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Abstract

The pathogenesis of schizophrenia remains to be fully characterized. Gene-environment interactions have been
found to play a crucial role in the vulnerability to this disease. Among various environmental factors, inflammatory
immune processes have been most clearly implicated in the etiology and pathology of schizophrenia. Cytokines,
regulators of immune/inflammatory reactions and brain development, emerge as part of a common pathway of
genetic and environmental components of schizophrenia. Maternal infection, obstetric complications, neonatal
hypoxia and brain injury all recruit cytokines to mediate inflammatory processes. Abnormal expression levels of
specific cytokines such as epidermal growth factor (EGF), interleukins (ILs) and neuregulin-1 (NRG-1) are found
both in the brain and peripheral blood of patients with schizophrenia. Accordingly, cytokines have been proposed
to transmit peripheral immune/inflammatory signals to immature brain tissue through the developing blood-brain
barrier, perturbing structural and phenotypic development of the brain. This cytokine hypothesis of schizophrenia
is also supported by modeling experiments in animals. Animals treated with specific cytokines of EGF, IL-1, IL-6,
and NRG-1 as embryos or neonates exhibit schizophrenia-like behavioral abnormalities afier puberty, some of
which are ameliorated by treatment with antipsychotics. In this review, we discuss the neurobiological mechanisms
underlying schizophrenia and novel antipsychotic candidates based on the cytokine hypothesis.

INTRODUCTION

Schizophrenia has been one of the most puzzling mental disorders since it was first categorized as dementia
praecox almost 100 years ago. Extensive investigation over many decades has led to the proposal of a model of
disease causation based on gene-environmental interaction.! Recent genetic studies have repeatedly suggested that
genes related to immune inflammatory responses contribute to susceptibility to schizophrenia.? Genome-wide
association studies (GWAS) have recently become feasible, covering hundreds of thousands of markers. 3! A
single nucleotide polymorphism (SNP) near the colony stimulating factor, receptor 2 alpha (CSF2RA) gene is most
strongly associated with schizophrenia in GWAS, and an independent case-control study has replicated
associations between CSF2RA and its neighbor interleukin 3 receptor alpha (IL3RA) and schizophrenia.’ Three
large-scale GWAS have indicated an association between a major histocompatibility complex (MHC) region at 6p
and schizophrenia as well.** Epidemiological studies have provided strong (but not always consistent) evidence
for the environmental influence of obstetric complications such as maternal infection during pregnancy and
neonatal hypoxia on schizophrenia risk.'*'* Based on these findings, animal models of schizophrenia have been
established involving obstetric complications.!® For example, maternally infecting animals with influenza or
injecting with double-strand RNA polyinosinic-polycytidylic acid (poly I:C) has been found to induce
schizophrenia-like behavioral and neuropathological features in offspring.®!” The findings from genetic,
epidemiological and animal model studies all suggest that immune inflammatory processes should be implicated in
the etiology and pathology of this disease.

Cytokines are modulators of immune/inflammatory reactions and regulators for brain development.
Pathological induction of cytokines in response to maternal infections have adverse effects on the
neurodevelopment of offspring.'® Cytokine production and signaling are regulated by a variety of genes,'*?* some
of which may confer susceptibility to schizophrenia.”® Thus, cytokines have emerged as a putative part of a
common pathway of genetic and environmental components for vulnerability to schizophrenia.2”*® In this review,
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we summarize the pivotal roles of specific cytokines, such as epidermal growth factor (EGF), interleukin-1 (IL-1),
IL-6, and neuregulin-1 (NRG-1), in the pathophysiology of schizophrenia and its animal modeling.

CYTOKINES AND SCHIZOPHRENIA

EGF and its homologues

EGF has several homologues, including transforming growth factor-o (TGF-a), heparin-binding EGF-like growth
factor (HB-EGF), amphiregulin, betacellulin, epigen and epiregulin, which are widely distributed in the brain.”!
These cytokines exhibit a neurotrophic influence on dopaminergic neurons; stimulating neurite outgrowth,
increasing dopamine uptake, and enhancing long-term survival.*>*® EGF protein levels are decreased in the
prefrontal cortex (PFC) and striatum of patients with schizophrenia, whereas protein levels of ErbB1, one of EGF
receptors, are elevated in the PFC.** In contrast, decreases have been reported in protein levels of EGF, its
receptors (ErbB1 and ErbB2), and tyrosine hydroxylase (TH) in the PFC and striatum of patients with Parkinson’s
disease (PD).3 It is of note that the direction of ErbB1 alteration in schizophrenia is opposite to that in PD,
suggesting that abnormal increases or decreases of EGF/ErbB1 signaling in might contribute to dopaminergic
dysregulation in schizophrenia and PD, respectively. In addition, there is evidence that serum EGF protein levels
are decreased in patients with schizophrenia.***® Although one study failed to find such a decrease, serum EGF
levels are correlated with the severity of symptoms of patients with schizophrenia.’” Taken together, these findings
suggest that abnormal ErbB1 signaling might be associated with the pathophysiology of schizophrenia.

1L-1
IL-1 is a proinflammatory cytokine that influences neurodegenerative and neuroprotective processes in the brain
and involved in the modulation of synaptic plasticity.”® This cytokine strongly promotes the processing and release
of EGF, HB-EGF, and NRG-1, and exhibits cross-talk with ErbB signaling.*® Both protein and mRNA levels of the
IL-1 receptor antagonist (IL-1RN) are decreased in the PFC of patients with schizophrenia, whereas IL-1p levels
are not affected.*® Accordingly, an imbalance between IL-1 and IL-1RN, with a shift toward IL-1 signaling, may
exist in the brains of patients with schizophrenia. This cytokine balance shift might represent patients’
vulnerability to immune inflammatory reactions, presumably matching to the present cytokine hypothesis of
schizophrenia. Concentrations and in vitro production of IL-1a, IL-1p and IL-1RN in blood and cerebrospinal
fluid (CSF) have been investigated in patients with schizophrenia, but results are inconsistent.*™®! A recent meta-
analysis assessed the collective evidence across individual studies.® Blood levels of IL-1RN were found to be
increased in patients with schizophrenia, whereas those of IL-1p were not. However, there has been significant
heterogeneity for IL-1p levels among studies. Therefore, blood levels of IL-18 should be examined in as many
homogeneous individuals as possible. Intriguingly, serum levels and peripheral blood mononuclear cell (PBMC)
mRNA expression of IL-1p are increased in antipsychotic-naive patients with first-episode schizophrenia,®
Following receptor binding, IL-1 activates two signal transduction cascades, inhibitory kB (IxB)/nuclear
factor-kB (NF-kB) and p38 mitogen-activated protein (MAP) kinase/jun. Of note, activation and mRNA
expression of NF-xB are increased in schizophrenia patients, and NF-xB activation is correlated with IL-15
mRNA expression in both patient and control groups.” These findings suggest that an abnormal increase in IL-1
signaling might be related to the inflammatory status of patients with schizophrenia.

NRG-1

NRGs constitute a family of factors that perform many functions during neural development, such as promoting
the migration and differentiation of y-amino butyric acid (GABA) neurons, dopaminergic neurons, and
oligodendrocytes.®*” The abnormal expression of NRG-1 mRNA and protein has been reported in the brain and
peripheral blood of patients with schizophrenia.®” In the dorsolateral PFC and hippocampus of patients, nRNA
levels of the NRG1 type I isoforms are increased.®™® The results of studies of NRG-1 protein expression are
inconsistent, however.”™ Interestingly, NRG-1 stimulation in schizophrenia patients has been found to induce
pronounced activation of ErbB4, one of the NRG-1 receptors, and to suppress N-methyl d-aspartate (NMDA)
receptor activation in the PFC.” ErbB4 mRNA and protein are also robustly expressed in the midbrain
dopaminergic neurons of mice, monkeys and humans, "’” and NRG-1 has been shown to promote the
development and function of these neurons through activating ErbB4.” Taken together, these findings suggest that
impaired NRG-1/ErbB4 signaling may also contribute to glutamatergic and dopaminergic dysregulation in
schizophrenia.

