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The chromosome 15q13.3 microdeletion is a pathogenic copy number variation conferring epilepsy, intellectual disability, schizophre-
nia, and autism spectrum disorder (ASD). We generated mice carrying a deletion of 1.2 Mb homologous to the 15q13.3 microdeletion in
human patients. Here, we report that mice with a heterozygous deletion on a C57BL/6 background (D/� mice) demonstrated phenotypes
including enlarged/heavier brains (macrocephaly) with enlarged lateral ventricles, decreased social interactions, increased repetitive
grooming behavior, reduced ultrasonic vocalizations, decreased auditory-evoked gamma band EEG, and reduced event-related potentials. D/�
mice had normal body weight, activity levels, sensory gating, and cognitive abilities and no signs of epilepsy/seizures. Our results demonstrate
that D/� mice represent ASD-related phenotypes associated with 15q13.3 microdeletion syndrome. Further investigations using this
chromosome-engineered mouse model may uncover the common mechanism(s) underlying ASD and other neurodevelopmental/psychiatric
disorders representing the 15q13.3 microdeletion syndrome, including epilepsy, intellectual disability, and schizophrenia.
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Introduction
Contemporary approaches to neurogenetics have enabled the
discovery of a substantial number of susceptibility genes for neu-

rodevelopmental/psychiatric disorders and significant efforts
have been made to understand the role of these genes and their
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Significance Statement

Recently discovered pathologic copy number variations (CNVs) from patients with neurodevelopmental/psychiatric disorders
show very strong penetrance and thus are excellent candidates for mouse models of disease that can mirror the human genetic
conditions with high fidelity. A 15q13.3 microdeletion in humans results in a range of neurodevelopmental/psychiatric disorders,
including epilepsy, intellectual disability, schizophrenia, and autism spectrum disorder (ASD). The disorders conferred by a
15q13.3 microdeletion also have overlapping genetic architectures and comorbidity in other patient populations such as those
with epilepsy and schizophrenia/psychosis, as well as schizophrenia and ASD. We generated mice carrying a deletion of 1.2 Mb
homologous to the 15q13.3 microdeletion in human patients, which allowed us to investigate the potential causes of neurodevel-
opmental/psychiatric disorders associated with the CNV.
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encoded proteins in the etiology and pathophysiology of the ill-
nesses. The identification of these genes in patient populations
has guided the generation of genetically engineered mouse mod-
els with targeted mutations, which have been used for two main
purposes: (1) to investigate the function/role of the susceptibility
gene and (2) to make disease models to further the understanding
of disease mechanisms. Simple, single-gene knock-out or trans-
genic overexpression strategies are an acceptable approach to
making mutant mice for the former purpose, but are not ideal for
the latter because most of the human disease single susceptibility
genetic variances are noncoding single nucleotide polymor-
phisms and have weak penetration. The profound changes in
gene expression levels often achieved in mutant mice by knock-
out/transgenic strategies are rarely observed in human patients.
Rather, neurodevelopmental/psychiatric disorders likely occur
due to epistatic interactions among multiple gene variants that, in
turn, cause the resultant pathology (Kleinman et al., 2011).

Recently discovered pathologic copy number variations (CNVs)
from patients with neurodevelopmental/psychiatric disorders
show very strong penetrance and thus are excellent candidates for
mouse models of disease that can mirror the human genetic con-
ditions with high fidelity (Glessner et al., 2009; St Clair, 2009;
Tam et al., 2009; Mefford et al., 2010). A 15q13.3 microdeletion
in humans results in a range of neurodevelopmental/psychiatric
disorders, including autism spectrum disorder (ASD) (Ben-
Shachar et al., 2009; Miller et al., 2009; Pagnamenta et al., 2009),
schizophrenia (International Schizophrenia Consortium, 2008;
Stefansson et al., 2008; Vassos et al., 2010; Levinson et al., 2011;
Vacic et al., 2011), epilepsy (Sharp et al., 2008; Dibbens et al.,
2009; Helbig et al., 2009; Muhle et al., 2011), and intellectual
disability (Sharp et al., 2008; Ben-Shachar et al., 2009; Shinawi et
al., 2009). The disorders conferred by a 15q13.3 microdeletion
also have overlapping genetic architectures and comorbidity in
other patient populations, such as those with epilepsy (Bolton et
al., 2011), schizophrenia/psychosis (Clarke et al., 2012), and
schizophrenia and ASD (Carroll and Owen, 2009).

The exceptionally low incidence of 15q13.3 microdeletion and
other CNVs results in clinical studies with very small sample sizes,
which limits the ability to study their contributions to the etiol-
ogy of resultant syndromes. For these reasons, mouse models of
CNVs are extremely valuable tools for investigating the potential
causes of neurodevelopmental/psychiatric disorders associated
with CNVs. We report here our phenotypic characterization of
D/� mice and our observations that these mice represent ASD-
related phenotypes associated with 15q13.3 microdeletion
syndrome.

Materials and Methods
Procedures
All experimental procedures were performed in accordance with guide-
lines published in the National Research Council’s Guide for the Care and
Use of Laboratory Animals. All experimental procedures were approved
by the Astellas Research Institute of America LLC, Institutional Animal
Care and Use Committee or by the Institutional Animal Care and Use
Committee at the University of Pennsylvania.

