-cadherin. EC, endothelial 
cell; ECM, extracellular matrix. 
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Development of the Central Nervous System  
and the Neurovascular Unit

CM in hyper- and holo-endemic areas affects primarily children 
under five years of age,1 coinciding with a period of rapid brain 
growth and physiologic changes in the BBB. Here, we briefly 
review the development of the CNS and the NVU and postulate 
how this might alter disease manifestations in patients of differ-
ent ages.

Development of the CNS proceeds along a complex and 
ordered timeline that begins with the formation of the neural 
tube around the third week of gestation, and continues through-
out childhood and adolescence.43 During the embryonic and 
fetal stages in utero, brain structures emerge, governed by the 
proliferation, migration, and regression of neurons, glia, and 
vessels. Induction of the BBB occurs during embryogenesis as 
endothelial cells invade the CNS, and pericytes are recruited to 
the nascent vessels. Astrocyte–endothelial interactions also pro-
mote endothelial barrier function in vitro,11 yet astrocytes do not 
appear until 1 week after the formation of the BBB in mice.15 By 
birth, neuronal proliferation and migration is largely complete, 
brain structure and major pathways are established, and the BBB 
is functional to exclude macromolecules.44 Brain development 
continues for an extended period postnatally. In the first 5 y of 
life, the brain undergoes a rapid increase in size, quadrupling 
in volume to reach approximately 90% of its final adult size.45 
Important postnatal changes include glial cell development and 
differentiation, progressive myelination of white-matter, and syn-
aptic pruning.

Post-natal glial cell differentiation has direct implications 
for the NVU. The main period of differentiation of astrocytes 
and the encirclement of capillaries occur in rodents in the first 3 
weeks of postnatal life, equivalent in terms of brain maturity to 
the period of early childhood in humans. Expression of astrocyte 
markers, glial fibrillary acidic protein (GFAP), Aquaporin-4, and 
S-100b, increases in the post-natal period, illustrating functional 
maturation during a critical window of vulnerability for inflam-
matory injury.46 Aquaporin 4 has been shown to be upregulated 
with age in both the cerebral and cerebellar cortices in mice.47 
Therefore, reduced levels of the astrocyte water transporter aqua-
porin-4 may have important functional implications for BBB 
function in young children. Reactive astrocytes restrict inflam-
mation, limit tissue degeneration, and preserve function after 
CNS injury.48 The significant neurocognitive sequelae described 
in CM survivors49,50 may be partly explained by astrocyte imma-
turity at the time of childhood CM.

Early in pre-natal neuronal development, exuberant growth 
and migration of neuronal precursors results in numerous den-
dritic ramifications with large numbers of synaptic connections 
in an extensive topographic distribution.51 From birth through 
childhood and into early adolescence, this extensive but diffuse 
neuronal connectivity is pruned back, in favor of more precise 
contacts between neurons and their targets. Thus, the number 
of synapses reaches a peak of nearly twice adult levels during the 
pre-school years,52 and then gradually declines to adult levels 
throughout later childhood and adolescence.53 During childhood, 

rapid myelination and growth of the CNS white matter occurs.43 
It is conceivable that during this time of delicate fine-tuning of 
the neuronal circuitry and rapid myelination, a major inflam-
matory insult such as CM could have distinct repercussions for 
neuro-psychiatric function. It has been suggested that dysregula-
tion of synaptic pruning, due to elevated levels of complement 
activation during malaria infection, may result in neurocognitive 
impairment in exposed children.54

Development of brain endothelial tight junctions continues 
beyond birth in rodents. Occludin expression changes during 
mammalian development, increasing from low levels in rat brain 
endothelial cells at postnatal day 8 to higher levels at post-natal 
day 70.12 We speculate that age-related differences in occludin 
expression at brain tight junctions may also account for some 
of the observed permeability of the pediatric neurovasculature, 
although this has not yet been demonstrated in humans.