NRGI is one of the most promising candidate genes for schizophrenia.” In the last several years, numerous
studies have confirmed this association,*®®* but not all reports have been consistent.*** The most recent meta-
analysis indicated a weak but significant association between three markers of NRG1I and schizophrenia:
SNPSNRG221132, 420M9-1395(0) and 478B14-848(0).1% Of note, there is evidence that SNPSNRG1243177 in
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the promoter region of the NRG-1 type IV isoform is associated with mRNA expression of the type IV isoform in
vitro'® and in the hippocampus.”” as well as with serum NRG-1 protein levels (Shibuya et al., unpublished data),
psychotic symptoms,'®* spatial working memory capacity,'® and white matter density and integrity.'® Thus,
SNP8NRG1243177 appears likely to influence the capacity to produce NRG-1 and the endophenotypes for
schizophrenia.

IL-6

In the central nervous system, IL-6 has been found to regulate brain development, synaptic plasticity, and various
behaviors related to feeding, sleep and stress.'” Increased blood levels of IL-6 are one of the most frequently
confirmed immunological features associated with schizophrenia, *#7485%19610 41houah contradictory findings
have also been reported, *53-55576L1-115 guy dies testing the levels of blood soluble IL-6 receptor (sIL-6R) in
patients with schizophrenia have produced inconsistent results,**1%11012116 A recent meta-analysis indicated that
there is an increase in blood levels of IL-6 in schizophrenia, but no alteration in sIL-6R.* Interestingly, sIL-6R
levels in both serum and CSF are correlated with the severity of paranoid-hallucinatory symptoms of patients.!!®
Accordingly, a pathological link between IL-6 signaling and schizophrenia is noteworthy but awaits further
investigation.

The potential role of IL-6 in the neurobiological mechanisms underlying schizophrenia has been investigated
using animal models. In the poly I:C model for maternal viral infection, schizophrenia-like behavioral
abnormalities are prevented by coadministration of anti-IL-6 antibody in pregnant mice, and are not observed in
" the adult offspring of 116 knockout dams."” Moreover, a single maternal injection of IL-6 during pregnancy causes
schizophrenia-like behavioral abnormalities. IL-6 is responsible for superoxide-induced loss of GABAergic
phenotype of parvalbumin-positive interneurons in an established model using the NMDA receptor antagonist
ketamine."'® These findings suggest a potential pathological link between hyper-IL-6 signaling and vulnerability to
oxidative stress, which might be associated with GABAergic dysfunction in the brain of patients with
schizophrenia.

Cytokine hypothesis of schizophrenia

There are abnormal expression levels of some cytokines in both the brain and peripheral blood of patients with
schizophrenia. It is noteworthy that several DNA microarray studies indicate reductions in the expression of genes
related to oligodendrocyte and myelination including FRBR3 in the brains of patients with schizophrenia,''*'? In
addition, dysregulation of genes related to the immune and inflammatory system has also been reported.!2*125127
Based on these findings, we propose a cytokine hypothesis of schizophrenia, predicting that perturbed cytokine
signaling plays a pivotal role in the pathophysiology of this disease. We hypothesize that genetic and
environmental factors directly and/or indirectly impair cytokine signaling, leading to abnormal brain development.
Then, after adolescence, severe brain dysfunction underlying full-blown schizophrenia is ultimately manifested.

NEONATAL CYTOKINE TREATMENT MODEL OF SCHIZOPHRENIA

Abnormal neurcbehavioral development in rodents treated with cytokines as neonates

Because of the limitations of the experimental approach in humans, it is essential to establish appropriate animal
models to examine the alternative hypotheses of schizophrenia, to understand the pathophysiology of this disease,
and to develop novel biological therapies for schizophrenia. To test the cytokine hypothesis of schizophrenia, the
impact of cytokine challenge on neurobehavioral development has been evaluated by a series of animal
experiments.”'28132 In these studies, sublethal doses of cytokines have been subcutaneously administered during
postnatal day 2 to 10 in rats or mice. Neurobehavioral tests are then performed in the pre-pubertal stage (postnatal
three weeks) and/or the post-pubertal stage (postnatal eight weeks). These animal experiments have revealed that
neonatal cytokine challenges induce distinct abnormalities in neurobehavioral development, depending upon the
type of cytokine administered (Table 1).

Neonatal EGF treatment accelerates tooth eruption and eyelid opening. This has been described by Cohen'®
after isolating EGF, which was originally named tooth-lid factor. IL-1 as well as other ILs is known transactivators
for ErbB1 via ectodomain shedding of precursors of its ligands.> In the pre-pubertal stage, horizontal locomotor
activity under novel conditions is increased in rats treated with IL-2, whereas it is decreased in rats treated with
interferon-y (IFN-y) or leukemia inhibitory factor (LIF). However, these abnormalities disappear in the post-
pubertal stage. EGF-treated rats exhibit higher vertical locomotor activity only in the post-pubertal stage. Startle
responses to 120 dB acoustic stimuli are elevated in rats treated with ErbB1 ligands (EGF, epiregulin and TGF-a)
or IL-1a in the post-pubertal stage.

Prepulse inhibition (PPI) is a phenomenon in which a weak prepulse stimulus attenuates the response to a
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Table 1. Neonatal exposure to cytokines and neurobehavioral development in rodents

Cytokine Locomotor Startle PPl Social interaction
3 weeks 8 weeks 3 weeks 8 weeks 3 weeks 8 weeks 8 weeks

EGF' = @ = H = L L
Epiregulin’ ND = ND H ND L ND
TN L - - - - B
el = = H L H

-2 H = = = = = =
16 = = = = = = =

Lﬂ‘u L = = = = L ND
NRG-1' ND = D = ND = L
TGF-o ND = ND H ND L ND
TNF-of - - = - =

PPI, prepulse inhibition, EGF, epidermal growth factor; IL, interleukin; IFN, interferon; LIF, leukemia inhibitory factor; NRG neuregulin; TGF,
transforming growth factor; TNF, tumor necrosis factor = represents no significant alteration I’E and L indicate increased and decreased
performance, respectively. (H) represents increased rearing activity. ND, not determined. *tested in rats. "tested in mice.

subsequent startling stimulus.'**!** Reduced PPI has been found in patients with neuropsychiatric disorders,
including schizophrenia.'**!** Reduction of PPI levels in these patients is thought to reflect impaired function of
sensotimotor gating. PPI can be tested in humans and rodents in similar fashions and is widely used in experiments
to assess the face validity of animal models of schizophrenia. Neonatal treatment with ErbB1 ligands, IL-1a,
NRG-1 or LIF has been found to cause a decrease in PP in the post-pubertal stage. This PPI abnormality is
independent of the increase in acoustic startles, however.**"3! It is of note that second generation antipsychotics
(SGA) such as clozapine and risperidone have been found to reduce PPI deficits in rodents treated with EGF, IL-
1ot or NRG-1.

Rodents treated with EGF, IL-10 or NRG-1 as neonates display other schizophrenia-like behavioral
abnormalities but not learning disability in the post-pubertal stage. Latent inhibition (LI) is the ability to ignore
irrelevant stimuli, and is disrupted in patients with schizophrenia.'*® Similarly, LI is impaired in mice treated with
NRG-1.”® In addition, neonatal NRG-1 treatment induces enhanced sensitivity to methamphetamine. Rats treated
with EGF also exhibit hypersensitivity to psychostimulants (cocaine and methamphetamine)'*” and the dopamine
D2-like agonist quinpirole.'*® Social interaction time is increased in rats treated with IL-1o,, whereas that is
decreased in rodents treated with EGF or NRG-1. Therefore, significant differences in behavioral traits have been
reported in studies based on these different cytokine models.

