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Prenatal inflammation and risk for schizophrenia: A role for
immune proteins in neurodevelopment
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Abstract

Prenatal inflammation is an established risk factor for schizophrenia. However, the specific inflammatory pathways that mediate this association

remain unclear. Potential candidate systems include inflammatory markers produced by microglia, such as cytokines and complement. Accumulating evidence
suggests that these markers play a role in typical neurodevelopmental processes, such as synapse formation and interneuron migration. Rodent models
demonstrate that altered marker levels during the prenatal period can cause lasting deficits in these systems, leading to cognitive deficits that resemble
schizophrenia. This review assesses the potential role of prenatal cytokine and complement elevations on the etiology of schizophrenia. The current
neurobiological understanding of the development of schizophrenia is reviewed to identify candidate cellular mechanisms that may be influenced by
prenatal inflammation. We discuss the functions that cytokines and complement may play in prenatal neurodevelopment, review evidence that links exposure
to these factors with risk for schizophrenia, and consider how these markers may interact with genetic vulnerabilities to influence the neurodevelopment
of schizophrenia. We consider how prenatal inflammatory exposure may influence childhood and adolescent developmental risk trajectories for schizophrenia.
Finally, we identify areas of further research needed to support the development of anti-inflammatory treatments to prevent the development of schizophrenia

in at-risk neonates.

Schizophrenia does not typically emerge until adolescence,
but the etiology of the disorder may begin before birth.
This link was first indicated by the identification of maternal
influenza during pregnancy as a risk factor for schizophrenia
in epidemiologic studies (Brown, Begg, et al., 2004; Med-
nick, Machon, Huttunen, & Bonett, 1988). Soon after, infec-
tions with other pathogens were identified as risk factors, in-
cluding rubella (Brown et al., 2001), herpes simplex virus
(Buka, Cannon, Torrey, & Yolken, 2008; Mortensen et al.,
2007), and toxoplasmosis (Brown et al., 2005). The fact
that a wide variety of infections can contribute to the develop-
ment of the same disorder suggests that maternal immune ac-
tivation, and subsequent inflammation in the fetus, may me-
diate the association between prenatal infection and risk for
schizophrenia (Meyer, 2013). Inflammatory responses in
the fetal brain can be induced by maternal bacterial (Cai,
Pan, Pang, Evans, & Rhodes, 2000) and viral (Stridh et al.,
2013) infections, as well as birth complications such as hy-
poxia/ischemia (Girard, Larouche, et al., 2008). Recent evi-
dence suggests that inflammation may also mediate the rela-
tionship with other prenatal risk factors for schizophrenia
(Miller, Culpepper, Rapaport, & Buckley, 2013), including

We thank Avram Holmes and David Glahn for their comments on drafts of
the manuscript. Dana Allswede’s work was funded by National Science
Foundation Graduate Research Fellowship DGE-1122492.

Address correspondence and reprint requests to: Dana Allswede, Depart-
ment of Psychology, Yale University, 2 Hillhouse Ave., PO Box 208205,
New Haven, CT 06520; E-mail: dana.allswede @yale.edu.

malnutrition (Brown & Susser, 2008) and maternal stress
(van Os & Selten, 1998). It is important to point out that
the vast majority of individuals exposed to maternal immune
activation do not develop schizophrenia (Cannon et al.,
2002). This suggests that exposure to prenatal inflammation
interacts with other risk factors in vulnerable individuals to
increase risk for the disorder. Variants in immune genes are
strongly implicated in genetic studies of risk for schizophre-
nia (Arion, Unger, Lewis, Levitt, & Mirnics, 2007; Ripke
et al., 2014). However, genetic risk for schizophrenia does
not seem to be associated with increased propensity for pre-
natal complications associated with inflammation, including
maternal infection or stress during pregnancy and hypoxia-as-
sociated obstetric complications (Mittal, Ellman, & Cannon,
2008). It is possible that exposure to maternal immune activa-
tion increases risk for schizophrenia by interacting with un-
derlying genetic vulnerability to immune disruption (Clarke,
Tanskanen, Huttunen, Whittaker, & Cannon, 2009).
Broadly, prenatal inflammatory exposure may influence
neurodevelopment by affecting immune cell functioning in
the brain. Peripheral inflammation activates microglia, im-
mune cells in the central nervous system (CNS) that secrete
inflammatory proteins that help resolve inflammation but
can be toxic in large amounts (Deverman & Patterson,
2009; Ratnayake, Quinn, Walker, & Dickinson, 2013). Ac-
tive microglia are involved in the development of cellular
mechanisms implicated in schizophrenia, such as synaptic
connections between pyramidal neurons (Paolicelli et al.,
2011), and overactivation of microglia could damage these
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systems (Monji et al., 2013). Disruption to synapses and other
cellular processes are thought to impair cognitive function
and could contribute to the psychological symptoms of
schizophrenia (Feinberg, 1982; Weinberger, 1987). This sug-
gests that activation of microglia during early development
could set individuals on a neurodevelopmental risk trajectory
that ultimately leads to the development of the disorder (Insel,
2010). In addition, prenatal inflammatory events are thought
to “program” microglia to be more reactive to future immune
challenges, which may cause compounding damage as neural
systems and circuits mature and are refined throughout later
childhood and adolescence (Monji, Kato, & Kanba, 2009;
Patterson, 2009). Exaggerated inflammatory responses to in-
sults in adolescence, such as stress or infection, could cause
additional damage to vulnerable neural systems and contrib-
ute to the proximal onset of schizophrenia (Bergink, Gibney,
& Drexhage, 2014). This theory, termed the “multiple hits”
theory, has gained support from rodent and human studies
of risk for schizophrenia (for review see Bayer, Falkai, & Ma-
ier, 1999; Bilbo & Schwarz, 2009; Meyer, 2013).

Converging evidence suggests a role for inflammation in
the etiology of schizophrenia. However, the specific inflam-
matory pathways that mediate this association remain unclear.
Potential candidate systems include inflammatory proteins
produced by microglia, such as cytokines. Cytokines are in-
volved in initiating and regulating inflammatory responses
in the periphery and the brain, can be toxic to neurons in large
amounts, and are implicated in neurodegenerative disorders
such as Alzheimer’s (Deverman & Patterson, 2009; Stephan
et al., 2012). In addition, low concentrations of cytokines se-
creted by microglia have been implicated in neurodevelop-
mental processes such as synaptic formation and elimination
(Gilmore, Fredrik Jarskog, Vadlamudi, & Lauder, 2004).
Specific cytokines may be implicated in typical neurodevel-
opmental processes (Deverman & Patterson, 2009), such as
IL-6 in the development of small dendrite projections on cor-
tical neurons that provide the basis for synaptic formation
(Gilmore et al., 2004). Rodent models suggest that prenatal
cytokine exposure can also have lasting influence on cog-
nitive function. For example, elevated IL-6 during mid-
pregnancy can cause deficits in prepulse and latent inhibition
in adult offspring (Smith, Li, Garbett, Mirnics, & Patterson,
2007) and elevated IL-10 at a similar point during pregnancy
can impair spatial exploration and associative learning in
adulthood (Meyer et al., 2008). Thus, cytokines are a strong
candidate mechanism for linking prenatal inflammation
with the etiology of schizophrenia.

Recently, a second candidate mechanism has emerged as
well. The complement system is a component of the innate
immune system that produces proteins involved in “tagging”
and deactivating pathogens and damaged cells for removal by
other immune cells (Mayilyan, Weinberger, & Sim, 2008;
Stephan, Barres, & Stevens, 2012). Microglia and astrocytes
produce large quantities of complement proteins in the CNS
in response to indicators of injury or inflammation (Stephan
et al., 2012). Neurons can be damaged by the complement
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system (Orsini, de Blasio, Zangari, Zanier, & de Simoni,
2014), and uncontrolled complement activation has been ob-
served in neurodegenerative disorders (Orsini et al., 2014).
Emerging evidence suggests that complement proteins may
also be implicated in neurodevelopmental processes, includ-
ing neuronal differentiation and migration and synaptic prun-
ing (Mayilyan et al., 2008; Sekar et al., 2016; Stephan et al.,
2012). Aside from one study linking elevations in comple-
ment protein Clq at birth to risk for schizophrenia (Sever-
ance, Gressitt, Buka, Cannon, & Yolken, 2014), the long-
term consequences of prenatal complement exposure on neu-
rodevelopment in humans are relatively unexplored. The sim-
ilarities between the cytokine and complement systems sug-
gest that complement may also be a mechanism linking
prenatal inflammation with neurodevelopmental changes im-
plicated in schizophrenia.

Further investigation of links between prenatal alterations
of cytokine and complement pathway activity and risk for
schizophrenia may yield additional specificity into neurode-
velopmental pathways that are implicated in the etiology of
schizophrenia. As different components of the brain develop
during distinct periods of prenatal development, it is possible
that elevations in cytokines and complement proteins at dif-
ferent time points could have different effects on neurodeve-
lopment (Meyer, Yee, & Feldon, 2007). Ultimately, these dif-
ferent prenatal insults may lead to disruption of a similar set
of cognitive processes and the emergence of the disorder (i.e.,
equifinality; Cicchetti & Rogosch, 1996). Understanding the
distinct pathways that ultimately lead to the symptoms of
schizophrenia could yield more targeted and specific inter-
ventions that could help prevent the development of schizo-
phrenia in individuals at high risk.

This review focuses on two candidate mediators of the rela-
tionship between microglial activation in response to maternal
immune activation and risk for schizophrenia: cytokines and
complement. We consider how their roles in typical neurode-
velopment might help clarify risk pathways that mediate the as-
sociation between prenatal immune insults and schizophrenia.
We start by reviewing the cellular and structural abnormalities
associated with the development of schizophrenia and discuss
how these abnormalities may give rise to the psychological
symptoms of the disorder. We then discuss prenatal neurode-
velopment and how the continued refinement of neural organi-
zation gives rise to increasingly complex cognition in child-
hood and adolescence. We review the literature on prenatal
cytokine and complement exposure and risk for schizophrenia,
and identify specific proteins and time points that are impli-
cated in risk. We then discuss the known roles of cytokines
and complement proteins in these normative processes, and
discuss how alterations in these pathways due to immune acti-
vation at distinct time points during prenatal development may
increase risk for schizophrenia. We use this information to con-
sider how these immune insults could affect childhood and
adolescent developmental risk trajectories for psychosis, and
identify areas of further research needed to support neonatal in-
terventions to encourage healthy neurodevelopment.
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Characterization of Schizophrenia

Presumably, inflammation increases risk for schizophrenia by
influencing aspects of neurodevelopment that play a role in
the disorder. To assess the viability of this notion, it is helpful
to consider what is currently known about schizophrenia.
Clinically, schizophrenia is characterized by positive symp-
toms, such as delusions and hallucinations, and negative
symptoms, such as lack of motivation and anhedonia. Cog-
nitive deficits, such as poor working memory and processing
speed, are also associated with the disorder (American Psy-
chiatric Association, 2013). The development of these symp-
toms is associated with deficits in a variety of cognitive pro-
cesses observed in these individuals, including memory,
language, executive function, attention, and intelligence
(Fioravanti, Carlone, Vitale, Cinti, & Clare, 2005). These def-
icits are thought to reflect a failure to integrate information
from functionally distinct regions of the brain, which may
emerge from a general disconnectivity between neurons
(Friston, Brown, Siemerkus, & Stephan, 2016; Friston &
Frith, 1995). This disconnectivity is thought to be associated
with abnormalities in neural networks, which may reflect def-
icits in neural structure and function within and between re-
gions (Friston et al., 2016; Friston & Frith, 1995). Neuro-
imaging studies of functional connectivity suggest that
schizophrenia is broadly characterized by weaker and more
diverse functional connections between regions compared
to healthy individuals, and that these alterations in functional
activity may contribute to poorer cognition (Lynall et al.,
2010). Similarly, many different structural changes have
been observed in schizophrenia, including reduction in gray
matter volume in regions such as the medial temporal lobe,
much of the cortex, basal ganglia, and thalamus; decreased
white matter volume and tract coherence across the brain;
and expanded ventricles (Davis, Stewart, Friedman, &
Buchsbaum, 2003; Shenton, Dickey, Frumin, & McCarley,
2001). Emerging evidence suggests that functional and struc-
tural neural deficits may reflect abnormalities in cellular
structure and activity of neurons, including synaptic density
and number and type of synaptic connections between corti-
cal neurons (Reimann et al., 2017; van den Heuvel, Schol-
tens, de Reus, & Kahn, 2016). As inflammatory pathways
are thought to affect these cellular processes that ultimately
give rise to the neural, cognitive, and behavioral changes ob-
served in schizophrenia, we will focus further on cell-level
deficits in development of schizophrenia.