Generation of 15q13.3/7qC microdeletion mutant mice
We generated mice carrying a deletion encompassing whole genes de-
leted in human 15q13.3 microdeletion patients (Fan1, Mtmr10, Trpm1,
Klf13, Otud7a and Chrna7 ) using FLP recombinase target (FRT) chro-
mosome engineering. A proximal FRT site was targeted into the gene
Chrna7 (downstream of the last exon 10) in mouse C57BL/6N (C57BL/
6NTac) embryonic stem (ES) cells. One of the targeted cell lines (clone
A3) was used to insert the second, complementary cassette into the gene

Fan1 (upstream of the first exon 1), which is located �1.2 Mb telomeric
to Chrna7. We obtained four cell lines in which both the Chrna7 and
Fan1 genes were replaced (clones B4, B5, B8, and B10). Recombination
between the two FRT sites in these cell lines was induced by transient
expression of Flp recombinase. Aliquots of cells were collected and as-
sayed by PCR using primers located in flanking regions of the deletion
(forward 5�-GGTCCGCTCCGATCTGTATCCACT-3� and reverse 5�-
GCTTGGAGGTCATCTAACATCTAAAGGGT-3�). PCR detection of
the 1.2 Mb deletion in cells from clones B5 and B10 indicated successful
intrachromosomal cis-recombination between the two FRT sites. Cells
from these two transfections were plated and one single clone (B10/B8)
with 1.2 Mb deletion was selected by PCR. We used this cell line to
generate chimaeras that transmitted the deletion to their progeny. After
confirmation of germline transmission, we expanded the mutant mouse
colony using in vitro fertilization (IVF) with a C57BL/6N (C57BL/
6NTac) background at Taconic. These IVF-derived mutant mice and
their WT littermates were used for gene expression and large-cohort five
basic behavioral analyses of locomotor activity, social interaction,
anxiety-related behavior, working memory, and long-term memory.
Then, the mutant mice were transferred to Hilltop Lab Animals and
maintained as a mutant mouse line harboring heterozygous a 1.2 Mb
deletion with a C57BL/6N (C57BL/6NHla) background. These mutant
mice and WT littermates were used for subsequent behavioral and EEG
analyses and brain morphological studies.

Measurement of gene dosage and gene expression in brain
Table 1 shows primers used in the present study. For gene dosage analy-
sis, genomic DNA was isolated from tails using DNeasy Blood and Tissue
Kit (Qiagen) and analyzed using quantitative PCR. For gene expression
analysis, total RNA was isolated from brain regions and analyzed using
quantitative RT-PCR as described previously (Chen et al., 2012). Quan-
titative PCR was conducted using SYBR Green PCR Master Mix in a ViiA
real-time PCR machine (Life Technologies). All amplification data were
normalized with mean value of WT group (defined as two copies) for
gene dosage analysis and normalized with glyceraldehyde-3-phophate
dehydrogenase (Gapdh) for gene expression analysis.

Behavioral analysis
Open field locomotor activity. Using the Ethovision XT version 7 software
program (Noldus Information Technology) to track movement in infra-
red light, total horizontal distance traveled over a 30 min period in a 50

Table 1. PCR primers used in the present study

Magel2 Forward CGGGAGTCCTGATGCTACA
Reverse GGAGGAGGATGAGCCAAAG

Mkrn3 Forward GAAGCAAATCCTCTGCAGGT
Reverse GACAGTTATCGCCCTCCTTG

Peg12 Forward CAGCTCGGCCTTGAGGTAT
Reverse GCTGCGGGATGCTTACTTT

Chrna7 Forward CCAGAGGAGGCTGTACAAGG
Reverse TCTCCAGCGGGTTGTAGTTC

Otud7a Forward TGGGCAGCACTTCTACATGA
Reverse CTGACAGGACTGCGTCCATA

Klf13 Forward GACAGCGCCTCGCTTTTC
Reverse CTGGTTGAGGTCCGCTAGG

Trpm1 Forward CCTACGACACCAAGCCAGAT
Reverse CCAGTCCTTCACCATGAGGT

Mtmr10 Forward GGGGCAAGTTGATATGCAGT
Reverse AATGGCATTGGGTCATCTGT

Fan1 Forward TGCACCACCTGCTAAACTTG
Reverse GACTCATCAAGGTGCCGAAT

Mphosph10 Forward TCGTCGACAGACTCTGGAAC
Reverse TTGGTGGCTTTCCTGATTTC

Mcee Forward TGGAACTGCTTCATCCACTG
Reverse CCTCCAGCCTTGTTCTTCTG

Apba2 Forward TGCCACAACCATAGTCCTGA
Reverse GCCCTCGTCATAGTCCTCCT
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cm L � 50 cm W � 50 cm H transparent Plexiglas chamber (Med Asso-
ciates) was measured.

Social interaction. Ovariectomized BALB/c female mice (Hilltop Labs)
at 4 months of age were used to examine social investigative behaviors in
the male’s home cage (20 � 30 � 13 cm) for a duration of 5 min.
Investigation times were counted when the male’s head was in contact
with the female. Trials were videotaped and manually scored with inves-
tigators blinded to genotype.

Anxiety-related behavior (elevated zero-maze). The elevated zero maze
consists of a circular runway with two open quadrants (25 cm � 5 cm)
and two enclosed quadrants of the same size with 15 cm high opaque
walls. The maze is elevated to a height of 55 cm above the floor. Each
mouse was placed in the maze facing one of the closed quadrants. Mouse
behavior was recorded during a 5 min session using Noldus Ethovision
video-tracking software. The time spent in open and enclosed quadrants,
as well as total distance traveled, was recorded.

Working memory (Y-maze). Working memory deficits during a spon-
taneous delayed alternation task were assessed using an automated
Y-maze (Med Associates) with three electronically controlled gray guil-
lotine doors and infrared detection beams. The task began when the
animal was randomly placed in any 37 cm arm with all doors closed for
30 s, after which it was free to choose to enter any arm (start arm). One
minute later, the animal could choose to enter any arm (choice arm).
Once a choice had been made, all doors were closed for 30 s, after which
it could choose any arm (final arm). There were five trials in total with an
intertrial interval (ITI) of 1 min. Maximum time allowed to complete this
task was 15 min. A perfect score was attained when the animal did not
reenter an arm previously chosen within a particular trial. Percentage
correct was calculated by averaging all five trials. All arms of the maze
were unbaited.

Long-term memory (fear conditioning). Fear conditioning was assessed
using an automated infrared video fear conditioning system. The condi-
tioning chambers (Med Associates) were monitored by CCD infrared-
sensitive video cameras. The Med Associates software analyzes the
number of freezing bouts, bout duration, and percentage freezing in
determined time intervals. Stimuli for conditioning were as follows: un-
conditioned stimulus (US; foot shock, 0.7 mA, 2 s) and conditioned
stimulus (CS; 3K Hz, 80db, 30 s coterminating with US). Mice were in the
chambers for 60 s before the first CS presentation. Mice were trained with
five trials with a 60 s ITI.

