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Differences in the Circuitry-Based Association

of Copy Numbers and Gene Expression Between
the Hippocampi of Patients With Schizophrenia and
the Hippocampi of Patients With Bipolar Disorder

Guoqing Sheng, PhD; Matthew Demers; Sivan Subburaju, PhD; Francine M. Benes, MD, PhD

Context: GADG67 regulation involves a network of genes
implicated in schizophrenia and bipolar disorder. We have
studied the copy number intensities of these genes in spe-
cific hippocampal subregions to clarify whether abnor-
malities of genomic integrity covary with gene expres-
sion in a circuitry-based manner.

Objective: To compare the copy number intensities of genes
associated with GAD67 regulation in the stratum oriens of
sectors CA3/2 and CAl in patients with schizophrenia, pa-
tients with bipolar disorder, and healthy controls.

Design: Samples of sectors CA3/2 and CA1 were ob-
tained from patients with schizophrenia, patients with
bipolar disorder, and healthy controls. Genomic integ-
rity was analyzed using microarrays, and the copy num-
ber intensities identified were correlated with the gene
expression profile from a subset of these cases previ-
ously reported.

Setting: Harvard Brain Tissue Resource Center at McLean
Hospital, Belmont, Massachusetts.

Patients: A total of 15 patients with schizophrenia, 15
patients with bipolar disorder, and 15 healthy controls.

Main Outcome Measures: The copy number inten-
sities for 28 target genes were individually examined using

single-nucleotide polymorphism microarrays and corre-
lated with homologous messenger RNA (mRNA) fold
changes.

Resuvlts: The copy number intensities examined using both
microarrays and quantitative real-time polymerase chain
reaction for the GAD67 gene were significantly decreased
in sector CA3/2 of patients with schizophrenia and pa-
tients with bipolar disorder. Other genes associated with
GADG67 regulation also showed changes in copy number
intensities, and these changes were similar in magnitude
and direction to those previously reported for mRNA fold
changes in sector CA3/2 but not sector CA1. Moreover, the
copy number intensities and mRNA fold changes were sig-
nificantly correlated for both patients with schizophrenia
(r=0.649; P=.0003) and patients with bipolar disorder
(r=0.772;P=.0002) in sector CA3/2 but not in sector CAl.

Conclusion: Insertions and deletions of genomic DNA
in y-aminobutyric acid cells at a key locus of the hippo-
campal circuit are reflected in transcriptional changes in
GADG7 regulation that are circuitry-based and diagnosis-
specific.
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OPY NUMBER ABNORMALI-
ties have been found in ge-
nomic material from pa-
tients with many different
brain disorders.'!" How-

sion of the glutamic acid decarboxylase 67
kD isoform (GAD67), a key marker for
GABAergic function.'”" There is a net-
work of genes associated with the regula-
tion of GAD67.'° This network appears to
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ever, their significance for understanding the
heritability and/or pathophysiology of such
illnesses is not understood. The present
study has attempted to explore this ques-
tion by analyzing copy number intensities
in laser-microdissected samples of the hip-
pocampus from patients with schizophre-
nia and patients with bipolar disorder. In
both disorders, dysfunction of y-aminobu-
tyric acid (GABA)—ergic cells has been in-
ferred from the finding of decreased expres-

interact with other functional gene clus-
ters, such as neurogenesis, cell cycle regu-
lation, and the DNA damage response.” To-
gether, the latter 3 clusters play a critical role
in maintaining genomic integrity, by de-
tecting and repairing insertions, deletions,
or perhaps even sequence rearrangements.
If not repaired, such changes could theo-
retically result in the abnormal transcrip-
tional regulation of genes associated with
the regulation of GAD67.
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In our study, samples have been obtained from the stra-
tum oriens of sectors CA3/2 and CA1 (eFigure 1, http://
www.archgenpsychiatry.com), a layer of the hippocam-
pus in which GABA cells are the exclusive neuronal cell
type. A preponderance of postmortem abnormalities in
patients with schizophrenia and in patients with bipolar
disorder have been found in sector CA3/2.'®'° These
samples have been subjected to a microarray-based analy-
sis of copy number intensities for 28 candidate genes in-
volved in GAD67 regulation, neurogenesis, cell cycle regu-
lation, and the DNA damage response. The results
presented demonstrate that there are highly significant
changes in the magnitude and direction of copy number
intensities for specific target genes associated with GAD67
regulation in patients with schizophrenia and patients with
bipolar disorder. Additionally, these copy number in-
tensities show parallel variations in the expression of the
respective messenger RNAs (mRNAs) for these target
genes. To our knowledge, this is the first demonstration
that disturbances in genomic integrity may contribute to
GABA cell dysfunction in schizophrenia and bipolar dis-
order. Changes in copy number intensities vary in ac-
cordance with the disturbances in the expression of mR-
NAs associated with GAD67 regulation, but the patterns
seen are fundamentally different for patients with schizo-
phrenia and patients with bipolar disorder, suggesting
that these changes occur in a circuitry-based and diag-
nosis-specific manner.

DR METHODS R

PARTICIPANTS

For the analyses of copy number intensities, postmortem samples
of hippocampi from 15 healthy controls, 15 patients with schizo-
phrenia, and 15 patients with bipolar disorder were obtained
from the Harvard Brain Tissue Resource Center at McLean Hos-
pital in Belmont, Massachusetts. The cases were group-
matched for age, postmortem disorder, hemisphere, sex, and
tissue pH (eTable). A subset of these cases (7 in each group)
were described in an earlier microarray-based study,'® and the
data from these cases were used to associate gene expression
changes for the target genes with the respective copy number
intensities obtained in the present study. Psychiatric diagno-
ses were established using a retrospective review of medical rec-
ords and an extensive family questionnaire that includes in-
formation about medical history, psychiatric condition, and
social demographics. The diagnosis of schizophrenia was made
using the criteria of Feighner et al,”® whereas the diagnosis of
bipolar disorder was made according to DSM-III-R criteria.

TISSUE PREPARATION

Sections (20 pm) were cut from a paraffin block using with a Jung
RM2025 microtome and mounted on Leica frame slides. The sec-
tions were then deparaffinized and rehydrated in a graded series
of xylene and ethanol. Nissl-stained sections were examined mi-
croscopically to ensure that each was cut in a transverse plane
through the hippocampus and that all of the typical cytoarchi-
tectonic features were present. A laser-microdissected apparatus
was used to sample the stratum oriens of sectors CA2/3 and CA1.
Because of the hypothesis-driven design of our study, we chose
to contrast the findings in the stratum oriens of CA3/2 with those
of sector CA1, which is also a layer in which GABA cells are the

exclusive neuronal cell type.?! This layer in CAl is, however,
uniquely different from its homologue in CA3/2 in terms of its
cytoarchitectonic detail, connectivity,” functional integration,”
and gene expression patterns.'”*'** For these reasons, we chose
the stratum oriens of sector CA1 as a comparison site for changes
in genomic integrity and mRNA expression in hippocampal GABA
cells. There are approximately 3 times as many glial nuclei than
neuronal nuclei in the stratum oriens of both sectors. Neurons
are readily distinguishable from glia by their Nissl-positive cyto-
plasm and dendrites, their euchromatin content, and the size of
their cell bodies, which are typically much larger. Glial nuclei show
a predominance of heterochromatin, which is associated with gene
silencing.” These observations, together with our in situ hybrid-
ization studies of this layer, have suggested that very little gene
expression is occurring in the glial cells at this locus.

DNA EXTRACTION AND
ARRAY HYBRIDIZATION

A QIAamp DNA FFPE Tissue Kit (Qiagen) was used to extract
genomic DNA from formalin-fixed, paraffin-embedded tissue. Af-
ter extraction, the whole genome was amplified with a REPLI-g
kit (Qiagen). DNA digestion, labeling, and hybridization were per-
formed according to the manufacturer’s instructions. In brief, ge-
nomic DNA (500 ng) is digested with Nspl and Styl restriction
enzymes and ligated to adaptors that recognize the cohesive 4—base
pair (bp) overhangs. All fragments resulting from restriction en-
zyme digestion were substrates for adaptor ligation. A generic
primer that recognizes the adaptor sequence was used to am-
plify adaptor-ligated DNA fragments. Polymerase chain reaction
(PCR) conditions were optimized to preferentially amplify frag-
ments in the 200- to 1100-bp size range. The PCR amplification
products for each restriction enzyme digest were combined and
purified using polystyrene beads. The amplified DNA was then
fragmented, labeled, and hybridized to Affymetrix Genome-
Wide Human SNP Array 6.0. After the arrays were washed and
stained, the copy number intensities were analyzed.

