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Abstract

The human 16p11.2 gene locus is a hot-spot for copy number variations which predispose carriers
to a range of neuropsychiatric phenotypes. Microduplications of 16p11.2 are associated with
autism spectrum disorder (ASD), intellectual disability (ID) and schizophrenia (SZ). Despite

the debilitating nature of 16p11.2 duplications, the underlying molecular mechanisms remain
poorly understood. Here we performed a comprehensive behavioral characterization of 16p11.2
duplication mice (16p11.297*) and identified social and cognitive deficits reminiscent of ASD

and ID phenotypes. 16p11.29°"* mice did not exhibit the SZ-related sensorimotor gating deficits,
psychostimulant-induced hypersensitivity or motor impairment. Electrophysiological recordings of
16p11.29P* mice found the deficient GABAergic synaptic transmission and elevated neuronal
excitability in the prefrontal cortex (PFC), a brain region critical for social and cognitive
functions. RNA-sequencing identified genome-wide transcriptional aberrance in the PFC of
16p11.29P* mice, including downregulation of the GABA synapse regulator Ajpas4. Restoring
Npas4 expression in PFC of 16p11.29°+ mice ameliorated the social and cognitive deficits and
reversed the GABAergic synaptic impairment and neuronal hyper-excitability. These findings
suggest that prefrontal cortical GABAergic synaptic circuitry and Npas4 are strongly implicated in
16p11.2 duplication pathology, and may represent potential targets for therapeutic intervention in
ASD.
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INTRODUCTION

The human 16p11.2 genetic locus (chromosome 16, position 11.2) constitutes a ~550 kb
(26 gene) chromosomal region that is susceptible to copy humber variations (CNVSs; i.e.
deletion or duplication), which confer risk for a range of neurodevelopmental conditions
(1-3). Microduplications of 16p11.2 are estimated to affect 1 in every 4,216 live births
(4), and often carry broad and multifaceted phenotypic consequences due to frequent
comorbidity among psychiatric, physical/developmental and cognitive symptoms. 16p11.2
duplication carriers most commonly exhibit neurodevelopmental deficits characterized by
intellectual disability (ID), speech & language deficits/autism spectrum disorder (ASD),
and developmental/motor delays (1, 2, 5-10). 16p11.2 duplications are also associated with
schizophrenia and bipolar disorder (2, 11-14). In addition, epilepsy, dysmorphic features,
and microcephaly are often observed in 16p11.2 duplications (6, 7, 15).

Numerous clinical reports have substantiated the debilitating nature of 16p11.2 duplications.
Mice carrying duplication of the genomic region homologous to 16p11.2 (mouse
chromosome 7F3) exhibit neurocognitive and metabolic phenotypes (16, 17), however,

it remains to be determined whether 16p11.2 duplication mice (16p11.297*) thoroughly

and accurately depict the clinical features present in human patients, and what molecular
mechanisms are underlying these behavioral abnormalities. We thus performed a
comprehensive behavioral examination of 16p11.297* mice, and report social and cognitive
behavioral deficits reminiscent of ASD and ID phenotypes, respectively.

Dysfunction of inhibitory gamma-aminobutyric acid (GABA) neurotransmission is highly
implicated in ASD (18), and the resulting imbalance of excitatory and inhibitory synaptic
activity (E/I imbalance) has been theorized to underlie ASD pathology (19, 20). Moreover,
brain GABA levels are significantly reduced in human ASD patients (21), and numerous
mouse models of ASD exhibit disrupted E/I balance in cortical regions and specifically

in the medial prefrontal cortex (mPFC) (22-26), a brain region critical for higher level
executive functions and involved in social cognition (27). In the current study, we found
that GABAergic synaptic transmission was disrupted and neuronal excitability was elevated
in the mPFC of 16p11.297* mice, an electrophysiological profile consistent with existing
explanations of ASD pathology, which may explain the social deficits in 16p11.2 duplication
carriers.