Neurobiological deficits associated with schizophrenia
onset

To understand the etiology of schizophrenia, it is important to
identify which neurological changes are mechanistically re-
lated to the emergence of the disorder and which changes
may be only correlated or are secondary to medication effects
(Cannon, 2015). One approach to identifying potential
mechanisms is to prospectively study adolescents at clinical
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high risk for schizophrenia to identify changes that correlate
with the onset of the disorder. Studies with this design have
identified reductions in gray matter volume, particularly in
the prefrontal cortex, temporal cortex, and hippocampus
(Cannon et al., 2015; Satterthwaite et al., 2016), that occur
proximally to the onset of psychosis. These regions are impli-
cated in a wide variety of cognitive processes, including se-
lective attention, behavioral inhibition, working memory,
long-term declarative memory, sensory integration, and so-
cial cognition (Hein & Knight, 2008; Miller & Cohen,
2001; Squire, 1992). In addition, reduced gray matter vo-
lumes in these regions have been associated with cognitive
deficits in individuals with schizophrenia, such as poorer per-
formance on word memory tasks among patients with smaller
hippocampal volumes (Sanfilipo et al., 2002). Postmortem
studies of individuals with schizophrenia suggest that the ob-
served reductions in gray matter are driven by decreased sy-
naptic density and interneuron cell populations (Bennett,
2011), and perhaps also by increases in white matter volume
(Catts et al., 2013). Examining ways in which these cellular
mechanisms may contribute to schizophrenia can provide a
platform for investigating mechanisms by which inflamma-
tion may contribute to the development of the disorder.

Synaptic density. One component of gray matter is synapses.
Synapses are connections between neurons that are formed on
protruding dendritic spines and facilitate communication
(i.e., excitation or inhibition of the downstream neuron) that
ultimately give rise to cognitive function (Glausier & Lewis,
2013). Reductions in excitatory glutamatergic synapses and
dendritic spine density have been consistently observed in
the dorsolateral prefrontal cortex of individuals with chronic
schizophrenia, and may also be reduced in the medial prefron-
tal cortex, superior temporal cortex, and hippocampus
(Broadbelt, Byne, & Jones, 2002; Garey et al., 1998; Harrison
& Eastwood, 2001). In the prefrontal cortex, these deficits are
most consistently observed in excitatory pyramidal neurons
in layers III and possibly layer V of the dorsolateral and med-
ial prefrontal cortex. These layers are thought to contain sy-
napses connecting cortical pyramidal neurons and GABAer-
gic interneurons as well as synapses connecting cortical and
thalamic neurons (Broadbelt et al., 2002; Glantz & Lewis,
2000). Reduced synaptic connectivity in these layers and re-
gions may be associated with functional and cognitive defi-
cits observed in schizophrenia. For example, reductions in
layer III pyramidal spine density in cortical regions including
the superior frontal cortex, orbitofrontal cortex, and portions
of the temporal cortex may be associated with poorer cortical
white matter connectivity in individuals with schizophrenia
(van den Heuvel et al., 2016). Broadly, synaptic connections
in layer III of the dorsolateral prefrontal cortex form microcir-
cuits of cortical pyramidal neurons that provide the backbone
of working memory (Arnsten, 2011). Though specific cellu-
lar mechanisms of other cognitive processes are less clearly
determined or tied to specific regions or layers, activity within
the medial prefrontal cortex and superior temporal cortex has
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been associated with cognitive processes such as memory re-
trieval and source monitoring (Brandt, Bergstrom, Buda,
Henson, & Simons, 2014; Sugimori, Mitchell, Raye, Greene,
& Johnson, 2014). This suggests that reduced synaptic con-
nectivity in these regions and layers could disrupt cognitive
processes in ways that contribute to the symptoms of schizo-
phrenia. For example, deficits in memory of whether a phrase
was heard or imagined, a process that involves both the med-
ial prefrontal cortex and superior frontal cortex, could con-
tribute to the experience of hallucinations (Brandt et al.,
2014; Sugimori et al., 2014). Reductions in synaptic density
and function have also been observed in the hippocampus,
and may be more prevalent in CA4 and CA3 relative to
CA1 (Harrison & Eastwood, 2001). Though the implications
of deficits in these particular regions are not well established,
hippocampal dysfunction has been associated primarily with
cognitive deficits in schizophrenia, such as verbal memory
(Saykin et al., 1994). In sum, reduced synaptic density and
functioning in the prefrontal cortex may contribute to reduc-
tions in gray matter and cognitive deficits observed in schizo-
phrenia.

Deficits in interneuron functioning. Postmortem studies of
schizophrenia cases have also identified reduced numbers
of parvalbumin-containing GABAergic interneurons in the
gray matter of the hippocampus and across the prefrontal cor-
tex (Bennett, 2011). Interneurons are activated by excitatory
pyramidal neurons, and in turn inhibit the activation of pyra-
midal neurons. The firing of interneurons promotes coordina-
ted firing of cortical pyramidal neurons, which is critical to
complex cognitive function (Chung, Fish, & Lewis, 2016).
Reduced interneuron density could interfere with this coordi-
nation, interfering with cognitive processes based in the pre-
frontal cortex and hippocampus (described above). The con-
tribution of disrupted pyramidal neuron communication to
the development of schizophrenia is also supported by evi-
dence implicating NMDA receptor dysfunction (Coyle,
Tsai, & Goff, 2003). NMDA receptors are glutamatergic
postsynaptic membrane receptors that, when activated, pro-
mote firing of the postsynaptic neuron and help strengthen
the synapse (Homayoun & Moghaddam, 2007). NMDA re-
ceptors are present on many neuron types, and their function
is particularly important for interneurons. If postsynaptic
NMDA receptors on interneurons fail to be activated, the in-
terneuron is less likely to successfully fire on its target pyra-
midal neurons. This results in poor regulation of pyramidal
neuron activity (e.g., excitation/inhibition imbalance), which
undermines cognitive functioning (Homayoun & Moghad-
dam, 2007). The influence of NMDA receptor function on
symptoms of schizophrenia is also supported by ketamine
studies, which have been shown to induce psychotic symp-
toms by blocking NMDA receptors in the prefrontal cortex
(Krystal et al., 1994). Thus, reduced interneuron density
and function may also contribute to the symptoms of schizo-
phrenia.
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White matter disruption. Disruption to white matter may also
influence gray matter volume and contribute to the emerg-
ence of these symptoms. The speed and efficiency of commu-
nication between neurons is improved with myelination, the
wrapping of fatty myelin-containing cells around axons of
neurons (Davis et al., 2003). Decreased white matter volume
in the prefrontal cortex, particularly in the orbitofrontal re-
gion, has been associated with increased negative symptoms
in individuals with schizophrenia (Sanfilipo et al., 2000). In
addition, reduced integrity has been observed in white matter
tracts throughout the brain (Lim et al., 1999). Deficits in cer-
tain tracts have been linked with cognitive deficits in patients,
such as poorer attention and working memory associated with
alterations in the cingulum bundle (Kubicki et al., 2003). Al-
terations in myelination have been observed in clinically
high-risk individuals and first episode patients as well (Wit-
thaus et al., 2008), though whether these changes are associ-
ated with onset of the disorder remains unclear (Cannon et al.,
2015).

Connection to dopamine regulation. Deficits in synaptic den-
sity, interneuron function, and myelination converge on dis-
ruption of communication between cortical and hippocampal
pyramidal neurons. Cumulatively, this dysfunction may lead
to downstream changes in other areas of the brain that also
contribute to the symptoms of schizophrenia. For instance, in-
creased firing of dopaminergic neurons in the striatum has
been induced by disruption of pyramidal cell firing in the pre-
frontal cortex and hippocampus in animal models (Kim et al.,
2015; Lodge & Grace, 2007). Excess dopamine in the stria-
tum is a hallmark finding in schizophrenia, and the efficacy
of antipsychotic medication is attributed to countering this
neurotransmitter excess (Creese, Burt, & Snyder, 1976). Do-
pamine in the striatum has been implicated in reward and sa-
lience-related signaling (Schultz, 1998). Excess dopamine
has been associated with salience being attributed to unim-
portant stimuli in individuals with schizophrenia, and may
contribute to the emergence of delusions (Roiser, Howes,
Chaddock, Joyce, & McGuire, 2013). The role of the prefron-
tal cortex in regulating subcortical dopamine signaling fur-
ther supports the theory that that disruption of coordinated
communication between prefrontal cortical pyramidal neu-
rons may play an early role in the etiology of schizophrenia.

Onset of schizophrenia. A prominent neurobiological theory
of schizophrenia suggests that positive symptoms emerge
when a key threshold of prefrontal and temporal cortical sy-
naptic density is crossed during synaptic pruning in adoles-
cence (Cannon, 2015; Feinberg, 1982; Weinberger, 1987).
This theory integrates the neurobiological findings described
above and may help explain the proximal onset of positive
symptoms of schizophrenia in adolescence. However, the
question remains as to whether psychosis results from a rapid
disintegration of synaptic functioning, interneuron coordina-
tion, and/or myelination, or if deficits in these systems are
present early in development and compound over time. Clar-
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ifying the timing of the emergence of these deficits can fur-
ther clarify etiological pathways to psychosis and potential
time points of interaction with exposure to factors such as in-
flammation to further increase risk for the development of the
disorder.