DATA ANALYSES

The scanned images of single-nucleotide polymorphism (SNP)
arrays were analyzed using the Affymetrix Genotyping Console
2.0 and the Affymetrix Genotyping Tools software. Although copy
number variants are commonly used as an end point in genetic
studies of large populations or in searches for risk genes, copy
number intensities provide greater sensitivity and more robust
findings than the rounded-off ratios that result from analyses of
copy number variants. The copy number intensities were deter-
mined according to the hybridization intensity data generated from
each SNP probe using dChip software.? To calculate mean copy
number values for selected regions, the output of the SNP probe
intensities were exported to Excel (Microsoft). Copy number in-
tensity changes were measured by comparing the hybridization
intensities of healthy controls with those of the patients with schizo-
phrenia or bipolar disorder.

VERIFICATION OF GENE COPY NUMBERS
BY QUANTITATIVE REAL-TIME PCR

To validate copy number intensity changes identified by SNP
arrays, we performed quantitative real-time PCR for GAD67
using genomic DNA (gDNA) from 6 controls, 6 patients with
schizophrenia, and 6 patients with bipolar disorder. GAD67 gene
probes was purchased from Applied Biosystems (the probes’
identification numbers are Hs 01242242 cn and Hs
01602806_cn). Each 20-pL assay contained 10 ng of gDNA,
900nM each of forward and reverse primers for the reference
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Figure 1. Analysis of DNA copy number changes at the GAD67-encompassing segment of chromosome 2q in sectors CA3/2 and CA1 in 15 healthy controls
(Control), 15 patients with bipolar disorder (BD), and patients with schizophrenia (SZ). A, Heat map of copy number intensity (CNI) changes in the stratum oriens
of sector CA3/2. Each column represents 1 sample and each row represents a specific gene, according to their physical order in the chromosome. Red indicates
copy gain, and blue indicates copy loss. Copy numbers are displayed in the log, ratio in a color code from -2 to 2. The GAD67-encompassing segment is
highlighted by the dotted line. The upper arrow points to the close-up view of CNIs at the GAD67- encompassing segment at chromosome 2q (B). C, The CNlIs of
each patient are represented as squares (Control), circles (SZ), and triangles (BD), respectively. The horizontal bars indicate the mean. Mean values were
compared using 1-way analysis of variance with the Tukey post hoc test. The SZ group had less copy numbers than the control group (mean [SD], 1.74 [0.27] vs
1.99 [0.05]; P<.01) but not the BD group. D, Heat map of CNIs in the stratum oriens of sector CA1. The lower arrow points to the close-up view of CNIs at the
GAD67-encompassing segment at chromosome 2q (E). F, The CNIs of each patient are represented as squares (Control), circles (SZ), and triangles (BD),
respectively. The horizontal bars indicate the mean. Similar to the findings in sector CA3/2, the SZ group in sector CA1 had less copy numbers than the control

group (mean [SD], 1.84 [0.15] vs 2.04 [0.09]; P<.05) but not the BD group.

gene (RNaseP) and for the target gene, 250nM each of the VIC
dye (reference)-labeled and FAM dye (target)-labeled gene-
specific probe in 1 X TagMan Gene Expression Master Mix. In-
dividual samples were run in triplicate. Real-time data were col-
lected by the OPTICON software. Quantitative real-time PCR
data were analyzed using the relative quantification or AACt
method*” based on DNA copy number ratio of a target gene vs
reference gene in a given patient sample relative to matched
healthy control sample. Relative quantity (RQ) is 2744%, and
the copy number is 2 X RQ.

STATISTICAL ANALYSES

GraphPad Prism version 4.0 software was used for statistical
analysis. The Fisher exact test and the 1-way analysis of vari-
ance with the Tukey post hoc test were used to evaluate dif-
ferences in copy number for each target gene in the healthy con-
trol, schizophrenia, and bipolar disorder groups. Copy number
intensities were also correlated with microarray-based gene ex-
pression data obtained in an earlier study'® in which an iden-
tical subset of cases was included.
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in Patients With Schizophrenia or Bipolar Disorder

Table 1. Overview of DNA Copy Number Changes of GAD67 Regulatory Genes in the Stratum Oriens of Sector CA3/2

Mean (SD) CNI SZvs BD vs P Value4
Cytogenetic Size,© Control, Mean (SD) Control, ——
Gene? Location Start? End"? bp Control Sz % CNI for BD % (Y4 BD
GADG67 regulation
GAD67 2031 171362909 171670922 308013 2.16 (0.18) 1.68 (0.24) -22 1.61 (0.27) -25 <.001 <.0001
GAD2 10p11.23 26552050 26618469 66419 2.34(0.31) 1.76(0.18) -24 1.99 (0.56) -15 .001 >.05
GRIK1 21g22.11 29831916 30234289 402373 1.99(0.08) 1.90 (0.22) -5 1.84 (0.16) -8 .04 .002
GRIK2 6016.3-g21 101957419 102622143 664724 2.03 (0.09) 2.26 (0.32) 1 1.77 (0.32) -13 .04 .04
GRIK3 1p34 37006017 37299068 293051 1.94(0.10) 2.33 (0.26) 20 2.15 (0.11) 11 .04 >.05
DAXX 6p21.3 33362643 33432505 69862 2.15(0.40) 2.53 (0.50) 17 1.86 (0.22) -14 004 >.05
RUNX2 6p21 45427854 45614100 186246 2.01(0.22) 1.84 (0.11) -9 1.70 (0.19) -15 >.05 .003
LEF1 4023-925 109114461 109203182 88721 2.05(0.10) 2.01(0.17) -1 1.83 (0.27) -11 >.05 .002
PAX5 9p13 36843677 36871493 27816 216 (0.26) 1.76 (0.27) -19 1.85 (0.21) -14 .006 .02
CCND2 12P13 4259419 4276065 16646 2.02 (0.19) 2.05(0.19) 2 1.72 (0.22) -15 >.05 .001
HDAC11 3p25.1 13498010 13519073 21063 2.06 (0.31) 2.70 (0.55) 31 2.19(0.33) 6 <.001 .003
TGFB2 1941 216594710 216680962 86252 2.06(0.25) 1.93 (0.17) -3 1.99 (0.14) -6 >.05 >.05
TGFBR1 9¢22 100911984 100954694 42710 1.99 (0.45) 2.19 (0.45) 10 2.33 (0.21) 17 >.05 >.05
SMAD4 18¢21.1 46816802 46848896 32094 1.88(0.18) 1.61(0.26) -14 2.00 (0.33) 7 .05 >.05
Neurogenesis
FGF3 11q13 69336099 69338136 2037 2.05(0.46) 1.80(0.54) -12 1.50 (0.50) -27 >.05 .01
FGF9 13q11-q12 21161875 21174668 12793 2.25(0.35) 2.22(0.38) -2 1.79 (0.20) -20 >.05 <.001
VEGFA 6p12 43850604 43854388 3784 2.25(0.59) 2.63 (0.64) 17 1.84 (0.43) -18 .02 .04
NRG1 8p21 31618950 32715614 1096664 2.02 (0.09) 1.72 (0.19) -15 1.84 (0.16) -9 <.0001 .02
Cell cycle regulation
E2F3 6p22 20509888 20598369 88481 2.01(0.17) 1.78 (0.20) -1 1.93 (0.17) -5 .04 >.05
BRCA1 17¢21 38450800 38523755 72955 1.90(0.19) 2.02 (0.30) -13 1.75 (0.22) 6 >.05 >.05
MBD4 3021 130631711 130642529 10818 1.99 (0.46) 2.50 (0.48) 25 2.33 (0.53) 17 .002 .02
TP53 17p13.1 7518132 7532486 14354 2.00 (0.38) 1.75(0.29) -13 1.53 (0.17) -24 >.05 .03
ANAPC5 12024.31 120242043 120270178 28135 1.91(0.29) 1.94(0.38) -1 2.48 (0.51) 29 >.05 .006
DNA damage response
POLD1 19q13.3 55584616 55605773 21157 2.03 (0.30) 1.60 (0.31) -22 2.16 (0.21) 8 .02 >.05
POLG2 17q 59909735 59923805 14070 2.33(0.37) 1.81(0.22) -22 1.75 (0.30) -25 >.05 .02
POLI 18¢21.1 50049273 50068773 19500 2.00(0.22) 1.50 (0.41) -25 2.30 (0.51) 15 002 >.05
POLL 10923 103330169 103412748 82579 2.02(0.30) 2.11(0.21) 5 2.26 (0.54) 12 >.05 .04
RPA3 7p22 7642868 7725084 82216 2.07 (0.17) 2.05(0.39) -1 2.31(0.59) 12 >.05 .006

Abbreviations: BD, patients with bipolar disorder; CNI, copy number intensity; Control, healthy controls; SNP, single-nucleotide polymorphism; SZ, patients with

schizophrenia.

