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Abstract

Background: Copy number variants have emerged as an important genomic cause of common, complex neurodevelop-
mental disorders. These usually change copy number of multiple genes, but deletions at 2p16.3, which have been
associated with autism, schizophrenia and mental retardation, affect only the neurexin 1 gene, usually the alpha isoform.
Previous analyses of neurexin 1a (Nrxn1a) knockout (KO) mouse as a model of these disorders have revealed impairments in
synaptic transmission but failed to reveal defects in social behaviour, one of the core symptoms of autism.

Methods: We performed a detailed investigation of the behavioural effects of Nrxn1a deletion in mice bred onto a pure
genetic background (C57BL/6J) to gain a better understanding of its role in neurodevelopmental disorders. Wildtype,
heterozygote and homozygote Nrxn1a KO male and female mice were tested in a battery of behavioural tests (n=9-16 per
genotype, per sex).

Results: In homozygous Nrxn1a KO mice, we observed altered social approach, reduced social investigation, and reduced
locomotor activity in novel environments. In addition, male Nrxn1o. KO mice demonstrated an increase in aggressive
behaviours.

Conclusions: These are the first experimental data that associate a deletion of Nrxn1a with alterations of social behaviour in
mice. Since this represents one of the core symptom domains affected in autism spectrum disorders and schizophrenia in
humans, our findings suggest that deletions within NRXN1 found in patients may be responsible for the impairments seen
in social behaviours, and that the Nrxn1o. KO mice are a useful model of human neurodevelopmental disorder.
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Introduction Mice with single and multiple deletions of the a-isoforms of all
) ) ) ) three NRXN genes demonstrated an essential role in synaptic
Neurexins are a family of mostly presynaptic proteins [1] that transmission because spontaneous and evoked vesicle release are

form trans-synaptic complexes with postsynaptic neuroligins and decreased in knockout (KO) animals [4], [8], indicating that
other binding partners [2-3], allowing them to shape important

synaptic functions [4]. Mammals contain three neurexin genes
(NRXNT1-3), each encoding two major isoforms, extracellularly
longer a-neurexins and shorter f-neurexins. Through the presence
of alternative promoters and alternative splicing at five conserved
sites, potentially hundreds of different NRXN transcripts could be
produced [3]. It has been reported that splicing patterns depend

neurexins may work to couple extracellular synaptic interactions to
the intracellular organization of the presynaptic secretory appa-
ratus. Deletion of o-neurexins was shown to impair neurotrans-
mitter release which is dependent on N- and P/Q-type Ca®*
channels [4], [9], suggesting that o-neurexins are involved in
regulating the function of these ion channels [9-10].

o ‘ Numerous studies have reported associations between hemizy-
on neuronal activity [5-6], a process that may be highly regulated gous exonic deletions within the NRXN1 gene (2p16.3) and
[7]. neurodevelopmental disorders, including intellectual disability,
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developmental delay, autism and schizophrenia [11-17]. Further-
more, associations between homozygous deletions and Pitt-
Hopkins-like Syndrome [18] and early-onset, severe, complex
epilepsy [19] have been observed. Most deletions affect the 5’
exons of the alpha isoform of NRXN1 but some extend into exons
encoding B-neurexin [11], [16], although it is not clear if these
have a similar or more severe phenotype [20]. In Nrxnlao KO
mice, two studies have observed behavioural alterations: Decreases
in prepulse inhibition (PPI) of the startle response, an impairment
in nest building activities, and an improvement in motor learning
[21], and sex-dependent increases in response to novelty and
accelerated habituation to novel environments [22] were reported.
However, these studies tested mice maintained on a mixed genetic
background (C57BL6/SV129), raising the possibility that differ-
ences in complex social behaviour, expected from deletions in this
gene [11-17], were masked due to the contribution of genetic
background effects [23-26]. Here, we thus assessed behaviours in
Nrxnlo KO mice that had been backcrossed on to a single genetic
background (C57BL/6]), and analysed phenotypes of relevance to
human disorders [27].

Materials and Methods

Mice

Adult male and female Nrxnlo KO mice were generated as
described [4]. Since these mice were previously maintained on a
C57BL6/SV129 mixed genetic background, we subjected the line
to 8 generations of backcrossing to C57BL/6] mice to transfer the
knockout allele onto a standard C57BL/6] genetic background.
From the offspring of the I8 pairing, Nrxnla heterozygote mice
were crossed together to generate the test mice (wildtype (+/+),
Nrxnl heterozygote KO (+/—) and homozygote KO (—/—) mice;
n =9-16 per genotype, per sex). All mice were individually
housed one week prior to testing with ad lbitum access to water and
food (see Materials S1 for detailed information). All housing and
experimental procedures were performed in compliance with the
local ethical review panel of King’s College London, and the U.K.
Home Office Animals Scientific Procedures Act 1986. The work
was carried out under licence (PPL: 70/7184) and all efforts were
made to minimize animal suffering and to reduce the number of
animals used.

Behavioural Testing

Mice were ten weeks old at the start of testing and tests were
recorded using a camera positioned above the test arenas and
movement of each mouse tracked using EthoVision software
(Noldus Information Technologies bv, Wageningen, The Nether-
lands;  http://www.noldus.com/site/doc200403002).  Further
more detailed information about the protocols for all behavioural
tests performed can be found in Materials SI.

Spontaneous locomotor activity. The homecage task was
performed as described [28] except that locomotor activity was
recorded at three 1 hour periods (namely 12 pm, 1 am, and 11 am
the following morning).

Anxiety tasks. The open field, light/dark box and elevated
plus maze were performed essentially as described [28].

Cognitive tasks. A range of cognitive tasks were carried out
on the mice, including novel object discrimination, Morris water
maze and delayed matching-to-place (DMP). Novel object
discrimination task, performed as described [29], except that both
short and long term memory were investigation using inter-trial
intervals of 1 and 24 hours respectively. Morris water maze was
performed essential as described [28], however mice were run in
squads of 6 mice/squad, each mouse underwent four trials per
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day, mice were tested for 10 consecutive days and a probe task was
run on the last day to assess the retention of spatial memory. DMP
was carried out in the Morris water maze, as described [30],
except mice underwent 8 trials/day for 7 days, the platform
location was changed each day in a random manner, and the
maximum trial length was 90 s. The reduction in latencies to find
the platform between the first and subsequent trials is referred to
as ‘saving time’ and is used as an index of working/episodic-like
memory. (Additional pre-training was not carried out as mice had
received extensive training during the Morris water maze testing
prior to the DMP).