Our genome-wide search for gene alterations associated with the disrupted GABA signaling
in 16p11.297"* mice led to the discovery of the downregulated gene Ajpas4, an activity-
dependent transcription factor highly expressed in PFC (28). Npas4 is induced in response
to neuronal excitation and subsequently regulates the formation of inhibitory GABAergic
synapses onto pyramidal neurons (29-31). Npas4 expression in the PFC during adolescence
appears to be critical for the proper establishment of GABAergic synapse markers (32),
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and Npas4 deficiency is associated with cognitive impairment and compromised memory
formation (32—35) along with social deficits (34). Here, we found that restoring Njpas4
expression in PFC of 16p11.29P* mice was sufficient to reverse GABAergic synaptic
deficits and ameliorate the observed social and cognitive phenotypes, implicating Npas4
and the prefrontal cortical GABA system in the pathogenesis of social and cognitive deficits
in 16p11.2 duplication syndrome.

MATERIALS AND METHODS

Animals and Human Postmortem Tissue

16p11.297* mice carrying a heterozygous duplication of the 7F3 chromosomal region
homologous to human 16p11.2 were generated as previously described (16). All animal
studies were performed with the approval of the Institutional Animal Care and Use
Committee (IACUC) of the State University of New York at Buffalo. Frozen human
postmortem tissue (Brodmann’s Area 9) from autism patients and healthy controls (age-
and gender-matched) were provided by NIH NeuroBioBank. Detailed information about the
ASD human patients is included in Supplemental Table 1. Tissue was stored in a —80°C
freezer. See Supplementary Methods for details.

Behavioral Testing

See Supplementary Methods for details.

Electrophysiological Recordings

See Supplementary Methods for details.

Immunohistochemistry

See Supplementary Methods for details.

RNA-Sequencing and Analysis

See Supplementary Methods for details.

Quantitative Real-time RT-PCR

Primers for all target genes are listed in Supplemental Table 2. See Supplementary Methods
for details.

Western Blotting of Nuclear Proteins

See Supplementary Methods for details.

Viral Vectors and Animal Surgeries

See Supplementary Methods for details.

Statistical Analyses

All statistical analyses were performed with Graphpad Prism and Minitab 18. Sample sizes
were determined based on power analyses and were similar to those reported in previous

Mol Psychiatry. Author manuscript; available in PMC 2021 August 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reinetal.

RESULTS

Page 4

works (36). Experiments with more than two groups were subjected to one-way ANOVA,
two-way ANOVA, or three-way ANOVA with Bonferroni correction for multiple post-hoc
comparisons. Experiments with two groups were analyzed statistically using two-tailed
unpaired f-tests, unless the data failed Shapiro-Wilk tests for normality, in which case

the data were subjected to Mann-Whitney U tests. All data are presented as the mean

+ s.e.m. Data points identified as statistically significant outliers (determined by Grubb’s
test, p < 0.05) were removed from the analyses. The variance between groups being
statistically compared was similar. Detailed statistical data for all data shown are presented
in Supplemental Table 3.

16p11.29P"* Mice Exhibit Social and Cognitive Behavioral Deficits Reminiscent of ASD and

ID

To determine whether mice carrying the 16p11.2 duplication (16p11.29P*) exhibit
phenotypes resembling the clinical features present in human patients, we performed an
array of behavioral tests on both male and female 7-9-week-old 16p11.29P"* mice and age-
matched wild-type (WT) controls. Since human 16p11.2 duplication carriers are strongly
predisposed to ASD (1, 2, 5-9, 37), we first evaluated social behavior in the three-chamber
social preference test. When animals were exposed to a social stimulus and a non-social
stimulus, 16p11.29P™* mice spent significantly less time than WT mice interacting with the
social stimulus (Figure 1A, F 38 (genotype x stimulus) = 16.7, p=0.0002, two-way ANOVA),
and correspondingly demonstrated a significantly lower social preference index (Figure 1B,
U=9, p=0.0006, Mann-Whitney Utest). When animals were exposed to a novel social
stimulus and a familiar social stimulus, WT mice spent significantly more time interacting
with the novel mouse, whereas 16p11.29P* mice did not display a clear preference for

