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positive and negative symptoms of schizophrenia (Radonjic et al.,
2008; Jentsch and Roth, 1999), and so this animal model recreates
the pathophysiological conditions in the hippocampus and medial
prefrontal cortex (Dissanayake et al., 2009).

The hippocampal formation has been an area of interest in
schizophrenia research (Harrison, 2004) and several abnormalities
of the hippocampal architecture have been reported (Heckers and
Konradi, 2002). The area of CA2/3 or Dentate Gyrus in particular
has received much attention in recent studies (Berretta et al., 2009;
DeCarolis and Eisch, 2010).

In this study, we investigated the expression of VMAT2 in the
hippocampal formation of PCP-treated mice using an immuno-
histochemical technique to further clarify the pathophysiology of
schizophrenia.

2. Materials and methods
2.1. Animal model

All experiments were performed in accordance with the institu-
tional guidelines of animal experimentation and with the approval
of the ethics committee of the Nagoya University. All efforts were
made to minimize the animals’ suffering and to reduce the number
of animals used.

Eleven male mice (C57BL/6], 35 weeks old) were used. Seven
of them were injected with PCP (10 mg/kg/day) intraperitoneally
once a day for 14 days. The other four mice were similarly injected
with physiological saline as a control. All mice were bred under the
same conditions.

2.2. Histology and observation

2.2.1. Tissue preparation

Animals were perfused with a tissue fixative solution (4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4) under deep
anesthesia by injecting sodium pentobarbital (40 mg/kg body
weight i.p.). The brains were immediately removed, and tissue
blocks were immersed in a 20% sucrose~0.01 M phosphate buffer
solution for more than 3 days at 4°C. Sections of the hippocam-
pal regions were cut on a freezing cryostat at thickness of 30 um
and treated as free-floating sections. The sections were rinsed and
stored in 0.01 M phosphate-buffered saline (PBS), pH 7.4, for at least
3 days and up to 2 weeks prior to the subsequent immunohisto-
chemical procedure.

2.2.2. Immunohistochemistry

The sections were rinsed in TBS (0.1 M Tris-HCl, pH 7.4, 0.9%
NaCl) containing 0.3% Triton X-100 (TX) and 2% normal goat serum
(NGS) for 30-60 min at room temperature. The primary antibody

employed in this study was an anti-VMAT2 monoclonal antibody
(Chemicon, Temecula, CA, Lot No. 3536; 1:1000). Incubation with
the primary antibody was carried out for 48 h at 4°C. The sec-
tions were then incubated in a medium containing biotinylated
anti-universal (rat and/or rabbit) IgG (Vector Vectastain; 1:100)
for 45 min at room temperature, followed by incubation with an
avidin-biotin peroxidase complex (ABC method) for 45 min. After
each incubation, the sections were rinsed in NGS-TX-TBS solution.
Finally, the sections were rinsed in PBS twice for 10 min, reacted
with 0.05%, 3,3'diaminobenzidine-HCl in 0.05M Tris-HCl buffer
(pH 7.6) for 2 or 3 min, and mounted onto gelatin-coated slides.
Specimens were observed under a light microscope.

To clarify the specificity of the immunoreactivity to VMAT2, con-
trol experiments were conducted with sections from the animal
model and wild type mice using the same immunostaining proce-
dure except that prior to immunohistchemical labeling, the diluted
anti-VMAT2 antibody was pre-absorbed with 10 pg/ml or 50 wg/ml
of VMAT2 (Novus Biologicals, CO, USA) instead of the primary anti-
body.

2.3. Observation and analysis

We selected two random squares (30 wm x 30 wm) in the area of
the stratum radiatum along the pyramidal layer in the CA2 region
of the right or left hippocampus per specimen. Also, we selected
two random squares (30 wm x 30 wm) in the CA4 area per spec-
imen. These specimens were observed using a light microscope.
The microscopic photographs were downloaded to a personal com-
puter (PC) from a digital camera (HC-2000, Fuji film Co. Japan) as
digital data. The digital images of immunoreactivity were processed
into black (immunopositive) and white (immunonegative) using
image processing software (Image J: http://rsb.info.nih.gov/ij/ Free
software supplied by NIH) (Fig. 1). An appropriate threshold of dis-
tinction between black and white tones was unified consistently
for every specimen. The amount of immunoreactivity was assessed
by the space occupied value as the number of pixels per square
observational area. Finally, we counted the number of pixels in
each group. The significance of variation in differences between
the PCP-treated group and the saline-treated control group was
assessed by using the Mann-Whitney U test with P<0.05 consid-
ered statistically significant. Since we could not suppose a normal
distribution or homoscedasticity of the population structure, we
used a non-parametric test in the statistical comparison.

3. Results
VMAT2-immunopositive varicose fibers were observed

throughout the hippocampal formation in saline-treated mice
(Fig. 2A). In contrast, less immunoreactivity was observed overall
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Fig. 1. (A) Microscopic photographs were uploaded to a PC as digital data in the setup area (30 wm x 30 wm). (B) The digital images were processed for dichotomization
using image software (Image J: http://rsb.info.nih.gov/ij/). Only immunopositive products were extracted by computer processing. The occupancy space of immunoreactive
products was automatically calculated as pixel units. The numerical value of pixels was applied to the index of immunoreactivity.
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Fig. 2. (A) Immunoreactivity to VMAT2 in the saline-treated mice. Immunoreactivity was observed throughout the hippocampus. The approximate location in the brain was
—1.06 mm (stereotaxic coordinate) from the bregma (http://www.mbl.org/atlas165/atlas165.start.html). Each square frame indicates the observational field in CA2 and CA4
areas. No immunoreactivity was observed in the control experiment using the pre-absorbed primary antibody with 10 g/ml of VMAT2 protein (inset indicates control). (B)
Immunoreactivity to VMAT2 in the PCP-treated mice. Overall, less immmunoreactivity was observed in the hippocampus than in the saline-treated mice (photo A). (C) Dense
immunopositive varicose fibers or deposits of VMAT2 were observed in the stratum radiatum (SRa) along the pyramidal cell layer (Pyrl) in the CA2 area of saline-treated mice.
(D) Little immunoreactivity was observed in the CA2 area of PCP-treated model mice compare to those of the saline-treated mice (photo C). (E) Extensive immunoreactivity
was observed in the CA4 area and dense immunopositive fibers ran into the cell layer in the dentate gyrus (DG) (arrows). Immunopositive varicose deposits were detected
in the CA4 area (arrowheads). (F) Immunoreactivity for VMAT2 in the CA4 area in PCP-treated mice. A significant reduction in immunoreactivity was observed compared to
that in the saline-treated mice (photo E). No immunopositive dense varicose products or fibers were observed as shown in photo E. Abbreviation: Pyrl: pyramidal layer, SRa:

stratum radiatum, DG: dentate gyrus granule cell layer.

in the PCP-treated mice (Fig. 2B). In the control experiments with
the pre-absorbed primary antibody, no immunoreactivity was
observed in any specimen (inset in Fig. 2A).

In the saline-treated mice, immunoreactive varicose fibers and
deposits were detected in the hippocampal formation overall
including the stratum radiatum (SRa) along the pyramidal layer
(Pyrl)in the CA2 (Fig. 2C) and the CA4 (Fig. 2E) areas. Dense deposits
(Fig. 2E, arrowheads) and some dense fibers penetrating the gyrus
granule cell layer in the dentate gyrus (Fig. 2E, arrows), were also
observed, especially in the CA4 region.

In the PCP-treated mice, a significant reduction in the
immunoreactivity of granules to VMAT2 was observed in the hip-
pocampal formation overall including the CA2 (Fig. 2D) and CA4
(Fig. 2F) areas. Also, the reduction of expression was observed in
CA1 and CA3 area.

Additionally, we observed the other entire area of the brain
precisely whether these reductions were occurred only in the hip-
pocampus or not. The expression of VMAT immunoreactvity was
observed throughout the brain, mainly in the monocaminergic neu-
ronal tract, of the saline-treated mice (Fig. 3A). On the other hand,
in the PCP-treated mice, the reduction of VMAT2 immunoreactiv-
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ity were observed throughout the brain (Fig. 3B) including cerebral
cortex (Fig. 3D), striatum (Fig. 3F) and substantia nigra (Fig. 3H)
compared to that of the saline-treated mice respectively (Fig. 3C, E
and G), same as shown in the hippocampus formation.

The significance of the reduction in VMAT2 expression of the
hippocampal formation was reconfirmed by comparing immunore-
activity between the PCP-treated and saline-treated groups (Fig. 4).

4. Discussion

In this study, we investigated the expression of VMAT2 in
the hippocampal formation in an animal model of schizophrenia
using immunohistochemical techniques. A significant reduction in
VMAT?2 expression was observed in the brain of the PCP-treated
mice.