Social tasks. The three-chamber social approach task and
the social investigation task were both performed. These were
carried out essentially as described [31-32]. However for the
three-chamber social approach task the equipment was not
automated, instead the Ethovision tracking system was used to
monitor the movement of the mice throughout the three
chambers. For the social investigation task, test mice underwent
two tests with adult and juvenile conspecifics, respectively. If
prolonged periods of aggression was seen throughout the 4 minute
trial (>45 seconds), the trial was stopped and the conspecific
mouse was removed. As the testing order for the two social
investigation tasks may have confounded the results, the social
investigation task using juvenile conspecifics was repeated in a
separate cohort of mice (n=5-9 per genotype, per sex). For each
social task a different conspecifics mouse was used, so no test
mouse was exposed to the same conspecific mouse more than
once. All conspecifics were singly housed in a separate room to the
test mice one week before social behaviour testing began.

Grooming behaviours. Grooming was investigated in the
mice during a 10 minute trial, essentially as described [21],
however grooming behaviours were recorded by the investigator
blind to the genotype group using the Ethovision software.

Nesting behaviours. On day 1, mice were placed in a fresh
home cage with 60 g of standard food and 90 g of sawdust. 20 g of
nesting material was placed in the food hopper on top of the cage.
The amount of nesting material left on the food hopper and pulled
into the cage was measured 24 hours later. In addition, the
dimensions (cm) and weight (g) of the nest were measured.

Buried food task. This was performed essentially as
described previously [33], except that small chocolate cookies
(Nestle Cookie Crisp®, Welwyn Garden City, U.K.) were used as
the palatable food.

Statistical analysis. All statistical analysis was conducted
using Statistica software (Version 5.5, StatSoft, Inc., Tulsa, OK).
Data was analysed using either a Student’s t-test, a 2-way ANOVA
or a 2-way repeated measures ANOVA, as appropriate. The
between-factors were always sex and genotype, and within-factors
were either time (home cage), chamber (three-chamber social
approach task) or sessions (Morris water maze, DMP). An analysis
of covariance (ANCOVA) was used to look at the relationship
between activity and anxiety measures, as well as any body weight
differences between groups.

Results

Reduced Locomotor Activity and Anxiety-like Behaviours

To explore whether neurexin 1o affects locomotor activity, we
tested Nrxnlo KO mice in the homecage task (28), as other mouse
models of autism have revealed alterations in spontaneous activity
[34]. Across the transfer hour all mice showed habituation to the
home cage arena (session factor: F(5,290) = 30.25, p<<0.001). The
female Nrxnloe KO mice exhibited significantly reduced locomo-
tor activity across both the transfer (sex x genotype interaction:
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F(2,58)=8.61, p<0.001) and dark hour (genotype factor:
F(2,46)=12.4, p<0.001; Figure 1), compared to wildtype (WT)
and heterozygote (HET) mice. There were no differences in the
locomotor activity levels across the light hour session. Male
Nrxnlo KO mice showed a trend towards a decrease in the dark
hour, but this did not reach significance. Our results indicate that
deletion of only one o-Nrxn gene does not lead to general
inactivity, but has a specific effect on reducing locomotor activity
in novel situations prior to habituation occurring.

Following investigation of Nrxnlet mice in a habituated
(homecage) environment, we assessed the behaviour of the mice
in a potentially threatening environment. Anxiety is an associated
symptom of autism, occurring in a subset of patients [35], and
therefore it is of importance to measure in the Nrxnlo mice.
Furthermore, increased anxiety was observed in a mouse model
for the neurexin ligand neuroligin 2 [36]. Since Nrxnla binds to
neuroligin 2 [37-38], we investigated anxiety-like behaviour by
using the open field, light/dark box, and the elevated plus maze.
We observed an overall trend for a reduction in the time spent in
more anxiogeneic areas of all three anxiety tasks, indicative of
increased anxiety in Nrxnlot KO mice (Figure 2). Interestingly, the
difference was more apparent in male mice who spent less time in
the light compartment of the light/dark box compared to WT and
heterozygous mice (genotype factor: F(2,64)=13.43, p<<0.001).

Social Alterations in Neurexin 1o Knockout Mice

To validate the reduced motor activity observed in the home
cage scenario, we also measured the locomotor activity of the mice
in the least threatening area of the three anxiety tasks. Reduction
in locomotor activity was seen in the light/dark box as all Nrxnlo
KO mice made a reduced number of transitions between
compartments (genotype factor: F(2,64)=22.55, p<<0.001, see
Figure 3) and male Nrxnlo KO mice entered the closed arms of
the elevated plus maze significantly fewer times (genotype factor: I
(2,63)=12.74, p<0.001). Analysis of co-variance (ANCOVA) was
performed on the results for the activity and anxiety measures in
the light/dark box, to assess whether these behaviours were
influencing each other in these tasks. The ANCOVA produced a
significant interaction effect (F(2,63)=45.3, p<<0.0001), a result
which remained significant when co-varying out locomotor
activity (F(2,63)=7.8, p<0.001). However when co-varying out
the anxiety measure, the locomotor measure was no longer
significant (F(2,63)=1.24, p=0.30). These results suggest that an
increase in anxiety is the main phenotype in the Nrxnlot KO mice,
and that reductions in locomotor activity may be a secondary
consequence.

Nrxn1a KO Mice Show Altered Social Approach
Since impaired social behaviours are a key symptom of ASDs
and schizophrenia [39], we investigated social interactions in the
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Figure 1. Deletion of Nrxn1a affects locomotor activity in females. Data shown are means (£ sem) distance travelled by the Nrxn1a mice
during the 3 one hour recordings in the homecage task. Data derived from 23 WT (12M, 11F) 29 HET (15M, 14F) 18 KO (9M, 9F) mice. Activity is shown
for the transfer hour (male A, female C) and dark hour (male B, female D). Data from each hour was split into six 10 min time bins. Levels of

significance indicated by *** as p<<0.001, compared to WT mice.
doi:10.1371/journal.pone.0067114.g001
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Figure 2. Anxiety is elevated in male Nrxn1a mice. Data shown are anxiety measures taken from the open field, light/dark box and elevated
plus maze. Panels are mean (* sem) time spent in the central area of the open field for male (A) and female (B) Nrxn1o. mice, time spent in the light
compartment of the light/dark box for male (C) and female (D) Nrxn1a mice and time spent in the open arms of the elevated plus maze for male (E)
and female (F) Nrxn1a mice. Data derived from 23 WT (12M, 11F) 29 HET (15M, 14F) 18 KO (9M, 9F) mice. Levels of significance indicated by *** as
p<<0.001, compared to WT mice, and ### as p<0.001, compared to HET mice.

doi:10.1371/journal.pone.0067114.g002

Nrxnla KO mice. Direct social approach in mice has strong face
validity to simple social approach behaviours in humans [31], and
therefore this is an important behavioural domain to investigate in
Nrxnle deficient mice.

