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S. Hossein Fatemi'~ and Timothy D. Folsom®

"Division of Neuroscience Research, Department of Psychiatry
and; *Departments of Pharmacology and Neuroscience, University
of Minnesota, Minneapolis, MN

While multiple theories have been put forth regarding the
origin of schizophrenia, by far the vast majority of evidence
points to the neurodevelopmental model in which develop-
mental insults as early as late first or early second trimester
lead to the activation of pathologic neural circuits during
adolescence or young adulthood leading to the emergence
of positive or negative symptoms. In this report, we exam-
ine the evidence from brain pathology (enlargement of the
cerebroventricular system, changes in gray and white mat-
ters, and abnormal laminar organization), genetics (changes
in the normal expression of proteins that are involved in early
migration of neurons and glia, cell proliferation, axonal out-
growth, synaptogenesis, and apoptosis), environmental fac-
tors (increased frequency of obstetric complications and
increased rates of schizophrenic births due to prenatal viral
or bacterial infections), and gene-environmental interactions
(a disproportionate number of schizophrenia candidate genes
are regulated by hypoxia, microdeletions and microduplica-
tions, the overrepresentation of pathogen-related genes
among schizophrenia candidate genes) in support of the neu-
rodevelopmental model. We relate the neurodevelopmental
model to a number of findings about schizophrenia. Finally,
we also examine alternate explanations of the origin of
schizophrenia including the neurodegenerative model.
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The Neurodevelopmental Theory of Schizophrenia and
Supportive Evidence

Schizophrenia is a neurodevelopmental disorder that
affects youth in puberty and is manifested by a disruption
in cognition and emotion along with negative (ie, avoli-
tion, alogia, apathy, poor or nonexistent social function-
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ing) and positive (presence of hallucinations, delusions)
symptoms. According to the neurodevelopmental hy-
pothesis, the etiology of schizophrenia may involve path-
ologic processes, caused by both genetic and environmental
factors, that begin before the brain approaches its adult
anatomical state in adolescence.! These neurodevelop-
mental abnormalities, developing in utero as early as
late first or early second trimester” for some and thereaf-
ter for others, have been suggested to lead to the activa-
tion of pathologic neural circuits during adolescence or
young adulthood (sometimes owing to severe stress),
which leads to the emergence of positive or negative
symptoms or both.>>*

Earlier neuropathologic work indicated that some
cases of schizophrenia result from embryologic maldevel-
opment.> E. Slater also referred to maldevelopmental
similarities between temporal lobe epilepsy and schizo-
phrenia and stressed their possible neuropathologic
basis.® The emergence of evidence for cortical maldevel-
opment in schizophrenia and the development of several
plausible animal models of schizophrenia,” which are
based on various paradigms that produce behavioral ab-
normalities or altered sensitivity to dopaminergic drugs
only in adolescent or adult animals, have strengthened
the link between maldevelopment and schizophrenia.
The concept of schizophrenia as a neurodevelopmental
disorder is also consistent with other epidemiologic
and clinical lines of evidence, discussed in the following
sections.

A “2-hit” model proposed by Keshavan®® works within
the framework of the neurodevelopmental theory in which
maldevelopment during 2 critical time points (early brain
development and adolescence) combines to produce the
symptoms associated with schizophrenia. According to
this model, early developmental insults may lead to dys-
function of specific neural networks that would account
for premorbid signs and symptoms observed in individuals
that later develop schizophrenia.® At adolescence, exces-
sive elimination of synapses and loss of plasticity may
account for the emergence of symptoms.™’

Congenital Abnormalities

Multiple markers of congenital anomalies indicative of
neurodevelopmental insults have been found in schizo-
phrenia.'®!" Such anomalies include agenesis of corpus
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callosum, stenosis of sylvian aqueduct, cerebral hamarto-
mas, and cavum septum pellucidum. Presence of low-set
ears, epicanthal eye folds, and wide spaces between the
first and second toes are suggestive of first trimester
anomalies.'®!'! There is, however, support for abnormal
dermatoglyphics in patients with schizophrenia indicat-
ing a second trimester event.'>!* Multiple reports indi-
cate the presence of premorbid neurologic soft signs in
children who later develop schizophrenia.'*'® Slight pos-
turing of hands and transient choreoathetoid movements
have been observed during the first 2 years of life in chil-
dren who later developed schizophrenia.'>!'” Addition-
ally, poor performance on tests of attention and
neuromotor performance, mood and social impairment,
and excessive anxiety have been reported to occur more
frequently in high-risk children with a schizophrenic par-
ent.'®!? All these findings are consistent with schizophre-
nia as a syndrome of abnormal brain development.

Environmental Factors

There is a large body of epidemiologic research showing
an increased frequency of obstetric and perinatal compli-
cations in schizophrenic patients.?’ The complications
observed include periventicular hemorrhages, hypoxia,
and ischemic injuries.'®*' There is also a robust collection
of reports indicating that environmental factors, espe-
cially viral infections, can increase the risk for develop-
ment of schizophrenia.”>** Hare et al** and Machon
et al*® reported on excess of schizophrenic patients being
born during late winter and spring as indicators of poten-
tial influenza infections being responsible for these cases.
Indeed, the majority of nearly 50 studies performed in the
intervening years indicate that 5%-15% excess schizo-
phrenic births in the northern hemisphere occur during
the months of January and March.?®?® This excess win-
ter birth has not been shown to be due to unusual pat-
terns of conception in mothers or to a methodological
artifact.’®* Machon et al** and Mednick et al** showed
that the risk of schizophrenia was increased by 50% in
Finnish individuals whose mothers had been exposed
to the 1957 A2 influenza during the second trimester
of pregnancy. Later, 9 out of 15 studies performed rep-
licated Mednick’s findings of a positive association be-
tween prenatal influenza exposure and schizophrenia.”
These association studies showed that exposure during
the 4th—7th months of gestation affords a window of op-
portunity for influenza virus to cause its teratogenic
effects on the embryonic brain.* Additionally, 3 out of
5 cohort and case-control studies support a positive as-
sociation between schizophrenia and maternal exposure
to influenza prenatally.’’ > Subsequent studies have
now shown that other viruses such as rubella®® may
also increase the risk for development of schizophrenia
in the affected progeny of exposed mothers.?®** A review
by Brown® summarized that (1) there was a 10- to
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20-fold risk of developing schizophrenia following prena-
tal exposure to rubella; (2) prenatal exposure to influenza
in the first trimester increased 7-fold, and infection in
early to midgestation increased risk 3-fold; and (3) pres-
ence of maternal antibodies against Toxoplasma gondii
lead to 2.5-fold increased risk.*> By far, the most exciting
evidence linking viral exposure to development of schizo-
phrenia was published by Karlsson et al,*> who provided
data suggestive of a possible role for retroviruses in the
pathogenesis of schizophrenia.?* Karlsson et al*® identi-
fied nucleotide sequences homologous to retroviral poly-
merase genes in the cerebrospinal fluid of 28.6% of
subjects with schizophrenia of recent origin and in 5%
of subjects with chronic schizophrenia. In contrast,
such retroviral sequences were not found in any individ-
uals with noninflammatory neurological illnesses or in
normal subjects.’>** More recently, Perron et al.”*° using
an immunoassay to quantify serum levels of human en-
dogenous retrovirus type W family GAG and envelope
(ENV) proteins in subjects with schizophrenia and
matched controls. Positive antigenemia for ENV was
found in 23 of 49 (47%) and for GAG in 24 of 49
(49%) of patients with schizophrenia. In contrast, for
control subjects only 1 of 30 (3%) for ENV and 2 of
49 (4%) for GAG were positive in blood donors (p <
.01 for ENV; p < .001 for GAG), providing further
evidence of an association between retroviruses and
schizophrenia.??® The upshot of these studies and previ-
ous epidemiological reports is that schizophrenia may
represent the shared phenotype of a group of disorders
whose etiopathogenesis involves the interaction between
genetic influences and environmental risks, such as viruses
operating on brain maturational processes.””> Moreover,
identification of potential environmental risk factors,
such as influenza virus or retroviruses such as endogenous
retroviral-9 family and the human endogenous retrovirus-
W species observed by Karlsson et al,?® will help in target-
ing early interventions at repressing the expression of these
transcripts. An alternate approach would be to vaccinate
against influenza thus influencing the course and outcome
of schizophrenia in the susceptible individuals.**