4.1. VMAT2 in schizophrenia
The physiological etiology of schizophrenia has not been clar-

ified. However, neurotransmission in the brain is likely to be
disrupted because most of the neuroleptic drugs for schizophre-
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Fig. 3. (A and B) Low magnification photomicrographs of the VMAT2 immunoreactivity in the brain of the saline-treated mouse (A), and PCP-treated mouse (B). The reduction
of VAMT2 immunoreactivity was observed in the PCP-treated mouse compared to that of saline-treated mouse throughout the brain. (Cand D) VMAT2 immunoreactivity in the
temporal cortex of the saline-treated mouse (C) and PCP-treated mice (D). The reduction ofimmunopositive neuropil was observed in the PCP-treated mice compared to that in
the saline-treated mice. (E and F) VMAT2 immunoreactivity in the striatum of the saline-treated moue (E) and PCP-treated mice (F). The reduction of immunopositive varicose
fibers was observed in the PCP-treated mice compared to that in the saline-treated mice. (G and H) VMAT2 immunoreactivity in the substantia nigra of the saline-treated mice
(G) and PCP-treated mice (H). The more reduction of immunostained neurons and deposits were observed in the PCP-treated mice compared to that in the saline-treated mice.

nia block dopaminergic or serotonergic receptors (Seeman, 2002).
Also, some psychostimulants such as MAP increase the concen-
tration of dopamine in the synaptic clefts, which would induce
psychosis observed in schizophrenic patients (Yui et al., 2000).
Therefore, neurotransmission is clearly impaired, but how or at
which stage the disruption occurs is unclear. The VMAT2 protein
exists within the pre-synaptic vesicles and acts as a regulator of
monoamine neurotransmitters. Changes in the concentration or
density of this protein have been reported in patients with mental
disorders including schizophrenia (Zubieta et al., 2001) and mood
disorders (Zucker et al., 2002). This protein is thought to have a role
in higher mental functions and be closely linked to mental illness.

4.2. VMAT2 in PCP-treated mice

Changes in the concentration of VMAT2 have been reported
in MAP users (Boileau et al., 2008; Kitamura, 2009), in COC users

(Wilson et al., 1996; Little et al., 2003), and in COC-treated animals
(Brownetal., 2001). MAP and COC act as accelerators and inhibitors
of the uptake dopamine during synaptic transmission and induce
a psychosis similar to that observed in schizophrenic patients. PCP
induces not only psychosis but also other schizophrenic-like symp-
toms such as cognitive deficits and negative symptoms in healthy
subjects functioning as an NMDA antagonist and perhaps activating
prefrontal cortical dopaminergic neurons (Umino et al., 1998). We
found changes in VMAT2 expression in the brains of PCP-treated
animals, similar to MAP users or COC-treated animals, though
there are differences in the psychopharmacological actions of these
substances.

The expression of VMAT2 was reported to be regulated mainly
by the circumference of the neurotransmitter (Tong et al., 2008).
Repeated administration of PCP in neonatal rats impaired pre-
frontal glutamatergic transmission and subcortical dopaminergic
transmission (Hori et al., 2000). Acute administration of PCP
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Fig. 4. Significant decreases in VMAT2 immunoreactivity were observed in the CA2
and CA4 areas of hippocampal formation statistically (Mann-Whitney U test with
P<0.05 considered statistically significant) using the data from digital image anal-
ysis in PCP-treated mice compared to saline-treated mice.

affected focal frontohippocampal activation including serotoner-
gic transmission (Gozzi et al,, 2008, 2010). PCP might therefore
influence different types of neurotransmission and broad areas
of the brain. Although the exact mechanism involved remains
unknown, abnormal glutamatergic neurotransmission would influ-
ence monoaminergic transmission including the dopaminergic
system and might to a lead the reduction in VMAT2 expression
in the synaptic organization.

The principal pharmacologically treated animal models of
schizophrenia are based on the concept of a deficit in dopamin-
ergic neurotransmission of the synapse organ as stated in the
dopaminergic hypothesis and/or in glutamatergic neurotransmis-
sion as stated in the glutamate hypothesis. PCP-treated animals are
considered a useful for evaluating novel therapeutic candidates and
confirming the pathological mechanisms of schizophrenia (Mouri
et al., 2007). Recently, treatment with PCP was reported to alter
the density of sigma-1 receptors in the hippocampus, which is
potentially related to the cognitive dysfunction in schizophrenia
(Kunitachi et al., 2009). PCP-treated mice are therefore suitable
for studying the effects of antipsychotics on emotional and cogni-
tive deficits in schizophrenia, which may confirm the actual clinical
course of the disease with negative symptoms and/or the cognitive
dysfunction. Anyway, investigations of the function or movement
of the VMAT?2 protein in PCP-treated mice may be useful for under-
standing the pathophysiology of schizophrenia and for behavioral
pharmacology or drug discovery research.

4.3. Further study

There are several limitations to this study. First, it was unclear
whether reduction in VMAT2 expression occurred after the admin-
istration of PCP, how long it lasted or if it was depended on the
concentration of PCP. Second, since an immunohistochemical anal-
ysis has were weak quantitative significance, the regulation of
VMAT2 expression needs to be confirmed by determining the quan-
tity of protein directly or by in situ hybridization. Still, VMAT2 is an
important mediator of neurotransmission and closely linked to the
pathophysiology of schizophrenia. It is also necessary to investigate
VMAT2 expression in the postmortem human brain pathologically
to clarify the etiology of schizophrenia.
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Hippocampal Region of Genetic Animal
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ABSTRACT Recent research in the etiology of schizophrenia revealed that there may
be some neurodevelopmental failures such as neuronal network incompetence in the brain
of this disease, and neurotransmitters cannot function accurately or adequately. But, it is
unknown precisely what kinds of deficit in neurotransmission may be existed histopatho-
logically. We investigated the expression of vesicle monoamine transporter 2 (VMAT2),
which has a significant role in neurotransmission, in the hippocampal formation of the ani-
mal model of schizophrenia, 14-3-3epsilon hetero knockout (KO) mouse, using an immuno-
histochemical staining technique to clarify the neuronal abnormalities in the model ani-
mal. As a result, the expression of VMAT2 was increased significantly in the hippocampal
formation of 14-3-3epsilon hetero KO mice compared to that of the wild-type littermates. In
conclusion, these findings might be related the pathophysiology of this disease includes a
monoaminergic transmission abnormality, based on the investigation in a genetically-modi-

VMATZ2; schizophrenia; animal model; immunohistochemistry

fied mouse as schizophrenic model. Synapse 64:948-953, 2010.

Schizophrenia is a major mental disease with a high
prevalence of approximately 1% of the general popula-
tion. Impaired regulation of monoaminergic neuro-
transmission, including dopaminergic, serotonergic,
and catecholaminergic transmission, is thought to be
one aspect of the pathophysiology of this disease
(Seeman, 2009). Genomic approaches have uncovered
some suspect genes as risk factors in the pathogenesis
(Maier et al., 2006). It is known that most of these
genes have roles in forming neuronal networks,
expanding neuronal fibers, migration of neurons, etc.
(Harrison, 2007; Iritani, 2007). Currently, the neurode-
velopmental hypothesis of schizophrenia is generally
accepted and it can explain many physiological phe-
nomena in terms of the etiology (Rapoport et al., 2005).

Some models of this disease have been used to elu-
cidate its pathogenesis (Bickel and Javitt, 2009; Des-
bonnet et al., 2009). More recently, some genetically
modified animal models have been created based on
the results of genomic research on schizophrenia. One
such model is the 14-3-3epsilon knockout (KO) mouse.
The 14-3-3epsilon protein is associated with dis-
rupted-in schizophrenia-1 (DISC1), a promising candi-
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date susceptibility gene for schizophrenia, which is
involved in neurodevelopment, including neuronal
maturation of the cerebral cortex (Mackie et al.,
2007). It was reported that variation in the DISC1
gene affected hippocampus structure and function
and could be a risk factor for schizophrenia (Callicott
et al., 2005). The 14-3-3epsilon protein is a novel
DISCl-interacting molecule, which forms a complex
substance with NUDEL and LIS1, GRB2 (Taya et al.,
2007). Genetically-modified 14-3-3epsilon KO mice
present with a variety of symptoms and signs of
schizophrenia, including working memory deficits or
cognitive decline (Tkeda et al., 2008). Therefore, the
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Fig. 1. (A) Microscopic photographs were uploaded to a Personal
Computer as digital data in the setup area (30 um X 30 pm). (B) The
digital images were processed for dichotomization using image soft-
ware. (Image J: http//rsb.info.nih.gov/j/). Only immunopositive prod-
ucts were extracted by computer processing. The occupancy space of im-
munoreactive products was automatically calculated as pixel units. The
numerical value of pixels was applied to the index of immunoreactivity.

14-3-3epsilon hetero KO mouse is thought to be a
novel animal model of schizophrenia.

The VMAT?2 protein package neurotransmitters such
as dopamine, serotonin, norepinephrine enter synaptic
vesicles for release to the synaptic cleft. Within the syn-
aptic vesicles, VMAT?2 regulates vesicle loading and con-
sequently defines quantal size, receptor sensitivity and
synapse plasticity (Pothos, 2002). Therefore, this protein
has a significant relation to the pathophysiology of neu-
ropsychiatric diseases including schizophrenia (Taylor
et al., 2000), mood disorders (Zubieta et al., 2001), meth-
amphetamine (MAP) neurotoxicity (Volz et al., 2009),
and Parkinson’s disease (Mooslehner et al., 2001).

In this study, we investigated the expression of
VMAT2 in the representative schizophrenic animal
models using an immunohistochemical technique on
the hippocampal formation to clarify the pathophysi-
ology of schizophrenia.