During the 3 trials of the three-chamber social approach task, 3
different behaviours of the Nrxnloo KO mice were tested:
locomotor activity, preference for a social cue versus novel object
(social approach or sociability) and preference for social novelty.
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During trial 1, side preference was measured to rule it out as a
confounder and no side preference was observed (chamber factor:
F(1,67)=0.001, p=0.97). Nrxnlot KO mice travelled a signifi-
cantly shorter distance compared to WT and HET mice in the
three-chamber  social — approach task (genotype factor:
F(2,64) = 48.42, p<0.001, see Figure SI).

In Trial 2, social approach, defined as the time the mice spent
with either a novel conspecific mouse or novel object, was
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Figure 3. Deletion of Nrxn1a causes reduced locomotor activity in the light/dark box. Data shown are mean (£ sem) number of
transmissions between the light and dark compartments for male (A) and female (B) Nrxn1o mice. Data is derived from 23 WT (12M, 11F) 29 HET
(15M, 14F) 18 KO (9M, 9F) mice, and levels of significance indicated by ** and *** as p<<0.1 and p<<0.001, respectively, compared to WT mice.

doi:10.1371/journal.pone.0067114.g003

recorded, with a preference for the novel conspecific mouse
indicating social approach or sociability. All mice showed social
approach behaviour as all mice spent a greater amount of time in
the chamber with the mouse compared to the novel object
(chamber factor: F(1,64)=329.1, p<<0.0001), see Figure 4A.
However, Nrxnlot KO mice spent a significantly greater ratio of
time in the chamber with the mouse versus the object, compared
to both the WT and HET mice, suggesting that the Nrxnlo KO
mice displayed a greater degree of social approach (genotype
factor: F(2,64)=32.85, p<<0.001). Nrxnlao KO mice also spent
more time sniffing the wire cup containing the mouse compared to
the object than either the HET and WT mice (genotype factor:
F(2,64) = 48.96, p<<0.001).

Preference for social novelty was also investigated, although this
is not thought to be as relevant to autism-like symptoms as social
approach as preference for social novelty involves social recogni-
tion and social memory [35]. During Trial 3, the female Nrxnlo
KO mice spent a significantly greater amount of time in the
chamber containing the novel mouse, compared to female WT
and HET mice (genotype factor: F(2,64)=17.92, p<0.001,
Figure 4B), suggesting that female Nrxnlo KO mice have a
greater preference for social novelty. There was no significant
preference for social novelty in any of the male genotype groups.
However, preference for social novelty was not observed in the
WT mice, suggesting that this task was not sensitive enough to
detect social novelty in control mice and therefore results from this
trial should be interpreted with caution.

ANCOVA was used to check that changes in locomotor activity
were not affecting the social results in trials 2 and 3. Here, both
significant genotype effects on social behaviours remained after co-
varying activity out (Trial 2 - F(2,62)=44.7, p<<0.001; Trial 3 -
F(2,63)=3.13, p=0.05). Overall, these results show that deletion
of Nrxnla leads to alterations in social behaviours, a key symptom
category in autism and schizophrenia.

Male Nrxn1a. KO Mice Showed Increased Aggression in
the Social Investigation Task

To further investigate the social behaviours of the Nrxnla KO
mice, and in particular to access their direct social contact with
other mice, social investigation of adult and juvenile conspecifics
was measured. In the social investigation task with adult
conspecifics, the male Nrxnloe KO mice spent significantly more
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time in aggressive behaviour compared to WT and HET male
mice (Genotype factor: F(2,31) =10.09, p<<0.001). There was also
a significant sex effect for time spent being aggressive (Sex effect:
F(1,62)=17.4, p<0.0001), as all female mice did not display any
aggression. Furthermore, male Nrxnloo KO mice also spent a
greater time social sniffing the conspecifics (Genotype factor:
F(2,31)=5.11, p=0.01). There were no differences in social
investigation in the female Nrxnlo mice.

As the Nrxnlot KO male mice show high levels of aggression
towards adult conspecifics, we wanted to investigate their social
and aggressive behaviours further using juvenile conspecific mice.
Juveniles should trigger less aggression in adults [32], permitting
assessment of the social behaviour of Nrxnlo KO mice in a less
aggressive environment. All Nrxnlot KO mice and male Nrxnlo
HET mice spent a significantly reduced time in social investigation
with the juvenile conspecific, compared to WT mice (genotype
factor: F(2,66) =7.61, p<0.01; see Figure 5C and E). Due to high
levels of aggression observed in male Nrxnlot KO mice towards
the juvenile conspecifics (mean [* sem| percentage of time:
WT =1.4(x0.8); HET =3.4(x1.4); KO =15.1(%5.5)), the social
investigation task had to terminated early in some mice. The
Nrxnlo KO male mice spent a significantly shorter time in the
trial, compared to both Nrxnloe WT and HET male mice
(genotype factor: F(2,33)=7.08, p<<0.01). Male Nrxnlo KO mice
also displayed a significantly greater amount of aggression,
compared to the Nrxnloe WT and HET male mice (genotype
factor: F(2,66)=5.72, p<0.01; see Figure 5A). This demonstrates
that male Nrxnloe KO mice even demonstrated heightened
aggressive behaviours towards less threatening juvenile conspecific
mice, suggesting a presence of a strong aggressive phenotype in
these mice.

To check that the test order for the social investigation tasks
(response to adult and then juvenile conspecifics) did not confound
the results, this task was repeated in a separate cohort of test mice
only exposed to juvenile conspecific mice. In this experiment, male
Nrxnloa KO mice again displayed significantly greater number of
bouts of aggressive behaviours (genotype factor — F(2,18)=4.44,
p<<0.05) and spent significant longer time in aggressive behaviours
in response to juvenile conspecifics, compared to WT mice
(genotype factor — F(2,18)=4.18, p<<0.05; see Figure 5B).
Furthermore, Nrxnlot KO mice spent significantly less time social
sniffing juvenile conspecifics (genotype — F(2,35)=4.41, p<0.05;
see Figure 5D and F). There was also a significant sex effect for
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respectively, compared to HET mice.
doi:10.1371/journal.pone.0067114.g004

time spent in anogenital sniffing with males spending more time in
anogenital sniffing than females (sex effect — F(1,35)=13.8,
p<<0.001). The only apparent effect of conspecific test order
appeared to be an increase in social sniffing behaviour displayed
by female test mice exposed to adult before juvenile conspecific
mice, see Figure 5E and 5F.