Developmental emergence of neurobiological deficits
associated with schizophrenia

Though the onset of schizophrenia typically takes place in ado-
lescence, evidence of less severe deficits in these systems may
be apparent at much earlier time points in development. Some
neural abnormalities such as increased ventricular volume and
poorer global network efficiency may be noted at birth among
individuals at high genetic risk (Gilmore et al., 2010; Shi et al.,
2012). Some of those who ultimately develop schizophrenia
perform worse on verbal memory, cognitive set-shifting, per-
ceptual-motor, and timed working memory tasks in early
childhood (Bearden et al., 2003; Brown et al., 2011; Ellman,
Yolken, Buka, Torrey, & Cannon, 2009). These findings sug-
gest that at least some individuals may exhibit deficits in these
cellular mechanisms as early as prenatal development. These
deficits may compound as neurodevelopment continues across
childhood and adolescence, leading to increasingly severe def-
icits that ultimately contribute to onset of the disorder. In other
cases, individuals seem to exhibit more typical cognitive de-
velopment in childhood and early adolescence, then exhibit
arapid decrease in functioning in later adolescence that culmi-
nates in a psychotic episode (Cannon et al., 2003; Jacobsen &
Rapoport, 1998). It is possible that individuals who follow this
symptom trajectory have subtle and/or quiescent deficits in
these cellular processes that are “unmasked” by adolescent
neurodevelopmental processes and/or environmental expo-
sures that lead to a rapid decrease in neural functioning.
Thus, genetic and environmental influences that are implicated
in risk for schizophrenia may affect the development of these
cellular mechanisms as early as the prenatal period. Certain in-
fluences may affect the development of these cellular mecha-
nisms at distinct time points, which may result in different ef-
fects that ultimately lead to the same disorder. Understanding
the influence of specific risk factors for schizophrenia, such as
prenatal inflammation, on these cellular mechanisms may pro-
vide further insight into developmental pathways to schizo-
phrenia.

Influence of inflammation on the development of implicated
cellular mechanisms. Deficits in cognitive and motor devel-
opment may be more apparent in individuals with schizophre-
nia who were exposed to prenatal inflammatory challenges
compared to cases who did not experience prenatal insults
(Brown et al., 2001, 2009; Ellman et al., 2009). This pattern
suggests that inflammation may synergize with genetic risk to
perturb the development of cellular mechanisms that are im-
plicated in the emergence of schizophrenia. Rodent models of
maternal immune activation have identified many changes in
neural structure and behavior that parallel those observed in
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schizophrenia, including anatomical changes such as reduc-
tions in synaptic density between layer III pyramidal neurons
in the dorsolateral prefrontal cortex (Weir et al., 2015), re-
duced gray matter volume across the cortex (Short et al.,
2010), and reduced myelin (Rodts-Palenik et al., 2004), as
well as cognitive changes such as deficits in social interac-
tions (Shi, Fatemi, Sidwell, & Patterson, 2003) and impair-
ment in associative learning and memory tasks (Golan,
Lev, Hallak, Sorokin, & Huleihel, 2005). In adolescents at
clinical high risk who ultimately converted to psychosis,
higher rates of thinning in the superior and medial frontal cor-
tex and medial orbitofrontal cortex were correlated with both
the severity of positive symptoms and levels of inflammatory
markers in peripheral blood samples (Cannon et al., 2015).
Understanding the influence of inflammation on the develop-
ment of these cellular mechanisms that provide the founda-
tion for subsequent cognition and behavior could lead to
more insight into etiological pathways to schizophrenia and
ultimately provide novel opportunities for intervention and
prevention.

To understand the influence of prenatal inflammation on
these cellular mechanisms, it is important to first establish
typical neurodevelopmental patterns. Next, we will review
neurobiological development from the prenatal period
through childhood, adolescence, and early adulthood, and
consider how neural changes may relate to cognitive develop-
ment across this period.

Overview of Neurobiological Development

Prenatal and neonatal development

Pyramidal neurons, interneurons, and synapses. See Figure 1
for a visual timeline of neurobiological development. The de-
velopment of the CNS starts with the formation of the neural
tube around the third gestational week, which splits into a ser-
ies of vesicles that ultimately form the forebrain, midbrain,
and hindbrain (Tau & Peterson, 2010). The forebrain vesicle
further splits into the telencephalon (cerebral cortex, basal
ganglia, and hippocampus) and diencephalon (including the
thalamus and hypothalamus; Catts et al., 2013; Tau & Peter-
son, 2010). Proliferation of neural progenitor cells that will la-
ter mature into neurons begins in the dorsal and ventral re-
gions of the telencephalon in weeks 5-6 and continues
through middle gestation (~23 weeks). Cortical pyramidal
neurons are generated in the dorsal (lateral ventrical) region,
and GABAergic interneurons originate in the ventral (early
basal ganglia/subventricular) region (Catts et al., 2013; Tau
& Peterson, 2010). Neuronal migration peaks between the
start of the second trimester (~13 weeks) and about 20 weeks,
following a subcortical to cortical pattern (Catts et al., 2013;
Tau & Peterson, 2010). Neurons originating in the dorsal ven-
tricular zone are typically guided by radial glia to their desig-
nated location through the developing cortex, whereas inter-
neurons migrate in parallel to the developing cortex before
reaching their destination (Tau & Peterson, 2010). Neuronal


https://doi.org/10.1017/S0954579418000317

1162

First trimester  Second trimester
5 10 15 20 25 30

| I [ | | I

Third trimester

D. M. Allswede and T. D. Cannon

Childhood Adolescence
35 Qol 1yr 5Vi’ 10 yr 20 yr

Pyramidal neuron proliferation & migration

Interneuron proliferation & migration

Glial priming

Glial proliferation

Synaptogenesis

Synaptic pruning

Myelination

LJ

IL-4* IL-5* I:.-13’ Clq

Association with |
schizophrenia: IL-8
g L
- Risk
+ Protective lTl

TNFa’

Figure 1. (Color online) Timeline of neurodevelopmental processes and specific prenatal cytokine and complement elevations associated with
schizophrenia. IL-8, 13-32 weeks; IL-6, 26-32 weeks; TNFa, 26-42 weeks; IL-4, IL5, IL-13, Clq, 37-42 weeks.

migration to the cortex gives rise to the preplate, a transient
structure that forms the first identifiable cortical layer (Tau
& Peterson, 2010). By weeks 7-8, the formation of the corti-
cal plate splits the preplate into the subplate and the marginal
zone. The subplate grows rapidly in middle gestation (weeks
18-22) and serves as a placeholder for early connections be-
tween cortical and subcortical neurons. By the beginning of
the third trimester (~26 weeks), the subplate dissolves and
the marginal zone (cortical layer I) and cortical plate (cortical
layers II-VI) form the basis of the mature organizational
structure of the cortex. Neuron proliferation and migration
end at about 30 weeks with the completion of association cor-
tices and commissural regions (de Graaf-Peters & Hadders-
Algra, 2006; Tau & Peterson, 2010), though accumulating
evidence suggests that interneuron proliferation and migra-
tion from the ventral subventricular zone may continue at
low levels into adulthood (Catts et al., 2013).

Maturation of neurons, including proper alignment of cells
and neuronal communication via axon and dendritic outgrowth
and the formation of synaptic connections, begins around 16 to
24 weeks as migration is completed (Catts et al., 2013; Tau &
Peterson, 2010). Around this time, cells in regions such as the
thalamus, brainstem, and nucleus accumbens send preliminary
axonal projections to form synapses with cortical placeholder
neurons in the subplate (Tau & Peterson, 2010). These connec-
tions are refined and transferred to enduring neurons in the cor-
tical plate around 24-28 weeks gestation as the subplate dis-
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solves, paving the way for more sophisticated cortical
development (Tau & Peterson, 2010). Neural cells begin to or-
ganize into mini columns, and cortical layers composed of dif-
ferent cell types and connections with other regions start to
form. Evidence of cortical layering is first present in primary
sensory and motor regions starting around week 25 (Tau & Pe-
terson, 2010). In gestational weeks 24-34, cortical neurons
first form synaptic connections nonspecifically with other local
cells in the marginal zone. Ultimately, these synaptic connec-
tions become cortical layer I, the most superficial cortical layer
(Tau & Peterson, 2010). Cortical pyramidal neurons then begin
to send axonal projections to ipsilateral and contralateral corti-
cal regions (layer III) and integrate projections from other re-
gions such as the thalamus and brainstem (layer IV; Tau & Pe-
terson, 2010). By the late third trimester, pyramidal neurons
begin to preferentially form local synaptic connections with
other pyramidal neurons in different layers of the same column
of cells (layers V and IV) and with other pyramidal neurons in
the same layer (layer II; Tau & Peterson, 2010). By about week
32, the foundation of cortical layers is present throughout the
cortex, including integration of projections of all major neuro-
transmitter systems and a variety of neuronal (i.e., pyramidal
and interneuron) and glial cell types (Tau & Peterson, 2010).

Once the foundation of cortical layering is established,
rates of synaptic formation increase rapidly. Rates of growth
in synaptic density peak at a rate of almost 40,000 new synap-
ses formed every second from the third trimester through the
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first neonatal year (de Graaf-Peters & Hadders-Algra, 2006;
Tau & Peterson, 2010). In the third trimester and first few
neonatal months, synaptic density grows at a particularly ra-
pid rate in primary sensory and motor regions (Huttenlocher
& Dabholkar, 1997), and connections formed are primarily
between local neurons (e.g., cortical layers I and II; Tau & Pe-
terson, 2010). Refinement of synaptic connections via prun-
ing of competing synapses co-occurs at a low rate with synap-
tic formation in early development, but synaptic outgrowth
dominates at this stage of development (de Graaf-Peters &
Hadders-Algra, 2006).

Glia. Two subtypes of glial cells follow similar patterns of de-
velopment as neurons. Like neurons, both astroctyes and oli-
godendrocytes are derived from neural progenitor cells and
are generated in that order once neurogenesis for neurons des-
tined for a particular neural region has been completed (Ero-
glu & Barres, 2015). Proliferation of astrocytes and oligoden-
drocytes is at its greatest rate from about 20 to 40 weeks
gestation, but begins as early as 10 weeks and continues after
birth for oligodendrocytes (de Graaf-Peters & Hadders-Algra,
2006). Astrocytes tend to localize to synapses and play key
roles in supporting synaptic formation and plasticity (Eroglu
& Barres, 2015). The timing of gliogenesis coincides with
synaptogenesis, likely due to the important role of astrocytes
in this process (Semple, Blomgren, Gimlin, Ferriero, & No-
ble-Haeusslein, 2013). Oligodendrocytes form myelin in
their mature state and wrap around axons, increasing the
speed of signal transmission within neurons (Eroglu &
Barres, 2015). Myelination follows similar patterns as synap-
tic growth, beginning in the precursor to the basal ganglia
around 14 weeks, in the subcortical striatum around 28
weeks, and in the cortex around 35 weeks (de Graaf-Peters
& Hadders-Algra, 2006). Rates of myelination peak in the
third trimester and first 3 months of life (Catts et al., 2013).
For instance, whole-brain volume that contains mature white
matter increases from 1% to 5% between gestational weeks
36 and 40, and continues after birth (Catts et al., 2013).

One class of glia, microglia, does not originate from neural
progenitor cells but instead from immune progenitors outside
of the brain (Deverman & Patterson, 2009). Immature micro-
glia are thought to migrate into the CNS very early in neuro-
development, possibly in response to markers of programmed
cell death that begin starting at 7 weeks gestation and continue
through the first trimester (de Graaf-Peters & Hadders-Algra,
2006). Microglia seem to be in an activated state during the
late second and early third trimester through the early postna-
tal period, and play a critical role in promoting survival of
neurons as well as shaping synaptic strength and density
(Bilbo & Schwarz, 2009). Microglia are thought to mature
into their quiescent adult form within the early neonatal pe-
riod and only take an active form in response to later immune
challenges (Bilbo & Schwarz, 2009).

