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Abstract

The high societal and individual cost of schizophrenia necessitates finding better, more effective
treatment, diagnosis, and prevention strategies. One of the obstacles in this endeavor is the diverse
set of etiologies that comprises schizophrenia. A substantial body of evidence has grown over the
last few decades to suggest that schizophrenia is a heterogeneous syndrome with overlapping
symptoms and etiologies. At the same time, an increasing number of clinical, epidemiological, and
experimental studies have shown links between schizophrenia and inflammatory conditions. In
this review, we analyze the literature on inflammation and schizophrenia, with a particular focus
on comorbidity, biomarkers, and environmental insults. We then identify several mechanisms by
which inflammation could influence the development of schizophrenia via the two-hit hypothesis.
Lastly, we note the relevance of these findings to clinical applications in the diagnosis, prevention,
and treatment of schizophrenia.
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1. Introduction

Schizophrenia is a serious mental illness characterized by psychotic symptoms, cognitive
impairment, functional decline, and, in most cases, a chronic course. It occurs, on average,
in ~1% of the population worldwide, with variability around this mean in different countries
and cultures. Despite 100 years of research, much about schizophrenia remains unknown,
including its etiology and the extent of its heterogeneity. An emerging consensus is that
schizophrenia is best conceptualized as a category, like dementia, epilepsy, cancer, or
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anemia, with multiple causes and types. It is now generally accepted that schizophrenia is
not a single disease state.

While there have been many attempts to characterize schizophrenia’s heterogeneity (e.g.,
based on level of premorbid functioning, types of symptoms, etc.), few have led to advances
in treatment, and improvements in this endeavor are still needed (Corvin et al., 2013). At the
same time, the validity of the classic subtypes has been challenged (Braff et al., 2013).
Recent data on inflammatory processes in schizophrenia, and the role of maternal and/or
patient infection as etiological factors, may aid in the effort to characterize heterogeneity by
identifying specific subtypes of patients with one or more infectious/inflammatory
processes, and perhaps by identifying subgroups with an absence of inflammation (i.e., other
etiological factors) (Allan et al., 2009). It has recently been proposed to include a distinct
sub-group of schizophrenia to be classified according to the presence of mild encephalitis
(Bechter, 2013). Moreover, it is now clear that data on inflammatory and infectious
processes can be integrated with evidence on neurotransmitter (e.g., glutamate) and receptor
(e.g., N-Methyl-D-aspartic acid receptor, or NMDA-R) abnormalities (Muller and Schwarz,
2006), developmental history (e.g., links between child abuse and inflammatory processes)
(Dennison et al., 2012), and the biological bases of specific symptoms and cognitive
impairments (Meyer et al., 2011).

Therefore, the purpose of this review is to examine current data on infectious and
inflammatory processes, with a particular focus on different developmental stages and their
relevance for schizophrenia. We then try to fit the pieces together regarding the implications
for understanding heterogeneity in research and clinical domains, including diagnosis,
prevention, and treatment. In discussing developmental stages, we also emphasize the “two-
hit” theory of schizophrenia, suggesting that inflammatory processes may represent the
sequelae of the first hit, and therefore serve to increase overall risk in the event of a second
adverse event.

2. Background

2.1 Two-Hit Hypothesis

The two-hit hypothesis of schizophrenia suggests that a combination of genetic
susceptibility coupled with a distinct developmental insult can prime an individual for a later
event that ultimately leads to onset of the full clinical syndrome (Bayer et al., 1999). In the
case of schizophrenia, multiple genetic liabilities have been suggested to interact with
environmental factors, ultimately affecting the development of the central nervous system in
a way that creates an abnormal signaling network (van Os et al., 2008). This network,
however, may not become abnormal until later in life: schizophrenia tends to first occur in
the early and late 20s in males and females, respectively, suggesting that an event in
adolescence or post-adolescence may be highly influential in the development of the
disorder (this is explored below). A number of structural abnormalities in schizophrenia are
associated with symptom development: Gray and white matter alterations, cerebral
asymmetries, and ventricular enlargement, accompanied by abnormal neuronal density, size,
shape, and migration (for review, see Hoistad et al., 2009; Walterfang et al., 2011; Rapoport
et al., 2012; Shepherd et al., 2012) A multifactorial conceptualization of psychiatric disease
is emerging in which multiple biologically significant events (or “hits”) are temporally
distributed across early periods of the overall lifespan, and result in the development of
schizophrenia-like diseases (Giovanoli et al., 2013). Until now, genetic abnormalities were
viewed as the likely “first hit,” however, as we suggest below, infection and inflammatory
processes may also serve this function.
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2.2 Inflammation/Immune System

There is ample evidence that cytokines and the immune system can influence and shape the
development of the CNS and behavior (Bauer et al., 2007; Deverman and Patterson, 2009;
Yirmiya and Goshen, 2011; Bilbo and Schwarz, 2012). The importance of this information
as a factor in the etiology of schizophrenia has been strongly emphasized by different
laboratories investigating the effects of prenatal immune activation, thereby resurrecting the
immunologic theory of schizophrenia. Indeed, this notion has experienced a checkered
history, owing to the complexity of the disease and the paucity of well-controlled studies.
Early studies noted dysregulation of immune function and the presence of antibodies against
CNS tissue in schizophrenic patients (Ganguli et al., 1994). This was consistent with an
autoimmune theory of schizophrenia and related disorders, which has received renewed
attention in recent years (Eaton et al., 2006; Strous and Shoenfeld, 2006; Eaton et al., 2010).
For detailed review of this subject, see Fineberg & Ellman, 2013, and Meyer et al., 2011.
Additionally, dementia or dementia-like symptoms have been associated with viral and
bacterial infections (Itzhaki et al., 2004; Spudich and Ances, 2012), neurosyphilis can cause
psychotic symptoms (Zheng et al., 2011), and streptococcal infections in children have been
linked to the development of obsessive-compulsive disorders (Pavone et al., 2006). Other
schizophrenia studies have shown increased inflammation via imaging (Potvin et al., 2008;
van Berckel et al., 2008; Doorduin et al., 2009; Meyer et al., 2011).

To describe the immune system in its entirety is beyond the scope of this article, especially
as this has already been done in relation to schizophrenia (Strous and Shoenfeld, 2006;
Muller et al., 2009; Richard and Brahm, 2012). However, some comment is perhaps
necessary regarding the terms “‘inflammation’ and ‘neuroinflammation.” The term
‘inflammatory’ has been liberally used in the neuroscientific, psychiatric, and behavioral
literature of late, with the general intent being to suggest the presence of physiological
events that are driven by the immune system. As such, descriptions of an inflammatory
event can incorporate components of the immune system, including cells, soluble mediators,
and products (e.g., cytokines and antibodies), but at the same time can include products of
other tissue cells, including the so-called acute phase proteins, such as c-reactive protein
(CRP). Indeed, in some cases, such as neuroinflammation, the discussion is largely confined
to the activities of glial cells, such as microglia, which have a myeloid cell origin and are
considered the resident immune cells (tissue macrophages) of the brain (see reviews by
Bilbo & Schwartz, 2009, 2012). Moreover, neuroinflammation can include infiltration of
circulating immune cells into the brain or spinal cord, wherein there is further elaboration of
cytokines and antibodies. Therefore, context and specificity are important factors in a closer
examination of what is meant when an “inflammatory process” is credited with affecting or
being associated with some set of behavioral or neural outcomes.

It is sometimes possible to discern the cause of increased inflammation (i.e. the
immunostimulatory condition, such as infection), but in many clinical studies this is seldom
known. As discussed further below, there are inferences of causation through antibody
measures, such as prior exposure to Toxoplasma Gondii (T. Gondii). However, for the most
part measures of increased cytokines are made with little knowledge of how this came about.
In some cases, certain forms of reasoning have been applied by observing shifts in the
balance of immune elements. For example, the helper T cell type-1 (Th-1) response is a
component of the adaptive immune system, which is predominantly pro-inflammatory. The
helper T cell type-2 (Th-2) response, in contrast, activates the humoral and antibody
producing immune system, and tends to be largely anti-inflammatory. After cytokines
(immunomodulating signals) were noted to be abnormal in schizophrenia, it was thought
that the disorder was associated with a shift away from a Th-1 response towards a Th-2
response (Schwarz et al., 2001). More recent biomarker studies have demonstrated altered
cytokine activity evident of a mixed response in schizophrenia, both of a type-1 responses,
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including cytokines Interleukin-2 (IL-2), Interferon-gamma (IFN-y), Tumor Necrosis Factor
alpha (TNF-a), and of a type-2 response, including IL-4 and I1L-13 (Drexhage et al., 2011,
Richard and Brahm, 2012; Jones and Thomsen, 2013). However, these findings can vary
depending on disease chronicity, age of onset, duration, and medication. This remains a
promising area for understanding and treating schizophrenia.

It is important to note that inflammatory processes have been implicated in multiple
psychiatric disorders, including depression, bipolar disorder, dementia, degenerative
disorders, and anxiety, among others (de Vries et al., 2006; Miller et al., 2009; Goldstein et
al., 2009; Khansari and Sperlagh, 2012; Hou and Baldwin, 2012). The relevance of these
concurrent findings is not entirely clear, but could relate to a number of factors:
inflammatory responses could indicate a general psychiatric vulnerability factor, they could
result from the increased burden of stress on individuals with psychiatric illnesses, or there
may be specific inflammatory profiles that predispose individuals towards specific disorders.

In short, it is not uncommon to observe neuropsychiatric symptoms during or as a result of
major infection or immune dysregulation. However, where this information may be of
critical importance is with regard to sensitive periods of neural development. This is
particularly pertinent to epidemiological reports of the increased incidence of schizophrenia
among those individuals born to women who were pregnant during major influenza
epidemics (Brown and Derkits, 2010). Indeed, a comprehensive review of the
epidemiological prenatal infection literature has provided reasonable grounds for suspecting
immunological involvement in schizophrenia-like conditions (Brown and Derkits, 2010).
This has led to the hypothesis that prenatal infections, by virtue of activating the maternal
immune system, disrupt normal development of the CNS, which then results in maladaptive
and abnormal behavior.

2.3 Summary

In a notable number of cases, schizophrenia has several characteristics that suggest its
etiology may involve infectious or autoimmune processes. As we will describe, a number of
studies have demonstrated an association between psychosis and maternal (during
pregnancy) and early childhood immunological insults. Similarly, in adults, schizophrenia is
associated with increased levels of various inflammatory markers. We suggest that under
this framework, it may be possible to account for some of the heterogeneous etiology of
schizophrenia, and that some symptomatology and altered behavioral functioning in
schizophrenia can be attributed to immune system function. Major emphasis is currently
focused on increasing the specificity of diagnosis in schizophrenia spectrum disorders, and it
is possible that immune system related biomarkers will be valuable in this endeavor.
Furthermore, if inflammation is a factor in schizophrenia, then it presents a target for
potential treatment.