There are at least 2 mechanisms that may be responsi-
ble for transmission of viral effects from the mother to the
fetus. (1) Via direct viral infection: There are clinical, as
well as direct experimental, reports*®>° showing that hu-
man influenza A viral infection of a pregnant mother may
cause transplacental passage of viral load to the fetus. In
a series of reports, Aronsson and colleagues used human
influenza virus (A/WSN/33, a neurotropic strain of influ-
enza A virus) on day 14 of pregnancy, to infect pregnant
C57BL/6 mice intranasally. Viral RNA and nucleopro-
tein were detected in fetal brains, and viral RNA persisted
in the brains of exposed offspring for at least 90 days of
postnatal life thus showing evidence for transplacental
passage of influenza virus in mice and the persistence
of viral components in the brains of progeny into young
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adulthood.’® Additionally, Aronsson et al*® have demon-
strated that 10-17 months after injection of the human
influenza A virus into olfactory bulbs of TAP1 mutant
mice, viral RNA encoding the nonstructural NS1 protein
was detected in midbrain of the exposed mice. The prod-
uct of NS1I gene is known to play a regulatory role in the
host cell metabolisms.* Several in vitro studies have also
shown the ability of human influenza A virus to infect
Schwann cells,*" astrocytes, microglial cells and neu-
rons,*® and hippocampal GABAergic cells,*** selec-
tively causing persistent infection of target cells in the
brain. (2) Via induction of cytokine production: Multiple
clinical and experimental reports show the ability of hu-
man influenza infection to induce production of systemic
cytokines by the maternal immune system, the placenta,
or even the fetus itself.** *® New reports show presence of
serologic evidence of maternal exposure to influenza as
causing increased risk of schizophrenia in offspring.* Off-
spring of mothers with elevated immunoglobulin G and
immunoglobulin M levels, as well as antibodies to herpes
simplex virus type 2, during pregnancy have an increased
risk for schizophrenia.*’ Cytokines such as interleukin
(IL)-1B, IL-6, and tumor necrosis factor oo (TNF-o1) are
elevated in the pregnant mothers after maternal infec-
tion***>* and after infection in animal models.***® All
these cytokines are known to regulate normal brain devel-
opment and have been implicated in abnormal corticogen-
esis.’® % Additionally, expression of messenger RNAs
(mRNAs) for cytokines in the central nervous system
(CNYS) is developmentally regulated both in man and in
mouse,”* 7 emphasizing the significant role that cytokines
play during neurodevelopment. IL-1B, IL-6, and TNF-a
cross the placenta and are synthesized by mother,” by
the placenta,”® and by the fetus.”® Maternal levels of
TNF-a and IL-8 have been shown to be elevated in human
pregnancies in which the offspring goes on to develop
schizophrenia.*> A more relevant series of studies in dif-
ferent animal models for schizophrenia show that mater-
nal infection with human influenza mimic poly I:C,
a synthetic double-stranded RNA that stimulates a cyto-
kine response in mice, can cause abnormalities in prepulse
inhibition (PPI)*° or, after maternal exposure to E. coli cell
wall endotoxin lipopolysaccharide, cause disruption of
sensorimotor gating in the offspring.®' Finally, maternal
exposure to poly I:C also causes disrupted latent inhibition
in rat.®? All these models suggest that direct stimulation of
cytokine production by infections or immunogenic agents
cause disruptions in various brain structural or behavioral
indices of relevance to schizophrenia. Other factors asso-
ciated with increased schizophrenic births include famine
during pregnancy,®** Rh factor incompatibility,> and
autoimmunity due to infectious agents.

A number of animal models are currently in use to
study schizophrenia and identify potential new therapies
(reviewed by Carpenter and Koenig’). Our laboratory
has studied the effects of prenatal human influenza viral
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infection on day 9 of pregnancy in BALB/c and C57BL/6
mice and their offspring. These studies showed the dele-
terious effects of influenza on growing brains of exposed
offspring. Briefly, embryonic day 9 (E9) pregnant BALB/c
mice were exposed to influenza A/INWS/33 (HINI1) or
vehicle, following determination of viral dosage, causing
sublethal lung and upper respiratory infection. Pregnant
mice were allowed to deliver pups. The day of delivery
was considered day 0. Prenatally infected murine brains
from postnatal day 0 showed significant reductions in
reelin-positive cell counts in layer I of neocortex and other
cortical layers (P < .0001) when compared with con-
trols.®” Whereas layer I Cajal-Retzius cells produced sig-
nificantly less reelin in infected animals, the same cells
showed normal production of calretinin and neuronal
nitric oxide synthase (nNOS) when compared with control
brains.®” This work has recently been confirmed by Meyer
et al® who also observed a decrease in reelin-positive cells
in medial prefrontal cortex (PFC) following poly I:C expo-
sure on E9 and E17.

Additionally, prenatal viral infection on E9 resulted in
various behavioral abnormalities.®® These included abnor-
mal exploratory behavior, reflecting difficulty handling
stress, similar to what is observed in schizophrenia. The
offspring of exposed mice showed significantly less time
exploring their environment vs control mice.*® Moreover,
the offspring of exposed mice contacted each other less
frequently than the control mice, suggesting altered social
behavior.®® Finally, the offspring of exposed mice dis-
played an abnormal acoustic startle response,’® similar
to PPI deficits in untreated schizophrenic subjects.®” Ad-
ministration of antipsychotic agents chlorpromazine
(a typical agent) and clozapine (an atypical agent), agents
which treat schizophrenic symptoms and correct PPI def-
icits in patients, caused significant increases in PPI in
the exposed mice vs controls, correcting the PPI deficits.®®
The response by offspring of exposed mice to both anti-
psychotics shows that our animal model has predictive
validity for positive symptoms of schizophrenia.®

Our laboratory has previously shown that infection of
BALB/c mice at E9 has deleterious effects on brain mor-
phology®”-”° (figure 1). Prenatally infected brains from PO
displayed decreases in neocortical and hippocampal
thickness.®” Moreover, brains at PO displayed increased
pyramidal cell density and significantly reduced pyrami-
dal cell nuclear size.” By adulthood (P98), there contin-
ued to be an increase in pyramidal cell density and
nonpyramidal cell density and a significant reduction
in pyramidal cell nuclear size.”” Taken together, these
data suggest that prenatal viral infection at E9 (late first
trimester) causes persistent deleterious changes in brain
morphology. Morphometric analysis of brain also
revealed numerous defects following infection of
C57BL/6 mice at E18 (late second trimester). Analysis
of brain and lateral ventricular volume areas in postnatal
brains showed significant atrophy of the brain volume by
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Fig. 1. Magnetic Resonance Imaging Reveals Significant (P < .05) Brain Atrophy in Multiple Brain Areas of the 35-d-Old Virally Infected
Mouse Offspring (Right Panel) as Compared With Sham-Infected Mice (Left Panel). Originally published in Fatemi et al.”

approximately equal to 4% (P < .05) in P35 offspring of
exposed mice.”' There were significant reductions in vol-
ume for the cerebellum (P < .001) and hippocampus
(P < .00005) at P35.”! Fractional anisotropy of corpus
callosum revealed white matter atrophy on P35 offspring
(P < .0082) of exposed mice.”!

Brain gene expression also changes in response to pre-
natal viral infection.”" 7> Gene expression data showed
a significant (P < .05) at least 1.5-fold up- or downregu-
lation of genes in frontal (43 upregulated and 29 down-
regulated at PO, 16 upregulated and 17 downregulated at
P14, and 86 upregulated and 24 downregulated at P56),
hippocampal (129 upregulated and 46 downregulated at
PO, 9 upregulated and 12 downregulated at P14, and 45
upregulated and 17 downregulated at P56), and cerebel-
lar (120 upregulated and 37 downregulated at PO, 11
upregulated and 5 downregulated at P14, and 74 upregu-
lated and 22 downregulated at P56) areas of mouse
offspring.”! Several genes, which have been previously
implicated in etiopathology of schizophrenia, were
shown to be affected significantly (P < .05) in the
same direction and the magnitude of change was vali-
dated by quantitative real-time polymerase chain reac-
tion (QRT-PCR)’! (table 1). There were also several
genes that were known to be involved in influenza-medi-
ated RNA processing and that were upregulated in all 3
brain areas and continued to be present at P0, eg, NSI
influenza—binding protein and aryl hydrocarbon receptor
nuclear translocator genes.