Neonatal neural structure. By the end of prenatal develop-
ment, much of the cellular and structural framework of the
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brain has been established. This progress can also be ob-
served with noninvasive structural and functional scans of
the developing human brain. For instance, fetal magnetic re-
sonance imaging scans have shown that gyri and sulci appear
in the thickening developing cortex as synaptogenesis accel-
erates during the third trimester, and total brain volume in-
creases nearly threefold during this period (Tau & Peterson,
2010). Functionally, it seems that basic visual, sensorimotor,
and auditory processing circuits are functional at term birth
(39-44 weeks; Fransson, Ulrika, Blennow, & Lagercrantz,
2011), and possibly a preliminary default mode network con-
necting prefrontal and parietal regions as well (Tau & Peter-
son, 2010). This provides the foundation for the emergence of
basic sensorimotor and visual functioning at the time of birth
(Tau & Peterson, 2010). Continued growth and refinement of
the neural framework during the postnatal period gives rise to
increasingly complex cognition and behavior.

Childhood and adolescent neural and cognitive
development

The first few postnatal years are characterized by rapid in-
creases in the size of the brain. At 2-4 weeks after birth,
the brain is 36% of adult size. By the end of the first year,
the brain is 70% of adult size, and is about 80% of the adult
size by age 2 (Knickmeyer et al., 2008). This increase in vol-
ume is greatest in the cerebellum, followed by subcortical
areas and the cerebral cortex (Knickmeyer et al., 2008), and
is thought to be driven by the expansion of synaptic connec-
tions in gray matter, glia, and myelination (Tau & Peterson,
2010). In the cortex, growth may be particularly driven by
dendritic outgrowth and synaptic formation of both pyrami-
dal neurons and interneurons (Mrzljak, Uylings, van Eden,
& Judas, 1990). Synaptic density peaks at different times in
regions across the brain in back to forward and subcortical
to cortical patterns, starting with primary sensory regions
(~3 months) and followed by association regions and the pre-
frontal cortex (~15 months; Huttenlocher & Dabholkar,
1997). Synaptic connections between local neurons (e.g., cor-
tical layers I and II) form earlier than connections between
more distant neurons (e.g., cortical layers III, IV, V, and
VI) in the first 2 to 3 years of life (Tau & Peterson, 2010).
Myelination also occurs at rapid rates within the first few
years of life, beginning with proximal connections and pro-
jections in sensory and motor regions and expanding to distal
connections and association fibers and regions (Lenroot &
Giedd, 2006). By three years of age, myelination of the neo-
cortex reaches 95% of adult levels (Kang et al., 2011). Mark-
ers of interneuron subtypes, including parvalbumin and cho-
lecystokinin, increase across the first 5 years of life,
suggesting that interneuron maturation takes place during
this period as well (Catts et al., 2013).

Though the first few years of neurodevelopment are char-
acterized by rapid growth, refinement of systems that become
functional early in life also begins to take place. In the first 2
years of life, sensory and motor regions and circuits complete


https://doi.org/10.1017/S0954579418000317

1164

the majority of their growth and undergo substantial refine-
ment (Levitt, 2003; Tau & Peterson, 2010). This growth
and refinement is paralleled by improvements in infant sen-
sory and motor functioning and ability. For example, at the
time of birth, infants are capable of basic attentional processes
such as tracking slowly moving stimuli and fixating on ob-
jects of interest (Johnson, 1990). These processes exhibit im-
provement across the first few months of life, such as in-
creased sensitivity to the nasal visual field, anticipatory
tracking of moving objects, and longer looking times to ob-
jects that violate implicit predictions about movement. These
changes parallel maturation of regions including the primary
visual cortex, superior colliculus, and basal ganglia (Johnson,
1990). These basic visual attention processes and the impli-
cated regions of the brain complete maturity within the first
year of life (Johnson, 1990), with improvements in resting
functional connectivity of visual regions improving through
the second postnatal year (Lin et al., 2008). The emergence
of these visual abilities suggests that preliminary circuitry
supporting spatial “where” orientation (parietal—thalamic cir-
cuit), timing “when” orientation (such as cerebellar—cortical
circuitry), inhibitory “what” orientation (frontostriatal), and
reinforcement learning (frontolimbic) may be present early
in life (Nigg & Casey, 2005). Coordination of these processes
is thought to give rise to the capacity to move toward a goal by
planning one’s behavior, often referred to as higher level cog-
nition or executive function (Shallice, 1982). Though initial
evidence of these systems underlying cognition emerges in
the first year of life, the ability to perform complex tasks
such as focusing on a relevant object in the presence of com-
peting objects does not emerge until middle childhood
(Herschkowitz, 2000; Nigg & Casey, 2005). This suggests
that further maturation of these circuits and underlying re-
gions that communicate with the visual system is needed to
support more advanced cognitive development.

Neural growth and refinement continues during early and
middle childhood. Broadly, robust synaptic formation contin-
ues at a slower rate until approximately 10 years of age (Catts
et al., 2013). Outgrowth of projections destined for distant
neurons (e.g., cortical layers III, IV, V, and VI) increase
(Tau & Peterson, 2010), as do myelination and interneuron
proliferation and migration (Catts et al., 2013). Association
and distal connections are increasingly myelinated, giving
rise to increased connectivity between the same regions
across hemispheres followed by long-range connections be-
tween regions in the same hemisphere (Lenroot & Giedd,
2006; Tau & Peterson, 2010). These processes contribute to
gray matter volumes peaking in subcortical to cortical and
posterior to anterior patterns, including the caudate around
7-10 years and regions of the prefrontal, parietal, and tem-
poral lobes closest to primary motor and sensory regions
around 8—12 years (Gogtay et al., 2004; Lenroot & Giedd,
2006). Reductions in volume may reflect synaptic refinement
(Glantz & Lewis, 2000) and/or increasing myelination (Catts
etal., 2013) within these regions. Refinement of these regions
supports the maturation of abilities such as language and at-
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tention and improvements in inhibitory frontostriatal
“what,” frontocerebellar “when,” and frontoparietal working
memory circuitry (Nigg & Casey, 2005). For example, cere-
bellar maturation gives rise to improved fine motor control
and visuomotor coordination across childhood, and improved
coordination of cerebellar and dorsal prefrontal activity sup-
ports learning of novel skills and improved error monitoring
(Diamond, 2000). Children activate frontoparietal circuitry
during simple working memory tasks, suggesting that this
system is functional in middle childhood. However, when
working memory load is increased with the introduction of
distractors or requiring mental manipulation of information,
children tend to additionally recruit regions such as the cau-
date and insula rather than increasing frontoparietal circuitry
activity like adults (Tau & Peterson, 2010). This suggests that
cognition in childhood may be particularly sensitive to inter-
ference, which may reflect the lack of maturity of cortical as-
sociation areas that integrate information from a variety of re-
gions (Casey, Tottenham, Liston, & Durston, 2005; Tau &
Peterson, 2010). To achieve adult levels of cognitive func-
tioning, continued maturation of association regions and im-
proved efficiency of neural circuitry is needed.

In late childhood, adolescence, and early adulthood,
higher order association areas such as the dorsolateral pre-
frontal cortex and lateral temporal cortex exhibit reductions
in volume (Gogtay et al., 2004). These association areas inte-
grate information from regions and circuits such as sensori-
motor, language, attention, and reward functioning. Matura-
tion of association regions is thought to contribute to the
development of more advanced cognitive functions such as
cognitive control, the ability to pursue and monitor desired
behaviors while inhibiting competing behaviors (Tau & Pe-
terson, 2010). This period of development is also character-
ized by pruning of connections between neurons that are spa-
tially close but functionally distinct, as well as strengthening
of long-range connectivity between regions in a given circuit.
This refinement of neural connectivity, in combination with
increasing myelination of association tracks, results in im-
proved efficiency and recruitment of neural circuits that sup-
ports cognition (Tau & Peterson, 2010). An example of this is
changes in go/no-go performance across childhood and ado-
lescence, which relies on inhibitory frontostriatal circuits that
include late-maturing regions such as the dorsolateral pre-
frontal cortex (Nigg & Casey, 2005). Children tend to recruit
a variety of regions outside of the frontostriatal circuit to com-
plete the task, suggesting that this circuit and underlying re-
gions are not yet efficient enough to support inhibition on
their own. However, adolescents strongly recruit a smaller
number of cortical regions and perform better on the task
(Durston et al., 2006). Improved performance on this task is
observed from mid childhood to early adulthood, and is asso-
ciated with increasing levels of frontostriatal myelin (Liston
et al., 2000).

Broadly, adolescent improvements in neural efficiency
parallel improvements in cognitive control, including shifting
between sets of information, working memory capacity, and
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inhibition of competing responses (Huizinga, Dolan, & van
der Molen, 2006). These advances are reflected in increasing
capacity to switch strategies rather than persevere when prob-
lem solving, solve more complex problems by planning
ahead and using more efficient strategies, and respond
quickly and accurately (Huizinga et al., 2006; Levin et al.,
1991). However, it is important to note that neural and cog-
nitive development from childhood to adolescence and into
adulthood is not always linear. For instance, adolescents are
more impulsive in response to appetitive cues compared to
children and adults. This is suggestive of increased reward
sensitivity during this period of development, which may re-
late to the late maturation of the dorsolateral prefrontal cortex.
This pattern may explain higher rates of risk taking during
adolescence compared to childhood and adulthood (Somer-
ville, Hare, & Casey, 2011). Continued refinement and mye-
lination of association areas and circuitry across adolescence
into early adulthood is needed to reach full maturation of the
brain and cognition.

Summary

Prenatal development sets the framework for neural structure
and function. In general, neurodevelopment follows a subcor-
tical to cortical and sensorimotor to association region pat-
tern. The first half of pregnancy is characterized by neuronal
and glial proliferation and migration. Synaptic formation,
particularly between local neurons, and myelination contrib-
utes to rapid growth toward the middle and end of pregnancy.

Substantial portions of neurodevelopment are completed
by birth, and are well established by the second or third
year of life. Maturation of regions and circuits via synaptic re-
finement and myelination begins in sensorimotor regions in
the neonatal period and continues throughout childhood
and adolescence into early adulthood. This is reflected in pro-
tracted development (e.g., decreases in gray matter and in-
crease in white matter) in the frontal, parietal, and temporal
association cortices and associated neural circuits and paral-
lels the emergence and refinement of complex cognitive pro-
cesses, such as attention orienting, timing, working memory,
and inhibitory control.

Alterations to prenatal neural development have the poten-
tial to affect neural and cognitive development across the life
span. As prenatal exposure to inflammation has been impli-
cated in risk for schizophrenia, and inflammatory proteins
have been increasingly implicated in neurodevelopment (Rat-
nayake et al., 2013), it is possible that prenatal inflammation
affects neurodevelopment in ways that increase the risk of la-
ter developing schizophrenia in vulnerable individuals. Next,
we will review two microglial-secreted immune signaling
pathways, cytokines and complement, that may mediate the
observed associations between maternal immune activation
and risk for schizophrenia. We identify ways in which these
immune proteins may be involved in typical prenatal neuro-
development, and discuss specific markers that have been im-
plicated in risk for schizophrenia. We consider ways that al-
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terations in these proteins at different time points during
prenatal development, in combination with genetic vulner-
abilities, could potentially influence development to increase
risk for schizophrenia.