3. Prenatal/Maternal Infection
3.1 Animal Studies

3.1.1 Relevance—Immunobiological and psychosocial manipulations in the young animal
have long demonstrated a significant impact on later-life endocrine, immune and behavioral
functions (Coe, 1993; Walker et al., 2009; Sominsky et al., 2013). With regard to the
etiology of schizophrenia-like symptoms, the strongest argument has emerged from studies
that examined the postnatal development of mice, rats and, in some cases, non-human
primates (Short et al., 2010; Willette et al., 2011) that received prenatal immunologic and/or
infectious exposure. This has come to be referred to as maternal immune activation (MIA),
and capitalizes on the notion that the immune response influences the developing nervous
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system of the embryo and/or fetus. The number of studies documenting significant postnatal
effects has grown dramatically, and this area has been thoroughly reviewed (Meyer et al.,
2005; Boksa, 2010; Meyer and Feldon, 2012). A variety of outcomes have been assessed,
including dopaminergic, GABA-ergic and glutamatergic changes, as well as several of tests
of altered behavior. It is understood that the full spectrum of schizophrenia symptoms are
difficult to replicate in animals, and to some extent the behaviors that are assessed may
apply to other conditions, such as autism and depression. For example, changes in social
exploration, hedonic capacity, anxiety, learning and memory and prepulse inhibition (PPI)
can be found in a range of psychiatric conditions. Even with PPI, a measure of sensorimotor
gating, caution has been urged in adopting this as a gold standard in the diagnosis of
schizophrenia (Swerdlow et al., 2008), since PPI deficits are also evident in individuals with
high anxiety sensitivity (McMillan et al., 2012) and obsessive-compulsive disorder (Ahmari
et al., 2012). Therefore, while the effects of maternal (or prenatal) infection or immune
activation are relevant to schizophrenia, it is probably more helpful to view these findings as
indicators of the contribution that prenatal infection may make towards specific
endophenotypes (Gottesman and Gould, 2003; Gould and Gottesman, 2006) that cluster with
other symptoms relevant to a diagnosis of schizophrenia. An important perspective here is
that an animal model is useful for understanding schizophrenia if it can reproduce one or
more aspects of the condition, even if that aspect is not unique to the disorder, which can be
viewed as an open construct with fluid boundaries with other conditions (Mitchell et al.,
2013b). No animal model should be expected to reproduce all aspects of schizophrenia and
it is recognized that this is an impossible goal given some of its distinctly human aspects
(e.g., formal thought disorder). Furthermore, given that significant postnatal and early
adolescent environmental events are likely to be superimposed on intrauterine
neurodevelopmental dysregulation due to prenatal infection, it is likely that additive and
even synergistic interactions may trigger truly abnormal behavioral changes that warrant
psychiatric intervention. To this end, recent studies have tested the two-hit hypothesis, in
which postnatal exposure to psychogenic stressors or cannabinoid receptor agonists among
offspring from infected mothers show more dramatic behavioral deficits than those seen due
to maternal infection alone (Dalton et al., 2012; Giovanoli et al., 2013).

3.1.2 Immunologic Promotion of Altered Neurobehavioral Development:
Preclinical Studies—The form of immune stimulation that has been used in animal MIA
studies has relied largely on the use of molecular agents that activate the innate immune
system, which includes cells such as the polymorphonuclear phagocytic cells (e.g.,
macrophages) and monocytes. Activation of these cells with pathogenic stimuli can
stimulate phagocytic function and the production of proinflammatory cytokines (e.g., the
classical proinflammatory cytokines IL-1p, IL-6, and TNF-a). Many studies that have
examined the role of neural-immune interactions in vivo have used lipopolysaccharide (LPS;
also referred to as ‘endotoxin’) as an immune stimulus. This molecule is found in the cell
membrane of gram negative bacteria, such as E. coli, and as such mimics the immunological
effects of gram negative infections. Also in prominent use, although to a lesser degree than
LPS, is polyribosinic: polyribocytidylic acid (poly I:C), a synthetic double-stranded RNA
that mimics viral infections. Both LPS and Poly I:C are known to stimulate innate immune
cells via Toll-like receptors (TLRs) expressed on the cell surface. The discovery of TLRs
was based on the ability of innate immune cells to recognize pathogen-associated membrane
patterns on infectious microbial agents (Broz and Monack, 2013). With regard to LPS, it
was found that this endotoxin binds TLR4, whereas Poly I:C selectively stimulates TLR3
(Engel et al., 2011). Therefore, while both stimuli target the innate immune compartment,
each does so via a different surface receptor.

It is well established that LPS stimulates monocytes and macrophages to produce a range of
proinflammatory cytokines (e.g., IL-1, IL-6, TNF-a) that can have a variety of
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neurobehavioral effects (Dantzer et al., 2008). Similarly, Poly I:C induces proinflammatory
cytokine production and exerts neural and behavioral effects, including increased turnover
of monoamine neurotransmitter in the brain and the induction of sickness behavior (Gibb et
al., 2011; Meyer and Feldon, 2012). It should be noted, however, that in normal adult mice,
differences have been observed in the profile of neurochemical changes after challenge with
either LPS or Poly I:C. For example, LPS can have pronounced effects on brain monoamine
neurotransmitter alterations, although dopaminergic changes are minimal in the prefrontal
cortex (PFC) (Lacosta et al., 1999). Similarly, the effects of poly I:C appear to be more
modest or absent after Poly I:C challenge in the prefrontal and limbic brain regions (Gandhi
et al., 2007). Whether these differences are important with regard to impact on the
developing embryo and fetus is not known. Moreover, it should be kept in mind that there
have been few attempts to correlate the magnitude of the mother’s immune response to
immune challenge, and resulting neurochemical and endocrine changes, with the postnatal
development of her pups. This is technically difficult, but nonetheless, should be an
important consideration for future studies.

Postnatal behaviors assessed in animals from mothers that have been subjected to MIA have
included exploratory behavior, social interaction, cognitive function, and sensorimotor
gating. To a large extent, many of these behaviors have been altered by MIA (Meyer and
Feldon, 2012), and this has been demonstrated in rats, mice, and non-human primates. In
studies that have used LPS or Poly I:C, normally only a single injection has been used, given
mostly during mid-to-late gestation. While injection timing has not been extensively
investigated, one study observed that Poly I:C injections of pregnant mice at gestational day
9 (GD9), but not GD17, resulted in impaired sensorimotor gating, as measured by the
acoustic PPI procedure (Meyer et al., 2008). However, injection of Poly I:C on GD17
impaired working memory (Meyer et al., 2008), demonstrating that immune activation can
cause differential phenotypic changes in the nervous system depending on the
developmental stage of the embryo.

Perhaps of most relevance to any preclinical animal studies purporting to identify
antecedents to schizophrenia-like abnormalities is evidence of neuroanatomical and
neurotransmitter and receptor alterations. For many years, a dominant hypothesis in the
etiology of schizophrenia has been dysregulation of the dopaminergic system (Heinz and
Schlagenhauf, 2010). However, in recent years, it has become clear that impaired function of
other forms of neurotransmitter communication, such as the inhibitory GABAergic and
excitatory glutamatergic systems may be present in schizophrenia (Wallace et al., 2011; Yin
et al., 2012). Therefore, it is noteworthy that in rat offspring from mothers challenged with
LPS on GD15/16 that dopamine receptor 2 (D2R) expression in the medial PFC, and
numbers of D2R expressing cells, were reduced on postnatal days 35 and 60 (Baharnoori et
al., 2013). This was consistent with murine postnatal dopaminergic changes in the PFC and
hippocampus pursuant to maternal Poly I:C challenge (Bitanihirwe et al., 2010). Changes in
the brain GABAergic system have also been reported (Richetto et al., 2013), including a
reduction in the concentration of hippocampal GABA (Bitanihirwe et al., 2010).
Furthermore, cortical expression of both variants (65 and 67) of glutamic acid decarboxylase
(GAD), which is necessary for synthesis of GABA, is reduced in the offspring of mice
challenged with Poly I:C (Soumiya et al., 2011; Richetto et al., 2013). Indeed, these
changes, as well as alterations in subunit expression for the GABA-A receptor, were noted
in the prefrontal cortex and found to correlate with impaired working memory performance
(Richetto et al., 2013). As such, these studies reveal altered development of dopaminergic
and GABAergic neurotransmitter systems in the offspring of pregnant mice and rats exposed
to immunological activation during pregnancy.
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Complementing these neurochemical analyses, electrophysiological approaches have been
used to determine neurodevelopmental alterations in synaptic activity in offspring from rats
prenatally challenged with LPS. A common method for studying synaptic plasticity involves
high frequency stimulation of presynaptic neurons to generate enhanced electrophysiological
effects in postsynaptic neurons, a phenomenon known as long-term potentiation (LTP). This
typically involves glutamate signaling, and likely reflects the physical basis of memory
formation. However, alterations in glutamatergic signaling, presumably through
downregulation of the postsynaptic glutamate receptor, can result in attenuating effects on
postsynaptic electrophysiological responses after high rates of presynaptic stimulation, an
effect referred to as long-term depression (LTD). Interestingly, it has been noted that
glutamatergic signaling is altered in offspring from rats challenged with LPS, in that
electrophysiological long-term depression in the CA1 region of the hippocampus was
impaired from reduced synaptic function of the glutamate NMDA receptor (Burt et al.,
2013). In principle, this study is in agreement with other evidence that prenatal immune
activation alters the glutamate system (for review, see Meyer and Feldon, 2012). Moreover,
it suggests that communication at glutamatergic synapses may be deficient, affecting the
strength of synaptic activity necessary for cognitive functions.

Finally, the normal operation of the brain is dependent on efficient communication between
different regions that specialize in cognitive, emotional, and motoric functions. This is
mediated through well-defined neuroanatomical circuits that integrate cortical activity with
subcortical information processing (e.g., sensory events). Addressing this aspect of brain
function, electrophysiological studies of rats showed that prenatal challenge with Poly I:C
produced asynchronous EEG activity in the medial prefrontal cortex (PFC) and
hippocampus (Dickerson et al., 2010). Given that synchronous activity (i.e. activity that is
temporally coincidental) in these two areas underlies successful working memory
performance (Sigurdsson et al., 2010), the asynchronous activity may reflect altered
cognitive capacity. Therefore, recent evidence supports the hypothesis that following
prenatal immune challenge there is impaired communication between important areas of the
brain that subserve reasoning and memory skills, potentially arising from glutamatergic
hypofunction.