In addition, the neonatal cytokine treatment model of schizophrenia is currently being developed in non-
human primates. A cynomolgus monkey treated with EGF as a neonate was found to exhibit behavioral
abnormalities such as hyperactivity and self-injury after adolescence.'®® These behavioral abnormalities are
ameliorated by subchronic treatment with risperidone. The findings of these animal studies indicate that among
many cytokines examined, neonatal treatment with EGF, IL-1o. or NRG-1 produces the long-lasting
schizophrenia-like behavioral abnormalities, some of which are ameliorated by SGA.

Analysis of neurobiological mechanisms underlying schizophrenia using the neonatal cytokine treatment
model

Cytokines administered subcutaneously to rat and mouse neonates efficiently penetrate the blood-brain barrier
(BBB) and trigger their downstream signaling pathways in the brain, 121321011 1 comparison, when IL-1a is
administered to juveniles (postnatal day 14 to 22), BBB permeation is limited and schizophrenia-like behavioral
abnormalities are not manifested in the post-pubertal stage.'*® Therefore, it appears to be necessary for peripherally
administered cytokines cross the BBB during neonatal stage in order for schizophrenia-like behavioral
abnormalities to emerge in the post-pubertal stage. An important question is whether cytokines administered
directly to the brains of adult rats in which the BBB is fully developed, also leads to schizophrenia-like behavioral
abnormalities. As might be expected, EGF infusion to the striatum of adult rats has been found to lower PPI and to
impair L1'** However, these deficits are reversible and are extinguished by the cessation of EGF infusion, In
contrast, decreased PPI levels are persistent after puberty in rats treated with cytokines as neonates.'”'** As such,
peripheral cytokine exposure in fetuses would be expected to lead to similar behavioral impairments.

Neonatal rodents have immature brains compared with human neonates. With respect to the
neurodevelopmental schedule, the neonatal period (postnatal day 2 to 10) in rats appears to be equivalent to the
middle gestational period of human fetuses.'*? If it is possible to extrapolate the findings on the above cytokine
models to humans, human fetuses exposed to high concentrations of cytokines would subsequently exhibit
neurobehavioral developmental dysfunctions. The levels of cytokines including EGF, IL-1p and IL-6 in the
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Table2 Effects of neonatal BGF/IL- 1ot treatment on neurobehaviaral development in different mouse strains

Strain Locomatar Startle FPI
C3HHe == HL ==
C57HL/6 == H= LL
DBAR2 HH HH L
ady L= == ==

EGE, epidermal growth factar; IL, interleukin; PP, prepulse inhibition. =represents no significart alteration. Hand L indicate increased and

decreased performance, respectively.
amniotic fluid are elevated in patients who experience premature rupture of membranes during pregnancy, one of
the most serious obstetric complications, even when intrauterine infection cannot be confirmed."* It is likely that
cytokines in human fetuses transmit peripheral immune/inflammatory signals through the developing BBB to their
immature brains, and perturb the structural and functional development of the brain (e.g. GABA neurons and
dopaminergic neurons).

One of the most common approaches in modeling the gene-environmental interactions relevant to
schizophrenia is to compare the neurobehavioral consequences of neonatal manipulations (e.g. hippocampal
lesions and viral infection) among different strains of rodents.'** Neonatal cytokine treatment induces distinet
phenotypes depending on genetic background (Table 2).14%41 Among four strains (C3H/He, C57BL/6, DBA/2 and
ddY) examined, DBA/2 mice are the most sensitive to the cytokines, exhibiting pervasive behavioral alterations
such as accelerated horizontal locomotor activity, elevated startle responses, and reduced PPI. It is of note that the
strain-dependent behavioral sensitivity to neonatal treatment with EGF or IL-1 is correlated with basal ErbB1
phosphorylation or IL-1-triggered acute signaling in the brain, respectively. These complex gene-cytokine
interactions might explain a portion of the pathological heterogeneity of schizophrenia.

To understand the neurobiological mechanisms underlying schizophrenia, the effects of neonatal EGF
treatment on developing neurons have been investigated using electrophysiological and biochemical techniques. In
the striatum, EGF increases in dopamine metabolism and TH expression have been revealed **1%® A similar
neurotrophic effect of NRG-1 on midbrain dopaminergic neurons has also been reported.”™ In the ventral tegmental
area, EGF enhanced excitatory synaptic input to dopaninergic neurons.'*® The elevation of glutamate receptor
expression may result in higher excitability of dopaminergic neurons,'*® which is implicated in hyper-
dopaminergic function associated with schizophrenia. In the dentate gyrus, EGF attenuates GABAergic synaptic
outputs to granule cells and decreases the protein levels of vesicular GABA transporters.'*” Both in vivo and in
vitro, ErbB1 ligands such as EGF, HB-EGF and TGF-a all reduce the protein expression of GluR1, most
prominently in parvalbumin-positive GABAergic neurons. **1% These findings indicate a potential pathological
link between hyper-ErbB1 signaling and GABAergic dysfunction and hyper-dopaminergic dysregulation. In the
neocortex, EGF and its homologue amphiregulin attenuate the expression of synaptic scaffolding proteins such as
glutamate receptor interacting protein 1 and synapse-associated protein 97 kDa (SAP97).>! These findings are
consistent with the results of a postmortem brain study showing that the postsynaptic proteins SAP97 and GluR1
are decreased in the PEC of patients with schizophrenia.'*? These reports suggest that aberrant synaptic
development triggered by cytokines may be associated with this disease as well.

The findings of animal experiments and postmortem brain studies suggest that perturbed ErbB1 signaling in
either prenatal or perinatal stages may induce aberrant development or function of dopaminergic and GABAergic
neurons which is strongly implicated in the neuropathology of schizophrenia.'™ Interestingly, ventral forebrain
specific Hb-egf knockout mice exhibit schizophrenia-like behavioral abnormalities, life-long decreases in the
ErbB1 signal cascade, and reductions in protein levels of NR1 and postsynaptic protein-95 in the PFC.'% Brain
function might be impaired in states of both hyper- and hypo-ErbB1 signaling, resulting in counterintuitive
behavioral similarities between the neonatal EGF treatment model and Hb-egf knockout mice. Further elucidation
of the mechanisms of cytokine signaling involved in altering brain structure and function will facilitate
understanding of the pathophysiology of schizophrenia.

Search for novel antipsychotic candidates based on the cytokine hypothesis of schizophrenia

According to the cytokine hypothesis of schizophrenia, anti-inflammatory agents may have beneficial efficacy
in the treatment of patients. Minocycline, a second-generation tetracycline, has been found to attenuate PPI deficits
in an animal model using the NMDA receptor antagonist MK801 (dizocilpine)."®>'* In a six-month, double-blind,
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randomized, placebo controlled trial, concomitant treatment with minocycline and SGA produced greater
improvement in the negative and cognitive symptoms of patients with early-phase schizophrenia than SGA
alone.™” Celecoxib, a cyclooxgenase-2 inhibitor, ameliorates impairments in PPI and LI induced by the striatal
administration of EGF in adult rats.'*? In an eight-week, double-blind, randomized and placebo controlled trial,
celecoxib added to risperidone surpassed risperidone in the treatment of positive and general psychopathological
symptoms of patients with chronic schizophrenia.'® The results of these clinical trials suggest that anti-
inflammatory agents may serve as promising adjunctive drugs in the treatment of schizophrenia.