Totally 14 mice were used (12-15 weeks old). Eight
were 14-3-3epsilon hetero KO mice (four of them
were male, other were female), six were genetically
untreated mice (three of them were male, other were
female). Also, “the genetically untreated mice” means the
14-3-3 epsilon (+/+) littermates, and we use these wild-
type littermates as control for comparison. These mice
were bred under the same conditions as the KO mice. The
genetic background of the mice was mixed 129/556 X
NIH Black Swiss. More precise information, including the
behavior of this genetically modified animal model, was
given in the previous study (Ikeda et al., 2008). All experi-
ments were performed in accordance with the institu-
tional guideline of animal experiment of Nagoya Univer-
sity for animal welfare, based on the guidelines issued by
the US National Institute of Health for the humanate
treatment of experimental animals. All efforts were made
to minimize animals suffering and to reduce the number
of animals used.

Animals were perfused with a tissue fixative solution
(4% paraformaldehyde in 0.1 M phosphate buffer, pH
7.4) under deep anesthesia by injecting sodium pento-
barbital (40 mg/kg body weight i.p.). The brains were

949

immediately removed, and tissue Dblocks were
immersed in a 20% sucrose-0.01M phosphate buffer so-
lution for more than 3 days at 4°C. Sections of the hip-
pocampal regions were cut on a freezing cryostat at 30
pm thickness and treated as free-floating sections. The
sections were rinsed and stored in 0.01 M phosphate-
buffered saline (PBS), pH 7.4, for at least 3 days and
up to 2 weeks prior to the subsequent immunohisto-
chemical procedure. The sections were rinsed in TBS
(0.1 M Tris-HCI, pH 7.4, 0.9% NaCl) containing 0.3%
Triton X-100 (TX) and 2% normal goat serum (NGS) for
30-60 min at room temperature. The primary antibody
used in this study was an anti-VMAT2 polyclonal anti-
body (Novus Biologicals, CO; 1:1000). Incubation with
the primary antibodies was carried out for 48 h at 4°C.
The sections were then incubated in a medium contain-
ing biotinylated antiuniversal (rat and/or rabbit) IgG
(Vectastain; 1:100) for 45 min at room temperature, fol-
lowed by incubation with an avidin-biotin peroxidase
complex (ABC method) for 45 min. After each incuba-
tion step, the sections were rinsed in NGS-TX-TBS so-
lution. Finally, the sections were rinsed in PBS twice
for 10 min and reacted with 0.05%, 3,3'diamino-
benzidine-HCI (Toronto Research Chemicals, Canada)
in 0.05 M Tris-HCI buffer (pH 7.6) for 2 or 3 min, and
mounted onto gelatin-coated slides. Specimens were
observed under a light microscope.

To clarify of specificity of the VMAT2 immunoreactiv-
ity, the control studies were conducted in the sections
of animal model group and wild-type littermates group
under the same immunostaining procedure as men-
tioned earlier except that prior to immunohistchemical
labeling the diluted anti-VMATZ2 antibody was preab-
sorbed with 10 pg/ml or 50 pg/ml of VMAT2 (Novus Bio-
logicals, CO) instead of the primary antibody.

We selected three random squares (30 pm X 30 pm) in
the area of the stratum radiatum along the pyramidal
layer in the CA1 and CA2 area of the right or left hippo-
campus of three adjacent sections respectively per each
mouse. Also, we selected three random squares (30 pm
X 30 um) in the CA3 and CA4 area of three adjacent sec-
tions respectively per each mouse. That is, we selected
three observational areas in three adjacent sections
respectively per each experimental animal for taking
care of the thickness variability made by the cryostat.

These specimens were observed using a light micro-
scope. The microscopic photographs were downloaded
to personal computer from a digital camera (HC-2000,
Fuji film, Japan) as digital data. The digital images of
gradation expression immunoreactivity were proc-
essed into black (immunopositive) and white (immu-
nonegative) images using imaging processing software
Image J (Image J: http:/rsb.info.nih.gov/ij/ Free soft-
ware supplied by NIH) (Fig. 1).

An appropriate threshold of distinction between
black and white tones was unified consistently
throughout every specimen. The amount of immuno-
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reactivity was assessed by the space occupied value  x10°Pixels/Area
as the number of pixels per observational square 20 P
area. The number of pixels was measured automati-
cally by the software Image J. Finally, we weighed
the number of pixels in each group indicating the 16
space occupied value. In the quantitative analyses of 14 [ 14-3-3 epsiton KO mice (n=8)
the immunoreactivity, we had processed in a blind
manner for removing the observer bias. The signifi-
cance of variation in differences between the geneti-
cally modified group and the wild-type littermates 8

i8

[ witd-type littermate  m=6)

group was assessed by Mann-Whitney U test with 6

P < 0.05 considered statistically significant. Since we

could not supposed the normal distribution or homo- 4

scedasticity of population structure, we used nonpara- 2

metric test in statistical comparison.In the control 0

studies of preabsorbing the primary antibodies, no CAl

immunoreactivity was observed in every specimen p< 0.05

(Fig. 2B").

Ags a result, a VMAT2-immunopositive structure of Fig. 3. Significant increasies in VMAT 2 immunoreactivity were
varicose fibers or deposits was observed in the stra- e 7 e CAL CX2, A3 a0d CAG s satscally Otann
tum radiatum (SRa) along the pyramidal layer (Pyrl) using the data from digital image analysis of 14-3-3epsilon KO mice
of the area of CAl (Fig. 2C) and CA2 (Fig. 2E) and in compared to those of the wild-type littermates.
the area of CA3 (Fig. 2G) and C4 (Fig. 2I) in the wild-
type littermates (Fig. 2A).

In the case of KO mice compared to the wild-type jimage analysis in the KO model group compared to
littermates, an increase in the immunoreactivity the wild-type littermates group (Fig. 3).
expression of VMAT2 was observed along the hippo- The physiological etiology of schizophrenia has not
campal region, i.e. SRa along the Pyrl of CAL (Fig. peen clarified precisely. However, an abnormality in
2D) and CA2 (Fig. 2F), and in the area CA3 (Fig. 2H) peurotransmission may likely exist in the schizo-
and CA4 (Fig. 2J). Some dense immunopositive vari- phrenic brain because most available neuroleptic
cose fibers penetrating into Pyrl of CA2 (Fig. 2F drugs for schizophrenia block dopaminergic or seroto-
arrows) and the dentate gyrus granule cell layer (Fig. nergic receptors (Seeman, 2002). Also, psychostimu-
2J arrows) were observed in the KO mice. Some cell 1ant drugs such as MAP induced upregulation of the
bodies of neurons in the CA4 area were stained and dopamine concentration in the synaptic cleft, which
stood out in bold and sharp relief (Fig. 2J arrow may cause schizophrenia-like symptoms (Guilarte
heads). et al., 2003). From these facts, there is clearly a neu-

The significance of the increased expression was rotransmission dysfunction in the brain in this disor-
reconfirmed statistically in each observed area by a der, but it is unclear how these malfunctions occur or
comparison of immunoreactivity expression using at which stage and/or phase in neurotransmission.

Fig. 2. (A) General photomicrograph view of the immunoreactivity of VMAT2.The approximate location of mouse brain was —1.06 mm level
in the stereotaxic coordinate from bregma (http://www.mbl.org/atlas165/atlas165_start.html). Immunoreactivity of VMAT2 was observed
throughout the hippocampus region in the wild-type littermates. The each square frame indicates the observational field of CA1, CA2, CA3,
and CA4. (B) Control studies were performed. The immmunoreactivity was observed in the normal immunostaining procedure (B'), but no im-
munoreactivity was observed in the control study of preabsorved the primary antibody with the 10 pg/ml of VMAT2 protein (B"). The area B’
indicated the same location of the area B” in the field of CA4. (C, D) The immunopositive structure of VMAT2 was observed in the stratum radi-
atum (SRa) along the pyramidal cell layer (Pyr]) in the CA1 area of the wild-type littermates (C) and of the 14-3-3epsilon KO mice (D). In the
CA1 area, an increase of the immunopositive structure of VMAT2 was observed in the 14-3-3epsilon KO mice compare to those of the wild-type
littermates. (E, F) The immunopositive structure of VMAT2 was observed in the stratum radiatum (SRa) along the pyramidal cell layer (Pyrl)
in the CA2 area of the wild-type littermates (E) and of the 14-3-3epsilon KO mice (F). In the CA2 area, an increase of the immunopositive struc-
ture of VMAT2 was observed in the 14-3-3epsilon KO mice compare to those of the wild-type littermates. Especially, the dense immunoreactiv-
ity was observed in the area of SRa along Pyrl and some dense immunopositive fibers were running into Pyrl (arrows). Pyrl: Pyramidal layer,
SRa: Stratum radiatum(G, H) The immunopositive structure of VMAT2 was observed in the CA3 area of the wild-type littermates (G) and of a
14-3-3epsilon KO mice (H). In the CA3 area, an increase of granular or mossy immunoreactivity was observed in 14-3-3epsilon KO mice com-
pare to those in the wild-type littermates. (I, J) The immunopositive structure of VMAT2 was observed in the field of CA4 area of the wild-type
littermates (1) and of a 14-3-3epsilon KO mice (J). An increased number of VMAT2-immunopositive structures were observed in a 14-3-3epsilon
KO mice compare to in the wild-type littermates. Especially, the dense immunoreactivity was observed in CA4 and some dense immunopositive
fibers ran into the dentate gyrus granule cell layer (DG) (arrows). Some cell bodies of neurons in the CA4 area were stained and stood out in
bold and sharp relief (arrowheads). DG: dentate gyrus granule cell layer.
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The VMAT2 protein exists within the presynaptic
vesicles and acts as a regulator of monoamine neuro-
transmitters. Concentration or density changes in this
protein were reported in mental disorders including
schizophrenia (Zubieta et al., 2001). This protein is
thought to have a role in higher mental functions and
be closely linked to mental illness. Also, gene variation
in VMAT?2 is thought to be a risk factor for schizophre-
nia (Talkowski et al., 2008). In schizophrenic patients,

it was reported that the density of VMAT?2 increased in

an investigation of platelets (Zucker et al., 2002). In
this study, we confirmed changes in the tissue expres-
sion of VMAT2 in the brains of a mouse model of schizo-
phrenia for first time.

