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Abstract
The in vitro environment has a profound effect on offspring
neurodevelopment. Insults to the foetus during pregnancy
can disrupt neurodevelopmental processes culminating in
neurochemical and behavioural abnormalities. A growing
body of evidence supports a role for maternal infection in
precipitating neuropsychiatric disease in offspring. Since
~60% of pregnancies globally are at risk of malaria infection
annually, we hypothesize that in utero exposure to malaria
in pregnancy (MIP) may be a neglected risk factor for
mental illness. We propose that the host response to
infection makes an important contribution to this risk. MIP
may mediate neuropathology via immune activation and
inflammation in the placenta and consequent dysregulation
of processes critical to fetal neurodevelopment including
cerebral angiogenesis, neurogenesis, synaptic pruning, and
neurochemical regulation.
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Abbreviations
ASD: Autism Spectrum Disorder; BD: Bipolar Disorder; DALY:

Disability-Adjusted Life Years; FGR: Fetal Growth Restriction;
LBW: Low Birth Weight; VLBW: Very Low Birth Weight; MIP:
Malaria In Pregnancy; PM: Placental Malaria; Poly(I:C):
Polyriboinosinic-Polyribocytidilic acid; PTB: Preterm Birth; SGA:
Small For Gestational Age

The Global Burden of Mental Illness
Neuropsychiatric disease is an enormous contributor to the

global financial and social burden of health. According to a 2015
meta-analysis, an estimated 8 million deaths, representing
14.3% of global mortality, can be attributed to neuropsychiatric

disease [1]. Even more importantly, neuropsychiatric disease is
the leading cause of disability-adjusted life years (DALYs)
worldwide, with 96 million DALYs attributed to schizophrenia,
depression, and bipolar disorder (BD) alone [2]. The financial
cost of mental illness in low- and middle-income countries in
2010 was estimated at $870 billion USD and this number is
expected to double by 2030 [2]. The majority of this cost is
allocated to treatment. To reduce this staggering burden,
resources and interventions that focus on prevention of
neuropsychiatric disease would likely have more impact and
reduce the long-term costs. Mounting pre-clinical and
epidemiological evidence has implicated maternal infection as a
risk factor for developing neuropsychiatric diseases including
autism spectrum disorder (ASD), schizophrenia, BD, and
depression [3].

Notably, low and middle income countries, including most
sub-Saharan African countries, have a disproportionately high
burden of mental illness, which has often been attributed to a
number of social determinants and a lack of effective treatments
and health care professionals, such as psychiatrists [4]. While
these social factors likely contribute, maternal infection may
represent an important and underappreciated risk factor. Given
the high prevalence of malaria in these regions, we propose that
the disproportionate burden of mental illness in low and middle
income countries may also be associated with MIP and
hypothesize that prenatal malaria exposure is a modifiable risk
factor for neuropsychiatric disorders later in life (Figure 1). MIP
has an established role in adverse birth outcomes including low
birth weight (LBW) and stillbirth. Re-thinking MIP as a
preventable risk factor for childhood neurocognitive and adult
neuropsychiatric disorders has profound global health
implications and could galvanize efforts to prevent maternal
infections. Here, we review the evidence for the maternal
infection hypothesis of psychiatric disease and examine the
potential for MIP to contribute to the global burden of
neuropsychiatric disorders.
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Figure 1: The burden of mental illness overlaps with areas of
high malaria endemicity. The global burden of malaria is
represented as total population at risk in both low and high
transmission areas (adapted from Global Malaria Mapper,
2015). Low resource regions have a disproportionately high
number of at-risk pregnancies and experience a high burden
of neuropsychiatric disorders (measured in daily adjusted life
years (DALYs)). a[5]; b[75].

Adverse Birth Outcomes in Placental
Malaria

Approximately 125 million pregnant women are at risk of MIP
each year and over 85 million of these occur in areas with stable
Plasmodium falciparum transmission [5]. MIP can result in
placental malaria (PM), which is characterized by the
accumulation of malaria-infected erythrocytes and monocytes in
the placenta. PM can have negative health consequences for
mother and child, including maternal anaemia, stillbirth, and
LBW caused by preterm birth (PTB) and/or fetal growth
restriction (FGR) [6]. PM-mediated morbidity and mortality is
influenced by parity, maternal immune status, stage of
pregnancy at infection, and chronicity of infection [7,8].