3.1.3 Animal Studies Involving Infection—Given that epidemiological infection data
has energized the immunological hypothesis for developmental origins of schizophrenia, it
is relevant to determine whether actual infection of the mother alters the neurobehavioral
development of the offspring. Aronsson et al. (2002) showed that intranasal infection of
pregnant mice with a specific strain of influenza A virus resulted in deposition of the virus
in the fetal brain. The viral RNA was shown to persist in the brains of offspring up to the
age of 90 days (Aronsson et al., 2002). This suggests that aside from known immunologic
changes (e.g., cytokine expression) that can occur in the fetal brain as a result of maternal
immune challenge (Shi et al., 2003; Elovitz et al., 2011; Oskvig et al., 2012), the infectious
agent in and of itself can traverse the placenta and gain access to the developing organism.
However, this interpretation is not altogether conclusive, as others have found no evidence
for cross-placental migration of influenza virus into the fetal brain (Shi et al., 2005).
Although this issue is largely unresolved, and may depend on a variety of different factors, it
is likely that significant changes result in neurobiological function following maternal viral
infection as a result of the maternal immune response. Indeed, as with the non-infectious
models (e.g., LPS, Poly I:C) prenatal infection with human influenza has been shown to
produce deficits in PP1 of the acoustic startle response, as well as reduced exploration of
novel environments and objects (Shi et al., 2003). Moreover, this can result in reduced
numbers of Purkinje cells in specific layers of the cerebellum (Shi et al., 2009). Finally,
maternal infection of rhesus monkeys with influenza virus was shown to reduce the amount
of white matter in the cerebellum and the gray matter density in the prefrontal cortex, frontal
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cortex (extending throughout the precentral and secondary motor areas), the cingulate,
insula, the parietal cortex and the superior region of the temporal cortex (Short et al., 2010).
No major behavioral deficits were observed in the infants, although accelerated autonomy
from the mother and reduced orienting or attentional behavior were noted in primates from
infected mothers. Interestingly, the use of low nanogram amounts of LPS as a prenatal
immune challenge in pregnant rhesus monkeys at 6 weeks prior to term produced notable
behavioral effects, including a deficit in PPI, as well as reduced frequency of hostile and/or
fearful reactions to a human intruder test (Willette et al., 2011). These changes were
associated with a measured increase in white and gray matter in prefrontal, frontal and
parietal regions of the cortex. While the source of the discordance in findings between viral
infection and endotoxin exposure studies has yet to be determined, it is apparent that
disruption of normal brain development takes place in non-human primates born to mothers
that generate immune responses to pathogenic stimuli during pregnancy.

Overall, there is sufficient evidence to suggest that maternal immune activation interferes
with the normal development of the fetal and neonatal brain. The particular mechanisms
involved in exerting this effect are presently unknown, although the role of proinflammatory
microglial cells in the CNS are beginning to received increased attention (Bilbo and
Schwarz, 2009; Juckel et al., 2011; Williamson et al., 2011; Beumer et al., 2012). Moreover,
the possibility exists that prenatal immunologic influences are more profound in genetically
vulnerable individuals (Abazyan et al., 2010; Lipina et al., 2013). Finally, while this section
has focused on maternal immune challenges, there is also evidence for altered sensorimotor
gating and cognitive deficits in animals that were infected or immunologically challenged as
neonates (Rothschild et al., 1999; Williamson et al., 2011). Combined, the immune response
and/or inflammation can now be considered valid variables in the multifactorial
conceptualization of the two-hit hypothesis and schizophrenia development.

3.2 Human studies

Environmental factors have been associated with schizophrenia since the disorder was first
classified. Increased risk of developing schizophrenia occurs for offspring whose second
trimester occurred during cold weather months or during periods of famine, such as during
the Dutch famine towards the end of World War Il (Hoek et al., 1998; Susser et al., 1998). It
is now fairly well understood that a number of environmental factors can occur during
pregnancy that affect the developing nervous system, including stress and illness (for
review, see Brown and Derkits, 2010; Brown and Patterson, 2011; Clarke et al., 2012;
Morgan et al., 2013). Influenza is a very well studied example: offspring of mothers who
developed influenza during the first half of gestation had triple the risk of later developing
schizophrenia, and it rose to seven fold when occurring during the first trimester (Brown et
al., 2004). Birth cohort studies have found associations between schizophrenia and maternal
infection with Toxoplasma Gondii (T. Gondii) and Herpes Simplex Virus Type 2 (HSV-2)
during pregnancy (Buka et al., 2001; Brown et al., 2005; Mortensen et al., 2007a; Buka et
al., 2008). Other associations have been documented with rubella, mumps, respiratory
infection, measles, and polio (Brown and Patterson, 2011).

The important issue is the mechanism by which maternal diseases are associated with later
onset of schizophrenia. It is less likely a result of the specific pathogen itself, as often the
antigens themselves are unable to affect the fetus during pregnancy, but rather may be a
result of the maternal immune response (Bilbo and Schwarz, 2009). For instance, elevated
levels of inflammatory cytokines have been noted in mothers whose offspring later develop
schizophrenia (Brown and Patterson, 2011), and a recent study found that high levels of
antibody to dietary antigens increased risk for psychosis in offspring (Karlsson et al., 2012).
These observations support the notion that an immune insult during gestation can be a
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vulnerability factor for developing schizophrenia, and is supported by the animal studies
previously described.

4. Early life

Schizophrenia is typically considered an adult disease, although children sometimes will be
diagnosed. However, neural development is still widely active during childhood and into
adolescence, with changes in white and grey matter not fully developed until well into
adulthood (Gogtay et al., 2004; Fields, 2008). There is significant evidence, furthermore,
that stressful events in childhood are associated with the later development of mental health
problems, including psychosis, and complementary evidence that stress can alter cortical
development (Bale et al., 2010; Sideli et al., 2012; Morgan et al., 2013). Other events that
have been linked to future development of schizophrenia include cannabis use and severe
head trauma, indicating neurochemical alterations can predispose individuals for mental
illness (van Os et al., 2010; Molloy et al., 2011; Brown, 2011).

A recent meta-analysis of childhood infection has shown there appears to be a significant
link between viral infections of the CNS during childhood and future development of
schizophrenia (Khandaker et al., 2012). Among studies showing a positive correlation,
Dalman et al. (2008) found infections most strongly correlated with later development of
schizophrenia were cytomegalovirus and mumps. Furthermore, infection with viruses such
as HSV-1 can exacerbate schizophrenia symptoms, with decreased cognitive performance
and neurological changes associated with HSV-1 affected compared to unaffected patients
(Dickerson et al., 2003; Prasad et al., 2007; Schretlen et al., 2010; Prasad et al., 2011;
Yolken et al., 2011).

Poor premorbid functioning, including cognitive impairment, social deficit, and movement
irregularities, is found in the histories of many people with schizophrenia (Schenkel and
Silverstein, 2004). Whether infection plays a role in this is unclear, but this issue should be
examined in future studies. It is possible for a compound effect to exist between the factors
associated with abnormal premorbid functioning and the stressor-effect of infection, such
that a vulnerable CNS is primed early, and results in schizophrenia following exposure to
relevant environment interactions.

5. Adulthood, biomarkers, and comorbidity

5.1 Biomarkers

5.1.1 Cytokine profiles—The study of biomarkers in adult schizophrenia is currently a
key avenue for research into diagnosis and treatment. Several recent studies have shown that
serum metabolite and chemical signatures can identify differences between individuals with
schizophrenia and healthy controls, although not yet at the level of adequate diagnostic
specificity (Kaddurah-Daouk et al., 2007; Schwarz et al., 2012; He et al., 2012; Yang et al.,
2013). In a study by Schwarz and colleagues (2012), among the identifiers were several
inflammatory markers. Other studies have shown differences between both oxidative stress
markers and inflammatory cytokines between controls and schizophrenia patients (Kunz et
al., 2011; Francesconi et al., 2011; Pedrini et al., 2012), and more recent studies have
observed that increased immune response or inflammatory markers may be associated with
more severe psychopathology (Fan et al., 2007; Fan et al., 2010; Hope et al., 2013).
Inflammatory cytokines have also been shown to be increased in first degree relatives of
schizophrenia patients (Gaughran et al., 2002; Nunes et al., 2006; Martinez-Gras et al.,
2012). Two recent meta-analyses have revealed significant changes in cytokine profiles
among schizophrenia patients relative to controls. The first, by Potvin and colleagues
(2008), examined 62 studies and showed increases in IL-1RA, sIL-2R, and IL-6, and a
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decrease in IL-2 levels in schizophrenia patients relative to controls. The other, by Miller
and colleagues (2011), examined 40 studies, and found that differing profiles depended on
the nature of the hospitalization (first episode or acute relapse) with IL-1f, IL-6, and
transforming growth factor-p (TGF-p) increased in both groups, but high IL-12, IFN-y,
TNF-a and sIL-2R levels observed in the relapsing patient group. IL-1p3 was decreased for
both groups. Other more recent studies have looked at the protein or mMRNA levels of post
mortem cortex and found similar upregulation of inflammatory factors, including IL-6, 1L-8,
IL-18, SERPINAS3 (Fillman et al., 2013), and arachidonic acid (AA) cascade markers (Rao
et al., 2013). An important implication of these studies is that cytokine profiles may
represent endophenotypes of certain schizophrenia populations, but that the levels may be
dependent on a number of factors, including genetics, phase/duration of the disorder, and
medication. Indeed, in the study by Fillman et al., when the population was divided into
clusters, those with the shortest illness duration had the larger inflammatory responses.

5.1.2 Imaging—There have been several MRI studies of schizophrenia and inflammation
with conflicting results. One recent review, however, showed that in a variety of different
disorders (aging, Alzheimer’s disease, major depression disorder, and schizophrenia),
imaging-detected brain irregularities were coupled with inflammatory processes (Frodl and
Amico, 2013). A different study also showed that initial inflammatory processes at first
episode presentation may be categorically different from that which is observed when the
disorder reaches a chronic state, implying there may be a critical window during which
inflammation plays a significant role in disorder progression (Pasternak et al., 2012).