Prenatal viral infection may lead to the development of
schizophrenia in multiple ways (figure 2). One way is via
an epigenetic mechanism in which hypermethylation of
promoters by molecules such as DNA methyltransferase
1 (DNMTI) results in altered expression of schizophrenia
candidate genes. DNMT1 mRNA has been shown to be
increased in brains of subjects with schizophrenia.”* Ac-

tivation of DNMTT1, in turn, hypermethylates promoters
for reelin and glutamic acid decarboxylase (GAD)67-
kDa protein genes resulting in decreased levels of these
molecules.”® These changes contribute to abnormal brain
development and altered y-aminobutyric acid (GABA)
signaling and subsequent genesis of schizophrenia. Ma-
ternal infection may also lead to activation of the mater-
nal immune response leading to altered levels of
cytokines including IL-18, IL-6, and TNF-a that regulate
normal brain development and are altered following ma-
ternal infection.****® Changes may lead to abnormal
cortical development®>? and, ultimately, schizophrenia.
Prenatal viral expression may also lead to altered expres-
sion of genes that are involved in cell-cell communication
and changes in cell structure due to chronic actin depo-
lymerization (S.H. Fatemi and M. Peoples, unpublished
observations, 2007). Aquaporin 4 is localized to astro-
cytes and ependymal cells in brain and is involved with
water transport.’®’” Aquaporin 4 protein expression is
significantly decreased at postnatal day 35 in neocortex
in BALB/c mice following infection at E9’® possibly
resulting in altered cell morphology. Similarly, chronic
actin depolymerization may alter gene expression in
schizophrenia (S.H. Fatemi and M. Peoples, unpublished
observations, 2007). nNOS, which is associated with F-
actin, displays altered expression following prenatal viral
infection at E9 and may show altered expression follow-
ing actin disruption. Actin depolymerization (with
cytochalasin D) causes internalization of NR1 subunit
of N-methyl-p-aspartate (NMDA) and therefore de-
creased NMDA currents leading to altered signaling,
but it is unknown whether this occurs in schizophrenia.
Our laboratory has observed significant increase in
nNOS at P35 and a significant decrease at P56 that
may lead to altered synaptogenesis and excitotoxicity in
neonatal brains.”

531



S. H. Fatemi & T. D. Folsom

Table 1. Microarray and qRT-PCR Results for Selected Affected Genes in E18 Infected Mice

Gene Relative

Microarray Microarray to Normalizer qRT-PCR
Gene Symbol  Area PD  Fold Change P Value (qQRT-PCR) P Value
Cdc42 guanine nucleotide exchange factor Arhgef PFC PO 2.79 .023 1.25 .026
(GEF) 9 (Collybistin)
Aryl hydrocarbon receptor nuclear Arnt Cer PO * * 1.51 .024
translocator Hipp PO * * 2.08 021
PFC PO * * 1.45 .006
Death-associated protein kinase 1 Dapkl Cer PO 2.18 .0051 1.22 .013
DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Dby Cer P56  4.00 .044 6.71 .005
Y-linked
Ephrin B2 Efnb2 Hipp PO  2.33 .035 2.41 .021
V-erb-a erythroblastic leukemia viral oncogene  Erbb4 Hipp PO 343 .0055 2.10 .048
homolog 4 (avian)
Influenza virus NS1A-binding protein Ivnslabp  Cer PO * * 1.22 .0004
Hipp PO * * 1.91 .079
PFC PO * * 1.02 .86
Mpyelin transcription factor 1-like Mytll Hipp PO 2.36 .039 2.03 .051
Neurexophilin Nxph2 Hipp PO 4.15 .0006 3.50 .010
Sema domain, immunoglobulin domain, short  Sema3a  Hipp PO 3.52 018 3.49 013
basic domain, secreted, (semaphorin) 3A
SRY-box—containing gene 2 Sox2 Cer PO 2.16 .008 1.30 010
Transferrin receptor Trfr2 Cer PO 2.27 045 1.57 .026
Ubiquitously transcribed tetratricopeptide Uty Cer P56  3.68 .033 5.35 .018

repeat gene, Y chromosome

Note: Data taken from Fatemi et al.”!

E, embryonic; PD, postnatal date; PFC, prefrontal cotex; Cer, cerebellum; Hipp, hippocampus;

qRT-PCR, quantitative real-time polymerase chain reaction; *, not changed in microarray; bold values, p < 0.05.

Genetics

The mode of transmission in schizophrenia is unknown
and most likely complex and non-Mendelian.'®®® Chro-
mosomal abnormalities show evidence for involvement
of a balanced reciprocal translocation between chromo-
somes 1g42 and 11q14.3, with disruption of disrupted in
schizophrenia 1 and 2 (DISCI and DISC2) genes on
1q42, being associated with schizophrenia.®*#! Addition-
ally, an association between a deletion on 22q11, schizo-
phrenia, and velocardiofacial syndrome has been
reported.®? Mice with similar deletions exhibit sensori-
motor gating abnormalities.®?

Linkage and association studies show 12 chro-
mosomal regions containing 2181 known genes®* and 9
specific genes® as being involved in etiology of schizo-
phrenia.®® Variations/polymorphisms in 9 genes includ-
ing neuregulin 1 (NRGI), dystrobrevin-binding protein
1 (DTNBPI), G72 and G30, regulator of G-protein sig-
naling 4 (RGS4), catechol-O-methytransferase (COMT),
proline dehydrogenase (PRODH), DISCI and DISC2,
serotonin 2A receptor, and dopamine receptor D3
(DRD3) have been associated with schizophrenia (table 2).
However, of the various candidate genes, there is no

80,84,85
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single gene whose genetic association to schizophrenia
has been replicated in every study.®¢

Another means of studying the genetic basis of schizo-
phrenia uses the technique of DNA microarray.’”:%8
These studies are based on discovering genes either
repressed or stimulated significantly in well-characterized
postmortem brain tissues from subjects with schizophre-
nia and matched healthy controls and peripheral lympho-
cytes obtained from schizophrenic and matched healthy
controls and antipsychotic-treated brains of rodents
(table 3). Genes involved in drug response or in etiopa-
thogenesis of schizophrenia can be compared and studied
to better understand the mechanisms responsible for this
illness.’

Biological markers consistent with prenatal occurrence
of neurodevelopmental insults in schizophrenia include
changes in the normal expression of proteins that are
involved in early migration of neurons and glia, cell pro-
liferation, axonal outgrowth, synaptogenesis, and apo-
ptosis. Some of these markers have been investigated
in studies of various prenatal insults in potential animal
models for schizophrenia thus helpful in deciphering the
molecular mechanisms for genesis of schizophrenia.’
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Fig. 2. A Hypothesis of How Prenatal Viral Infection Could
Contribute to the Development of Schizophrenia. Prenatal viral
infection may lead to (1) activation of DNA methyltransferase 1
(DNMT1) that in turn changes methylation of promoters for

a variety of genes leading to altered levels of molecules such as
glutamic acid decarboxylase 67-kDa protein (GAD67) and reelin
(S.H. Fatemi, unpublished observations).”*”* These changes may
result in abnormal development and altered y-aminobutyric acid
(GABA) signaling and subsequent genesis of schizophrenia; (2)
activation of the maternal immune response leading to altered levels
of cytokines including interleukin (IL)-1, IL-6, and tumor necrosis
factor o (TN F-oz5)44’4 “8 that regulate normal brain
development.**~? Changes may lead to abnormal cortical
development and, ultimately, schizophrenia; and (3) altered
expression of genes that are involved in cell-cell communication and
changesin cell structure due to chronic actin depolymerization (S.H.
Fatemi and M. Peoples, unpublished observations, 2007) may lead
to dysregulation of multiple signaling systems that have been
observed in schizophrenia. *, Pathways that require more
substantial support.