the novel mouse (Figure 1C, F1 3g (genotype x stimulus) = 2:91, = 0.10, two-way ANOVA),
resulting in a trend toward a lower social novelty preference index in 16p11.29°* mice
(Figure 1D, f1g) = 1.67, p=0.11, unpaired #test). In the social approach test, 16p11.29°"*
mice spent significantly less time than WT controls interacting with the social stimulus
(Figure 1E, {s3) = 3.65, p=0.0006, unpaired £test). WT and 16p11.29"* mice did not
differ in the total distance travelled during the three-chamber social preference test (7=
9-14 mice/group, {1y =0.27, p=0.79, unpaired £test) or the social approach test (/7=
8-11 mice/group, 417y =1.10, p=0.29, unpaired #test), suggesting that differences in
locomotion are not contributing to the observed social phenotypes. Self-grooming, a rodent
behavior thought to model repetitive behaviors observed in human ASD patients (38), was
also assessed. Relative to WT animals, 16p11.297* mice spent significantly more time
self-grooming (Figure 1F, U= 29, p=0.02, Mann-Whitney Utest). Collectively, these data
indicate that 16p11.297"* mice exhibit both social deficits and repetitive behaviors, the two
core behavioral features of ASD.

We next sought to assess whether 16p11.297* mice exhibit cognitive deficits reminiscent of
ID, another phenotype strongly associated with 16p11.2 duplications (7-9, 37). Temporal
Order Recognition Memory (TORM), a task testing the animal’s ability to remember which
of two objects it was more recently exposed to, was used to assess cognitive processes
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mediated by the medial prefrontal cortex (mPFC) (39). In the TORM task, 16p11.24P/*
mice spent significantly less time than WT controls interacting with the more novel (less
recent) object (Figure 1G, Fy 38 (genotype x object) = 10.62, p = 0.002, two-way ANOVA), and
correspondingly exhibited a significantly lower discrimination ratio (Figure 1H, #19) = 2.55,
p=0.02, unpaired ~test), indicating PFC-dependent cognitive impairment. However, in the
Novel Object Recognition (NOR) task, which is mediated primarily by the perirhinal cortex
(39, 40), 16p11.297* mice displayed unimpaired performance (Figure 11, l19)=0.79, p=
0.44, unpaired £test), suggesting that the cognitive deficits afflicting 16p11.297* mice may
be driven by brain region-specific neurobiological changes.

Since several reports have linked 16p11.2 duplications to schizophrenia (SZ) (2, 11-14),
we next examined SZ-related behaviors in 16p11.29P"* mice. Pre-pulse inhibition (PPI) is

a measure of sensorimotor gating which is disrupted in human SZ patients and animal
models of SZ (41-43). Abnormalities in startle-responses or PPI have also been reported

in autism (44-46) and fragile X patients (47-49), as well as in mouse models of ASD and
fragile X syndrome (48, 50). Compared to WT counterparts, 16p11.29°* mice displayed
normal startle responses at multiple stimulus intensities (Figure 1J, F1 17 (genotype) = 0-86, p
= 0.36, two-way ANOVA), and intact pre-pulse inhibition at all pre-pulse intensities (Figure
1K, F1,17 (genotype) = 0-11, p = 0.75, two-way ANOVA), suggesting the lack of SZ-related
sensorimotor gating deficits.

Based on the NMDAR hypofunction theory of SZ (51), NMDAR antagonists have

been used to evoke psychosis-related behaviors, including hyperlocomotion (52-55). We
tested whether a single administration of the NMDAR antagonist MK-801 (2.0 mg/kg)
could induce enhanced hyperlocomotion in 16p11.297"* mice. Prior to MK-801 injection,
16p11.297* mice exhibited significantly lower baseline locomotor activity relative to WT
mice. In contrast to WT animals, 16p11.297"* mice failed to display elevated locomotion
after MK-801 injection (Figure 1L, F1 18 (genotype) = 20.41, p = 0.0003, two-way ANOVA).
These data indicate that 16p11.29P"* mice do not exhibit SZ-related hypersensitivity to
psychostimulants.