5.1.3 Infection—The causal nature of inflammation is still a major object of inquiry, as
importantly, increased inflammation could result from the stress of a major disorder, such as
schizophrenia. Infections have also been documented with increased frequency in
individuals with schizophrenia, specifically in that relapse is associated with recent infection
(Benros et al., 2011; Benros et al., 2012) and with increased frequency of concurrent urinary
tract infection (Miller et al., 2013a). It is likely that infections may play a role in triggering
the observed inflammation associated with schizophrenia, but also possible that the decrease
in hygiene associated with individuals with schizophrenia, especially during a psychotic
episode or the emergence of negative symptoms, leaves them more prone to infection.

5.1.4 T. Gondii—Toxoplasma Gondii (T. Gondii) is a coccidian protozoan whose
preferential host is the cat, but the parasite is also carried by many types of warm blooded
animals serving as intermediate hosts. Oocytes are most commonly transmitted to humans
by means of ingesting undercooked meat or inhaling particles in areas frequented by cats.
While most people exposed to T. Gondii are asymptomatic, it occasionally can cause
toxoplasmosis, especially in immunocompromised individuals. Acute infection is often
associated with fever, after which the parasite rarely causes further symptoms, but severe
toxoplasmosis can lead to neurologic conditions including seizure and encephalitis. Whereas
the presence of antibody to T. Gondii is believed to be fairly common (estimates range from
10% to 75% of all individuals in various populations), and reflects exposure to the
protozoan, recent studies have indicated that this is associated with schizophrenia (Tenter et
al., 2000). Serological investigations have confirmed a high level of antibody to T. Gondii is
linked to increased risk for schizophrenia (Yolken et al., 2001; Leweke et al., 2004; Emelia
et al., 2012). Moreover, animal and human studies have also shown that genetics can heavily
impact the response to infection (Suzuki et al., 1996; Luder et al., 1998; Jamieson et al.,
2008; Hermes et al., 2008; Lees et al., 2010).

Two recent meta-analyses by Torrey et al., consisted of 38 studies that examined the

relationship of serological levels of T. Gondii antibodies and schizophrenia (23 were
examined in the first meta-analysis, and an additional 15 were analyzed in the second). The

Neurosci Biobehav Rev. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Feigenson et al.

Page 11

studies found that the combined odds-ratio for patients was ~ 2.7 (Torrey et al., 2007;
Torrey et al., 2012). All of the studies reviewed in the analyses measured levels of T. Gondii
antibody in schizophrenia patients (both first episode and at all levels of clinical
manifestation) relative to controls. Individuals with schizophrenia were significantly more
likely to have higher levels of T. Gondii antibody, which conferred risk levels comparable to
using cannabis and having minor physical anomalies. Similarly, in register-based studies in
Denmark and the US, higher serological levels of antibodies from pregnant mothers and
infants were predictive of future development of schizophrenia in both mothers and their
offspring (Brown et al., 2005; Mortensen et al., 2007a; Mortensen et al., 2007b; Pedersen et
al., 2011).

The T. Gondii relationship with human behavior is not limited solely to the association with
schizophrenia, but also with cognitive traits, both independent of and related to
schizophrenia. Higher T. Gondii levels are correlated with automobile and work accidents,
lower intelligence, decreased novelty seeking, decreased reaction time, personality change,
suicide attempts, and poor memory (Flegr et al., 2000; Flegr et al., 2003; Yolken et al.,
2009; Flegr et al., 2009; Okusaga et al., 2011; Ling et al., 2011; Alvarado-Esquivel et al.,
2012). In individuals with schizophrenia, the presence of T. Gondii antibodies is associated
with more severe psychopathology, specifically positive symptoms (Holub et al., 2013),
decreased education and a family history of mental illness (Park et al., 2012), and reduced
grey matter density (Horacek et al., 2012). The cognitive changes caused by T. Gondii are
well established in the animal literature, and include diminished memory, learning, fear
aversion, and increased motor activity (Webster, 2007; Kannan and Pletnikov, 2012).

How these relative cognitive changes may occur is unknown, but there are several potential
mechanisms. One is that acute T. Gondii infection can have a direct impact on
neurotransmitter signaling, altering processes such as dopamine metabolism, kynurenic acid
(KYNA) activity, and glutamate signaling (Schwarcz and Hunter, 2007; Prandovszky et al.,
2011; Haroon et al., 2012). Further, T. Gondii can effectively colonize both glial and
neuronal cells (Fischer et al., 1997a). Specifically, glial cells, among them the microglial
cells, which perform immune-like functions in the brain (e.g., cytokine production and
phagocytosis), are modified by T. Gondii insult, which can involve altered glial cell
migration, brain cytokine concentrations, and neurotransmitter activity. After an immune
insult, such as T. Gondii infection, reactive astrocytes and microglia initiate a series of
complex signaling cascades, involving the production of prostaglandins and members of the
TGF, interleukin, and interferon cytokine families (Fischer et al., 1997b).

The effect of T. Gondii on the peripheral immune response may play a role in the
development of mental illness (for a comprehensive review of T. Gondii and the immune
system, see Lang et al., 2007). Asymptomatic hosts infected with T. Gondii must have
elevated immune responses to counter the infection, and this creates a dynamic environment
in which parasite and host alter their environment to their respective advantages. To avoid
immune detection, T. Gondii decreases pro-inflammatory cytokines and increases down-
regulatory cytokines in infected cells and limits the production of nitric oxide (NO),
allowing the parasite to propagate in the host (Luder et al., 1998; Luder et al., 2003). This
leads to alterations in cytokine levels, notably Interferon-y and TGF-B, which are
upregulated upon T. Gondii infection, and combat microglia stimulated NO overproduction,
a degenerative process of particular importance in immunocompromised individuals
(Rozenfeld et al., 2005). T. Gondii infection also reduces the number of cytotoxic CD8" T
cells, which play a role in combating infection, and could augment cognitive disturbances in
schizophrenia (Bhadra et al., 2013). In addition, genetic differences could affect the balance
of the compensating immune responses induced by T. Gondii and natural immune
responses, predisposing some individuals to increased inflammatory cytokine responses.
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Higher levels of serological T. Gondii antibodies in pregnant mothers are associated with
future development of schizophrenia in offspring (Blomstrom et al., 2012): as is the case
with influenza, a more reactive maternal immune system may translate to altered neural
biochemistry and development in offspring. Along those lines, early life exposure to T.
Gondii could cause an immune response, and consequent neural development changes, in
young children. The relationship between T. Gondii infection and schizophrenia could
thereby result from change during both development and adulthood. In keeping with the
two-hit hypothesis, the immune response caused by T. Gondii infection could represent the
first hit, and the neurochemical alterations it causes later in life could further lower the
threshold for developing schizophrenia.

5.2 Comorbidity

5.2.1 Overview—One avenue of research for understanding inflammation in schizophrenia
is to examine comorbidity with other disorders, events, and syndromes. For example, there
is now significant evidence that the metabolic syndrome observed in many individuals with
schizophrenia may be associated with inflammatory and immune processes (Fan et al., 2010;
Leonard et al., 2012; Miller et al., 2013b). Many studies have examined the relationships
between schizophrenia and specific medical conditions, and it is beyond the scope of this
review to thoroughly explore each of these relationships (Cournos et al., 2005; Leucht et al.,
2007; Beary et al., 2012; Fan et al., 2013; Mitchell et al., 2013a). What is perhaps most
interesting about available data is the suggestion that schizophrenia is genetically protective
against a variety of other diseases, including cancer and rheumatoid arthritis. This
hypothesis would be supported by reduced rates of comorbidity of these disorders,
especially in families with multiple cases of schizophrenia.

5.2.2 Cancer—The relationship between cancer and schizophrenia has a long and
ambiguous history (for review, see Bushe et al., 2009; Hodgson et al., 2010), but could
nevertheless prove useful for understanding the etiology of both conditions. Studies have
provided heterogeneous results. While an increase in risk and incidence for certain cancers
in schizophrenia patients and their first degree relatives has been observed (Mortensen,
1989; Gal et al., 2012), there is alternative evidence for a decreased cancer risk among
certain schizophrenia patient and first degree relative demographics (Lichtermann et al.,
2001; Cohen et al., 2002; Barak et al., 2005; Levav et al., 2007; Catts et al., 2008; Gal et al.,
2012; Ji et al., 2013). Other studies have shown mixed or null results, with the risk for
specific types of cancer increased or decreased, and still others showing no difference
relative to control groups (Goldacre et al., 2005; Grinshpoon et al., 2005; Hippisley-Cox et
al., 2007; Gal et al., 2012; Lin et al., 2013b; Chen et al., 2013). Further complicating these
findings are gender, age, and race interactions concerning schizophrenia and cancer rates (Ji
etal., 2013; Chen et al., 2013). Two recent registry studies have offered some interesting
suppositions: That schizophrenia patients may be underdiagnosed with cancer (Crump et al.,
2013), and that there is an inverse relationship between cancer mortality and age among
schizophrenia patients (Lin et al., 2013a). These findings suggest that younger schizophrenia
patients may be more likely to die of cancer resulting from improper treatment and
diagnosis, but older schizophrenia patients may have increased resistance to developing
cancer.

The difficulty in determining these relationships is evident by the wide array of genetic and
environmental factors involved in both schizophrenia and cancer, and further complicated
by the distinction between spontaneous and familial schizophrenia. Another compounding
factor is that psychiatric presentation can be a first manifestation of certain types of cancer,
usually of the brain, and this may be underrepresented in large registry samples (Benros et
al., 2009). More research is needed to explain the relationships between specific cancers and
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both spontaneous and familial schizophrenia before there can be conclusive evidence of a
link. Other compounding factors include the increased incidence of smoking among
schizophrenia patients, the age and gender of the patients, the difficulty in confirming
diagnosis of schizophrenia in population registry studies, competing comorbidities, the
heterogeneity of the samples used for analysis, and the identification of genetic and
epigenetic factors involved in both schizophrenia and cancer.

There are many detailed reviews covering the interaction of cancer and the immune system
(Dranoff, 2004; Dunn et al., 2004; de la Cruz-Merino et al., 2008; see Bronte and Mocellin,
2009; Schreiber et al., 2011; Finn, 2012; Murphy et al., 2012). In brief, immunoediting is the
term coined to describe the interactions between cancer and the immune system; a process
that can be inductive or suppressive of tumor formation (Dunn et al., 2004). It consists of
several stages: elimination, equilibrium, and escape. The elimination phase is when the host
immune system (both the innate and adaptive components) is able to successfully detect and
destroy nascent tumor cells. Aggressive tumors, however, may develop mutations to either
a) avoid detection by the host immune system or b) manipulate the microenvironment
against the production of regulatory cytokines. Equilibrium is when a tumor has grown to
the point where the immune system can inhibit metastatic spread of the tumor cells. The
tumor may be considered dormant at this stage, as it might not be metastasizing or
expressing proteins identifiable to the immune system. Finally, in the escape stage, a tumor
previously in the equilibrium phase is able to evade the host immune system and
metastasize. This can happen through mutations that prevent previously recognized tumor
antigens from being identified by the host, and adaptations that prevent the tumor cells from
being destroyed. Furthermore, the tumor may manipulate the cytokines in its
microenvironment, shifting the balance to favor its own growth and immune evasion.