Several recent reports implicate various gene families as
being involved in pathology of schizophrenia using DNA
microarray technology, ie, genes involved in signal trans-
duction,® ?® cell growth and migration,”’ myelination,***’
regulation of presynaptic membrane function,”
y-aminobutyric acid—mediated (GABAergic) function.
By far, the most well-studied and replicated data deal with
genes involved in oligodendrocyte- and myelin-related func-
tions. Hakak et al® using mostly elderly schizophrenic and
matched control dorsolateral prefrontal cortex (DLPFC)
homogenates showed downregulation of 5 genes whose ex-
pression is enriched in myelin-forming oligodendrocytes,
which have been implicated in the formation and mainte-
nance of myelin sheaths. Later, Tkachev et al” using area 9
homogenates from Stanley Brain Collection showed signif-
icant downregulation in several myelin- and oligodendro-
cyte-related genes such as proteolipid protein 1,”® myelin-
associated glycoprotein, oligodendrocyte-specific protein
CLDNI11, myelin oligodendrocyte glycoprotein, myelin
basic protein, neuroregulin receptor v-erb-a erythroblastic

and
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leukemia viral oncogene homolog 3 (ERBB3), transferrin,
olig 1, olig 2, and SRY Box 10. *° Mirnics et al’> showed
downregulation of genes involved in presynaptic function
in the PFC such as methylmaleimide-sensitive factor, syn-
apsin II, synaptojanin 1, and synaptotagmin 5. Vawter
et al”® showed downregulation of histidine triad nucleo-
tide-binding protein and ubiquitin-conjugating enzyme
E2N. Anotherimportant family of genes involved in schizo-
phrenia are genes involved in glutamate and GABAergic
function”%**!. Hakak et al® showed an upregulation of
several genes involved in GABA transmission, such as
GADG65- and 67-kDa protein genes. However, several
reports have shown decreases in these proteins in schizo-
phrenia.””**1% Hashimoto et al’* showed a downregula-
tion of parvalbumin gene, and Vawter et al®® showed
downregulation of glutamate receptor o-amino-3-
hydroxyl-5-methyl-4-isoxazoleproprionate (AMPA).
Another gene family of import in schizophrenia deals
with signal transduction. Hakak et al®® showed upregula-
tion of several postsynaptic signal transduction pathways
known to be regulated by dopamine, consistent with the
dopamine hypothesis of schizophrenia®'°! such as
cAMP-dependent protein kinase subunit RII-f and nel-
related protein 2. In a similar vein, Mirnics and Lewis]’®
also showed downregulation of RGS4 gene in PFC of
schizophrenia. Recently in a study of temporal gyrus,
Bowden et al,'®* found that a number of genes related to
neurotransmission (GRIN2B, GRIP2, SYT7),neurodevel-
opment (DABI, SEMA5A), and intracellular signaling
(PIK3RI, CACNG2) were significantly altered.'®> Chung
et al’! showed upregulation of heat shock 70 gene in
schizophrenic brain.”’ A number of schizophrenia candi-
date genes have been found to change in PFC over the
course of the life span in brain samples from control
subjects via microarray: (1) RGS4 and glutamate re-
ceptor metabotropic 3 (GRM3) expression decreased
across the age range, (2) PRODH and DARPP32 expres-
sionincreased withage,and (3) NRGI, ERBB3,and nerve
growth factor receptor showed altered expression during
the years of greatest risk for the development of schizo-
phrenia.'%?

Interaction Between Genes and Environment

Genetic risk factors may also interact with obstetric com-
plications to increase risk of schizophrenia,'®* % and it
has been suggested known susceptibility genes for schizo-
phrenia were more likely than randomly selected genes to
be regulated by hypoxia/ischemia.'®” Nicodemus et al'®
recently tested whether a set of 13 schizophrenia suscepti-
bility genes thought to be regulated in part by hypoxia
statistically interact with obstetric complications. Four
genes: v-AKT murine thymoma viral oncogene homolog
1, brain-derived neurotrophic factor, DTNBPI, and
GRM3 showed significant interactions,’® and all 4 have
been shown to have neuroprotective roles.'®’
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Table 2. Risk Genes for Schizophrenia

Gene Abbreviation Locus
Neuregulin NRGI 8pl12-p21
Dysbindin DTNBPI 6p22
G72 G72 13934
D-amino acid oxidase DAAO 12q24
RGS4 RGS4 1q21-22
Catechol-O-methyltransferase coMT 22ql1
Proline dehydrogenase PRODH 22ql1
Reelin RELN 7q22

Note: Data taken from Sullivan et al,*° Le-Niculescu et al,®” and
Wedenoja et al.>'%,

In a study of schizophrenia candidate genes, Schmidt-
Kastner et al'®’ found that at least 50% were regulated by
hypoxia and/or were expressed in the vasculature.'®’
These genes included CHRNA7, COMT, GADI,
NRGI, RELN, and RGS4.'""" The authors proposed
that the interaction of genes and “internal”’ environmen-
tal factors, in this case hypoxia, result in developmental
perturbations leading to a predisposition to schizophre-
nia.'%” However, additional external factors would have
to come into play postnatally for the full development of
schizophrenia.'®’

Another approach to studying the genetic contribution
is to examine rare structural variants including microdu-
plications and microdeletions. These have previously
been shown to underlie illnesses including neurological
and neurodevelopmental syndromes.'” Two recent
reports by Walsh et al''” and the International Schizo-
phrenia Consortium''! have used this approach in sub-
jects with schizophrenia. Walsh et al''® found that
novel deletions and duplications of genes were present
in 5% of controls compared with 15% of subjects with
schizophrenia (P < .0008) and 25% of subjects with
early-onset schizophrenia (P < .0001). The majority of
genes identified were disproportionately associated
with pathways important for brain development, includ-
ing synaptic long-term transmission, NRG signaling, ax-
onal guidance, and integrin signaling.''® A large-scale
genome-wide survey of copy number variants (CNVs)
performed by the International Schizophrenia Consor-
tium''! revealed that subjects with schizophrenia were
1.15 times more likely to have a higher rate of CNVs
than controls.!'! Associations with schizophrenia were
found for large deletions of regions on chromosomes
1, 15, and 22 impacting a number of genes.'!!

Interestingly, 19 of the genes impacted in both articles
have also been significantly upregulated or downregu-
lated following prenatal viral infection at embryonic
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Table 3. Candidate Genes: Postmortem Studies and Animal
Models

Animal
Gene Abbreviation Postmortem model
Adenosine A2A receptor ADORA2A  + +
Apolipoprotein D APOD + +
CDC42 guanine ARHGEF9  + +
nucleotide exchange
factor 9
Complexin 2 CPLX2 + +
Distal-less homeobox 1 DLXI + —
Dopamine receptor D1 DRDI + —
Dopamine receptor D2 DRD2 + +
GABA, receptor, GABRAI + —
subunit Al
GABA, receptor, GABRAS + +
subunit AS

GABAg receptor 1 GABBRI + —

Glutamic acid GAD2 + —
decarboxylase 2

Glial fibrillary acidic GFAP + +
protein

Glutamate receptor, GRIAI + —
ionotropic, AMPA1

Glutamate receptor, GRIA2 + —
ionotropic, AMPA2

Myelin and lymphocyte MAL + —
protein

Myelin basic protein MBP + +

Neuronal PAS domain NPASI + +
protein 1

Proteolipid protein PLPI] + —

Reelin RELN + +

Regulator of G-protein RGS4 + —
signaling 4

Short stature homeobox 2 SHOX2 + —

Synapsin II SYN2 + —

Note: Data taken from Fatemi,®> Fatemi et al,®” Fatemi et al,’
and Le-Niculescu et al.3” AMPA, a-amino-3-hydroxyl-5-methyl-
4-isoxazoleproprionate; PAS, PER, ARNT, SIM.

days 9, 16, and 18 with our animal model (table 4) pro-
viding further convergence between our model and hu-
man genetic data. Two genes, v-erb-a erythroblastic
leukemia viral oncogene homolog 4 (Erbb4) and solute
carrier family 1 (glial high-affinity glutamate trans-
porter), member 3 (Slcla3), have been previously asso-
ciated with schizophrenia.!'>!''® Erbb4 gene codes for
a transmembrane tyrosine kinase receptor for NRGI.
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Table 4. Novel Structural Variants in Genomic DNA That Delete or Duplicate Genes in Subjects With Schizophrenia and Controls
Similar to Genes Significantly Altered Following Prenatal Viral Infection