Age-dependent susceptibility to brain injury. Maturation of 
brain elements during the pre-school years may have important 
implications for CNS injury in childhood. The developing brain, 
in contrast to the adult brain, appears to be more susceptible to a 
variety of traumatic, ischemic, toxic, and inflammatory insults. 
Ischemic and traumatic brain injury produce more profound 
sequelae in young victims,55,56 with animal models demonstrat-
ing age-related differences in BBB regulation and inflammatory 
infiltrates.57,58 The developing CNS is also exquisitely sensitive 
to toxin-mediated injury (e.g., methylmercury, lead, anticonvul-
sants, and ethanol), with vessel barrier function, astrocytes, and 
oligodendrocytes playing central roles in the pathogenesis.59

With potentially significant implications for pediatric 
CM, the cerebral vasculature of juvenile vs. mature mammals 
appears to differ in its response to inflammatory challenge. The 
concept of an age-specific window of susceptibility to neuro-
inflammatory injury has evolved based on a series of experi-
ments involving an inflammatory challenge administered to 
animals at various ages. Juvenile, but not neonatal, mice exhib-
ited prolific neutrophil and mononuclear recruitment whereas 
adult mice showed a restricted phagocyte response in response 
to lipopolysaccharide (LPS) injection into the brain.60 Likewise, 
intraparenchymal injection of pro-inflammatory IL-1b in juve-
nile rats gave rise to a large increase in BBB permeability and 
recruitment of neutrophils around the injection site, whereas 
no increase in vascular permeability or leukocyte recruitment 
was observed in adult rats.61 This age-dependent inflammatory 
infiltrate was related to increased sensitivity to the chemotactic 
effects of CXC chemokines in the juvenile brain.62 In further 
experiments, young rats (<20 d old) and opossums between 
post-natal age 35–60 d exhibited transient permeability of 
the BBB to plasma proteins following systemic administra-
tion of LPS. In contrast, the BBB of older rats and opossums 
was refractory to the inflammatory insult.63 These experiments 
generate intriguing hypotheses that warrant testing in experi-
mental models of CM: the immature rodent neurovasculature 
may also be exquisitely sensitive to parasite-induced inflamma-
tion, resulting in exaggerated BBB dysfunction in younger ani-
mals. If supported by evidence in a rodent model, this finding 
might explain differences in BBB permeability, inflammatory 
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infiltrates, and neurocognitive sequelae observed in children 
with CM relative to adults.

Cerebral Malaria and the Neurovascular Unit

The pathologic processes leading to convulsions, coma, and 
death in CM are complex and remain to be fully elucidated. 
Nonetheless, a unified framework that summarizes many of 
the diverse findings from human and animal studies views the 
genesis of CM as an interplay between mechanisms of sequestra-
tion, inflammation, and hemostasis leading to dysfunction of the 
NVU.64 The endothelium plays a central role in these processes 
as the site of PE sequestration as well as the mediator of fluid 
extravasation, which may play a role in CM pathogenesis. We 
next focus on selected aspects of endothelial dysfunction in CM, 
highlighting age-dependent changes in these critical pathways.

Cytoadherence of parasitized erythrocytes and inflamma-
tory cells to the endothelium. During infection with Plasmodium 
sp. the endothelium undergoes functional changes, and becomes 
“activated”. In the activated state, endothelial cells express a vari-
ety of cellular adhesion molecules, including: ICAM-1,29,65-67 vas-
cular cell adhesion molecule-1 (VCAM-1),65,67 and E-selectin.65 
The expression of these adhesion molecules by endothelial cells 
promotes the binding of inflammatory cells,28 such as neutrophils 
and monocytes/macrophages, and the cytoadherence of PEs.68-70

