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Abstract
Recent genome-wide association studies (GWAS) have identified copy number variations (CNVs) at chromosomal locus
7q36.3 that significantly contribute to the risk of schizophrenia, with all of the microduplications occurring within a single
gene: vasoactive intestinal peptide receptor 2 (VIPR2). To confirm disease causality and translate such a genetic
vulnerability into mechanistic and pathophysiological insights, we have developed a series of conditional VIPR2 bacterial
artificial chromosome (BAC) transgenic mouse models of VIPR2 CNV. VIPR2 CNV mouse model recapitulates gene
expression and signaling deficits seen in human CNV carriers. VIPR2 microduplication in mice elicits prominent dorsal
striatal dopamine dysfunction, cognitive, sensorimotor gating, and social behavioral deficits preceded by an increase of
striatal cAMP/PKA signaling and the disrupted early postnatal striatal development. Genetic removal of VIPR2 transgene
expression via crossing with Drd1a-Cre BAC transgenic mice rescued the dopamine D2 receptor abnormality and multiple
behavioral deficits, implicating a pathogenic role of VIPR2 overexpression in dopaminoceptive neurons. Thus, our results
provide further evidence to support the GWAS studies that the dosage sensitivity intolerance of VIPR2 is disease causative
to manifest schizophrenia-like dopamine, cognitive, and social behavioral deficits in mice. The conditional BAC
transgenesis offers a novel strategy to model CNVs with a gain-of -copies and facilitate the genetic dissection of when/
where/how the genetic vulnerabilities affect development, structure, and function of neural circuits. Our findings have
important implications for therapeutic development, and the etiology-relevant mouse model provides a useful preclinical
platform for drug discovery.

Introduction

Copy number variations (CNVs) are a form of chromoso-
mal structural variation that manifests as deletions or mul-
tiplications in the genome. As a source of genetic diversity,
CNVs are abundant in the human genome [1]. Most CNVs
are intergenic, small, or encompass genes that can tolerate a
change in copy number, and are thus benign. However,
several recent genome-wide association studies (GWAS)
have identified multiple disease-associated, and likely cau-
sative CNVs, which have been convincingly shown to
increase the risk of neurodevelopmental disorders, such as
schizophrenia, autism spectrum disorder (ASD), intellectual
disability, and attention-deficit-hyperactivity disorder [2].
The pathogenic consequences of CNVs have been proposed
to include dosage sensitivity [3], or disruption of the
genomic architecture, such as in repetitive elements, the
creation of chimeric genes, or the disruption of functionally

* Xiao-Hong Lu
xlu1@lsuhsc.edu

1 Department of Pharmacology, Toxicology and Neuroscience,
Louisiana State University Health Sciences Center,
Shreveport, LA 71130, USA

2 California Lutheran University, Thousand Oaks, CA, USA
3 Center for Neurobehavioral Genetics, Jane and Terry Semel

Institute for Human Behaviors, Department of Psychiatry and
Biobehavioral Sciences, David Geffen School of Medicine at
University of California, Los Angeles, CA 90095, USA

Supplementary information The online version of this article (https://
doi.org/10.1038/s41380-019-0492-3) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-019-0492-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-019-0492-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-019-0492-3&domain=pdf
http://orcid.org/0000-0002-2363-1708
http://orcid.org/0000-0002-2363-1708
http://orcid.org/0000-0002-2363-1708
http://orcid.org/0000-0002-2363-1708
http://orcid.org/0000-0002-2363-1708
mailto:xlu1@lsuhsc.edu
https://doi.org/10.1038/s41380-019-0492-3
https://doi.org/10.1038/s41380-019-0492-3


clustered genes [4, 5]. Furthermore, most CNVs contain
numerous genes and affect multiple organ systems and
brain regions at different developmental stages. It is difficult
to distinguish cell-type autonomy from systemic effects.
There is currently a major gap in linking these candidate
genetic vulnerabilities to dysfunctional neuronal subtypes
and circuits. Etiology-relevant animal model and sophisti-
cated genetic dissection are needed to confirm the disease
causality of CNVs and to understand when/where/how
CNVs affect the development, structure, and function of
neural circuits. Such studies are necessary to gain insights
into the mechanisms of disease pathogenesis and patho-
physiology [6].

Recent large-scale GWAS studies pinpointed a CNV at
the chromosomal locus 7q36.3 in schizophrenia patients at a
rate 14 times higher than in healthy individuals in the
European population, with all of the microduplications
occurring within a single gene: VIPR2 [7, 8]. The
association was later validated in a Han Chinese population
[9]. In the latest and largest genome-wide searches of
schizophrenia-linked CNVs performed by the Psychiatric
Genomics Consortium, schizophrenia patients were repor-
ted to carry 11% more CNVs than controls. VIPR2 CNV
was again identified as one of 17 significant CNV loci with
a false discovery rate (BH-FDR) <0.05 [10]. Furthermore,
in Vacic et al., VIPR2 CNV was also significantly over-
represented in ASD [7].

Indeed, genes and loci disrupted by pathogenic CNVs
open a window to probe the key neurobiological mechan-
isms important to brain development and pathophysiology.
The VIPR2 gene encodes the VPAC2 receptor, whose
ligands are vasoactive intestinal peptide (VIP) and pituitary
adenylate cyclase-activating peptide (PACAP). VIPR2 is a
stimulatory canonical G-protein coupled receptor (GPCR)
that activates adenylyl cyclase (AC)-cyclic adenosine 3′, 5′-
mono-phosphate (cAMP)-protein kinase A (PKA) signal
transduction. VIP and PACAP are neuropeptides that play
an important role in neurodevelopment, cognition, circadian
rhythm, emotion, and neuroinflammation [11]. Disruption of
VIP signaling has been linked to autism, Down syndrome,
and fetal alcohol syndrome [12]. Early postnatal activation
of the VIPR2 receptor elicits profound neurodevelopmental
deficits including synaptic changes and sensorimotor gating
deficits [13]. VIPR2 is expressed in the cortex, striatum,
hippocampus, olfactory bulb, thalamus, and suprachiasmatic
nucleus (SCN), implying a pleiotropic role of VIP/
VPAC2 signaling in brain function and development. It has
been well established since 1980s, VIP robustly stimulates
cAMP signaling in striatal neurons [14–18]. Based on the
detailed characterization of VIP-induced neural signaling
changes (e.g., cAMP-regulated phosphoproteins) in striatal
neurons, Greengard proposed a neuromodulatory role of
dopamine (DA) together with VIP acting at VIP receptors in

striatal dopaminocetive neurons [16, 18] (Supplementary
Fig. S1B). VPAC2 is the only VIP receptor in the striatum
with high binding density, which is in contrast to the cortex
where both VPAC1 and VPAC2 are expressed [19, 20].
Importantly, VIPR2 gene expression level in the striatum is
moderate in comparison to other brain regions, suggesting
striatal expression is critically regulated and vulnerable to an
increase of gene dosage.

Originating from Eugen Bleuler’s “splitting mind” and “4
A’s”, schizophrenia has been viewed as a collection of
behavioral phenotypes resulting from “disconnectivity” of
the brain’s anatomic regions and functional pathways. Long-
standing evidence implicates the role of brain regions such as
the prefrontal cortex, hippocampus, and thalamus in the
pathophysiology of schizophrenia. However, recent neuroi-
maging studies had unanticipated findings that DA abnorm-
alities in schizophrenia are the greatest within dorsal,
especially associative striatum [21]. Associative striatum
receives convergent inputs from multiple cortical regions to
integrate cognitive and affective processes and has been
implicated in schizophrenia pathophysiology [21–23]. Mouse
genetics has also shown that overexpressing dopamine D2
receptor only in the striatum could elicit cortical hypofunc-
tion and cognitive deficits [24], suggesting a primary striatal
abnormality. The vast majority of neurons in the striatum are
GABAergic spiny projection neurons (SPNs). As shown in
Fig. S1, SPNs are divided into two subpopulations, the direct
pathway SPN (dSPN) expressing Gs-coupled dopamine D1
receptors that send axons directly to the internal segment
of the globus pallidus (GPi) and the substantia nigra pars
reticulata (SNr), and the indirect pathway SPN (iSPN)
expressing Gi-coupled D2 receptors, as well as Gs-coupled
adenosine A2a receptor, that send axons indirectly to the SNr
via the external segment of the globus pallidus (GPe) and
subthalamic nucleus. Intracellular signaling cascades oper-
ating in these two types of SPNs, especially striatal PKA [25]
is positively regulated by Gs-coupled D1 or A2a or VPAC2
and negatively regulated by Gi-coupled D2 receptors. PKA
signaling is important for modification of neuronal excit-
ability, synaptic neuroplasticity, and excitatory synaptogen-
esis in early postnatal striatal development [26]. Thus, it is
conceivable that genetic or environmental factors, e.g.,
excessive VIP/VPAC2 signaling that disrupts striatal PKA
signaling would contribute to a wide range of striatal dys-
function and derail the developmental trajectory of the early
assembly of striatal circuits and its connectivity with other
brain regions.