Sensitivity to pilocarpine. Mice (n � 5/dose) were administered a single
injection of pilocarpine (200, 230, 250, 300, or 350 mg/kg, i.p., for WT;
30, 50, 70, or 100 mg/kg, i.p,. for mutants). The doses were determined
from pilot studies and literature review. The lowest dose of pilocarpine
required to elicit a seizure was recorded (Shin et al., 2013).

Visual paired discrimination and reversal learning. Using methods sim-
ilar to those described previously (Brigman et al., 2010; Romberg et al.,
2013), a visual pairwise discrimination was assessed using an automated
touchscreen system (Camden Instruments and Lafayette Instruments).
Mice were required to learn to discriminate black and white, brightness-
matched visual stimuli on a video screen. A trial began with the presen-
tation of two stimuli on the screen: one was programmed as being correct
(S�) and one as being incorrect (S�). Whether the S� was on the right
or left was determined pseudorandomly. The mouse had to touch the
correct stimulus to elicit the tone/reward tray light and reward delivery
(strawberry-flavored milk). If the mouse touched the incorrect stimulus,
no reward was delivered and a time-out of 5 s followed before the mouse
was given the opportunity to attempt a correction trial. Correction trials
(representation of the stimulus array in the same L-R configuration)
ensued until the correct stimulus was chosen. Mice were trained in daily
sessions consisting of a maximum of 30 trials in 60 min (20 s ITI) until
they performed at a response rate of 80% correct discrimination for 2
consecutive days. Reversal learning training immediately followed the
initial discrimination task. The same criteria were applied to the reversal
learning task, during which mice had to respond correctly to the previ-
ously nonrewarded S� stimulus. Data were analyzed for the number of
days and number of trials required to reach criterion in each task.

Three-chamber sociability test. General sociability was assessed in a
three-chamber social approach apparatus using a modification of the

protocol described by Crawley (2007). Each chamber in the apparatus is
50 cm L � 32 cm W � 40 cm H. There are social, neutral and nonsocial
chambers with cups 7 cm in diameter in the social and nonsocial cham-
bers, which can house one mouse. Mice were placed in the apparatus and
confined to the center chamber for 10 min. They were then acclimated to
the entire apparatus for an additional 10 min. Immediately after the
acclimation period, a novel mouse (C57BL/6 male, 3– 4 months old) was
placed in one of the cups with the opposite cup remaining empty. The
placement of the novel mouse was switched for each experiment to avoid
any potential side bias to the chambers. Time spent in the social and
nonsocial chambers was recorded for 10 min by Noldus Ethovision.

Self-grooming behavior. Mice were placed in a novel test cage with no
bedding or food for 20 min, acclimated for 10 min, and then time spent
grooming was recorded for the second 10 min segment.

Ultrasonic vocalization analysis. Male and female mouse pups 6 d of age
were removed from their mothers and littermates in the home cage and
placed on a small platform inside a sound attenuating chamber (Med
Associates). An ultrasonic microphone (Avisoft Ultrasound Gate) was
suspended 10 cm above the mouse platform. Ultrasonic vocalization
spectrograms were recorded using the Avisoft SAS Lab Pro software and
exported into Excel. Median and maximum amplitude (in decibels) for
each vocalization emitted during the 5 min recording interval was aver-
aged for every individual pup.

Olfaction test. Before testing, animals were presented with small pieces
of Kellogg’s Pop-Tarts, which were used as nonsocial odor, in the home
cage for 2 d. The olfaction test was composed of three consecutive ses-
sions and performed under dim light. Each mouse was habituated in an
empty cage with a cotton swab hanging from the lid for 10 min. In the
first session, each mouse was presented with cotton swabs absorbed with
water for 2 min 3 consecutive times. Immediately after the first session,
the cotton swab was scented with Pop-Tart extract and presented for 2
min 3 consecutive times. The Pop-Tart extract was prepared by soaking
pieces of Pop-Tarts in water and collecting supernatants. The third ses-
sion used the cotton swabs that were scented with soiled cage bedding
from a different mouse cage (social odor). The amount of time a mouse
spent sniffing the cotton swabs during each presentation was measured.

EEG and event-related potentials (ERPs)
Electrode implantation occurred under 1% isoflurane anesthesia. A lead
electrode was lowered into the right hippocampal region 1.8 mm poste-
rior, 2.65 mm lateral, and 2.75 mm dorsal to bregma. Reference and
ground electrodes were placed on the surface of the ipsilateral cortex 0.8
mm posterior and 0.2 mm anterior to bregma, respectively, at the same
lateral coordinate as the lead electrode. Ethyl cyanoacrylate (Loctite;
Henkel) and dental cement (Ortho Jet; Lang Dental) were used to secure
the electrodes to the skull.

Auditory stimuli were generated by Micro1401 hardware and Spike2
version 6.0 software (Cambridge Electronic Design). EEGs were re-
corded during a series of repeated white noise bursts (12 ms duration, 85
decibels). Mice were initially exposed to 200 white noise bursts with an
interstimulus interval (ISI) of 1 s, followed by an identical number of
white noise bursts with a 2 s ISI, followed by a 4 s ISI, then by an 8 s ISI.
One week later, EEGs were assessed during a series of paired-click white
noise bursts (12 ms duration, 85 decibels, 500 ms ISI); 8.5 s separated
each click pair and a total of 300 pairs were presented.

Raw EEG data were analyzed and processed using EEGLAB (Schwartz
Center for Computational Neuroscience) to create a time-frequency
measure for gamma power. Single-trial epochs between 199 and 399 ms
relative to tone onset were extracted from the continuous EEG recording.
For each epoch, power was calculated by the EEGLAB MatLab toolbox
using Morlet wavelets in 116 logarithmically spaced frequency bins be-
tween 4 and 120 Hz, with wavelet cycle numbers ranging from 2 to 10
(Delorme and Makeig, 2004). Gamma power was defined as between 30
to 80 Hz and was quantified as the average from 0 to 60 ms after the
stimulus.