2Gene names derived from National Center for Biotechnology Information UniGene database.
bThe SNP site is based on the Affymetrix Genome-Wide Human SNP Array 6.0 reference genome.

CLength of DNA copy number changes in base pairs (bp).

dDetermined by use of the Fisher exact test. P> .05 is statistically nonsignificant.

B xesuits [

COPY NUMBER INTENSITIES
IN PATIENTS WITH SCHIZOPHRENIA
OR BIPOLAR DISORDER

Genomic copy numbers were determined by calculat-
ing the median signal intensities of the healthy con-
trols, the patients with schizophrenia, and the patients
with bipolar disorder with respect to normal reference
DNAs. As shown in Figure 1, the GAD67-containing
segment at the 2q24.3-2q31.1 chromosomal locus
spanned approximately 14.2 megabases. The mean
copy number intensity at the GAD67-containing locus
was 28% lower in the patients with schizophrenia than
in the healthy controls. Similarly, lower numbers
(15%) also occurred in the CAl sector of the patients
with schizophrenia at the same locus. Patients with
bipolar disorder did not show differences in copy
number intensities at the 2q24.3-2q31.1 locus in
either sector (Figure 1).

COPY NUMBER INTENSITIES
AND SPECIFIC TARGET GENES

The analysis of copy number intensities for 28 different tar-
get genes associated with the GAD67 regulatory network
(n=14), neurogenesis (n=4), cell cycle regulation (n=5),
and the DNA damage response (n=>5) for sectors CA3/2 and
CAl areshown in Table 1 and Table 2, respectively. The
overall sequence and its specific chromosomal locus are in-
dicated for each gene in Tables 1 and 2. The genes that were
chosen as targets for our study satisfied 2 criteria: (1) they
must have shown significant differences in gene expression
(fold changes),'"?"** and (2) the genes must be associated
directly or indirectly with the GAD67 regulatory network
that was derived from a network association analysis.*' Some
of the genes that are associated with this network (such as
DLX1 and DLX2)* and that play an important role in the
developmentand function of GABA cells were not included
because they did not show expression changes, and fell be-
low the level of detection because of their very low abun-
dance in the stratum oriens of sectors CA3/2 and CA1 of the
human hippocampus.
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in Patients With Schizophrenia or Bipolar Disorder

Table 2. Overview of DNA Copy Number Changes of GAD67 Regulatory Genes in the Stratum Oriens of Sector CA1

Mean (SD) CNI SZvs BD vs P Value!
Cytogenetic Size,® | 1 Control, Mean (SD) Control, ——
Gene? Location Starth End® bp Control Sz %  CNIforBD % SZ BD
GADG7 regulation
GAD67 2031 171362909 171670922 308013 1.95(0.37) 1.42(0.51) -27  1.80(0.43) -7 .004 >.05
GAD2 10p11.23 26552050 26618469 66419 2.19 (0.55) 2.20 (0.21) 0 1.83(041) -16 >05 >.05
GRIK1 21g22.11 29831916 30234289 402373 2.15(0.47) 1.90(0.21) -11  1.97(0.11) -8 >05 >.05
GRIK2 6016.3-g21 101957419 102622143 664724 1.99(0.18) 1.77(0.31) -11 1.95 (0.17) -2 .02 >.05
GRIK3 1p34 37006017 37299068 293051 2.07(0.12) 2.18 (0.38) 5 1.96 (0.08) 5 >05 >.05
DAXX 6p21.3 33362643 33432505 69862 1.91(0.49) 1.29(0.36) -35 1.92(0.34) -4 004 >.05
RUNX2 6p21 45427854 45614100 186246 2.07 (0.23) 1.87(0.27) -10  1.88(0.14) 9 >05 >.05
LEF1 4q23-025 109114461 109203182 88721 222(0.22) 1.98(0.13) -11 2.15(0.23) -3 .03 >.05
PAX5 9p13 36843677 36871493 27816 2.00(0.39) 2.28 (0.42) 14 2.26 (0.33) 13  >.05 >.05
CCND2 12P13 4259419 4276065 16646 1.95(0.32) 217(0.32) 11  1.86(0.17) 5  >05 >.05
HDAC11 3p25.1 13498010 13519073 21063 2.00(0.29) 3.57 (0.78) 78 2.09(0.24) 5 <001 >.05
TGFB2 1941 216594710 216680962 86252 2.07 (0.21) 1.92(0.29) -3 2.01(0.19) -8 >05 >.05
TGFBR1 9922 100911984 100954694 42710 2.12(0.33) 1.76(0.31) 17  2.22(0.25) 5 .02 >.05
SMAD4 18g21.1 46816802 46848896 32094 2.00(0.39) 1.53(0.76) -24  2.05(0.46) 0 .02 >.05
Neurogenesis
FGF3 11q13 69336099 69338136 2037 1.85(0.33) 2.10(0.47) 14 2.53(0.55) 37  >.05 .01
FGF9 13q11-g12 21161875 21174668 12793 2.25(0.29) 1.94(029) -14 197(046) -13 >.05 .02
VEGFA 6p12 43850604 43854388 3784 2.11(0.47) 2.19(0.27) 0 2.24(0.36) 0 >05 >.05
NRG1 8p21 31618950 32715614 1096664 2.23 (0.55) 1.81(0.25) -19 1.95(0.12)  -13 .006 >.05
Cell cycle regulation
E2F3 6p22 20509888 20598369 88481 1.90(0.17) 1.98 (0.23) 4 1.89(0.22) 0 >05 >.05
BRCA1 17g21 38450800 38523755 72955 1.90(0.25) 1.62(0.37) -15 1.93(0.23) 0 05 >.05
MBD4 3021 130631711 130642529 10818 2.00 (0.24) 2.25(0.48) 12 2.25(0.33) 12 >.05 .04
TP53 17p13.1 7518132 7532486 14354 2.16 (0.59) 2.60 (0.74) 20 1.91(0.39) -12 >05 >.05
ANAPC5 12¢24.31 120242043 120270178 28135 1.89(0.32) 2.48 (0.43) 31 2.08(0.32) 9 002 >.05
DNA damage response
POLD1 19¢13.3 55584616 55605773 21157 2.11(0.43) 2.48 (0.67) 17 2.00(0.35) -5 >05 >.05
POLG2 17q 59909735 59923805 14070 2.04 (0.38) 1.82(0.30) -11  1.93(0.30) -5 >05 >.05
POLI 18g21.1 50049273 50068773 19500 1.92 (0.30) 1.89(0.34) -1 1.93(0.24) 0 >05 >.05
POLL 10923 103330169 103412748 82579 1.89(0.28) 1.96 (0.31) 4 1.96(0.32) 4 >05 >.05
RPA3 7p22 7642868 7725084 82216 1.99 (0.15) 2.03 (0.24) 2 2.07(0.18) 4 >05 >.05

Abbreviations: BD, patients with bipolar disorder; CNI, copy number intensity; Control, healthy controls; SNP, single-nucleotide polymorphism; SZ, patients with

schizophrenia.

2Gene names derived from National Genter for Biotechnology Information UniGene database.
bThe SNP site is based on the Affymetrix Genome-Wide Human SNP Array 6.0 reference genome.

CLength of DNA copy number changes in base pairs (bp).

dDetermined by use of the Fisher exact test. P > .05 is statistically nonsignificant.

GADG67 Regulation

Significant changes in copy number intensity in GAD67
regulatory genes were observed in 9 of 14 patients with
schizophrenia (64%) and in 7 of 14 patients with bipo-
lar disorder (50%) (Tables 1 and 2). The mean CNI for
this gene was also decreased by 22% and 25%, respec-
tively, in patients with schizophrenia and patients with
bipolar disorder. In sector CAl, however, 50% of pa-
tients with schizophrenia showed significant CNI changes
in GADG67 regulatory genes, whereas the patients with bi-
polar disorder showed no changes (Tables 1 and 2).
Heat maps of copy number intensities for specific
chromosomal loci were plotted for several genes in the
GADG67 regulatory network (Figure 1). As suggested by
our earlier gene expression profile (GEP) study,*!
GAD67 expression was significantly decreased in sector
CA3/2 of patients with schizophrenia and patients with
bipolar disorder (Table 1). As shown in Figure 2A, the
SNP arrays for GAD67, HDACI11, DAXX, PAX5, RUNX2,
and CCND2 showed changes in copy number intensi-