Therefore, the overall goal of this study is to develop an
etiology-relevant animal model of one of the CNVs asso-
ciated with schizophrenia to (1) provide further evidence to
support the disease causality; and (2) translate the genetic
vulnerability into mechanistic and pathophysiologic
insights. We have developed a conditional human VIPR2
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CNV bacterial artificial chromosome (BAC) transgenic
mouse model that recapitulates the genetic architecture of
the susceptibility allele, which, therefore, satisfies construct
validity [6]. Furthermore, the conditional design of the BAC
allows switching-off the transgene in desired spatiotemporal
patterns, controlled by Cre recombinase, thus facilitating
dissection of the inflicted neurocircuits. Human VIPR2
microduplication elicits persistent and prominent dorsal
striatal DA dysfunction, consistent with recent human
neuroimaging studies that DA abnormalities in schizo-
phrenia are the greatest within dorsal striatum as opposed to
the mesolimbic pathway. VIPR2 CNV mice also manifest
cognitive, sensorimotor gating, and social behavioral defi-
cits that are preceded by an increase of striatal cAMP/PKA
signaling, striatal neuron dendritic deficits, and disrupted
early postnatal development (Supplementary Table S1). Our
compelling evidence further supports a causal pathogenic
role of VIPR2 gene dosage sensitivity in the disruption of
the developmental trajectory of striatal neurocircuits with
the manifestation of behavioral deficits. The genetic dis-
section experiment starts to shed light on the pathogenic
role of VIPR2 overexpression in dopaminoceptive neurons
and the manifestation of DA and behavioral deficits of
schizophrenia.

Materials/subjects and methods

Generation of BAC transgenic mice

A 210-kb mouse BAC (CTD-3011O24) containing the
VIPR2 genomic sequence was identified through a data-
base search and obtained from the BACPAC resource
center (Oakland Children’s Hospital, Oakland). LoxP sites
were inserted into exon 1 of the human VIPR2 gene pre-
ceding the endogenous translation initiation codon
according to an established BAC modification protocol.
Maxiprep DNA was prepared from the modified VIPR2
BACs and purified using cesium prep. DNA was separated
on a pulsed field gel to select the fractions with intact BAC
DNA. The intact BAC DNA fraction was selected
and microinjected into fertilized FvB mouse zygotes to
generate BAC transgenic mice at Cyagen. Genotyping and
copy number primers were listed in Supplementary
Table S2.

Quantitative real-time PCR

For all quantitative real-time PCR (qPCR) experiments,
VIPR2 CNV animals were euthanized by cervical disloca-
tion. RNA was purified using Direct-zol RNA purification
kits (Zymo research). qPCR analyses were performed on a
Roche LightCycler 480 using the Roche LightCycler

FastStart DNA MasterPLUS SYBR Green I mix (Roche
Diagnostics, Mannheim, Germany). All samples were run in
triplicate. GAPDH was used to normalize the overall cDNA
content of all samples.

Behavioral analysis

T-maze spontaneous alternation, delayed non-matched-to-
place (DNMTP) task, social interaction, and social recog-
nition in three chamber test, and prepulse inhibition (PPI)
test were described in the Supplementary Methods.

cAMP ELISA assay

cAMP levels were measured using a complete ELISA
assay according to the manufacturer’s directions (Enzo
Life Sciences, Farmingdale, NY, USA). Supernatant
fractions of the tissue were prepared by centrifugation at
14,000 × g for 30 min at 4 °C.

Whole-animal bioimaging of the CRE-Luc mice

Mice were anesthetized with isoflurane and injected sub-
cutaneously with 250 mg/kg D-luciferin (Xenogen, Ala-
meda, CA) dissolved in Dulbecco’s phosphate-buffered
saline without Ca2+ or Mg2+. Seven minutes after the
luciferin injection, mice were placed in the IVIS Lumina
(Xenogen) and imaged with 1-min exposures every 5 min
for 120 min. The field of view was set at B, binning set to
2; f-stop set at 1.2. Pseudocolor bioluminescent images
were superimposed onto photographic images of the mice
and analyzed using the Living Image 3.0 software
(Xenogen).

Western blot analysis, immunofluorescence,
immunohistochemistry (IHC), and imaging

Western blot analysis, histology, immunofluorescence,
IHC, and imaging were performed using the established
protocol and were described in the Supplementary
Methods. The antibodies, source, research resource iden-
tifiers, and dilutions can be found in the Supplementary
Table S3.

High-performance liquid chromatography (HPLC)
for determination of DA and other
neurotransmitters in brain tissue

HPLC was performed using the established protocol and the
detailed method was described in the Supplementary
Methods.

Experimental design and statistical analysis were described
in detail in the Supplementary Methods.
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Results

Genomic copies and gene expression phenotypes of
VIPR2 BAC transgenic mice

We have engineered a 231-kb BAC (CTD-3011O24) con-
taining human VIPR2 locus (116 kb), with an 84 kb 5′
flanking and a 14 kb 3′ flanking genomic region, and with
no other full-length gene on the BAC (Fig. 1a). Importantly,
the first exon of VIPR2, which contains the endogenous
translation initiation codon, was flanked by two LoxP sites.
The LoxP sites are located in the 5′ untranslated region and

intron one flanking VIPR2 exon 1. Thus, these LoxP sites
do not interfere with the expression of VIPR2 but do allow
for Cre-mediated excision of hVIPR2 exon 1. As a result,
the VIPR2 CNV model is designed to be a conditional
inactivation model in which Cre can switch off the trans-
gene expression in desired temporal and spatial patterns
controlled by crossing with mice expressing Cre recombi-
nase (Fig. 1a). We confirmed that the VIPR2 BAC was
correctly modified by using two sets of primers that flank
the modification regions (Supplementary Fig. S2A). Max-
iprep DNA was prepared from the modified VIPR2 BAC
and purified through cesium prep. The purified DNA was

Fig. 1 Human VIPR2 copy number and gene expression in VIPR2
CNV BAC transgenic mice. a Design of conditional VIPR2 BAC
transgenic mice. b Primers specific for both the human and mouse
VIPR2 gene were used to quantify transgene copy numbers in VIPR2
CNV mice. Mouse wild-type genomic DNA was used as a two copy
per diploid genome control. Line A contains one human copy of the
VIPR2 genomic locus sequences (i.e., BAC transgene copies), and
Line F contains four human transgene copies. c Relative expression of
human VIPR2 mRNA in different brain regions of VIPR2 CNV mice
(Line A) determined by qPCR analysis. FC frontal cortex, STR
striatum, HIP hippocampus, OB olfactory bulb, MID midbrain.
d Relative expression of human VIPR2 gene and endogenous mouse
VIPR2 gene in cortex and striatum of VIPR2 CNV mice (Line A)
determined by qPCR. e Endogenous murine VIPR2 and human VIPR2
transgene expression in mouse VIPR2 knockout (KO), fully

humanized (Hu), VIPR2 CNV (Line A), and wild-type mice (WT)
determined by qPCR. f, g Western blot of the VPAC2 protein in the
striatum of VIPR2 CNV mice (Line A) and quantifications (n= 4–6,
t-test, **p < 0.01). Mouse VIPR2 expression as shown from the image
of in situ hybridization (ISH) in the mouse VIPR2-BAC Cre mice
crossing with reporter mice (Allen Brain Atlas) (h) and immunohis-
tochemistry staining (i) to determine the human VIPR2 expression in
the mouse VIPR2 null background. The expression of human VIPR2
was confirmed in the cortex (j), striatum (k), hippocampus (l), and
the suprachiasmatic nucleus (SCN, m). i, j scale bar= 25 µm; k scale
bar= 10 µm;m scale bar= 50 µm. n–p hVIPR2 is expressed in dSPNs
in the striatum as demonstrated by the double fluorescence staining of
GFP (green) and VPAC2 (red) in Drd1a-GFP/ VIPR2 CNV double
transgenic mice (Line A). Scale bar= 25 µm
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separated on a pulsed field gel to verify the integrity of the
BAC (Supplementary Fig. S2B). The intact BAC DNA
fraction was selected and microinjected into 200 fertilized
FVB mouse zygotes to generate BAC transgenic mice.

Out of 54 pups born, we identified six positive transgenic
founders using three different pairs of primers that are
specific for the modification region (Supplementary
Fig. S2C). The positive transgenic founders were bred with
C57BL/6 J wild-type mice to maintain the lines. Further
characterization using quantitative PCR identified multiple
copies of human VIPR2 gene were integrated into the
mouse genome (Fig. 1b). In transgenic founder Lines A and
F, quantitative PCR analyses of the genomic DNA revealed
that VIPR2 CNV mice have tandem integration of
approximately one and four copies of the human VIPR2
transgene, respectively (Fig. 1b). Therefore, Line A is a
model of hVIPR2 microduplication, and Line F, with four
extra copies of the hVIPR2, can be used to study the gene
dosage effects of hVIPR2 in mice. These two founder lines
were characterized in detail.