Motor deficits, which are associated with 16p11.2 duplications (1, 2, 5-9), were assessed
in 16p11.297* mice via the rotarod test. At both 4- and 8-weeks of age, latency to fall
did not differ between 16p11.29°"* and WT mice, suggesting a lack of motor coordination
deficits (Figure 1M, 4 weeks: {16) = 0.22, p=0.83, unpaired #test; 8 weeks: £;5) = 0.16,
p=0.87, unpaired #test). General anxiety has also been reported in 16p11.2 duplication
patients (9, 56). In the elevated plus maze test, 16p11.29P"* mice did not differ from WT
animals in the amount of time spent exploring the open arms (Figure 1N, £2q) = 0.33,
p=0.74, unpaired #test), indicating the lack of anxiety-like behaviors. Collectively, our
behavioral characterization indicates that 16p11.297"* mice exhibit many clinical features
associated with human 16p11.2 duplications, including ASD-related social deficits and
repetitive behaviors, along with cognitive deficits reminiscent of ID.

GABAergic Synaptic Transmission is Impaired in PFC of 16p11.29P/* mice

Considering that 16p11.29P"* mice exhibited impaired sociability and cognition, two major
behavioral functions mediated by the PFC (27, 39), we next performed whole-cell patch
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clamp recordings on WT and 16p11.29P"+ medial PFC (mPFC; prelimbic and infralimbic)
layer V pyramidal neurons to identify synaptic transmission deficits which may underlie

the observed behavioral phenotypes. NMDA receptor (NMDAR)-mediated excitatory
postsynaptic current (EPSC) amplitudes did not differ between 16p11.29P* and WT neurons
at various stimulation intensities (Figure 2A, F1 29 (genotype) = 0.002, p = 0.96, two-way
ANOVA). WT and 16p11.29P"* mPFC neurons also demonstrated comparable AMPA
receptor (AMPAR)-mediated EPSC amplitudes (Figure 2B, Fy 25 (genotype) = 0.22, p= 0.64,
two-way ANOVA). In addition, 16p11.29P"* mPFC neurons exhibited normal paired-pulse
ratios of NMDAR-EPSC (Figure 2C, F1 40 (genotype) = 0.01, p = 0.90, two-way ANOVA) and
AMPAR-EPSC (Figure 2D, Fy 14 (genotype) = 0-33, p = 0.57, two-way ANOVA). These data
suggest that glutamatergic transmission is largely unchanged in 16p11.29°* mPFC neurons.

We next recorded GABAA, receptor (GABAaR)-mediated inhibitory postsynaptic currents
(IPSCs). Relative to WT cells, 16p11.297"* mPFC neurons displayed significantly reduced
GABAAR-IPSC amplitudes at multiple stimulation intensities (Figure 2E, F1 57 (genotype) =
24.41, p<0.0001, two-way ANOVA), indicating marked disruption of GABAergic synaptic
transmission in 16p11.29P™* PFC. We then measured action potential (AP) firing to assess
neuronal excitability, which could be influenced by the alteration of synaptic inhibition.
Relative to WT cells, 16p11.29P"* mPFC neurons displayed significantly increased
frequencies of APs evoked by multiple current intensities (Figure 2F, F1 51 (genotype) =

13.03, p=0.0007, two-way ANOVA). However, no changes were observed between WT and
16p11.297"* neurons in the resting membrane potential (Figure 2G, {51) = 1.55, p=0.13,
unpaired #test), action potential threshold (Figure 2H, #34y = 1.12, p=0.27, unpaired #test),
or input resistance (Figure 2I, 429y = 0.28, p=0.78, unpaired #test), suggesting that the
intrinsic membrane properties of mMPFC neurons from 16p11.29P* mice are unchanged.

To determine whether the diminished GABAergic synaptic responses in PFC pyramidal
neurons was potentially caused by the loss of interneurons, we performed immunostaining
for parvalbumin (PV) in two regions of the prefrontal cortex, the prelimbic and cingulate
areas. WT and 16p11.29P™* mice did not differ in the number of PV-expressing (PV*) cells
in the cingulate cortex or the prelimbic cortex (Figure 2J, Cingulate: £2g) = 0.59, p=0.56,
unpaired #test; Prelimbic: #3p) = 1.38, p=0.18, unpaired #test), indicating that the observed
GABAergic synaptic deficits are not due to the loss of parvalbumin-expressing interneurons
in the PFC. Collectively, these data indicate that 16p11.29°"+ PFC neurons exhibit selective
impairments in synaptic inhibition, which may be mediated by the loss of GABAergic
synapses.