ties in patients with schizophrenia and patients with
bipolar disorder that are remarkably similar to those
previously reported for a GEP study?! at this same locus
of CA3/2. For example, GAD67 expression is reduced in
both patients with schizophrenia and patients with
bipolar disorder, HDACI11 and DAXX expression
increased only in patients with schizophrenia, and both
PAX5 and RUNX2 expression significantly decreased in
patients with bipolar disorder. Two exceptions are
PAXS5, for which expression was only significantly lower
in patients with bipolar disorder, and CCND2, for
which transcripts were increased in patients with
schizophrenia at this locus (Figure 2A). In the CA1 sec-
tor, copy number intensities for GAD67 are significantly
decreased only for patients with schizophrenia, not for
patients with bipolar disorder (Figure 2B), but this pat-
tern is virtually identical to that seen for the GEP find-
ings previously reported for the same cases.'® Copy
number intensities for HDACI11 increased by 78%
(Table 2), but the copy number intensities for the other
genes do not show significant changes.
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Figure 2. Heat Maps of DNA copy number changes for GAD67 regulatory genes in the stratum oriens of sector CA3/2 (A) and sector CA1 (B). The copy number
intensities of 6 critical GAD67 regulatory genes are compared by performing the Fisher exact test between 15 healthy controls (Controls), 15 patients with
schizophrenia (SZ), and 15 patients with bipolar disorder (BD). In the heat maps, red represents copy gain, and blue represents copy loss, in units of log,. The
blue curves in the middle graphs indicate the degree of gain (right) or loss (left) of each gene. The red vertical line indicates a copy number of 2. Also shown are
the probabilities that changes are significant; the arrows indicate whether copy number intensities are increased (red arrows) or decreased (blue arrows).

Copy number intensities for GAD65 (GAD2), GRIK1,
RUNX2, PAX5, and SMAD4 were also decreased in the
CA3/2 sector of patients with schizophrenia, whereas
GRIK2, GRIK3, HDAC11, and DAXX all had higher copy
number intensities. As shown in Table 3, the copy num-
ber intensity changes for these target genes in the CA3/2
sector of patients with schizophrenia were similar in di-
rection to those reported with a GEP.'°?! In the CA3/2
sector of patients with bipolar disorder (Table 1), the copy
numbers of GRIK1, GRIK2, GAD65, LEF1, DAXX, RUNX2,
and PAX5 were also decreased, and most showed a di-
rection of change consistent with the earlier GEP data
for these same genes®' (Table 3).

Neurogenesis

The 4 genes in the neurogenesis cluster were chosen be-
cause they had shown significant changes in their GEPs,
and our modeling suggested that they are probably impor-
tant to the regulation of the cell cycle." FGF3,*° FGF9,**3!
VEGF,* and NRG1? are key players in the growth and dif-
ferentiation of a wide variety of cells and tissues, includ-
ing the hippocampus,** and are believed to increase the risk
for schizophrenia.*>*® In CA3/2 sector of patients with bi-
polar disorder, these genes showed significant decreases in
copy number intensity, and these changes occurred in the
same direction as those observed when a GEP was under-
taken (Table 3). In the patients with schizophrenia, VEGF
showed increases of copy number intensity in the CA3/2
sector, and this direction of change is similar to that seen
in the GEPs for the same genes. NRG1 showed significant
reductions in copy number intensity; however, the tran-
scripts for this gene were significantly changed in the op-
posite direction for the GEP data (Table 3).

Cell Cycle and DNA Damage Response

Copy number intensities for cell cycle regulation and the
DNA damage response showed significant changes in the
CA3/2 sector of patients with schizophrenia and pa-
tients with bipolar disorder (Table 1). The copy num-
ber intensity of E2F3 in patients with schizophrenia was
significantly reduced, and this change was in the same
direction as that observed for transcripts in the GEP
study.?! The patients with bipolar disorder showed only
1 gene (MBD4) with significant changes in copy num-
ber intensity and gene expression, both of which were
increased; however, this similar change was seen for this
gene in sectors CA3/2 and CAl of both groups of pa-
tients. Overall, the changes observed for copy number
intensities in the cell cycle and DNA damage response
categories showed much less consistency when com-
pared with the GEP data for these same genes.

To validate the copy number intensity changes iden-
tified by SNP array, we performed quantitative PCR analy-
sis for the candidate gene GAD67 using gDNA from mi-
crodissected tissues (obtained from 6 patients with
schizophrenia, 6 patients with bipolar disorder, and 6
healthy controls). In sector CA3/2, the copy number for
the GAD67 gene also decreased by 34% and 37%, respec-
tively, in patients with schizophrenia and patients with
bipolar disorder, which is in complete agreement with
the SNP data. In sector CAl, the copy number for the
GADG67 gene decreased by 59% in patients with schizo-
phrenia, although there was only a 10% decrease in pa-
tients with bipolar disorder (eFigure 2). These results have
demonstrated the overall validity of the copy number sta-
tus determined by SNP microarrays, and they also es-
tablish that GAD67 is the gene with one of the most fre-
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Table 3. Copy Number Changes and Corresponding Gene Expression Fold Changes in the Stratum Oriens of Sectors CA3/2 and CA1
CA3/2 CA1
Schizophrenia Bipolar Disorder Schizophrenia Bipolar Disorder
Gene? I(.‘.MI Changes, % Fold Changes II[:NI Changes, % Fold Changes IICNI Changes, % Fold Changes II(:NI Changes, % Fold Changes !
GADG7 regulation
GAD67 -22 -2.81 -25 -9.59 =27 -3.27 -7 0.00
GAD65 -24 -2.29 -15 -3.00 0 -1.11 -16 0.00
GRIK1 -5 -1.39 -8 -1.36 -1 -1.35 -8 -1.47
GRIK2 11 1.50 -13 -1.20 -1 0.00 -2 0.00
GRIK3 20 1.60 1 0.00 5 0.00 -5 0.00
DAXX 17 1.30 -14 0.00 -35 0.00 -4 0.00
RUNX2 -9 0.00 -15 -2.80 -10 0.00 -9 0.00
LEF1 -1 0.00 -1 -2.10 -1 -2.08 -3 -2.23
PAX5 -19 0.00 -14 -1.48 -19 0.00 -13 0.00
CCND2 2 1.44 -15 -2.18 1 0.00 -5 0.00
HDAC11 31 1.49 6 0.00 78 0.00 5 0.00
TGFB2 -3 1.43 -6 0.00 -3 0.00 -8 3.00
TGFBR1 10 1.30 17 0.00 -17 0.00 5 0.00
SMAD4 -14 0.00 7 2.30 22 -1.52 5 -1.34
Neurogenesis
FGF3 -12 0.00 =27 -1.62 -24 0.00 0 0.00
FGF9 -2 0.00 -20 -11.33 14 0.00 37 0.00
VEGFA 17 213 -18 -1.41 0 0.00 0 -1.47
NRG1 -15 1.59 -19 -1.77 -14 0.00 -13 0.00
Cell cycle regulation
E2F3 -1 -1.77 -5 0.00 4 0.00 0 2.02
BRCA1 -13 0.00 6 0.00 -15 -1.92 0.00
MBD4 25 2.91 17 1.75 12 1.77 2 1.97
TP53 -13 0.00 -24 -1.51 20 0.00 -12 0.00
ANAPC5 -1 0.00 29 3.13 31 0.00 437
DNA damage response
POLD1 -22 -2.87 8 0.00 17 0.00 -5 0.00
POLG2 -2 0.00 -25 -1.48 -1 0.00 -5 0.00
POLI -25 1.84 15 0.00 -1 0.00 0 0.00
POLL 5 0.00 12 -1.30 4 0.00 4 0.00
RPA3 -1 0.00 12 1.35 2 1.40 4 0.00

aTarget genes (n = 28) are divided into 4 clusters groups: the GAD67 regulatory network, neurogenesis, the cell cycle regulation, and the DNA damage
response. Each column indicates copy number intensity (CNI) changes and corresponding gene expression fold changes.

quent genetic alterations in schizophrenia and bipolar
disorder.

ASSOCIATION ANALYSIS BETWEEN COPY
NUMBER INTENSITIES AND GENE EXPRESSION

Do DNA copy number intensities reflect gene expres-
sion patterns that we have identified in patients with
schizophrenia and patients with bipolar disorder within
the loci of interest? In sector CA3/2 of both the schizo-
phrenia and bipolar disorder groups, the majority of tar-
get genes showed abnormally high or low levels of mRNA
expression, whereas in sector CA1, both groups showed
a paucity of significant expression changes (Table 3).
When decreases or increases of copy numbers are ob-
served, the changes seen could be related to either dele-
tions or duplications, respectively, of chromatin mate-
rial. The genes showing significant correlations between
copy number intensities and gene expression for the
GADG67 regulatory genes (Figure 3) were generally quite
different for the schizophrenia and bipolar disorder
groups. As shown in Table 3, the patients with bipolar
disorder showed no expression changes for GRIK3, DAXX,
HDACI11, TGFB2, and TGFBRI, whereas all of the other
genes showed significant expression changes. In pa-
tients with schizophrenia, RUNX2, LEF1, PAX5, and
SMAD#4 did not show expression changes. Overall, there

was a diagnostic selectivity for the target genes associ-
ated with decreased GAD67 expression in schizophre-
nia vs bipolar disorder.?!