Although this is a brief summary of an incredibly complex and dynamic system that varies
greatly between different types of cancers and different individuals, it offers some clues to
how individuals prone to schizophrenia may be more resistant to cancers. The molecule p53
is a well characterized tumor suppressor protein with prominent roles in apoptosis. It is a
typical target for tumor immunosuppression, and is often mutated in cancers. Several studies
have shown an association between TP53 (the gene encoding p53) function and
schizophrenia (Catts and Catts, 2000; Ni et al., 2005; Lung et al., 2009). Further, some TP53
polymorphisms found in schizophrenia may confer reduced vulnerability to lung cancer
(Park et al., 2004), suggesting that in some instances of schizophrenia, resistance to cancer
may be mediated by tumor-suppressing TP53 variants.

Another signaling factor, vascular endothelial growth factor (VEGF), is often upregulated by
tumors in the microenvironment to increase angiogenesis (Kryczek et al., 2005; Roskoski,
2007), but has been shown to have decreased expression in schizophrenia (Fulzele and

Pillai, 2009; Harris et al., 2012). Despite these examples, it has also been proposed that
chronic inflammation, as has now been observed in individuals with schizophrenia, can have
differential effects on tumor growth, depending on tumor type and stage (Schreiber et al.,
2011).

If future experiments confirm the findings that incidences of specific cancer are decreased in
schizophrenia patients and their relatives, and reveal more polymorphisms that are
distinctive in cancer and schizophrenia, it would support the hypothesis that an overactive
immune system is a vulnerability factor for developing schizophrenia. Genetic abnormalities
that lead to increased apoptosis or limit cerebral blood flow, for example, can represent
liabilities to abnormal neural development or altered immune response. Furthermore, a
genetic predisposition to an overactive immune system, while potentially more effective at
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identifying and attacking cancer cells, could increase the likelihood of immune episodes in
pregnant mothers, or increase the likelihood for inflammatory events later in life.

5.2.3 Autoimmune diseases—A number of recent papers have investigated the
relationship between autoimmune diseases and schizophrenia using large population cohorts
from national registries. Relative to control populations, studies have found links to a variety
of autoimmune diseases, including Grave’s disease, celiac disease, thyrotoxicosis, interstitial
cystitis, psoriasis, pernicious anaemia, systemic lupus erythematosus, and hypersensitive
vasculitis (Eaton et al., 2006; Benros et al., 2011; Chen et al., 2012b). The individual
microbiome, or the complete aggregation of microbes, including their genetic makeup and
environmental interactions, may also contribute to autoimmunity in psychiatric disorders
(Hornig, 2013). Consistent with the idea that there may be a genetic interaction between the
development of schizophrenia and autoimmune disease, other studies found an increase in
the incidence of autoimmune disorders in the families of schizophrenia patients (Gilvarry et
al., 1996; Wright et al., 1996; Eaton et al., 2006). Risk for developing schizophrenia has also
been found to increase synergistically with autoimmune disease and infections (Benros et
al., 2011; Benros et al., 2012). This may result from increased immune response load, or
because infections may increase permeability of the blood brain barrier and allow circulating
auto-antibodies to interact with the central nervous system. The observation of blood brain
barrier dysfunction in schizophrenia supports this suggestion (Bechter et al., 2010).

Two other disorders commonly believed to result from autoimmune processes, multiple
sclerosis (MS) (Feinstein et al., 1992; Bartzokis et al., 2007), and Systemic Lupus
Erythematosus (SLE) (Meszaros et al., 2012), sometimes present with psychosis. Their
comorbidity with schizophrenia per se, however, is not necessarily higher than that of the
general population; in fact, there is some evidence that schizophrenia is less well represented
among individuals with MS (Marrie et al., 2009). Nevertheless, schizophrenia does share
similar etiological aspects with both of these disorders. White matter disruption is the
hallmark of multiple sclerosis, but is also present in schizophrenia (Walterfang et al., 2011).
SLE has been associated with glutamate receptor antibodies (Lauvsnes and Omdal, 2012),
and as will be discussed in section 6.5, NMDA-R antibodies have been implicated in
schizophrenia. Going forward, it may be possible to learn more about the shared
symptomatology between these disorders by investigating their common biological
processes.

5.2.4 Rheumatoid Arthritis—Rheumatoid arthritis (RA) is a recurring chronic
inflammatory disease of unknown etiology, but is believed to be autoimmune related and
associated with a significant increase in mortality and joint degradation (for review, see
Carmona et al., 2010; Boissier et al., 2012). Autoantibodies, including rheumatoid factor and
anti-citrullinated peptide antibody, contribute to the degradation of autoantigens within and
outside joints. The disorder involves numerous interactions between adaptive and innate
immune processes, and many cytokines implicated in schizophrenia are similarly active
during RA, such as TNF-a and multiple members of the interleukin signaling family.

Similarly to schizophrenia, RA occurs in roughly 1% of the population, involves complex
genetic and environmental interactions, and has high (15-30%) heritability. Like
schizophrenia, the genetic components are largely unknown, but most likely involve a
heterogeneous assortment of genes with interacting effects. Several studies have now
replicated the finding that schizophrenia appears to have an inverse relationship with RA,
with some estimates putting the risk for RA among schizophrenia patients at 30-50% that of
control counterparts (Eaton et al., 1992; Oken and Schulzer, 1999; Mors et al., 1999; Chen
et al., 2012a). Conversely, there may also be a reduced risk for developing schizophrenia
among individuals with RA (Gorwood et al., 2004). Furthermore, RA has distinct
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demographic patterns from schizophrenia: females are more than three times as likely to
develop RA and there is no relationship between season of birth and RA diagnosis; however,
both disorders are associated with infections (e.g. T. Gondii) and genes involved in the HLA
complex (Torrey and Yolken, 2001).

What are the reasons for the mutually protective effects? One possibility is the complexities
involved in the genetic and environmental interaction with the immune system. Individuals
with genetic susceptibility and exposure to infectious agents could develop one disorder or
the other depending on the temporal occurrence of the insult during development. This
hypothesis would be supported if first degree relatives of individuals with schizophrenia had
an increased risk of developing RA (and vice versa), but to our knowledge this has not been
studied. Several studies have investigated the association of RA susceptibility genes in
schizophrenia without finding positive associations (Morar et al., 2007; Shirts et al., 2007;
Watanabe et al., 2009). Other factors could include medication, environmental effects, or the
interaction of immune and genetic factors with different components in the central and
peripheral nervous system.

One area that may help account for the mutual protection of RA and schizophrenia lies in

the domain of lipid membranes (Elaborated upon in section 6.4). Both schizophrenia and RA
are associated with membrane phospholipid abnormalities involving the production of
prostaglandins from arachidonic acid. RA is associated with overall increase in membrane
phospholipids, such as prostaglandin E2 (PGE2) levels (McCoy et al., 2002; Westman et al.,
2004; Korotkova et al., 2011). Prostaglandin levels are also abnormally regulated in
schizophrenia, and PGE2 levels also elevated (Elaborated in section 6.4). However, as
prostaglandin and membrane protein alterations can produce heterogeneous activities
depending on temporal and geographical context, the reason for their mutually protective
effects could lie in the membrane composition, the subsequent relative activity of the
prostaglandin signaling receptors, or in a separate or indirect system — for example, both
disorders have associations with class Il human leukocyte antigen system antigens (Torrey
and Yolken, 2001). However, the immune responses of both disorders are incredibly
complex and overlap across a number of signaling pathways, rendering any postulated direct
connections tenuous. The reduction in comorbidity most likely results from a combination of
factors (e.g. differences in immune response, lipid membrane composition) that may
contribute to their respective pathologies, all of which should be studied in more depth.

6. Mechanisms

6.1 Human endogenous retrovirus type-W (HERV-W)

A potential bridge between environmental stressors, such as the influenza virus, and the later
development of schizophrenia is the human endogenous retrovirus type-W. Approximately
8% of the human genome is composed of retroviruses; HERVS are a family of retroviruses
that are heritable, can code for proteins, are found in the CNS (Kim et al., 2008), and are
associated with disorders such as MS and schizophrenia (for review, see Brodziak et al.,
2012; Leboyer et al., 2013). HERV-W expression, however, is variable and typically
inactive, but can be activated by specific environmental triggers, which can induce an
immune response (Nellaker et al., 2006). HERV-W associated retroviral envelope proteins
can produce a pro-inflammatory response, beginning a cascade with the activation of CD14
and TLR, in turn leading to increased production of schizophrenia associated cytokines such
as IL-1, IL-6, TNF-a (Perron et al., 2001; Rolland et al., 2006).

Increased HERV-W element expression has been found in individuals with schizophrenia

through serum, CSF, and tissue analyses, and is more prominent during first episode
psychosis (Deb-Rinker et al., 1999; Karlsson et al., 2001; Perron et al., 2008; Yao et al.,
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2008; Dickerson et al., 2012; Perron et al., 2013). During embryonic development, there is a
reduction of DNA-methylation, creating an inductive environment for activating usually
inactive HERV-W elements (Lees-Murdock and Walsh, 2008; Leboyer et al., 2013). The
potentially elevated expression in response to environmental stressors fits within the two-hit
hypothesis of schizophrenia: Responses to HERV-W can have both developmental effects
and acute inflammatory effects after development is complete. For example, during
pregnancy, influenza, in addition to inducing the immune response, may also help activate a
second pro-inflammatory cascade in the embryo through induced expression of HERV-W
elements, and subsequently alter neuronal development. This may also sensitize individuals
to respond to immune stressors at later time points, creating a cyclical reaction: future
stressors and infections may initiate additional HERV-W expression and subsequent
inflammatory events. TNF-a, BDNF, and dopamine receptor D3 may be elevated during
immune response to HERV-W, all of which may play roles in altering neuronal
communication during the later phases of schizophrenia (Rolland et al., 2006; Huang et al.,
2011).