Role of Immune Proteins in Neurodevelopment and
Schizophrenia Risk

Cytokines

One immune pathway implicated in risk for schizophrenia is
cytokines. Cytokines are signaling proteins produced by both
immune and other cell types that play a key regulatory role in
the initiation and maintenance of the immune response (De-
verman & Patterson, 2009). Cytokine levels are elevated in
response to markers of infection and contribute to the recruit-
ment and activation of immune cells (Deverman & Patterson,
2009; Meyer et al., 2009). Cytokines are often broadly cate-
gorized as pro-inflammatory (e.g., IL-13, IL-2, IL-6, IL-8,
TNFa, and IFNvy) or anti-inflammatory (e.g., IL-4, IL-5,
IL-10, and TGF@; Meyer, Feldon, & Yee, 2009); however,
some cytokines can function differently depending on the
context (e.g., IL-10; Meyer et al., 2008). In both the develop-
ing and adult CNS, cytokines are primarily produced by mi-
croglia and astrocytes (Deverman & Patterson, 2009). Most
cytokines are not thought to cross the intact blood—brain bar-
rier. However, peripheral inflammation can be transduced to
the CNS via a secondary immune response at the blood—brain
barrier that triggers a neuroinflammatory response from glial
cells (Bergink et al., 2014). A similar process is thought to oc-
cur at the placenta, and elevated maternal cytokine levels have
been shown to broadly alter cytokine levels in the placenta,
amniotic fluid, and fetal brain (Urakubo, Jarskog, Lieberman,
& Gilmore, 2001).

Prenatal cytokine exposure and risk for schizophrenia. A
variety of prenatal risk factors for schizophrenia have been
linked with increases in maternal and fetal cytokine levels,
such as viral infections with IL-6 (Cunningham, Campion,
Teeling, Felton, & Perry, 2007), bacterial infections with
IL-1B and TNFa (Cai et al., 2000), and hypoxic/ischemic
birth insults with IL-18 and IL-2 (Girard, Kadhim, et al.,
2008; Girard, Larouche, et al., 2008). Only a handful of stud-
ies have examined whether elevations in individual cytokines
during pregnancy are associated with risk for schizophrenia
in human samples. Epidemiologic studies examining altera-
tions in maternal cytokine levels during pregnancy in associa-
tion with risk for schizophrenia have identified second/third
trimester elevations in maternal IL-8 (and not IL-1p, IL-6,
or TNF«; Brown, Hooton, et al., 2004; Ellman et al.,
2010), third trimester elevations in IL-6 for males and low
levels of TNFa for females (and not IL-13, IL-8, or IL-10;
Goldstein et al., 2014), and elevations in TNFa (and not
IL-1B, IL-2, IL-6, or IL-8) at the time of delivery (Buka,
Tsuang, Torrey, Klebanoff, Wagner, et al., 2001; Figure 1).
In addition, elevations in a combined measure of maternal
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IL-4, IL-5, and IL-13 at birth have been identified as a protec-
tive factor (Allswede, Buka, Yolken, Torrey, & Cannon,
2016). Levels of cytokines from neonatal blood samples
have not consistently been associated with later risk for
schizophrenia. This suggests that earlier prenatal develop-
ment may be a particularly vulnerable time frame for cyto-
kine-mediated influences on neurodevelopment that increase
risk for schizophrenia (Nielsen et al., 2014).

Role of cytokines in typical neurodevelopment. Rodent stud-
ies suggest a role for cytokines in most aspects of prenatal
neurodevelopment throughout the brain, including neuronal
and glial migration and differentiation, synaptic maturation,
and myelination (Depino, 2013; Ratnayake et al., 2013).
Both pro- and anti-inflammatory cytokines have been ob-
served in the brain as early as 5 weeks gestation and exhibit
different patterns of elevation across early gestation (Dziegie-
lewska et al., 2000; Mousa, Seiger, Kjaeldgaard, & Bakhiet,
1999). Certain cytokines appear to play specific roles in dis-
tinct neurodevelopmental processes. For example, IL-6, but
not IFNvy, has been shown to influence the generation of
neural progenitor cells in the adult subventricular zone, and
may play a similar role in early stages of neurogenesis (Gal-
lagher et al., 2013). IL-6 has also been implicated in mediat-
ing the transition from neurogenesis to astrogenesis (Semple
et al., 2013). IL-1 has been shown to guide the migration of
cortical neurons (Ma et al., 2014), and may be particularly ef-
fective at promoting the maturation of midbrain neural pro-
genitor cells to a dopaminergic phenotype and regulating
their survival (Meyer et al., 2009). IL-1p3, IL-6, TNFa, and
IFN+y have been implicated in regulation of cortical neuron
dendrite development (Barish, Mansdorf, & Raissdana,
1991; Gilmore et al., 2004), and TNF« has been shown to
regulate expression of AMPA receptors at synapses (Eroglu
& Barres, 2015). IL-13 has also been implicated in regulating
proliferation and maturation of oligodendrocytes and myelin
levels (Cai, Lin, Pang, & Rhodes, 2004; Cammer & Zhang,
1999; Favrais et al., 2011). Though certain cytokines, such
as IL-6, appear to be implicated in many of these early neu-
rodevelopmental processes, other cytokines are present dur-
ing this period as well and have been studied less extensively.
For example, similar elevation patterns in the first 10 weeks of
gestation to IL-6 have been observed in IL-13, TNFa, IFNvy,
IL-4, and IL-10 (Mousa et al., 1999), suggesting that these
cytokines could also potentially play a role in early neurode-
velopment. These studies suggest that cytokines play specific
roles in the maturing brain and that disruption of individual
cytokines may have different effects on development.

Potential influence of cytokine elevations linked with schizo-
phrenia risk on neurodevelopment.

Pro-inflammatory IL-8 in mid-pregnancy. Elevations in
maternal IL-8 during the second and third trimesters have
been associated with risk for schizophrenia (Brown, Hooton,
et al., 2004). In the immune system, IL-8 is known to play a
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key role in attraction and activation of a subset of immune
cells called neutrophils (Brown, Hooton, et al., 2004). IL-8
may also play a role in placental function throughout preg-
nancy and the induction of labor (Brown, Hooton, et al.,
2004). However, specific roles for IL-8 in neurodevelopmen-
tal processes have not yet been elucidated (Brown, Hooton,
etal., 2004). During the late second and early third trimesters,
processes such as pyramidal neuron and interneuron prolif-
eration and migration are starting to slow down, astrocyte
and oligodendrocyte formation are speeding up, and pro-
cesses like synaptic formation and myelination in deeper
and posterior regions of the brain are beginning (Figure 1).
This suggests that elevations in maternal IL-8 may have an ef-
fect on one or more of these processes in the fetal brain. Some
insight into the role of maternal IL-8 on neurodevelopment
may be gained from a study examining the association be-
tween IL-8 exposure during this period of prenatal develop-
ment and structural gray matter changes in adulthood among
schizophrenia cases (Ellman et al., 2010). Cases with higher
levels of second/third trimester maternal IL-8 exhibited
higher volumes of cerebrospinal fluid (CSF) in the ventricles
and exhibited lower volumes in the left entorhinal cortex and
right posterior cingulate cortex compared to cases with lower
levels of IL-8. Decreased cortical volume suggests that mater-
nal IL-8 levels could plausibly be associated with reduced sy-
naptic density, neuronal migration and survival, and/or mye-
lination in these regions. These regions are implicated in
memory and communicate with one another as well as with
the prefrontal cortex (Miller & Cohen, 2001). Memory defi-
cits are observed along with other broader cognitive deficits
in schizophrenia (Fioravanti et al., 2005), and deficits in
source memory may contribute to the emergence of delusions
and hallucinations (Cannon, 2015). If cases with higher ma-
ternal IL-8 levels in pregnancy exhibit greater deficits in gen-
eral memory and/or source compared to cases with lower IL-8
levels, this would suggest that high maternal IL-8 levels may
be associated with these particular aspects of the disorder.
Further research is needed to specify the role that maternal
IL-8 may have on typical neurodevelopment in the fetus,
and how alterations in maternal IL-8 levels might influence
neurodevelopmental processes such as synaptic pruning or
interneuron function.

Pro-inflammatory IL-6 and TNF« in late pregnancy. Ele-
vations in maternal IL-6 and TNFa in the third trimester have
been associated with risk for schizophrenia. During this pe-
riod of neonatal development, processes such as synaptic for-
mation and astrocyte and oligodendrocyte formation and ma-
turation are starting to hit peak rates, particularly in
sensorimotor regions (Figure 1). Different effects of maternal
IL-6 and TNFa levels on risk for schizophrenia based on gen-
der may reflect interactions between cytokines and sex hor-
mones (for further discussion, see Goldstein et al., 2014).
Both IL-6 and TNFa have been shown to inhibit dendrite de-
velopment on cortical neurons in rats at high concentrations.
TNFa has also been shown to have this effect at low concen-
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trations (Gilmore et al., 2004). It is important to note that ma-
ternal cytokine elevations typically index general inflamma-
tion in the fetal brain, but not necessarily the same cytokines
(see “Correspondence Between Maternal and Fetal Immune
Signaling” section below for further discussion). However,
it is possible that high levels of maternal IL-6 in the third tri-
mester, low levels of TNFa during the third trimester, and
high levels of TNFa at delivery are all associated with de-
creased synaptic formation in the fetal brain. Depending on
the timing of the insult, synaptic density of specific regions
could be influenced differently. Synaptic density first peaks
in visual and auditory cortices a few months after birth, and
peaks in the prefrontal cortex at approximately 15 months
(Huttenlocher & Dabholkar, 1997). This suggests that synap-
ses are being formed in most regions of the brain during late
gestation, with highest rates in primary sensory regions. If
maternal IL-6 and TNFa lead to changes in the fetal brain
that are sufficient to disrupt synaptic formation on their
own, alterations in maternal IL-6 and TNF« levels at this
time could plausibly affect synaptic density in all regions of
the brain. If changes in the fetal brain associated with mater-
nal IL-6 and TNFa are not sufficient to disrupt synapse for-
mation on their own but interact with specific cell types,
only certain regions may be affected. Maternal IL-6 and
TNFa that induce parallel changes in the fetal brain may
also exert specific influences on other neurobiological sys-
tems. For example, elevations in fetal TNFo may interfere
with oligodendrocyte maturation. In cell cultures, administra-
tion of TNFa disrupts maturation of oligodendrocytes, but
not the survival of precursors or immature oligodendrocytes
(Cammer & Zhang, 1999). These findings suggest that in-
creases in fetal TNFa in the third trimester and at delivery
may disrupt myelination, but not oligodendrocyte cell den-
sity. IL-6 has been implicated in a variety of neurodevelop-
mental processes, including regulation of neural progenitor
cells (Gallagher et al., 2013) and their differentiation into dis-
tinct neural and glial types (Semple et al., 2013). In adult neu-
rons, elevations in IL-6 have been associated with dysfunc-
tion of GABAergic parvalbumin-containing inhibitory
interneurons, which may be mediated via increases in oxida-
tive stress (Behrens, Ali, & Dugan, 2008). In sum, elevations
in maternal TNFa and IL-6 in late prenatal development may
interfere with many major developmental processes, includ-
ing synaptic formation and glial maturation.

