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Identifying genes for schizophrenia through clas-
sical genetic approaches has proven arduous.
Here, we present a comprehensive convergent
analysis that translationally integrates brain
gene expression data from a relevant pharmaco-
genomic mouse model (involving treatments with
a psychomimetic agent—phencyclidine (PCP),
and an anti-psychotic—clozapine), with human
genetic linkage data and human postmortem
brain data, as a Bayesian strategy of cross validat-
ing findings. Topping the list of candidate genes,
we have three genes involved in GABA neuro-
transmission (GABRA1, GABBR1, and GAD2), one
gene involved in glutamate neurotransmission
(GRIA2), one gene involved in neuropeptide sig-
naling (TAC1), two genes involved in synaptic
function (SYN2 and KCNJ4), six genes involved in
myelin/glial function (CNP, MAL, MBP, PLP1,
MOBP and GFAP), and one gene involved in lipid
metabolism (LPL). These data suggest that schizo-
phrenia is primarily a disorder of brain functional
and structural connectivity, with GABA neuro-
transmission playing a prominent role. These
findings may explain the EEG gamma band
abnormalities detected in schizophrenia. The
analysis also revealed other high probability
candidates genes (neurotransmitter signaling,
other structural proteins, ion channels, signal
transduction, regulatory enzymes, neuronal
migration/neurite outgrowth, clock genes, tran-
scription factors, RNA regulatory genes), path-
ways and mechanisms of likely importance in
pathophysiology. Some of the pathways identified
suggest possible avenues for augmentation phar-
macotherapy of schizophrenia with other existing
agents, such as benzodiazepines, anticonvulsants
and lipid modulating agents. Other pathways are
new potential targets for drug development.

Lastly, a comparison with our earlier work on
bipolar disorder illuminates the significant mole-
cular overlap between schizophrenia and bipolar
disorder. � 2006 Wiley-Liss, Inc.
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INTRODUCTION

Schizophrenia is a heterogeneous syndrome characterized
by perturbations of perception, attention, thinking, affect,
volition, and social integration. Patients may present with
positive symptoms (such as conceptual disorganization, delu-
sions, and hallucinations) or negative symptoms (anhedonia,
decreased emotional expression, decreased motivation,
impaired concentration, and diminished social engagement),
and must have at least two of these for a 1-month period and
continuous signs for at least 6 months to meet formal
diagnostic criteria. The genetic basis of schizophrenia is well
documented, with an incidence of about 1% in the general
population. Having a first-degree relative with the illness
increases the likelihood of developing the illness by about
10-fold. Traditionally, linkage analysis and positional cloning
approaches have been used to attempt to identify the genes
involved. This has led to the identification of a series of loci in
the genome that exhibit linkage with the illness. Several of
these loci are identified in both schizophrenia and bipolar
disorder studies, suggesting the possibility of shared genes
between these disorders [Berrettini, 2000; Owen et al., 2004].
As these disorders are likely polygenic, non-Mendelian, with
variable penetrance, and the clinical phenotypes are complex,
there has been limited success so far in terms of reproducible
findings, with some notable exceptions [Harrison and Wein-
berger, 2005; Petryshen et al., 2005a,b; Norton et al., 2006].
The linkage peaks supported by themost recentmeta-analyses
[Lewis et al., 2003] and genome scan data [Arinami, 2005] are
fairly broad,with hundreds of genes in each peak. Amethod for
prioritizing candidate genes for individual analysis of associa-
tion with illness is critical. We have previously described one
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such approach, termed Convergent Functional Genomics, and
its application to the study of bipolar disorders [Niculescu
et al., 2000; Ogden et al., 2004; Bertsch et al., 2005], and more
recently to alcoholism [Rodd et al., 2006]. The approach
integrates gene expression data from a relevant animal model
with human linkage data and human tissue data (postmortem
brain, lymphocytes), as a way of cross-validating findings and
coming up with a short list of high-probability candidate genes
that deserve individual scrutiny in a prioritized manner. Here
we apply our approach to schizophrenia, and report the first
comprehensive analysis using an expanded convergent func-
tional genomics approach as a way of unraveling the genetic
code of schizophrenia and related disorders.

Single-dose phencyclidine (PCP) treatment in humans and
animalsmimicsmany of the behavioral signs and symptoms of
schizophrenia-positive-like symptoms (hallucinations, delu-
sions, bizarre behavior, and thought disorder), negative-like
symptoms (affective flattening, alogia, apathy, and social
interaction deficits), and disorganization [Jentsch and Roth,
1999; Abe et al., 2000; Turgeon and Case, 2001; Geyer and

Ellenbroek, 2003; Morris et al., 2005; Ouchi et al., 2005]
(Fig. 1a). Phencyclidine also produces a pattern of metabolic
and neurochemical changes in the rodent brain that mirror
those observed in the brains of schizophrenic patients [Morris
et al., 2005]. PCP may act not only through NMDA receptor
antagonism, but also through D2 receptor agonism, consistent
with both hyperdopamine and hypoglutamate theories of
psychosis [Seeman et al., 2005].

Clozapine, an atypical or second-generation antipsychotic, is
currently the gold standard of treatment for schizophrenia
[Tandon and Fleischhacker, 2005], and has been shown to
interfere with and treat the development of both positive and
negative symptoms. The spectrum of efficacy of clozapine is
broader than for other antipsychotics, particularly for negative
symptoms [Lindenmayer et al., 2004].

In essence, in ourapproach,weareusingdrug effects ongene
expression as tools to tag genes that may have pathophysio-
logical relevance. Changes in gene expression in response to
each of the two drugs, PCP and clozapine, would be of interest
in and of themselves, in terms of candidate gene generation