Baseline EEG was averaged over each ISI duration or across all 300
paired clicks. The waveform average was then baseline corrected by re-
moving the baseline ERP response. The amplitude of each ERP waveform
component was quantified as the maximum positive deflection between
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15 and 30 ms (for P20) or the maximum negative deflection occurring
between 25 and 55 ms (for N40). For the paired-click experiment, each
component was calculated after both the S1 and S2 periods.

Brain analysis
MRI was performed using a Varian 7T Horizontal Bore Small Animal
MRI system. After standard MRI preparation (optimization of shim-
ming, pulse power calibration, line width determination, and scout im-
ages to locate the tumor), a scout T2-weighted (T2w) fast spin-echo
multislice sequence was used to image the entire brain to optimize cov-
erage for the subsequent high-resolution scan. The acquisition parame-
ters were as follows: repetition time � 4 s, 8 echoes, echo-spacing � 14.2
ms, k-space centered on the fourth echo, and 2 averages. A 15-mm-
square field of view was used with an image matrix of 128 � 128 and 17
contiguous, 1-mm-thick transaxial slices that covered the entire brain
volume. Immediately after the T2w scan, a higher-resolution spin-echo
multislice sequence was acquired to visualize the entire brain volume
and finer structures throughout. The acquisition parameters were as
follows: repetition time � 3.5 s, 2 averages; a 15-mm-square field of
view was used with an image matrix of 256 � 256 and 60 contiguous,
0.3-mm-thick transaxial slices that covered the entire brain. During
the MRI procedures, anesthesia was maintained using a 1–2%
isoflurane-in-air mixture. Body temperature was maintained using a
thermally regulated water heating blanket. The images were recon-
structed using a custom written script in Matlab (The MathWorks).
For morphological brain analysis, Nissl staining, Golgi staining, and
brain slice preparation were performed as described previously (Ma-
tsumoto et al., 2008).

Statistics
Differences between D/� mice and WT littermates were assessed with a
Student’s t test (two-tailed). EEG data were analyzed using repeated-
measures ANOVA with genotype (D/� and WT) and ISI as variables.
Data are presented as mean � SEM. Statistical analyses were conducted
with Prism 5.0 (GraphPad Software).

Results
Generation of mouse model for human 15q13.3
microdeletion syndrome
To mimic human genetic conditions, we studied heterozygous
mutants harboring one chromosome deletion but retaining one
intact chromosome (D/� mice). We used C57BL/6 ES cells for
the chromosome engineering to avoid the additional burden of
backcrossing to C57BL/6, a standard genetic background in CNS
research. Given that a region of mouse chromosome 7qC is highly
syntenic to the human 15q13.3 microdeletion region in gene con-
tent and order, we have been able to generate mice carrying a
deletion encompassing the identical six genes deleted in human
15q13.3 microdeletion patients (Fan1, Mtmr10, Trpm1, Klf13,
Otud7a, and Chrna7) using Flp-FRT chromosome engineering
methods (Fig. 1A). Proximal and distal FRT sites were targeted
into the gene Chrna7 and the gene Fan1 in mouse C57BL/6 ES
cells, respectively. Recombination between the two FRT sites in
double-targeted cells was induced by transient expression of Flp
recombinase. Cells harboring the expected 1.2 Mb deletion by
successful cis-recombination between the two FRT sites were
used to generate chimaeras that transmitted the deletion to their
progeny. To mirror the human patient genetic conditions, we
studied heterozygous mutant mice on a C57BL/6 background
harboring one intact chromosome and one 1.2 Mb deletion (D/�
mice).

The deletion allele was transmitted at the expected Mendelian
ratios from both male and female mice. Mice with either a pater-

nally or maternally inherited deletion bred normally and were
fertile and apparently healthy. We used adult (4 –7 months old)
male D/� mice with a paternally inherited deletion and com-
pared them to their adult male WT littermates in the present
study, unless otherwise specified.

Gene expression levels in multiple brain regions correspond
to 15q13.3 dosage in 15q13.3 microdeletion mouse model
To validate the D/� mouse model molecularly, we analyzed gene
copy numbers and gene expression levels in the brain and deter-
mined whether the expression levels corresponded to gene dos-
age. Gene copy numbers within the deleted region were decreased
by 50%, as expected (Fig. 1B). Using quantitative PCR, we deter-
mined mRNA expression levels in three brain regions (hip-
pocampus, prefrontal cortex, and striatum). We could not detect
reliable levels of mRNA expression of Trpm1, presumably due to
its extremely low abundance in the three brain regions tested. The
other five genes in the deleted chromosome (Fan1, Mtmr10,
Klf13, Otud7a, and Chrna7) were expressed in all brain regions
and their mRNA expression levels were decreased in D/� mouse
brain (Fig. 1C). Levels of mRNA expression from genes in flank-
ing regions (proximal two genes, Mkrn3 and Peg12, and distal two
genes, Mphosph10 and Mcee) were analyzed in the same three
brain regions. There were no differences observed in mRNA lev-
els of these genes flanking the deleted chromosome region be-
tween WT and D/� mice (Fig. 1C).

15q13.3 microdeletion mouse model did not show
phenotypic diversity
Clinical manifestation of the 15q13.3 microdeletion syndrome in
human patients is heterogeneous, with diagnoses including the
overlapping neurodevelopmental and psychiatric disorders of
epilepsy, intellectual disability, schizophrenia, and ASD. Our
initial observations involved a relatively large cohort of adult
D/� mice and WT littermates to determine whether there
were phenotypic subgroups within the population of mutant
mice that might mimic the clinical diversity of the human
patients.