Sequestration of PEs at the endothelial barrier in the brain 
is a central pathologic feature in CM in patients of all ages. 
Autopsy studies performed over the past century have established 
this classical mechanism of CM pathogenesis in fatal cases.71,72 
Ultrastructural studies of fatal CM provide evidence in vivo of 
tightly packed capillaries and venules, with close apposition of 
the red blood cell and endothelial membranes.8 Electron-dense 
surface knobs on the PE surface appear to mediate binding to the 
endothelium.8 The mechanism of cytoadherence of P. falciparum 
infected erythrocytes to the endothelium involves interactions 
between surface molecules expressed by the parasite and exported 
to the RBC membrane, such as P. falciparum erythrocyte mem-
brane proteins (PfEMP1), and endothelial cell receptors such as 
ICAM-1. Interestingly, it has recently been suggested that the 
increased effectiveness of artesunate compared with other anti-
malarials may be due in part to its effects on the endothelium.69 
Experiments in vitro demonstrated that treatment with arte-
sunate is associated with decreased expression of ICAM-1 and 
therefore leads to decreased adhesion of PEs.69

Changes in the ability to increase expression of adhesion mol-
ecules after an inflammatory insult may be altered with age. In 
response to radiation injury73 or bacterial infection,74 rodents of 
increasing age had attenuated increases in ICAM-1 expression 
compared with their younger counterparts. In another study, 
mice primed with TNF, injected into the ventricle, had increas-
ing ICAM-1 induction with increasing age.75 However, directly 
injecting TNF may create an artificial upregulation of ICAM-1 
expression with age. Following an inflammatory insult, older 
mice have been shown to have decreased levels of TNF mRNA 
expression compared with younger mice.73 These findings suggest 
that children may have a greater ability than adults to upregulate 

expression of ICAM-1 in response to malaria infection, and, 
therefore, have increased PE sequestration within the cerebral 
vasculature and increased neurological injury. However, further 
studies are required in order to elucidate age-related changes in 
the complex inflammatory response that occurs in the context 
of CM.

In rodent models of neuro-inflammation, reduced leukocyte 
accumulation is seen in response to cytokine and chemokine 
challenge in adult compared with juvenile animals. In these stud-
ies, exaggerated neutrophil accumulation in young rodents after 
administration of IL-1b and CXC chemokines was associated 
with increased leak across the BBB.61,62 This is consistent with 
findings from autopsy studies of fatal malaria, in which pediat-
ric series report leukocyte accumulation in the microvasculature 
more than adult series.72 Such observations may explain in part 
the relative sensitivity of the pediatric CNS to CM.

Dysfunction of the neurovascular unit. A decrease in endo-
thelial integrity has been well documented in murine models of 
malaria by the measurement of Evan blue leak into various organs 
including the brain, lungs and kidneys.20,67,76-80 There are three 
main mechanisms that increase the permeability of the endo-
thelial layer: paracellular leak, transcellular leak, and leak due 
to endothelial cell death. The majority of the current literature 
investigating endothelial dysfunction in experimental malaria 
focuses on both paracellular leakage and increased permeability 
due to cell death. These changes in endothelial permeability are 
caused by a variety of factors, both host- and parasite-derived. 
Below we discuss a select number of molecules involved in the 
regulation of endothelial permeability during malaria infection 
and age-related changes in the endothelial response.

Paracellular leak. Tight junctions between brain endothelial 
cells play a key role in maintaining an effective barrier to para-
cellular fluid flux. PEs have been associated with changes in the 
expression levels of proteins that make up these tight junctions. 
Experiments using endothelial monolayers co-cultured with PEs 
from CM patients have shown decreased mRNA transcripts for 
tight junction proteins.81 Others have demonstrated a decrease in 
trans-endothelial electrical resistance of human brain endothe-
lial cell monolayers on direct contact with PEs or P. falciparum 
culture supernatant.82 Metabolic processes of PEs are able, in a 
dose dependent manner, to decrease the pH of culture media 
to an extent that results in increased endothelial permeability.68 
This increased permeability is associated with a rearrangement 
of ZO-1, including re-localization away from the plasma mem-
brane, resulting in gap formation. ZO-1 rearrangement was also 
observed in correlation with increased permeability during the 
incubation of parasitic histones with endothelial cells.66 Parasitic 
histones are released from parasites undergoing schizogony and 
it has been shown that patients admitted to hospital with severe 
malaria have higher levels of circulating nucleosomes, of either 
host or parasite origin, than those admitted with uncompli-
cated malaria or severe sepsis.66 In children with CM, focal loss 
of immunostaining has been observed for the endothelial tight 
junction proteins ZO-1, occludin, and vinculin when spatially 
associated with PEs, but without evidence of fibrinogen extrava-
sation.83 Similarly, in Vietnamese adults with fatal CM, loss of 
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tight junction proteins was observed, with associated leakage of 
plasma proteins across the microvasculature.84 Decreased cerebral 
protein expression of occludin, but not ZO-1,85 and increased 
endothelial expression of occludin12 in rats with aging suggests 
that there are changes in the composition of tight junction pro-
teins that occur with the aging process, and further research is 
required to elucidate the impact of this on CM pathogenesis.