Fig. 1. Design of experiments and data analysis. a: Pharmacological treatment paradigm (b) Experimental design (c) Venn diagram categorizing genes
changed by the various drug treatments, and their classification into Categories I, II, III, and IV (d) Multiple converging independent internal and external
lines of evidence for cross—validation of findings.
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and convergent functional genomics. However, not all genes
that show changes in expression in response to either of the
drugs are necessarily germane to the pathophysiology of
schizophrenia and related disorders. It is likely that some of
the gene expression changes have to dowith other effects of the
drugs, particularly their individual side-effects.Wehenceused
three internal criteria for cross-validation. We reasoned, first,
that genes that change in expression in response to both drugs
are more likely to be involved in the core pathophysiology we
are modeling, and are higher probability candidate genes.
Second, co-treatment with the two drugs, one a schizophrenia
inducing, and the other one a schizophrenia-treating drug,
could arguably show interference effects (Figs. 1 and 2a), and
some of the genes that would be changed by single drug
treatmentwould be ‘‘nipped in thebud’’ and showno changes in
expression in response to co-treatment. Those geneswould also
be deemed higher probability candidate genes than the genes
that still change during co-treatment. Third, we comprehen-
sively surveyed gene expression changes across six different
brain regions (prefrontal cortex (PFC), amygdala (AMY),
caudate putamen (CP), nucleus accumbens (NAC), ventral
tegmentum (VT), and hippocampus (HIP)), that have shown

evidence, in human imaging, human postmortem, or animal
studies, of being potentially implicated in the pathophysiology
of schizophrenia and related disorders [Galter et al., 2003;
Aleman and Kahn, 2005; Lauer et al., 2005; Tamagaki et al.,
2005; Snitz et al., 2005; Konopaske et al., 2006; Qiu et al., 2006;
Shad et al., 2006;Vita et al., 2006].Wealso reasoned that genes
that had expression changes in more than one of the brain
regions have a higher probability of being positive findings
compared to genes that changed in a single region, at the very
least for reproducibility reasons, as the assaying of different
brain regions are essentially independent experiments.

As external cross-validators, we used three criteria in our
expanded convergent functional genomics analysis [Ogden
et al., 2004] (Fig. 1d). First, each gene was assessed to see if
there was any published evidence of association with schizo-
phrenia, or at least if itmapped to a linkage locus that had been
implicated in schizophrenia.Our criterionwasmappingwithin
10 centimorgans (cM) of a marker that has shown significant
evidence of linkage [Niculescu et al., 2000] to schizophrenia,
with a lod score >2 in at least one published study. We also
looked more broadly at cross-matching with linkage data from
other neuropsychiatric disorders (bipolar disorder, alcohol-

Fig. 2. Number of genes reproducibly changed. PCP—phencyclidine; CLZ-clozapine. (a) Comparative effects of Phencyclidine, clozapine and co-
treatmentwith both drugs in different target brain regions, showing interference effects of co-treatment.b: Distribution ofCategory I candidate genes across
brain regions—% of Category I genes out of total number of genes changed (Category I-IV). c: Number of reproducibly changed genes by Categories I–IV.
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ism), based on the rationale that their clinical co-morbidity
with schizophrenia may be due, at least in part, to genetic
overlap [Nurnberger et al., 2004; Craddock et al., 2006].
Second, we searched to see if there was any human tissue data
(postmortem brain, lymphocytes, fibroblasts) showing expres-
sion changes of the gene in patients that had schizophrenia or,
more broadly, other neuropsychiatric disorders (bipolar dis-
order, major depression, anxiety, alcoholism, other substance
dependence disorders, dementia, suicide). Third, we looked at
the known biological functions associated with the gene and
asked if they had any relevance to the pathophysiology of
schizophrenia and/or other neuropsychiatric disorders. These
external criteria suffer from the obvious drawback of being
constrained by what has been published so far, limiting
novelty, and to the inherent biases and limitations of those
particular lines of work. Moreover, these external criteria are
arguably broad, and may benefit from future parsing. Includ-
ing disorders other than schizophrenia in our external lines of
evidence arguably dilutes the specificity of our approach. We
nevertheless decided to include them as a way of increasing
sensitivity, based on the emerging clinical, neurobiological
and genetic evidence of substantial overlap between these
disorders and schizophrenia [Berrettini, 2000; Hyman and
Fenton, 2003; Nurnberger et al., 2004; Brown, 2005; Craddock
et al., 2006; Niculescu et al., 2006], and the likelihood that
published schizophrenia related datasets to date are nonex-
haustive. To address the issue of specificity for the external
lines of evidence, we decided to differentially weight the
significance of the evidence directly related to schizophrenia
with a score of 1, and of the evidence only related to other
neuropsychiatric disorders with a lesser score of 0.5.

For each gene in our datasets, using the three internal and
three external cross-validators described above (Fig. 1d), we
assigned a generic score of 1 for each internal criterion and
a score of 1 or 0.5 for each external criterion, as a way of
generating an empirical tabulation of the independent lines of
evidence. According to Bayesian theory, an optimal estimate
results from combining prior information with new evidence
[Bernardo and Smith, 1994]. While we cannot exclude that
some of the candidate genes we have identified are false
positives due to potential biological or technical limitations of
the methodology and approach we employed, the higher the
number of independent lines of evidence, the lower the
likelihood of that being the case. Thus, totaling all the internal
and external lines of evidence gives a maximum possible score
of 6 points, with the internal evidence and the external
evidence weighted equally.

It has not escaped our attention that different ways of
scoring the independent lines of evidence could be used, which
might give somewhat different results in terms of the
prioritization of the top candidate genes, if not in terms of the
actual content of the list per se. However, our simple weighted
scoring is arguably a reasonable compromise between specifi-
city and sensitivity, between focus and broadness.

Our approach identifies an extensive series of candidate
genes, some of which have already been reported using various
schizophrenia- related treatments orparadigms [Mirnics et al.,
2001a; Iwamoto et al., 2004; Owen et al., 2004; Silverstone
et al., 2004; Vawter et al., 2004;Wong et al., 2004; Katsel et al.,
2005a; Talkowski et al., 2006], and thus in a sense serve as
positive controls, as well as many which are novel. Moreover,
the coalescence of the candidate genes into pathways and
mechanisms is of particular importance and opens new
directions. Last but not least, as per our earlier formulation
that ‘‘genes that change together (may) act together’’ [Nicu-
lescu et al., 2000], the data we have generated showing genes
expression changes in various brain regions (Tables I and II)
offer testable hypotheses for transcriptional co-regulation, and
for epistatic interactions among the corresponding loci.

MATERIALS AND METHODS

Phencyclidine (PCP) and Clozapine
Treatments in Mice

All experiments were performed with male C57/BL6 mice,
8–12 weeks of age, obtained from Jackson Laboratories (Bar
Harbor,ME), and acclimated for at least 2 weeks in our animal
facility (IU School of Medicine LARC) prior to any experi-
mental manipulation. Mice were treated by intraperitoneal
injection with either single-dose saline, PCP (7.5 mg/kg),
Clozapine (2.5 mg/kg), or a combination of PCP and Clozapine
(7.5 and 2.5 mg/kg). Three independent de novo biological
experiments were performed at different times. Each experi-
ment consisted of three mice per treatment condition, for a
total of nine mice per condition across the three experiments
(Fig. 1b).