Anti-inflammatory IL-4, IL-5, and IL-13 at birth. There is
a paucity of evidence linking anti-inflammatory cytokines to
specific neurodevelopmental processes. However, there is
some suggestion that these cytokines may exert influence
on microglial priming. Microglia transition into an active
adult form in the late second to early third trimester, which
suggests that this time period may be vulnerable for glial pro-
gramming and function (Bilbo & Schwarz, 2009). Microglia
can be induced into two different phenotypes: M1, which is
broadly pro-inflammatory and produces primarily TNFa
and IL-6, and M2, which is broadly anti-inflammatory and
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produces primarily IL-4, IL-10, IL-13, and TGF@ (Pono-
marev, Veremeyko, & Weiner, 2013). The M1 phenotype is
induced by pro-inflammatory cytokines such as IFNvy, and
the M2 phenotype is induced by IL-4 and IL-13 levels.
This suggests that elevated levels of IL-4, IL-5, and IL-13
during the prenatal period could protect against the develop-
ment of schizophrenia by “priming” glial cells for anti-in-
flammatory responses (Allswede et al., 2016). Substantial
evidence suggests that exposure to pro-inflammatory cyto-
kines during prenatal development can either sensitize or sup-
press microglial production of cytokines in response to im-
mune challenges later in life (Bilbo & Schwarz, 2009;
Hodyl, Krivanek, Lawrence, Clifton, & Hodgson, 2007; La-
sala & Zhou, 2007). The association between IL-4, IL-5, and
IL-13 levels and protection against development of schizo-
phrenia was observed at the time of delivery in humans (Alls-
wede et al., 2016), which is later than the proposed vulner-
ability period for microglial priming in rodent models.
However, it is possible that relatively low levels of these cy-
tokines at delivery reflect lower levels earlier in pregnancy as
well. Further research in rodent and human samples is needed
to assess the potential role of anti-inflammatory signaling on
microglial priming and other aspects of neurodevelopment.

Potential interactions between cytokines and genetic vulner-
ability to schizophrenia. Elevations in maternal cytokines
have the potential to influence neurobiological systems that
are implicated in schizophrenia. However, as most indi-
viduals exposed to prenatal inflammation do not develop
schizophrenia, these exposures are likely not sufficient to
cause schizophrenia (Mittal et al., 2008). In addition, the
broad role for cytokines in neurodevelopment throughout
the brain is inconsistent with patterns of specific deficits ob-
served in the disorder, such as lower synaptic density in spe-
cifically layer III of the dorsolateral prefrontal cortex (Garey
etal., 1998). This pattern suggests that elevations in cytokines
may increase risk for schizophrenia by interacting with a vari-
ety of other vulnerability factors, such as genetic variants, that
in aggregate influence certain aspects of neurodevelopment
that increase risk for the development of psychosis later in
life. One such interaction may be with genetic variants that
have been implicated in schizophrenia, including disrupted-
in-schizophrenia-1 (DISC1). DISC1 was originally associ-
ated with schizophrenia, bipolar disorder, and major depres-
sion in a Scottish pedigree (St. Clair et al., 1990) and has since
been associated with schizophrenia in many studies, though
findings are mixed (Brandon & Sawa, 2011). DISCI is
thought to be involved in a variety of neurodevelopmental
processes, including neuronal proliferation and migration as
well as dendritic spine regulation and synaptic maintenance
(Brandon & Sawa, 2011). In rodents, fetuses exposed to ma-
ternal viral infection who carried a mutant DISC1 variant ex-
hibited more extreme changes in pro- and anti-inflammatory
cytokines in the brain compared to groups exposed to only
one risk factor (Abazyan et al., 2010). Neural changes were
observed in adulthood, including poorer hypothalamic—pitui-


https://doi.org/10.1017/S0954579418000317

1168

tary—adrenal axis reactivity and decreased serotonin neuro-
transmission and dendritic spine density in the hippocampus,
lower amygdala volumes, and decreased lateral ventricle vol-
ume. Behaviorally, these offspring exhibited anxiety and de-
pressive-like responses and altered social behavior. However,
these behavioral deficits were only observed if the DISC1
variant was expressed across the life span. Subsequent
work identified that similar effects are observed in fetuses ex-
posed to IL-6 during the prenatal period with a variant of
DISC1 that produces schizophrenia-related biological and be-
havioral phenotypes (Lipina, Zai, Hlousek, Roder, & Wong,
2013). Similar interactions between genetic variants and pre-
natal cytokine exposure on neurodevelopment and behavior
have been observed for Nurrl, implicated in dopaminergic
system development (Vuillermot et al., 2012), and CHRNA?7,
a component of nicotinic acetylcholine receptors that are
important for cognitive function (Wu, Adams, Stevens,
Chow, & Patterson, 2015).

Broadly, these findings suggest that genetic variants impli-
cated in psychiatric illness and cytokine exposure during the
prenatal period may interact in a way that potentiates prenatal
exposure to pro-inflammatory cytokines and downstream ef-
fects on neurodevelopment and behavior. Though the effect
of a given interaction between a genetic variant and a particu-
lar cytokine is likely small, the aggregate influence of many
such interactions could be sufficient to alter neurodevelop-
ment in ways that increase risk for the development of schizo-
phrenia. Many of the 108 schizophrenia-associated genetic
loci identified in the largest genome-wide significance study
to date (Ripke et al., 2014) may be preferentially expressed
during middle to late fetal development (Ohi et al., 2016),
and inflammation tends to induce changes in many cytokines
at once (Saito, Nakashima, Shima, & Ito, 2010). There is po-
tential for huge numbers of these interactions to take place in
response to maternal inflammation during pregnancy, but
only for individuals with variants in many of these genes.
This possibility may explain why most individuals exposed
to infection during prenatal development or birth complica-
tions do not exhibit signs of adverse neurodevelopment, yet
for certain individuals these exposures alter neurodevelop-
ment in ways that increase risk for schizophrenia. The poten-
tiating effect of these interactions may also explain why effect
sizes tend to be small for variants of genes implicated in
schizophrenia in genetic studies. Further investigation of in-
teractions between genetic variants associated with schizo-
phrenia and cytokine exposure on neurodevelopment may
yield more insight into mechanistic pathways that can lead
to schizophrenia, and could ultimately provide novel plat-
forms for prevention.

Summary. In sum, cytokines may mediate the association be-
tween prenatal inflammation and risk for schizophrenia by af-
fecting neurodevelopment. Elevations in maternal cytokines
during pregnancy have been associated with risk for schizo-
phrenia. Rodent models suggest these cytokines could affect
the development of systems implicated in the disorder such as

https://doi.org/10.1017/50954579418000317 Published online by Cambridge University Press

D. M. Allswede and T. D. Cannon

synaptic formation, oligodendrocyte maturation, and inter-
neuron function. It is plausible that the composite effect of
many interactions between genetic variants implicated in
schizophrenia and cytokines leads to specific changes in neu-
rodevelopment that increase risk for the disorder. Further re-
search to assess these potential interactions could produce
more precise insight into the etiology of schizophrenia.

Complement

A second candidate molecular mechanism that may link pre-
natal inflammation with risk for psychosis is the complement
system. The complement cascade is a component of the innate
immune system consisting of proteins (e.g., Cl1q, C3—C9, and
their receptors) that “tag” and deactivate pathogens and host
cellular debris for removal by phagocytic cells (Mayilyan,
Weinberger, & Sim, 2008; Stephan et al., 2012). In the
CNS, complement proteins are produced by microglia and as-
trocytes and are massively generated in response to markers
of injury or inflammation, such as C-reactive protein (Stephan
et al., 2012). Neurons are particularly vulnerable to damage
by the complement system (Orsini et al., 2014), and uncon-
trolled complement activation has been implicated in neuro-
degenerative disorders (Orsini et al., 2014). Recent evidence
suggests that complement protein expression also plays a role
in typical neurodevelopmental events, such as neuronal dif-
ferentiation and migration and synaptic pruning (Mayilyan
et al., 2008; Sekar et al., 2016; Stephan et al., 2012). Thus,
perturbations to the complement system due to exposure to
maternal inflammation during pregnancy may also alter neu-
rodevelopment in ways that increase risk for schizophrenia
(Mayilyan et al., 2008; Stephan et al., 2012).

Potential links between complement exposure and risk for
schizophrenia. Complement gene expression and protein
levels are altered following immune challenge with bacterial
(Gewurz, Shin, & Mergenhagen, 1968) and viral components
(Sahu, Isaacs, Soulika, & Lambris, 1998). There is increasing
recognition that the complement system can be activated by
noninfectious antigens as well, such as hypoxic-ischemic
birth complications (Cowell, Plane, & Silverstein, 2003),
broad markers of inflammation such as C-reactive protein
(Stephan et al., 2012), and antibodies to gluten or dairy (Se-
verance et al., 2012). This pattern suggests that it is plausible
that the associations observed between prenatal inflammatory
insults and risk for schizophrenia may be mediated in part by
complement system activation. However, there is a paucity of
studies examining complement proteins during pregnancy
and their association with risk for schizophrenia. One human
study has identified an association between maternal Clq
levels at delivery and risk for schizophrenia among offspring
(Severance et al., 2014; Figure 1). More rodent and human re-
search is needed to assess whether levels of other complement
proteins at specific time points during development are asso-
ciated with risk for schizophrenia.
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Complement proteins in neurodevelopment. Preliminary evi-
dence suggests that the complement pathway is involved in
typical neurodevelopment (Stephan et al., 2012). The comple-
ment proteins are clearly implicated in normative experience-
dependent synaptic pruning (Sekar et al., 2016; Stephan et al.,
2012). Glial-produced C1q and C3, and increasingly C4, have
been localized to immature neurons and have been shown to
be critical for synaptic pruning in rodent models of retinal
ganglion neuron maturation (Chu et al., 2010; Sekar et al.,
2016; Stephan et al., 2012). In contrast, the complement sys-
tem does not seem to be implicated in synaptic formation (Ste-
phan et al., 2013). Complement proteins C3 and C5 may pro-
mote the proliferation and migration of neural precursor cells
in young and adult rodents in many regions of the brain, in-
cluding the hippocampus and cerebellum (Bénard et al.,
2008; Moriyama et al., 2011; Shinjyo, Stahlberg, Dragunow,
Pekny, & Pekna, 2009). Initial evidence suggests that Clq
may be associated with a subset of inhibitory interneurons,
though the specific role played by Clq is unclear (Stephan
et al., 2013). In addition, complement proteins have been im-
plicated in priming helper T cells, peripheral immune cells that
are similar to microglia, toward pro- or anti-inflammatory phe-
notypes (Yamamoto, Fara, Dasgupta, & Kemper, 2013). This
set of findings suggests that the complement system is in-
volved in a variety of neurodevelopmental processes, but the
details of this involvement remain to be elucidated.

Potential influence of complement elevations on neurodeve-
lopment of schizophrenia. The clearest potential etiological
connection between the complement system and schizophre-
nia is via synaptic pruning (Sekar et al., 2016). Most synaptic
pruning takes place after birth (Figure 1), so complement ele-
vations during the prenatal period may not influence synaptic
pruning specifically. However, elevations in complement in
the late second to third trimester, when glial programming
may be particularly vulnerable (Bilbo & Schwarz, 2009),
could sensitize microglia to future immune challenges and
have implications for future neurodevelopment. For example,
reactive astrocytes respond to inflammatory markers by ex-
pressing molecules including C1q that affect synapse forma-
tion (Eroglu & Barres, 2015). It is possible that sensitized mi-
croglia may release more Clq in response to inflammation,
which could contribute to overpruning of synapses in child-
hood or adolescence (i.e., multiple hits hypothesis; Bilbo &
Schwarz, 2009; Meyer, 2013; Monji et al., 2009).