The 14-3-3epsilon protein works in a coordinated
manner with DISC1 to help the neuronal network
mature (Taya et al., 2007). Malformation of neuronal
morphology in the hippocampus of impaired DISC1
function mice was reported (Faulkner et al., 2008). It
is interesting that morphological abnormalities
appeared in the hippocampus formation in the schizo-
phrenic brain (Wang et al., 2008), and also in a rat
model of schizophrenia (Bertrand et al., 2010) in neu-
roimaging studies. Also, synapse malformation in
these areas of 14-3-3epsilon KO mice is suspected
because of DISC1 pathway modulates the expression
of synaptogenic proteins (Hennah and Porteous,
2009). The malformation and /or dysfunction of
synapses may impair adequate negative- or positive-
feedback and regulation of neurotransmitter concen-
tration. In 14-3-3epsilon KO mice, a monoamine
transmitter in presynaptic vesicles without negative
feedback may be overexpressed due to synapse dys-
function and increased VMAT?2 protein.

Some reports suggested that VMAT2 may have a
neuroprotective function against neurodegeneration
or exposure to neurotoxins such as MAP (Caudle
et al., 2007; Guillot and Miller, 2009). The situation of
lacking the role of 14-3-3epsilon protein may mimic
the exposure to neurotoxins for VMAT2 expression.
Moreover, these physiological conditions in this genet-
ically modified animal may resemble the actual path-
opysiological state of schizophrenia induced hyperdo-
paminaergic condition.

The etiology of schizophrenia has been considered
multifactorial, and many aspects of the intrinsic
pathophysiology in this disease have been reported
(van Os and Kapur, 2009). A genetically modified ani-
mal model was developed based on recent results of a
search for risk genes for schizophrenia. The philoso-
phy behind this animal model is that a deficit of risk
genes may directly indicate the pathophysiology of
the disease, and this animal model is thought to be a
model based on the neurodevelopmental hypothesis.
This study also indicates that a deficit of the rigk
genes could induce changes in the expression of neu-
rotransmission mediators.
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As the further assignment, it should be necessary
to investigate VMAT2 expression in the postmortem
schizophrenic brain pathologically to clarify the etiol-
ogy of schizophrenia.
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Identification of Novel Candidate Genes for Treatment
Response to Risperidone and Susceptibility for
Schizophrenia: Integrated Analysis Among
Pharmacogenomics, Mouse Expression, and Genetic
Case-Control Association Approaches

Masashi lkeda, Yasuyuki Tomita, Akihiro Mouri, Minori Koga, Tomo Okochi, Reiji Yoshimura,
Yoshio Yamanouchi, Yoko Kinoshita, Ryota Hashimoto, Hywel J. Williams, Masatoshi Takeda,
Jun Nakamura, Toshitaka Nabeshima, Michael J. Owen, Michael C. O'Donovan, Hiroyuki Honda,
Tadao Arinami, Norio Ozaki, and Nakao lwata

Background: Pharmacogenomic approaches based on genomewide sets of single nucleotide polymorphisms (SNPs) are now feasible and
offer the potential to uncover variants that influence drug response.

Methods: To detect potential predictor gene variants for risperidone response in schizophrenic subjects, we performed a convergent
analysis based on 1) a genomewide (100K SNP) SNP pharmacogenetic study of risperidone response and 2) a global transcriptome study of
genes with mRNA levels influenced by risperidone exposure in mouse prefrontal cortex.

Results: Fourteen genes were highlighted as of potential relevance to risperidone activity in both studies: ATP2B2, HS35T2, UNC5C, BAG3,
PDE7B, PAICS, PTGFRN, NR3C2, ZBTB20, ST6GAL2, PIP5K1B, EPHA6, KCNH5, and AJAP1.The SNPs related to these genes that were associated in
the pharmacogenetic study were further assessed for evidence for association with schizophrenia in up to three case-control series
comprising 1564 cases and 3862 controls in total (Japanese [JPN] 1st and 2nd samples and UK sample). Of 14 SNPs tested, one (rs9389370)
in PDE7B showed significant evidence for association with schizophrenia in a discovery sample (D, = 026 in JPN_1st, two-tailed). This
finding replicated in a joint analysis of two independent case-control samples (p,py 2na+uk = -008, one-tailed, uncorrected) and in all
combined data sets (p,; = .0014, two-tailed, uncorrected and p,,, = .018, two-tailed, Bonferroni correction).

Conclusions: We identified novel candidate genes for treatment response to risperidone and provide evidence that one of these addition-
ally may confer susceptibility to schizophrenia. Specifically, PDE7B is an attractive candidate gene, although evidence from integrated

methodology, including pharmacogenomics, pharmacotranscriptomic, and case-control association approaches.

Key Words: Expression: PDE7B, pharmacogenomics, risperidone,
schizophrenia

risk of approximately 1%. With its early onset, typically in

late teens to early 20s, frequent relapse and chronic cousse,
schizophrenia imposes a considerable burden on sufferers, their
families, and society. Worldwide, it is a major source of morbidity,
but it is often overlooked that it is also associated with a consider-
able truncation in life span, the mortality rate in individuals with
schizophrenia being more than twice that of the age- and sex-
matched population (1). A large number of antipsychotics have
been developed as treatment agents. However, individual re-
sponse to these drugs is highly variable, and identifying the

S chizophrenia is a severe psychiatric disorder with a lifetime

optimal treatment for any patient is often a trial and error process
that can span many years and even then, response is often poor.
There is a pressing need both to identify new treatments and to
attempt to improve the information based on which response to
treatment can be predicted.

Genetic factors are generally assumed to contribute to vari-
able treatment response (2), and on this basis, a number of
pharmacogenetic studies have been performed. Here, the aim
was to detect DNA sequence predictors for treatment response.
Most studies have focused on genes encoding neurotransmitter
receptors, such as dopamine or serotonin receptors, the logic
being that antipsychotics usually have high affinities with mem-
bers of these classes of receptor. Although a number of variants
have been correlated with treatment response in several stud-
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ies—for example, dopamine D2 and D3 receptor variants (2)—
there are no definitive predictors of response.

Pharmacogenetics has been driven by a candidate gene
approach. This approach has the disadvantage that targets for
study are limited by our current understanding of the mecha-
nisms of drugs, and therefore, this method cannot identify
unsuspected predictor genes. Approaches that are independent
of prior functional hypotheses of gene action based on genome-
wide surveys of SNPs are, however, now feasible. The genome-
wide approach has its disadvantages, but one of the most
important is that, with effectively random sets of SNPs, the low
prior probability that any is truly associated with disease requires
a stringent type I error rate to control the enormous potential for
reporting false positives. One way to address this issue is to use
very large (and therefore highly powered) studies in which such
stringent statistical support might realistically be achieved. An-
other approach that is more economical in genotyping costs is to
undertake multistage analysis in which candidate variants from a
screening sample are validated by replication in other data sets
(3). However, because the samples for pharmacogenomics re-
quire a large amount of clinical data and are preferably prospec-
tive, large samples are difficult to collect.

Another approach is to try to enhance the prior probability for
a given gene by integrating pharmacogenomic data with other
sources of data—for example, from studies of gene expression
(4). Under the hypothesis that genes related to drug response
may be regulated by exposure to that drug, genes in which
expression is altered in animals exposed to that drug have a
higher probability of being genuinely associated in a pharmaco-
genetic study than any random gene. If this is correct, genes in
which expression is altered by drug exposure require less
stringent statistical support.

We aimed to detect predictor genes for risperidone response
in schizophrenic patients using this convergent approach (4).
Specifically, we compared data from a pharmacogenetic study
based on first-episode, previously drug-naive subjects with
schizophrenia who were treated with risperidone with data from
a pharmacotranscriptomic study based on mice exposed to the
same drug. Moreover, candidate variants from genes implicated
by convergent data were also tested for evidence for association
to schizophrenia per se because variants that are related to drug
response may also be related to disease risk (5). Evidence that
this occurs can be considered an additional independent line of
circumstantial support that the convergence between the phar-
macogenetic and transcriptomics does not merely reflect chance.