Potential candidates for novel antipsychotics have been identified by studies using the neonatal cytokine
treatment model of schizophrenia. Subchronic oral administration of emodin, a broad tyrosine kinase inhibitor, has
been found to suppress acoustic startle responses and abolish PPI deficits in the neonatal EGF treatment model.',
These findings suggest that the effects of emodin on abnormal sensorimotor gating in the neonatal EGF treatment
model might be ascribed to its inhibitory action on EGF/ErbB signaling. In addition, a quinazoline derivative,
which is an ErbB1 inhibitor and was developed as an anticancer agent, has similar therapeutic effects in this
model.'® Intensive research into the molecules involved in modulating cytokine signals may aid the development
novel classes of antipsychotics that can provide optimum outcomes for patients suffering from schizophrenia.

CONCLUSIONS
Taken together, human studies and
animal models have  provided
cumulative evidence for the cytokine
hypothesis of schizophrenia (Fig. 1).
Bacterial and viral infections during
either the prenatal or perinatal stages .
have been found to induce several
cytokines and activate immune cells via
the molecular recognition of MHC
antigens. The strength of cytokine gene

Antigen A
Wcteric AR BL) 4y

Frecuraer Protaing

induction  varies depending on K
functional SNPs of their genome. pégxtf@gg i i

. : fextors § criokinm) -
Precursor proteins of cytokines are 0 YT e PR

processed by various types of proteases, Bigad 8]’;;%!! dorrier e o i
and mature peptides are then released. £ . S eres
Blood cytokines can partially penetrate Saural tell g”’%}i
the BBB and bind to receptors on
neurons and glial cells in the brain.
Subsequently, they perturb normal
intracellular signaling and influence
neurotransmission,  neural  circuit
formation and synapse maturation. We
propose that an abnormality in this
process results in impaired of brain
function and ultimately leads to the
development of schizophrenia.

It is our hope that future
investigation based on the cytokine
hypothesis of schizophrenia will
increase knowledge of the underlying

Figure 1. The cytokine hypothesis of schizophrenia.
Schizophrenia involves the complex interactions between
cytokines and among immune, gene, and neural networks.
Antigen; molecules such as bactgria and viruses activating the
immune inflammatory system. fmmune cells; T cells, B cells,
macrophages and natural killer cells, reacting to various
cytokines and/or producing them. Risk genes; genes conferring

biological mechanisms of this complex
and poorly understood disease, and
ultimately lead to the development of
fundamental therapies allowing patients
to overcome this devastating disease.

susceptibility to complex disorders including schizophrenia.
Precursor proteins; biologically inactive proteins of cytokines
processed by various types of proteases in a regulatory fashion.
Mature peptides; biologically active forms of cytokines released
into circulating blood. Blood-brain barrier: a barrier protecting
the brain from immune inflammation in the peripheral blood.
Neural cells; neuron and glial cells (astrocyte, mlcrogha
and oligodendrocyte), expressing cytokine receptors.
Schizophrenia; a severe and chronic mental disorder stemming
from impaired development of neurons and their synapses.




Y. Watanabe et al

Acknowledgments

The studies performed at the authors’ institutes were supported by a Grant-in-Aid for Science Research (to Y.W.),
Health and Labor Sciences Research Grants, a grant for Promotion of Niigata University Research Projects, Core
Research for Evolutional Science and Technology from the JST Corporation and a grant-in-aid from the Ministry
of Health, Labour and Welfare, Japan (to HN.).

REFERENCES

1. vanOs], Kapur S. Schizophrenia. Lancet 2009; 374: 635-645.

2. Carter CI. Schizophrenia susceptibility genes directly implicated in the life cycles of pathogens:
cytomegalovirus, influenza, herpes simplex, rubella, and Toxoplasma gondii. Schizophr. Bull. 2009; 35:
1163-1182.

3. Lencz T, Morgan TV, Athanasiou M et al. Converging evidence for a pseudoautosomal cytokine receptor
gene locus in schizophrenia. Mol. Psychiatry 2007; 12: 572-580.

4, International Schizophrenia Consortium, Common polygenic variation contributes to risk of schizophrenia
and bipolar disorder. Nature 2009; 460: 748-752.

5. ShiJ, Levinson DF, Duan J ez al. Common variants on chromosome 6p22.1 are associated with schizophrenia.
Nature 2009; 460: 753-757.

6. Stefansson H, Ophoff RA, Steinberg S ef al. Common variants conferring risk of schizophrenia. Nature 2009;
460: 744-747.

7. O’Donovan M, Craddock N, Norton N et al. Identification of loci associated with schizophrenia by genome-
wide association and follow-up. Nat. Genet. 2008; 40: 1053-1055.

8. Shifman S, Johannesson M, Bronstein M ef al. Genome-wide association identifies a common variant in the
reelin gene that increases the risk of schizophrenia only in women. PLoS Genet. 2008; 4: 28.

9. Kirov G, Zaharieva I, Georgieva L ef al. A genome-wide association study in 574 schizophrenia trios using
DNA pooling. Mol. Psychiatry 2009; 14: 796-803.

10. Need AC, Ge D, Weale ME et al. A genome-wide investigation of SNPs and CNVs in schizophrenia. PLoS
Genet. 2009; 5: €1000373.

11. Sullivan PF, Lin D, Tzeng J-Y ef al. Genomewide association for schizophrenia in the CATIE study: results
of stage 1. Mol. Psychiatry 2008; 13: 570-584.

12. Cannon M, Jones PB, Murray RM. Obstetric complications and schizophrenia: historical and meta-analytic
review. Am. J. Psychiatry 2002; 159: 1080-1092.

13. Mittal VA, Ellman LM, Cannon TD. Gene-environment interaction and covariation in schizophrenia: the role
of obstetric complications. Schizophr. Bull. 2008; 34: 1083-1094.

14. Selten JP, Frissen A, Lensvelt-Mulders G Morgan VA. Schizophrenia and 1957 Pandemic of Influenza: Meta-
analysis. Schizophr. Bull. 2009; doi:10.1093/schbul/sbp147.

15. Boksa P. Animal models of obstetric complications in relation to schizophrenia. Brain Res. Rev. 2004; 45: 1-
17.

16. Shi L, Fatemi SH, Sidwell RW, Patterson PH. Maternal influenza infection causes marked behavioral and
pharmacological changes in the offspring. J. Neurosci. 2003; 23: 297-302.

17. Zuckerman L, Rehavi M, Nachman R, Weiner I. Immune activation during pregnancy in rats leads to a
postpubertal emergence of disrupted latent inhibition, dopaminergic hyperfunction, and altered limbic
morphology in the  offspring: a novel neurodevelopmental model of schizophrenia.
Neuropsychopharmacology 2003; 28: 1778-1789.

18. Patterson PH. Immune involvement in schizophrenia and autism: etiology, pathology and animal models.
Behav. Brain. Res. 2009; 204: 313-321.

19. Danis VA, Millington M, Hyland VJ, Grennan D. Cytokine production by normal human monocytes: inter-
subject variation and relationship to an IL-1 receptor antagonist (IL-1Ra) gene polymorphism. Clin. Exp.
Immunol. 1995; 99: 303-310.

20. Hacker UT, Erhardt S, Tschop K, Jelinek T, Endes S. Influence of the IL-1Ra gene polymorphism on in vivo



21.
22,
23.
24,
25.

26.
27.
28.
29.
30.
31.
32
33.

34.

35.

36.
37.
38.
39.
40.

41.
42,
43.

44,

45,
46.

Y. Watanabe et al.

synthesis of IL-1Ra and I1.-18 after live yellow fever vaccination. Clin. Exp. Immunol. 2001; 125: 465-469.
Hulkkonen J, Laippala P, Hurme M. A rare allele combination of the interleukin-1 gene complex is associated
with high interleukin-1p plasma levels in healthy individuals. Eur. Cytokine Netw. 2000; 11: 251-255.

Hurme M, Santtila S. IL-1 receptor antagonist (IL-1Ra) plasma levels are co-ordinately regulated by both IL-
1Ra and IL-1B genes. Eur. J. Immunol. 1998; 28: 2598-2602.