Olfactory information is essential for a wide range of mouse
behaviours, including social interactions [40], and these social
tasks used in the present study depend on olfactory cues. In the
buried food task, there were no significant effects of genotype on
the time taken to find the food (genotype factor: F(2,64)=0.01,
p=0.99), however there was a significant sex effect (sex factor:
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191,64)=9.6, p<0.01) with female mice taking longer to find the
buried food. Therefore, all mice have an intact sense of smell (see
Table S1 in Materials S1), and this is not impacting on their social
behaviours.

Nrxn1o KO Mice Display Reduced Nest Building

Nest building is considered a normal home cage behaviour [41]
and has previously been associated with maternal care [42]. As a
significant reduction in nest building was found in Nrxnla KO
mice maintained on a mixed genetic background [21], this test was
repeated in the current study. All Nrxnloo KO mice displayed
reduced nest building, compared to WT and HET mice (see
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shown are the mean (= sem) social investigation behaviours of the Nrxn1a mice. A - Time spent (s) carrying out aggressive behaviours towards the
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doi:10.1371/journal.pone.0067114.g005

Figure 6). The nest weight (genotype factor: F(2,64)=51.86 Nrxn1a KO Mice Show no Impairments in Spatial or
p<<0.0001), nest width (genotype factor: F(2,64)=3.37 p<0.05) Working/Episodic Memory

and nest length (genotype factor: F(2,64)=4.05 p<<0.05) were
reduced in ernl.O( KO mice. There was also a significant sex memory, are commonly seen in schizophrenia [43] and some
effect for nest Wellght (sex factor: F(1,64)= 11'78’ p<0.01) with ASD patients with neurexin mutations have been found to have
female mice making smaller nests. Overall, this shows that the low 1Qs [44], Nrxnla KO mice were tested in the Morris water
impairment in nest building behaviours is a strong phenotype that maze task. Mice underwent 4 trials per day, across a 10-day
is present in both the backcrossed Nrxnlot KO mouse and mutants period. Across the test sessions, all mice showed a significant

maintained on a mixed background. reduction in the latency to find the platform (session factor:

Since cognitive deficits, including impairments in spatial
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Figure 6. Impairment in nest building behaviours in the Nrxn1a KO mouse. Data shown are the mean (* sem) weight (g) of the nests built
by the mice over a 24 hour period. Data is derived from 23 WT (12M, 11F) 29 HET (15M, 14F) 18 KO (9M, 9F) mice, and levels of significance indicated
by *** as p<<0.0001, compared to WT mice, and ## and ##+# as p<<0.01 and p<<0.001, respectively, compared to HET mice.

doi:10.1371/journal.pone.0067114.g006

F(8,512)=17.49, p<0.0001, see Figure 7). There was no effect of
Nrxnla genotype on performance in the Morris water maze task
in male mice. Female Nrxnlo KO mice had significantly
increased latency to reach the platform across the task (genotype
factor: F(2,64)=18.3, p<<0.0001), compared to female WT and
HET mice. However, female Nrxnloo KO mice also had
significantly reduced swim speeds across the task, compared to
WT and HET mice (genotype factor: F(2,64)=27.62, p<<0.001;
Figure 7). The reduction in swim speed in the female Nrxnla KO
mice appeared to be driving the observed increase in latency to
reach the platform, suggesting that there was not a spatial memory
impairment in the female Nrxnlot KO mice, just a reduction in
locomotor activity. Furthermore, there was a significant reduction
in path length across the ten days in both male and female mice
(session factor: F(8,512)=14.78, p<<0.0001) which also indicates
that there was no effect of Nrxnla KO on spatial learning in either
SCX.

Because patients with schizophrenia exhibit deficits in a range of
cognitive functions, including working and episodic memory, we
used a delayed matching-to-place (DMP) task to assess working/
episodic-like performance in the Morris water maze. A reduction
in the time taken to find the platform between trial 1 and trial 4
during each test session (‘saving time’) is taken as a measure of
working/episodic-like memory. Mice displayed a ‘saving time’ in
their latency to reach the platform over the 4 test sessions (session
factor: F(3,192)=7.32, p<0.001) however there were significant
sex and genotype effects (sex factor: F(1,64)=9.7, p<<0.05;
genotype factor: F(2,64)=10.4, p<0001), as the Nrxnla KO
mice did take longer to reach the platform and in general females
were quicker to reach the platform than males (Figure 8). All mice
also significantly reduced their path length throughout the 4
sessions (session factor: I(3,192) = 8.14, p<<0.001), and there was a
significant sex effect as females had on average a shorter path
length than males (sex factor — F(1,64) = 4.42, p=0.04). For swim
speed, there is again a significant session factor across the 4
sessions (session factor: F(3,192)=32.1, p<<0.0001) as all mice
reduce their swim speed, however the Nrxnloo KO mice show
significantly reduced swim speed compared to WT and HET mice
(genotype factor: F(2,64)=12.9, p<000.1; Figure 8). As with the
standard Morris water maze, the Nrxnlae KO mice had
significantly reduced locomotor activity in the DMP, leading to
the observed increase in latencies in the Nrxnlo KO mice
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confounding the assessment of working/episodic-like memory
using latency measures in this task. However, the lack of genotype
effect on the path length measures in this task, further support a
lack of effect of Nrxnla deletion on working/episodic-like
memory.

Nrxn1a KO Mice Show no Impairments in Short or Long
Term Memory or Repetitive Behaviours

Cognitive deficits have been seen across a variety of neurode-
velopmental disorders [45—46] and therefore working memory in
Nrxnlo KO mice was assessed. The novel object task was carried
out where mice are exposed to a series of novel and familiar
objects to access both short-term and long-term memory, however
no deficit in working memory was identified (see Table S in
Materials S1).

Another core feature of autism is repetitive/stereotyped patterns
of behaviour [39], and increased grooming has been previously
found in Nrxnlo KO mice maintain on a mixed background [21].
However, no difference in grooming behaviours in the Nrxnlo
KO mice was seen in the present study (see Table S1 in Materials

S1).