Tight junction breakdown, leading to increased paracellular 
leak, can be initiated by the activity of matrix metalloprotein-
ases (MMPs), which act to cleave tight junction proteins. MMPs 
target and degrade structural proteins of the basal lamina such 
as fibronectin, laminin, and heparan sulfate, and tight junction 
proteins such as occludin, ZO-1, ZO-2, and claudin-5.2 The loss 
of tight junctions can contribute to the opening of the BBB dur-
ing ischemic and inflammatory insults. Involvement of MMPs 
has been specifically implicated in malaria. When PEs are co-
cultured with endothelial cells in vitro, the endothelial cells 
release MMP-986 and this is associated with increased endothe-
lial permeability to fluorescent dextran.87 In contrast to what is 
expected, both the mRNA and activity of MMP-9 were shown to 
be increased with age in primary rat tenocytes and this increase 
was associated with decreased levels of the MMP inhibitiors, 
tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2.88 
However, those changes occurred in tenocytes and this may not 
be reflective of what is occurring at the BBB in response to an 
inflammatory stimulus.

Endothelial cell death. In addition to increased paracellular 
leak, endothelial cell death also plays a role in the increased endo-
thelial permeability observed during experimental malaria mod-
els. During infection, red blood cells undergo hemolysis which 
results in the release of hemoglobin and eventually cytotoxic free 
heme.89 Free heme is cytotoxic when it interacts synergistically 
with a variety of compounds, including TNF,90 LPS,91 reactive 
oxygen species,92 and low density lipoprotein (LDL).93 Free heme 
is degraded by heme oxygenase-1 (HO-1) into carbon monoxide, 
biliverdin and iron. During severe malaria infection, mice defi-
cient in HO-1 had increased mortality compared with wild-type 
mice.90 This was further confirmed by demonstrating that the 
induction of HO-1 via treatment with either nitric oxide20,94 or 
lovastatin,76 or treatment with heme degradation products such 
as carbon monoxide89 was protective in murine severe malaria. 
Evidence for age related changes in HO-1 have also been shown. 
In the rat carotid body HO-1 expression was decreased with 
increasing age during normoxia, and the ability to induce expres-
sion of HO-1 in response to hypoxia was attenuated with age.95 
On the other hand, increasing levels of HO-1 was observed with 
age in rat livers.96 Therefore changes in HO-1 might be organ 
dependent and further investigation is warranted.

The adhesion of PEs to endothelial cells is able to induce 
apoptosis in endothelial cells in vitro97,98 and increased caspase-
dependent apoptosis is seen in murine CM.67 Treatment with 
atorvastatin is able to decrease the amount of cell death occurring 
when endothelial cells are co-incubated with PEs,99 and is able 
to prolong survival in experimental CM.100 Mice deficient in the 
platelet activating factor receptor (PAFR) have improved survival 
from experimental CM and have marked decreases in caspase 

activation.67 Increased apoptosis in renal cells during a murine 
model of malaria induced acute kidney injury was associated with 
increased endothelial permeability.77 Recently it has been demon-
strated that non-adhesion parasite factors can also stimulate cell 
death. Histones are able to induce caspase-independent cell death 
when incubated with endothelial cells,66 and patient sera are also 
able to induce endothelial cascade-dependent apoptosis.101

Endothelial dysfunction, in terms of both cytoadherence and 
increased permeability, play key roles in the molecular pathol-
ogy of CM. Due to limited experimental data, it is important to 
explore age-related changes in the endothelium that occur during 
CM and how this contributes to disease pathogenesis. Further 
understanding of the dysfunction at this level may inform our 
understanding of the clinical presentation of CM and why it dif-
fers between children and adults. This knowledge may lead to 
the development of novel adjunctive therapies that are used for 
age-specific treatment of CM.