To demonstrate that VIPR2 CNV mice express func-
tional human VIPR2 transgene in an endogenous-like
expression pattern in the mouse brain, we bred VIPR2
CNV mice (Line F, with four human copies) onto a mouse
VIPR2 null background (B6.129P2−VIPR2 < tm1Ajh > /J,
JAX029215). Offspring from the breeding of fully huma-
nized VIPR2 mice did not deviate from the expected
Mendelian distribution. The humanized VIPR2 CNV mice
were born with no observable gross anatomic or behavioral
deficits up to 12 months of age. Furthermore, real-time
quantitative reverse transcription PCR (qRT-PCR) analyses
revealed that humanized VIPR2 mice expressed only
human VIPR2 and not murine VIPR2 (Fig. 1e). We did not
observe gross deficits due to a possible gain-of-toxic-
function or haploinsufficiency. These results demonstrate
that human VIPR2 transgene is properly expressed in mice
and it retains the essential functions of mouse wild-type
VIPR2. We are characterizing these mice as a fully huma-
nized model to study human VIPR2 gene dosage and
human VPAC2 receptor-specific antagonists.

Human VIPR2 transgene expression in mice

We have used qRT-PCR, western blot, immunostaining,
and validated antibody in knockout and humanized mouse
models to confirm that human VIPR2 is overexpressed in
the VIPR2 CNV mouse models. First, the relative expres-
sion of human VIPR2 mRNA in different brain regions of
VIPR2 CNV mice were determined by qRT-PCR analyses
(Line A, Fig. 1c). Human VIPR2 mRNA is expressed in
mouse frontal cortex, striatum, hippocampus, olfactory
bulb, and hypothalamus. We found that human VIPR2 has a
higher expression level in the striatum in comparison to the

cortex (Line A, Fig. 1c). This is consistent with previous
reports that in the rodent brain, the striatum contains many
more VPAC2 receptors than other VIP/PACAP receptors as
shown by in situ and qRT-PCR [20, 27–29]. The striatum
also has the highest VPAC2 binding site density, as shown
by autoradiography, but no VPAC1 [20]. In the founder
Line A (microduplication model), the mRNA expression
level of the human VIPR2 transgene and endogenous
mouse gene are comparable in cortex and striatum (Fig. 1e),
suggesting a twofold increase of total VIPR2 mRNA in the
microduplication mice, which is consistent with the tran-
scriptional changes seen in the lymphocytes from the
VIPR2 duplication patients [7]. Furthermore, the human
transgene does not affect the endogenous mouse gene
expression in both cortex and striatum (Line A, Fig. 1d).

The antibodies to GPCRs are frequently nonspecific. It
has been proposed that GPCR antibodies should be vali-
dated by the disappearance of staining in knockout animals
of the target receptor [30]. We used the VPAC2 antibody
(Abcam, ab28624) previously validated in knockout mice
(the same knockout strain we used to generate the huma-
nized mice) [31]. The antibody also has been widely used to
study VIPR2 expression in mouse brain [32]. To further
confirm that the human VIPR2 protein is overexpressed in
the CNV mice and has the same expression pattern as the
endogenous mouse VIPR2, we further performed antibody
validation by IHC staining (1:30,000 dilution followed by
Tyramide Signal Amplification) in the humanized VIPR2
mice (without endogenous mouse VIPR2 allele) and VIPR2
knockout mice. As shown in Supplementary Fig. S3A, we
have confirmed that the antibody is specific, as the VIPR2
null mouse shows little or no VIPR2 immunoreactivity.

With IHC staining in the humanized mice, we found that
human VIPR2 transgene had modest expression levels in
the frontal cortex, striatum, and hippocampus, and a high
expression level in the olfactory bulb and SCN (humanized
line, Fig. 1h–m). The human transgene expression is almost
identical to the expression of the endogenous mouse VIPR2
(Fig. 1h). The mouse endogenous VIPR2 gene expression
has been characterized by Allen Brain Institute using VIPR2
BAC-Cre_KE2 Cre reporter mice generated using a mouse
VIPR2 BAC from Gene Expression Nervous System Atlas
(GENSAT) (Fig. 1h) [33]. Besides, Allen Brain Institute
generated two additional VIPR2 Cre knockin reporter lines.
All three reporter lines have been verified in detail at Allen
Brain Institute using a tdTomato reporter mouse model,
which provides a more sensitive readout [34]. Finally,
GENSAT characterized the gene expression pattern of the
BAC-VIPR2-Cre mice mouse and reported that the gene
expression pattern of the BAC-VIPR2-Cre mice matches
previously published in situ data. According to GENSAT,
the Cre expression is in both direct and indirect pathway
medium spiny neurons. We further confirmed that the
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human VIPR2 transgene is expressed in both dSPNs and
iSPNs using the double fluorescence staining in Drd1a-
GFP/ VIPR2 transgenic mice (humanized line, Fig. 1n–p)
and a D2 receptor antibody (Supplementary Fig. S3B).
Furthermore, using IHC staining as shown in Fig. 1i, j, we
found that both human and mouse VIPR2 have a mem-
branous expression pattern in neuronal cell bodies and
dendrites shown as neuropil staining. Finally, we validated
the overexpression of VIPR2 protein by western blot using
a human VIPR2 rabbit monoclonal antibody (Sigma MAB
SP235, former Spring Bioscience). The specificity of the
antibody also has been previously validated by preadsorp-
tion, transfected cells, and in knockout mouse brains
[35, 36]. VIPR2 CNV mice (Line A) have an about 50%
increase of protein level in the striatum (Fig. 1f, g). Thus,
we demonstrated that human VIPR2 transgene is over-
expressed in the VIPR2 CNV model.

Adult VIPR2 CNV BAC transgenic mice manifest
cognitive, sensorimotor, and social deficits

Next, we assessed the behavior of adult VIPR2 CNV mice
using tests designed to evaluate the locomotor activity,
motor performance/skill learning, depression, cognition,
sociability, and sensorimotor gating behavior. Two of the
transgenic founder lines (A and F) were used for the
behavioral analysis. All behavioral tests were carried out
with age and gender-matched (both male and female) mice
from 3–6 months of age. As shown in Supplementary
Fig. S4A, B, both founder lines of the VIPR2 CNV mice
displayed normal general locomotor activity in the open
field assay compared with their wild-type littermate con-
trols. VIPR2 CNV mice (both lines) did not display anxiety
behavior as they spent comparable time in the marginal area
as in center area (Supplementary Fig. S4C, D).

DNMTP task in T-maze for spatial working memory

We measured spatial working memory using a DNMTP
task in T-maze (Fig. 2a) in both founder lines of the mice as
described by Tamura et al. and others [37] and detailed in
the “Materials/subjects and Methods” section. Mice were
food deprived to 80–85% of their body weight followed by
a maintenance diet throughout testing (Fig. 2a). Perfor-
mance over training, as measured by an increase in the
number of correct choices made, were analyzed by two-way
repeated measure ANOVA. With repeated trials (ten trials
per day), the wild-type mice showed less of a tendency to
enter a previously visited arm. However, both founder lines
of the VIPR2 CNV mice took significant longer time to
reach criterion (70% of correct choice for 3 consecutive
days) than the wild-type mice (Fig. 2b, c, repeated measure
linear model ANOVA, Line A: F(9, 126)= 3.184,

p= 0.0017 for interaction effect, F(1, 18)= 4.390, p=
0.0548 for genotype difference. Line F: F(9, 162)= 2.353,
p= 0.0160 for interaction effect; F(1, 18)= 6.036, p=
0.0244 for genotype difference, wildtype: n= 10 mice;
male: n= 5; female: n= 5; Line A: n= 9 mice; male: n=
4; female: n= 5; Line F: n= 10 mice; male: n= 6; female:
n= 4), indicating a spatial working memory deficit.

In order to control for the potential confounding factor of
food preference in the DNMTP task, we also measured the
spatial working memory using spontaneous alteration task
in T-maze (Fig. 2d). Two independent founder line cohorts
(Lines A and F) of VIPR2 mice showed significantly less
spontaneous alterations than control mice (one-way
ANOVA, F(2, 28)= 9.554, p= 0.0007) with Turkey’s post
hoc test, Line A: **p < 0.001; Line F: ##p < 0.001. Wild-
type: n= 15 mice; male: n= 9; female: n= 6; Line A: n=
8 mice; male: n= 4; female: n= 4; Line F: n= 8 mice;
male: n= 3; female: n= 5), indicating the working memory
deficits seen in DNMTP was not due to differences in food
preference between genotypes.