Methods and Materials

Subjects and Collection of Clinical Data

We performed an open-labeled pharmacogenetic study in-
volving 108 first-episode, previously antipsychotic-naive schizo-
phrenic patients. All received risperidone monotherapy after
enrollment. Details are described elsewhere (6,7). Briefly, pa-
tients were entered into the study if they 1) met DSM-IV-TR
criteria for schizophrenia (and then remained in follow-up to at
least 6 months), 2) were physically healthy and had all laboratory
parameters within normal limits, and 3) had neither a current nor
a past DSM-IV-TR diagnosis of mood disorders or substance
abuse. Consensus diagnoses were made by at least two experi-
enced psychiatrists on the basis of unstructured interviews with
patients and families and review of medical records. Duration of
untreated psychosis (DUP) was defined as the period from the
onset of psychotic symptoms to that of first antipsychotic expo-
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sure. Sixty subjects were recruited from outpatient clinics, and 48
subjects were treated as inpatients.

Subjects received risperidone monotherapy (starting dosage:
5—-4 mg/day, mean starting dosage: 2.5 mg), and dosage was
adjusted in accordance with symptomatic response by trained
psychiatrists (1-8 mg/day, mean dosage: 3.4 mg at 8 weeks) for 8
weeks. Patients with insomnia were prescribed brotizolam, .25 mg
or .5 mg, at bedtime. No other psychotropic drugs were permitted.

Clinical symptoms were evaluated at the first visit and after 8
weeks of treatment by the use of the Positive and Negative
Syndrome Scale (PANSS). Evaluations were carried out by qualified
psychiatrists and psychologists (the interrater reliability was mea-
sured by intraclass correlation coefficient was .90, unpublished
data).

The clinical characteristics of subjects that we used as poten-
tial covariates were selected from another report (8): sex (57
male, 51 female), age (mean 30.2 = 9.5 years), DUP (1.5-32
months, mean 7.6 = 7.1 months), and baseline PANSS total score
(mean 83.0 * 22.9).

Samples used in the schizophrenia case-control association
analysis consisted of three sets: (1) JPN_1st: this was used for
identifying genes of potential interest and comprised 540 patients
with schizophrenia (275 male and 265 female; aged 43.3 * 15.0
years) and 425 healthy controls (236 male and 189 female; aged
36.3 * 13.9 years) from the Japanese population; 2) JPN_2nd
sample (used to follow up genes of interest) comprised 545
patients with schizophrenia (282 male and 263 female; aged
50.7 = 14.9 years) and 500 controls (279 male and 221 female; aged
40.8 = 15.4 years) from the Japanese population; 3) Additional
follow-up data for SNPs of interest were extracted from a UK
genomewide association study (GWAS) of schizophrenia com-
prising 479 patients with schizophrenia and 2937 controls from
the UK population (9).

Controls in the Japanese population were screened for past
history of mental disorders. All individuals were unrelated. After
explanation of the study, written informed consent was obtained
from each subject. This study was approved by the Ethics
Committee at Fujita Health University, University of Occupa-
tional and Environmental Health, Nagoya University Graduate
School of Medicine, Osaka University Graduate School of Med-
icine and by multiple ethics committees across the UK where
sample recruitment was performed.

Microarray Experiments

See also Methods in Supplement 1.

SNP Chip. Genomewide genotyping was carried out using
Illumina Sentrix human 1 Genotyping BeadChip (109,363 SNPs
randomly distributed throughout the genome) according to the
manufacturer’s instructions (Illumina, San Diego, California).
Details are given in the Supplement 1.

Mouse Expression Chip. We compared mRNA levels of the
prefrontal cortex (PFC) between control (# = 3) and risperidone-
exposed mice (2.4 mg/kg given orally, once a day for 21 days,
n = 3). Affymetrix Mouse Gene 1.0 St. Array, which profiles the
expression of 28,853 genes (Affymetrix, Santa Clara, California),
was used to measure the amount of mRNA.

The procedures involving animals and their care were con-
ducted in conformity with the international guidelines, Principles
of Laboratory Animal Care (National Institutes of Health Publi-
cation 85-23, revised 1985).

Experimental Procedures and Statistical Analysis
Study 1: Pharmacogenomics. Quality control (QC) regard-
ing population stratification (Figure S1 in the Supplement 1),
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Hardy-Weinberg equilibrium (HWE), genotyping rate, and minor
allele frequency was conducted by PLINK (10). Details are
described in Supplement 1.

After QC, 99 samples (51 males and 48 females) and 62,935
autosomal SNPs (a mean call rate of 99.2%, indicating a high rate
of successful genotyping) were analyzed to evaluate the effect of
each SNP on antipsychotic response to risperidone.

To evaluate the effect of each SNP on antipsychotic response
to risperidone, multiple regression analysis was carried out with
a dependent variable [% PANSS change = 100 X ((PANSS at
week 0) — (PANSS at Week 8))/PANSS at Week 0] and
independent variables that included sex, age, duration of illness,
initial PANSS score, and the genotype of each polymorphism.
Each genotype was assessed using dominant, recessive, and
multiplicative genetic models, respectively.

To calculate the best empiric p values based on the most
significant result in each genetic model, we generated 1 million
simulated data sets by randomizing the PANSS changes (the
covariates stay with the genotypes) with respect to the GWAS
data. This approach retains the linkage disequilibrium (LD)
relationships between SNPs, and therefore allows for the appro-
priate degree of nonindependence in the data sets. The same
multiple regression analysis model as applied to the real data
were applied to each SNP in each permuted data set, and the
empiric significance for a SNP was the proportion of the simu-
lated data sets in which the test statistic was equal to, or greater
than, that observed in the true data set (11-15).

SNPs were annotated to the closest genes with an up- and
downstream span of 20 kb by WGAViewer (16).

Study 2: Mouse Expression Assay. In the mouse expression
assay, data sets passing QC were normalized using GeneChip
Operating Software (Affymetrix) and the raw intensity values
exported for further analysis. Only genes called present based on
Affymetrix detection p value for the presence of each gene on
either chip were included. A t test was performed to assess the
statistical significance of genes in which expression differed
between control and risperidone-exposed mice. Power analysis
was carried out using PowerAtlas (17). Our data set provides
expected discovery rate (corresponding to power) of .37, an
expected proportion of true positives (PTPs) of .72, and an
expected proportion of true negatives of .80 at alpha set at .05. A
major aim of this study was to prioritize genes showing conver-
gent evidence in the pharmacogenomic study, thus we consider
a high PTP optimal.
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These data were submitted to CIBEX (http://cibex.nig.ac.jp/
index.jsp, accession number: CBX77).

Study 3: Checking Overlap Results Between Pharmacog-
enomics (Study 1) and Mouse Expression Assay (Study 2). We
checked candidate SNPs from the genes that showed convergent
evidence for relevance to risperidone action from Study 1 and Study
2. Candidate genes were defined as follows: 1) genes for which
there was at least one SNP with p values less than 5.0 X 10~ in the
pharmacogenomic study and in which expression significantly
differed between groups at a < .05 and 2) genes with much
stronger evidence for p < 1.0 X 107 but that had weaker evidence
for association in the pharmacogenomic study (p < .05).

Study 4: Case-Control Association Analysis of Strong Candi-
date Genes from Pharmacogenomics and Mouse Expression
Assay. The candidate SNPs from Study 3 were further assessed
for evidence for association with schizophrenia. These SNPs
were genotyped by TagMan assay (Applied Biosystems, Califor-
nia) in the Japanese case-control samples. Genotypes for the SNP
in PDE7B in the UK samples were extracted from the Affymetrix
GWAS data (9) after confirmation of good-quality cluster plots.

Genotype deviation from HWE was evaluated by a goodness
of fit chi-square test. Marker-trait association was evaluated for
allele/genotype-wise using standard contingency tables (SPSS
15.0, SPSS, Tokyo, Japan).

For SNPs analyzed in multiple samples, we conducted a
meta-analysis using 4 random-effects model. Heterogeneity was
measured using a Q statistic test in the combined studies. Odds
ratios (ORs) were pooled using DerSimonian and Laird methods.
The significance of the pooled OR was determined using a Z test.
All data were analyzed using an R package, meta (http://www.
r-project.org/index.html).

Results

Possible Predictor SNPs for Risperidone Treatment: From
Pharmacogenomic Result (Study 1)

Among the 62,935 SNPs we examined in the pharmacog-
enomics study, 51,550 SNPs were annotated to 14,655 genes
(annotation span: 5" or 3" = 20 kb). For a number of genes, we
had multiple SNPs with p values less than 5.0 X 10™* because of
the high LD among genotyped markers. Where this occurred, we
list only the strongest associated SNP from that gene (the top 10
hits and SNPs with p value less than 5.0 X 10™% in Table 1 and
Table S1 in Supplement 1, respectively).

Table 1. Predictor Genes in the Pharmacogenomics (Top 10)

p Value
Ranking SNP Chr Position? Closest Gene® (Pharmacogenomics)
1 rs2289273 3 10,388,601 ATP2B2 1.60 X 10°
2 rs234091 1 183,186,172 FAM129A 200X 107°
3 rs241202 8 28,689,604 INTS9 3.20 X 1077
4 rs4340422 19 48,604,802 TEX101 500 X 10™*
5 rs6682786 1 23,615,883 TCEA3 730X 107°
6 rs1001220 7 72,748,539 WBSCR22 7.70 X 107°
7 rs3829241 1 68,611,939 TPCN2 890 X 1075
8 rs460473 16 22,740,528 HS3ST2 1.03 X 107*
9 rs9792264 8 135,640,117 ZFAT 1.10 X 107*
10 rs6443999 3 186,056,249 VPS8 1.17 X 107%

Chr, chromosome; SNP, single nucleotide polymorphism.