We assessed five basic behaviors in D/� mice and their WT
littermates: locomotor activity in an open field, social interaction
in a home cage free interaction task, anxiety-related behavior on
an elevated zero maze, working memory in a Y-maze delayed
spontaneous alternation task, and long-term memory in a con-
textual fear conditioning task (Fig. 2). Compared with WT litter-
mates, D/� mice showed significantly less social interaction
duration with a novel mouse in the free interaction task (D/�:
65.0 � 3.6 s, n � 30; WT: 86.5 � 3.5 s, n � 30; t(58) � �4.29, p 	
0.0001), significantly more time in the open sectors of the zero
maze (D/�: 36.7 � 2.8 s, n � 30; WT: 23.8 � 2.9 s, n � 29; t(57) �
3.16, p 	 0.01), a trend toward hypoactivity in the open field
(D/�: 810.6 � 24.6 cm, n � 28; WT: 872.2 � 20.2 cm, n � 28;
t(54) � 1.93, p � 0.059), no differences in percentage correct
alternation in their Y-maze behavior (D/�: 49.3 � 3.4%, n � 30;
WT: 53.0 � 2.1%, n � 30; t(58) � 0.92, p � 0.36), and no differ-
ences in the freezing time in the contextual fear conditioning task
between the two groups (D/�: 42.0 � 2.6%, n � 30; WT: 42.9 �
3.1%, n � 30; t(58) � 0.22, p � 0.83).

Overall, in the five behavior assessments, we did not see any
indication of subgroups or clinically analogous phenotypic diver-
sity (pleiotropy) in D/� mice.
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Figure 1. Generation of 15q13.3 microdeletion mouse model (D/� mice). A, Gene content and order in the region commonly deleted in 15q13.3 microdeletion patients compared with that in
a region of mouse chromosome 7. Note that the relative order of genes is conserved but with inverted centromere–telomere orientation. Blue arrows indicate the transcriptional orientation of genes.
In humans, commonly observed 1.5 Mb deletion in 15q13.3 region arises through nonallelic homologous recombination between duplication blocks, which harbor copies of the GOLGA gene family.
In mice, artificial FRT sites were inserted into regions corresponding to human GOLGA-containing duplication blocks to induce cis-recombination mediated 1.2 Mb deletion. B, Gene copy number in
the deleted region and flanking regions. C, Gene expression levels in the hippocampus (HIP), prefrontal cortex (PFC), and striatum (STR). Levels of gene expression were normalized by Gapdh levels.
***p 	 0.001; N.S., Nonsignificant.
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15q13.3 microdeletion mouse model showed behavioral
phenotypes related to ASD
After we confirmed that there is no obvious diversity in D/�
mouse phenotypes, we assessed behavioral phenotypes using a
regular size cohort.

Home cage behavior was videotaped for 2 consecutive days for
D/� mice (n � 24) and WT littermates (n � 12). There were no
spontaneous seizures observed in either D/� or WT mice. An
absence of an epilepsy-related phenotype in D/� mice was cor-
roborated by no significant differences in the sensitivity to
pilocarpine-induced seizures between mutant and WT mice. We
observed an apparent resistance to seizure induction in D/� mice
compared with WT littermates (Fig. 3A).

Because D/� mice did not show working and contextual
memory deficits, we further examined the cognitive abilities of
the mice using a visual pairwise discrimination task. This task
uses a touchscreen method in which the mice were trained to
discriminate between two visual stimuli projected onto a touch-
sensitive computer screen to receive a liquid reward. There was
no significant difference in the acquisition of the discrimination
task between D/� and WT littermates (D/�: 114.0 � 17.9 trials
to criteria, n � 9; WT: 132.8 � 17.9 trials to criteria, n � 9; t(16) �
0.74, p � 0.47) or in the reversal task (D/�: 207.9 � 24.9 trials to
criteria, n � 7; WT: 222.0 � 20.1 trials to criteria, n � 6; t(11) �
0.43, p � 0.67) (Fig. 3B).

Children with 15q13.3 microdeletion syndrome are fre-
quently diagnosed with ASD (Ben-Shachar et al., 2009) and D/�
mice displayed behavioral traits more similar to ASD-related fea-
tures than other disorders linked to 15q13.3 microdeletion (so-
cial withdrawal and risk-taking behavior without hyperactivity,
seizure, or cognitive impairment). Therefore, we tested D/�
mice using additional tasks that are sensitive to the core pheno-
types related to ASD. The triad of behavioral symptoms diagnos-

tic of ASD are abnormal social interactions, high levels of
stereotyped or repetitive behaviors, and communication deficits
(American Psychiatric Association and American Psychiatric As-
sociation Task Force on DSM-IV, 1994).

The three-chamber sociability test has been used widely to
characterize the social behavior of mouse models of ASD (Craw-
ley, 2007). We retested the sociability of D/� mice and observed
that they did not show a preference for the social chamber over
for the nonsocial chamber of the apparatus during the three
chamber test, whereas their WT littermates did show a preference
(D/� social: 199.6 � 32.3 s, n � 11; D/� nonsocial: 226.8 �
28.7 s, n � 11; t(20) � 0.63, p � 0.54; WT social: 259.8 � 15.1 s,
n � 13; WT nonsocial: 210.7 � 15.5 s, n � 13, t(24) � �2.27, p 	
0.05; Fig. 3C). We assessed D/� and WT mice for stereotyped
repetitive behaviors in a novel environment. D/� mice showed
significantly increased durations of self-grooming (repetitive)
behaviors compared with WT mice (D/�: 79.1 � 12.2 s, n � 15;
WT: 42.5 � 7.6 s, n � 15; t(28) � 2.54, p 	 0.05; Fig. 3D). Ultra-
sonic vocalizations (USVs) emitted by pups when they are sepa-
rated from their mother and littermates are a well characterized
method for assessing social communication between mice. USVs
were recorded for 5 min from male and female D/� and WT pups
on postnatal day 6. D/� mice showed significantly fewer (D/�:
259.0 � 40.2, n � 13; WT: 381.5 � 38.6, n � 15; t(26) � 2.19, p 	
0.05) and less loud (D/�: �100.3 � 1.2 dB, n � 13; WT: �96.6 �
1.0 dB, n � 15; t(26) � 2.45, p 	 0.05) USVs (Fig. 3E). To rule out
any potential impairment in olfaction that may confound the
outcome of the social interaction or other assays, we tested the
animal’s responses to detect various odors by presenting cotton
swabs scented with nonsocial and social scents. Both D/� mice
(n � 9) and WT littermates (n � 8) spent similar time interacting
with the cotton swabs, suggesting that D/� mice display normal
olfactory responses (Fig. 3F).