Novel object recognition test

Recognition memory was also examined in the VIPR2 CNV
mice using a novel object recognition test. Mice were pre-
sented with two identical objects during the first session,
and then one of the two objects was replaced by a novel
object during a second session. The amount of time taken to
explore the new object provides an index of recognition
memory. While the control mice showed a trend to interact
more with the novel object, VIPR2 CNV mice founder Line
A (but not founder Line F) showed a statistical significance
to interact less with the novel object, suggesting recognition
memory deficits (Supplementary Fig. S5, one-way
ANOVA, with Turkey’s post hoc test. Line A: *p < 0.05.
Wildtype: n= 14 mice; male: n= 9; female: n= 5; Line A:
n= 10 mice; male: n= 4; female: n= 6; Line F: n= 8
mice; male: n= 4; female: n= 4).

Impaired sensorimotor gating in PPI test

PPI is a “cross-species” neurological phenomenon of sen-
sorimotor gating. The reduced PPI has been proposed as a
biomarker of schizophrenia [38]. An acoustic startle reflex
measurement system was used (Med Associates, USA) [39]
to measure PPI in the VIPR2 CNV mice and wild-type
littermates at 3–5 months of age. Each test session consisted
of four types of prepulse-pulse trials that included two
different prepulse intensities (75 and 85 dB) and two dif-
ferent interstimulus intervals (30 ms and 100 ms), plus the
startle pulse-alone trials that were pseudorandomized, with
the background noise level in each chamber at 65 dB.
For wild-type littermates, a weaker acoustic prestimulus
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(prepulse) inhibited the reaction to a subsequent stronger
startle stimulus (pulse). PPI was indexed by percent inhi-
bition and defined as the percent reduction in reactivity in
prepulse-plus-pulse trials relative to pulse-alone trials
(Fig. 2e, f). Increasing prepulse intensity led to an increased
magnitude of PPI. However, the PPI was significantly
reduced in both VIPR2 CNV transgenic lines (A and F) as
shown for 85 dB prepulse with 30 ms interstimulus intervals

in Line F and 85 dB prepulse with 30 ms or 100 ms intervals
in Line A (Student’s t test, *p < 0.05. For Line A: wildtype:
n= 10 mice; male: n= 6; female: n= 4; Line A: n= 8
mice; male: n= 3; female: n= 5; For Line F, wildtype: n=
7 mice; male: n= 3; female: n= 4; Line F: n= 10 mice;
male: n= 5; female: n= 5). No changes of startle amplitude
or short-term habitation were found in both lines of VIPR2
CNV mice (Supplementary Fig. S6A, B, startle: F(58,
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1044)= 1.265, p= 0.0917 for interaction effect, F(2, 36)=
0.1843, p= 0.8325 for genotype difference).

Impaired social interaction and recognition in a
three-chambered social interaction task

We next tested the social function of the VIPR2 CNV mice
in a three-chambered apparatus following the standard
protocol [40]. The three-chambered task consisted of two
trials: social interaction (trial 1) and social recognition (trial
2). In trial 1, we measured the social approach of a mouse
toward a stranger mouse trapped in a wire cage versus the
approach of an empty wire cage. Next, we evaluated social
recognition by allowing mice to have a free choice between
the first, already-investigated, familiar mouse (Stranger 1),
and a novel unfamiliar mouse (Stranger 2). As shown in
Fig. 2g, h, Line A, but not Line F, of VIPR2 CNV mice
showed significantly reduced preference for exploring a
stranger mouse relative to empty cage compared with wild-
type mice as determined by the amount of time spent in
each chamber or sniffing cages and the preference index
derived from these parameters (Fig. 2g, one-way ANOVA,
F(2,23)= 4.268, p= 0.0265; Turkey’s post hoc test, Line
A: p < 0.05; Line A: p > 0.05. Wildtype: n= 9 mice; male:
n= 4; female: n= 5; Line A: n= 9 mice; male: n= 5;
female: n= 4; Line F: n= 8 mice; male: n= 4; female:

n= 4). In the social recognition test, both lines of VIPR2
CNV mutants showed a significantly impaired preference
for the chamber containing a newly introduced mouse
(Stranger 2) over a chamber containing a now-familiar
mouse (Stranger 1, Fig. 2h, one-way ANOVA, F(2,20)=
8.773, p= 0.0018; Turkey’s post hoc test, Line A: **p <
0.01; Line A: **p > 0.01. Wildtype: n= 8 mice; male: n=
5; female: n= 3; Line A: n= 8 mice; male: n= 3; female:
n= 5; Line F: n= 9 mice; male: n= 5; female: n= 4),
indicating an impairment of social recognition memory.
Also, in one of the lines of the VIPR2 CNV mice (Line F),
we observed nest building deficits (Supplementary
Fig. S7A–C), suggesting social function deficits in VIPR2
CNV mice. The two independent founder lines were char-
acterized in detail in order to exclude the positional effects
due to the disruption of genomic loci by random integration
since it is highly unlikely that two independent transgenic
insertions occur at the same locus [41, 42]. Therefore, in the
following pathology studies, we focused our analysis on
Line A with the human VIPR2 duplication.

Prominent dorsostriatal DA neurotransmission
abnormalities in VIPR2 CNV mice

It has been suggested that excess DA neural transmission
through DA type 2 receptors (D2r) in the striatum is an
underlying mechanism of schizophrenia pathogenesis [24].
D2r immunostaining was performed in the VIPR2 CNV
mice and wild-type littermates at 3–5 months of age using
an antibody widely used and validated in the KO mice
(Millipore AB5084P) [43]. The D2r immunostaining was
contoured and quantified using the Image J in each of the
subregions of the striatum as previously described [44] and
depicted in Supplementary Fig. S1A: the dorsolateral,
dorsomedial, and ventral striatum that approximately cor-
respond to three functional domains: the sensorimotor,
associative, and limbic domains, respectively. The immu-
nostaining of the D2rs was consistently found increased in
the dorsal subregions of the striatum, but not in the ventral
subregions of the striatum in both founder lines of the
VIPR2 CNV mice compared with WT mice (Line F,
Fig. 3a–c. Figure 5f, g for Line A, and Supplementary
Fig. S8A–D for Line A shown in both sagittal (C, D) and
coronal sections (A, B). VIPR2 CNV mice have an about
20% of increase of D2r in the dorsal striatum, which is
comparable to D2r abnormalities observed in human
neuroimaging study [45]. We also observed an increase of
the dopaminergic terminal input to dorsal striatum as
immunostained by tyrosine hydroxylase (TH) antibody
(Line A, Fig. 3e–g, n= 4 per genotype). The DA D1
receptor expression in the dorsal striatum (Supplementary
Fig. S8E, F, Line A) was also increased as evaluated by the
GFP staining in the Drd1a-GFP/VIPR2 CNV double

Fig. 2 Schizophrenia-like cognitive and social behavioral deficits in
VIPR2 CNV mice. a Spatial delayed non-match-to-sample T- maze
task. b Spatial delayed non-match-to-sample T-maze task data of the
percentage of correct responses are represented as means with standard
errors and were analyzed by a two-way repeated measures ANOVA
(interaction effect: *p < 0.05 (Line A); #p < 0.05 (Line F). c Acquisi-
tion (days to criterion) as a function of genotype and treatment is
shown. (*p < 0.05 (Line A), #p < 0.05 (Line F). One-way ANOVA,
with Turkey’s post hoc test. d Spontaneous alteration task in T-maze.
VIPR2 CNV mice lines (A and F) showed significantly less sponta-
neous alterations than control mice (**p < 0.01 (Line A), ##p < 0.01
(Line F), one-way ANOVA, with Turkey’s post hoc test. e, f Prepulse
inhibition (PPI) of the acoustic startle response deficits in VIPR2 CNV
mice. PPI Data (mean ± SEM) shows the percent of prepulse inhibition
of the startle response following the presentation of prepulse-plus-
pulse acoustic stimuli. Two different interstimulus interval (ISIs) (30
and 100 ms) and two different prepulse intensities (75 and 85 dB) were
measured. VIPR2 CNV (Line A) mice showed a significant PPI
deficiency when presented with an 85-dB prepulse with 30 or 100 ms
ISI (t-test; *p < 0.05. ##p < 0.01, while Line F mice have a significant
PPI deficiency when presented with an 85-dB prepulse with 30 ms ISI
(t-test; *p < 0.05. g, h Social approach and social recognition deficits
in VIPR2 CNV mice. In the social interaction test, Line A, but not
Line F, of VIPR2 CNV mice spent less time in the chamber containing
the social partner (Stranger 1), and more time in the chamber con-
taining the empty wire cage when compared with controls (**p < 0.01,
one-way ANOVA, with Turkey’s post hoc test. h In the social
recognition test, where the mice had a free choice between the first,
already-investigated mouse (Stranger 1), and a novel unfamiliar mouse
(Stranger 2). Both lines of VIPR2 CNV mice do not display a pre-
ference for the novel social partner (Stranger 2). (**p < 0.01 (Line A),
##p < 0.01 (Line F), one-way ANOVA, with Turkey’s post hoc test
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transgenic mice. Finally, tissue monoamine levels were
measured in the dorsal striatum of the VIPR2 CNV mice
by HPLC. The main finding was a significant increase of
DA (Fig. 3d, Line A, t-test, p < 0.05, n= 6–8 per geno-
type), but not 3,4-dihydroxyphenylacetic acid, 5-hydro-
xytryptamine, and norepinephrine levels in the dorsal
striatum (Fig. 3d, Line A, t-test, p > 0.05, n= 6–8 per

genotype). All these results collectively suggest that
VIPR2 CNV mice have a prominent dorsostriatal DA
neurotransmission abnormality.