Cerebral Malaria: Age-Related Differences

Having reviewed the NVU, developmental aspects of its struc-
ture and function, age-related susceptibility of the pediatric CNS 
to a variety of neurological insults, and the pathological impli-
cations of endothelial dysfunction, we next turn to the bigger 
picture and describe age-related differences in the clinical mani-
festations of CM.

Clinical features. The clinical picture of severe malaria dif-
fers in children and adults, and we will focus primarily on the 
differences occurring during CM (Table 1). An illustration of 
these differences comes from two large, multi-center random-
ized controlled trials, one involving primary adults in Asia,102 the 
other focusing on African children.103 Together, these two studies 
comprise nearly 80% of all patients ever enrolled in randomized 
controlled trials of severe malaria.103 A limitation of this compari-
son is that there may be important environmental, immunologic 
and genetic confounders between the studies.

Despite optimal treatment with intravenous artesunate, mor-
tality is higher in adults compared with children for severe malaria 
(15%102 vs. 8.5%103) and CM (30%102 vs. 18%103), in adults and 
children, respectively. Mortality in severe malaria increased in a 
step-wise manner from 6.1% in children (age < 10 y) to 36.5% 
in older adults (age > 50), and age was an independent risk factor 
for mortality.104 Although the mortality rate is higher in adults 
with severe malaria, children under the age of 5 contribute to the 
highest number of deaths due to malaria globally.105

CM is defined as unrousable coma without alternative expla-
nation in the presence of peripheral parasitemia, and may occur 
in both children and adults. CM in adults generally occurs in 
the context of multi-system disease with a higher proportion of 
patients displaying jaundice and renal failure, whereas children 
may present with a more isolated CNS phenotype. Analysis of 
a large study involving children and adults with severe malaria 
using uniform inclusion criteria documented a decrease in the 
incidence of convulsions with increasing age.104 Seizures in CM 
are associated with long-term structural brain abnormalities 
including brain atrophy.106 Neurologic sequelae are reported more 
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frequently at the time of hospital discharge in children (3.5%)103 
vs. adults (1%),102 but often resolve over time. However, persis-
tent cognitive deficits may develop following recovery from CM 
in children.107-110 In prospective pediatric studies from Uganda, 
approximately 1 in 4 children with CM had cognitive deficits 
6 mo and 2 y after discharge.111 Deficits were primarily in the 
domains of attention and working memory. Similarly, one study 
from Malawi showed that approximately one-third of survivors of 
childhood CM had neurologic abnormalities, including epilepsy, 
gross motor, sensory, or language deficits.49

Paradoxically, pediatric patients with CM have a lower mor-
tality rate, yet neurocognitive sequelae are more commonly 
reported in children. It should be noted that there is a paucity 
of studies on cognitive outcomes in adult survivors, such that a 
direct comparison of CNS sequelae between adults and children 
is limited by the data currently available. However, if neurocog-
nitive sequelae are more common in children, this may suggest a 
heightened susceptibility to neurologic injury in younger patients 
which may be due to the developmental state of the brain and 

NVU, as described above. Alternatively, increased survival in the 
setting of severe systemic disease may lead to a higher propor-
tion of brain-injured survivors in pediatric compared with adult 
cohorts.