However, it is important to note that the increased incidence of HERV activity in various
autoimmune disorders could be triggered by certain pro-inflammatory agents (Brodziak et
al., 2012). A more thorough understanding of the relationship between retroviruses and
disease will be necessary to determine their specific role in disorders such as schizophrenia.

6.2 Sex Differences in schizophrenia

Sex differences in schizophrenia have long been recognized. There are slightly higher rates
and earlier onset in males (typically ages 18-25), compared to females (25-30), while higher
incidence rates occur for females compared to males after age 50 (Goldstein and Walder,
2006). Also, higher rates of schizophrenia transmission occur from fathers to daughters and
from mothers to sons (Goldstein et al., 2011). In addition, there are substantial gender
differences in syndrome presentation, with women tending to present with more affective
and paranoid psychotic symptoms, men tending to present with more negative symptoms,
and women overall presenting with less severe clinical course (for review, see Leung and
Chue, 2000; Abel et al., 2010). Other biological differences include increased lipid
peroxidation (Ramos-Loyo et al., 2013) and decreased fatty acid levels (McNamara et al.,
2007; Kale et al., 2010) in males compared to females with schizophrenia, which could
differentially alter cell membrane integrity (this is discussed in section 6.4). While the
reasons for these sex differences remain unknown, the later onset and post-menopausal
increase in incidence among females suggest that sex hormones may have some effect.

The estrogen theory posits a protective effect of estrogen on schizophrenia, with periods of
protection occurring when estrogen levels are high, such as during puberty and pregnancy
(Leung and Chue, 2000). Treatment studies using estrogen or related hormones have shown
some benefit in treating schizophrenia and cognitive impairments (Begemann et al., 2012;
Hayes et al., 2012; Kulkarni et al., 2012). Further, there is evidence in multiple systems that
estrogens exhibit neuroprotective effects and can interact with immune processes to reduce
CNS inflammation and activate a Th-2 response (Tenenbaum et al., 2007; Benedusi et al.,
2012; Oertelt-Prigione, 2012), although there is some evidence that they may have pro-
inflammatory effects as well (for review, see Strom et al., 2011). Estrogens have a variety of
other neuroprotective effects, including reducing free radicals, facilitating synaptic
plasticity, and facilitating NMDA signaling (Brann et al., 2007). Estrogen signaling has also
been shown in animal models to mitigate reactive microglial activity, another potential
factor in schizophrenia, discussed below (Bruce-Keller et al., 2000; Arevalo et al., 2012).

In summary, there is compelling evidence that gender differences in schizophrenia may be
due to differences in hormonal activity. Clinical trials are beginning to show the benefits of
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estrogen treatment in schizophrenia, and this remains a promising area of study.
Investigating the causes of sex differences in schizophrenia may continue to yield important
insights into its etiology.

6.3 Microglial Activity and Neuron Pruning

The role of microglia during psychiatric disease is beginning to be better understood,
particularly in schizophrenia, but they are also relevant to other affective and degenerative
psychiatric disorders (Beumer et al., 2012; Prokop et al., 2013). Microglia produce, and
respond to, many different cytokines, and a number of anti-psychotic drugs directly act by
limiting microglial activity and inflammatory cytokine production (Monji et al., 2009), all of
which implicate microglia in the etiology of schizophrenia. In adults, post-mortem,
serological, and imaging studies have shown increased microglia activity in individuals with
schizophrenia (Wierzba-Bobrowicz et al., 2005; Steiner et al., 2006; Steiner et al., 2008; van
Berckel et al., 2008; Doorduin et al., 2009). A recent review by Monji and colleagues
highlights the relevant cellular processes affected by altered microglia in schizophrenia,
including neurogenesis, apoptosis, and white matter development (Monyji et al., 2013). There
is also increasing evidence from animal studies that both prenatal and early-life infections or
stress can lead to primed microglia (Bland et al., 2010; Juckel et al., 2011; Frank et al.,
2012), that is, microglia that are more easily activated later in life in response to insult. Once
activated, the composition of glutamate receptors on microglial cells themselves may
become abnormal, resulting in increased pro-inflammatory cytokine release (Beppu et al.,
2013). This sequence could represent both hits in the two-hit hypothesis: Early activation of
microglia (through immune insult in the CNS) can sensitize them for later activation (Hickie
et al., 2009).

Microglia can also extensively regulate the glutamatergic signaling pathway. They express
and respond to glutamate, have dynamic interactions with NMDA receptors and glutamate
signaling (Hayashi et al., 2006; Takaki et al., 2012; Berger et al., 2012; Domercq et al.,
2013), and prenatal activation of microglia has been shown to alter glutamatergic synaptic
function later in life (Roumier et al., 2008). Furthermore, microglia regulate synapses
throughout adulthood (Wake et al., 2009). Altered membrane fatty acid levels in microglia
can lead to altered microglial function, thus interfering with and exacerbating the
aforementioned processes (Hjorth and Freund-Levi, 2012) and contributing to glutamate
hypofunction.

Another mechanism incorporating inflammation and microglia with the two-hit and the
glutamate hypofunction hypotheses is synaptic pruning (for review, see Hua and Smith,
2004; Schafer and Stevens, 2010; Paolicelli et al., 2011; Chung and Barres, 2012; Boksa,
2012). Pruning is the process by which synapses are culled in an activity dependent manner
during late adolescence, essentially preserving high load synaptic connections at the expense
of low use, potentially extraneous connections. This primarily occurs during early
developmental stages and later, during adolescence. Its activity in humans, however, has
been postulated from post-mortem and imaging studies, and not explicitly observed. Many
experiments, however, have indicated that individuals with schizophrenia have reduced gray
and white matter (van Haren et al., 2008; Chan et al., 2009), in addition to a disproportionate
decrease in the amount of dendritic spines beginning near adolescence (Glantz and Lewis,
2000; Bennett, 2011; Glausier and Lewis, 2012). This may represent aberrant synaptic
pruning, which could in turn lead to disruptions in a number of neurotransmitter systems.
The overlap of critical periods of synaptic pruning and first onset of schizophrenia
symptoms implicate pruning as a potentially altered process in schizophrenia.

Glial signaling actively regulates synaptic pruning. Microglia are well known to regulate
synaptic plasticity and pruning during development throughout the cortex (Tremblay et al.,
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2011; Paolicelli et al., 2011; Blank and Prinz, 2013) and both synaptic pruning and
microglial activity are altered by inflammatory processes (Schafer and Stevens, 2010).
Consistent with the two-hit hypothesis, the combination of genetic and environmental insult
early in life could alter neurodevelopmental processes. An end result of fewer synapses
could subsequently result from overactivation of the pruning response, possibly by means of
exaggerated microglial activity, but could also result from starting with fewer synapses or
failing to reach a normal level of synapses before pruning initiates (Hoffman and
McGlashan, 1993).

6.4 Membrane Phospholipids

6.4.1 Polyunsaturated fatty acids (PUFAs)—A common finding among schizophrenia
studies is abnormal membrane phospholipid composition, including abnormalities in PUFAS
and their metabolites, such as prostaglandins. This literature has been well reviewed
(Horrobin, 1998; Skosnik and Yao, 2003; du Bois et al., 2005), and two recent meta-reviews
showed that blood cells of schizophrenia patients have decreased PUFA levels, which
include docosahexaenoic acid (DHA, an »-3 fatty acid), docosapentaenoic acid (DPA, an
-3 fatty acid), and arachidonic acid (AA, an -6 fatty acid) (van der Kemp et al., 2012;
Hoen et al., 2013). Further, erythrocyte PUFA levels may accurately represent brain PUFA
levels (Carver et al., 2001; Yao et al., 2002). How and why PUFA levels are abnormal in
schizophrenia is incompletely understood, but could result from increased breakdown and
reduced incorporation into neural membranes, as assayed via animal studies, post mortem
and platelet analyses, niacin skin flush observations, and various imaging studies.

AA and its metabolites, termed eicosanoids, are involved in numerous processes, including
neurotransmitter function and release, immune function, inflammation, and pain regulation
(Skosnik and Yao, 2003; Smith, 2006; Harizi et al., 2008). Alterations in PUFA levels,
therefore, could have wide-ranging effects both on neural functioning, inflammation, and
any connections between the two. Abnormal pain reporting in schizophrenia has long been
noted (Bonnot et al., 2009; Levesque et al., 2012), and eicosanoids could also be relevant in
that domain. Interestingly, low levels of PUFASs in schizophrenia patients have been
associated with negative symptoms (Bentsen et al., 2011; Bentsen et al., 2012), positive
symptoms (Sumiyoshi et al., 2008), and poor cognition (Condray et al., 2008; Condray and
Yao, 2011), indicating that they may be associated with pathology.

6.4.2 Prostaglandins—Prostaglandins are fatty acids derived from AA via a signaling
cascade involving cyclooxygenase enzyme 1or 2 (i.e. Cox-1 and Cox-2). They have long
been recognized as abnormally regulated in schizophrenia, although because of the many
different types and receptors, their effects may be quite heterogeneous (Horrobin, 1996,
1998; Smesny, 2004). Specifically, while PUFAs in general seem to be decreased in
schizophrenia, including anti-inflammatory prostaglandins E1 (PGE1) and 15d-PGJ,
(Smesny, 2004; Martinez-Gras et al., 2011), pro-inflammatory PGE2 levels may be
increased, as a result of inflammation or compensation from decreased anti-inflammatory
PUFAs (Lokesh et al., 1986; Laye, 2010; Ricciotti and FitzGerald, 2011). Phospholipase
A2, which regulates conversion of AA to prostaglandins, may have increased activity in
schizophrenia (Smesny et al., 2010), resulting in possible short term overproduction of
various prostaglandins but long term depletion of the AA substrate. The relevance of
prostaglandins in schizophrenia treatment has been shown with a number of studies
involving Cox-2 inhibitors, which reduce the amount of prostaglandins, notably PGE2,
produced from precursors, and can have therapeutic effects (reviewed in Muller et al., 2013).
The treatment benefits of Cox-2 inhibition, however, are not observed in chronic
schizophrenia (Muller et al., 2004). One recent study showed that components of
prostaglandin production decrease with illness duration, possibly accounting for the more
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beneficial effect of anti-inflammatory Cox-2 inhibitors applied earlier in illness relative to
later (Tang et al., 2012).