The complement system has also been associated with pro-
liferation and migration of pyramidal neurons and interneurons
(Bénard et al., 2008; Stephan et al., 2013). This suggests that
elevations in complement proteins during the prenatal period
may interfere with the development of these systems. How-
ever, not enough is known about the typical role of comple-
ment proteins in these processes or about exposures associated
with risk for schizophrenia to make clear predictions about
how this relates to the etiology of schizophrenia. Additional re-
search identifying the role of complement proteins in typical
neurodevelopment and the consequences of exposure to al-
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tered levels of these proteins in rodents, and studies examining
prenatal complement exposure and risk for schizophrenia, are
needed to elucidate the potential role of complement proteins
in the development of schizophrenia.

Potential interactions between complement and genetic vul-
nerability to schizophrenia. Like cytokines, elevations in
complement proteins likely contribute to a neurodevelop-
mental risk trajectory for schizophrenia specifically via inter-
actions with genetic variants implicated in the disease. Inves-
tigation of potential interactions in rodent models is needed to
explore this possibility. An avenue that may be fruitful is ex-
ploration of interactions between genetic variants that affect
microglial function and prenatal complement exposure. Ge-
netic variants that interfere with microglial regulation or
prime microglia toward a pro-inflammatory phenotype could
plausibly be associated with more microglial-mediated neural
damage and/or pruning abnormalities in childhood and ado-
lescence. Individuals with such variants who are exposed to
elevated complement in the late prenatal period could un-
dergo microglial sensitization, leading to exacerbated neural
damage in response to inflammatory challenges in later child-
hood and adolescence. Microglial activity may be particu-
larly important in the early development of psychosis in ado-
lescence, as elevated microglial activation as assessed using
positron emission tomography of TSPO radioligands has
been observed in ultra-high risk prodromes (Bloomfield
etal., 2016) and findings with this technique are mixed in first
episode (Hafizi et al., 2017; van Berckel et al., 2008) and
chronic schizophrenia (Doorduin et al., 2009; Kenk et al.,
2015). It is possible that individuals with particularly high
microglial activity in adolescence in addition to another vul-
nerability factor, such as NMDA receptor hypofunction,
could be at even higher risk of developing psychosis.
NMDA receptor hypofunction, resulting in reduced transmis-
sion of excitatory glutamate into the postsynaptic neuron, has
long been thought to be a key component of the pathophysi-
ology of schizophrenia (Olney, Newcomer, & Farber, 1999).
NMDA receptor activity at synapses is thought to be critical
to the growth and stabilization of dendritic spines (Arnsten,
2011), and spines that are stable are thought to be less vulner-
able to being pruned (Glausier & Lewis, 2013). It is possible
that individuals who have less effective NMDA receptors
have greater numbers of weak spines, which could be less
likely to survive normative synaptic reshaping during the first
few years of life. Individuals with overactive microglia and
inappropriately weak synaptic connections may be particu-
larly likely to experience abnormally high rates of synaptic
pruning in adolescence. These individuals may be at particu-
larly high risk to cross below a threshold of synaptic density
needed to support coordinated neuronal firing, resulting in
poorer cognitive function (Homayoun & Moghaddam,
2007) and potentially the onset of psychosis (Cannon,
2015; Feinberg, 1982).

In all, there are many possible interactions between var-
iants affecting microglial priming and regulation, synaptic
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strength and functioning, and prenatal complement system
activity that could be involved in the etiology of schizophre-
nia. Further work assessing interactions such as these would
allow us to test theories linking the complement system with
synaptic pruning in schizophrenia and further our understand-
ing of the role that the complement system may play in the
etiology of schizophrenia.

Summary. Initial evidence suggests that complement proteins
may mediate the association between prenatal inflammation
and risk for schizophrenia by affecting neurodevelopment.
The complement system is most clearly implicated in synap-
tic pruning, but may play a role in neuronal growth and migra-
tion and glial priming as well. Interactions between comple-
ment proteins and genetic variants in these systems may
contribute to specific patterns observed in schizophrenia,
such as faster rates of synaptic pruning in adolescence. Fur-
ther research is needed to clarify the role of complement pro-
teins in neurodevelopmental processes, identify periods of
development and specific proteins that are associated with
schizophrenia risk, and assess interactions with other vulner-
ability markers to establish how complement proteins may
play a role in the etiology of schizophrenia.

Implications for the Development of Schizophrenia

Disruption of neurodevelopment by synergistic interactions
between prenatal cytokine and complement exposure and ge-
netic risk for schizophrenia ought to become apparent as
neural systems emerge and are refined across postnatal devel-
opment. The nature of the neurodevelopmental systems affec-
ted and the age at which deficits emerge may yield more in-
sight into different etiological pathways to schizophrenia and
the mechanisms by which prenatal cytokine and complement
exposure may contribute to increasing risk. On average, indi-
viduals who develop schizophrenia exhibit markers of neuro-
developmental abnormalities in childhood, such as poorer
verbal memory and perceptual-motor performance (Bearden
et al., 2003; Brown et al., 2001; Cannon et al., 2000; Ellman
et al., 2009), motor abnormalities (e.g., atypical postures and
movements; Cannon et al., 1999), and abnormal behavioral
patterns (Bearden et al., 2000). However, individuals with
early-onset psychosis tend to exhibit widespread and signifi-
cant cognitive deficits early in childhood, whereas those who
develop psychosis later in adolescence or adulthood tend to
exhibit more focal and less severe cognitive deficits (Rajji, Is-
mail, & Mulsant, 2009). Some evidence suggests that cog-
nitive deficits in childhood may be more profound in indi-
viduals exposed to prenatal inflammatory challenges who
later develop schizophrenia compared to cases who did not
experience prenatal insults (Brown et al., 2001, 2009; Ellman
et al., 2009), though evidence is mixed (Bearden et al., 2000;
Cannon et al., 2000). It is possible that exposure to prenatal
inflammation sets all vulnerable individuals on a more severe
developmental trajectory that leads to cognitive deficits ear-
lier in development than they would have otherwise experi-
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enced. This pattern would suggest that prenatal inflammation
may be associated with broad, nonspecific insults to neurode-
velopment that emerge relatively early in childhood, perhaps
such as myelination or synaptic refinement across the prefron-
tal cortex. Another possibility is that prenatal inflammation
affects neurodevelopment for individuals who are specifi-
cally predisposed to risk trajectories that tend to emerge in
childhood and has a minimal effect on individuals who are
predisposed to trajectories that tend to emerge during adoles-
cence. This hypothesis could suggest more specific interac-
tions between inflammatory factors and genetic factors that
affect regions involved in cognition in childhood. It is also
possible that prenatal inflammation can interact with genetic
variants and have effects that are not “unmasked” until ado-
lescent developmental processes take place, such as synaptic
refinement (Weinberger, 1987). Another such example could
be interactions with the endocannabinoid system. Expression
levels of the endocannabinoid receptor CBIR follow an in-
verted U-shaped curve that peaks in adolescence in layer III
of the monkey dorsolateral prefrontal cortex (Keshavan,
Giedd, Lau, Lewis, & Paus, 2014). Activation of CB1Rs sup-
presses GABA release from interneurons that fire on excita-
tory neurons, and overactivation of these receptors is thought
to disrupt typical development of interneuron—pyramidal
neuron circuitry in adolescence and increase risk for psycho-
sis (Keshavan et al., 2014). Rodents exposed to viral compo-
nents during pregnancy followed longitudinally exhibited de-
creased CBIR density in the globus pallidus in adolescence
and increased density in the hypothalamus and sensory cortex
in adulthood compared to controls (Verdurand et al., 2014).
This set of findings suggests that prenatal exposure to inflam-
mation may have effects on the endocannabinoid system that
do not become apparent until extreme periods of receptor
density such as adolescence. In combination with other risk
factors such as cannabis use during adolescence, prenatal in-
flammation could increase risk for adolescent-onset psycho-
sis as well.

It is likely that each of these possibilities is represented in
many different combinations of genetic variants and prenatal
cytokine and complement elevations. Monitoring cognitive
and behavioral development among those at high genetic risk
for schizophrenia who are exposed to prenatal inflammation
could help elucidate these potential pathways to the disorder,
and follow-up rodent studies could be used to assess possible
mechanisms. Ultimately, this knowledge could help distinguish
between different etiological pathways to schizophrenia and
provide novel opportunities for treatment and intervention.

Potential for neonatal interventions

Ultimately, a more specific understanding of cytokine and
complement system interactions could help identify potential
interventions following prenatal complications that could
help prevent a developmental risk trajectory for schizophre-
nia. Though we do not yet have sufficient knowledge to
implement interventions in human neonates, rodent studies
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suggest that anti-inflammatory interventions at birth may be
able to prevent neurodevelopmental damage typically ob-
served following prenatal inflammatory exposure. For in-
stance, elevated levels of anti-inflammatory proteins follow-
ing prenatal inflammatory insults may counteract the
deleterious effects of elevations in pro-inflammatory proteins
on neurodevelopment. In a rodent model, administration of
IL-1RA after birth eliminated deficits in behavior typically
observed following bacterial infection, hypoxic-ischemic in-
jury, or both (Girard et al., 2012). Similarly, elevations in IL-
10 have been shown to mitigate the effects of prenatal bacter-
ial infection on white matter damage (Rodts-Palenik et al.,
2004) and of prenatal viral infection on elevations in pro-
inflammatory cytokines and deficits in exploratory behavior,
sensorimotor gating, and inhibitory learning (Meyer et al.,
2008). However, elevations in prenatal IL-10 in the absence
of a pro-inflammatory challenge were associated with behav-
ioral deficits linked to viral infection, including reduced ex-
ploratory behavior and inhibitory learning (Meyer et al.,
2008). These findings suggest that administration of anti-in-
flammatory cytokines may be harmful rather than beneficial
if it occurs in the absence of a pro-inflammatory challenge.
In addition, specific cytokines (e.g., TNFa and GM-CSF)
have been found to promote complement-mediated phagocy-
tosis of antigens by peripheral macrophages (Collins & Ban-
croft, 1992). This result suggests that targeting certain
cytokines could have effects on complement-mediated influ-
ences on neurodevelopment. Thus, it is plausible that anti-in-
flammatory treatment in the early postnatal period could be
used to counteract excessive inflammation in the developing
brain to support typical neurodevelopment.

The possibility of early life interventions to support
healthy neurodevelopment and decrease risk for schizophre-
nia is very encouraging and has the potential to become a
novel platform for prevention. Before such interventions
can be developed and ethically implemented, much more
knowledge is needed to ensure that treatment will counteract
rather than exacerbate immune imbalances in the fetal brain.
Domains of knowledge that need to be expanded to support
this end goal are discussed, including typical and atypical im-
mune signaling patterns during pregnancy, immune patterns
associated with particular prenatal exposures, the potential
for synergy between prenatal immune exposures, correspon-
dence between maternal and fetal immune protein levels,
studying immune proteins in isolation versus in signaling
pathways, and interactions with other biological systems.