“Based on Ensemble Homo sapiens Version 54.36p (NCBI36).
5SNPs are annotated to the closest genes with + 20-kb span.
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Table 2. Overlap Genes Based on the Pharmacogenomcis (p < 5.0 X 10™*) with Mouse Expression Assay (p < .05)

p Value p Value® Fold
Ranking SNP Chr Position® Closest Gene® (Pharmacogenomics) (Mouse Expression) Change
1 152289273 3 10,388,601 ATP2B2 1.60 X 107° .000710 .504
8 rs460473 16 22,740,528 HS35T2 1.03 X 107* .00600 259
28 rs3775003 4 96,390,234 UNC5C 220X 107* 0132 1.85
32 r$196290 10 121,398,061 BAG3 281 x107* .0283 1.33
35 rs9389370 6 136,472,958 PDE7B 288 X 107* .00806 710
53 rs1356787 4 57,012,104 PAICS 426 X 107* 0368 660
54 rs4641299 1 117,284,884 PTGFRN 427 X 107° .00160 283

Chr, chromosome; SNP, single nucleotide polymorphism.
“Based on Ensemble Homo sapiens Version 54.36p (NCBI36).
®SNPs are annotated to the closest genes with = 20-kb span.

“Comparison between risperidone-treated mice (n = 3) and saline-treated mice (n = 3).

We also looked specifically in our data for support for genes
recently suggested as associated with iloperidone based on the
only other available antipsychotic GWAS data set (18) and
candidate genes implicated in earlier studies (2) including DRD2,
DRD3, HTR2A, and others (Tables S2 and S3 in Supplement 1).
No strong evidence for association to any of these was found in
our pharmacogenomics data set.

Genes Influenced by Risperidone Exposure in Mouse PFC
(Study 2)

We examined 22,556 probes in 12,706 genes in RNA extracted
from the PFC of mice treated with either risperidone or with
vehicle. Of these, 754 (5.9%) and 2227 (17.5%) genes had at least
one probe that showed nominally significant differences at p <
.01 and .05, respectively, a rate much higher than chance. The
top genes with p value less than 5.0 X 10™* are presented in
Table S4 in Supplement 1.

Overlapping Genes Between Pharmacogenomic and Mouse
Expression Assays (Study 3)

We looked to see whether the pharmacogenetic data (exclud-
ing 14 SNPs that could not be annotated to the closest gene) and
expression overlapped. Seven genes containing nominally sig-
nificant alteration in expression in mice also contained SNPs with
p value less than 5 X 1074 (Table 2). The relation between
PANSS changes and physical locations of each SNP and the
genotype effects to risperidone response can be seen in Figures
S2 and $3 and Table S5 in Supplement 1. In addition, we found
seven genes that met the more stringent threshold for expression
change in the mouse and that had at least one significant SNP
(p < .05 in the pharmacogenomic data (Table 3). It should be
stressed these SNPs were not strongly associated with treatment
response (p = .0047-.0472).

Consequently 14 SNPs were further assessed for case-control
association analysis in Study 4.

Examining Candidate SNPs as Susceptibility Factor for
Schizophrenia (Study 4)

The 14 candidate SNPs in genes showing convergent evi-
dence from Study 3 were further tested for association with
schizophrenia (Table 4). For rs242056, a proxy for rs2071999 in
AJAP1, the genotypes significantly deviated from HWE in con-
trols (p = .0016). This SNP was therefore excluded.

Of the remaining 13 SNPs, a single SNP (159389370 in PDE7B
showed a nominally significant association in the JPN_1st case-
control sample (P e = 026, two-tailed). In an attempt to
extend this putative association, we used two other samples. In
the second Japanese sample, we obtained significant evidence
for association (second set, Pj. = .02, one-tailed) and a
nonsignificant trend in the UK sample (p,.. = .07, one-tailed)
(Table 4). Meta-analysis of the two replication data sets showed
significant evidence for association (fpnana+ux = 008, one-
tailed). As expected, in all data sets combined, the evidence was
stronger than observed in the screening sample alone (p,, =
.0014, two-tailed, uncorrected; p = .018, 13 times Bonferroni
correction for number of SNPs tested in Study 4) with no
evidence for heterogeneity (p = .56; Table 5).

Discussion

Combined Analysis as a Tool for Prioritizing Candidate Genes
for Pharmacogenomics and Susceptibility

Genomewide approaches to pharmacogenomics have the
capacity to provide novel insights into mechanisms and predic-
tors of drug response. However, a major concern of this ap-
proach, which is not specific to pharmacogenomics, relates to
balancing the need to set a stringent threshold for the type I error
rate against the desire to achieve power to detect findings at that
threshold. Unless the genetic effect sizes in pharmacogenetics
are substantially greater than is typical for complex diseases (19),
the sorts of sample sizes currently available for studies of

Table 3. Overlap Genes Based on the Mouse Expression Assay (p < 1.0 X 10™%) with the Pharmacogenomics (p < .05)

Fold p Value p Value
Ranking Gene Probe ID Change (Mouse Expression) {Pharmacogenomics) SNPID

2 Nr3c2 1435991-at 5.86 223 X 107° 0297 rs2070951
3 Zbtb20 1439278-at 494 504 X 107° .0230 rs9883949
4 Stégal2 1434819-at .23 6.52 X 107° .0102 1s1448110
7 Pip5k1b 1450389-s-at 246 1.02 X 107° 0472 151414944
8 Epha6 1421527-at 3.18 146 X 107° 0047 15727229
9 Kcnh5 1441742-at 44 272X 107° 0305 rs10141458

24 Ajap1 1438662-at 66 9.21 X 107% .0208 rs2071999

SNP, single nucleotide polymorphism.
www.sobp.org/journal
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Table 4. Case-Control Analysis of the Candidate SNPs from the Pharmacogenomics and Mouse Expression Data

Genotype p Value p Value

SNP Sample Proxy SNPs Phenotype N M/M M/m m/m Allele Genotype HWE MAF
ATP2B2 JPN_1st Case 536 275 208 53 676 184 14 29.3
rs2289273 Control 417 209 179 29 26 284
HS3ST2 JPN_1st Case 538 163 263 112 408 682 .76 45.3
rs460473 Control 407 17 196 94 .50 47.2
UNC5C JPN_1st Case 540 336 178 26 249 136 .70 213
rs3775003 Control 406 231 159 16 .07 235
BAG3 JPN_1st Case 539 234 243 62 609 877 93 34.0
rs196290 Control 407 183 180 44 98 329
PDE7B JPN_1st Case 535 259 222 54 0255 .0738 53 30.8
rs9389370 Control 422 229 165 28 .81 26.2
JPN_2nd Case 536 278 200 58 02147 .0966 018 29.5
Control 500 281 183 36 41 255
UK Case 478 181 226 71 06727 327 97 38.5
Control 2,932 1203 1348 381 91 36.0

PAICS JPN_1st Case 540 181 274 85 662 .808 27 41.1
rs1356787 Control 424 134 223 67 .10 42.1
PTGFRN JPN_1st Case 535 319 180 36 222 219 13 23.6
rs4641299 Control 413 255 141 17 65 21.2
NR3C2 JPN_1st Case 534 295 206 33 284 .509 71 25.5
rs2070951 Control 414 213 173 28 37 27.7
ZBTB20 JPN_1st Case 537 234 245 58 494 420 .61 336
rs9883949 Control 423 169 21 43 .05 351
ST6GAL2 JPN_1st 152241991 Case 533 224 246 63 936 814 72 34.9
rs1448110 r2=1 Control 409 169 196 44 25 34.7
PIP5K1B JPN_1st Case 536 173 275 88 550 764 22 42.1
rs1414944 Control 420 145 208 67 6 40.7
EPHA6 JPN_1st Case 539 146 274 119 877 949 65 47.5
rs727229 Control 419 110 217 92 44 479
KCNHS5 JPN_1st Case 539 169 265 105 224 476 .95 441
rs10141458 Control 413 142 201 70 94 413

AJAP1 JPN_1st rs242056 Case — e —_ — —_ — —_ -
rs2071999 r2 =46 Control 418 191 161 66 .0016 35.0

Bold numbers represent significant p value.

JPN_1st, first Japanese sample; JPN_2nd, second Japanese sample; MAF, minor allele frequency; HWE, Hardy-Weinberg equilibrium; M, major allele, m
minor allele; SNP, single nucleotide polymorphism; UK, United Kingdom sample.

“Based on one-tailed analysis.