Pociot F, Melvig J, Wogensen L, Worsaae H, Nerup J. A Taql Polymorphism in the human interleukin-1p (IL-
1B) gene correlates with IL-1B secretion in vitro. Eur. J. Clin. Invest. 1992; 22: 396-402.

Santtila S, Savinainen K, Hurme M. Presence of the IL-1RA allele 2 (IL1RN*2) is associated with enhanced
IL-1B production in vitro. Scand. J. Immunol. 1998; 47: 195-198.

Shahbazi M, Pravica V, Nasreen N et al. Association between functional polymorphism in EGF gene and
malignant melanoma. Lancet 2002; 359: 397-401.

Allen NC, Bagade S, McQueen MB et al. Systematic meta-analyses and field synopsis of genetic association
studies in schizophrenia: the SzGene database. Nat. Genet. 2008; 40: 827-834.

Meyer U, Feldon J, Yee BK. A review of the fetal brain cytokine imbalance hypothesis of schizophrenia.
Schizophr. Bull. 2009; 35: 959-972.

Monji A, Kato T, Kanba S. Cytokines and schizophrenia: Microglia hypothesis of schizophrenia. Psychiatry
Clin. Neurosci. 2009; 63: 257-265.

Nawa H, Takahashi M, Patterson PH. Cytokine and growth factor involvement in schizophrenia--support for
the developmental model. Mol. Psychiatry 2000; 5: 594-603.

Nawa H, Takei N. Recent progress in animal modeling of immune inflammatory processes in schizophrenia:
implication of specific cytokines. Neurosci. Res. 2006; 56: 2-13.

Piao YS, Iwakura Y, Takei N, Nawa H. Differential distributions of peptides in the epidermal growth factor
family and phosphorylation of ErbB 1 receptor in adult rat brain. Neurosci. Lett. 2005; 390:21-24.

Wong RWC, Guillaud L. The role of epidermal growth factor and its receptors in mammalian CNS. Cytokine
Growth Factors Rev. 2004; 15: 147-156.

Yamada M, Ikeuchi T, Hatanaka H. The neurotrophic action and signaling of epidermal growth factor. Prog.
Neurobiol. 1997, 51, 19-37.

Futamura T, Toyooka K, Iritani S ef al. Abnormal expression of epidermal growth factor and its receptor in
the forebrain and serum of schizophrenic patients. Mol. Psychiatry 2002; 7: 673-682.

Iwakura Y, Piao YS, Mizuno M et al. Influences of dopaminergic lesion on epidermal growth factor-ErbB
signals in Parkinson's disease and its model: neurotrophic implication in nigrostriatal neurons. J. Neurochem.
2005; 93: 974-983.

Ikeda Y, Yahata N, Ito I ef al. Low serum levels of brain-derived neurotrophic factor and epidermal growth
factor in patients with chronic schizophrenia. Schizophr. Res. 2008; 101: 58-66.

Hashimoto K, Shimizu E, Komatsu N e al. No change in serum epidermal growth factor levels in patients
with schizophrenia. Psychiatry Res. 2005; 135: 257-260.

Rothwell NJ, Luheshi GN. Interleukin 1 in the brain: biology, pathology and therapeutic target. Trends
Neurosci. 2000; 23: 618-625.

Higashiyama S, Iwabuki H, Morimoto C, Hieda M, Inoue H, Matsushita N. Membrane-anchored growth
factors, the epidermal growth factor family: beyond receptor ligands. Cancer Sci. 2008; 99: 214-220.

Toyooka K, Watanabe Y, Iritani S ef al. A decrease in interleukin-1 receptor antagonist expression in the
prefrontal cortex of schizophrenic patients. Neurosci. Res. 2003; 46, 299-307.

Akiyama K. Serum levels of soluble IL-2 receptor o, IL-6 and IL-1 receptor antagonist in schizophrenia
before and during neuroleptic administration. Schizophr. Res. 1999; 37: 97-106.

Barak V, Barak Y, Levine J, Nisman B, Roisman 1. Changes in interleukin-1§ and soluble interleukin-2
receptor levels in CSF and serum of schizophrenic patients. J. Basic Clin. Physiol. Pharmacol. 1995; 6: 61-69.
Hope S, Melle I, Aukrust P et al. Similar immune profile in bipolar disorder and schizophrenia: selective
increase in soluble tumor necrosis factor receptor I and von Willebrand factor. Bipolar Disord. 2009; 11: 726-
734.

Katila H, Appelberg B, Hurme M, Rimén R. Plasma levels of interleukin-18 and interleukin-6 in
schizophrenia, other psychoses, and affective disorders. Schizophr. Res. 1994; 12: 29-34.

Kowalski J, Blada P, Kucia K, Madej A, Herman ZS. Neuroleptics normalize increased release of interleukin-
1B and tumor necrosis factor-o from monocytes in schizophrenia. Schizophr. Res. 2001; 50: 169-175.

Maes M, Bosmans E, Ranjan R ef al. Lower plasma CC16, a natural anti-inflammatory protein, and increased
plasma interleukin-1 receptor antagonist in schizophrenia: effects of antipsychotic drugs. Schizophr. Res.



47.

48.
49,
50.
51
52.
53.
54.
55.

56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.

. Harrison PJ, Law AJ. Neuregulin 1 and schizophrenia: genetics, gene expression, and neurobiology. Biol.
68.
69.
70.

71.
72.
73.

Y. Watanabe et al

1996; 21: 39-50.

Maes M, Bocchio Chiavetto L ef al. Effects of atypical antipsychotics on the inflammatory response system in
schizophrenic patients resistant to treatment with typical neuroleptics. Eur. Neuropsychopharmacol. 2000; 10:
119-124.

Schmitt A, Bertsch T, Tost H et al. Increased serum interleukin-1beta and interleukin-6 in elderly, chronic
schizophrenic patients on stable antipsychotic medication. Neuropsychiatr. Dis. Treat. 2005; 1: 171-177.
Sirota P, Meiman M, Herschko R, Bessler H. Effects of neuroleptic administration on serum levels of soluble
1L-2 receptor-alpha and IL-1 receptor antagonist in schizophrenic patients. Pschiatry Res. 2005; 134: 151-159.
Sirota P, Schild K, Elizur A, Djaldetti M, Fishman P. Increased interleukin-1 and interleukin-3 like activity in
schizophrenic patients. Prog. Neuropsychopharmacol. Biol. Psychiatry 1995; 19: 75-83.

Sodertund J, Schréder J, Nordin C, et al. Activation of brain interleukin-1 in schizophrenia, Mol. Psychiatry
2009; 14: 1069-1071.

Song C, Lin A, Kenis G Bosmans E, Maes M. Immunosuppressive effects of clozapine and haloperidol:
enhanced production of the interleukin-1 receptor antagonist. Schizophr. Res. 2000; 42: 157-164.

Baker I, Masserano J, Wyatt RJ. Serum cytokine concentrations in patients with schizophrenia. Schizophr: Res.
1996; 20: 199-203.

Bessler H, Levental Z, Karp L, Modai I, Djaldetti M, Weizman A. Cytokine production in drug-free and
neuroleptic-treated schizophrenic patients. Biol. Psychiatry 1995; 38: 297-302.

Erbagci AB, Herken H, Koylitoglu O, Yilmaz N, Tarak¢ioglu M. Serum IL-18, sIL-2R, IL-6, IL-8 and TNF-a
in schizophrenic patients, relation with symptomatology and responsiveness to risperidone treatment.
Mediators Inflamm. 2001; 10: 109-115,

Kim YK, Lee MS, Suh KY. Decreased interleukin-2 protein in Korean schizophrenic patients. Biol.
Psychiatry 1998; 43: 701-704.

Kim YK, Kim L, Lee MS. Relationships between interleukins, neurotransmitters and psychopathology in
drug-free male schizophrenics. Schizophr. Res. 2000; 44: 165-175.