Genome-wide Transcriptional Dysregulation in PFC of 16p11.29P/* mice

In order to determine the genome-wide transcriptional impact of the 16p11.2 duplication, we
next performed RNA-sequencing (RNA-seq) with mPFC tissue. RNA-seq identified a total
of 388 gene transcripts with significantly altered expression levels in 16p11.24P* PFC (>1.5-
fold increase or decrease, p < 0.05, and FDR < 0.3), with the majority of genes showing
downregulation (Figure 3A), suggesting that 16p11.2 duplication has a predominantly
repressive impact on genome-wide transcriptional levels in PFC. As shown in the heat

map in Figure 3B, 111 gene transcripts demonstrated significant upregulation in 16p11.24P/*
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mPFC (Supplemental Table 4). Gene ontology (GO) analysis was performed to classify the
upregulated genes into 11 categories based on biological functions (Figure 3C). Enrichment
was observed in functional categories including enzyme modulator, nucleic acid binding and
signaling molecule, suggesting that transcriptional upregulation in 16p11.297* PFC occurs
in diverse gene classes. The interactome network demonstrated that the upregulated genes
have rich interconnections (Figure 3D). Quantitative PCR (qPCR) analysis was performed

on WT and 16p11.297* mPFC tissue, and verified the upregulation of several genes located
in the duplicated 16p11.2 genomic region, including Mapk3, AldoA. DocZa, Mvp, and Cdipt
(Figure 3E).

RNA-seq identified an additional 277 gene transcripts exhibiting significant downregulation
in 16p11.29°"* PEC (Figure 4A, Supplemental Table 5). GO analysis was performed to
classify significantly downregulated genes into 14 categories. Enrichment was observed

in categories such as transcription factors, signaling molecules, nucleic acid binding

and cytoskeletal genes (Figure 4B), indicating that transcriptionally repressed genes in
16p11.29P/* PEC assume a variety of functional roles. An interactome network was also
built to illustrate predicted interactions between the downregulated genes, along with their
respective ontological classifications (Figure 4C).

In order to verify the transcriptional reduction of the downregulated genes identified by

our RNA-seq experiments, we next performed gPCR analysis of selected genes from
various ontological classifications. Transcriptional levels were assessed for several histone
modifiers/chromatin remodelers, and significant downregulation was confirmed for the
epigenetic enzymes KmitZa, EP300, and Brd4, while other genes such as Setd1b, KmtZa,
and Kdméb failed to show significant reduction in mPFC of 16p11.29P"* mice (Figure

4D). Expression level of the synaptic genes Shank and Syngapl, both of which showed
significant downregulation in RNA-seq, exhibited a trend of reduction in PFC of 16p11.24P/*
mice, while the sodium ion channel Scn9awas significant downregulated (Figure 4E).
Additionally, the mRNA level of other ASD- and/or ID risk genes identified by genomic
screening, including Wafy3, Bellla, Ank3, and AsxI3 (57-59), was significantly reduced in
PFC of 16p11.297* mice (Figure 4F).

Among the top 20 most strongly downregulated genes in 16p11.29P* PFC identified by
RNA-seq, NMpas4 (FC = -1.6, FDR = 0.0073, p< 0.0001, Supplemental Table 5), a

gene encoding the neuron-specific transcription factor neuronal PAS domain-containing
protein 4 (Npas4) (60), caught our attention. Npas4 is a neuronal activity-dependent
immediate early gene, which promotes GABAergic synapse formation and plays a key role
in maintaining homeostatic excitability (29-31). In agreement with RNA-seq data, g°PCR
found a significant reduction of Ajpas4 mRNA in 16p11.29P"* PEC (Figure 4G, l35)=2.92,
p=0.006, unpaired #test). Western blotting revealed a significant loss of Npas4 protein
expression in the nuclear fraction of PFC from 16p11.29P"+ mice (Figure 4H, la7) = 2.59,
p=0.019, unpaired ttest). Furthermore, gPCR analyses of human postmortem PFC tissue
revealed that NPAS4 mRNA level was significantly reduced in idiopathic human ASD
patients compared to healthy controls (Figure 41, U= 14, p=0.036, Mann-Whitney U test),
suggesting that Ajpas4 dysregulation may be broadly involved in ASD.
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Npas4 exhibits restricted regional expression in the brain, with the highest expression in
cortical areas. However, Npas4 is also expressed at relatively high levels in other areas
including the striatum (28). To determine whether the observed loss of Ajpas4 expression

is ubiquitous throughout the brain or specific to PFC, we compared Ajpas4 mRNA in the
striatum of WT and 16p11.29P™* mice. As shown in Figure 4J, Ajpas4 mRNA level was
unchanged in striatum of 16p11.29P™* mice, whereas the Mapk3 gene which is located in the
duplicated 16p11.2 region exhibited significant upregulation in striatum. This suggests that
Npas4 dysregulation in 16p11.297"* mice is region-specific.