4

antipsychotics have no realistic prospect of attaining the sorts of gested (4). Our methods of prioritizing our findings were based on
levels of significance suggested for genomewide significance two hypotheses; one that the most highly significant sets of SNPs
(7.2 X 107% or 1 X 1077) (20,21). Although it is at least possible from our pharmacogenetic study of risperidone are likely to be
that the typical effects on gene expression of drugs may be much enriched among genes whose expression is altered by that drug
more substantial than that of SNPs on disease risk, broadly (and vice versa), the other that SNPs related to drug response may
similar balances of power and type I error also apply to our also be enriched among SNPs associated with disease. To what

genomewide expression study. Therefore, with the aim of prior- extent these hypotheses are correct is currently unknown.
itizing our findings, we attempted to cross-validate the top From our data, we found 14 markers in genes that showed
findings from our study using independent approaches as sug- some degree of overlapping support in the pharmacogenomics

Table 5. Meta-Analysis of rs9389370 in PDE7B

95% Cls
Analysis Sample OR Lower Limit Upper Limit p Value
JPN_1st 1.26 1.03 1.54 .0255
JPN_2nd 1.22 1.01 1.48 .0214°
UK 1.1 967 1.28 .0672°
Meta (Replication) JPN_2nd+UK 1.15 1.03 1.29 .0082°
Meta (All) JPN1st+JPN2nd+UK 1.17 1.06 1.30 0014

Bold number represent significant p value.

Cl, confidence interval; JPN_1st, first Japanese sample; JPN_2nd, second Japanese sample; OR, odds ratio; UK,
United Kingdom Sample.
“Based on one-tailed analysis.

www.sobp.org/journal
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and mouse expression experiments. These top convergent can-
didate genes have no previous support for association with
schizophrenia or risperidone response and are thus novel can-
didates for antipsychotic response. However, at present, they
have no clinical utility in terms of predicting treatment response,
and independent replication using other samples will be re-
quired. Moreover, even if replicated, the potential clinical udlity
for pharmacogenetics is questionable because the effect sizes in
cach case are small, although it is conceivable given the limited
coverage of each gene that the true functional variants have
much stronger effects.

Another method for prioritizing genes from genomewide data
are to apply a gene ontology (GO) based approach to investigate
whether sets of findings tend to converge on particular biological
pathways or functions. Our previous experience of GO category
analysis suggests that with respect to genetic data, these require
large data sets (22). Nevertheless, in response to an anonymous
reviewer’s comments, for interested readers, we provide the
results of our GO category analyses based on ALIGATOR (22)
and David Bioinformatics Resources 2008 (http://david.abce.nciferf.
gov/) in Supplement 1. Although a number of categories were
observed to be significant in each analysis (Tables S6 and S7 in
Supplement 1), there is no overlap between the results of the two
analytic approaches. Moreover, our favored approach based on
ALIGATOR did not reveal any categories that were significant
after correction for multiple testing, so it is likely that all of those
findings represent chance positives.

Possible Predictor SNPs for Response to Risperidone

In this study, several genes were detected as possible novel
predictors for treatment response to risperidone: ATP2B2,
HS3ST2, UNC5C, BAG3, PDE7B, PAICS, PTGFRN, NR3C2,
ZBTB20, ST6GAL2, PIP5K1B, EPHAG, KCNHS5, and AJAP1. Be-
cause the multiple testing burden in SNPs is more severe, our
primary analysis included selecting genes based on the more
stringent thresholds in the pharmacogenomics data (Table 2) and
were additionally shown to have altered expression in the mouse
expression study. However, in response to review, we addition-
ally provide data for much more weakly associated SNPs that
have highly significant expression changes in the mouse brain
(Table 3). Given the weak evidence for most of the latter group
of SNPs, we think those are most likely to be chance positives but
report the findings for others to test.

Among genes of particular interest in Table 2 is ATP2B2,
which encodes one of four isoforms of the plasma membrane
Ca®* pumps of mammalian cells, showed both the strongest
statistical association with treatment response (p = 1.60 X 107>)
and was among those genes that had the strongest association
with differential expression because of exposure to risperidone
(p = .00071). The product of this gene is thought to be involved
in neurodevelopment (23) because of its influence on Ca**
homeostasis and Ca®* signaling. This in turn regulates multiple
neuronal functions, including synaptic transmission, plasticity,
and cell survival (24). Interestingly, several of the other genes
with convergent evidence for a role in risperidone response
might also be related to neurodevelopment via association with
netrin (UNC5C) (25,26), interaction with heat shock proteins
(BAG3) (27,28), cyclic adenosine monophosphate (cAMP) sys-
tems (PDE7B; details discussed later), glucocorticoids (NR3C2)
(29), and ephirin (EPHAG) (30). Given the neurodevelopmental
hypothesis of schizophrenia (31) and evidence that second-
generation antipsychotics, including risperidone, have neuro-
genic actions in hippocampus and PFC (32), our findings suggest

www.sobp.org/journal

M. Ikeda et al.

that genes involved in the regulation of neurodevelopment or
neurogenesis are candidate genes for treatment response in
schizophrenics, as well as for schizophrenia per se.

PDE7B Is Candidate Gene Either for Treatment Response and
Susceptibility for Schizophrenia

We pursued the top findings from Study 3 to see whether the
findings with best convergent evidence (human and mouse) for
relevance to risperidone response might also influence susceptibil-
ity to schizophrenia. After correction for multiple testing, we found
evidence for association between disease status and PDE7B, which
was therefore the only gene supported across all study designs.

Phosphodiesterases (PDEs) are central in regulating degrada-
tion of cAMP and cyclic guanosine monophosphate (cGMP),
which are important second messengers for many cellular func-
tions (33). There are 21 known genes encoding PDEs in human,
spread across 11 distinct PDE families (PDET to PDE11). Among
these, PDE4B has been reported as a candidate susceptibility
gene for schizophrenia. This was on the basis of a translocation
found in two affected members of a single pedigree and the
observation that the protein interacts with Disrupted in Schizo-
phrenia 1 (DISCD), itself another strong candidate gene for
schizophrenia and affective disorders (34). Elevation of cellular
cAMP leads to dissociation of PDE4B from DISC1 and an increase
in PDE4B activity (34).

PDE7B degrades cAMP, but not cyclic guanosine monophos-
phate (cGMP), and is predominantly expressed in brain (33). To
date, no direct evidence for association of PDE7B with schizo-
phrenia has been reported; however, several findings provide
some functional plausibility to our results. First, mRNA for
PDE7B and dopamine D1, D2, and D3 receptors show a similar
pattern of distribution, and it is thought that the dopamine D1
receptor activates PDE7B through the cAMP pathway (35).
Second, PDE7B maps to 6q23-24, one of the most significant
linkage regions for schizophrenia (OMIM %600511; SCZD3)
(306). Lastly, association has recently been reported to the Abelson
Helper Integration Site 1 (AHI1) and Family with sequence
similarity 54 A (FAM54A4), which are respectively in the 5" and 3’
regions of PDE7B. However, it should be noted that in those
studies, SNPs in PDE7B were not associated with disease (37,38).

PDE inhibitors have recently emerged as being of interest as
therapeutic agents for neuropsychiatric disorders, such as schizo-
phrenia, depression, and dementia (33). Our results indicate that
among these, drugs acting on PDE7B may be of particular value
in schizophrenia, although particularly for clinical applications,
our results should be treated with caution until independent
replications have been reported.

Limitations and Conclusion

The major limitation in this study is that the sample sizes we used
for the genomewide pharmacogenetics and gene expression studies
are small. In particular, the phramacogenetics study is only highly
powered to detect effects that are much larger than typical of
common susceptibility alleles for diseases to date. This is less of a
limitation with respect to one major goal of pharmacogenetics,
namely, the identification of common markers with sufficiently large
effects to be of value in guiding therapeutics. Our study suggests
that in such large common effects may not exist, although being
based on one of the earliest chips, the coverage of genes is
incomplete, and it would be desirable to repeat this experiment
with a denser set of SNPs. The extent to which clinical heterogeneity
is likely to have an impact on treatment response, and therefore
power to detect association to that response, is also currently
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unknown. We presume it is likely to play some role, as is the
possibility of imperfect adherence to treatment. More subtle effects
are of potential value in informing about drug mechanisms relevant
to therapeutic response, and here, power is limited. Given that
limitation, we tried to minimize false negatives through the use of
relaxed significance criteria but tried to control false positives by
combining expression and genetic data. Nevertheless, replication of
our findings are required. Our follow-up observation of association
between PDE7B, a novel candidate gene, and schizophrenia does,
however, suggest that the use of convergent data may have
successfully enriched for findings of true relevance to schizophrenia
and its response to treatment.
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Background: Copynumber variants (CNVs) have been shown to increase the risk to develop schizophrenia. The best supported findings are
at1g21.1,15911.2, 15q13.3, and 22¢11.2 and deletions at the gene neurexin 1 (NRXN1).

Methods: Inthis study, we used Affymetrix 5.0 arrays to investigate the role of rare CNVs in 575 patients with schizophrenia and 564 control
subjects from Japan:

Results: There was a nonsignificant trend for excess of rare CNVs in schizophrenia (p = .087); however, we did not confirm the previously
implicated association for very large CNVs (>500 kilobase [kb]) in this population. We provide support for three previous findings in
schizophrenia, as we identified one deletion in a case at 1921.1, one deletion within NRXN7, and four duplications in cases and one in a
control subject at 16p13.1, a locus first implicated in autism and later in schizophrenia.

Conclusions: In this population, we support some of the previous findings in schizophrenia but could not find an increased burden of very
large (=500 kb) CNVs, which was proposed recently. However, we provide support for the role of CNVs at 16p13.1, 1g21.1, and NRXNT.