Licinio J, Seibyl JP, Altemus M, Charney DS, Krystal JH. Elevated CSF levels of interleukin-2 in neuroleptic-
free schizophrenic patients. Am. J. Psychiatry 1993; 150: 1408-1410.

Naudin J, Capo C, Giusano B, Mége JL, Azorin JM. A differential role for interleukin-6 and tumor necrosis
factor-ot in schizophrenia? Schizophr. Res. 1997; 26: 227-233.

Rapaport MH, McAllister CG Pickar D, Tamarkin L, Kirch DG, Paul SM. CSF IL-1 and IL-2 in medicated
schizophrenic patients and normal volunteers. Schizophr. Res. 1997; 25: 123-129.

Xu HM, Wei J, Hemmings GP. Changes of plasma concentrations of inerleukin-lo and interleukin-6 with
neuroleptic treatment for schizophrenia. Br. J. Psychiatry 1994; 164: 251-253.

Potvin S, Stip E, Sepehry AA, Gendron A, Bah R, Kouassi E. Inflammatory cytokine alterations in
schizophrenia: a systematic quantitative review. Biol. Psychiatry 2008; 63: 801-808.

Song XQ, Lv LX, Li WQ, Hao YH, Zhao JP. The interaction of nuclear factor-kappa B and cytokines is
associated with schizophrenia. Biol. Psychiatry 2009; 65: 481-488.

Buonanno A, Fischbach GD. Neuregulin and ErbB receptor signaling pathways in the nervous system. Curr:
Opin. Neurobiol. 2001; 11: 287-296.

Corfas G Roy K, Buxbaum JD. Neuregulin l-erbB signaling and the molecular/cellular basis of
schizophrenia. Nat. Neurosci. 2004; 7: 575-580.

Falls DL. Neuregulins: functions, forms, and signaling strategies. Exp. Cell Res. 2003; 284: 14-30.

Psychiatry 2006; 60: 132-140.

Hashimoto R, Straub RE, Weikert CS, Hyde TM, Kleinman JE, Weinberger DR. Expression analysis of
neuregulin-1 in the dorsolateral prefrontal cortex in schizophrenia. Mol. Psychiatry 2004; 9: 299-307.

Law AlJ, Lipska BK, Weickert CS ef al. Neuregulin 1 transcripts are differentially expressed in schizophrenia
and regulated by 5' SNPs associated with the disease. Proc. Natl. Acad. Sci. U. S. A. 2006; 103: 6747-67552.
Bertram I, Bernstein HG Lendeckel U ef al. Immunohistochemical evidence for impaired neuregulin-1
signaling in the prefrontal cortex in schizophrenia and in unipolar depression. Ann. N. Y. Acad. Sci. 2007,
1096: 147-156.

Chong VZ, Thompson M, Beltaifa S, Webster MJ, Law AJ, Weickert CS. Elevated neuregulin-1 and ErbB4
protein in the prefrontal cortex of schizophrenic patients. Schizophr. Res. 2008; 100: 270-280.

Hahn CG Wang HY, Cho DS et al. Altered neuregulin 1-erbB4 signaling contributes to NMDA receptor
hypofunction in schizophrenia. Nat. Med. 2006; 12: 824-828.

Petryshen TL, Middleton FA, Kirby A er al. Support for involvement of neuregulin 1 in schizophrenia
pathophysiology. Mol. Psychiatry 2005; 10: 366-374.



74.

75.

76.

71.

78.

79.
80.
81.
82.

83.
84.
85.
86.

87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.

Y. Watanabe et al.

Zhang HX, Zhao JP, Lv LX et al. Explorative study on the expression of neuregulin-1 gene in peripheral
blood of schizophrenia. Neurosci. Lett. 2008; 438: 1-5.

Chagnon YC, Roy MA, Bureau A, Mérette C, Maziade M. Differential RNA expression between
schizophrenic patients and controls of the dystrobrevin binding protein 1 and neuregulin 1 genes in
immortalized lymphocytes. Schizophr. Res. 2008; 100: 281-290.

Abe Y, Namba H, Zheng Y, Nawa H. In situ hybridization reveals developmental regulation of ErbB1-4
mRNA expression in mouse midbrain: implication of ErbB receptors for dopaminergic neurons.
Neuroscience 2009; 161: 95-110.

Zheng Y, Watakabe A, Takada M et al. Expression of ErbB4 in substantia nigra dopamine neurons of
monkeys and humans. Prog. Neuropsychopharmacol. Biol. Psychiatry 2009; 33: 701-706.

Kato T, Abe Y, Sotoyama H et al. Transient exposure of neonatal mice to neuregulin-1 results in
hyperdopaminergic states in adulthood: implication in neurodevelopmental hypothesis for schizophrenia. Mol.
Psychiatry 2010; doi: 10.1038/mp.2010.10.

Stefansson H, Sigurdsson E, Steinthorsdottir V et al. Neuregulin 1 and susceptibility to schizophrenia. Am. J.
Hum. Genet. 2002; 71; 877-892.

Alaerts M, Ceulemans S, Forero D et al. Support for NRG! as a susceptibility factor for schizophrenia in a
northern Swedish isolated population. Arch. Gen. Psychiatry 2009; 66: 828-837.

Bakker SC, Hoogendoorn MLC, Selten JP er al. Neuregulin 1: genetic support for schizophrenia subtypes.
Mol. Psychiatry 2004; 9: 1061-1063.

Corvin AP, Morris DW, McGhee K ef al. Confirmation and refinement of an ‘at-risk’ haplotype for
schizophrenia suggests the EST cluster, Hs5.97362, as a potential susceptibility gene at the neuregulin-1 locus.
Mol. Psychiatry 2004; 9: 208-212.

Fukui N, Muratake T, Kaneko N, Amagane H, Someya T. Supportive evidence for neuregulin 1 as a
susceptibility gene for schizophrenia in a Japanese population. Neuroci. Lett. 2006; 396: 117-120.

Hall D., Gogos JA, Karayiorgou M. The contribution of three strong candidate schizophrenia susceptibility
genes in demographically distinct populations. Genes Brain Behav. 2004; 3: 240-248.

Lachman HM, Pedrosa E, Nolan KA, Glass M, Ye K, Saito T. Analysis of polymorphisms in AT-rich domains
of neuregulin 1 gene in schizophrenia. Am. J. Med. Genet. Neuropsychiatr. Genet. 2006; 141B: 102-109.

Li T, Stefansson H, Gudfinnsson E et al., Identification of a novel neuregulin 1 at-risk haplotype in Han
schizophrenia Chinese patients, but no association with the Icelandic/Scottish risk haplotype. Mol. Psychiatry
2004; 9: 698704,

Petryshen TL, Middleton FA, Kirby A et al. Support for involvement of neuregulin 1 in schizophrenia
pathophysiology. Mol. Psychiatry 2005; 10: 366-374.

Stefansson H, Sarginson J, Kong A ef al. Association of neuregulin 1 with schizophrenia confirmed in a
Scottish population. Am. J. Hum. Genet. 2003; 72: 83-87.

Tang JX, Chen WY, He G et al. Polymorphisms within 5' end of the neuregulin 1 gene are genetically
associated with schizophrenia in the Chinese population. Mol. Psychiatry 2004; 9: 11-13.

Walss-Bass C, Liu W, Lew DF et al. A novel missense mutation in the transmembrane domain of neuregulin 1
is associated with schizophrenia. Biol. Psychiatry 2006; 60: 548-553,

Williams NM, Preece A, Spurlock G et al. Support for genetic variation in neuregulin 1 and susceptibility to
schizophrenia. Mol. Psychiatry 2003; 8: 485-487.

Yang JZ, Si TM, Ruan Y ef al. Association study of neuregulin 1 gene with schizophrenia. Mol. Psychiatry
2003; 8: 706-709.