Behavioral Studies and Analysis

Locomotor activity was measured immediately after drug
administration and again 24 hr later, using methodology
previously described [Ogden et al., 2004]. At the beginning of
the test session, each mouse was placed in an enclosure with
pre-defined areas, that is, center area, corner area, and wall
area. The movements of the mice were recorded for 30 min,
with data being stored in six 5 min blocks.

Microdissection

Twenty-four hours after drug administration, following the
24hr time-point behavioral test, the animalswere sacrificed by
decapitation. The brains of the mice were harvested and
stereotactically sliced using a wire-slicer device, with wires
spaced based on mouse brain atlas coordinates. Specific brain
regions bilaterally -PFC, AMY, CP, NAC, VT, and HIP were
hand micro-dissected on an ice-cold metal platform. Tissue
samples were flash frozen in liquid nitrogen within 10 min of
the animals being sacrificed, and stored in �808C until future
processing for RNA extraction and gene expression analysis.

Microarrays

We used Mouse Genome 430 2.0 arrays (Affymetrix, Santa
Clara, CA). The GeneChip Mouse Genome 430 2.0 Array
contain over 45,000 probe sets that analyze the expression
level of over 39,000 transcripts and variants from over 34,000
well-characterized mouse genes. Microarrays used in each
independent experiment were derived from the same manu-
facturing lot.

Microarray Experiments

Standard techniques were used to obtain total RNA (22
gauge syringe homogenization in RLT buffer) and to purify the
RNA (RNeasy mini kit, Qiagen, Valencia, CA) from micro-
dissected mouse brain regions. The quality of the total RNA
was confirmed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). The quantity and quality of total
RNA was also independently assessed by 260 nm UV absorp-
tion and by 260/280 ratios, respectively (Nanodrop spectro-
photometer). Startingmaterial of total RNA labeling reactions
was kept consistent within each independent microarray
experiment.

For each brain region, equal amounts of total RNA extracted
from tissue samples was pooled within each biological experi-
ment (3 mice per treatment group), and then used for labeling
and microarray assays. The microarray assays for each of
the three de novo biological animal experiments were con-
ducted independently, at different times. Standard Affymetrix
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TABLE I. Top Category I and II Genes

(Continued)
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TABLE I. (Continued )
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protocols were used to reverse transcribe the messenger RNA
and generate biotinlylate cRNA (http://www.affymetrix.com/
support/downloads/manuals/expression_s2_manual.pdf). The
amount of cRNAused to prepare thehybridization cocktailwas
kept constant intra-experiment. Samples were hybridized at
458C for 17 hr under constant rotation. Arrays were washed
and stained using the Affymetrix Fluidics Station 400 and
scanned using the Affymetrix Model 3000 Scanner controlled
by GCOS software. Data were extracted using the MicroArray
Suite 5 (MAS5) algorithm. All sample labeling, hybridization,
staining and scanning procedures were carried out as per
manufacturer’s recommendations.

Quality Control

All arrays were scaled to a target intensity of 1000 using
Affymetrix MASv 5.0 array analysis software. Quality control
measures including 30:50 ratios for GAPDH and beta-actin,
scaling factors, background, and Q values were within
acceptable limits.

Microarray Data Analysis

Data analysis was performed using Affymetrix Microarray
Suite 5.0 software (MAS v5.0). Default settings were used to
define transcripts as present (P),marginal (M), or absent (A). A
comparison analysis was performed for each drug treatment,
using its corresponding saline treatment as the baseline.
‘‘Signal,’’ ‘‘Detection,’’ ‘‘Signal Log Ratio,’’ ‘‘Change,’’ and
‘‘Change P-value,’’ were obtained from this analysis. Only
transcripts that were called Present in at least one of the two
samples (saline or drug) intra-experiment, and that were
reproducibly changed in the same direction in at least two out
of three independent experiments, were analyzed further.

Gene Identification

The identities of transcripts were established using
NetAFFX (Affymetrix), and confirmed by cross-checking the
target mRNA sequences that had been used for probe design
in the Affymetrix Mouse Genome 430 2.0 arrays with the
GenBank database. Where possible, identities of ESTs were
established by BLAST searches of the nucleotide database. A
National Center for Biotechnology Information (NCBI,
Bethesda, MD) BLAST analysis of the accession number of
each probe-set was done to identify each gene name. BLAST
analysis identified the closest known mouse gene existing in
the database (the highest known mouse gene at the top of the
BLAST list of homologues) which then could be used to search
the GeneCards database (Weizmann Institute, Rehovot,
Israel) to identify the human homologue. Probe-sets that did
not have a known gene were labeled ‘‘EST’’ and their accession
numbers kept as identifiers.

Genetic Linkage Convergence

To designate convergence for a particular gene, the gene had
to map within 10 cM of a microsatellite marker for which
at least one published study showed evidence for linkage
to schizophrenia, or another neuropsychiatric disorder. The
University of Southampton’s sequence-based integrated map
of the human genome (The Genetic Epidemiological Group,
Human Genetics Division, University of Southampton: http://
cedar.genetics.soton.ac.uk/public_html/) was used to obtain
cM locations for both genes and markers. The sex-averaged
cM value was calculated and used to determine convergence
to a particular marker. For markers that were not present
in the Southampton database, the Marshfield database
(Center for Medical Genetics, Marshfield, WI: http://research.

TABLE I. (Continued )

Category I and II geneswith aminimum line of evidence score of 5.0 out of 6 are shown. I, increased;D, decreased;MI,moderately increased;MD,moderately
decreased; PCP, Phencyclidine; CLZ, Clozapine; PFC, prefrontal cortex; AMY, amygdala; CP, caudate putamen; NAC, nucleus accumbens; VT, ventral
tegmentum;HIP,hippocampus;SZ, schizophrenia;BP, bipolar disorder;MDD,majordepressivedisorder;Etoh, alcoholism;AD,Alzheimer;HD,Huntington
disease. Roman numerals in the multiple brain region data column represent the Category of the gene.
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TABLE II. Genes that are Changed in Opposite Directions by PCP and CLZ

Category I and II genes changed in opposite directions in 2 out of 3 experiments in PCP and CLZ are shown. I, Increased; D, decreased; MI, moderately
increased; MD, moderately decreased; PCP, phencyclidine; Up, upregulated; down, downregulated; PCP, phencyclidine; CLZ, clozapine; PFC, prefrontal
cortex; AMY, amygdala; CP, caudate putamen;NAC, nucleus accumbens; VT, ventral tegmentum; SZ, schizophrenia; BP, bipolar disorder. Romannumerals
in the multiple brain region data column represent the Category of the gene.
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marshfieldclinic.org/genetics) was used with the NCBI Map
Viewer web-site to evaluate linkage convergence.