Advances needed to support neonatal intervention

Typical immune signaling during pregnancy and risk pat-
terns. There is some indication that the maternal immune sys-
tem changes throughout pregnancy, likely to promote toler-
ance of fetal tissue (Girardi, Bulla, Salmon, & Tedesco,
2006). For example, the first trimester of pregnancy is charac-
terized by high levels of anti-inflammatory IFNvy levels and
low levels of typically pro-inflammatory IL-6 in maternal
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serum, whereas by the third trimester of pregnancy IL-6
levels are high and IFNv levels are low (Aris, Lambert, Bes-
sette, & Moutquin, 2008). In contrast, C3, C4, and CS5 levels
are higher in the serum of pregnant women compared to non-
pregnant women, and remain at consistent levels in maternal
serum throughout pregnancy (Richani et al., 2005). These
findings suggest that immune pathway activity may change
across pregnancy, with important implications for maternal
and fetal reactivity to immune challenges. However, only a
few studies have assessed maternal cytokine levels longitud-
inally (Holtan et al., 2015; Ross et al., 2016), and typical pat-
terns of marker levels across pregnancy have yet to be estab-
lished. Characterizing the typical patterns of cytokines and
complement in maternal and fetal serum will help clarify
which alterations in cytokine and complement levels are atyp-
ical for that period in development, and could yield insight
into why similar prenatal exposures can have different effects
at different times. For instance, preterm-equivalent rodents
exposed to bacteria and hypoxic-ischemic injury at birth ex-
hibited upregulation of only anti-inflammatory cytokines,
whereas term-equivalent rodents exposed to these two insults
exhibited upregulation of both pro-inflammatory and anti-in-
flammatory cytokines (Brochu, Girard, Lavoie, & Sébire,
2011). This knowledge may also nominate periods of devel-
opment and cellular systems that may be particularly associ-
ated with risk for schizophrenia. Thus far, the studies that
have examined whether elevations in maternal cytokines dur-
ing pregnancy are associated with risk for schizophrenia in
human samples have been cross-sectional (Allswede et al.,
2016; Brown, Hooton, et al., 2004; Buka, Tsuang, Torrey,
Klebanoff, Bernstein, et al., 2001; Ellman et al., 2010; Gold-
stein et al., 2014). Elucidating different prenatal inflamma-
tory trajectories and examining their association with postna-
tal development may further specify different etiological
pathways that can increase risk for schizophrenia.

Inflammatory patterns associated with specific exposures.
Prenatal immune activation increases fetal inflammation
broadly, but certain exposures may be more strongly associated
with specific markers. Generally, injections of bacterial and
viral components are known to induce elevations in IL-1f3,
IL-6, and TNFa in maternal serum. Viral components may
also particularly activate IFNvy (Bilbo et al., 2005; Boksa,
2010; Cai et al., 2000; Smith et al., 2007). Elevations in IL-
1B and IL-2 have been observed following hypoxic-ischemic
injury (Girard, Kadhim, et al., 2008; Girard, Larouche, et al.,
2008). Nevertheless, there is some evidence suggesting that
distinct cytokines have been implicated in mediating the effects
of maternal inflammation on neurodevelopment. The effects of
viruses on neurodevelopment may be mediated by changes in
IL-6 specifically, and not IL-13 or IFN+y (Smith et al., 2007). In
contrast, IL-1B may be particularly involved in neurodevelop-
mental changes resulting from bacteria (Girard, Tremblay, Le-
page, & Sébire, 2010). Assessing cognitive changes in re-
sponse to viral and bacterial infection similarly suggests
many common deficits and the potential for distinct deficits.
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Exposure to each pathogen has been shown to lead to poorer
prepulse inhibition, spatial learning, and novel object recogni-
tion. Latent inhibition may be particularly disrupted following
viral infection (Boksa, 2010). Further work in both rodent mod-
els and longitudinal human samples with birth record data is
needed to assess whether certain prenatal exposures are consis-
tently associated with specific cytokines and neurodevelop-
mental deficits or if the effects are consistent across exposures.
There may be less specificity to exposure type in the comple-
ment system, as C3 seems to be activated by bacteria, viruses,
and hypoxic-ischemic injury (Cowell et al., 2003; Gewurz
et al., 1968; Sahu et al., 1998). However, more work is needed
to assess whether certain exposures are associated with distinct
patterns of complement system activity and neurodevelopmen-
tal deficits as well. If there is specificity associated with particu-
lar exposures, this information could eventually be used to de-
velop treatments for neonates designed to counteract the
specific associated inflammatory patterns. If exposures exhibit
the same general pattern, a common treatment could be used to
support optimal neurodevelopment for all neonates.

Potential for synergism with multiple inflammatory insults.
As similar cytokines and complement proteins tend to be se-
creted in response to multiple types of prenatal insults, expo-
sure to multiple prenatal inflammatory events may lead to a
potentiated inflammatory effect that puts individuals at
greater risk for altered neurodevelopment. For example, rats
exposed to either bacterial infection in the last few days of ge-
station or hypoxic-ischemic insult at birth exhibited an in-
crease in proinflammatory IL-1@ and IL-2 levels and a de-
crease in anti-inflammatory IL-1RA levels in the brain in
the first 2 postnatal days, and rats exposed to both exhibited
the greatest changes in these levels (Girard, Kadhim, et al.,
2008; Girard, Larouche, et al., 2008). In adulthood, rodents
exposed to both prenatal insults exhibited the greatest
changes in behavior relative to controls, such as reduced ex-
ploratory behavior (Girard et al., 2012). Similarly, rats ex-
posed to viral infection before hypoxic-ischemic insult at
birth exhibited greater reductions in myelin basic protein in
the neonatal period compared to rodents exposed only to hy-
poxia-ischemia (Stridh et al., 2013). Higher levels of pro-in-
flammatory cytokines and lower levels of anti-inflammatory
microglia were observed following viral infection and prior
to hypoxic-ischemic insult, and could explain the stronger ef-
fect of exposure to viral infection on neural damage (Stridh
et al., 2013). However, similar studies have identified that in-
fection prior to hypoxia-ischemia can have a preconditioning
effect that mitigates damage to the developing brain (Mallard
& Hagberg, 2007). This contradiction could be explained by
differences in length of time between infection and hypoxic-
ischemic injury. As typical inflammatory responses first exhi-
bit an increase in pro-inflammatory factors and then an in-
crease in anti-inflammatory factors, different lengths of
time between the first and second insult could result in differ-
ent environmental contexts when the second insult hits, yield-
ing different effects on overall inflammation (Mallard & Hag-
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berg, 2007). A more detailed understanding of these factors
could help us identify infants who are at particular risk for cy-
tokine-mediated neurodevelopmental damage and potentially
inform the strength of anti-inflammatory treatment needed.

Correspondence between maternal and fetal immune signal-
ing. Examining the association between maternal cytokine
and complement levels and risk for schizophrenia among off-
spring is a critical step toward translation of rodent literature
to humans. However, these studies are vulnerable to the as-
sumption that elevations in maternal serum reflect changes
in the fetal brain. Rodents studies suggest that changes in ma-
ternal cytokine levels in serum are sometimes, but not always,
consistent with cytokine changes in the placenta, fetal serum,
and fetal brain (Ashdown et al., 2006; Garay, Hsiao, Patter-
son, & McAllister, 2013; Gilmore, Jarskog, & Vadlamudi,
2005; Urakubo et al., 2001). Apparent inconsistencies may
be influenced by the timing of measurement of cytokine
levels. For example, injection of bacterial components has
been shown to cause a rapid increase in IL-13 (~1 hr) and
a more gradual and protracted increase in TNFa (~4-24
hr) in the fetal brain (Cai et al., 2000). This suggests that
some elevations in cytokines in the fetal brain may be missed
if only one measurement is taken. True differences between
maternal and fetal cytokine levels may be influenced by the
transfer of the inflammatory response at the placenta. Cyto-
kines are thought to not be able to cross from maternal to fetal
tissue, with the possible exception of IL-6 (Meyer et al.,
2009). The maternal inflammatory response at the boundary
of the placenta is thought to induce an inflammatory response
from the fetal side of the placenta, much like the transduction
of cytokines at the blood—brain barrier (Meyer et al., 2009).
Thus, it is possible that changes in cytokine signaling are
made at these interfaces. Less is known about the consistency
of complement signaling in maternal and fetal serum and tis-
sues. Studies of the maternal—fetal interface suggest that com-
plement inhibitors are highly expressed to prevent potential
damage of placental tissue (Girardi et al., 2006). Additional
rodent studies that examine the consistency of cytokine and
complement expression in maternal serum and the fetal brain
across multiple time points could help clarify which cyto-
kines are transduced from maternal to fetal tissue and which
are not. Further investigation of roles of specific immune pro-
teins in neurodevelopment, and comparison of these findings
to changes observed (e.g., neural structure) in offspring
whose mothers were exposed to that protein during neurode-
velopment, could also help assess whether the changes ob-
served in offspring match those that would be expected.
Once sufficient rodent literature has been established to gen-
erate predicted effects of changes to specific maternal im-
mune proteins on fetal development, these predictions could
be assessed in human samples utilizing maternal serum col-
lected during pregnancy and neonatal imaging measures.

Assessing cytokine pathways. Though previous investigations
of maternal cytokine levels in association with risk for psycho-
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sis have predominantly focused on single immune markers, as-
sessing clusters of cytokines may more comprehensively re-
flect the dynamics of cytokine signaling pathways (Saito
et al., 2010). One such pathway could group cytokines based
on their association with pathways of immune cell activation
in peripheral blood mononuclear cells: pro-inflammatory M1
macrophage polarization, which in turn activates pro-inflam-
matory helper T (Th) cell types Thl and Th17 subtypes (cyto-
kines: TNFa, IFNvy, GM-CSF, IL-1p3, IL-2, IL-6, IL-12, and
IL-17), and anti-inflammatory M2 macrophage polarization,
which in turn activates anti-inflammatory Th2 and Treg cell
types (CSF1, IL-4, IL-5, IL-10, and IL-13; Italiani & Boraschi,
2014; Ponomarev et al., 2013). Grouping cytokines by their
common pathways may improve signal-to-noise ratio as well
as facilitate interpretation of findings within the biological con-
text. However, it is also possible that examining trajectories of
single cytokines accounts for more signal in association with
neurodevelopmental outcomes and may be most informative.
Comparing groupings of cytokines versus individual assess-
ment would help clarify which approach may be most benefi-
cial in investigations of prenatal immune activation and neuro-
developmental outcomes, such as risk for schizophrenia.

Interactions between immune proteins and other biological
mechanisms. Neurodevelopmental changes observed in re-
sponse to maternal immune activation are not the result of cy-
tokines and complement proteins alone. Cytokines are known
to interact with a variety of other factors that influence neuro-
development. For example, IL-1[3 has been shown to interfere
with the neuroprotective effects of brain-derived neurotrophic
factor in cultured neurons (Tong, Balazs, Soiampornkul,
Thangnipon, & Cotman, 2008). Cytokines are known to in-
teract with the hypothalamic—pituitary—adrenal axis as well,
which regulates stress reactivity. For example, IL-13 and
IL-6 can induce upregulation of corticotropin-releasing hor-
mone and vice versa, leading to increased activation of both
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