Prostaglandin signaling is regulated by complex mechanisms: members of the signaling
family can have synergistic or antagonistic responses to the same signal, depending on
temporal and cellular context, creating both pro- and anti-inflammatory responses (for
review, see Hata and Breyer, 2004; Ricciotti and FitzGerald, 2011). Additionally, they affect
glutamate stimulation, neuroprotection, and cell death (Akaike et al., 1994; Cazevieille et
al., 1994; Hata and Breyer, 2004; McCullough et al., 2004; Ahmad et al., 2005; Carlson et
al., 2009). While there is much more yet to be understood, it is clear that prostaglandin
dysregulation interacts with inflammatory components of the immune system and
contributes to membrane composition abnormalities in schizophrenia.

6.4.3 Treatment of schizophrenia with PUFAs—The essential fatty acids (EFAS)
comprise a-linolenic acid, an -3 fatty acid (n-3) that is metabolized to longer chained
forms EPA and DHA, and linolenic acid, an -6 fatty acid (n-6) that is metabolized to AA,
and are required for proper membrane function but must be obtained through diet. There is
evidence that a modern Western diet has a vastly higher ratio of n-6 to n-3 fatty (15 or 20:1)
acids relative to that of human ancestors (closer to 1:1), and that this imbalance is associated
with a variety of health effects (Simopoulos, 2008). Improper accumulation of n-3 fatty
acids into membranes, or an imbalance in the relative amount of n-3 compared to n-6 fatty
acids, can lead to problems in many domains: for example, PUFA incorporation into
membranes is critically tied to neurotransmitter signaling and receptor activity (du Bois et
al., 2005). Membrane phospholipid integrity is also critically integrated into the immune
response and n-3 fatty acids have been shown to reduce and inhibit inflammatory cytokines
(for review, see Laye, 2010; McMurray et al., 2011; Shaikh et al., 2012; Calder, 2013).
There are also many studies showing n-3 fatty acid levels are involved in neuron
development and synaptogenesis (Moriguchi et al., 2000; Lim et al., 2005; Cao et al., 2009;
Kim et al., 2011). Furthermore, anti-inflammatory n-3 fatty acids tend to counter and
compete with the more pro-inflammatory n-6 derivatives (Schmitz and Ecker, 2008), and an
imbalance in this ratio could create a more pro-inflammatory profile

To determine if lack or imbalance of PUFAs could serve as a potential treatment target,
several groups have performed clinical trials by supplementing diets of schizophrenia
patients with n-3 fatty acids. The results have been mixed: two recent literature reviews of
clinical trials did not find statistical differences compared to placebo (Fusar-Poli and Berger,
2012; Akter et al., 2012); however, overall sample size was low, methodology was
heterogeneous, and there were some positive effects. One other recent study showed
beneficial effects of n-3 fatty acids on treatment and attenuating conversion to psychosis
among high risk groups (Amminger et al., 2010), and several literature reviews have shown
dose-responsive positive effects on cognition and vision with DHA and AA supplementation
in the general population (SanGiovanni et al., 2000; Hoffman et al., 2009; Ryan et al.,
2010). Since n-3 fatty acids have also been shown to limit the inflammatory response in fetal
membranes (Frew et al., 2013), abnormal EFA levels could represent a prenatal vulnerability
to inflammatory insults and potentially a target for early (prodromal or first episode)
intervention. More research, however, is clearly needed on the clinical efficacy of PUFA
supplementation in schizophrenia.

6.4.4 Potential for membrane alterations to affect Schizophrenia—Based on the
extended literature on the roles of membrane phospholipids, there are several different ways
they could contribute to the pathogenesis of schizophrenia and do so in a manner consistent
with the two-hit hypothesis. Dysregulation of PUFASs (including AA, prostaglandins, and
n-3 fatty acids) could alter early neural development, exaggerate inflammatory responses, or
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lead to aberrant neurotransmitter functioning, all of which could prime the nervous system
for insult and dysfunction during early or later developmental windows.

6.5 Glutamate

6.5.1 Glutamate hypofunction—The glutamate hypofunction hypothesis of
schizophrenia states that low levels of glutamate signaling can explain the symptomatology
associated with schizophrenia, and could be the result of developmental abnormalities. A
wide variety of in vitro and in vivo studies have shown dysregulation of the glutamate
signaling systems in humans and in animal models of schizophrenia, and many genes
implicated in schizophrenia are involved in glutamate signaling (Phillips and Silverstein,
2003; Lisman et al., 2008; Adell et al., 2012; Lin et al., 2012). Under this model, aberrant
glutamate signaling affects multiple pathways. One is afferent glutamate signaling to
GABA-ergic interneurons in the descending cortico-brainstem pathway; in normal signaling,
these signals limit mesolimbic dopamine activity through interneurons in the ventral
tegmental area (VTA) by means of tonic inactivation. A decrease in glutamate signaling, via
NMDA-Rs, reverses the tonic inhibition of the interneurons and leads to overexcitation of
the dopaminergic receptors in the limbic region, resulting in the positive symptoms
associated with schizophrenia. Concurrently, the lack of afferent glutamatergic signaling can
directly downregulate activity in the cortex, resulting in the negative and disorganization
symptoms. The glutamate hypothesis fits within the context of the two-hit hypothesis.
Developmental events can affect the eventual circuitry of the CNS through alterations in
synapse formation, dendritic spine density and number, receptor localization, and
neurotransmitter production, such that glutamate neurotransmitter function is abnormal.

6.5.2 Glutamate and Inflammation—GIlutamate dysregulation is also a consequence of
inflammation, potentially resulting from cytokine and glial activity. One of the more well
studied signaling cascades that regulates this interaction is the kynurenine system (for
review, see Muller et al., 2009; Mandi and Vecsei, 2012; Anderson and Maes, 2013). In this
pathway, kynurenine (KYN) is converted to tryptophan (TRY) with the help of indoleamine
2,3-dioxygenase (IDO), expressed predominantly by CNS astrocytes, or tryptophan 2,3-
dioxygenase (TDO), predominantly expressed by microglia. Through a signaling cascade,
resulting metabolites can be kynurenic acid (KYNA), the only known naturally occurring
NMDA antagonist, or quinolinic acid (QUIN), an NMDA agonist. Tellingly, KYNA levels
in the CSF or tissue of schizophrenia patients have been found to be higher than in those of
controls (Schwarcz et al., 2001; Erhardt et al., 2001; Nilsson et al., 2005; Sathyasaikumar et
al., 2011; Linderholm et al., 2012), supporting the glutamate hypofunction hypothesis.

The kynurenine signaling system is inherently tied to the immune system. As mentioned
previously, its two major catalysts, TDO and IDO, are both produced by CNS glial cells,
which become upregulated in response to inflammation and stress. IDO and KYNA levels
are also increased in response to TNF-a and IFN-v, two inflammatory cytokines upregulated
in schizophrenia (Robinson et al., 2005; Guillemin et al., 2007; Asp et al., 2011). However,
KYNA has multiple interactions with immune processes and may serve as a feedback
mechanism for reducing TNF-a activity (Mandi and Vecsei, 2012). KYNA can alter
glutamatergic signaling through non-competitive antagonism, and also via downstream
signaling through a7 nicotinic acetylcholine receptors and GABA-ergic interneurons
(Banerjee et al., 2012a; Banerjee et al., 2012b). This can result in extensive neurotransmitter
dysregulation, altering levels of glutamate, dopamine, acetylcholine, and GABA, that could
be relevant in causing or exacerbating symptoms in schizophrenia.

A number of animal studies have shown an important developmental role of this pathway.
KYNA levels are increased after exposure to Influenza, both in vitro and during
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development (Holtze et al., 2008; Asp et al., 2010), and by T. Gondii infection, mediated
through inflammatory cytokines (Silva et al., 2002; Fujigaki et al., 2002; Schwarcz and
Hunter, 2007). Animals exposed to KYNA during early development have higher levels as
adults, lower glutamate levels, and show abnormal increased behaviors associated with
animal models of schizophrenia (Alexander et al., 2012; Pocivavsek et al., 2012). These
studies illustrate a pathway through which glutamatergic hypofunctioning can be facilitated
through inflammatory regulation of KYNA activity.

6.5.3 Glutamate and membrane composition—Membrane phospholipids are
essential for normal glutamatergic signaling. The prostaglandin signaling system is
significantly and complexly associated not only with the immune system, but with glutamate
and glial signaling. PGE2 can modulate calcium currents involved in glial and neuronal
NMDA signaling (Bezzi et al., 1998; Sanzgiri et al., 1999; Katafuchi et al., 2005; Dave et
al., 2011), therefore an alteration in PGE2 abundance could alter glutamate signaling
strength. Prostaglandins also mediate the effect of Cox-2 inhibitors in decreasing KYNA
(Schwieler et al., 2005)

There are other interactions between membrane signaling components and glutamate
activity. DHA and AA potentiate intracellular calcium signaling initiated by glutamate and
potentiate synaptic glutamate signaling (Miller et al., 1992; Nishikawa et al., 1994; Casado
and Ascher, 1998). Reduction in AA and DHA, as observed in schizophrenia, could
therefore have significant effects on NMDA mediated glutamate signaling and long term
potentiation. N-3 fatty acid deficiencies have been modeled in animals, showing age related
decreases in glutamate signaling (Latour et al., 2013). Taken together, there is significant
evidence that membrane abnormalities could be involved in glutamate hypofunction
observed in schizophrenia.

6.5.4 NMDA-R Antibodies—The last decade has seen a substantial number of studies
published on autoantibody related encephalitis disorders, most prominently anti-NMDA-R
encephalitis (for review, see Dalmau et al., 2011; Wandinger et al., 2011). This has been
determined to be a progressive illness that first manifests with psychotic features, memory
deficits and seizures, subsequently followed by dyskinesias, hypoventilation, loss of
consciousness, and death. The mechanism of action is a reduction in NMDA receptors
caused by excessive antibodies to the NR1 subunit, where patients’ antibodies are directly
responsible for decreasing NMDA-R density and localization (Dalmau et al., 2008; Hughes
et al., 2010). The disorder is much more common in females by a ratio of 4:1, and is often
associated with ovarian teratomas. Since this discovery, other encephalopathies have been
identified as being autoimmune responses to other synaptic antigens, including components
of GABAGg receptors, components of AMPA receptors, and glioma-inactivated 1 (Lai et al.,
2009; Lai et al., 2010; Lancaster et al., 2010).