Figure 2. Basic behavioral phenotypes in D/� mice based on basic behavioral assessment, open field locomotor (activity), free interaction (social interaction), zero-maze (anxiety), delayed
Y-maze (working memory), and fear-conditioning (contextual memory). *p 	 0.05; **p 	 0.01; ***p 	 0.001; N.S., Nonsignificant.
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Figure 3. Autism spectrum disorder (ASD)-related behavioral phenotypes in D/� mice. A, Seizure threshold with pilocarpine. The minimum dose required to elicit convulsive seizures in some of
the mice was 150 and 125 mg/kg for D/� mice and WT littermates, respectively. Open circles represent mice that survived the treatment; closed circles represent mice that died within 90 min of
pilocarpine injection. B, Visual pairwise discrimination task. Both the acquisition and the reversal of the discrimination task are shown. N.S., Nonsignificant. C, Sociability deficits in D/� mice in the
three-chamber apparatus. D, Elevated self-grooming durations in D/� mice. E Fewer and lower-amplitude USVs in D/� mice. Closed circles and squares represent males; open circles and squares
represent females. Representative USVs from D/�mice and WT littermates are shown. *p	0.05; N.S., Nonsignificant. F, Normal olfaction in D/�mice. The mice were examined for their sensitivity
to odor. The mice were presented with three types of scents (water, Pop-Tarts, and social odor) three times for each scent.
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15q13.3 microdeletion mouse model showed altered gamma-
band EEG and ERPs
EEG was recorded in adult male D/� mice (n � 10) and WT
littermates (n � 9). One D/� mouse was removed from the
sensory gating experiment due to poor quality of ERP response. A
main effect of genotype was observed on evoked gamma (F(1,17)

� 7.2, p 	 0.05) and intertrial coherence (ITC; F(1,17) � 6.7, p 	
0.05), with D/� mice showing reductions in both measures rel-
ative to WT mice (Fig. 4A). Likewise, significant main effects were
observed for ISI on both measures (evoked F(3,51) � 17.9, p 	
0.05; ITC F(3,51) � 19.7, p 	 0.05), but this did not differ accord-
ing to genotype, as indicated by the lack of interaction between
genotype and ISI (evoked F(3,51) � 2.1, p 
 0.05; ITC F(3,51) � 1.3,

p 
 0.05). In contrast, no main effects were found for genotype
on induced gamma (F(1,17) � 0.46, p 
 0.05) (Fig. 4A) or baseline
gamma (F(1,17) � 3.23, p 
 0.05), nor was the interaction between
ISI and genotype significant on either measure (induced F(3,51) �
0.9, p 
 0.05; baseline F(3,51) � 1.3, p 
 0.05). A significant effect
was observed for ISI on induced (F(3,51) � 13.4, p 	 0.05), but not
baseline gamma (F(3,51) � 0.95, p 
 0.05).

D/� mice showed a reduction in amplitude of the P20 com-
ponent of the auditory ERP, as indicated by a significant main
effect of genotype (F(1,17) � 5.1, p 	 0.05; Fig. 4B). In contrast, no
main effect of genotype was observed for the later N40 compo-
nent (F(1,16) � 0.63, p 
 0.05; Fig. 4B). Both D/� and WT mice
showed significant sensory gating during assessment on a paired-

Figure 4. Gamma EEG response and ERPs in D/� mice. A, Top, Evoked gamma response to white noise auditory stimuli as a function of ISI in WT and D/� mice. A, Middle, Gamma band ITC as
a function of ISI in WT and D/� mice. Bottom, Induced gamma response to auditory stimuli as a function of ISI in WT and D/� mice. Gamma � 30 – 80 Hz for all measures. B, Top, Maximum
amplitude of the P20 component of the ERP (15–30 ms) as a function of ISI in WT and D/� mice and maximum amplitude of the N40 component of the ERP (25 to 60 ms) as a function of ISI in WT
and D/� mice. Bottom, Sensory gating in WT and D/� mice. *p 	 0.05; N.S., Nonsignificant.
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click paradigm, as defined as a significant main effect of stimulus
type (S1 
 S2; P20, F(1,16) � 5.2, p 	 0.05; N40, F(1,16) � 16.9, p 	
0.05; Fig. 4B). No significant interactions were seen between ge-
notype and stimulus type (P20, F(1,16) � 0.015, p 
 0.05; N40,
F(1,16) � 0.66, p 
 0.05), suggesting that the reduction in S2 over
S1 was not sensitive to the 15q13.3 deletion.

Enlarged brains and lateral ventricles were observed in the
15q13.3 microdeletion mouse model
We measured body and brain weights of adult D/� mice and WT
littermates (male, �4 months old; Fig. 5A). There was no differ-
ence in body weight (D/�: 32.7 � 0.5 g, n � 30; WT: 31.9 � 0.5 g,
n � 30; t(58) � 1.06, p � 0.84), but there was a highly significant
difference in brain weight, with D/� mice having heavier brains
than WT mice (D/�: 0.476 � 0.003 g, n � 30; WT: 0.456 � 0.003
g, n � 30; t(58) � 4.77, p 	 0.0001). We then determined whether
brain weight differences emerged at birth. There were no differ-
ences in either body weight (D/�: 5.65 � 0.20 g, n � 11; WT:
5.67 � 0.13 g, n � 14; t(23) � 0.11, p � 0.91) or brain weight
(D/�: 0.334 � 0.004 g, n � 11; WT: 0.336 � 0.003 g, n � 14; t(23)

� 0.34, p � 0.74) at postnatal day 10 (both male and female pups
mixed; Fig. 5B). However, we observed significant differences in
brain weight (D/�: 0.446 � 0.005 g, n � 5; WT: 0.420 � 0.003 g,
n � 7; t(10) � 4.63, p 	 0.001), but not body weight (D/�: 24.0 �
0.4 g, n � 5; WT: 23.4 � 0.7 g, n � 7; t(10) � 0.65, p � 0.53),
between male D/� and WT mice at 2 months of age (Fig. 5B).