Other than Npas4, we also evaluated the expression level of various genes encoding
GABAergic synaptic components in PFC of WT and 16p11.29P* mice. gPCR analyses
indicated no change in mRNA levels of Vgat, Gad65, Gabral, Gabrb2, Gabrg2, and

Pvalb (Figure 4K), consistent with our RNA-seq data. This suggests that the observed
GABAergic synaptic dysfunction in PFC of 16p11.297* mice is unlikely caused by the
direct transcriptional changes of GABA transporters, enzymes or receptors, but may be due
to dysregulation of GABA synapses by Npas4.

Restoring Npas4 Expression in 16p11.29°"* mPFC Ameliorates Synaptic and Behavioral

Deficits

Considering the GABAergic deficits observed in 16p11.297* PFC, we sought to further
investigate the role that Ajpas4 downregulation may play in 16p11.29P* or ASD pathology.
Since Npas4 plays a major role in regulating GABAergic synapse development (29, 31)
and is implicated in neurodevelopmental disorders (32, 34, 61), we hypothesized that
Npas4 downregulation in 16p11.29°™* PFC may underlie the observed GABAergic synaptic
impairment and social/cognitive deficits. To test this, we examined whether restoring Ajpas4
expression in 16p11.297* PFC could ameliorate the synaptic and behavioral deficits.

Either Npas4 CRISPR lentiviral activation particles or GFP control lentiviral particles
were stereotaxically injected into mPFC of WT and 16p11.297"* mice (Figure 5A). The
significant upregulation of Ajpas4 mRNA level in Npas4-injected groups relative to GFP-
injected groups was verified via qPCR (Figure 5B, Fy 23 (treatment) = 4.69, p= 0.041, two-
way ANOVA). Additionally, immunostaining of Npas4 revealed the significantly increased
Npas4 expression in mPFC of Npas4-injected 16p11.29P"* mice, relative to GFP-injected
16p11.297"* mice (Figure 5C, #25) = 3.48, p=0.002, unpaired *test), authenticating the
viral upregulation of Npas4. Viral upregulation of Ajpas4was detected in both CaMKI|I-
expressing pyramidal neurons and GADG67-positive interneurons (data not shown).

To determine whether Npas4 upregulation was driving GABA synapse formation

in 16p11.29P* mPFC, we next performed immunostaining for the vesicular GABA
transporter VGAT. Relative to GFP-injected WT mice, GFP-injected 16p11.29P"* mice
displayed a marked reduction of VGAT expression in PFC, and VGAT expression was
rescued to the control level in PFC of Npas4-injected 16p11.29°"* mice (Figure 5D,
F1,105 (genotype x treatment) = 16.16, p=0.0001, two-way ANOVA). The cellular expression
level of Npas4 was significantly correlated with the level of VGAT expression in the
immediate proximity of the soma (7= 77 cells/4 mice, £Z=0.25, p< 0.0001). This
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suggests that upregulating Ajpas4 expression in 16p11.297* PFEC is sufficient to induce the
pronounced restoration of GABAergic synaptic density.

We next performed whole-cell patch clamp electrophysiology on mPFC pyramidal neurons
to assess whether the Npas4-driven induction of GABA synapse formation could reverse the
observed synaptic deficits in 16p11.29P"* PFC. Compared to GFP-injected WT neurons,
GABAAR-IPSC amplitudes were significantly diminished in GFP-injected 16p11.2dP/*
neurons, and this deficit was significantly reversed by Npas4 injection into the PFC

of 16p11.29P"* mice (Figure 5E, F3 54 (group) = 7-41, p= 0.0003, two-way ANOVA).
Furthermore, Npas4-injected 16p11.29P"* neurons exhibited significantly reduced AP firing
frequencies relative to GFP-injected 16p11.29P"* neurons (Figure 5F, F3,52(group) = 5-70,
p=0.002, two-way ANOVA), collectively indicating that restoring Npas4 expression

in 16p11.24P™* PEC is sufficient to reverse the GABAergic synaptic deficits and restore
homeostatic neuronal excitability.