Zhao X, Shi 'Y, Tang J et al. A case control and family based association study of the neuregulinl gene and
schizophrenia. J. Med. Genet. 2004; 41: 31-34,

Duan J, Martinez M, Sanders AR et al. Neuregulin 1 (NRGI) and schizophrenia: analysis of a US family
sample and the evidence in the balance. Psychol. Med. 2005; 35: 1-12.

Hong CJ, Huo SJ, Liao DL, Lee K, Wu JY, Tsai SJ. Case-control and family-based association studies
between the neuregulin 1 (Arg38Gin) polymorphism and schizophrenia. Neuroci. Lett. 2004; 366: 158-161.
Ikeda M, Takahashi N, Saito S et al. Failure to replicate the association between NRG! and schizophrenia
using Japanese large sample. Schizophr. Res. 2008; 101: 1-8.

Iwata N, Suzuki T, Ikeda M et al. No association with the neuregulin 1 haplotype to Japanese schizophrenia.
Mol. Psychiatry 2004; 9: 126-127.

Shiota S, Tochigi M, Shimada H er al. Association and interaction analyses of NRG1 and ERBB4 genes with
schizophrenia in a Japanese population. J Hum. Genet. 2008; 53: 929-935.

10



Y. Watanabe et al.

99. Thiselton DL, Webb BT, Neale BM et al. No evidence for linkage or association of neuregulin-1 (NRGI)
with disease in the Irish study of high-density schizophrenia families (ISHDSF). Mol. Psychiatry 2004; 9:
777-783.

100. Gong YG Wu CN, Xing QH, Zhao XZ, Zhu J, He L. A two-method meta-analysis of Neuregulin
1(NRG]1) association and heterogeneity in schizophrenia. Schizophr. Res. 2009; 111: 109-114,

101. Tan W, Wang Y, Gold B er al. Molecular cloning of a brain-specific, developmentally regulated
neuregulin 1 (NRG1) isoform and identification of a functional promoter variant associated with
schizophrenia. J. Biol. Chem. 2007; 282: 24343-24351.

102.  Hall J, Whalley HC, Job DE et al. A neuregulin 1 variant associated with abnormal cortical function and
psychotic symptoms. Nat. Neurosci. 2006; 9: 1477-1478,

103.  Stefanis NC, Trikalinos TA, Avramopoulos D ef al. Impact of schizophrenia candidate genes on
schizotypy and cognitive endophenotypes at the population level. Biol. Psychiatry 2007; 62: 784-792.

104.  McIntosh AM, Moorhead TW, Job D er al. The effects of a neuregulin 1 variant on white matter density
and integrity. Mol. Psychiatry 2008; 13: 1054-1059.

105.  Bauer S, Kerr B, Patterson PH. The neuropoietic cytokine family in development, plasticity, disease and
injury. Nat. Rev. Neurosci. 2007; 8: 221-232,

106.  Ganguli R, Yang Z, Shurin G et al. Serum interleukin-6 concentration in schizophrenia: elevation
associated with duration of illness. Psychiatry Res. 1994; 51: 1-10.

107.  Garcia-Miss MD, Pérez-Mutul J, Lépez-Canul B et al. Folate, homocysteine, interleukin-6, and tumor
necrosis factor alfa levels, but not the methylenetetrahydrofolate reductase C677T polymorphism, are risk
factors for schizophrenia. J. Psychiatr. Res. 2009; doi:10.1016/j jpsychires.2009.10.011.

108. Lin A, Kenis G Bignotti S, Tura GJ ef al. The inflammatory response system in treatment-resistant
schizophrenia: increased serum interleukin-6. Schizophr. Res. 1998; 32: 9-15.

109. Maes M, Meltzer HY, Bosmans E. Immune-inflammatory markers in schizophrenia: comparison to
normal controls and effects of clozapine. Acta Psychiatr. Scand. 1994; 89: 346-351.

110.  Maes M, Bosmans E, Calabrese J, Smith R, Meltzer HY. Interleukin-2 and interleukin-6 in schizophrenia
and mania: effects of neuroleptics and mood stabilizers. J. Psychiatr. Res. 1995; 29: 141-152.

111.  Hori H, Yoshimura R, Yamada Y et al. Effects of olanzapine on plasma levels of catecholamine
metabolites, cytokines, and brain-derived neurotrophic factor in schizophrenic patients. Int. Clin.
Psychopharmacol. 2007; 22: 21-27.

112.  O'Brien SM, Scully P, Dinan TG. Increased tumor necrosis factor-alpha concentrations with interleukin-4
concentrations in exacerbations of schizophrenia. Psychiatry Res. 2008; 160: 256-262.

113.  Singh B, Bera NK, Nayak CR, Chaudhuri TK. Decreased serum levels of interleukin-2 and interleukin-6
in Indian Bengalee schizophrenic patients. Cytokine 2009; 47: 1-5.

114.  Shintani F, Kanba S, Maruo N ef al. Serum interleukin-6 in schizophrenic patients. Life Sci. 1991; 49:
661-664.

115.  Zhang XY, Zhou DF, Qi LY et al. Superoxide dismutase and cytokines in chronic patients with
schizophrenia: association with psychopathology and response to antipsychotics. Psychopharmacology 2009,
204: 177-184.

116.  Miiller N, Dobmeier P, Empl M, Riedel M, Schwarz M, Ackenheil M. Soluble IL-6 receptors in the
serum and cerebrospinal fluid of paranoid schizophrenic patients. Eur. Psychiatry 1997; 12: 294-299,

117.  Smith SE, Li J, Garbett X, Mirnics K, Patterson PH. Maternal immune activation alters fetal brain
development through interleukin-6. J. Neurosci. 2007; 27: 10695-10702.

118.  Behrens MM, Ali SS, Dugan LL. Interleukin-6 mediates the increase in NADPH-oxidase in the ketamine
model of schizophrenia. J, Neurosci. 2008; 28: 13957-13966.

119.  Aston C, Jiang L, Sokolov BP. Microarray analysis of postmortem temporal cortex from patients with
schizophrenia. J. Neurosci, Res. 2004; 77: 858-866.

120.  Hakak Y, Walker JR, Li C ef al. Genome-wide expression analysis reveals dysregulation of myelination-
related genes in chronic schizophrenia. Proc. Natl. Acad. Sci. U. S. A. 2001; 98: 4746-4751.

121.  Haroutunian V, Katsel P, Dracheva S, Stewart DG, Davis KL. Variations in oligodendrocyte-related gene
expression across multiple cortical regions: implications for the pathophysiology of schizophrenia. Int. J.
Neuropsychopharmacol. 2007; 10: 565-573.

122. Iwamoto K, Bundo M, Yamada Ker al. DNA methylation status of SOXI0 correlates with its
downregulation and oligodendrocyte dysfunction in schizophrenia. J. Neurosci. 2005; 25: 5376-5381.

123.  Iwamoto K, Kato T. Gene expression profiling in schizophrenia and related mental disorders.
Neuroscientist 2006; 12: 349-361.

11



Y. Watanabe et al.

124.  Sugai T, Kawamura M, Iritani S ef al. Prefrontal abnormality of schizophrenia revealed by DNA
microarray: impact on glial and neurotrophic gene expression. 4nn. N. Y. Acad. Sci. 2004; 1025: 84-91.

125.  Tkachev D, Mimmack ML, Ryan MM et al. Oligodendrocyte dysfunction in schizophrenia and bipolar
disorder. Lancet 2003; 362: 798-805.

126.  Arion D, Unger T, Lewis DA, Levitt P, Mirnics K. Molecular evidence for increased expression of genes
related to immune and chaperone function in the prefrontal cortex in schizophrenia. Biol. Psychiatry 2007;
62: 711-721.