When the GEP data and the copy number intensity
data (Table 3) were analyzed using linear regression analy-
ses (Figure 3), a robust correlation was observed when
both groups of patients were combined (r=0.692;
P=.0001) or when the patients with schizophrenia
(r=0.649; P=.0003) and the patients with bipolar dis-
order (r=0.772; P=.0002) were separately compared with
the healthy controls (Figure 3). For a majority of the tar-
get genes, the changes in copy number intensities and
the fold changes tended to occur in the same direction,
although the magnitudes of the respective changes were,
in some instances, dramatically different. For example,
mRNA expression for FGF9 was decreased 11-fold in pa-
tients with bipolar disorder, whereas the loss of copy num-
ber intensity for this gene was only 20%. Disparities of
this type contributed to the variance in the data and re-
sulted in a reduction in the r correlation coefficient, even
when the correlations were statistically significant.

As shown in Table 4 and Figure 4, when the target
genes were separated according to those directly related
to the GAD67 regulatory network and those not related
to it (ie, genes associated with growth factors, cell cycle,
and DNA repair), much higher correlations between copy
number intensity changes and mRNA levels were ob-
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Figure 3. Association of fold changes as a measure of gene expression and DNA copy number intensity (CNI) changes in the stratum oriens of sectors CA3/2 and
CA1.The x-axis shows CNI changes, and the y-axis displays fold changes, from microarray data. Individual data points are connected with a line using linear
regression analysis performed with GraphPad Prism version 4.0. In the stratum oriens of sector CA3/2, significant associations between CNI changes and fold
changes are evident in patients with schizophrenia (SZ), patients with bipolar disorder (BD), and combined patients (SZ+BD), respectively. There are no
significant associations between CNI changes and fold changes in any patient groups in sector CA1.

served in the former (r=0.712; P=.0001) than in the lat-
ter (r=0.492; P=.008) of sector CA3/2 but not sector CA1
(r=0.067 and r=0.225, respectively). These data sug-
gest that the expression of genes in the GAD67 network
in the CA3/2 sector is tightly linked to the status of ge-
nomic integrity at this locus.

The linear regression analyses of target genes in sec-
tor CA1 did not reveal any correlation between gene ex-
pression and copy number intensity changes. There are
many genes showing notable expression changes but no
copy number intensity changes, suggesting that a disso-
ciation between copy number intensities and gene ex-
pression changes may occur in sector CAl. As with sec-
tor CA3/2, however, a subset of genes in sector CAl not
related to GAD67 regulation did not show correlations
with copy number intensities (Figure 4). These results
demonstrate a striking subregional difference in the as-
sociation of copy number intensities with gene expres-
sion changes.

DR COMMENT

There is increasing evidence supporting the involve-
ment of copy number variants in the etiology of schizo-
phrenia,®*"> although it is not clear what mechanisms
may be related to these changes. Most of these reports
have employed genome-wide screening for copy num-

ber variants, and only a few have concentrated on spe-
cific target genes.” Although there have been prelimi-
nary attempts at linking copy number variants with
expression data for specific genes in cancer re-
search,”*? to date, no study of the brain has attempted
to associate the occurrence of copy number intensities
for specific target genes with the expression of their re-
spective mRNAs. The results described herein suggest that
copy number intensity changes for specific target genes
and their associated mRNAs vary not only in a diagnosis-
specific way but also in a circuitry-based manner.
GADG7 plays an important role in the activity of GABA
neurons and their dysfunction in schizophrenia. Al-
though one association study®” concluded that there was
a link between the GAD67 gene and childhood-onset
schizophrenia, another study,*” using a Danish cohort,
provides evidence that, in this sample, there is no link
to schizophrenia but, possibly, a link to bipolar disor-
der. Another gene, neuregulin 1 (NRG1), may be func-
tionally involved in the regulation of GAD67 activity.*
Interestingly, NRG1 also showed significant changes in
both copy number intensity and gene expression, in pa-
tients with schizophrenia and patients with bipolar dis-
order. This gene appears to have a weak association with
schizophrenia when haplotype-based P values were in-
cluded in the analyses, and there was no evidence of be-
tween-study heterogeneity.” These studies underscore
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Table 4. Copy Number Changes and Corresponding Gene Expression Fold Changes for GAD67 and Non-GAD67 Regulatory Genes

in the Stratum Oriens of Sectors CA3/2 and CA1

CA3/2

CA1

Schizophrenia

Bipolar Disorder

Schizophrenia Bipolar Disorder

Gene? I(:NI Changes, % Fold Changes IIGNI Changes, % Fold Changes IICNI Changes, % Fold Changes II(:NI Changes, % Fold Changes !

GADG67 regulation
GAD67 -22 -2.81 -25 -9.59 =27 -3.27 -7 0.00
GADG65 -24 -2.29 -15 -3.00 0 -1.11 -16 0.00
GRIK1 -5 -1.39 -8 -1.36 -1 -1.35 -8 -1.47
GRIK2 1 1.50 -13 -1.20 -1 0.00 -2 0.00
GRIK3 20 1.60 1 0.00 5 0.00 -5 0.00
DAXX 17 1.30 -14 0.00 -35 0.00 -4 0.00
RUNX2 -9 0.00 -15 -2.80 -10 0.00 -9 0.00
LEF1 -1 0.00 -11 -2.10 -1 -2.08 -3 -2.23
PAX5 -19 0.00 -14 -1.48 -19 0.00 -13 0.00
CCND2 2 1.44 -15 -2.18 1 0.00 -5 0.00
HDACT1 31 1.49 6 0.00 78 0.00 5 0.00
TGFB2 -3 1.43 -6 0.00 -3 0.00 -8 3.00
TGFBR1 10 1.30 17 0.00 -17 0.00 5 0.00
SMAD4 -14 0.00 7 2.30 22 -1.52 5 -1.34

Non-GAD67 regulation
FGF3 -12 0.00 -27 -1.62 -24 0.00 0 0.00
FGF9 -2 0.00 -20 -11.33 14 0.00 37 0.00
VEGFA 17 2.13 -18 -1.41 0 0.00 0 -1.47
NRG1 -15 1.59 -19 -1.77 -14 0.00 -13 0.00
E2F3 -1 -1.77 -5 0.00 4 0.00 0 2.02
BRCA1 -13 0.00 6 0.00 -15 -1.92 0 0.00
MBD4 25 2.91 17 1.75 12 1.77 12 1.97
TP53 -13 0.00 -24 -1.51 20 0.00 -12 0.00
ANAPC5 -1 0.00 29 3.13 31 0.00 9 437
POLD1 -22 -2.87 8 0.00 17 0.00 -5 0.00
POLG2 -2 0.00 -25 -1.48 -1 0.00 -5 0.00
POLI -25 1.84 15 0.00 -1 0.00 0 0.00
POLL 5 0.00 12 -1.30 4 0.00 4 0.00
RPA3 -1 0.00 12 1.35 2 1.40 4 0.00

aTarget genes (n = 28) are divided into 2 clusters groups: the GAD67 regulatory network and the non-GAD67 regulatory network. Each column indicates copy
number intensity (CNI) changes and corresponding gene expression fold changes.

the difficulties inherently present when attempting to re-
late copy number intensities derived from blood samples
in population studies to copy number intensities ob-
tained from brain tissue in studies of the molecular regu-
lation of neural circuitry. Generally speaking, the genes
included in the present study cannot be thought of as ge-
netically transmitted risk factors, even when both copy
number intensities and mRNA expression show robust
changes, because the study design is fundamentally dif-
ferent from that used in association studies. The infor-
mation gathered in our study is most useful in identify-
ing the ways in which the molecular regulation of complex
circuits may be abnormal, particularly when combined
with parallel rodent modeling.*

The target genes examined in our study are involved
in the functional maintenance of hippocampal GABA cells
that show abnormal expression of GAD67 in schizophre-
nia and bipolar disorder.'"?! They include networks that
regulate GAD67 expression, neurogenesis, the cell cycle,
and the DNA damage response. In the present study, most
of these genes showed significant increases or decreases
of copy number intensities at their respective chromo-
somal loci. The largely robust nature of these copy num-
ber intensities and their correlation with the respective
expression changes suggest that they may be linked to
the regulation of functional differentiation and genomic
integrity in hippocampal GABA cells. Widespread dele-

tions along the GAD67-encompassing segment of chro-
mosome 2q (ie, 2q24.3-2q31.1), where GADG67 is en-
coded,*” have been identified in patients with
schizophrenia but not in patients with bipolar disorder.
The fact that GAD67 expression is significantly reduced
in sector CA3/2 of both disorders suggests that these
broad-based deletions on the 2q chromosome may be only
one of the many mechanisms involved in the decrease
of GAD67 expression.