These adverse birth outcomes are thought to result, at least in
part, from increased inflammation at the maternal-fetal
interface. Sequestration of parasitized erythrocytes in the
intervillous space of the placenta triggers the secretion of
chemotactic β-chemokines by mononuclear cells, resulting in an
accumulation of monocytes and macrophages, and a deviation
from the normal cytokine profile in the placenta [9,10]. For
example, pro-inflammatory cytokines such as TNF are increased
in PM and have been associated with poor birth outcomes
[9,11].

A central initiator and enhancer of the localized inflammatory
response in PM is complement. The complement system is an
essential component of innate immunity and the host defence
against pathogens. However, dysregulated activation or control
of the complement system is associated with several adverse
pregnancy outcomes, such as preeclampsia and spontaneous

abortion [12,13]. Human, pre-clinical models, and in vitro
studies have shown that PM is associated with increased
activation of the complement system, in particular enhanced
generation of the pro-inflammatory component C5a [14,15]. In
vitro, C5a can induce the synergistic release of both
inflammatory mediators (e.g. TNF, IL-6, IL-8, MCP-1) and anti-
angiogenic factors (e.g. sFlt-1) from human mononuclear cells
[15]. Moreover in pre-clinical and clinical studies increased levels
of C5a were associated with dysregulation of angiogenic factors
(e.g. VEGF, endoglin, angiopoietin-1 and angiopoietin-2),
placental vascular insufficiency, and an increased risk of adverse
birth outcomes including LBW and stillbirth [14,15]. 

PM-mediated LBW has a marked impact on neonatal
mortality and is estimated to contribute to 200,000 infant
deaths per year [16]. Even for those babies that survive the
neonatal period, however, numerous epidemiological and
animal studies have linked LBW with long-term
neurodevelopmental deficits and adult disease (Figure 2).

Figure 2: The proposed pathways through which maternal
infection including PM could precipitate neuropsychiatric
injury. Bacterial, viral, and parasitic infections during
pregnancy induce pathological inflammation at the maternal-
fetal interface. (a) LBW-dependent phenotypes. MIP-
mediated inflammation in the placenta leads to dysregulated
angiogenesis and placental insufficiency, resulting in adverse
birth outcomes including low birth weight (LBW). LBW infants
are known to be at higher risk for cognitive deficits,
psychiatric outcomes (ASD, BD, and schizophrenia), and
chronic diseases in adulthood (cardiovascular disease (CVD),
diabetes, and hypertension). (b) LBW-independent
phenotypes. Fetal exposure to maternal immune activation
can result in alterations in brain vasculature, neurochemical
and other neurophysiological processes critical to
neurodevelopment. These changes correlate with
neurocognitive deficits and altered behaviour in childhood
and adults. Similar to other maternal infections, exposure to
malaria in utero may also prime the offspring for
development of psychiatric disorders in response to a second
environmental “hit” later in life.

The Impact of Low Birth Weight on
Neurodevelopment

Over 20 million babies are born LBW each year, the majority
of which are in low resource countries [17]. LBW can occur from
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either PTB and/or being small for gestational age (SGA). PTB is
the leading cause of childhood mortality worldwide, accounting
for over one million deaths [18,19]. Further, LBW from PTB is
associated with greater mortality and more severe outcomes,
such as cerebral palsy, than LBW caused by SGA. The etiology of
PTB and SGA varies by region and is multifactorial including
tobacco and drug use during pregnancy, malnutrition, maternal
infection, hypertension, and preeclampsia [20,21]. Both PTB and
SGA have been linked to significant neonatal morbidity and long-
term adverse health outcomes.