Discussion

We hypothesized that deletion of the Nrxnlo gene in a pure
genetic background would lead to alterations in behaviours
relevant to behavioural abnormalities seen in humans with
NRXNI1 genetic deletions. Furthermore, electrophysiological
recordings in central and peripheral nervous systems revealed
that genetic deletion of Nrxnlel in mice reduces spontaneous and
evoked release [4], [8], [21]. Since exonic deletions in the NRXN1
gene in human patients were linked to autism and schizophrenia
[15-16], we wanted to test whether the impairment in transmis-
sion may also lead to behavioural abnormalities related to the
diseases. In this study we have shown that homozygous deletion of
the Nrxnlo gene maintained on a single genetic background
resulted in increased social approach, a reduction in social
investigation towards a juvenile conspecific and reduced locomo-
tor activity in novel environments. In addition, male KO mice
exhibited an increase in aggressive behaviour towards both
juvenile and adult conspecifics. These results suggest that Nrxnlo
may play a role in regulating locomotor activity and social
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Figure 7. Nrxn1a mice show no impairment in spatial working. Data shown are mean (= sem) behaviours of the Nrxn1a. mice during the
Morris water maze. Latency to reach the platform for male (A) and female (B) mice, path length for male (C) and female (D) mice, and swim speed for
male (E) and female (F) mice. Data is derived from 23 WT (12M, 11F) 29 HET (15M, 14F) 18 KO (9M, 9F) mice, and levels of significance indicated by **
and *** as p<<0.01 and p<0.0001, respectably, compared to WT mice.

doi:10.1371/journal.pone.0067114.g007

suggest that deletions within the NRXNI gene found in patients
may be responsible for the impairments seen in social behaviours.

behaviour in mice. This is the first report linking a deletion in
Nrxnla to alterations in social behaviour, one of the core
symptom domains affected in ASDs, and therefore our findings
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Altered Social Behaviours in the Nrxn1a KO Mouse

In the present study the most significant finding is alterations in
social behaviours. There are a number of ways in which Nrxnlo
KO mice may show increased social approach in the three-
chamber social approach task. Firstly, deletion of Nrxnlo may
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interfere with the encoding of social information and therefore it
may take the knockout mice longer to interpret social cues given
off by the conspecific mouse, causing them to spend a greater
amount of time investigating them. Alternatively, as the Nrxnla
KO male mice also show a significantly increased level of

10
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aggression, it may be this that is causing them to appear to have
greater social approach. Differences in aggression between male
and female mice is commonly reported [47-49] with males
tending to show higher levels of aggression towards intruders
throughout their adult life, however females only show fierce
aggression to intruders during lactation and rearing pups [49].
This may explain why aggression was not observed in female
Nrxnlo KO mice. As the mice were singly housed one week
before testing began (and 2 months before the social investigation
tasks occurred) this may have heightened the aggressive behav-
iours. However the aggressive phenotype was observed in the
replication study in which the test mice had only been singly
housed for one week prior to testing so the increased aggression
observed in the male Nrxnlot KO mice is probably not a results of
extended single housing. During the two social investigation tasks,
the male Nrxnlao KO mice show different patterns of social
sniffing: they displayed an increase in social sniffing towards an
adult conspecific but a decrease when paired with a juvenile
conspecific. In the replication cohort, the social investigation task
was only performed using juvenile conspecifics to examine
whether test order had confounded the results. As the reduced
social sniffing of the juvenile conspecific was replicated, this
indicates that the order of testing did not affect the behavioural
results, and that reduced social investigation is a robust phenotype
of Nrxnlot KO mice. Although it is interesting that Nrxnla KO
male mice showed different social behaviour towards conspecific
mice of different ages, further experiments would need to be
conducted to determine why the social phenotype of these mice
depends on the age of the conspecific and whether this altered
social behaviour is present early in development in Nrxnlae KO
mice.

In this study we have also shown that Nrxnlot KO mice have a
significant reduction in nest building behaviours, a phenotype that
was also observed in Nrxnloo KO mice maintained on a mixed
background [21]. Previous research has shown that nesting helps
to facilitate family structure and maternal interaction [50].
Although pregnant females tend to build the most complex nests,
nesting behaviour is also relevant to male mice and non-pregnant
females, where impairments in nest building can provide early
indications of aberrant social behaviours [41],[51-52]. In addition
to the Nrxnlot KO mice, changes in nesting have been associated
with abnormalities in social behaviour observed in other mouse
models. For example, Dvll mutants, which provide a model of
several human psychiatric disorders, show impairment in nesting
building behaviours as well as reduced social interactions and
abnormal PPI [41]. Furthermore, mice lacking the Schurri-2 gene,
a major histocompatibility complex enhancer gene, have been
found to have schizophrenia-related behavioural abnormalities,
including impairment in nest building [53]. These findings, as well
as the fact that administration of psychomimetic agents has been
shown to disrupt nest building in mice [54], further suggest that
nest building impairments in mice may be associated with social
behaviour of relevance to psychiatric disorders.

Previous Behavioural Findings of the Nrxn1o. KO Mouse

In addition to the social behavioural findings, there are a few
inconsistences between this study and previous behavioural results.
An increase in repetitive grooming behaviours has previously been
reported [21], and an increased response to novelty, measured by
locomotor activity reduction over 3 trials, were found in male
Nrxnlo mice [22]. However we found the opposite, where all
Nrxnloa mice show a reduction in locomotor activity in novel
situations. Both previous reports also tested the mice on numerous
social tasks, however did not find any significant alterations in
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social behaviours. In this study, the research was carried out on
mice that had been backcrossed onto a single genetic background
(G57BL/6]), as opposed to previous behavioural analysis of the
mice that were maintained on a mixed genetic background
(C57BL6/SV129) which could result in individual genetic
variation at, or separate to, the targeted locus that might confound
or obscure the behavioural analysis [21-22]. The Nrxnla KO
mouse was engineered in embryonic stem cells from the SV129
sub-strain of mice, because these cell lines are amenable to
targeting by homologous recombination. A congenic line made
with unrelated strains is statistically expected to be roughly 97%
from the recipient after 5 generations of backcrossing [55], with
each round of backcrossing causing host genome sequences to be
lost exponentially, thus decreasing the congenic footprint flanking
the targeted mutation. Prior to backcrossing, this congenic
footprint will contain numerous genes, which may contribute to
the behavioural phenotype, making any interpretation difficult. It
has previously been shown that, for example, PPI is enhanced in
Fmrl (fragile X mental retardation 1 gene) KO mice on a pure
C57BL/6] background, but normal when the mutants are
maintained on a mixed C57BL/6] x FVB/N]J background [56],
highlighting the importance of transferring the allele onto a single
genetic background. Furthermore, a mixed background could also
contribute to genetic variation at regions outside the targeted
locus, seriously confounding phenotypic assessment [26].