Using MRI, we confirmed that the whole-brain volume was
significantly larger in 2-month-old male D/� mice compared
with WT littermates (D/�: 451 � 4 mm3, n � 7; WT: 436 � 2
mm3, n � 7; t(12) � 3.64, p 	 0.01). We also found that the lateral
ventricles were enlarged in D/� mice (D/�: 3.40 � 0.23 mm3,
n � 7; WT: 2.50 � 0.20 mm3, n � 7; t(12) � 2.97, p 	 0.05; Fig.
5C) compared with WT. There were no differences measured in
the volume of hippocampus (D/�: 16.86 � 0.33 mm3, n � 7;
WT: 16.70 � 0.51 mm3, n � 7; t(12) � 0.26, p � 0.80), striatum
(D/�: 14.83 � 0.49 mm3, n � 7; WT: 15.06 � 0.53 mm3, n � 7;
t(12) � 0.32, p � 0.76), or cerebellum (D/�: 51.38 � 0.75 mm3,
n � 7; WT: 51.14 � 1.02 mm3, n � 7; t(12) � 0.19, p � 0.85)
between the two groups.

At 2 months of age, macroscopic analysis of the male D/�
mouse brains using Nissl staining revealed no gross structural
abnormalities such as laminar formation of cerebral cortices or
position of major brain nuclei (Fig. 5D). Microscopically, Golgi
staining revealed no apparent abnormalities at the level of den-
drite branching or arborization in their cerebral cortex and hip-
pocampus (Fig. 5E).

Discussion
The present study demonstrates that a deletion of mouse chro-
mosome 7qC syntenic to the region that is deleted in patients
with 15q13.3 microdeletion syndrome is similarly pathogenic in
mice. The 15q13.3 microdeletion in humans results in a range of
neurodevelopmental/psychiatric disorders including schizo-
phrenia (International Schizophrenia Consortium, 2008; Ste-
fansson et al., 2008; Vassos et al., 2010; Levinson et al., 2011; Vacic
et al., 2011), epilepsy (Sharp et al., 2008; Dibbens et al., 2009;
Helbig et al., 2009; Muhle et al., 2011), intellectual disability
(Sharp et al., 2008; Ben-Shachar et al., 2009; Shinawi et al., 2009),
and ASD (Ben-Shachar et al., 2009; Miller et al., 2009; Pagna-
menta et al., 2009). The 15q13.3 microdeletion mouse model
generated here displayed phenotypes largely relevant to ASD but
potentially representing other neurodevelopmental/psychiatric
disorders observed due to 15q13.3 microdeletion. Considering

the epidemiological and genetic findings of comorbidity and
shared genetic susceptibility between ASD and epilepsy (Tuch-
man and Rapin, 2002; Tuchman et al., 2010; Bolton et al., 2011),
intellectual disabilities (Matson and Shoemaker, 2009; Mefford et
al., 2012), and schizophrenia (Carroll and Owen, 2009; Guilma-
tre et al., 2009; King and Lord, 2011), this CNV mutant mouse
model should be a valuable tool with which to investigate the
mechanism(s) underlying the variable penetrance of phenotypes
in 15q13.3 microdeletion syndrome.

15q13.3 microdeletion mouse model demonstrated
phenotypes related to ASD
We found that D/� mice demonstrated phenotypes relevant to
the three core behavioral features of ASD: impairment in social
interactions, restricted-repetitive behaviors, and deficits in com-
munication (Chadman et al., 2012).

The deficits in reciprocal social interaction reported here in
D/� mice were assessed by both a free social interaction task in
the subject’s home cage with a novel partner mouse and by a
three-chamber sociability test (Crawley, 2007). Longer bouts of
self-grooming behaviors are the most commonly reported ASD-
related phenotype in mouse models of the disorder (Provenzano
et al., 2012; Jiang and Ehlers, 2013). We measured the number of
ultrasonic vocalizations emitted by maternally isolated pups at
6 d of age and found that D/� pups vocalized less frequently and
less loudly than WT pups, which could be translated to human
disorder by recent studies showing that infants at risk for ASD
and prelanguage toddlers with ASD have abnormal cry and
speech characteristics that are useful correlates of later develop-
mental communication deficits in ASD (Esposito and Venuti,
2010; Sheinkopf et al., 2012; Sullivan et al., 2013). Although not
usually used as a critical diagnostic criterion, increased risk-
taking behavior is also a symptom of ASD and was mirrored by
the behavior of D/� mice in the elevated zero maze, where they
displayed lower anxiety/higher risk-taking behavior (Cavalari
and Romanczyk, 2012).

Reductions in time-locked gamma response, both in terms of
power of response (evoked-gamma) and consistency of response
across trials (ITC), were observed in D/� mice. In contrast, these
mice showed no change in non-time-locked induced gamma or
baseline gamma response. There is evidence that time-locked
gamma responses, including steady-state response and intertrial
coherence, are reduced in subjects with ASD (Grice et al., 2001;
Wilson et al., 2007; Rojas et al., 2008; Gandal et al., 2010; Sun et
al., 2012). Studies explicitly addressing induced gamma in ASD
are rare. Rojas et al. (2008) showed increased auditory induced
gamma in ASD, in contrast to the reductions that they observed
in evoked gamma. Reductions in both induced and evoked
gamma have been reported in schizophrenia (Krishnan et al.,
2009). Therefore, the gamma band disruptions observed in D/�
mice would seem consistent with the time-locked gamma
changes observed in both autism and schizophrenia. Notwith-
standing their relationship to a particular human disorder, the
changes reported here in D/� mice suggest substantial deficits in
stimulus processing and sensory registration. D/� mice showed a
reduced P20 response in the ERP, as well as a more modest,
nonsignificant reduction in N40. Reductions of ERP amplitudes
are commonly reported in schizophrenia, but not autism, espe-
cially in regard to the later negative component. Interestingly,
D/� mice showed normal sensory gating of both the P20 and
N40. Gating studies are mixed in schizophrenia, in which more
recent data suggest that the amplitude of response, rather than
gating, is abnormal. Several studies have failed to report altered
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Figure 5. Enlarged brain and lateral ventricles in D/� mice. A, Body and brain weights of adult D/� mice and WT littermates. B, Body and brain weights of D/� mice and their WT littermates
at postnatal day 10 and at 2 months. C, Enlarged whole-brain volume and lateral ventricle volume in D/� mice. Representative MRIs from D/� mice and WT littermates are shown. Blue, whole
brain; purple, striatum; light blue, lateral ventricle; green, hippocampus; yellow, cerebellum. D, Representative brain images of coronal sections from D/� mice and WT littermates. Sections were
Nissl stained. Note that no gross malformations in D/� mice are seen. E, Representative neuron images from D/� mice and WT littermates. Sections were Golgi stained. Note that no apparent
differences in arborization between D/� mice and WT littermates are seen. Scale bars, 50 �m. *p 	 0.05; **p 	 0.01; ***p 	 0.001; N.S., Nonsignificant.