Retinopathy. The pathologic hallmark of CM, sequestration 
of PEs in the microcirculation of the brain, is difficult to assess 
in a living patient. However, the retinal vasculature is structur-
ally and functionally similar and contiguous to that of the CNS 
and provides an accessible window to vessels that mirror those of 
the brain. The spectrum of retinal signs in CM consists of four 
components: retinal hemorrhages, papilledema, retinal whiten-
ing, and vessel color changes.112

Several studies have documented the retinal findings in 
African children113-117 and Asian adults118-120 with CM. The 
prevalence of these findings is summarized in Table 1, based on 
three studies involving adult patients with CM from India and 
Bangladesh (n = 214,121 n = 75,122 n = 20123) and two of the larg-
est studies in children from Malawi (n = 278,124 n > 1000125). 
Commonalities between pediatric and adult patients include 
retinal hemorrhages, the most easily visible manifestation of 
malaria in the retina, present in similar proportions of children 
and adults. Retinal hemorrhages correlate with disease severity 
and with cerebral hemorrhages at autopsy in the cerebral micro-
vasculature,126 and indicate frank breech of the BBB resulting 
in erythrocyte extravasation. Papilledema is observed less com-
monly in both children and adults, and is not specific to malaria, 
but reflects increased intracranial pressure and portends a poor 
prognosis in children.124,127 Retinal whitening is due to revers-
ible cytotoxic edema in response to tissue hypoxia, caused by 
sequestered PEs.112 Fluorescein angiography studies of the retina 
in children with CM demonstrated areas of impaired perfusion 
in 82% of cases, suggesting that hypoxia and ischemia are impor-
tant components in the pathogenesis of CM.128 Papilledema and 
retinal whitening, like retinal hemorrhages, occur at similar fre-
quencies in pediatric and adult CM patients.

A major difference between children and adults is the presence 
of vessel discoloration in children (20–32% of patients124,125), 
which is not seen in adults.122,123 Orange or white discoloration 
of the retinal vessels has been attributed to dehemoglobinization 
of stationary erythrocytes infected with mature parasites, and is a 
unique feature that is highly specific for encephalopathy of malar-
ial etiology in the pediatric population.129 Depletion of eryth-
rocyte hemoglobin may be related to local obstruction to blood 
flow and pronounced microvascular obstruction, and may indi-
cate that cytoadherence of PEs, leukocytes, platelets and fibrin 
strands may have heightened significance in the pathogenesis of 
CM in children relative to adults. Alternatively, the increased 
incidence of systemic anemia in pediatric severe malaria relative 
to adults may account in part for this observation.

Autopsy findings. Autopsy studies of children who die of 
clinically-defined CM reveal three basic patterns of pathology: 
(1) sequestration of PEs, parenchymal ring hemorrhages (RHs), 
and intravascular accumulation of pigmented white cells and 
thrombi; (2) sequestration of PEs without evidence of intravas-
cular or peri-vascular pathology; and (3) no sequestration.71 With 
respect to the latter group of children without sequestered PEs 

Table 1. Contrasting pediatric and adult cerebral malaria

Children Adults

Mortality in CM102,103,* 18% 30%

Average duration of symptoms 
before onset of severe disease102,103

3 d 5 d

Time to coma resolution 1–2 d 2–4 d

CNS manifestations

Convulsions102,103 31% 12%

Coma102,103,** 34% 40%

Abnormal brain stem reflexes More common Rare

C.S.F. pressure Variable, often 
raised

Usually  
normal

CNS sequelae

Neurologic sequelae at hospital 
discharge102,103

3.5% 1%

Neurocognitive deficits 25% < 5%

Other clinical signs

Severe anemia (Hb < 50 g/L)102,103 26% (avg Hb: 
70 g/L)

6% (avg Hb: 
100 g/L)

Jaundice102,103 2% 48%

Renal failure104 Rare Common

Retinopathy121-125

Hemorrhages 40–46% 9–55%

Whitening 44–50% 5–50%

Vessel color changes 20–32% 0

Papilledema 8–15% 5–12%

Autopsy findings8,72

Monocyte accumulation Observed Not observed

Platelet accumulation Observed Not observed

Ring hemorrhages 75–81% 0–47%

*Estimates from artesunate arm of AQUAMAT trial (African children) and 
SEAQUAMAT (predominantly adults from SE Asia, 15% < 15 y).**GCS < 11, 
BCS < 3
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in the brain, it should be noted that the clinical definition of 
CM is non-specific and as many as 23% of the children with this 
pre-mortem diagnosis actually have an alternative explanation for 
their death.71