Numerous epidemiological studies have identified an
association between restricted fetal growth with poor growth in
childhood and a higher incidence of chronic diseases in
adulthood. This correlation between LBW and adult disease is
known as the “Barker Hypothesis” of developmental plasticity
and programming [22,23]. Adult chronic diseases associated
with this phenomenon include obesity, coronary artery disease,
hypertension, and type 2 diabetes [22]. LBW has also been
associated with impaired neurodevelopment leading to
cognitive and behavioural deficits in childhood and adolescence.
For example, a meta-analysis of case-control studies of PTB
children found that decreasing birth weight and decreasing
mean gestational age at birth correlated with lower cognitive
test scores. Further, children born preterm and very LBW (VLBW)
(<1500g) were twice as likely to develop attention-deficit/
hyperactivity disorder (ADHD) and exhibit autism-like symptoms
[24,25]. In another study, very preterm (≤ 33 weeks gestation)
and VLBW infants had significant deficits in academic
achievement, including mathematics and reading performance,
and poor executive function compared to their full term, normal
birth weight peers [26]. These learning and behavioural
impairments impact school performance and can persist to
adulthood.

In addition to deficits in cognition and learning,
epidemiological studies have associated LBW with an increased
risk for neuropsychiatric and affective disorders later in life. For
example, a Norwegian study examined psychiatric outcomes in
adolescents born preterm and VLBW and reported that LBW was
associated with reduced psychosocial function and an increase
in ADHD symptoms [27]. Similar to other epidemiological
studies, these findings were significant after adjusting for
confounding factors, including maternal mental illness, gender,
and social economic status. Further, population-based studies
indicate that these deficits can persist into adulthood. The
Helsinki Study of Very Low Birth Weight Adults found that adults
who were born preterm and VLBW had an increased risk of ASD,
represented by a higher social interaction sum score and a lower
attention to detail score [28]. Findings from these
epidemiological studies have been supported by animal models,
where rodent models of FGR using maternal food restriction
showed heightened anxiety-like behaviour in offspring that were
LBW [29,30].

It is clear that PM-mediated LBW has both short- and long-
term negative health consequences. However, most malaria in
pregnancy result in normal birth weight infants, but whether
these babies have neurocognitive and behavioural deficits is
unknown. However accumulating evidence supports the

hypothesis that even pauci-symptomatic maternal infections
may represent an environmental “hit” that may precipitate or
predispose offspring to neuropsychiatric disorders later in life
[3].

Maternal Infection and Impact on
Neurodevelopment

Numerous factors contribute to the development of
neuropsychiatric disorders, including genetic risk alleles,
epigenetic changes, and environmental triggers. In addition to
these, a growing body of epidemiological and pre-clinical
evidence supports a link between prenatal exposure to maternal
viral and bacterial infections, and several neuropsychiatric
disorders including schizophrenia, ASD, and BD [3,31–34]. The
first association between maternal infection and an increased
risk for psychotic disorders came from the observation of a
seasonal pattern in birth dates among patients with
schizophrenia and BD [35–37]. Consistently, epidemiological
studies found that adults born during an influenza epidemic had
an increased risk of schizophrenia [35,38]. More rigorous
prospective studies using serologic detection of prenatal
influenza infection further supported this link [39]. Clinical
evidence of fetal exposure to maternal infections with
Toxoplasma gondii and herpes simplex virus (type II) and an
increased risk of adult schizophrenia have also been found [40–
42]. Evidence from large birth cohorts have emerged that
further support an association between maternal infection and
an increased risk for other neuropsychiatric disorders including
BD, ASD, and post-traumatic stress disorder [3,32,43–45].

Ethical and logistical considerations limit the ability to
examine causality in human epidemiological studies. Therefore,
the use of animal models has enabled mechanistic and causal
studies of maternal infection inducing neuropsychiatric
disorders. These animal studies have supported and extended
the findings from human population-based epidemiological
studies. These models have exploited the use of whole virus
(influenza), the viral mimic polyriboinosinic-polyribocytidilic acid
(poly (I:C)), and bacterial endotoxin lipopolysaccharide (LPS), to
trigger systemic maternal immune activation [33,46]. In addition
to these models of systemic maternal infection in pregnancy,
turpentine intramuscular administration has been used to
model local maternal inflammation, which has enabled the
exploration of maternal versus fetal contributions to
neurobehavioral outcomes [47]. Importantly, animal models
permit control of confounding factors and have enabled the
study of single infectious agents and/or inflammatory factors as
well as the contribution of genetic risk and environmental
factors in precipitating neuropsychiatric outcomes.