Biological and Tissue (Postmortem Brain,
Lymphocytes) Convergence

Information about our candidate genes was obtained using
GeneCards, the Online Mendelian Inheritance of Man data-
base (http://ncbi.nlm.nih.gov/entrez/query.fcgi?db¼OMIM),
as well as database searches using PubMed (http://ncbi.nlm.
nih.gov/PubMed) and various combinations of keywords
(gene name: schizophrenia, psychosis, bipolar, depression,
suicide, dementia, Alzheimer, alcoholism, opiates, cocaine,
marijuana, hallucinogens, amphetamines, benzodiazepines,
human, brain, postmortem, lymphocytes, fibroblasts). Genes
were deemed to have biological convergence if their known
biological function was relevant to the pathophysiology of
schizophrenia and/or related disorders in human or animal
models. Tissue convergence was deemed to occur for a gene
if there were published reports of human postmortem brain
data (or, rarely, lymphocytes and other tissue data) showing
changes in expression of that gene in tissue from patients with
schizophrenia and/or another neuropsychiatric disorder that
impacts cognition.

GeneSpring Analysis

GeneSpring version 7.2 was used (Agilent Technologies).
Unsupervised two-way hierarchical clustering of normalized
(Cohen’s D effect size) behavioral data [Niculescu et al., 2006]
from open-field video-tracking was carried out.

Gene Ontology (GO) Analysis

The NetAffx Gene Ontology Mining Tool (Affymetrix) was
employed to categorize the genes in our datasets into
functional categories, using the Biological Process ontology
branch.

Ingenuity Analysis

Ingenuity Pathway Analysis 3.1 (Ingenuity Systems,
Redwood City, CA) was used to analyze the direct interactions
of the top candidate genes resulting from our CFG analysis, as
well as employed to identify genes in our datasets that are the
target of existing drugs.

RESULTS

Based on the changes in response to single drug treatment
and co-treatment, we divided our dataset of reproducibly
changed genes into four categories (Figs. 1c and 2). Category I
comprises genes that are changed by both PCP and clozapine,
and the change is prevented (i.e., No Change) by co-treatment
with both drugs. Category II comprises genes that are changed
by both PCP and clozapine, but those changes are not pre-
vented by co-treatment. Category III comprises genes that
are changed by either PCP or clozapine, and the change is
prevented (No Change) by co-treatment. Category IV com-
prises genes that are changed by one of the drugs only, and the
changes are not prevented by co-treatment.

Number of Genes

PCP had the highest number of gene changes in the AMY.
Clozapine had the highest number of genes changed in the VT.
Nevertheless, a disproportionate number of higher-pro-
bability, category I genes were in the HIP, consistent with a
likely central role of this region in the pathophysiology of

schizophrenia and related disorders [Callicott et al., 2005;
Gisabella et al., 2005; Holt et al., 2005; Katsel et al., 2005a,b;
Benes et al., 2006; Kuroki et al., 2006; Olypher et al., 2006;
Tanabe et al., 2006; Vita et al., 2006] (Fig. 2).

Top Findings

The top scoring genes in Categories I and II are shown in
Table I. Figure 3 summarizes the assigned empirical prob-
ability score based on the multiple internal and external lines
of evidence. At the top of our list, with 6 out of 6 lines of
evidence, we have 14 genes: two from the PFC—GABBR1
(gamma-amynobutyric acid (GABA-B) receptor, 1)-located at
6p22.1 [Hwu et al., 2000; Hisama et al., 2001; Turecki et al.,
2001; Schulze et al., 2004; Zai et al., 2005a,b]; andMAL (myelin
and lymphocyte protein)-located at 2q11.1 [Chen et al., 1998;
Hakak et al., 2001; DeLisi et al., 2002; Straub et al., 2002;
Lewis et al., 2003; Aston et al., 2005;Middleton et al., 2005]; six
from the AMY—gamma-aminobutyric acid (GABA-A) recep-
tor, subunit alpha 1 (GABRA1) located at 5q34 [Sklar et al.,
2004; Petryshen et al., 2005a], glutamate decarboxylase 2
(GAD2) located at 10p12.1 [Maziade et al., 2001;McInnis et al.,
2003], proteolipid protein (myelin) 1 (PLP1) located at Xq22.2
[Qin et al., 2005a],myelin basic protein (MBP)-located at 18q23
[Straub et al., 2002; Lewis et al., 2003], myelin-associated
oligodendrocytic basic protein (MOBP) located at 3p22.2
[Lewis et al., 2003], and glial fibrillary acidic protein (GFAP)-
located at 17q21.31 [Lewis et al., 2003]; one from the AMY and
VT—SYN2 (synapisn II) located at 3p25.2 [Chen et al., 2004a;
Paunio et al., 2004; Lee et al., 2005]; one from the AMY and
CP—CNP (20,30-cyclic nucleotide 30 phosphodiesterase) located
at 17q21.2 [Lewis et al., 2003; Peirce et al., 2006]; one from the
NAC—potassium inwardly-rectifying channel, subfamily J,
member4 (KCNJ4) locatedat22q13.1 [Coonet al., 1994;Kelsoe
et al., 2001]; one from the NAC and HIP—lipoprotein lipase
(LPL) located at 8p21.3 [Brzustowicz et al., 2000; Chiu et al.,
2002; Lewis et al., 2003; Straub et al., 2002]; and two from
the VT—tachykinin, precursor 1 (TAC1) located at 7q21.3
[Ekelundet al., 2000;Yanet al., 2000;McInnis et al., 2003], and
glutamate receptor, ionotropic, AMPA 2 (GRIA2) located at
4q32.1 [Hovatta et al., 1999; Straub et al., 2002; Ekholm et al.,
2003; Willour et al., 2003].

Table II shows all the category I and II genes that are
changed in opposite directions by PCP and clozapine. We
reasoned that genes that are changed in opposite directions by
a disease mimicking agent (PCP) and a disease treating agent
(Clozapine) may be of particular interest, current external
lines of evidence aside and total score notwithstanding.

Table III shows the categorization of the top candidate genes
from Tables I and II into different biological roles categories of
interest.

Other investigators have previously implicated a number of
the above discussed genes, individually or as part of functional
groups, in various biological and genetic contexts germane to
the pathophysiology of schizophrenia and related disorders
(Tables I and II) [Gisabella et al., 2005; Harrison and
Weinberger, 2005; Torrey et al., 2005; Carlsson, 2006; Mirnics
et al., 2006]. Our results, identifying these genes as top
candidate genes, are thus a strong validation of the heuristic
value and internal consistency of the approach we have used.
Moreover, they outline networks of potentially co-acting genes
(Fig. 5a), and support an important role for these pathways in
schizophrenia and related disorders.