Chromosomal Abnormality

in Subjects with Schizophrenia

Microarray of Virally Infected Mice

Name Gene Chr Dup/Del Disease Area Inf Date  PD Regulation
Ankyrin repeat domain 35'° Ankrd3s 1 Del Cer E9 P56  Up
Cer El6 P56  Down
Hipp El6 P56  Up
B-cell CLL/lymphoma 9''° Bcl-9 1 Del Hipp El6 PO Up
Lix1-like!!! Lix1] Del Hipp El6 PO Up
v-erb-a erythroblastic leukemia viral Erbb4 2 Del Scz Cer El6 P14 Up
oncogene homolog 4 (avian) '!! Hipp El6 PO Up
PFC El6 P56 Up
Cer E18 P56  Up
Hipp EIS8 PO Up
S-phase kinase-associated protein 2 (p45)''"  Skp2 5 Del Cer El6 P56 Up
Solute carrier family 1 (glial high-affinity ~ Slcla3 5 Del Scz Cer El6 P56  Up
glutamate transporter), member 3 Hipp El6 PO Up
(aka EAATI)!"! PFC  El6 P14 Up
Cation-chloride cotransporter—interacting  Slc12a9 7 Dup PFC E18 P14  Down
protein-1 (Solute carrier family 12
[potassium/chloride transporters],
member 9)!!!
Membrane-associated guanylate kinase, Magi2 7 Dup Hipp EIl6 PO Up
inverted 2'!!
Myeloid/lymphoid or mixed-lineage M3 7 Dup Cer El6 P56  Up
leukemia 3'!!
Putative homeodomain transcription Phtf2 7 Dup Hipp EIS8 P14 Up
factor 2!
PTK2 protein tyrosine kinase 2'!! Ptk2 Dup Hipp El6 PO Up
SWI/SNF-related, matrix-associated, Smarca2 9 Dup Cer El6 P56 Up
actin-dependent regulator of chromatin, Hipp El6 PO Up
subfamily a, member 2!!! Cer E18 P56 Up
Discs, large homolog 2 (Drosophila)'!! Dig2 11 Del Hipp El6 PO Up
Kruppel-like factor 13'!! KIfi3 15 Del Cer E18 PO Up
Myotubularin-related protein 10'° Mtmrl0 15 Del Cer El6 P56  Down
Apoptosis-inducing factor, Aifm3 22 Del PFC El6 P14 Up
mitochondrion-associated 3''°
Goosecoid-like''® Gscl 22 Del Cer E9 P56 Up
Hpall tiny fragments locus 9¢''° Ht9c 22 Del Cer El6 P56 Up
Solute carrier family 25 (mitochondrial Sle25al 22 Del Cer El6 P14 Up

carrier, citrate transporter), member 1o

Note: Data taken from Walsh et al,!'” Stone et al,'!! and S.H. Fatemi, unpublished observations, 2008; Chr, chromosome; Dup,
duplication; Del, deletion; Inf, infected; PD, postnatal date; Cer, cerebellum; CLL, chronic lymphocytic leukemia; Hipp, hippocampus;

PFC, prefrontal cortex; Scz, schizophrenia; E, embryonic.

This gene is involved in neuron and glial proliferation,
differentiation, and migration processes. Binding of
Erbb4 and NRGI1 leads to NMDA receptor current
propagation, a process that is apparently defective in
schizophrenia.''* A recent report shows that polymor-
phisms in NRGI are associated with gray and white mat-

ter alterations in childhood-onset schizophrenia,''
a striking similarity seen in our viral model of schizo-
phrenia, where brain atrophy also occurs in puberty
in the exposed mice.”! The significant increase in
Erbb4 mRNA we have observed may be due to decreases
in levels of NRGI in the exposed mice.”' Erbb4 also
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interacts with 2 other genes common to both lists: discs,
large homolog 2''* and membrane-associated guanylate
kinase, inverted 2 at neuronal synapses.''¢

Slcla3 codes for a glutamate transporter found on glial
cells that functions to regulate neurotransmitter concen-
trations at excitatory glutamatergic synapses.!'’:!'®
Slcla3 has been shown to be elevated in thalamus of sub-
jects with schizophrenia.''*> We have also observed ele-
vated levels of Slcla3 mRNA following prenatal viral
infection at E16 in cerebellum at P56, in hippocampus
at PO, and in PFC at P14 (S.H.F., unpublished observa-
tions, 2008). The 506-kb deletion that disrupts Slcla3
also disrupts S-phase kinase-associated protein 2
(Skp2), which suppresses apoptosis mediated by DNA
damage,1 18 and leads to the formation of a chimeric tran-
script.''? Interestingly, Skp2 mRNA is similarly elevated
in cerebellum at P56 following prenatal viral infection at
E16 (S.H. Fatemi, unpublished observations, 2008).

Further analysis of some of the virally regulated brain
genes in the exposed progeny that were also similarly dis-
rupted in subjects with schizophrenia by microdeletions
or microduplications included (1) Hpall tiny fragments
locus 9¢, which is involved in nucleic acid metabolism,
has recently been shown to be associated with a deficit
in sustained attention within schizophrenia in a Taiwa-
nese cohort''?; (2) protein tyrosine kinase 2, also known
as focal adhesion kinase, which is involved in axonal out-
growth'?’; and (3) SWI/SNF-related, matrix-associated,
actin-dependent regulator of chromatin, subfamily a,
member 2, which is involved in cell differentiation and
may be involved in the conversion of oligodendrocyte
precursor cells to neural stem cells.'*!

A recent study by Carter'?* has demonstrated the im-
portance of the interaction of genes related to the life
cycles of pathogens and schizophrenia. Carter examined
245 schizophrenia candidate genes and found that 21%
interact with influenza virus, 22% interact with herpes
simplex virus 1, 18% interact with cytomegalovirus,
12.6% interact with rubella, and 16% interact with Toxo-
plasma gondii.'** These percentages suggest a general
overrepresentation of pathogen-related genes in the set
of schizophrenia candidate genes. These genes code for
ligand-activated receptors (fibroblast growth factor re-
ceptor 1 [FGFR1]), adhesion molecules (neuronal cell ad-
hesion molecule 1 [NCAM1]), molecules involved with
intracellular traffic (DISC1), among others.'?? Carter!?
suggests that the variability observed in gene association
studies may be partly explained by presence/absence
of the pathogen that would affect the strength of
association.

Brain Pathology

A consistent observation in schizophrenia is the enlarge-
ment of the cerebroventricular system. The abnormalities
are present at onset of disease, progress slowly,! and
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are unrelated to the duration of illness or treatment
regimen.'® Additionally, cerebroventicular enlargement
distinguishes affected from unaffected discordant mono-
zygotic (MZ) twins. A large number of computed tomog-
raphy and magnetic resonance imaging (MRI) studies
indicate lateral and third ventricular enlargement and
widening of cortical fissures and sulci.'*® Furthermore,
gross brain abnormalities have been identified in
DLPFC, hippocampus, cingulate cortex, and superior
temporal gyrus.'%!?* Some reports also indicate presence
of brain structural abnormalities in individuals at high
risk for development of schizophrenia and in unaffected
first-degree relatives of subjects with schizophrenia.'?’
More recently, studies of white matter tracts show evi-
dence of disorganization and lack of alignment in white
fiber bundles in frontal and temporoparietal brain
regions in schizophrenia.'*