Mechanisms of Impaired
Neurodevelopment Following in Utero
Exposure to Infection

Evidence from human and animal studies support the
hypothesis that maternal immune activation in response to
infection underlies the persistent immunological and
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neurological alterations in the offspring that contribute to
neuropsychiatric outcomes. Neurodevelopment is a complex
and tightly regulated process that requires multiple orchestrated
steps to achieve functional neural networks and the refinement
of the central nervous system (CNS) required for specific
connectivity and neurotransmission. Multiple lines of evidence
support a critical non-immune role for the complement system
and cytokines in both normal and abnormal
neurodevelopmental processes (i.e. synaptic pruning, synaptic
refinement, regulation of neural stem cell pools,
neurodegenerative diseases) [13,48,49]. Maternal inflammation
at the placental-fetal interface can induce an inflammatory
response in the foetus. Several cytokines, including IL-6, are able
to cross the placenta and fetal blood-brain barrier [50], placing
the developing foetus at risk of an imbalance of critical
neurodevelopmental factors. IL-6 is frequently induced during
prenatal infections and has been detected at elevated levels in
maternal serum, placenta, and fetal brain in the poly (I:C) model
of maternal infection [51]. Mechanistically, IL-6 is critically
involved in the regulation of neural stem cell pools and
neurogenesis [48], and elevated levels can contribute to
aberrations in these developmental processes, resulting in long
term neurological deficits [51]. This contention is supported by
the findings that functional blockade (e.g. anti-IL-6 antibody) or
genetic disruption of IL-6, in poly (I:C)-treated dams prevented
behavioural deficits in the exposed offspring [51]. Other pro-
inflammatory cytokines or factors that have been implicated in
abnormal neurodevelopment include TNF, IL-8/CXCL8, IL-1β, and
CRP [52–54]. The use of single cytokine-induced systemic
inflammation has helped to define their specific roles in the
maternal infection model of neuropsychiatric disease. For
example, a single IL-6 injection in pregnant mice elicited
behavioural phenotypes in the offspring similar to the poly(I:C)
or LPS models [51]. Inflammation at the fetal-maternal interface
has also been reported to damage the blood-brain barrier
leading to pathological neuro-inflammation, neuronal cell death,
and white matter injury [55]. Other immunological mediators
have also been implicated in the aberrant neurodevelopment
resulting from maternal immune activation. Specifically, synaptic
pruning and refinement, processes that are crucial for normal
brain function, are known to require the complement protein
C1q and MHC class 1 [56–58]. Altered levels of these proteins
have been associated with abnormal neuronal connectivity,
disturbances in neurotransmitter systems, and abnormal
behaviour. Maternal infection is also associated with
hypomyelination in offspring, leading to abnormal brain white
matter, as well as impaired neuronal migration due to reduced
reelin expression, a key regulator of neuronal migration in the
CNS [59,60]. A recent study reported that maternal malaria
infection was associated with decreased levels of brain-derived
neurotropic factor (BDNF) a critical regulator of neuron growth
and remodelling, synapse formation, and neurotransmitter
release [61,62]. Decreased BDNF was associated with a
subsequent decrease in regional neurotransmitter levels that
correlated with neurocognitive and behavioural deficits in
offspring [63].