GABA Neurotransmission

Ourwork identified as top candidate genes for schizophrenia
three genes involved in GABA neurotransmission: GABRA1,
GABBR1, and GAD2 (Table I; Fig. 3). GABRA1was previously

Convergent Functional Genomics of Schizophrenia 9



reported to be increased in postmortem brains from schizo-
phrenia patients [Ohnuma et al., 1999]. It has also recently
been implicated in schizophrenia by human genetic linkage,
association and preliminary gene expression studies in

peripheral blood leukocytes [Petryshen et al., 2005a].GABBR1
has been putatively implicated by human genetic association
studies in both schizophrenia [Zai et al., 2005b] and obsessive-
compulsive disorder [Zai et al., 2005a]. GAD2 (GAD65) was

Fig. 3. Categories I and II candidate genes. Pyramid generated by the tabulation of independent converging lines of evidence. Italic—Category I genes.
Underlined—schizophrenia genetic data. Bold—schizophrenia postmortem data. For full description of gene symbols see Table I.
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reported elevated in the cortex of subjects with schizophrenia
[Dracheva et al., 2004]. Other GABA related genes among our
Category I and II genes include ARHGEF9 and GABRA5
(Table III), as well as GABRA3 and SLC6A13 (GABA
transporter) (Table VII). Additional GABA related genes from
our complete datasets include GABRA4, GABRB2, GABRB3,
and GABRG2 (see supplementary online information).

Schizophrenia patients experience deficits in many aspects
of cognition and perception. EEG studies suggest that
abnormalities in gamma band activity may underlie some of
these deficits [Symond et al., 2005; Wynn et al., 2005].
Networks of GABAergic neurons are key elements in the
generation of gamma oscillations in the brain [Vida et al.,
2006].

TABLE III. Top Candidate Genes and Their Biological Roles

Genes fromCategories I and IIwere classified into biological groups of interest previously reported to have relevance to the pathophysiology of schizophrenia
and related disorders. Up, upregulated; down, downregulated; PCP, phencyclidine; CLZ, clozapine; PFC, prefrontal cortex; AMY, amygdala; CP, caudate
putamen;NAC, nucleus accumbens;VT, ventral tegmentum;HIP, hippocampus. Romannumerals in the brain region data column represent theCategory of
the gene.
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TABLE IV. Gene Ontology Analysis

Biological processes obtained from Gene Ontology analysis of our complete dataset. Genes from
all the different brain regions and categories (Fig. 2c) were subjected to analysis.
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Glutamate Neurotransmission

Our work has identified as a top candidate gene for
schizophrenia GRIA2 (Table I and Fig. 3). GRIA2 levels were
previously reported to be changed in postmortem brains
from schizophrenia patients in microarray [Vawter et al.,
2002a] and protein studies [Gupta et al., 2005]. Other
glutamate related genes among our Category I and II genes
include GRIA4, GRIN1 and GRIA1 (see Tables I and III).
As such, in addition to the well known dopaminergic receptors
(Table III), our work supports key molecular aspects under-
pinning the glutamatergic hypothesis of schizophrenia
pathophysiology.

Myelin/Glia Related Genes

An emerging body of work over the last 5 years has
implicated myelin/glia related dysfunction in schizophrenia
[Hakak et al., 2001; Hof et al., 2002; Hof, 2003; Tkachev et al.,
2003; Dracheva et al., 2004; Katsel et al., 2005a,b; Kubicki
et al., 2005a,b; Aberg et al., 2006a,b; Georgieva et al., 2006;
Peirce et al., 2006]. Our work has identified as top candidate
genes for schizophrenia six genes involved in myelin/glia
function -CNP, MAL, MBP, PLP1, MOBP, and GFAP (Table I
and Fig. 3), and thus confirms and reinforces previous findings
related to the role of white matter abnormalities in general,
and of these genes in particular, in the pathophysiology of
schizophrenia. Notably, some of the initial findings were
reported primarily based on human postmortem brain studies,
which face challenges such as genetic heterogeneity, variable
environmentally induced changes, and potential aging related
and agonally induced artifacts [Vawter et al., 2006]. Our acute
treatment pharmacogenomic model in isogenic animals does
not suffer from those caveats. It is thus reassuring that
multiple approaches converge on the same genes. This
convergence instills a high degree of confidence that these
findings are not artifactual, but rather should be vigorously
pursued as valid molecular underpinnings of the pathophy-
siology of schizophrenia.

Of note, these glia/myelin related genes are reported to be
altered in expression also in bipolar disorder (MAL, MBP,
PLP1, MOBP, GFAP), depression (CNP, MAL, PLP1, MOBP,
GFAP), and alcoholism (CNP, MAL, MBP, PLP1, MOBP, and
GFAP) postmortem brains. The commonality of alterations in
glia/myelin genes, primarily a decrease in expression, across a
spectrum of neuropsychiatric disorders suggests that hypo-
function of glia/myelin systemsmaybea sensitive if not specific
common denominator for mental illness. Of note, omega-3
polyunsaturated fatty acids may directly target this glia/
myelin abnormality [Salvati et al., 2004]. Omega-3 fatty acids
have been reported to be clinically useful in the treatment of
both psychotic disorders [Peet and Stokes, 2005] and mood
disorders [Parker et al., 2006]. Deficits in omega-3 fatty acids
have been linked to increased aggression and depression in
both animalmodels [DeMar et al., 2006] andhumans [Zanarini
and Frankenburg, 2003].

Candidate Biomarker Genes

Our work has also identified two genes that were recently
reported to be changed in both postmortem brain and
lymphocytes from schizophrenia patients, BTG1 and SFRS1
[Glatt et al., 2005], as well as a gene reported changed in
lymphocytes fromamultiplex schizophrenia pedigree,GNAO1
[Vawter et al., 2004]. These three genes, in our dataset, were
Category III genes changed in theVTby clozapine and showing
no-change in PCP/clozapine co-treatment. Other candidate
biomarker genes identified in those reportswere not seen by us
in the current analysis of brain microarray data. However,

more extensive studies comparing brain and blood gene
expression profiles in our animal model are warranted for
definitive conclusions. While providing additional indepen-
dent support for those three potential biomarker genes
for schizophrenia, our work so far also points to the utility of
cross-matching different lines of evidence with an approach
such as Convergent Functional Genomics in order to pick and
prioritize candidate gene results frompotentially noisy human
postmortem brain and lymphocyte datasets, for future pursuit
and validation.