Numerous reports have documented the presence of
various neuropathologic findings in postmortem brains
of patients with schizophrenia.'” These findings consist
of cortical atrophy, ventricular enlargement, reduced vol-
ume of amygdala and parahippocampal gyrus, and cell
loss and volume reduction in thalamus.'?”'*® Several
cytoarchitectural studies give credence to the idea of early
abnormal laminar organization and orientation of neu-
rons in subjects with schizophrenia including (1) de-
creased entorhinal cellularity in superficial layers I and
II, incomplete clustering of neurons in layer II, and the
presence of clusters in deeper layers where they are nor-
mally not found'?’; (2) findings similar to those in the
entorhinal cortices in PFC and cingulate cortex!27130-131.
and (3) reduced nicotinamide alanine dinucleotide
phosphate (NADPH)-diaphorase (NOS)-positive cells
(remnants of the embryonic subplate zone) in cortical
layers I and II and increased density in deep layers (sub-
cortical white layer or the putative vestigial subplate
zone) in DLPFC and hippocampal and lateral temporal
cortices.'*? Specific regions of the frontal cortex are as-
sociated with schizophrenia, most notably the DLPFC
(for a review see Bunney and Bunney'*®) as well as the
orbitofrontal cortex, medial PFC, and ventromedial
PFC.'3"135 Changes in the frontal cortex include abnor-
mal translocation of NADPH-diaphorase—positive
cells'** and reduced gray matter volume.'*® Hippocam-
pal abnormalities include disturbed cytoarchitecture, ab-
normal translocation of NADPH-diaphorase—positive
cells, and an overall reduction in volume.'3>'37 A greater
prevalence of hippocampal shape anomaly, characterized
by a rounded shape, medial location, and a deep collat-
eral sulcus, has been found in familial schizophrenia
patients.'*® There is also evidence of irregular arrange-
ment of neurons in the entorhinal cortex and disoriented
pyramidal cells in CA1-CA3 subfields in subjects with
schizophrenia when compared with controls.'*!4°
Moreover, there is evidence of biochemical changes, in-
cluding glutamatergic and GABAergic dysfunction in



the hippocampus of subjects with schizophrenia.'#!-#20-2!

In cerebellum, reduced cell size in Purkinje cells have been
observed.'?’ Structural MRI studies have shown cerebel-
lar atrophy associated with schizophrenia.'**'** More
recently, however, a study has shown an increase in cer-
ebellar volume in subjects with schizophrenia.'*> Addi-
tionally, functional MRI investigations using cognitive
tests have demonstrated decreased activation in cerebel-
lum of schizophrenic patients.'*® 148

Several recent reports using MRI and diffusion tensor
imaging have shown reduced white and gray matter dif-
fusion anisotropy in patients with schizophrenia.'*!°!
In brain white matter, water diffusion is highly aniso-
tropic, with greater diffusion in the direction parallel
to axonal tracts. Thus, reduced anisotropy of water dif-
fusion has been proposed to reflect compromised white
matter integrity.'”® Reductions in white matter anisot-
ropy reflect disrupted white matter connections, which
is consistent with the disconnection model of schizophre-
nia.'>> Reduced white matter diffusion anisotropy has
been observed in prefrontal, parietooccipital, splenium
of corpus callosum, arcuate and uncinate fasiculus cor-
pus callosum, parahippocampal gyri, and deep frontal
perigenual regions of schizophrenic patients.!>%133157
It is conceivable that downregulation of genes affecting
production of myelin-related proteins, as well as other
components of axons, may lay the foundation for white
matter abnormalities that develop later in life in subjects
who become schizophrenic.”®°’ Recently, the dysregula-
tion of white matter metabolites have been observed in
elderly patients with schizophrenia.'®® Compared with
healthy subjects, patients with schizophrenia displayed
lower N-acetyl compounds, lower myoinosotol, and high-
er glutamate and glutamine in white matter regions.'>® The
authors suggest lower N-acetyl compounds may indicate
reduced neuronal content, lower myoinosotol may suggest
decreased glial content or dysfunction, while the elevated
glutamate and glutamine could be due to excess neuronal
release of glutamate or glial dysfunction in glutamate
reuptake.'* A more recent study by the same group found
that elderly patients with schizophrenia with elevated
levels of glutamate and glutamine in white matter had
lower negative positive and negative syndrome scale
(PANSS) scores but greater deficits in executive func-
tion.'> Table 5 summarizes the findings of selected re-
search articles on brain abnormalities observed in subjects
with schizophrenia.

Explanatory Capacity of the Neurodevelopmental Model of
Schizophrenia

Epidemiology of Schizophrenia

Schizophrenia affects 1% of the adult population in the
world.'® The point 6prevalence of schizophrenia is about
5/1000 population,'® and the incidence is about 0.2/1000
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per year.'®! This incidence rate was reported to be com-
parable in most societies'®?; however, recent studies
suggest greater variability.'®" Schizophrenia has an
earlier onset in males with mean ages of onset of 20
and 25 years in males and females, respectively.'®'®!
Reports have indicated, however, that there are no sex
differences in the lifetime risk of developing schizophre-
nia.'®> However, a meta-analysis by Aleman et al'®* of
studies of the incidence of schizophrenia found that over-
all there was evidence for a sex difference in the risk of
developing schizophrenia. Interestingly, in countries with
a medium development index, the sex difference was not
apparent.'® The authors suggest that factors related
to industrialization may play a role.'®* While age of first
psychotic episode is generally during adolescence, 23.5%
of patients with schizophrenia experience their first epi-
sode after age 40 years.'®'%” The prevalence of early
adult onset, following extensive remodeling of the brain
circuitry during adolescence, rather than onset evenly dis-
tributed by age, lends credence to the neurodevelopmen-
tal model.

Heritability of Schizophrenia

Emerging evidence points to schizophrenia as a familial
disorder with a complex mode of inheritance and variable
expression.' %8168 While single-gene disorders like Hun-
tington disease have homogenous etiologies, complex-
trait disorders like schizophrenia have heterogeneous
etiologies emanating from interactions between multiple
genes and various environmental insults.®® Twin studies
of schizophrenia suggest concordance rates of 45% for
MZ twins and 14% for dizygotic twins.'*!®* Consistent
with this, a recent meta-analytic study showed a heritabil-
ity of 81% for schizophrenia.'® Despite this high genetic
predisposition, an 11% point estimate was suggested for
the effects of environmental factors on liability to schizo-
phrenia.®*®!®® The interaction of genes and the environ-
ment (as discussed in “The Neurodevelopmental Theory
of Schizophrenia and Supportive Evidence”), particularly
in utero is likely to be very important. Additionally, adop-
tion studies show a lifetime prevalence of 9.4% in the adop-
ted-away offspring of schizophrenic parents vs 1.2% in
control adoptees.'’® The adoption studies also clearly
show that postnatal environmental factors do not play
a major role in etiology of schizophrenia.** However,
this issue remains controversial and needs to be interpreted
carefully in view of the ample support for effects of envi-
ronment on schizophrenia development.

Drug Abuse and the Development of Schizophrenia

Drug abuse has also been linked to the development of
schizophrenia. It has been demonstrated that administra-
tion of p-amphetamine (which acts on the dopaminergic
tracts) to healthy volunteers leads to production of psy-
chotic symptoms and worsens psychosis in schizophrenic
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Table 5. Summary of Selected Brain Abnormalities Observed in Subjects With Schizophrenia

Study Brain Region Method Pathological Change

Northoff et al'?® Ventricles and cerebral cortex CT Lateral and third ventricular
enlargement and widening of
cortical fissures and sulci

Davis et al'? Frontal and temporoparietal MRI Disorganization and lack of

regions

Frontal lobe, DLPFC,
hippocampus, and lateral
and temporal cortices

Akbarian et al'3?

Wolf et al'*® Frontal cortex

Glantz and Lewis,'” DLPFC
Pierri et al'”*

Weiss et al'>’ Hippocampus

Connor et al'*® Hippocampus

Arnold et al,'*® Luts et al'* Hippocampus

Arnold'?’ Entorhinal cortex
Arnold and Trojanowski'?’ Cerebellum
Uematsu et al,'*? DeLisi Cerebellum

et al,'** Nopoulos et al'**
Goldman et al'¥’ Cerebellum

Ardekani et al'> Corpus callosum, left
superior temporal gyrus,
parahippocampal gyri,
middle temporal gyri,
inferior parietal gyri, medial
occipital lobe, and the deep

frontal perigenual region

Kubicki et al'*! Cingulate fasciculus

Buchsbaum et al'> Prefrontal cortex

Lim and Helpern'® Prefrontal cortex and right

parietal-occipital region

Foong et al'>® Corpus callosum

Agartz et al'>® Splenium of the corpus
callosum

Burns et al'>’ Left uncinate fasciculus and

left arcuate fasciculus

alignment in white fiber bundles

Abnormal translocation of NADPH-
diaphorase—positive cells in

DLPFC and hippocampal and lateral
temporal cortices

Histochemical staining

VBM

Histochemical staining

Reduced gray matter volume

Reduction in pyramidal cell spine
density and somal volume

MRI
MRI

Histochemical staining

Reduced hippocampal volume
Altered hippocampal shape

Disoriented pyramidal cells in
CA1-CA3 subfields

Decreased cellularity and incomplete
or abnormal clustering

Histochemical staining

Histochemical staining Reduced Purkinje cell size

MRI Cerebellar atrophy

MRI Increased cerebellar volume
MRI Reduced fractional anisotropy
DTI Reduced area and fractional

anisotropy

MRI Reduced fractional anisotropy
DTI Reduced fractional anisotropy
DTI Reduced fractional anisotropy
DTI Reduced fractional anisotropy
DTI Reduced fractional anisotropy