Early perturbations to CNS development would be expected
to promote long-term alterations in neurophysiology and

subsequent behaviour. Consistent with this model, patients with
ASD and schizophrenia often exhibit abnormal immunology,
including increased levels of IL-6 and TNF in circulation and in
cerebrospinal fluid, in adulthood [64,65]. This phenomenon is
hypothesized to occur through microglia priming. Microglia is
CNS resident macrophages that act as primary immune
mediators. Maternal immune activation with poly (I:C) or LPS
results in persistent microglia alterations in the offspring that
can be hyper-reactive to subsequent stimuli [53,66]. This
observation aligns with the “two-hit” hypothesis of
neuropsychiatric disease, which posits that early
neurodevelopmental interference such as maternal infection
primes the offspring for neuropsychiatric disorders in response
to a “second hit" (i.e. stress, infection, trauma, drugs) later in life
[67]. Accordingly in pre-clinical models a secondary insult, such
as peripubertal stress or postnatal poly (I:C) challenge, following
prenatal exposure to an immune stimulus resulted in
hyperactive microglia, intensified inflammatory response, and
schizophrenia-like behaviour [68,69].

Malaria in Pregnancy and Neurocognitive
Outcomes

Given the mounting evidence to support the link between in
vitro exposure to maternal infections and an increased risk for
neuropsychiatric disorders, we hypothesize that MIP can also
prime the offspring for detrimental neurological outcomes.
Recent evidence indicates that mice exposed to malaria in vitro
exhibit neurological injury and importantly, this occurs in the
absence of LBW or other birth phenotype. Malaria-exposed, pre-
pubescent mice displayed increased depressive-like behaviour
and deficits in learning and memory [63]. These behavioural and
cognitive deficits correlated with abnormal fetal brain
vasculature, decreased BDNF expression and reduced regional
neurotransmitter levels of dopamine, serotonin and
norepinephrine. CNS angiogenesis and neurogenesis are co-
regulated and abnormal neurovasculature development could
contribute to altered neurogenesis and lasting neurological
injury in offspring. Importantly, the PM-exposed mice were not
congenitally infected, consistent with the idea that the host
response to the pathogen, rather than the pathogen itself, plays
a major role in driving the observed adverse fetal outcomes.
Further, disruption of C5a-C5aR signalling rescued
neurocognitive deficits and restored neurochemical balance in
the exposed offspring [63]. Given the central role of C5a in
inflammation, and the importance of brain vascularization in
normal neurodevelopment, it is reasonable to hypothesize that
these immune mechanisms of injury could also contribute to
neuropsychiatric disorders.

The neurochemical changes in malaria-exposed offspring are
consistent with reports of altered brain chemistry in
neuropsychiatric disorders [62,70,71]. In further support of this
hypothesis, several inflammatory factors including IL-6, TNF and
CRP that are implicated as mediators of maternal immune
activation-related neuropsychiatric disorders [51,53,54,72] are
increased in MIP [9,15,73,74].
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Concluding Remarks
Maternal infection and its impact on the in vitro environment,

represents a paradigm shift in our understanding of the risk
factors and putative mechanisms underlying neurocognitive and
neuropsychiatric disorders and suggest that MIP may be a
potential and preventable risk factor. Collectively the emerging
evidence defining links between maternal infection and
neuropsychiatric disorders in offspring has important
implications for the cause and prevention of what were
previously believed to be non-communicable diseases, and may
shift global health priorities from costly lifelong treatment and
rehabilitation to prevention. It has been estimated that
prevention of viral, bacterial, and parasitic infections during
pregnancy could prevent more than 30% of schizophrenia cases
[35]. Factors that contribute to neurological injury in infants
place enormous social and financial burdens on families and
communities, especially in low-resource settings. In the case of
MIP, neurological injury can occur via both LBW and LBW-
independent pathways (Figure 2). Similar to Zika infection in
pregnancy, the nature of this injury may depend on the timing of
infection since the stages of fetal neurodevelopment correlate
with different stages of gestation [3]. For example, malaria
infection during the first trimester could more profoundly
impact neurogenesis, whereas infection later in gestation may
disrupt neuronal migration or myelination. Whether this timing
might cause differing neuropsychiatric outcomes is unknown [3].
Clearly additional prospective and mechanistic studies are
required to determine and define the potential risk of MIP in
human populations. However, given the high prevalence of
malaria in many low-resource settings, ultimately, targeting MIP
may represent a cost-effective strategy for the concurrent
reduction of maternal and childhood morbidity and mortality, as
well as juvenile and adult mental illness. 
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