Many patients eventually diagnosed with anti-NMDA-R encephalitis exhibit positive,
disorganized, and negative symptoms associated with schizophrenia. Where the symptoms
differ from those of schizophrenia patients is after the initial course, wherein symptoms
become increasingly associated with brainstem activity and autonomic function regulation
(e.g. lethargy, seizures, hypoventilation, and comas). If given a correct diagnosis, many
patients respond with complete or partial recovery to immunosuppressive therapy and tumor
removal (if a tumor is identified), with better prognosis associated with early diagnosis
(Dalmau et al., 2008; lizuka et al., 2008; Irani et al., 2010; Dalmau et al., 2011).
Interestingly, retrospective analysis of previously unidentified encephalitis patients were
shown to have high levels of anti-NMDA-R antibodies, and some individuals with disorders
such as first episode, postpartum, and drug induced psychosis have been rediagnosed with
anti NMDA-R-encephalitis, indicating the disorder may be more prevalent than previously
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thought, owing to prior misdiagnosis (Gable et al., 2009; Dale et al., 2009; Pruss et al., 2010;
Mesquita and Siva, 2011; Mann et al., 2012). Recently, NMDA-R antibodies have been
found in individuals with schizophrenia and cognitive impairment without encephalitis
(Zandi et al., 2011; Pruss et al., 2012). The largest study to date (121 schizophrenia patients)
found a 10% prevalence of multiple types of NMDA-R antibodies (Steiner et al., 2013).

As recent studies have shown, glutamate receptor antibodies can play significant roles in
psychosis and potentially in schizophrenia. However, much more research needs to be done
in this area. NMDA-R antibodies play roles in many different ilinesses, including epilepsy
(Takahashi et al., 2003; Ganor et al., 2004; Ganor et al., 2005), ischemia (Dambinova et al.,
2002; Dambinova et al., 2003), lupus, and encephalitis. Furthermore, their effects can be
wide ranging depending on a number of factors, including receptor subtype, location, circuit
involvement, temporal activity, and access to the central nervous system. Causality is
similarly complicated: while there have been several studies showing the excitotoxic effect
of certain glutamate receptor autoantibodies (reviewed in Pleasure, 2008), NMDA-R
autoantibodies can be associated with neuroprotective effects to adverse events (During et
al., 2000). Activity on some receptor subtypes increases Ca+2 into the neuron, leading to
increased neurotoxicity, whereas activity on others can decrease signaling activity, leading
to hypofunction. The type of antibody may make a large difference in presentation: 1gG
antibodies to NMDA-R are often responsible for encephalopathies, but IgA antibodies may
more easily cross the blood brain barrier and cause more subtle, progressive effects (Pruss et
al., 2012).

There are a number of implications of these collective studies. First, certain receptors and
channels involved in glutamate signaling are prone to degradation during specific auto-
immune related encephalopathies, and the similarity between behaviors and symptoms
associated with these conditions and schizophrenia can be considered strong evidence in
support of the glutamate hypofunction hypothesis of schizophrenia. Second, patients
admitted to hospitals with psychosis-like symptoms but no history of mental health disorders
should be screened for tumors and CSF antibodies. Third, a subset of schizophrenia patients
may be identified by biomarkers related to NMDA-R, AMPA-R, and potassium channel
antibodies. Fourth, there may be specific avenues of treatment for these subsets of patients,
including immunosuppressive therapy in conjunction with antipsychotic medication.

6.6 Integrating mechanisms

What is emerging is a picture of schizophrenia as a dynamic biological disorder. The two-hit
hypothesis emphasizes that an insult during the prenatal or early life stages may prime the
nervous system to develop either: 1) abnormally, such that functioning is noticeably
disordered even before individuals are diagnosed with a schizophrenia-spectrum disorder, or
2) normally, but is primed such that a second event later in life (such puberty or later life
immune attack or a significant life stressor) disrupts neurological processes. What is also
emerging is that abnormalities in glutamate signaling and microglial activity may be
inherently intertwined in this process.

Under the framework of the two-hit hypothesis, it is clear that distinct but connected systems
can interact to disrupt normal functioning (Fig 1). Immune insults can occur at early
developmental stages, leading to immediate or delayed abnormalities in neural activity. This
can occur through disruption of neurotransmitter signaling, most notably hypofunction of
glutamate activity, via processes such as excessive pruning, microglial activity, or an
abnormal immune response, each potentially affecting components of the signaling pathway
(e.g. dendrites, synapses, receptors, or membranes). Such effects can be facilitated or
inhibited by a variety of vulnerability factors, including genetic predisposition, membrane
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phospholipid composition, and hormonal regulation. Approaching schizophrenia within this
framework will help to understand more about its heterogeneity and treatment options.

7. Conclusions

7.1 Diagnosis

Certain cytokines, inflammatory markers, and anti-inflammatory markers are consistently
altered in individuals with schizophrenia, as are antibodies to certain pathogens. Many
research groups are currently working to identify biomarkers for schizophrenia. Future
research should examine if certain subtypes of schizophrenia are more associated with
specific markers, and to make serum analysis a viable tool to aid in diagnosis (CSF fluid
analysis may be more thorough currently, but it is highly invasive). If certain subtypes of
schizophrenia are characterized by certain immune/inflammatory profiles, the next step
would be to identify the causal relationships therein. As of yet, this has not been done: while
the meta-analysis by Miller et al. (2011) showed evidence that cytokine profiles are related
to illness state, studies showing relationships between cytokine profile and symptom ratings
were not reliably replicated. However, because of the heterogeneous nature of the studies
(i.e. treatment groups, medication, cytokines assayed), additional studies need to be
conducted to determine a more standard set of biomarkers. Positive prediction of conversion
to psychosis among high risk individuals is improving, but still lacks sensitivity, with
commonly used predictors including family history, neurocognitive markers,
electrophysiological measures, environmental factors, imaging, and clinical assessment
(Fusar-Poli et al., 2013; Morgan et al., 2013). Identifying inflammatory indicators in
addition to these other measures could add another tool for effectively identifying and
treating individuals who will transition to schizophrenia. More research is needed for
imaging studies to determine if inflammation and microglial activity are useful indicators of
specific subtypes of illness, and to what extent regional location and temporal context may
contribute to specific symptoms. Similarly, certain antibody levels have been linked to
behavioral changes; further understanding of these interactions could help determine the
cognitive changes in individuals with schizophrenia.

7.2 Prevention

There have now been an abundance of studies showing that increasing prenatal stressors
increases the risk for the offspring to develop schizophrenia (Brown and Derkits, 2010;
Brown and Patterson, 2011; Clarke et al., 2012). It is therefore of upmost importance to
increase pregnancy health and awareness, especially among vulnerable populations. Better
and cheaper influenza vaccinations show sound promise. Additional population cohort
studies would add significant understanding to this issue. More research into the relationship
between inflammation and acute/chronic diseases is needed to identify potential anti-
inflammatory interventions for at risk individuals, including people with prodromal
symptoms, environmentally at risk individuals, and previously diagnosed people in
remission. Early identification of CNS infection and encephalitis in children and adolescents
would go a long way to treat not only the primary infection, but future mental health
problems as well. If reducing inflammation becomes a viable method to prevent or treat
schizophrenia, early intervention may be far more effective, and more studies explicitly
combining anti-inflammatory treatments to existing protocols for treating prodromal and
high-risk patients should be tried. Family history of autoimmune disease should be
considered a small risk for developing schizophrenia.

7.3 Treatment

The inflammation hypothesis also highlights the importance of novel therapeutic
approaches, including targeting the immune system, the blood brain barrier, stress pathways,
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and glia. More clinical trials are needed to identify anti-inflammatory medications that may
be used in conjunction with anti-psychotics. Miller and colleagues (2013) reviewed
treatment studies to date, including anti-inflammatory agents, such as n-3 fatty acids,
erythropoietin, tetracycline, and cox-2 inhibitors. While inconsistent, there is evidence that
these treatments may be effective in various domains of function and recovery, as suggested
in the study by Amminger et al. (2010) showing a reduced rate of conversion to psychosis
among high risk individuals treated with n-3 fatty acids. While early studies of
glucocorticoids have provided mixed results (Knight et al., 2007), a more recent one found
positive results (Laan et al., 2009) and a recent meta-analysis of 5 studies involving NSAID
treatment found they were effective at reducing symptom severity (Sommer et al., 2012).
However, there are many challenges in this approach. Since inflammatory profiles may
change depending on disease state, therapy may need to be flexible in this respect. The
heterogeneity of schizophrenia is a further impediment: it is highly probable that different
subtypes of schizophrenia may be characterized by distinct inflammatory profiles, akin to
the genetic disparities observed in the disorder. Nevertheless, these are prime areas to target
for research, and may yield large payoffs in discovering better treatment options,
understanding critical periods in schizophrenia development, and characterizing the illness.

7.4 Summary

As we and others have illustrated, there is now a large amount of literature exploring the
associations between schizophrenia and the inflammatory response. The important point
going forward is how to use the information to determine the best areas on which to focus
research, treatment, and therapy. What is emerging is a picture of schizophrenia as a
dynamic biological disorder. The two-hit hypothesis emphasizes that an insult at the prenatal
or early life stage may prime the nervous system to develop one of two ways. The first is
abnormally, such that functioning is noticeably disordered even before individuals are
diagnosed with a schizophrenia-spectrum disorder. This may result from alterations to
neurons, membranes, dendrites, or neurotransmitter integrity and functioning. The second is
normally, but such that the CNS is primed so a second event later in life (e.g. microglial
activity, synaptic pruning, immune insult) disrupts neurological processes.

Given the enormous body of research relating infectious and inflammatory factors to neural
development and behavior, the immune system represents a highly relevant variable in the
two-hit hypothesis for development of schizophrenia. This may contribute to schizophrenia
risk in several ways. In particular, abnormal glutamate signaling is now a well established
feature of schizophrenia, and as we have reviewed, there are multiple ways in which
immune system activity can lead to its disruption. Overall, given the preponderance of
evidence, there is significant promise in further exploring these relationships.
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Figure 1.

The two-hit hypothesis of schizophrenia relates to glutamate hypofunction. This figure
summarizes how glutamate hypofunction can occur as the outcome of a number of different
pathways. An inflammatory event at the early stages of development, either in utero or as an
infant or young child, can be considered the first *hit.” This can occur because of
environmental stressors, often in the form of an immune event, and is modulated by genetic
makeup. Retroviral elements and fatty acids/membrane composition can also influence this
stage. After the initial insult, development can occur abnormally, such that neural
development and glutamate signaling is altered permanently, or normally. In either case, the
immune system may become ‘primed’ for a second insult. This can involve enhanced
microglial activity, may be protected by hormonal balance, and can be heavily influenced by
genetics, fatty acids/membrane composition, and environmental stressors. After
adolescence, glutamate hypofunction can then result from directly from altered
development, or from a second ‘hit” by the primed immune system, possibly via activated
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microglia. This stage can also be regulated by additional immune insults, environmental
stressors, or genetics.
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