Other findings in pediatric autopsy series include axonal and 
myelin damage, fibrinogen extravasation, intra-parenchymal 
RHs and vascular thrombosis in the cerebral and cerebellar white 
matter and brainstem.72 These findings were more pronounced in 
areas with prominent PE sequestration.72 Monocytes with intra-
cellular hemozoin accumulated within microvessels but were 
not present in the adjacent brain parenchyma.72 Together, these 
findings point to linked pathologic processes of sequestration of 
PEs, intravascular accumulation of inflammatory cells, myelin 
damage, axonal injury, and BBB dysfunction as key pathologic 
processes in pediatric CM.

Adult autopsy series document noteworthy similarities and 
differences in neuropathology compared with younger patients. 
As in children, post-mortem findings in adults include: tight 
packing of capillaries and venules with PEs, adherence to the 
endothelium through knob-like projections on the red blood 
cell surface,8 axonal injury,130 and BBB dysfunction.131 A detailed 
ultrastructural study of post-mortem specimens obtained from 
7 adults with fatal CM in Thailand demonstrated an absence 
of inflammatory cells and platelets,8 in contrast to findings in 
pediatric series. However, in another autopsy studies involving 23 
clinically-defined CM fatalities in India, there was documented 
margination of mononuclear cells in a significant proportion of 
patients.132 In this study, marginated mononuclear cells were seen 
in association with sequestered erythrocytes.132 These tended to 
have a peripheral distribution within the vessel, as though adher-
ent to the endothelial lining.132

Cerebral ring hemorrhages. Overt vessel wall disruption, cap-
illary necrosis, associated with intraluminal thrombosis and/or 
RHs occurs focally in fatal CM in both children72 and adults.133 
RHs appear to be common in pediatric series from Malawi 
(30/37 patients72 and 18/24 patients71). In contrast, RHs were 
not observed in 7 adult patients from Thailand,8 in only 3/23 
adults from India,132 and in 9/19 from Burma.133 RHs may there-
fore be more common in children than adults, although method-
ological differences between studies (patient selection and tissue 
sampling method) might also account for some of these differ-
ences.8 Increased vessel fragility is a recognized characteristic of 
the immature brain. Frank breech of the vessel wall and hemor-
rhage into the parenchyma is relatively common in the premature 
neonate, occurring at a rate of 1.45% of live births.134 Germinal 
matrix hemorrhage may be related in part to intrinsic fragility of 
the immature vessel wall, coupled with fluctuations in intravas-
cular hydrostatic pressure.135 Luminal factors (e.g., tight packing 
of cytoadherent cellular elements8) or factors intrinsic to the ves-
sel wall may also operate in pediatric CM to produce RHs more 
commonly than in adults.

Cerebral edema. Clinical, imaging, and pathology stud-
ies provide a body of evidence implicating cerebral edema as a 
pathologic feature of CM. However, data from adult and pediat-
ric studies are variable, and attempts to treat cerebral edema by 
administration of mannitol136 and dexamethasone137,138 have not 

improved outcomes in trials to date. Thus, the significance of 
cerebral edema as a cause of coma and mortality remains unclear.

Increased intracranial pressures, measured by manometry of 
the cerebral spinal fluid (CSF), have been documented in both 
adults139 and children140-142 with CM. Clinical features of brain-
stem, uncal, and/or cerebellar herniation, as a complication of 
extreme intracranial hypertension, have been described in chil-
dren.140,143 Imaging studies have also shown brain swelling. In 
one prospective series of 120 children, approximately half of the 
children had evidence of moderate-to-severe increased cerebral 
volume.143 Similarly, brain swelling on CT scan was observed in 
63% of adults in a large series of 120 patients in India.139 In con-
trast, MRI showed no findings of cerebral edema in the majority 
(22/24) of adult patients in an Asian study.144 Consistent with the 
above, brain weight is increased in fatal CM in children. Brain 
weight was increased in 86% of children with severe pathology 
(PE sequestration, intravascular and extravascular pathology), 
70% of patients with sequestration alone, and 62% of patients 
with no sequestration.72 In children, increasingly severe patho-
logic features on autopsy (PE sequestration, intravascular and 
extravascular pathology) are associated with progressive increase 
in brain edema. On the other hand, in the prospective study 
of Asian adults with CM, 2/24 patients had brain swelling or 
herniation associated with respiratory failure and brain death.144 
Increased brain swelling in adults seen on imaging did not cor-
relate with the depth of coma or mortality.139 A study of fatal CM 
in 20 adult Vietnamese patients documented variable occurrence 
of cerebral edema and plasma protein leakage. These findings 
did not correlate with pre-mortem coma, suggesting that cere-
bral edema is neither sufficient nor necessary to produce altered 
consciousness in adult malaria.145 In summary, cerebral edema is 
reported in a variable proportion of pediatric and adult patients 
with CM, although its significance as a pathogenic mechanism 
remains unclear.