Kogan, Gross et al. • Mouse Model of ASD J. Neurosci., December 9, 2015 • 35(49):16282–16294 • 16291



P50 gating in autistic subjects, consistent with the data in D/�
mice (Kemner et al., 2002; Orekhova et al., 2008; Oranje et al.,
2013) and suggesting that D/� mice represent EEG phenotypes
related to ASD in this regard.

We found the phenotype of increased brain weight and size in
D/� mice. This phenotype is consistent with the accumulating
evidence demonstrating that individuals with ASD have enlarged
brains (Hardan et al., 2001; Courchesne et al., 2007; Hazlett et al.,
2011). Although a recent reexamination of previous studies
raised the question of brain overgrowth as a generalized bio-
marker of ASD, the existence of a subgroup-specific brain en-
largement in ASD patients was evident (Raznahan et al., 2013).
Importantly, it was reported that 15q13.3 microdeletion patients
diagnosed with ASD also had larger head circumferences (Pagna-
menta et al., 2009). D/� mice may represent features of a subset
of ASD patients with brain overgrowth and would thus be a good
experimental model with which to study dysregulation of brain
growth and its impact on ASD-related behavioral phenotypes.
Our MRI study revealed an enlargement of the entire brain of
D/� mice with an increase in the lateral ventricle volume, which
is also a neuroanatomical feature that has been observed in pa-
tients with ASD (Hardan et al., 2001).

Mechanistic insight into various disorders related to 15q13.3
microdeletion syndrome
The 15q13.3 microdeletion region contains CHRNA7, which has
generated a large amount of attention due to its association with
both schizophrenia (Leonard et al., 1996; Hajós and Rogers,
2010) and autism (Martin-Ruiz et al., 2004; Ray et al., 2005).
However, studies have revealed no array of behavioral pheno-
types or brain morphological deficits in either Chrna7 heterozy-
gous or homozygous knock-out mice that are relevant to these
disorders except for a subtle cognitive deficit, which has been
detected only in homozygous null knock-out mice (Orr-Urtreger
et al., 1997; Young et al., 2007; Young et al., 2011). Therefore, we
propose that a heterozygous deletion of Chrna7 is not sufficient
by itself to evoke phenotypes in D/� mice, but rather that hap-
loinsufficiency of some other gene(s) within the deleted region
(Fan1, Mtmr10, Trpm1, Klf13, or Otud7a) must be needed.

Recently, another 15q13.3 microdeletion mouse Df(h15q13)/�
was reported (Fejgin et al., 2014). The phenotype of the
Df(h15q13)/� mouse is both similar to and different from the
D/� mouse in several respects. Both mouse models had slightly
lower locomotor activity under baseline conditions and both had
no spontaneous seizure activity but reduced sensitivity to phar-
macologically induced seizures (resistant to seizures). Both mice
had normal working memory in the Y-maze and intact long-term
memory in contextual fear conditioning, although the
Df(h15q13)/� mice also had deficits in long-term spatial mem-
ory. In addition, both mice had complex electrophysiological
phenotypes, including decreased auditory-evoked gamma band
EEG and reduced ERPs, with the Df(h15q13)/� mice also having
increased gamma-band power during their active state. Con-
versely, although the Df(h15q13)/� mice had increased body
weight and normal brain weight, the D/� mice had normal body
weight and increased brain weight. The pleiotropy of the two
mouse models may represent the phenotypic diversity in human
subjects harboring the 15q13.3 microdeletion.

Studies using genetically engineered mice have shown that
homeostatic regulation sometimes leads to compensation in per-
turbed molecular pathways that can result in the absence or even
inversion of expected phenotypes in the CNS (Kelly et al., 2007;
Zhang et al., 2007) and that this regulation (e.g., brain size ho-

meostasis) can be strongly modulated by the genetic background
of mice (Houde et al., 2004). Therefore, it is tempting to speculate
that the pleiotropy of the two 15q13.3 microdeletion mouse
models, brain overgrowth in D/� versus normal brain size in
Df(h15q13)/�, may be caused by different compensation levels
influenced by genetic architectures of these two mouse models. It
is worth noting that there could be a subtle difference in the
substrain of mice used (see Materials and Methods), although
both 15q13.3 microdeletion mouse lines have been maintained
on a C57BL/6 strain background. This homeostasis/compensa-
tion mechanism may also explain the reason that both 15q13.3
microdeletion mouse models showed an apparent seizure-
resistant phenotype, which is opposite from the epilepsy pheno-
type anticipated from the 15q13.3 microdeletion, the most
prevalent risk factor associated with �1% of patients with
generalized epilepsy (Helbig et al., 2009). Because a diametric
molecular and morphological relationship between ASD and
schizophrenia has been postulated (Crespi et al., 2010), the pos-
sible homeostasis/compensation mechanism with diverse genetic
variations in humans may explain the reason that ASD and
schizophrenia are conferred by the same 15q13.3 microdeletion.

In summary, our findings with D/� mice indicate that these
animals represent ASD-related phenotypes associate with
15q13.3 microdeletion syndrome. This CNV mutant mouse
model should be a valuable tool with which to investigate the
mechanism(s) underlying the variable penetrance of phenotypes
in the 15q13.3 microdeletion syndrome, including ASD, schizo-
phrenia, epilepsy, and intellectual disability.
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