We next tested whether restoring Npas4 expression in 16p11.24P"* PFC could ameliorate the
ASD- and ID-related behavioral phenotypes. In the 3-chamber social preference test, Npas4-
injected 16p11.29P* mice spent significantly more time than GFP-injected 16p11.29P* mice
interacting with the social stimulus (Figure 5G, F1 107 (interaction) = 9-1, #= 0.003, three-way
ANOVA), and exhibited a significantly elevated preference for the social stimulus over the
non-social stimulus (Figure 5H, F1 49 (interaction) = 21.78, p < 0.0001, two-way ANOVA).

In the TORM task, Npas4-injected 16p11.29P"* mice spent significantly more time than
GFP-injected 16p11.29"* mice investigating the novel object (Figure 51, F 64 (object x group)
=9.56, p=0.0002, two-way ANOVA), and displayed a significant preference for the more
novel object over the more familiar object (Figure 5J, F5 32 (group) = 11.72, p=0.0002,
one-way ANOVA). However, viral upregulation of Ajpas4 did not affect self-grooming
behavior in 16p11.29P™* mice (Figure 5K, F1 45 (genotype x treatment) = 0.01, = 0.91, two-way
ANOVA). Collectively, these data indicate that restoring Ajpas4 expression in 16p11.24P/*
PFC is capable of ameliorating the social and cognitive deficits related to ASD and ID.

DISCUSSION

The phenotypic impact of the 16p11.2 duplication has been thoroughly characterized in
human patients and the associated neurodevelopmental deficits are well-defined, though
the underlying molecular mechanisms remain almost completely unknown. Here we have
demonstrated that transgenic 16p11.297"* mice exhibit ASD- and ID-related behavioral
phenotypes resembling neurodevelopmental deficits in human 16p11.2 duplication patients,
and discovered deficient GABAergic synaptic transmission in the PFC of 16p11.29P"* mice.
Furthermore, we observed the pronounced downregulation of Ajpas4, a transcription factor
responsible for the formation of GABAergic synapses in response to neuronal excitation
(29). Restoring Ajpas4 expression in 16p11.29P™* PFC ameliorated the observed social

and cognitive deficits and restored GABAergic synaptic function and normal neuronal
excitability, suggesting a central role for Npas4 in 16p11.2 duplication pathology.

Our behavioral assays indicate that 16p11.29P"* mice exhibit social deficits and repetitive
behaviors reminiscent of ASD, PFC-dependent cognitive impairment, and hypolocomotion,
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with the absence of schizophrenia-associated sensorimotor gating impairment, motor
deficits, and anxiety. Thus, it is evident that the behavioral profile of 16p11.29P"* mice
recapitulates many, but not all, neurodevelopmental deficits observed in human 16p11.2
duplication carriers. Importantly, the performance of 16p11.297"* mice in certain behavioral
assays such as social approach and self-grooming tests reflected heterogeneity within

litters and specific batches, indicating that — like human 16p11.2 duplication carriers

— individual 16p11.29P"* mice may present with variable behavioral phenotypes and at
different degrees of severity. Our results have confirmed the hypolocomotion, elevated
self-grooming and social deficits of 16p11.29P"* mice that were reported earlier (16, 17) and
more comprehensively assessed behavioral phenotypes related to ASD/SZ.