Abnormally increased cAMP/PKA signaling in VIPR2
CNV mice

Since VIPR2 is a stimulatory Gs-GPCR, we quantified
baseline cAMP levels in different brain regions of VIPR2
CNV mice and control mice in adult mice and the early
postnatal stage at P18. We did not detect a significant
baseline cAMP level change in adult mice. However, the
cAMP levels were significantly increased (pmol cAMP/mg
protein expressed as a percentage of control mice) in the
striatum (Fig. 3h) of VIPR2 CNV mice (Line A) at P18.
Phosphorylation of Thr197 in the activation loop of the
catalytic subunit of PKA (PKAc) is an essential step for its
proper biological function. Thus, to further explore the
increased activation of PKA during development, we
analyzed the levels of pPKAcThr197 in VIPR2 CNV
(Line A) and wild-type mice by western blot at P18.
We observed a significant increase in the levels of
pPKAcThr197 in the striatum of VIPR2 CNV mice

Fig. 3 VIPR2 CNV elicited striatal dopamine neural transmission and
cAMP/PKA signaling deficits in mice. a-c Both founder lines of
VIPR2 CNV mice (shown images of Line F) at 3 months of age had an
increase D2 receptor immunostaining in dorsomedial (DMS, associa-
tive, A), dorsolateral (DLS, sensorimotor, S), and dorsal striatum (d),
but not in the ventral striatum (V). Scale bar= 500 µm. c Quantifica-
tion of the D2r immunostaining intensity in different subregions of the
striatum revealed that VIPR2 CNV mice (Line F) have a significant
increase of D2r in the DMS and whole dorsal striatum (both rostral and
caudal levels of coronal sections were used for quantification. The data
were expressed as the average of both left and right hemisphere
immunostaining intensity. n= 4 mice per genotype, t-test, *p < 0.05).
d Dorsostriatal dopamine content was significantly increased in the
VIPR2 CNV mice (Line A) at 3 months of age as measured by HPLC
(*p < 0.05, t-test, n= 6 per genotype) in the VIPR2 CNV mice. e–g
VIPR2 CNV mice (Line A) had an increase of TH immunostaining in
the dorsal striatum (*p < 0.05, n= 4 per genotype, scale bar=
500 µm). h VIPR2 CNV mice (Line A, postnatal day 18, P18) showed
an increased striatal cAMP level (pmol cAMP/mg protein expressed as
a percentage of control mice) in the striatum. No significant difference
of cAMP levels was observed in the olfactory bulb (Ofb), hippo-
campus (Hip), and midbrain (Mid) (one sample t-test; *p < 0.05, n= 8
per genotype). i Adult VIPR2 CNV mice (Line A, 3–5 months old)
have significantly elevated cAMP accumulation in both cortex and
striatum 1 h after intraperitoneal injection (i.p.) of a selective VIPR2
agonist, BAY 55–9837 (0.25 μg/g), **p < 0.01, n= 4 mice per geno-
type/treatment. j The accumulation of cAMP in the humanized mouse
model and VIPR2 knockout mouse model after BAY 55–9837 (0.25
μg/g) i.p. (*p < 0.05, n= 4 mice per genotype/treatment, 3–5 months).
k p(Ser/Thr) PKA substrates levels were analyzed by western blot of
the striatum from WT and VIPR2 CNV mice at P18. l pPKAcThr197
and m PKA-dependent phosphorylation of CREBser133 were ana-
lyzed by western blot of protein extracts obtained from the striatum of
WT and VIPR2 CNV mice (P18). For p(Ser/Thr) PKA substrates, all
the bands were used for quantification (t-test; *p < 0.05, n= 4 or 5
mice per genotype)
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compared with their littermate controls (Fig. 3l). PKA
activity was further evaluated by using an antibody (Cell
Signaling Technology, #9621) that detects its serine/
threonine substrates when phosphorylated at the PKA
consensus region (Fig. 3k). Finally, PKA-dependent
phosphorylation of CREBser133 was increased in VIPR2
CNV mice (Fig. 3m) at P18. In summary, we found
that the basal cAMP/PKA activity was increased in the
striatum of the VIPR2 CNV mice, which suggests that
VIPR2 overexpression increases the constitutive activity
of the receptor acting by endogenous ligands, e.g., VIP
or PACAP.

To further explore the striatal cAMP deficits in adult
mice and to confirm the human VIPR2 transgenes are
functional, we examined the effects of a selective VPAC2
agonist (BAY 55–9837, 0.25 μg/g intraperitoneal injection
(i.p.) 1 h before killing) to stimulate brain cAMP level in
adult VIPR2 CNV and wild-type mice (3–5 months of age).
Peripheral administration of VIP and PACAP receptor
agonists have been shown to have behavioral and
neurobiological effects [46]. Importantly, early postnatal
administration of a VPAC2 agonist elicits profound neu-
rodevelopmental changes, including synaptogenesis and
PPI deficits in mice [13]. To confirm that BAY 55–9837 has
a good blood–brain-barrier penetration after acute i.p.
delivery, we used a mouse line of luciferase reporter of
cAMP/cAMP response element binding protein (CREB)
activity [47] to monitor VPAC2 agonist-stimulated CREB
activity in vivo. BAY 55–9837, 0.25 μg/g i.p. stimulated
CREB activity in the full body rapidly and significantly
increased the brain CREB activity 1 h after i.p. injection
(Supplementary Fig. S9A, B, n= 3). In adult mice, BAY
55–9837, 0.25 μg/g i.p also significantly increased the
striatal cAMP level in VIPR2 CNV Mice (Line A) in
comparison to control littermates (Fig. 3i). In the human
study, VIPR2 agonist BAY 55–9837 (100 nM) stimulated a
30% increase in cAMP signaling in lymphoid cell lines
derived from patients with VIPR2 microduplication, which
is consistent with what we observed in the striatum in the
adult mice [7].

In order to confirm the specificity of the BAY 55–9837
on the human VIPR2 receptor, we further measured the
accumulation of cAMP in the humanized mouse model and
VIPR2 knockout mouse model. BAY 55–9837 did not
induce cAMP accumulation in the KO mice but sig-
nificantly increased cAMP accumulation in the humanized
VIPR2 transgenic mouse model in the striatum (Fig. 3j, p <
0.05, n= 4 mice per genotype/treatment). All these data
convincingly demonstrated that adult VIPR2 CNV mice
have a striatal cAMP/PKA signaling abnormality. Further-
more, human VIPR2 is overexpressed in the transgenic
mice and is functional in transducing the extracellular sti-
muli into intracellular signals.

Striatal developmental deficits in VIPR2 CNV mice

Given the robust role of VIP signaling in striatal neurons,
our observation of the early postnatal cAMP/PKA signaling
deficit suggests that VIPR2 CNV may disrupt the striatal
development to manifest adult DA and behavioral deficits.
During early postnatal development of striatal circuitry,
rapid excitatory spinogenesis usually lasts from P8 to P18 in
mice [26] and significantly contributes to efficient striatal
circuit wiring. Indeed, VIPR2 is expressed in the striatum at
this critical period, starting from postnatal day 4 (P4), as
characterized by the Allen Brain Institute (Supplementary
Fig. S10A–C). VIPR2 gene expression is limited to SPNs in
the striatum and the layer 3–5 pyramidal projection neurons
in the cortex and hippocampus, with very low-level
expression at SCN.

In order to assess the potential pathogenic role of VIPR2
CNV on early postnatal striatal development, we focused
our analyses on striatal SPNs and expiatory synaptic inputs
to the striatum. First, to confirm the findings on altered
synaptic protein levels, we performed IHC staining and
western blot using striatum of mice at the 2nd week of
postnatal development. Vesicular glutamate transporters
(VGLUTs) located in the membrane of presynaptic gluta-
matergic vesicles are responsible for loading glutamate into
the vesicles before they release their content into the
synaptic cleft by fusing with the presynaptic membrane
(exocytosis). Since the number of VGLUT molecules per
synaptic vesicle has a major impact on the quantal size in
glutamatergic neurons, the expression levels of VGLUT
protein are an indication for the relative synaptic strength of
presynaptic glutamatergic innervation for a given brain
region [48].

In VIPR2 CNV mice (Line A), we observed a significant
increase in the intensity of VGLUT1 immunostaining
(Fig. 4a–d, e) and VGLUT1 protein levels (Fig. 4e, f, t-test,
p < 0.05) in the striatum of the VIPR2 CNV mice in com-
parison to the wild-type mice. At P8 striatum, VIPR2 CNV
mice also have significantly increased VGLUT2 immu-
nostaining, which is a marker for thalamic excitatory inputs
(Supplementary Fig. S10E, t-test, p < 0.05, n= 4 per gen-
otype). We found the presynaptic marker synaptophysin
level was also significantly increased in the striatum (wes-
tern blot, data not shown). All these results collectively
indicate that striatal SPNs in VIPR2 CNV mice received
abnormally increased excitatory inputs in comparison to
wild-type littermates during early postnatal development.