Behavioral Correlates of Gene Expression

We hypothesized a priori that genes that would be changed
in expression bybothPCPand clozapine single-drug treatment
might show changes in opposite directions, that is, increased in
one case, decreased in theother, andvice versa. Thisprovednot
to be the case for themajority of top scoring candidate genes. In
retrospect, our hypothesis was simplistic. The behavioral data
(Fig. 4) of the mice on PCP and the mice on clozapine is
illustrative in this regard. Center Time (time spent in the
center quadrant of the open filed), along with Total Crossings
(from one quadrant to the other of the open field), were
identified by a phenotypic clustering analysis of behavioral
measures (PhenoChipping) [Niculescu et al., 2006] as being
one of themeasures changed initially in opposite directions the
most by PCP and clozapine, with the co-treatment group
showing an intermediary phenotype (Fig. 4a). Whereas Total
Crossings may be a less specific reflection of the activating
properties of PCP and tranquilizing properties of clozapine,
perhaps germane to the overlap with bipolar phenomenology
(see also below and Table VIII), Center Time may be a more
specific reflection of disrupted cognition, as cognitively intact
mice should avoid the potentially dangerous center area of an
open-field due to ancestral self-preservationmechanisms. This
result illustrates the power of our unbiased approach in
identifying simple putative mouse behavioral correlates of
disrupted cognition. While the treatment group phenotypes
were clearly different in the initial assessment at 30 min
following injection (Figs. 4a,b), showing the activating,
psychomimetic effects of PCP and the tranquilizing, anti-
psychotic effects of clozapine, and with the co-treatment group
displaying an intermediary phenotype, by 24 hr the behavioral
parameters were more similar, pointing to the effects of
clozapine having worn off and suggesting the possibility of a
rebound change in levels in it is target genes (Fig. 4c).
Nevertheless, more extensive time courses and gene expres-
sion-behavioral correlation work needs to be carried out, in
both groups of animals [Whitfield et al., 2003] and individual
animals, in order for a complete picture to emerge linking
different behavioral parameters with changes in specific genes
or groups of genes. It is to be noted that a number of Category I
and II candidate genes do show opposite changeswithPCPand
clozapine, as captured by our 24 hr time point (Table II). The
relative influence of gene expression kinetics in response to
drug versus genuine biological relevance to schizophrenia
remains to be determined, as few of them have multiple
external lines of evidence supporting them so far, and thus
score lower overall than the genes in Table I.

Gene Ontology Analysis Results

Gene Ontology analysis of the complete dataset—categories
I, II, III, and IV (Table IV), revealed that the top 25 categories
on the list, in that order,were genes having to dowith: (1) brain
cell functions (cellular physiological processes, metabolism,
cellular biological processes, cell death), (2) communication
between brain cells (cell communication), (3) brain develop-
ment (development, system development, morphogenesis,
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Fig. 4.
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organ development, embryonic development, localization,
extracellular structure organization, pattern specification),
(4) integration of organismal physiological functions (organis-
mal physiological processes, response to biotic stimuli, regula-
tion of biological processes, response to abiotic stimuli,
homeostasis, rhythmic processes, response to endogenous
stimuli), (5) external behavioral responses (behavior, sexual
reproduction, locomotor behavior), and (6) reactivity to the
environment (response to external stimuli, response to stress).
This is consistent with a model of schizophrenia as being
primarily a disorder of brain cellular functioning and commu-
nication, with a strong developmental component, impacting
the integration of organismal physiological functions, external
behavioral responses, and, to a lesser extent, reactivity to the
environment (Fig. 5b).

Our approach described thus far is to generate data in an
appropriate discovery paradigm, and let the data coalesce into
possible mechanistic interpretations. An opposite, hypothesis-
driven approach for mining our dataset is to interrogate if
genes related to known biological mechanisms of interest
(Table III), linkage loci (Table V), or postmortem findings
(Table VI) are present in it—spanning the spectrum from the
more sensitive (biological) to the more specific (postmortem)
external corroborative lines of evidence.

Biological Roles

An interrogation of our top candidate genes from Categories
I and II, for classification in functional groups that had been
previously implicated or hypothesized to have relevance to the
pathophysiology of schizophrenia and related disorders,
yielded genes related to GABA, glutamate, other neurotrans-
mitters function (such as DRD1, DRD2, COMT), neuropep-
tides, glia/myelin function, synaptic function, ion channels,
signal transduction (such as RGS4), regulatory enzymes,
regulatory RNAs, neuronal migration/neurite growth (such
as RELN/Reelin), transcription factors involved in brain
development (such as NR4A2/Nurr1), and circadian clock
genes (such as NPAS1 and RORA) (Table III).

Of note, circadian and sleep abnormalities are a commonand
relatively underappreciated feature of schizophrenia [Mattai
et al., 2006]. NPAS1 has been implicated in mice in behavioral
and neurochemical abnormalities (reduction in Reelin) con-
sistent with schizophrenia [Erbel-Sieler et al., 2004]. RORA
has been implicated in mice in regulating endocrine responses
to stress and corticosterone circadian rhythms [Frederic et al.,
2006]. Additionally, the circadian pacemaker gene PER1 has
been reported to be altered in expression in postmortem brains
of schizophrenics [Aston et al., 2004]. PER1 is one of the lower-
priority genes in our dataset (in VT, Category IV—changed by
clozapine only). Other lower priority clock genes in our dataset
are CSNK1D (in VT, Category III—changed by clozapine, and
the change is prevented by co-treatment with PCP), RORB
(NAC, Category III—changed by PCP, and the change is
prevented by co-treatment with clozapine; in VT, Category
III—changed by clozapine, and the change is prevented by
co-treatmentwithPCP), andDBP(inCP,Category IV-changed
by PCP only).

Cross-Validation With Human Linkage Loci

Interrogating our dataset for genes that map to the linkage
loci reported by recent meta-analyses for schizophrenia and
bipolar disorder yielded a series of candidate genes at those loci

(Table V) that may help prioritize future candidate gene
research for each of the loci.