Animal Models of Neurodevelopmental Disorders

The development of reliable, predictive animal models for the
traits related to complex disorders, such as autism and schizo-
phrenia, is essential to increase our understanding of the disorders
and develop disease models that can be used in the development of
new treatments. This study was designed to investigate the role of
Nrxnla in a variety of mouse behaviours potentially analogous to
autism and schizophrenia, and not to directly mimic the deficits
associated with the deletion in humans. A fundamental issue
surrounding mouse models of neurodevelopmental disorders is
translatability, i.e. the ability to identify which specific behaviours
in the mouse reasonably correlate with the symptom categories for
each disorder, as well as the reproducibility of such models. The
relationship between animal and human behaviour, especially in
relation to genotype-phenotype correlation, is not clear, however
there is a body of research aimed at generating translatable rodent
tests which simply focus on core symptoms, such as abnormal
social interaction and repetitive behaviours for autism, and
working and spatial memory tasks for schizophrenia [57-58].

In addition, there are a number of important considerations for
cross-species validity of mutations [59-60], especially CNVs. In
rodents, full knockouts are usually studied but in human disease
copy number mutations are rarely knockouts, but hemizygous
deletions or duplications of highly dosage-sensitive genes. This
allows for the function of the gene to be explored in the mouse
model, however translation back to the human hemizygote CNV
is not usually so straightforward. Secondly, the phenotypes
observed in animals may be less deleterious than those seen in
humans. This may be due to differences in gene function between
the species or changes in compensatory mechanisms, but
highlights why you may see phenotypes in a KO mouse and not
a HET mouse. In the present study, a lack of HET effect may be
due to compensatory actions of other transcripts, such as the B-
isoform which is still intact in these mice, unknown alternative
NRXNT transcripts, the Nrxn2 and/or Nrxn3 genes, or functional
differences between the human and mouse Nrxn genes.

One notable feature of NRXNI1 deletions, as for many rare
pathogenic largely de novo CNVs [61-64], such as deletion of
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15q13.3 [65—66], 16p11.2 [63], [67] and 1q21.1 [66], [68], is their
association with a range of neurodevelopmental disorders includ-
ing autism, schizophrenia, epilepsy and intellectual disability, i.e.
they have pleiotropic effects [69-70]. In addition, genetic variation
within NRXNT1 has been shown to confer neural and cognitive
susceptibility common to both schizophrenia and ASDs, providing
one possible mechanistic explanation for the pleiotropic effects in
the brain [70]. Therefore, the social dysfunction observed in the
Nrxnloa KO mice does not relate to a specific neurodevelopmental
disorder.

In conclusion, we have provided the first evidence that deletion
of the Nrxnl gene in mice leads to alterations in social behaviours,
as well as locomotor activity, anxiety, normal home cage
behaviours and aggression. Due to the link between NRXNI,
ASDs and schizophrenia in humans, these results are compelling.
As ASDs and schizophrenia are thought to be multigenic
disorders, our findings suggest that deletions within the NRXN1
gene found in patients may be associated with the impairments
seen in social behaviours.

Supporting Information

Figure S1 Deletion of Nrxnla causes reduced locomotor
activity. Data shown are mean (= sem) distance moved (cm)
during trial 1 of the three-chamber social approach task for male
(A) and female (B) Nrxnlot mice. Data is derived from 23 WT
(1207, 11Q) 29 HET (150, 14Q) 18 KO (9¢, 99) mice, and levels of

References

1. Ushkaryov YA, Petrenko AG, Geppert M, Sudhof TC (1992) Neurexins:
synaptic cell surface proteins related to the alpha-latrotoxin receptor and
laminin. Science. 257: 50-56.

2. Ichtchenko K, Hata Y, Nguyen T, Ullrich B, Missler M, et al. (1995) Neuroligin
1: a splice site-specific ligand for beta-neurexins. Cell. 81: 435-443.

3. Reissner CRF, Missler M. Neurexins. Genome Biology. In press.

4. Missler M, Zhang W, Rohlmann A, Kattenstroth G, Hammer RE, et al. (2003)
Alpha-neurexins couple Ca2+ channels to synaptic vesicle exocytosis. Nature.
423: 939-948.

5. Rozic G, Lupowitz Z, Piontkewitz Y, Zisapel N (2011) Dynamic changes in
neurexins’ alternative splicing: role of Rho-associated protein kinases and
relevance to memory formation. PloS one. 6: €18579.

6. Rozic-Kotliroff G, Zisapel N (2007): Ca2+ -dependent splicing of neurexin
ITalpha. Biochemical and biophysical research communications. 352: 226-230.

7. Tijima T, Wu K, Witte H, Hanno-lijima Y, Glatter T, et al. (2011) SAM68
regulates neuronal activity-dependent alternative splicing of neurexin-1. Cell.
147: 1601-1614.

8. Kattenstroth G, Tantalaki E, Sudhof TC, Gottmann K, Missler M (2004)
Postsynaptic N-methyl-D-aspartate receptor function requires alpha-neurexins.
Proceedings of the National Academy of Sciences of the United States of
America. 101: 2607-2612.

9. Zhang W, Rohlmann A, Sargsyan V, Aramuni G, Hammer RE, et al. (2005)
Extracellular domains of alpha-neurexins participate in regulating synaptic
transmission by selectively affecting N- and P/Q-type Ca2+ channels. The
Journal of neuroscience : the official journal of the Society for Neuroscience. 25:
4330-4342.

10. Dudanova I, Sedej S, Ahmad M, Masius H, Sargsyan V, et al. (2006) Important
contribution of alpha-neurexins to Ca2+-triggered exocytosis of secretory
granules. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 26: 10599-10613.

11. Feng J, Schroer R, Yan J, Song W, Yang C, et al. (2006) High frequency of
neurexin lbeta signal peptide structural variants in patients with autism.
Neuroscience letters. 409: 10-13.

12. Zahir FR, Baross A, Delaney AD, Eydoux P, Fernandes ND, et al. (2008) A
patient with vertebral, cognitive and behavioural abnormalities and a de novo
deletion of NRXNlalpha. Journal of medical genetics. 45: 239-243.

13. Kirov G, Gumus D, Chen W, Norton N, Georgieva L, et al. (2008) Comparative
genome hybridization suggests a role for NRXN1 and APBA2 in schizophrenia.
Human molecular genetics. 17: 458-465.

14. Walsh T, McClellan JM, McCarthy SE, Addington AM, Pierce SB, et al. (2008)
Rare structural variants disrupt multiple genes in neurodevelopmental pathways
in schizophrenia. Science. 320: 539-543.

15. Rujescu D, Ingason A, Cichon S, Pictilainen OP, Barnes MR, et al. (2009)
Disruption of the neurexin 1 gene is associated with schizophrenia. Human
molecular genetics. 18: 988-996.