Note: CT, computed tomagraphy; MRI, magnetic resonance imaging; DLPFC, dorsolateral prefrontal cortex; VBM, voxel-based

morphometry; DTI, diffusion tensor imaging.

subjects.!® Moreover, heavy cannabis use in adolescence
may lead to the development of later schizophrenia and
that this is mediated by dopamine.!”" However, hallucino-
gens like lysergic acid diethylamide (LSD) or psilocybin
(acting on serotonin system) or dissociative anesthetics
like ketamine or phencyclidine (acting on glutamate sys-
tem) also cause psychotic symptoms'®!”? suggesting that
alterations of the dopaminergic system alone are not solely
responsible for the development of schizophrenia.
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Pyramidal Cell Abnormalities and Schizophrenia

As mentioned in “The Neurodevelopmental Theory of
Schizophrenia and Supportive Evidence,” there are nu-
merous neuroanatomical deficits in the brains of schizo-
phrenic subjects. Glantz and Lewis!'”® observed that
pyramidal cells located in layer I11 of the DLPFC of sub-
jects with schizophrenia exhibited a 23% reduction in
spine density when compared with normal controls sug-
gesting a decrease in excitatory inputs to these cells.!”?
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Fig. 3. Reelin is Reduced in Hippocampus of Individuals With Schizophrenia and in Cerebral Cortex Following Prenatal Viral Infection. A.
The values expressed on the y-axis are reelin-positive adjusted cell densities per square millimeter localized to hippocampal CA4 areas in
control and schizophrenic subjects. The number of brains used is 15 (control) and 15 (schizophrenic). Each point is the mean for 2-4 sections
analyzed per brain. A crossbar localized over each scatter plot represents mean Reelin-positive adjusted cell density value per group. Mean
values for schizophrenic subjects are significantly reduced when compared with control values (analysis of variance, P < .05). B. The top panel
shows a graph depicting the hemispheric Reelin-positive Cajal-Retzius (CR) cell counts in layer I of the cortex of prenatally infected (I) and
sham-infected control (C) animals. The number of Reelin-positive CR cells was significantly reduced in infected brains compared with control
brains (P < .0001). The lower panel shows light micrographs of layer I-II in coronal sections of prenatally infected and sham-infected cortex.

Originally published in Fatemi et al.®”'"®

These same cells also exhibit a 9.2% reduction in somal
volume.'”* Taken together, the authors conclude that
these findings indicate disruption of the thalamocortical
and corticocortical circuits.'’* As with other alterations
including reduced fractional anisotropy of the white mat-
ter or altered hippocampal volume or shape, these
changes in pyramidal cells suggest neurodevelopmental
dysfunction.”*?

The Role of the Reelin and GABAergic Signaling Systems
in Schizophrenia

Several studies now implicate the pathological involve-
ment of RELN gene or its protein product in schizophre-
nia. Reelin helps in normal lamination of the brain during
embryogenesis and affects synaptic plasticity in adult-
hood.>'">17¢ Impagnatiello et al'”’ used northern and
western blotting and immunocytochemistry to show
reductions in reelin mRNA and protein in cerebellar, hip-
pocampal, and frontal cortices of patients with schizo-
phrenia and psychotic bipolar disorder. Reduction in
reelin was associated with significant decreases in
GADG67-kDa protein in the same postmortem brains.'”®
A later immunocytochemical report'’”® showed signifi-
cant reductions in reelin immunoreactivity in schizo-
phrenic and bipolar patients. However, these authors
detected similar decreases in hippocampal reelin protein
levels in nonpsychotic bipolar and depressed subjects,
suggesting that reelin deficiency may not be limited to
subjects with psychosis alone.!””?** Fatemi et al®® subse-

quently demonstrated significant reductions in Reelin, as
well as GAD65-kDa and GAD 67-kDa proteins, in cer-
ebella of subjects with schizophrenia, bipolar disorder,
and major depression®®'®" as well as in mice following
prenatal viral infection (figure 3). Further confirmatory
data relating to Reelin abnormalities in brains of schizo-
phrenic patients were demonstrated by Eastwood et al,'®!
who showed a trend for reduction in Reelin mRNA in
cerebella of schizophrenic subjects; these reductions in
Reelin mRNA correlated negatively with semaphorin
3A. The authors suggested that these findings were con-
sistent with an early neurodevelopmental origin for
schizophrenia and that the reciprocal changes in Reelin
and semaphorin 3A may be indicative of a mechanism
that affects the balance between inhibitory and trophic
factors regulating synaptogenesis.'®!

Effects of Various Antipsychotics on Brain Genes Involved
in Neurodevelopment of Schizophrenia

Pharmacotherapy is the primary mode of treatment for
the psychotic symptoms of schizophrenia. All drugs cur-
rently used to treat schizophrenia mediate their actions
through the dopamine D2 receptor.'®? With the excep-
tion of aripiprazole, which acts as a partial agonist,
both typical and atypical antipsychotics are antagonists
of the D2 receptor.'®* '8 Dopamine hyperactivity may
contribute to psychotic symptoms and that dopamine
antagonists like chlorpromazine treat the psychotic
symptoms. '
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Clozapine is a dibenzodiazepine and the prototype for
most of atypical antipsychotics (agents that may treat
positive, negative, or cognitive symptoms of schizophre-
nia have decreased liability for extrapyramidal symp-
toms (EPS) and tardive dyskinesia [TD], may be
effective for a proportion of treatment-nonresponsive
patients and exhibit greater SHT2 over D2 receptor an-
tagonism and do not cause hyperprolactinema).'3187
Clozapine has been shown to be effective in treat-
ment-resistant  schizophrenia.'®®  Thus, clozapine
remains the only antipsychotic agent to date that is
Food and Drug Administration approved for treat-
ment-resistant schizophrenia.'®® Additionally, other
studies have shown superiority of clozapine vs typical
agents in treatment of total psychopathology, EPS,
and TD and categorical response to treatment.'** Clo-
zapine reduces positive, negative, and cognitive symp-
toms of schizophrenia without causation of EPS, TD,
or hyperprolactinemia.'® Additionally, clozapine has
been shown to reduce depression and suicidality.!®!*

The time course over which antipsychotic agents take
effect is variable. In an analysis of studies measuring an-
tipsychotic response during the first 4 weeks of treatment,
Agid et al'” found that there was a reduction in total
scores of the Brief Psychiatric Rating Scale and the Pos-
itive and Negative Syndrome Scale (PANSS) of 13.8%
during week 1, 8.1% during week 2, 4.2% during week
3, and 4.7% during week 4. The authors hold that these
results reject the “delayed onset” model of antipsychotic
action; rather, antipsychotic response begins within
the first week and accumulates over time.'”® However,
Emsley et al,'”! using a benchmark of a 20% improve-
ment in total score on the PANSS for clinical response,
found that 22.5% of subjects with first-episode schizo-
phrenia did not achieve clinical response until 4 weeks
of treatment or later. Taken together, these studies dem-
onstrate the variability of time to antipsychotic response.