The results from quantitative PCR showed a decreased
copy number intensity of GAD67 in patients with schizo-
phrenia or bipolar disorder, which was consistent with the
results from SNP arrays. These findings demonstrate that
a decreased copy number intensity of GAD67 in the hip-
pocampus could be a prevalent genetic change in the ma-
jority of patients with schizophrenia or bipolar disorder.
More importantly, there was a significant correlation be-
tween DNA loss and RNA underexpression of the GAD67
gene, suggesting that the transcript level of this gene may
be regulated by its DNA copy number.

In sector CA3/2, the direction of change for copy num-
ber intensities showed a high degree of correspondence
with the expression changes for the respective target genes.
For example, in patients with schizophrenia, HDAC11
and DAXX both showed increased copy number inten-
sities and expression changes. In patients with bipolar
disorder, however, these parameters for PAX5 and RUNX2
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Figure 4. Association of fold changes as a measure of gene expression and DNA copy number intensity (CNI) changes for GAD67 and non-GAD67 regulatory
genes in the stratum oriens of sectors CA3/2 and CA1. The x-axis shows CNI changes, and the y-axis displays fold changes, from microarray data. Individual data
points are connected with a line using linear regression analysis performed with GraphPad Prism version 4.0. In sector CA3/2, both clusters showed a significant
association between CNI changes and fold changes, but the GAD67 regulatory network has a higher correlation efficiency than does the non-GAD67 regulatory
network. However, there is no significant association between CNI changes and fold changes in any gene cluster in sector CA1.

were both decreased. Indeed, the regression analyses pro-
vide compelling evidence to support the idea that these
2 variables are interrelated. The relationship between copy
number intensities and gene expression changes was most
striking for the genes directly involved in GAD67 regu-
lation compared with the genes more indirectly in-
volved in neurogenesis, cell cycle regulation, and the DNA
damage response.

The fact that the nature of the changes in copy number
intensity and gene expression for the target genes was quite
different for the 2 disorders may reflect the fundamentally
different nature of the molecular abnormalities found in
the GABA cells of sector CA3/2 for each disorder. It seems
unlikely that psychotropic medications are responsible for
these differences because the 2 groups showed similar drug
exposure histories (eTable). It seems more likely that the
unique changes in copy number intensity and gene ex-
pression in sector CA3/2 might be related to differences in
“risk genes” for the 2 respective disorders.

Unlike the copy number intensities in sector CA3/2,
those in sector CA1 of patients with schizophrenia or bi-
polar disorder did not show any correlation with gene
expression changes. Only 20% to 30% of the target genes
associated with cell cycle regulation and DNA repair in
sector CA1 of patients with schizophrenia or bipolar dis-
order showed significant changes in expression (Table 3).

This obvious difference between the findings in sector
CA3/2 and the findings in sector CAl is consistent with

the idea that the local tissue environment surrounding a
cell may play a critical role in influencing its profile of tran-
scriptional activity. In the hippocampus of patients with
schizophrenia or bipolar disorder, the concentration of sig-
nificant findings in the stratum oriens of sector CA3/2, but
not sector CAl, can potentially be explained by differ-
ences in the molecular activity within neurons that com-
prise the microcircuitry at these 2 respective sites.** For ex-
ample, the stratum oriens of sector CA3/2, but not sector
CA1, receives arich glutamatergic projection from the ba-
solateral amygdala, and these fibers are believed to play an
important role in the integration of emotion and cogni-
tion, particularly in relation to stressful events.* Other sys-
tems that are unique to this locus include GABAergic fi-
bers that originate in the septal nuclei* and contribute to
the regulation of oscillatory rhythms.”

The stratum oriens is unique because the exclusive neu-
ronal cell type in this layer is the GABAergic interneu-
ron. These latter cells receive a robust and specific pro-
jection from the basolateral amygdala,” which exerts an
important influence on membrane properties and the ac-
tion potential firing rate in fast-spiking inhibitory cells.*
Based on the present findings, basolateral amygdala pro-
jections to the stratum oriens of the CA3/2 locus may con-
tribute to the functional and genomic integrity of
GABAergic interneurons at this locus, presumably through
synaptic or modulatory mechanisms. The GAD67 regu-
latory network includes 3 kainate-sensitive glutamate re-
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ceptor (KAR) genes (GRIK1, GRIK2, and GRIK3) that en-
code the GluR5, 6, and 7 subunits, respectively, for this
receptor. Abnormal expression and activity of KAR in the
hippocampus are believed to play an important role in
schizophrenia.”>** Because the GAD67 regulatory net-
work is linked to the canonical clusters associated with
the cell cycle and the DNA damage response, the synap-
tically mediated influence of electrical activity gener-
ated within the trisynaptic pathway could contribute, at
least theoretically, to parallel changes in copy number
intensity and gene expression for the target genes asso-
ciated with the regulation of GAD67 in GABA cells at this
locus. These changes could include either deletions or
duplications of genomic sequences in these target genes.

Most of our knowledge regarding the relationship between
the sensing and repair of DNA has come from proliferating
cell populations, like those active during embryogenesis.”*
Little or nothing is known about the regulation of the cell
cycle or the DNA damage response in postmitotic cells in
the adult brain. Many believe that terminal differentiation
involves an extensive reprogramming of the genome, so that
genes that are relevant to interneuron function, like those
associated with GAD67 regulation, are transcribed, while other
genes are permanently silenced.”

The mechanisms associated with the repair of dam-
aged DNA include pivotal target genes, such as CCND2,
E2F3, MBD4, and HDAC, that may help to link the dif-
ferentiation of mature GABA cells to their ability (or in-
ability) to repair damaged DNA and preserve their ge-
nomic and functional integrity. To our knowledge, the
present study provides the first evidence that deletions
and/or duplications are present in terminally differenti-
ated neurons in the adult hippocampus and that such
changes may also contribute to the aberrant expression
of key genes involved in the normal and abnormal func-
tioning of hippocampal GABA cells.

In summary, the analyses reported herein demonstrate
that there is considerable overlap between copy number
intensities and mRNA expression for target genes associ-
ated with GAD67 regulation at a key locus within the hip-
pocampi of patients with schizophrenia or bipolar disor-
der. Elucidating cell type—specific and locus-specific
associations of genes comprising the GAD67 regulatory net-
work in hippocampal GABA cells with those associated with
the cell cycle and DNA repair could help to explain the pres-
ence of unique cellular endophenotypes in each of these 2
disorders.”® The genomic integrity and differentiation of tis-
sue-specific functions in postmitotic GABA cells, and their
potential relationship with age-related changes in health
and disease,’* are issues that will require further study in
many different forms of neuropsychiatric disease.

Submitted for Publication: July 15, 2011, final revision
received November 3, 2011; accepted November 15,2011.
Published Online: February 6, 2012. doi:10.1001
/archgenpsychiatry.2011.1882

Correspondence: Francine M. Benes, MD, PhD, McLean
Hospital, 115 Mill St, Belmont, MA 02478 (fbenes@mclean
Jharvard.edu).

Financial Disclosure: None reported.
Funding/Support: This study was supported by Na-
tional Institutes of Health grants MH077175, MH42261-

08, and MH/NS 077550 and the William P. and Henry
B. Test Endowment (Harvard University).

Online-Only Material: The eTable and eFigures are avail-
able at http://www.archgenpsychiatry.com.

Additional Contributions: We thank Cheng Li, PhD, As-
sociate Professor of Biostatistics and Computational Bi-
ology, Harvard Medical School, for his extraordinary gen-
erosity and patience in helping us to organize our SNP
database for copy number intensities and their analyses
using the most appropriate statistics. We also thank Debo-
rah L. Levy, PhD, for her expertise in genetics studies of
blood samples from live subjects and her insights into
how copy number variants and risk genes may interact
in psychiatric disorders.

BN REFERENCES By

1. van Ommen GJ. Frequency of new copy number variation in humans. Nat Genet.
2005;37(4):333-334.

2. Sebat J, Lakshmi B, Malhotra D, Troge J, Lese-Martin C, Walsh T, Yamrom B,
Yoon S, Krasnitz A, Kendall J, Leotta A, Pai D, Zhang R, Lee YH, Hicks J, Spence
SJ, Lee AT, Puura K, Lehtimaki T, Ledbetter D, Gregersen PK, Bregman J, Sut-
cliffe JS, Jobanputra V, Chung W, Warburton D, King MC, Skuse D, Geschwind
DH, Gilliam TC, Ye K, Wigler M. Strong association of de novo copy number mu-
tations with autism. Science. 2007;316(5823):445-449.