PLOS ONE | www.plosone.org

Social Alterations in Neurexin 1o Knockout Mice

significance indicated by *** as p<<0.001, compared to WT mice,
and ##+# as p<0.001, compared to HET mice.
(EPS)

Materials S1 Supplemental Materials and Table S1, results
from the novel object recognition, grooming and buried food tasks
for the Nrxnloo WT, HET and KO mice. Values are mean (=
sem) for the time spent exploring the two objects for trials 1 and 2,
and for both short-term memory (STM) and long-term memory
(LTM) in the object recognition task, grooming and rearing
behaviours in the grooming task, and latency to find the hidden
food in the buried food task. Data is derived from 23 WT (120,
11Q) 29 HET (150, 14Q) 18 KO (9o, 99) mice, and levels of
significance indicated by ** and *** as p<0.01 and p<<0001,
respectively, compared to WT mice.

(DOCX)

Acknowledgments

We thank Freeman Fosu-Appiah and James Wesley Parsons for their
technical assistance. Some of the behavioural data has been included in a
poster presented at the International Behavioural and Neural Genetics
Society meeting in 2012.

Author Contributions

Conceived and designed the experiments: HG CF DAC. Performed the
experiments: HG CF. Analyzed the data: HG CF. Contributed reagents/
materials/analysis tools: MM DAC. Wrote the paper: HG CF MM DAC.

16. Ching MS, Shen Y, Tan WH, Jeste SS, Morrow EM, et al. (2010) Deletions of
NRXNI (neurexin-1) predispose to a wide spectrum of developmental disorders.
American journal of medical genetics Part B, Neuropsychiatric genetics : the
official publication of the International Society of Psychiatric Genetics. 153B:
937-947.

17. Gregor A, Albrecht B, Bader I, Bijlsma EK, Ekici AB, et al. (2011) Expanding
the clinical spectrum associated with defects in CNTNAP2 and NRXNI1. BMC
medical genetics. 12: 106.

18. Zweier C, de Jong EK, Zweier M, Orrico A, Ousager LB, et al. (2009)
CNTNAP2 and NRXNI are mutated in autosomal-recessive Pitt-Hopkins-like
mental retardation and determine the level of a common synaptic protein in
Drosophila. American journal of human genetics. 85: 655-666.

19. Harrison V, Connell L, Hayesmoore J, McParland J, Pike MG, et al. (2011)
Compound heterozygous deletion of NRXNI causing severe developmental
delay with early onset epilepsy in two sisters. American journal of medical
genetics Part A, 155A: 2826-2831.

20. Schaaf CP, Boone PM, Sampath S, Williams C, Bader PI, et al. (2012)
Phenotypic spectrum and genotype-phenotype correlations of NRXNI1 exon
deletions. European journal of human genetics : EJHG. 20: 1240-1247.

21. Etherton MR, Blaiss CA, Powell CM, Sudhof TC (2009) Mouse neurexin-
lalpha deletion causes correlated electrophysiological and behavioral changes
consistent with cognitive impairments. Proceedings of the National Academy of
Sciences of the United States of America. 106: 17998-18003.

22. Laarakker MC, Reinders NR, Bruining H, Ophoff' RA, Kas MJ (2012) Sex-
dependent novelty response in neurexin-lalpha mutant mice. PloS one. 7:
e31503.

23. Gerlai R (1996) Gene-targeting studies of mammalian behavior: is it the
mutation or the background genotype? Trends in neurosciences. 19: 177-181.

24. Wolfer DP, Crusio WE, Lipp HP (2002) Knockout mice: simple solutions to the
problems of genetic background and flanking genes. Trends in neurosciences.
25: 336-340.

25. Bucan M, Abel T (2002) The mouse: genetics meets behaviour. Nature reviews
Genetics. 3: 114-123.

26. Reichelt AC, Rodgers RJ, Clapcote SJ (2012) The role of neurexins in
schizophrenia and autistic spectrum disorder. Neuropharmacology. 62: 1519~
1526.

27. Kas M]J, Fernandes C, Schalkwyk LC, Collier DA (2007) Genetics of
behavioural domains across the neuropsychiatric spectrum; of mice and men.
Molecular psychiatry. 12: 324-330.

28. Lad HV, Liu L, Paya-Cano JL, Parsons MJ, Kember R, et al. (2010)
Behavioural battery testing: evaluation and behavioural outcomes in 8 inbred
mouse strains. Physiology & behavior. 99: 301-316.

29. Easton AC, Lucchesi W, Schumann G, Giese KP, Muller CP, et al. (2011)
alphaCaMKII autophosphorylation controls exploratory activity to threatening
novel stimuli. Neuropharmacology. 61: 1424-1431.

June 2013 | Volume 8 | Issue 6 | e67114



30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

Fernandes C, Hoyle E, Dempster E, Schalkwyk LC, Collier DA (2006)
Performance deficit of alpha7 nicotinic receptor knockout mice in a delayed
matching-to-place task suggests a mild impairment of working/episodic-like
memory. Genes, brain, and behavior. 5: 433-440.

Yang M, Silverman JL, Crawley JN (2011) Automated three-chambered social
approach task for mice. Current protocols in neuroscience/editorial board,
Jacqueline N Crawley [et al]. Chapter 8: Unit 8 26.

Winslow JT (2003) Mouse social recognition and preference. Current protocols
in neuroscience/ editorial board, Jacqueline N Crawley [et al]. Chapter 8: Unit 8
16.

Yang M, Crawley JN (2009) Simple behavioral assessment of mouse olfaction.
Current protocols in neuroscience/ editorial board, Jacqueline N Crawley [et al].
Chapter 8: Unit 8 24.

Radyushkin K, Hammerschmidt K, Boretius S, Varoqueaux F, El-Kordi A, et
al. (2009) Neuroligin-3-deficient mice: model of a monogenic heritable form of
autism with an olfactory deficit. Genes, brain, and behavior. 8: 416-425.
Silverman JL, Yang M, Lord C, Crawley JN (2010) Behavioural phenotyping
assays for mouse models of autism. Nature reviews Neuroscience. 11: 490-502.
Blundell J, Tabuchi K, Bolliger MF, Blaiss CA, Brose N, et al. (2009) Increased
anxiety-like behavior in mice lacking the inhibitory synapse cell adhesion
molecule neuroligin 2. Genes, brain, and behavior. 8: 114-126.

Boucard AA, Chubykin AA, Comoletti D, Taylor P, Sudhof TC (2005) A splice
code for trans-synaptic cell adhesion mediated by binding of neuroligin 1 to
alpha- and beta-neurexins. Neuron. 48: 229-236.