Cross-Validation With Human Postmortem Findings

Lastly, an interrogation of our dataset with genes that have
previously been reported in the literature as altered in
postmortem brains from patients with schizophrenia, as well
as bipolar disorder, depression, and other brain disorders that
affect cognition, confirmed in our dataset some of those earlier
findings (Table VI). This cross-validation, on the one hand
reinforces the validity of our approach, and on the other hand it
reduces the likelihood that those particular postmortem
findings are methodological or gene-environment interactions
artifacts of working with post-mortem human tissue. Notably,
we reproduce with our animal model data a series of genes
recently reported by some of us to be changed in the dorso-
lateral PFC of schizophrenia subjects [Glatt et al., 2005] (such
as ARHGEF9, LPL, LPHN1, FAIM2, RYR2—Table VI, as well
as the brain-blood candidate biomarkers BTG1 and SFRS1
mentioned earlier).

DISCUSSION

We have used a comprehensive Convergent Functional
Genomics approach for identifying high probability candidate
genes, pathways and mechanisms for schizophrenia, and
prioritizing them for future research, by the integration in a
Bayesian fashion of multiple independent converging lines of
evidence.

Limitations and Confounds

An acute treatment model like the one we are using is not
necessarily inductive to assessing the long-term changes
associated with schizophrenia, such as long-term cognitive
changes as well as structural changes apparent on imaging.
Whilewe have no direct way of knowing if some of the geneswe
captured with our screen are involved or not in setting in
motion such long term changes, it is to be noted that some of
these gene changes have also been reported in postmortem
brains of schizophrenia, bipolar disorder and dementia
patients (Table VI), presumably affecting cognition.Moreover,
we have candidate genes in our dataset with roles in brain
infrastructure, including neurotrophic and myelin related
genes (Table III). More chronic treatments should, never-
theless, be pursued to verify and expand thefindings presented
in this paper.

Different combinations of psychomimetic and anti-psychotic
agents could be used in a comprehensive functional pharma-
cogenomic approach such as we have described. They could
conceivably lead to different results, which would be interest-
ing and welcome, since it is unlikely we are capturing with our
model the full spectrum of gene expression changes and
mechanisms involved in schizophrenia. However, if those drug
combinations indeed mimic and modulate the same core
phenomenology, the Venn diagrams of the overlap between
different drug treatments will be of high interest in terms of
identifying the keymolecular players involved in the effects, as
opposed to those involved in the (very different) side-effects of
the individual drugs.

It is to be noted that our experimental approach for detecting
gene expression changes relies on a single methodology,

Fig. 4. Behavioral correlates of phencyclidine and clozapine treatment. a: Clustering of mouse open field video-tracking behavioral phenotype data, in
the first 30min after injection. Normalized (Cohen’s D effect size) behavioral data was imported into GeneSpring 7.2, where it was analyzed using standard
unsupervised two-way hierarchical clustering algorithms. Red-increased, blue-decreased compared to saline controls. b: Center time data from video-
tracking, first 30min following injections. c: Center time data from video-tracking, 30 min interval at the 24 hr time point following injections, immediately
prior to brain harvesting for gene expression studies.
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Fig. 5. Candidate genes, pathways and mechanisms. a: Top candidate genes and their relationships, using Ingenuity Pathway Analysis 3.1. Genes
highlighted in grey are candidate genes from our dataset. Genes highlightedwith blue are targets of existing drugs.b: Gene Ontology (GO) analysis-derived
model of biological processes and mechanisms in schizophrenia. Numbered categories refer to GO analysis categories from Table IV.
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TABLE V. Candidate Genes in our Dataset Mapping to Loci Identified by Meta-Analyses of Human Genetic Linkage Data

(Continued)
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Affymetrix GeneChip oligonucleotide microarrays. It is possi-
ble that some of the gene expression changes detected from a
single biological experiment, with a one-time assay with this
technology, are biological or technical artifacts. With that in
mind, we have designed our experiments to minimize the
likelihood of having false positives, even at the expense of
having false negatives.Working with an isogenicmouse strain
affords us an ideal control baseline of saline injected animals
for our drug-injected animals. We performed three indepen-
dent de novo biological experiments, at different times, with
different batches of mice (Fig. 1b). We have pooled material
from three mice in each experiment, and carried out micro-
array studies. The pooling process introduces a built in
averaging of signal. We used a Venn diagram approach and
only considered the genes that were reproducibly changed in
the same direction in at least two out of three independent

experiments. This overall design is geared to factor out both
biological and technical variability. It is to be noted that the
concordance between reproducible microarray experiments
using the latest generations of oligonucleotidemicroarraysand
other methodologies such as quantitative PCR, with their own
attendant technical limitations, is estimated to be over 90%
[Quackenbush, 2003]. Moreover, our approach, as described
above, is predicated on the existence of three internal cross-
validators for each gene that is called reproducibly changed:
(1) is it changed by the other drug also, (2) is the change
prevented by co-treatment with both drugs, and (3) is it
changed inmultiple brain regions, all ofwhichare independent
microarray experiments.

While we reproduced a majority of previous findings, we did
not see in the mouse work described in this report some of the
changes that had previously reported in rats by others using

TABLE V. (Continued )

Genes from our complete dataset mapping to linkage loci identified in recent meta-analyses of schizophrenia [Lewis et al., 2003] and bipolar disorder
[Segurado et al., 2003]. *average ranks with significant PAvgRnk values <0.01 strongest linkages in the meta-analyses. The rest of the linkages loci have
PAvgRnk values <0.05. All genes listed were within at least 10 cM of the marker for the given chromosomal location.
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TABLE VI. Top Candidate Genes and Human Postmortem Data

(Continued)
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PCP only, or clozapine only, treatment paradigms [Kaiser
et al., 2004; Ouchi et al., 2005]. While some of this may be
technical, that is, whole brain versus microdissected brain
regions, cDNAmicroarrays or older generation oligonucleotide
microarrays that did not have probe sets for some of our top
findings in the current report, there are genes that are present
in both the rat and mouse microarrays used. While clearly
technical (experimental methodology, drug doses, pharmaco-
kinetics) and biological (inter-strain, inter-species) differences
remain open questions deserving of future extensive compara-
tive work, it is likely that in similar paradigms across different
species, it is pathways andmechanisms rather than individual
genes that aremore conserved. Thatwould in turn imply that a
convergent functional genomics approach such as ours, where

one cross-matches animal gene expression changes with
human linkage data at an individual gene level, productive
as it may be, could miss many things. An arguably better
approach, awaiting more complete datasets as well as more
sophisticated bioinformatics tools now emerging, would be to
do such a cross matching at a pathway and mechanism level.

Intergenic regions of DNA that are not transcribed, have
indirect regulatory roles and give strong linkage and associa-
tion data would not have a direct cross-matching with gene
expression datasets, and would thus not be directly identified,
validated and prioritized by our Convergent Functional
Genomics approach. However the downstream effector genes
whose expression is regulated by these regions would likely be
captured by an approach such as ours.