3. Marshall CR, Noor A, Vincent JB, Lionel AC, Feuk L, Skaug J, Shago M, Moess-
ner R, Pinto D, Ren Y, Thiruvahindrapduram B, Fiebig A, Schreiber S, Friedman
J, Ketelaars CE, Vos YJ, Ficicioglu C, Kirkpatrick S, Nicolson R, Sloman L, Sum-
mers A, Gibbons CA, Teebi A, Chitayat D, Weksberg R, Thompson A, Vardy C,
Croshie V, Luscombe S, Baatjes R, Zwaigenbaum L, Roberts W, Fernandez B,
Szatmari P, Scherer SW. Structural variation of chromosomes in autism spec-
trum disorder. Am J Hum Genet. 2008;82(2):477-488.

4. Morrow EM, Yoo SY, Flavell SW, Kim TK, Lin Y, Hill RS, Mukaddes NM, Balkhy
S, Gascon G, Hashmi A, Al-Saad S, Ware J, Joseph RM, Greenblatt R, Gleason
D, Ertelt JA, Apse KA, Bodell A, Partlow JN, Barry B, Yao H, Markianos K, Fer-
land RJ, Greenberg ME, Walsh CA. Identifying autism loci and genes by tracing
recent shared ancestry. Science. 2008;321(5886):218-223.

5. Polymeropoulos MH, Higgins JJ, Golbe LI, Johnson WG, Ide SE, Di lorio G, Sanges
G, Stenroos ES, Pho LT, Schaffer AA, Lazzarini AM, Nusshaum RL, Duvoisin
RC. Mapping of a gene for Parkinson’s disease to chromosome 4q21-q23. Science.
1996;274(5290):1197-1199.

6. Rovelet-Lecrux A, Hannequin D, Raux G, Le Meur N, Laquerriére A, Vital A, Du-
manchin G, Feuillette S, Brice A, Vercelletto M, Dubas F, Frebourg T, Campion D.
APP locus duplication causes autosomal dominant early-onset Alzheimer dis-
ease with cerebral amyloid angiopathy. Nat Genet. 2006;38(1):24-26.

7. Helbig I, Mefford HC, Sharp AJ, Guipponi M, Fichera M, Franke A, Muhle H, de
Kovel G, Baker C, von Spiczak S, Kron KL, Steinich |, Kleefuss-Lie AA, Leu C,
Gaus V, Schmitz B, Klein KM, Reif PS, Rosenow F, Weber Y, Lerche H, Zimprich
F, Urak L, Fuchs K, Feucht M, Genton P, Thomas P, Visscher F, de Haan GJ, Maller
RS, Hjalgrim H, Luciano D, Wittig M, Nothnagel M, Elger CE, Niirnberg P, Ro-
mano C, Malafosse A, Koeleman BP, Lindhout D, Stephani U, Schreiber S, Eich-
ler EE, Sander T. 15q13.3 microdeletions increase risk of idiopathic generalized
epilepsy. Nat Genet. 2009;41(2):160-162.

8. Erez A, Patel AJ, Wang X, Xia Z, Bhatt SS, Craigen W, Cheung SW, Lewis RA,
Fang P, Davenport SL, Stankiewicz P, Lalani SR. Alu-specific microhomology-
mediated deletions in CDKL5 in females with early-onset seizure disorder.
Neurogenetics. 2009;10(4):363-369.

9. Stefansson H, Rujescu D, Cichon S, Pietildinen OP, Ingason A, Steinberg S,
Fossdal R, Sigurdsson E, Sigmundsson T, Buizer-Voskamp JE, Hansen T, Jakob-
sen KD, Muglia P, Francks C, Matthews PM, Gylfason A, Halldorsson BV, Gud-
bjartsson D, Thorgeirsson TE, Sigurdsson A, Jonasdottir A, Jonasdottir A,
Bjornsson A, Mattiasdottir S, Blondal T, Haraldsson M, Magnusdottir BB, Gieg-
ling I, Méller HJ, Hartmann A, Shianna KV, Ge D, Need AC, Crombie C, Fraser G,
Walker N, Lonnqvist J, Suvisaari J, Tuulio-Henriksson A, Paunio T, Toulopoulou
T, Bramon E, Di Forti M, Murray R, Ruggeri M, Vassos E, Tosato S, Walshe M, Li
T, Vasilescu C, Miihleisen TW, Wang AG, Ullum H, Djurovic S, Melle I, Olesen J,
Kiemeney LA, Franke B, Sabatti C, Freimer NB, Gulcher JR, Thorsteinsdottir U,
Kong A, Andreassen OA, Ophoff RA, Georgi A, Rietschel M, Werge T, Petursson
H, Goldstein DB, Nothen MM, Peltonen L, Collier DA, St Clair D, Stefansson K;
GROUP. Large recurrent microdeletions associated with schizophrenia. Nature.
2008;455(7210):232-236.

ARCH GEN PSYCHIATRY/VOL 69 (NO. 6), JUNE 2012

560

WWW.ARCHGENPSYCHIATRY.COM

©2012 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Non-Human Traffic (NHT) User on 01/19/2022



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Kirov G, Gumus D, Chen W, Norton N, Georgieva L, Sari M, 0’'Donovan MC, Er-

dogan F, Owen MJ, Ropers HH, Ullmann R. Comparative genome hybridization
suggests a role for NRXN1 and APBA2 in schizophrenia. Hum Mol Genet. 2008;
17(3):458-465.

. Vrijenhoek T, Buizer-Voskamp JE, van der Stelt I, Strengman E, Sabatti C, Geurts

van Kessel A, Brunner HG, Ophoff RA, Veltman JA; Genetic Risk and Outcome in
Psychosis (GROUP) Consortium. Recurrent CNVs disrupt three candidate genes
in schizophrenia patients. Am J Hum Genet. 2008;83(4):504-510.

. Akbarian S, Huang HS. Molecular and cellular mechanisms of altered GAD1/

GADG67 expression in schizophrenia and related disorders. Brain Res Rev. 2006;
52(2):293-304.

. Volk DW, Austin MC, Pierri JN, Sampson AR, Lewis DA. Decreased glutamic acid

decarboxylase67 messenger RNA expression in a subset of prefrontal cortical
gamma-aminobutyric acid neurons in subjects with schizophrenia. Arch Gen
Psychiatry. 2000;57(3):237-245.

. Guidotti A, Auta J, Davis JM, Di-Giorgi-Gerevini V, Dwivedi Y, Grayson DR, Im-

pagnatiello F, Pandey G, Pesold C, Sharma R, Uzunov D, Costa E. Decrease in
reelin and glutamic acid decarboxylase67 (GAD67) expression in schizophrenia
and bipolar disorder: a postmortem brain study [published correction appears
in Arch Gen Psychiatry 2002;59(1):12]. Arch Gen Psychiatry. 2000;57(11):
1061-1069.

. Duncan CE, Webster MJ, Rothmond DA, Bahn S, Elashoff M, Shannon Weickert

C. Prefrontal GABA(A) receptor alpha-subunit expression in normal postnatal hu-
man development and schizophrenia. J Psychiatr Res. 2010;44(10):673-681.

. Benes FM. Searching for unique endophenotypes for schizophrenia and bipolar

disorder within neural circuits and their molecular regulatory mechanisms.
Schizophr Bull. 2007;33(4):932-936.

. Benes FM, Lim B, Subburaju S. Site-specific regulation of cell cycle and DNA

repair in post-mitotic GABA cells in schizophrenic versus bipolars. Proc Natl Acad
Sci U S A.2009;106(28):11731-11736.

. Benes FM, Khan Y, Vincent SL, Wickramasinghe R. Differences in the subre-

gional and cellular distribution of GABAA receptor binding in the hippocampal
formation of schizophrenic brain. Synapse. 1996;22(4):338-349.

. Benes FM. Amygdalocortical circuitry in schizophrenia: from circuits to molecules.

Neuropsychopharmacology. 2010;35(1):239-257.

Feighner JP, Robins E, Guze SB, Woodruff RA Jr, Winokur G, Munoz R. Diag-
nostic criteria for use in psychiatric research. Arch Gen Psychiatry. 1972;26
(1):57-63.

Benes FM, Lim B, Matzilevich D, Walsh JP, Subburaju S, Minns M. Regulation
of the GABA cell phenotype in hippocampus of schizophrenics and bipolars. Proc
Natl Acad Sci U S A. 2007;104(24):10164-10169.

Rosene DL, Van Hoesen GW. The hippocampal formation of the primate brain. In:
Peters A, Jones EG, eds. Cerebral Cortex: Vol 6: Further Aspects of Cortical Func-
tion, Including Hippocampus. New York, NY: Plenum Press; 1987:345-456.
Freund TF, Buzsaki G. Interneurons of the hippocampus. Hippocampus. 1996;6
(4):347-470.