Reissner C, Klose M, Fairless R, Missler M (2008) Mutational analysis of the
neurexin/neuroligin  complex reveals essential and regulatory components.
Proceedings of the National Academy of Sciences of the United States of
America. 105: 15124-15129.

Association AP (2000) Diagnostic and statistical manual of mental disorders. 4 ed.
Washington, DC: Author.

Doty RL (1986) Odor-guided behavior in mammals. Experientia. 42: 257-271.
Lijam N, Paylor R, McDonald MP, Crawley JN, Deng CX, et al. (1997) Social
interaction and sensorimotor gating abnormalities in mice lacking Dvl1. Cell. 90:
895-905.

Peripato AC, Cheverud JM (2002) Genetic influences on maternal care. The
American naturalist. 160 Suppl 6: S173-185.

Piskulic D, Olver JS, Norman TR, Maruff P (2007) Behavioural studies of spatial
working memory dysfunction in schizophrenia: a quantitative literature review.
Psychiatry research. 150: 111-121.

Kim HG, Kishikawa S, Higgins AW, Seong IS, Donovan DJ, et al. (2008)
Disruption of neurexin 1 associated with autism spectrum disorder. American
journal of human genetics. 82: 199-207.

. Elvevag B, Goldberg TE (2000) Cognitive impairment in schizophrenia is the

core of the disorder. Critical reviews in neurobiology. 14: 1-21.

Wing L (1981) Language, social, and cognitive impairments in autism and severe
mental retardation. Journal of autism and developmental disorders. 11: 31-44.
St John RD, Corning PA (1973) Maternal aggression in mice. Behavioral
biology. 9: 635-639.

vom Saal FS, Svare B, Gandelman R (1976) Time of neonatal androgen
exposure influences length of testosterone treatment required to induce
aggression in adult male and female mice. Behavioral biology. 17: 391-397.
Parmigiani S, Ferrari PF, Palanza P (1998) An evolutionary approach to
behavioral pharmacology: using drugs to understand proximate and ultimate
mechanisms of different forms of aggression in mice. Neuroscience and
biobehavioral reviews. 23: 143-153.

Brown RZ (1953) Social behaviour, reproduction and population changes in the
house mouse. Ecol Monogr. 23: 23.

Mohn AR, Gainetdinov RR, Caron MG, Koller BH (1999) Mice with reduced
NMDA receptor expression display behaviors related to schizophrenia. Cell. 98:
427-436.

PLOS ONE | www.plosone.org

13

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

64.

66.

67.

68.

69.

70.

Social Alterations in Neurexin 1o Knockout Mice

Moretti P, Bouwknecht JA, Teague R, Paylor R, Zoghbi HY (2005)
Abnormalities of social interactions and home-cage behavior in a mouse model
of Rett syndrome. Human molecular genetics. 14: 205-220.

Takao K, Kobayashi K, Hagihara H, Ohira K, Shoji H, et al. (2013) Deficiency
of Schnurri-2, an MHC Enhancer Binding Protein, Induces Mild Chronic
Inflammation in the Brain and Confers Molecular, Neuronal, and Behavioral
Phenotypes Related to Schizophrenia. Neuropsychopharmacology : official
publication of the American College of Neuropsychopharmacology.

Schneider CW, Chenoweth MB (1970) Effects of hallucinogenic and other drugs
on the nest-building behaviour of mice. Nature. 225: 1262-1263.

. Davisson MT (1997) Rules and guidelines for genetic nomenclature in mice:

excerpted version. Committee on Standardized Genetic Nomenclature for Mice.
Transgenic research. 6: 309-319.

Nielsen DM, Derber WJ, McClellan DA, Crnic LS (2002) Alterations in the
auditory startle response in Fmrl targeted mutant mouse models of fragile X
syndrome. Brain research. 927: 8-17.

Moy SS, Nadler JJ, Magnuson TR, Crawley JN (2006) Mouse models of autism
spectrum disorders: the challenge for behavioral genetics. American journal of
medical genetics Part C, Seminars in medical genetics. 142C: 40-51.
Fernando AB, Robbins TW (2011) Animal models of neuropsychiatric disorders.
Annual review of clinical psychology. 7: 39-61.

Nestler EJ, Hyman SE (2010) Animal models of neuropsychiatric disorders.
Nature neuroscience. 13: 1161-1169.

Nomura J, Takumi T (2012) Animal models of psychiatric disorders that reflect
human copy number variation. Neural plasticity. 2012: 589524.

Sebat ], Lakshmi B, Malhotra D, Troge J, Lese-Martin C, et al. (2007) Strong
association of de novo copy number mutations with autism. Science. 316: 445—
449.

Marshall CR, Noor A, Vincent JB, Lionel AC, Feuk L, et al. (2008) Structural
variation of chromosomes in autism spectrum disorder. American journal of
human genetics. 82: 477-488.

53. Weiss LA, Shen Y, Korn JM, Arking DE, Miller DT, et al. (2008) Association

between microdeletion and microduplication at 16p11.2 and autism. The New
England journal of medicine. 358: 667-675.

Pinto D, Pagnamenta AT, Klei L, Anney R, Merico D, et al. (2010) Functional
impact of global rare copy number variation in autism spectrum disorders.
Nature. 466: 368-372.

Sharp AJ, Mefford HC, Li K, Baker C, Skinner C, et al. (2008) A recurrent
15q13.3 microdeletion syndrome associated with mental retardation and
seizures. Nature genetics. 40: 322-328.

Stefansson H, Rujescu D, Cichon S, Pietilainen OP, Ingason A, et al. (2008)
Large recurrent microdeletions associated with schizophrenia. Nature. 455: 232~
236.

Ghebranious N, Giampietro PF, Wesbrook FP, Rezkalla SH (2007) A novel
microdeletion at 16p11.2 harbors candidate genes for aortic valve development,
seizure disorder, and mild mental retardation. American journal of medical
genetics Part A. 143A: 1462-1471.

Brunetti-Pierri N, Berg JS, Scaglia F, Belmont J, Bacino CA, et al. (2008)
Recurrent reciprocal 1g21.1 deletions and duplications associated with
microcephaly or macrocephaly and developmental and behavioral abnormal-
ities. Nature genetics. 40: 1466-1471.

Grayton HM, Fernandes C, Rujescu D, Collier DA (2012) Copy number
variations in neurodevelopmental disorders. Progress in neurobiology. 99: 81—
9l.

Voineskos AN, Lett TA, Lerch JP, Tiwari AK, Ameis SH, et al. (2011)
Neurexin-1 and frontal lobe white matter: an overlapping intermediate
phenotype for schizophrenia and autism spectrum disorders. PloS one. 6:
€20982.

June 2013 | Volume 8 | Issue 6 | e67114