It has been hypothesized that antipsychotic agents af-
fect various brain genes, leading to changes in synaptic
structure and function that may underlie clinical re-
sponse.'? Olanzapine is a second-generation antipsy-
chotic agent that, like clozapine, exhibits greater
SHT2A than D2 antagonism'®® but does not share cloza-
pine’s propensity for agranulocytosis. One of the impor-
tant genes upregulated by chronic olanzapine treatment
is Reln®® (figure 4). Recent reports show that Reelin
receptor, apolipoprotein E receptor 2 (ApoER?2), inter-
acts with and alters, the conformation of NMDA recep-
tors, NR2A and NR2B.!”> Additionally, Reelin induces
tyrosine phosphorylation of NR2A and NR2B receptors
in hippocampal tissue,'”> thus modulating NMDA recep-
tor activity and synaptic plasticity in the hippocampus.
Supporting evidence for the potential role of olanzapine
in enhancing neuroplasticity was recently shown by Lie-
berman et al,'®* who demonstrated a cessation of brain
gray matter loss in brains of patients with schizophrenia
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that were treated with olanzapine for 12 weeks and not in
those treated for the same time period with haloperidol.
Additionally, Wang and Deutch'®® have also shown that
olanzapine prevented decreases in spine density of basilar
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Fig. 5. Effects of Psychotropic Agents on Catechol-O-Methyltransferase (COMT) Expression in Rat Frontal Cortex. A, C, E, G, I, and K
correspond to protein levels from frontal cortices of clozapine-, fluoxetine-, haloperidol-, lithium-, olanzapine-, and sodium valproate—
treated rat brains, respectively. B, D, F, H, J, and L correspond to protein levels from frontal cortices of saline-treated rat brains, respectively.

Originally published in Fatemi and Folsom>%

dendrites on layers I, III, and IV of PFC pyramidal neu-
rons in rats lesioned with 6-hydroxydopamine. Finally,
olanzapine, but not haloperidol, increased expression
of the polysialilated form of neural cell adhesion molecule
in rat PFC, suggesting a possible role for this molecule in
the efficacy of olanzapine.'”® NCAM appears early in de-
velopment and is important during brain morphogenesis.

In recent years, COMT has drawn much interest as
a modulator of PFC function, cognitive abilities, and the
genetic disposition toward schizophrenia. COMT metabo-
lizes catecholamines'®’ and is known to modulate dopa-
mine levels in the PFC.'"*%!% Recently, our laboratory>®
conducted experiments testing a number of atypical anti-
psychotics, mood stabilizers, and antidepressants (cloza-
pine, fluoxetine, haloperidol, lithium, olanzapine, and
valproic acid [VPA]) to investigate which genes and pro-
teins were affected by chronic treatment of the above
agents. Rats were randomly assigned to 1 of the 6 drug
groups or sterile saline and administered drug or diluent
for 21 days. Microarray results showed a significant
(P < .05), 2-fold decrease in COMT in PFC in all drug-
treatment groups (except for olanzapine) when compared
with controls. Protein levels for the 28-kDa membrane-
bound isoform of COMT were significantly downregu-
lated in VPA-treated PFC (P =.0073)** (figure 5). Protein
levels for the 240kDa cytosolic isoform of COMT were
significantly downregulated in PFC by clozapine (P =
.014), lithium (P = .0006), olanzapine (P = .046), and
VPA (P =.0073) and were significantly upregulated by flu-
oxetine (P = .0063) % (figure 5). In summary, as is evident
(vide supra), various antipsychotics exert their clinical
actions not only through classical neurotransmitters but
also via numerous brain genes that may explain the vari-
able course of clinical response. Some of these genes may
also be involved in etiology of schizophrenia (e.g. Reelin).

Evidence in Support of Other Models of Schizophrenia

In addition to the neurodevelopmental model, there are
alternative models that have been used to explain the eti-
ology of schizophrenia. It is likely that due to the hetero-
geneous nature of schizophrenia that multiple factors
interact to produce the disease state such as disruptions
in the dopaminergic, serotonergic, and glutamatergic sys-

tems as well as neurodegenerative changes. With regard
to epidemiology, a number of social factors have been
shown to increase the risk of schizophrenia including ur-
ban birth and upbringing,®®' quality of maternal-child re-
lationship,?°>?% and migration®™, a risk that increases
when the immigrant group is a small minority indicating
that isolation and lack of support may be important fac-
tors. An alternative explanation, however, may be that
urban birth and migration may well be consistent with
the neurodevelopmental hypothesis in that these repre-
sent, respectively, an environment in which one is ex-
posed to more pathogens and an environment in which
one may have not developed native antibodies or other
resistances to pathogens. Abuse of drugs that affect
the dopaminergic (amphetamine, cannabis), glutamater-
gic (PCP), or serotonergic (LSD) systems also may lead
to psychotic symptoms and the development of schizo-
phrenia. While many brain imaging and postmortem
studies have yielded structural differences between sub-
jects with schizophrenia and healthy controls, there are
other reports showing no differences between schizo-
phrenic patients and controls.?*> Moreover, there is de-
bate as to whether the observed changes represent
developmental or neurodegenerative changes or the re-
sult of antipsychotic medications.”*®

Critics of the neurodevelopmental model claim that it
does not fully account for a number of features of schizo-
phrenia, including the long gap between neurodevelop-
mental insult and the development of symptoms, the
progressive clinical deterioration observed in some
patients, and evidence of progressive changes in certain
ventricular and cortical brain structures.'>*’ % Longitu-
dinal studies have demonstrated evidence of an increase
in ventricular volume over a period of 2-4 years among
first-episode patients.'***!'® Moreover, a decline in fron-
tal lobe volume and posterior superior temporal gray
matter volume over a period of 4 years has been reported
in patients with chronic schizophrenia.”!' A mechanism
to explain the progressive elements of schizophrenia is
apoptosis, or programmed cell death (reviewed by
Jarskog et al*'?), especially synaptic apoptosis in which
apoptosis is localized to distal neurites without inducing
immediate neuronal death.?'* In a series of studies of
postmortem temporal cortex, Jarskog et al*'* found
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reduced expression of Bcl-2, a molecule that protects
against apoptosis, in schizophrenic brains. A further
study showed that the ratio of proapoptotic molecule
Bax to Bcl-2 was increased in the same region, suggesting
that these neurons were receptive to apoptotic stimuli.>'
Interestingly, caspase 3, the caspase molecule most asso-
ciated with apoptosis in the CNS>!” is not upregulated in
temporal cortex of subjects with schizophrenia,?'® sug-
gesting that chronic apoptosis is not taking place, in con-
trast to classic neurodegenerative disorders.>'® The
vulnerability of neurons to proapoptotic insults such
as oxidative stress and glutamate excitotoxicity could
lead to selective dendritic and synaptic losses observed
with schizophrenia.?'*?*?> However, the neurodegenera-
tive model has been critiqued by Weinberger and
McClure.?*® The authors point out that there is a lack
of expression of genes involved with DNA fragmentation
and response to injury from postmortem studies.’*®
Moreover, longitudinal studies of cognitive function,
which would serve as a measure of cortical neuronal sys-
tem integrity, do not support a progression of loss of
function that would be expected by the neurodegenera-
tive hypothesis.?'®

A means to test for alternate theories to the neurode-
velopmental model is through our animal model of pre-
natal viral infection. Longitudinal studies, in which
animals are infected at specific gestational periods and
then followed through late adulthood, with brains col-
lected at specific postnatal time points, could help estab-
lish whether alternate models are valid. If important
genes that have been linked to schizophrenia are not af-
fected at early time points such as birth, childhood, ad-
olescence, or early adulthood but are only turned on or
off in mid-late adulthood, it would provide evidence
against the neurodevelopmental model. Brain imaging
experiments on animals from the same studies could
help establish whether there is analagous progressive
changes in ventricular or cortical structures observed
in subjects with schizophrenia, providing evidence for
the neurodegenerative model.

Conclusions

The vast majority of evidence supports a neurodevelop-
mental model of schizophrenia genesis. Evidence from
genetic studies suggest a high degree of heritability of
schizophrenia and point to a number of potential candi-
date genes that may be perturbed early in development
leading ultimately to the development of psychotic symp-
toms. Genes involved with cell migration, cell prolifera-
tion, axonal outgrowth, myelination, synaptogenesis,
and apoptosis are affected in subjects with schizophrenia,
pointing to neurodevelopmental insults. Imaging studies
have shown differences between the brains of subjects with
schizophrenia and normal controls in a number of brain
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regions including the PFC, cerebellum, hippocampus, and
amygdala. There is strong evidence from epidemiological
studies and animal models that viral infection during preg-
nancy increases the risk for schizophrenia in the offspring.
The presence of neurological soft signs in children who
later develop schizophrenia also points to a neurodevelop-
mental etiology of schizophrenia.
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