Interestingly, we have found VIPR2 expressed in a
patch-like structure in the striatum at P8 (Supplementary
Fig. S10D). During the 2nd week of postnatal striatal
development, the major afferents to the striatum, such as the
cortical and thalamic glutamatergic afferents, delineates a
patch-like organization to form “afferent islands” in the
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immature striatum [49]. Others and our data [50] using the
GENSAT Drd1a-BAC-GFP mice have consistently found
that D1 receptor-expressing dSPNs are preferentially

localized within the afferent islands. As shown in Fig. 4g–i,
the localization of dSPN patches corresponded to strio-
somes identified by mu opioid receptor (MuOR) staining
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and VGLUT1 staining. The striosomal pattern of dSPNs
disappears and becomes progressively uniform in the whole
striatum due to the increase of the dSPNs in the matrix
during the third postnatal week [51]. Our recent study using
single-neuron transgenic strategy to visualize the dendritic
development of dSPNs [50] also revealed drastic dendritic
maturation in the 2nd postnatal week. During this critical
period, corticostriatal connectivity has been reported to be
highly sensitive to changes in striatal neuromodulation [26].

Finally, to test whether VIPR2 CNV affects dendritic
morphology of the striatal SPNs, we performed Golgi
staining in wild-type and VIPR2 CNV mice (Line A) at
P18, using the FD Rapid GolgiStain™ Kit (FD Neuro-
Technologies, Columbia, MD). We traced Golgi-stained
striatal SPNs and their dendrites to investigate the cellular
morphology and complexity of these cells (Fig. 4j–n). Sholl
analysis revealed a dendritic hypertrophy as measured by a
significant decrease in the complexity of dendritic arbor-
ization in VIPR2 CNV SPNs (Fig. 4l, two-way ANOVA
with repeated measure by genotype, F(28, 1624)= 2.561,
p < 0.01 for interaction of genotype with distance to soma;
F(1, 58)= 1.240, p= 0.1291 for genotype, n= 30 neurons
per genotype from six mice). We next categorized the
dendritic spines based on their morphologies and found that
there was a significant alteration between the genotypes

(Fig. 4o–r, t-test, *p < 0.05). An increased number of
immature spines (thin and filopodia-like, 4P, t-test, *p <
0.05) and spine length (4R, t-test, *p < 0.05), but sig-
nificantly reduced mature spines (4O, t-test, *p < 0.05), and
dendritic diameters (4Q, t-test, **p < 0.01) were seen in
VIPR2 CNV mice. In summary, these results suggest that
striatal SPNs received abnormal glutamatergic innervation
and the early postnatal striatal dendritic development was
disrupted in the VIPR2 CNV mice.

Genetic removal of VIPR2 transgene expression in
D1 receptor-expressing neurons rescued the D2
receptor abnormality and multiple behavioral
deficits in VIPR2 CNV mice

It has been established that striatal dSPNs (expressing D1
receptor as a marker) play a biased “driver” role in early
postnatal striatal neurodevelopment [26]. Furthermore, D1
receptor-expressing neurons in striatum and cortex are of
critical importance in cognitive function and behavioral
manifestation of schizophrenia [52, 53]. Our VIPR2 CNV
mice were generated using conditional BAC transgenesis
where the first exon of VIPR2 with the endogenous transla-
tion initiation codon was floxed by two loxP sites. Therefore,
the overexpression of VIPR2 could be switched off in desired
temporal and spatial patterns controlled by crossing with mice
expressing Cre recombinase (Fig. 5a). Employing the condi-
tional BAC transgenesis, we first set out to address if VIPR2
transgene expression in D1 receptor-expressing neurons plays
a causal pathogenic role in the manifestation of schizophrenia-
like DA and behavioral deficits.

We crossed the VIPR2 CNV mice with GENSAT Drd1a-
Cre BAC transgenic mice that express Cre recombinase
driven by the endogenous mouse D1r promoter. Using the
tdTomato reporter mice (Ai9) [54], we have confirmed the
expression of the Cre recombinase expression pattern
(Fig. 5b). Therefore, the VIPR2 transgene expression could
be removed in D1 receptor-expressing neurons during
neural development and in adult mice. We confirmed the
reduced VIPR2 gene expression in striatum and cortex
using qRT-PCR (Fig. 5e, t-test, *p < 0.05; ##p < 0.01, n= 4
per genotype). We also found significantly reduced immu-
nopositive cells and staining intensities via IHC staining of
human VPAC2 in the striatum (Fig. 5c, d). Importantly,
selective removal of VIPR2 transgene expression in D1
neurons rescued striatal D2 receptor overexpression
abnormality (Fig. 5f, g, one-way ANOVA, F(2, 9)= 17.21,
p= 0.0008, with Tukey’s post hoc test, **p < 0.01; #p <
0.05, n= 4 per genotype), spatial working memory
impairment in T-maze (Fig. 5h, one-way ANOVA,
F(2,37)= 14.53, with Turkey’s post hoc test; *p < 0.05,
##p < 0.01, control group includes wildtype and D1-Cre
littermates, n= 17 mice; wildtype: n= 10; D1-Cre: n= 7;

Fig. 4 Early postnatal striatal developmental pathology in the VIPR2
CNV mice. a–b At P8, VGLUT1 immunostaining delineates a patch-
like “afferent islands” in immature striatum. Scale bar= 100 µm. c–d
Higher magnification of striatum in wild-type and VIPR2 CNV mice
(Line A). Scale bar= 25 µm. e VGLUT1 protein levels in the striatum
in VIPR2 CNV mice (Line A) are significantly increased in compar-
ison to that of the wild-type mice (n= 3 per genotype, t-test, *p ≤
0.05). g In the Drd1a-GFP BAC mice at P8, the localization of dSPNs
patches (GFP staining, green) corresponded to striosomes identified by
mu opioid receptor (MuOR) staining (blue). Scale bar= 100 µm. h–i
dSPN patches colocalize with the intense VGLUT1 immunoreactiv-
ities as revealed by double immunofluorescence labeling for VGLUT1
(red) and dSPNs (green) at P8. Scale bar= 50 µm. Multiple brains
from wild-type littermates and VIPR2 CNV mice at P18 were sub-
jected to Golgi staining. j–k Representative traces of SPNs in wild-
type littermates and VIPR2 CNV mice. l Sholl analysis of intersection
of SPNs in VIPR2 CNV mice and wild-type littermates (30 neurons
from six mice per genotype) identified a significant genotype–distance
interaction (p < 0.01, repeated measure two-way ANOVA. m, n
Representative high magnification images of dendritic spines of SPNs
from wild-type littermates and VIPR2 CNV mice. o–r Dendritic spines
of SPNs were categorized in immature (thin and filopodia-like) or
mature spines (mushroom, stubby, and multiple spine post synapses).
o An average number of mature spines (mushroom) per 10 µm den-
dritic length in SPNs from VIPR2 CNV mice (Line A) is significantly
lower than that of wild-type SPNs (t-test; *p < 0.05). p An average
number of immature (thin) spines per 10 µm dendritic length in SPNs
from VIPR2 CNV mice is significantly higher than that of wild-type
SPNs (t-test; *p < 0.05). q The diameter of the dendrites in SPNs from
VIPR2 CNV mice is significantly lower than that of wild-type SPNs (t-
test; **p < 0.01). r The average length of spines in SPNs from VIPR2
CNV mice is significantly longer than that of wild-type SPNs (t-test;
*p < 0.05)
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male: n= 9; female: n= 8 mice; VIPR2 group: n= 12
mice, male: n= 5; female: n= 7 mice; VIPR2/D1-Cre
group: n= 12 mice, male: n= 5; female: n= 7 mice), and
sensorimotor gating deficit (Fig. 5i, one-way ANOVA, F(2,
23)= 5.584, p= 0.0106, with Turkey’s post hoc test; *p <
0.05. Control group includes wild-type and D1-Cre mice.