TABLE VI. (Continued )

Category I and II genes in our dataset for which there are published reports of alterations in mRNA or protein levels in postmortem brains from individuals
with schizophrenia, bipolar disorder, or other brain disorders that impact cognition. PCP, phencyclidine; CLZ, clozapine; PFC, prefrontal cortex; AMY,
amygdala; CP, caudate putamen; NAC, nucleus accumbens; VT, ventral tegmentum; HIP, Hippocampus. Roman numerals in the brain region data column
represent the Category of the gene.
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Lastly, it is notable thatwedo not identifywith our approach
some of the genes implicated by recent work in the field-NRG1
[Thomson et al., 2006], DNTBP1 [Donohoe et al., 2006], and
DAOA [Goldberg et al., 2006]. However, levels of NRG1, for
example, do not reportedly differ between schizophrenics and
controls, and a related signaling abnormality has been pro-
posed [Hahn et al., 2006]. Thus, our approach may miss genes
where the regulation of expression level is not the primary
driving force for their implication in disease pathophysiology.

CONCLUSIONS AND FUTURE DIRECTIONS

The results presented in this paper have a series of direct
implications. First, our work identifies, cross-validates and

prioritizes for future research (candidate gene association
studies-including epistatic interactions, neurobiological
studies in transgenic mice, and new drug development) a
series of knownaswell as novel candidate genes, pathways and
mechanisms for schizophrenia. Figure 3, in particular, sum-
marizes our prioritizing of candidate genes for future follow-up
work, and Table V informs prioritization of genes in loci
identified by large-scale meta-analysis work [Lewis et al.,
2003].

Second, in terms of pharmacotherapy and drug develop-
ment, some of the candidate genes in our dataset encode for
proteins that are modulated by existing pharmacological
agents (Table VII), which may suggest future avenues for
rational polypharmacy using currently available agents.

TABLE VII. Top Candidate Genes in our Datasets Encoding Targets of Existing Pharmacological Agents

Ingenuity Pathway Analysis (Ingenuity) was used to identify genes in our datasets that are targets of existing pharmacological agents. PCP, phencyclidine;
CLZ, clozapine; PFC, prefrontal cortex; AMY, amygdala; CP, caudate putamen; NAC, nucleus accumbens; VT, ventral tegmentum; HIP, hippocampus.
Roman numerals in the brain region data column represent the Category of the gene.
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TABLE VIII. Top Candidate Genes Overlap Between Our CFG Schizophrenia Dataset and Our CFG Bipolar Dataset
[Ogden et al., 2004]

(Continued)
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TABLE VIII. (Continued )

PCP, phencyclidine; CLZ, clozapine; PFC, prefrontal cortex; AMY, amygdala; CP, caudate putamen; NAC, nucleus accumbens; VT, ventral tegmentum; SZ,
schizophrenia; BP, bipolar disorder; MDD, major depressive disorder; AD, Alzheimer; HD, Huntington Disease. Roman numerals in the multiple brain
region data column represent the Category of the gene.



Notably, existing drugs approved for other indications, such as
disulfiram, baclofen, benzodiazepines, anticonvulsants (dival-
proex, topiramate), and lipid lowering agents (gemfibrozil,
nicotinic acid) are potential augmentation options for existing
first-line anti-psychotics andmerit careful exploration as such.
Moreover, our datasets of the effects of PCP and clozapine on
gene expression in different key brain regions (Tables I–III)
may be used as a source of new targets for drug development.
Individual genes involved in the response to PCP could be of
relevance for developing faster acting antipsychotic agents, in
addition to agents for the treatment of hallucinogenic drug
abuse. Individual genes involved in the response to clozapine
may be of relevance for developing next generation anti-
psychotic agents as well as in pharmacogenetic and pharma-
coimaging testing of responders versus non-responders.

Third, our work documents an apparent overlap between
candidate genes for schizophrenia and candidate genes for
bipolar disorder identified through Convergent Functional
Genomics (Tables V and VIII) [Ogden et al., 2004]. This has
been a topic of ongoing interest and debate in the field
[Berrettini, 2000; Craddock et al., 2006]. A recent study by us
has shown significant heterogeneity and overlap of phenotypic
aspects of schizophrenia and bipolar disorder [Niculescu et al.,
2006]. Moreover, the clinical literature has long abounded in
examples ofmood symptoms in schizophrenia patients, and the
use of antidepressants and anticonvulsantmood stabilizers for
symptom improvement in schizophrenia has been explored in
both human studies [Kremer et al., 2004] and pre-clinical
models [Ong et al., 2005]. It seems possible that nature has
recruited more primitive mechanisms related to mood regula-
tion for participation in higher functions such as cognition
[Eisenberger et al., 2003]. The utility of regulating mood in
relationship to cognition is of speculative evolutionary inter-
est, and of pragmatic clinical importance. Specifically, treating
schizophrenia proactively with mood regulating agents, and
mood disorders with cognition modulating agents, warrants
pursuit at the level of both drug development and clinical
trials. Of note, we also see overlap with a recently published
Convergent Functional Genomics dataset for alcoholism [Rodd
et al., 2006] (data not shown)—see also Table VI, which may
point to a more general issue of shared genes between major
psychiatric disorders, including substance abuse disorders,
perhaps in a Lego-like fashion [Niculescu et al., 2006].

Fourth, the model that emerges out of the Gene Ontology
analysis of our data is that of schizophrenia as a disorder of
disrupted connectivity: primary brain cellular malfunctioning
and altered intercellular communication, of a developmental
origin, impacting the brains’ ability to integrate organismal
physiology, have appropriate external behavior responses, and
react appropriately to environmental stimuli (Fig. 5b). The
cybernetic-like simplicity of the model should not overshadow
the important fact that it is the result of the empirical
coalescence of data in a non-hypothesis driven, discovery type
approach. The implications for understanding the pathophy-
siology and treatment of schizophrenia and related disorders
are profound. One needs to correct brain cell functioning and
communication, body physiology, behavioral output, and
reactivity to the environment, in the treatment of these
disorders. It is a place where psychopharmacology, manage-
ment of medical problems, behavioral therapy and social
rehabilitation can and should go hand in hand. Moreover, the
strong developmental component indicates a critical need for
early intervention to prevent difficult to reverse, full-blown
brain infrastructure changes and mitigate the course of the
illness.

In conclusion, we propose that our comprehensive Conver-
gent Functional Genomics approach is a useful starting point
in helping unravel the genetic code and neurobiology of

schizophrenia and related disorders, and generates a series
of leads for both future research and clinical practice.
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