The cerebral edema occurring during CM may be due to cyto-
toxic or vasogenic causes. Dysfunction of the sodium-potassium 
ATPase ion pump due to hypoxia or nutrient deprivation may 
lead to osmotic fluid redistibution across the cell membrane and 
accumulation of intracellular water in neurons or glial cells. 
Ischemic or hypoxic insults due to mechanical effects of micro-
vascular obstruction, as well as nutrient “steal” by local metaboli-
cally active parasites could account for cytotoxic edema in CM. 
Alternatively, irreversible destruction of the endothelial lining 
is likely one mechanism leading to vasogenic cerebral edema.72 
Movement of fluid from the intravascular space into the brain 
interstitium due to BBB dysfunction could lead to intercellular 
(vasogenic) edema. Finally, an increase in intravascular fluid vol-
ume within the brain due to sludging of blood flow with seques-
tration of P. falciparum infected erythrocytes could cause brain 
swelling.

Adjunctive therapy directed at reducing cerebral edema as a 
putative pathogenic mechanism in CM has not demonstrated 
benefit in clinical trials. Mannitol, an osmotic diuretic agent 
to reduce brain swelling, did not improve outcomes in African 
children with CM,136 although this small trial may have been 
under-powered to detect a true effect.146 Likewise, mortality 
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was not reduced and duration of coma was in fact prolonged 
in adult patients in India who received mannitol as adjunctive 
therapy.139 Similarly, older studies investigating the use of dexa-
methasone to reduce cerebral edema did not demonstrate clini-
cal efficacy.137,138

Conclusions: Endothelium-Targeting Therapies 
Tailored to Pediatric Populations

Given the central role of the endothelium in CM pathogenesis, 
insights into specific aspects of pediatric disease may lead to the 
development of new endothelium-targeting adjunctive treat-
ments tailored to the specific needs of children. If indeed pedi-
atric CM follows distinct pathologic pathways, and sick children 
are not just “little adults”, drug development efforts could focus 
on this unique patient population, rather than simply translating 
findings from trials first performed in adults. Children appear 
to be particularly susceptible to damage at the BBB and stand 
to benefit from adjuvant therapies that stabilize the endothelium 
during CM.

Several therapeutics that have been successful in mouse 
models of severe malaria have been shown to target endothelial 
dysfunction, including (many of which have been mentioned 
above): a PAFR antagonist (UK-74,505),67 various statins includ-
ing atorvastatin100 and lovastatin,76 activated protein C,101 carbon 

monoxide,89 and nitric oxide.20 Based on the experimental ben-
efits of nitric oxide on the endothelium described above, our 
group is currently conducting a clinical trial in Uganda using 
inhaled nitric oxide as an adjunctive therapy to treat children with 
CM.147,148 Not only are adjunctive therapies that target the endo-
thelium likely to improve the acute outcomes of CM infection but 
they also have the potential to improve the long-term neurological 
consequences of CM.149 Given the enormous burden of pediatric 
malaria, continued efforts to explore new potential therapeutics 
that target the childhood response to severe malaria, particularly 
endothelial dysfunction, offer the promise of reducing child mor-
tality and neurocognitive morbidity on a global scale.
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