Control: n= 10; wildtype: n= 6; D1-Cre: n= 4; male: n=
5; female: n= 4 mice; VIPR2 group: n= 8 mice; male: n=
5; female: n= 3 mice; VIPR2/D1-Cre group: n= 8 mice,
male: n= 4; female: n= 4 mice). Finally, genetic removal
of VIPR2 CNV in D1r-expressing neurons rescues social
interaction (5 J) and recognition (5 K) deficit in VIPR2
CNV mice (Fig. 5j, k, Line A, 3–5 months of age) (one-way
ANOVA, social interaction: F(2,23)= 5.584, p= 0.0106;
social recognition: F(2,25)= 3.384, p= 0.0353, with Tur-
key’s post hoc test; *p < 0.05. #p < 0.05. ##p < 0.01. Control
group includes wild-type and D1-Cre mice. Control: n=
14; wildtype: n= 9; D1-Cre: n= 5; male: n= 6; female:
n= 8 mice; VIPR2 group: n= 11 mice; male: n= 5;
female: n= 6 mice; VIPR2/D1-Cre group: n= 10 mice,
male: n= 4; female: n= 6 mice). In all these behavioral
tests, we have determined that D1-Cre mice do not have
significant behavioral deficits in comparison to wild-type
mice (Supplementary Fig. S11A–D). Therefore, the control
group included both the wild-type and D1-Cre mice. The
genetic dissection results collectively suggest that remove
the VIPR2 overexpression in dopaminoceptive neurons can
rescue the D2 receptor abnormality and multiple behavioral
deficits in VIPR2 CNV mice. Taken together, we have
provided further evidence to support the GWAS studies that
the dosage sensitivity intolerance of VIPR2 is causative in
the manifestation of schizophrenia-like DA neurotransmis-
sion, cognitive, and social, behavioral deficits as summar-
ized in the Supplementary Table S1.

Fig. 5 Genetic removal of VIPR2 CNV in D1r-expressing neurons
rescues dopamine and cognitive deficits in VIPR2 CNV mice.
a Schematics of the conditional BAC transgenesis to remove human
VIPR2 transgene expression in D1r-expressing cells via crossing with
Drd1a-BAC-Cre (D1-Cre) mice. b Epifluorescence imaging D1-Cre
recombinase activity in the D1-Cre mice crossing with a reporter
mouse line (Ai9). Scale bar= 500 µm. c, d Reduced the number of
VPAC2 immunopositive cells in the striatum of the VIPR2 (Line A)/
D1-Cre double transgenic mice. Scale bar= 50 µm. e Significantly
reduced VIPR2 expression in the cortex and striatum of the VIPR2
(Line A)/D1-Cre double transgenic mice quantified by qRT-PCR (t-
test; **p < 0.01, #p < 0.05). f Dorsostriatal D2 receptor overexpression
abnormality as revealed by IHC was rescued in the VIPR2 (Line A)/
D1-Cre double transgenic mice at 3–5 months of age (scale bar= 100
µm). g The contour of the dorsal striatum and quantification of the
staining intensity (one-way ANOVA, with Turkey’s post hoc test;
** p < 0.01, control in comparison to VIPR2 CNV (Line A); #p < 0.05,
VIPR2/Cre in comparison to VIPR2 CNV (Line A). h Working
memory deficit (spontaneous alteration in T-maze) in the VIPR2 CNV
mice (Line A) were rescued (one-way ANOVA, with Turkey’s post
hoc test; *p < 0.05, ##p < 0.01. i Genetic removal of VIPR2 CNV in
D1r-expressing neurons rescues PPI deficit in VIPR2 CNV mice (Line
A) shown at 85 dB, 30 ms interval (one-way ANOVA, with Turkey’s
post hoc test; *p < 0.05, #p < 0.05). Genetic removal of VIPR2 CNV in
D1r-expressing neurons rescues social interaction (j) and recognition
(k) deficits in VIPR2 CNV mice (Line A, 3–5 months of age, data are
expressed as the duration (seconds) of mice to contact with stranger
mouse or empty cage, one-way ANOVA, with Turkey’s post hoc test;
*,#p < 0.05, **,##p < 0.01. E empty cage, S1 stranger 1, S2 stranger 2)
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Discussion

Dosage sensitivity intolerance of VIPR2 CNV is
disease causative

The convincing association of some CNVs with neurode-
velopmental disorders poses intriguing questions about their
pathogenic roles. It has been hypothesized that dosage
sensitivity is a major determinant of human CNV patho-
genicity. The pathogenic CNVs are usually enriched for
genes with high evolutionary copy constraints and involved
in developmental processes [3]. In the GWAS study [7], all
of the VIPR2 microduplications (three copies) and tripli-
cations (four copies) of human chromosomal region 7q36.3
lie within VIPR2 genomic locus or the gene-less sub-
telomeric region < 89 kb from the transcriptional start site
[7]. Mouse VIPR2 is in the telomeric region of chromosome
12, which is syntenic to human chromosomal region
7q36.3. The VIPR2 transcripts detected by sequencing in
patients with duplications are the normal size, suggesting a
tandem repeat. The duplications and triplications of 7q36.3
result in increased VIPR2 transcription and cyclic-AMP
signaling. In lymphoid cell lines derived from patients with
7q36.3 duplication and triplications, VIPR2 transcription is
increased by twofold and cAMP responses to VIP and
VIPR2 selective agonist BAY 55–9837 were significantly
increased by 30% as compared with controls [7]. These
findings implicated a pathogenic role of increased VIPR2
gene dosage, expression, and its downstream signaling in
schizophrenia, but with a defined level of confidence for
disease causality.

In order to provide further evidence to support the dis-
ease causality of the VIPR2 duplication, we generated a
series of conditional VIPR2 BAC transgenic mouse models
of VIPR2 CNV. We observed consistent behavioral and DA
deficits in two independent BAC lines, with no obvious
gene dosage effects. The two independent founder lines
were characterized in detail in order to exclude the posi-
tional effects due to the disruption of the genomic locus
by the random integration since it is highly unlikely that
two independent transgenic insertions occur at the same
locus [42].

VIPR2 CNV mouse model recapitulates the gene
expression and signaling deficits seen in human CNV car-
riers. VIPR2 duplication in mice elicits prominent dorsal
striatal DA dysfunction. Young adult VIPR2 CNV mice
manifest cognitive, sensorimotor gating, and social beha-
vioral deficits that preceded by an increase of striatal cAMP/
PKA signaling, striatal neuron dendritic deficits, and dis-
rupted early postnatal striatal development. Remove of the
transgene overexpression can rescue the DA and behavioral
symptoms. As shown in Supplemental Table 1, the simi-
larities between symptoms of schizophrenia and the

alterations elicited in VIPR2 CNV BAC transgenic mice are
consistent with the GWAS studies and suggest that
increased VIPR2 expression or intracellular cAMP/PKA
signaling may play a key role in the pathogenesis of
schizophrenia.

Furthermore, VIPR2 duplication was also highly repre-
sented in ASD in one of the GWAS studies [7]. The ligand
of the VPAC2 receptor, VIP, has been found nearly tripled
the normal level in the blood of neonates with ASD [55].
VIPR2 CNV mice manifested ASD-like traits with disrup-
tion of social, cognitive, and striatal neurodevelopment.
Once considered the same disorder expressed in different
developmental periods, ASD and schizophrenia are both
neurodevelopmental disorders characterized by similar
social and cognitive deficits and with shared genetic and
neurobiological mechanisms, suggesting etiological com-
monality [56]. Intriguingly, Stefansson et al. demonstrated
that even phenotypically healthy carriers of CNVs have
cognitive deficits [57]. Therefore, the pathogenic role of the
VIPR2 duplication could be pleiotropic and can give rise to
many different neuropsychiatric phenotypes that are on a
developmental continuum.

VIPR2 CNV is a rare variant that can substantially
increase schizophrenia risk. Different from the common
variants associated with small disease risk, rare variants
usually cause nonsynonymous or gene dosage changes [58].
Therefore, rare variants offer a better opportunity to facil-
itate the development of animal models to assess the impact
of the genetic vulnerability on brain development and
behavioral manifestations. The strategy to introduce a
human allele in mouse models has been extensively
employed to unravel the causality and pathogenic
mechanisms of CNVs. Different from the conventional
transgenic or conditional knockout approaches, here we
described a conditional BAC transgenic strategy [59] to
model the neurodevelopmental CNV and to dissect
the inflicted neurocircuits. Taking into consideration that
the average mammalian transcriptional unit is about 25 kb,
the 231-kb human BAC we modified encompasses the
complete set of cis-transcriptional regulatory elements to
direct the human VIPR2 gene expression. The sheer size of
the BAC renders the expression of the transgene to be
buffered from the influence of enhancers and repressors
surrounding the integration site, so as to avoid the positional
effects that plagued conventional transgenesis [42]. There-
fore, BAC approach can faithfully reproduce endogenous
human VIPR2 transgene expression pattern in different
brain regions with a better construct and predictive valid-
ities. Furthermore, the conditional design to flox the trans-
gene, and the conditional genetic approach will pinpoint the
pathogenic role in a genetically defined population of neu-
ronal cell types in different brain regions. Thus conditional
BAC transgenesis provides a novel strategy to model CNVs

X. Tian et al.



with a gain-of-copies and to dissect its pathogenic role by
linking the candidate genetic vulnerabilities to dysfunc-
tional neuronal subtypes and circuits.