Key Words: Deletion, duplication, NRXNT, 16p13.1, 1g21.1, schizo-
phrenia

tions of DNA ranging from a kilobase (kb) to several
megabases (Mb). Recently, rare CNVs were shown to play
a role in the etiology of a number of neuropsychiatric disorders,
particularly schizophrenia, autism, and mental retardation (1).
Several studies have reported a greater prevalence of rare
CNVs in people with schizophrenia (2-4). However, some have
found no such excess (5,6) and even among the positive studies,
there is marked variation in the magnitude of the observed effect.
For example, in the International Schizophrenia Consortium
(ISC) study (4), cases had only a 1.15-fold excess of rare CNVs,
rising to 1.67-fold for deletions greater than 500 kb. An increase
only among very large CNVs (>1 Mb) in cases was found by
Kirov et al. (7). Another study showed an odds ratio of 3.37 for
CNVs, rising to 4.82 for early-onset schizophrenia (2). This may,
in part, reflect differences in the sensitivity of CNV assays,
definitions of low-frequency CNVs, or variation in the pheno-
typic composition of the samples, as cases with early onset or
lower IQ were particularly enriched for CNVs in one study (2).
In addition to increased CNV burden, a number of specific
CNVs have been associated with schizophrenia (4,7,8). There is
strong replicated evidence for deletions at 1g21.1, 15q11.2,

C opy number variations (CNVs) are deletions and duplica-
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15q13.3, and 22q11.2 and emerging evidence for duplications at
16p13.1 (4,7). Deletions of the neurexin 1 gene (NRXNT) have
also been reported in multiple studies on schizophrenia
(2,6,7,9,10). Given the discrepancy in estimates of the effect size
of CNV burden as a risk factor for schizophrenia and in particular
the absence of association in the only Asian sample reported to
date (5), we aimed to test for an excess burden of CNVs in a
population from Japan. We also sought supportive evidence for
a contribution for the specific loci listed above.

Methods and Materials

We analyzed 1139 age- and gender-matched unrelated sub-
jects of Japanese ethnicity (575 schizophrenic patients and 564
control subjects). Control subjects were members of the general
public who had no personal history of mental disorders. This was
ascertained during face-to-face interviews where subjects were
asked if they had suffered an episode of depression, mania, or
psychotic experiences or if they had received treatment for any
psychiatric disorder. Patients were entered into the study if they
1) met DSM-IV criteria for schizophrenia; 2) were physically
healthy and had normal routine laboratory tests; and 3) had no
mood disorders, substance abuse, neurodevelopmental disor-
ders, epilepsy, or known mental retardation. Consensus diag-
noses were made by at least two experienced psychiatrists
according to DSM-IV criteria on the basis of unstructured inter-
views with patients and families and review of medical records.
After description of the study, written informed consent was
obtained from each subject. This study was approved by the
ethics commiittees of each participating university.

We used Affymetrix 5.0 Arrays (Affymetrix, Santa Clara,
California), following the manufacturer’s protocols (http://ww-
w.affymetrix.com). This array includes 470K single nucleotide
polymorphism (SNP) probes and 420K nonpolymorphic probes.
The CNVs discussed below in more detail (at NRXN1, 1q21.1, and
16p13.1) were validated using the Hlumina HumanHap 660W- or
610-quad bead arrays (Ilumina, San Diego, California), following
the manufacturer’s protocols (http://www.illumina.conn.

Copy number variations were called using the Birdsuite program
(http://www broadinstitute.org/science/programs/medical-and-
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Table 1. Global CNV Burden Analysis

M. Ikeda et al.

CNV Burden CNVs Intersecting Genes
CNV Rate CNV Rate
CNV Type Size SCZ CON SCZ/CON p Value SCZ CON SCZ/CON p Value
Deletions and Duplications All 567 485 1.1/.95 .087 382 320 .74/.62 .084
100-200 kb 285 229 .55/.45 046 182 145 35/.28 074
200-500 kb 221 192 43/.37 20 150 134 .29/.26 .30
500 kb-1 Mb 48 52 .09/.10 72 38 32 .07/.06 31
>1Mb 13 12 .025/.023 .52 12 9 .023/.018 35
Deletions Only All 174 157 .34/.31 30 91 87 18/.17 46
100-200 kb 98 84 .19/.16 26 52 47 .10/.09 38
200--500 kb 65 60 13712 42 29 35 .06/.07 79
500 kb-1 Mb 8 8 .015/.016 . 62 8 3 .015/.006 A2
>1Mb 3 5 .006/.010 .86 2 2 .004/.004 .69
Duplications Only All 393 328 .76/.64 10 291 233 .56/.45 075
100-200 kb 187 145 .36/.28 .070 130 98 .25/.19 .071
200-500 kb 156 132 .30/.26 21 121 99 .23/.19 .18
500 kb-1 Mb 40 44 .077/.086 73 30 29 .058/.057 .53
>1Mb 10 7 .019/.014 33 10 7 .019/.014 33

p values are one-tailed and based on 10,000 permutations.

CNV, copy number variation; CON, control; kb, kilobase; Mb, megabase; SCZ, schizophrenia.

population-genetics/birdsuite/birdsuite-0) (11). The software first
assigns copy number across regions of known copy number
polymorphisms, then calls SNP genotypes (for samples and SNPs
believed to have two copies of the locus), then searches for novel
CNVs via a hidden Markov model, and generates an integrated
sequence and copy number genotype at every locus. It takes into
account genotypes within CNVs, e.g., A-null, AAB, and BBB, in
addition to AA, AB, and BB calls (11).

We observed a batch effect, similar to what we reported in our
previous study (7): arrays from different batches gave poor results if
analyzed together. Therefore, we identified the batches and ana-
lyzed together samples within the same batch, as recommended in
the Birdsuite manual (11). After initial filtering for quality control,
using the standard criteria implemented in the Genotyping Console
software (www.affymetrix.com), including quality control call rate
(>86%), SNP call rate (>95%), and population stratification based
upon principal components analysis, 1107 samples (560 cases
and 547 control subjects) were retained for further analysis. They
had 16,466 CNVs (eight subjects showed no CNVs). We then
excluded low-confidence CNVs (logarithm of odds <10), CNVs
<100 kb, and those with the lowest 1% density for probe
coverage (52 segments). We removed 50 samples that had high
sample-specific measures of noise (variance >2), as those had a
mean of 175 CNV segments, indicating they were false-positives.
We also removed 17 samples that had more than 20 apparent
CNVs (the mean number of CNVs for these samples was 156), as
such samples are also likely to be false-positives (4,7). The
filtering left 1032 samples: 519 cases aged 43.4 + 14.7 years (258
male and 261 female cases) and 513 control subjects aged 43.8 =
14.5 years (252 male and 261 female control subject). They had
a total of 5180 CNVs (~5 per person). Finally, following previous
studies (4,7), we filtered common CNVs (found in >1% of the
total sample), leaving 1052 rare and larger than 100 kb CNVs for
the analysis (~1 per person). This filtering was also performed
for CNVs found at >5% in the total sample, resulting in 2081
CNVs. All CNVs that passed filtering and were present in <1% of
the samples are available as an University of California, Santa
Cruz (UCSC)-friendly file in Supplement 1.

Copy number variations were considered to colocalize if they
overlapped by at least 50% of their length, as implemented in PLINK
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verl.0.4 (htp://pngu.mgh.harvard.edu/~purcell/plink/) (12) as
used for the analysis of CNV loci in previous datasets (4,7).

Results

The numbers of rare CNVs stratified by size in cases and
control subjects are listed in Table 1. Overall, we found an excess
of CNVs in subjects with schizophrenia (case-control ratio =
1.16). Although not significant (p = .087, one-tailed permutation
test), this is similar to that reported by the largest CNV study (4)
where the case-control ratio was 1.15. The effect in that study (4)
was coming mostly from deletions >500 kb and duplications in
the 100 kb to 200 kb range. No subcategory of CNV defined by
size or nature (deletion or duplication) was significantly associ-
ated with disease in the current study. Copy number variations in
the 100 kb to 200 kb range were more common in cases than in
control subjects, ratio = 1.23, p = .046; however, this does not
survive correction for the multiple testing of four size ranges and
two types of CNVs. Duplications (but not deletions) within the
same size range were the most significantly associated general
category in the ISC study (p = 1 X 1079 with virtually an
identical effect (case-control ratio = 1.26). However, no specific
duplications of this size overlapped between the two studies (4).
We did not replicate the finding of an excess of large deletions
(>500 kb) that was reported in the ISC study (4) or of deletions
and duplications >1 Mb reported in the study by Kirov et al. (7).

Analysis of the burden of CNVs intersecting genes revealed no
significant excess of genes disrupted in subjects with schizophre-
nia, either overall or for any size range, with similar trends to the
results from the general burden analysis (Table 1).

We repeated the same analysis for CNVs <5% in the sample.
This resulted in 388 and 368 deletions and 698 and 627 duplica-
tions in cases and control subjects, respectively. The trends
between cases and control subjects were virtually identical to
those in Table 1 (data not presented).

Although we found no enrichment of large CNVs in schizo-
phrenia, we present the details of large CNVs (>1 Mb) in Table
S1 in Supplement 2 because these have been most consistently
implicated by others (4,7). Of those, one case but no control
subjects had a deletion on 1g21.1, one of the most convincingly