Benes FM, Lim B, Matzilevich D, Subburaju S, Walsh JP. Circuitry-based gene
expression profiles in GABA cells of the trisynaptic pathway in schizophrenics
versus bipolars. Proc Nat/ Acad Sci U S A. 2008;105(52):20935-20940.

Dillon N, Festenstein R. Unravelling heterochromatin: competition between posi-
tive and negative factors regulates accessibility. Trends Genet. 2002;18(5):
252-258.

Li G, Wong WH. Model-based analysis of oligonucleotide arrays: expression index
computation and outlier detection. Proc Nat/ Acad Sci U S A. 2001;98(1):31-36.
Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001;
25(4):402-408.

Mao R, Page DT, Merzlyak |, Kim C, Tecott LH, Janak PH, Rubenstein JL, Sur M.
Reduced conditioned fear response in mice that lack DIx1 and show subtype-
specific loss of interneurons. J Neurodev Disord. 2009;1(3):224-236.

Li JJ, Friedman-Kien AE, Cockerell C, Nicolaides A, Liang SL, Huang YQ. Evalu-
ation of the tumorigenic and angiogenic potential of human fibroblast growth
factor FGF3 in nude mice. J Cancer Res Clin Oncol. 1998;124(5):259-264.
Miyamoto M, Naruo K, Seko C, Matsumoto S, Kondo T, Kurokawa T. Molecular
cloning of a novel cytokine cDNA encoding the ninth member of the fibroblast
growth factor family, which has a unique secretion property. Mol Cell Biol. 1993;
13(7):4251-4259.

Nakamura S, Todo T, Haga S, Aizawa T, Motoi Y, Ueki A, Kurokawa T, lkeda K.
Motor neurons in human and rat spinal cord synthesize fibroblast growth factor-9.
Neurosci Lett. 1997;221(2-3):181-184.

Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its receptors. Nat
Med. 2003;9(6):669-676.

Fazzari P, Paternain AV, Valiente M, Pla R, Lujan R, Lloyd K, Lerma J, Marin O,
Rico B. Control of cortical GABA circuitry development by Nrg1 and ErbB4 signalling.
Nature. 2010;464(7293):1376-1380.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Blumberg HP, Wang F, Chepenik LG, Kalmar JH, Edmiston E, Duman RS, Gel-
ernter J. Influence of vascular endothelial growth factor variation on human hip-
pocampus morphology. Biol Psychiatry. 2008;64(10):901-903.

Nicodemus KK, Law AJ, Radulescu E, Luna A, Kolachana B, Vakkalanka R, Ru-
jescu D, Giegling I, Straub RE, McGee K, Gold B, Dean M, Muglia P, Callicott JH,
Tan HY, Weinberger DR. Biological validation of increased schizophrenia risk with
NRG1, ERBB4, and AKT1 epistasis via functional neuroimaging in healthy controls.
Arch Gen Psychiatry. 2010;67(10):991-1001.

Terwisscha van Scheltinga AF, Bakker SC, Kahn RS. Fibroblast growth factors in
schizophrenia. Schizophr Bull. 2010;36(6):1157-1166.

Walsh T, McClellan JM, McCarthy SE, Addington AM, Pierce SB, Cooper GM,
Nord AS, Kusenda M, Malhotra D, Bhandari A, Stray SM, Rippey CF, Roccanova
P, Makarov V, Lakshmi B, Findling RL, Sikich L, Stromberg T, Merriman B, Gog-
tay N, Butler P, Eckstrand K, Noory L, Gochman P, Long R, Chen Z, Davis S,
Baker G, Eichler EE, Meltzer PS, Nelson SF, Singleton AB, Lee MK, Rapoport JL,
King MC, Sebat J. Rare structural variants disrupt multiple genes in neurode-
velopmental pathways in schizophrenia. Science. 2008;320(5875):539-543.
International Schizophrenia Consortium. Rare chromosomal deletions and du-
plications increase risk of schizophrenia. Nature. 2008;455(7210):237-241.
Xu B, Roos JL, Levy S, van Rensburg EJ, Gogos JA, Karayiorgou M. Strong as-
sociation of de novo copy number mutations with sporadic schizophrenia. Nat
Genet. 2008;40(7):880-885.

Amar S, Ovadia 0, Maier W, Ebstein R, Belmaker RH, Mishmar D, Agam G.
Copy number variation of the SELENBP1 gene in schizophrenia. Behav Brain Funct.
2010;6:40.

Cahan P, Li Y, lzumi M, Graubert TA. The impact of copy number variation on
local gene expression in mouse hematopoietic stem and progenitor cells. Nat
Genet. 2009;41(4):430-437.

Gorlov IP, Gallick GE, Gorlova OY, Amos C, Logothetis CJ. GWAS meets micro-
array: are the results of genome-wide association studies and gene-expression
profiling consistent? prostate cancer as an example. PLoS One. 2009;4(8):
e6511.

Lundorf MD, Buttenschen HN, Foldager L, Blackwood DH, Muir WJ, Murray V,
Pelosi AJ, Kruse TA, Ewald H, Mors O. Mutational screening and association study
of glutamate decarboxylase 1 as a candidate susceptibility gene for bipolar af-
fective disorder and schizophrenia. Am J Med Genet B Neuropsychiatr Genet.
2005;135B(1):94-101.

Harrison PJ, Law AJ. Neuregulin 1 and schizophrenia: genetics, gene expres-
sion, and neurobiology. Biol Psychiatry. 2006;60(2):132-140.

Munafo MR, Thiselton DL, Clark TG, Flint J. Association of the NRG1 gene and
schizophrenia: a meta-analysis. Mol Psychiatry. 2006;11(6):539-546.
Gisabella B, Cunningham MG, Bolshakov VY, Benes FM. Amygdala-dependent
regulation of electrical properties of hippocampal interneurons in a model of
schizophrenia. Biol Psychiatry. 2009;65(6):464-472.

Bacchelli E, Blasi F, Biondolillo M, Lamb JA, Bonora E, Barnby G, Parr J, Beyer
KS, Klauck SM, Poustka A, Bailey AJ, Monaco AP, Maestrini E; International Mo-
lecular Genetic Study of Autism Consortium (IMGSAC). Screening of nine can-
didate genes for autism on chromosome 2q reveals rare nonsynonymous vari-
ants in the cCAMP-GEFII gene. Mol Psychiatry. 2003;8(11):916-924.
Richardson MP, Strange BA, Dolan RJ. Encoding of emotional memories de-
pends on amygdala and hippocampus and their interactions. Nat Neurosci. 2004;
7(3):278-285.

Bland BH, Oddie SD, Colom LV. Mechanisms of neural synchrony in the septo-
hippocampal pathways underlying hippocampal theta generation. J Neurosci. 1999;
19(8):3223-3237.

Téth K, Freund TF, Miles R. Disinhibition of rat hippocampal pyramidal cells by
GABAergic afferents from the septum. J Physiol. 1997;500(pt 2):463-474.
Berretta S, Munno DW, Benes FM. Amygdalar activation alters the hippocampal
GABA system: “partial” modelling for postmortem changes in schizophrenia.
J Comp Neurol. 2001;431(2):129-138.

Porter RH, Eastwood SL, Harrison PJ. Distribution of kainate receptor subunit
mRNAs in human hippocampus, neocortex and cerebellum, and bilateral reduc-
tion of hippocampal GluR6 and KA2 transcripts in schizophrenia. Brain Res. 1997;
751(2):217-231.

Eastwood SL, McDonald B, Burnet PW, Beckwith JP, Kerwin RW, Harrison PJ.
Decreased expression of mRNAs encoding non-NMDA glutamate receptors GluR1
and GluR2 in medial temporal lobe neurons in schizophrenia. Brain Res Mol Brain
Res. 1995;29(2):211-223.

Simonatto M, Latella L, Puri PL. DNA damage and cellular differentiation: more
questions than responses. J Cell Physiol. 2007;213(3):642-648.

Forcales SV, Puri PL. Signaling to the chromatin during skeletal myogenesis: novel
targets for pharmacological modulation of gene expression. Semin Cell Dev Biol.
2005;16(4-5):596-611.

Benes FM. Regulation of cell cycle and DNA repair in post-mitotic GABA neu-
rons in psychotic disorders. Neuropharmacology. 2011;60(7-8):1232-1242.

ARCH GEN PSYCHIATRY/VOL 69 (NO. 6), JUNE 2012

561

WWW.ARCHGENPSYCHIATRY.COM

©2012 American Medical Association. All rights reserved.
Downloaded From: https://jamanetwork.com/ by a Non-Human Traffic (NHT) User on 01/19/2022