Abnormally elevated VPAC2/PKA signaling disrupts
striatal development and connectivity

As all DA receptors are either positively or negatively
coupled to an intracellular cAMP/PKA signaling cascade,
dysfunction of the second messenger system has been
associated with abnormal brain neurodevelopment and
schizophrenia [60]. Similar to our observation, Kelly et al.
has found an early postnatal increase of striatal cAMP
levels, but not in adult mice, in a mouse model over-
expressing Gαs G-protein subunit linked to schizophrenia
[61]. Revealed from the sophisticated genetic dissections
in the study, elevated of Gαs/cAMP signaling only during
development was sufficient to manifest adult PPI, spatial
learning and memory, and neuroanatomical deficits. Thus,
too much or too little intracellular cAMP signaling cas-
cade during development can affect neural circuits and
function.

Indeed, we have found early postnatal striatal develop-
mental deficits in VIPR2 CNV mice that manifested as the
elevated cAMP/PKA signaling, increased striatal excitatory
inputs, and striatal dendritic maturation deficit. Impairments
of dendritic and synaptic density in the caudate and puta-
men, such as changes in dendritic arborization, dendritic
spine number/type, and morphology, were consistently
observed in schizophrenia patients [62]. Future studies need
to determine if such dendritic developmental deficits are
causal to the adult manifestation of DA receptor abnorm-
ality and behavioral phenotypes. To address this question,
the inducible Cre system can be employed to delete the
overexpression of VIPR2 in the critical striatal develop-
mental stages. Furthermore, it is valuable to examine if
medications that can correct the consequences of such
developmental deficits could restore normal structure and
function of the inflicted neurocircuits.

During early postnatal development of the striatum, the
majority of corticostriatal and thalamostriatal synaptogen-
esis and circuit connections occurs postnatally. SPNs have
rapid maturation of excitatory synaptogenesis from P8 to 18
driven by the release of glutamate from axon input from
other brain regions [63]. At this period of striatal develop-
ment, both cortical and thalamic glutamatergic afferents
form “afferent islands” in the immature striatum [49]. As
shown in Fig. 4g–i, we found such glutamatergic islands
overlap with patch-like structures of dSPNs, suggesting that
dSPNs undergo very early excitatory synaptogenesis and
may play an “anchor” role to consolidate the excitatory
inputs, thus critical for the maturation of the whole striatum.
Interestingly, early postnatal expression of VIPR2 also

demonstrates a patch-like pattern the striatum (Supple-
mentary Fig. S10D).

It has been shown that corticostriatal connectivity is
highly sensitive to changes in striatal neuromodulation
during early postnatal striatal development [26]. Kozor-
ovitskiy et al. recently revealed a general role of neuro-
modulation mediated by Gαs GPCR/PKA signaling in
SPNs, which is required for both dSPNs and iSPNs to
establish excitatory synaptogenesis during early postnatal
development. Importantly, during early postnatal develop-
ment, PKA signaling in dSPNs, but not iSPNs, play a
biased driver role to regulate cortical glutamate-dependent
circuit wiring via polysynaptic recurrent loops [26].

As shown in the Fig. S1, given the robust role of VIP on
cAMP/PKA signaling in the striatum, our results demon-
strate that human VIPR2 overexpression in SPNs modulates
striatal DA/PKA signaling in derailing the developmental
trajectory of the striatal circuit and its connectivity with the
cortex, thalamus, and other brain regions. Importantly, the
genetic removal of VIPR2 CNV in D1 receptor-expressing
cells rescues the DA receptor abnormality and multiple
behavioral deficits in VIPR2 CNV mice, thus establishing a
causal link that the VIPR2 overexpression in the dopami-
noceptive neurons, especially D1 receptor expression neu-
rons, is causative to manifest schizophrenia-like DA and
behavioral deficits.

How could a striatal abnormality lead to
schizophrenia-like behavioral phenotypes in mice?

In the VIPR2 CNV mice, we found a prominent DA neu-
rotransmission abnormality in the dorsal striatum, consistent
with the recent human imaging findings. Largely based on
observation of the psychostimulant elicited locomotion, the
early DA hypothesis of schizophrenia proposed that the
mesolimbic dysfunction underlay positive symptoms.
However, recent neuroimaging studies have an unantici-
pated finding that that DA dysfunction in schizophrenia is
the greatest within dorsal striatum [21]. These findings have
convincingly pinpointed the associative striatum as the
brain region with the greatest differences in DA dysfunction
(e.g., increase of DA synthesis and D2 receptor density),
with differences in the limbic striatum not reaching statis-
tical significance [64, 65]. Importantly, individuals at high
risk of schizophrenia also have the prominent dysfunction
in the associative striatum, suggesting striatal DA abnorm-
alities are present prior to the onset of schizophrenia and
thus are not a consequence of psychosis episode [22]. It has
been proposed that striatal DA abnormality constitutes an
endophenotype of schizophrenia [66].

DA neurotransmission abnormality, either pre- or post-
synaptic (e.g., increase of D2 receptor density), disrupts
striatal function. The striatum is thought to contain three
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functional domains: the sensorimotor, associative, and limbic
domains, which approximately correspond to the dorsolateral,
dorsomedial, and ventral striatum, respectively (Fig. 1a)
[67, 68]. Acting as an integrative hub, associative striatum
receives inputs from nearly the entire cortex and connects
with the midbrain. Therefore, an aberrant striatal DA signal-
ing elicited by the overexpression of VPAC2 in the DA
receptor-expressing neurons can disrupt the integrative hub
function of associative striatum and impair the cortical flow of
information across cortical–striatal–pallido–thalamo–cortical
loops to affect cognitive and affective processes implicated in
the pathophysiology of schizophrenia [21].

Currently, the cortical hypodopaminergic function is the
leading hypothesis that explains cognitive impairments in
schizophrenia. However, in high-risk individuals for schizo-
phrenia, frontal cortex activation during working memory was
shown to correlate inversely with associative striatum DA
synthesis capacity [69]. Electric or pharmacological activa-
tion/inhibition of the striatum in rodents and primates leads to
disruptions of spatial working memory [70]. Elegant genetic
dissection from Kellendonk et al. [23, 24]. established a
causal role of the striatum in cognitive deficits by selectively
overexpressing D2 receptors only in the striatum, conse-
quently leading to working memory deficits and perturbation
of the prefrontal cortical DA system. Thus, the disruption of
striatal function may underlie cognitive deficits. Furthermore,
different regions of the striatum have also been implicated in
sensorimotor gating deficits and social function [53, 71], and
negative symptoms related to impaired reward-based learning
[72, 73]. Finally, the striatal abnormality may disrupt the
function of the thalamus via the cortical–striatal–pallido–
thalamo–cortical loops. Recent mouse genetic studies from
Chun et al. showed the aberrant elevation of D2 receptor
disrupts thalamic inputs to the auditory cortex in multiple
schizophrenia animal models [74], implicating a pathogenic
role of the thalamocortical disruption in positive symptoms of
schizophrenia. In summary, our model can facilitate the more
sophisticated genetic dissection to determine whether primary
striatal abnormalities exist in schizophrenia, moreover,
when/where/how the striatal function is disrupted and its
link to neurochemical and behavioral manifestations of
schizophrenia.

Future directions

While our genetic dissection revealed a striking pathogenic
role of VIPR2 CNV in the D1 receptor-expressing dSPNs,
as shown in Fig. 5b, D1 receptor is expressed in brain
regions/cell types far beyond the striatal dSPNs. Our current
results could not rule out the disruption of cortical or tha-
lamic excitatory inputs to the striatum due to the VIPR2
overexpression in these regions. In fact, due to the pleio-
tropic effects of VIP signaling in the whole body, it is

difficult to pinpoint the non-cell autonomous role of the
VIPR2 CNV., e.g., pathogenic of the VIPR2 ligands, or
VIPR2 expression in glia, and even in peripheral immune
cells. Thus, the current results will serve as a critical first
step that enables future studies employing multiple Cre lines
to delete VIPR2 in a combination of cell types to dissect a
possible complex pathogenic role of cell–cell interaction,
e.g., corticostriatal or thalamostriatal connectivity. Further-
more, to pinpoint the precise time window when the PKA
signaling can disrupt brain development, inducible condi-
tional genetics with tamoxifen-inducible Cre recombinase
can be used to delete VIPR2 CNV in developmental or
adult stages.

Our humanized CNV model also provides an ideal
in vivo platform to test therapeutic interventions, e.g.,
human VPAC2 specific antagonists [75], or search for
therapeutics specifically targeting Gαs GPCR /cAMP/PKA
signaling. Finally, to explore a therapeutic strategy that can
provide long-term remediation of CNV related neurodeve-
lopmental deficits on cognitive circuits, as a proof-of-prin-
ciple, Cas9 guided by sgRNA can be employed to delete the
whole duplicated human VIPR2 genomic region in VIPR2
CNV mice. Taken together, the impact of the study will go
beyond the rare cases of carriers with VIPR2 CNVs and this
approach affords new mechanistic insights and new ther-
apeutic strategies for nonfamilial (sporadic) schizophrenia
patients and broad CNV related neurodevelopmental
disorders.
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