127.  Saetre P, Emilsson L, Axelsson E, Kreuger I, Lindholm E, Jazin E. Inflammation-related genes up-
regulated in schizophrenia brains. BMC Psychiatry 2007; 7: 46.

128.  Futamura T, Kakita A, Tohmi M, Sotoyama H, Takahashi H, Nawa H. Neonatal perturbation of
neurotrophic signaling results in abnormal sensorimotor gating and social interaction in adults: implication
for epidermal growth factor in cognitive development. Mol. Psychiatry 2003; 8: 19-29.

129,  TohmiM, Tsuda N, Watanabe Y, Kakita A, Nawa H. Perinatal inflammatory cytokine challenge results
in distinct neurobehavioral alterations in rats: implication in psychiatric disorders of developmental origin.
Neurosci. Res. 2004; 50: 67-75.

130. TohmiM, Tsuda N, Zheng Y et al. The cellular and behavioral consequences of interleukin-1 alpha
penetration through the blood-brain barrier of neonatal rats: a critical period for efficacy. Neuroscience 2007;
150: 234-250.

131.  TsudaN, Mizuno M, Yamanaka T, Komurasaki T, Yoshimoto M, Nawa H. Common behavioral
influences of the ErbB1 ligands transforming growth factor alpha and epiregulin administered to mouse
neonates. Brain Dev. 2008; 30: 533-543.

132.  Watanabe Y, Hashimoto S, Kakita A ef al. Neonatal impact of leukemia inhibitory factor on
neurobehavioral development in rats. Neurosci. Res. 2004; 48: 345-353.

133,  Cohen S. Isolation of a mouse submaxillary gland protein accelerating incisor eruption and eyelid
opening in the new-born animal. J. Biol. Chem. 1962; 237: 1555-1562.

134.  Braff DL, Geyer MA. Sensorimotor gating and schizophrenia. Human and animal model studies. Arch.
Gen. Psychiatry 1990; 47: 181-188.

135.  Swerdlow NR, Geyer MA. Using an animal model of deficient sensorimotor gating to study the
pathophysiology and new treatments of schizophrenia. Schizophr. Bull. 1998; 24: 285-301.

136.  Weiner I. The "two-headed" latent inhibition model of schizophrenia: modeling positive and negative
symptoms and their treatment. Psychopharmacology 2003; 169: 257-297.

137. Mizuno M, Malta RS Jr, Nagano T, Nawa H. Conditioned place preference and locomotor sensitization
after repeated administration of cocaine or methamphetamine in rats treated with epidermal growth factor
during the neonatal period. Ann. N. Y. Acad. Sci. 2004; 1025: 612-618.

138.  Sotoyama H, Namba H, Takei N ez al. Neonatal exposure to epidermal growth factor induces dopamine
D2-like receptor supersensitivity in adult sensorimotor gating. Psychopharmacology 2006; 191: 783-792,

139, NawaH, Someya T, Sakai M. A novel schizophrenia model established by subcutaneously injecting a
cytoking to a cynomolgus monkey neonate. Schizophr. Bull. 2009; 35 (supp. 11): 252,

140. Tohmi M, Tsuda N, Mizuno M, Takei N, Frankland PW, Nawa H. Distinct influences of neonatal
epidermal growth factor challenge on adult neurobehavioral traits in four mouse strains. Behav. Genet. 2005;
35: 615-629.

141.  TsudaN, Tohmi M, Mizuno M, Nawa H. Strain-dependent behavioral alterations induced by peripheral
interleukin-1 challenge in neonatal mice. Behav. Brain. Res. 2006; 166: 19-31.

142.  Mizuno M, Sotoyama H, Narita E et al. A cyclooxygenase-2 inhibitor ameliorates behavioral
impairments induced by striatal administration of epidermal growth factor. J. Neurosci. 2007; 27: 10116~
10127.

143.  Clancy B, Darlington RB, Finlay BL. Translating developmental time across mammalian species.
Neuroscience 2001; 108: 7-17.

144.  Shobokshi A, Shaarawy M. Maternal serum and amniotic fluid cytokines in patients with preterm
premature rupture of membranes with and without intrauterine infection. Int. J. Gynaecol. Obstet. 2002; 79:
209-215.

12



Y. Watanabe et al.

145.  Ayhan'Y, Sawa A, Ross CA, Pletnikov MV. Animal models of gene-environment interactions in
schizophrenia. Behav. Brain Res. 2009; 204: 274-281.

146. Namba H, Zheng Y, Abe Y, Nawa H. Epidermal growth factor administered in the periphery influences
excitatory synaptic inputs onto midbrain dopaminergic neurons in postnatal mice. Neuroscience 2009; 158:
1731-1741.

147.  Abe Y, Nawa H, Namba H. Activation of epidermal growth factor receptor ErbB1 attenuates inhibitory
synaptic development in mouse dentate gyrus. Neurosci. Res. 2009; 63: 138-148.

148. Namba H, Nagano T, Iwakura Y et al. Transforming growth factor alpha attenuates the functional
expression of AMPA receptors in cortical GABAergic neurons. Mol. Cell. Neurosci. 2006; 31: 628-641.
149.  Narisawa-Saito M, Silva AJ, Yamaguchi T, Hayashi T, Yamamoto T, Nawa H. Growth factor-mediated
Fyn signaling regulates alpha-amino-3- hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor

expression in rodent neocortical neurons. Proc. Natl. Acad. Sci. U. S. 4. 1999; 96: 2461-2466.

150. Nagano T, Namba H, Abe Y, Aoki H, Takei N, Nawa H. In vivo administration of epidermal growth
factor and its homologue attenuates developmental maturation of functional excitatory synapses in cortical
GABAergic neurons. Eur. J. Neurosci. 2007; 25: 380-390.

151.  Yokomaku D, Jourdi H, Kakita A et al. ErbB1 receptor ligands attenuate the expression of synaptic
scaffolding proteins, GRIP1 and SAP97, in developing neocortex. Neuroscience 2005; 136: 1037-1047.
152.  Toyooka K, Iritani S, Makifuchi T et al. Selective reduction of a PDZ protein, SAP-97, in the prefrontal

cortex of patients with chronic schizophrenia. J. Neurochem. 2002; 83: 797-806.

153.  Harrison PI. The neuropathology of schizophrenia. A critical review of the data and their interpretation.
Brain 1999; 122: 593-624.

154. OyagiA, OidaY, Kakefuda K ef al. Generation and characterization of conditional heparin-binding
EGF-like growth factor knockout mice. PLoS One 2009; 4: €7461.

155.  Levkovitz Y, Levi U, Braw Y, Cohen H. Minocycline, a second-generation tetracycline, as a
neuroprotective agent in an animal model of schizophrenia. Brain Res. 2007; 1154: 154-162.

156.  ZhangL, Shirayama Y, Iyo M, Hashimoto K. Minocycline attenuates hyperlocomotion and prepulse
inhibition deficits in mice after administration of the NMDA receptor antagonist dizocilpine.
Neuropsychopharmacology 2007; 32: 2004-2010.

157. Levkovitz Y, Mendlovich S, Riwkes S et al. A double-blind, randomized study of minocycline for the
treatment of negative and cognitive symptoms in early-phase schizophrenia. J. Clin. Psychiatry 2010; 71:
138-149.

158.  Akhondzadeh S, Tabatabace M, Amini H et al. Celecoxib as adjunctive therapy in schizophrenia: a
double-blind, randomized and placebo-controlled trial. Schizophr. Res. 2007; 90: 179-185.

159. Mizuno M, Kawamura H, Takei N, Nawa H. The anthraquinone derivative Emodin ameliorates
neurobehavioral deficits of a rodent model for schizophrenia. J. Neural. Transm. 2008; 115: 521-530.

160. Nawa H, Mizuno M. Antipsychotic molecular-targeting epithelial growth factor receptor. US Patent
2006; US2006167026.

13