In addition to 16p11.2 duplication mice, 16p11.2 deletion mice (16p11.2*/") also exhibit
deficits in sociability (17, 62, 63) and various cognitive impairments (17, 63, 64). While
16p11.2-deletion and 16p11.2-duplication mice share similar behavioral phenotypes, it

is notable that the two models exhibit opposing electrophysiological profiles in PFC.
Specifically, 16p11.2*/~ PFC neurons exhibit hypoactivity (65), while 16p11.297* PFC
neurons display abnormal hyper-excitability. Moreover, these divergent phenotypes appear
to underlie the shared behavioral abnormalities, as elevating PFC activity ameliorated

the social and cognitive deficits in 16p11.2*/~ mice (65), whereas restoring inhibitory
GABAergic transmission in PFC of 16p11.29P"* mice gave similar therapeutic effects.
These divergent phenotypes offer an intriguing bidirectional explanation for the behavioral
pathologies in 16p11.2 CNVs. The alteration of excitation and inhibition has also been
reported in the hippocampus of 16p11.2*/~ mice (66). Taken together, these findings
suggest that E/I imbalances across several implicated brain regions likely contribute to the
pathogenesis of neuropsychiatric phenotypes in mouse models of 16p11.2 CNVs.

Whole-cell patch clamp electrophysiology experiments revealed marked reductions in

IPSC amplitudes and elevated action potential firing frequencies in 16p11.29P* mPFC
pyramidal neurons, indicating the disruption of GABAergic synaptic transmission and a
potentially subsequent increase in neuronal excitability. The electrophysiological phenotype
of 16p11.29P™* PFC is consistent with extensive evidence implicating GABAergic deficits
and excitatory/inhibitory imbalance in both human ASD patients and animal models of ASD
(18-24). Additionally, the elevated excitability of 16p11.29°/* PFC neurons could provide

a mechanism driving the epileptic phenotypes reported in some human 16p11.2 duplication
patients (6, 8, 67).

Our RNA-seq experiments identified Ajpas4, a transcription factor with a key role in GABA
synapse formation, as one of the top 20 most strongly downregulated genes in 16p11.2dP/*
PFC. Consistently, RNA sequencing of mice and humans have found that 16p11.2 CNV

is associated with altered expression of genes and networks that converge on synaptic
function and transcriptional regulation (68). Ajpas4 knockout mice exhibit social anxiety
(34) and impaired performance on various cognitive and contextual learning tasks (32-34).
Considering the distinct role of Npas4 in GABAergic synapse formation, we hypothesized
that disruption of Ajpas4 may underlie GABAergic synaptic deficits, which leads to social
and cognitive deficits in 16p11.2 duplications and other forms of ASD. Indeed, we found
that Mjpas4 mRNA expression was significantly reduced in postmortem PFC tissue from
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idiopathic ASD patients, suggesting that the dysregulation of Npas4 may be broadly
implicated in ASD pathology. Furthermore, restoring Ajpas4 expression in 16p11.29°* pPFC
significantly increased sociability in the 3-chamber social preference test and ameliorated
the cognitive deficits in the temporal order recognition memory task, indicating that Ajpas4
expression is functionally linked to the observed behavioral phenotypes. In contrast, Apas4
upregulation in PFC did not affect self-grooming behavior in 16p11.297"* mice, consistent
with evidence suggesting that grooming behavior is controlled primarily by striatal circuits
(38). Collectively, our findings suggest that PFC Npas4 expression is critical for the proper
development of social and cognitive functions, and that Npas4 dysregulation may broadly
underlie the behavioral features of ASD and ID.

It has been extensively shown that Ajpas4 plays a key role in the formation of GABAergic
synapses (29-31). Knockdown of Apas4 reduces GABAergic synapse density and disrupts
GABAergic synaptic transmission, whereas overexpressing Npas4 drives excessive GABA
synapse formation (29). In the current study, we found that restoring Ajpas4 expression

in 16p11.24P™* PEC significantly elevated GABAR-mediated IPSCs and normalized action
potential firing frequencies in 16p11.29P"* mPFC pyramidal neurons. Furthermore, Ajpas4
upregulation restored the downregulated expression of the presynaptic GABA transporter
VGAT in PFC of 16p11.297"* mice, suggesting that Ajpas4 expression may directly

rescue the density of presynaptic GABAergic synaptic terminals. Furthermore, since viral
upregulation of Npas4 was observed in both pyramidal neurons and interneurons, and Njpas4
expression in either cell type promotes GABAergic input onto pyramidal neurons (30), it
is likely that the observed VGAT upregulation represents an Npas4-induced increase of
GABAergic synaptic input to pyramidal neurons, which is mediated through both pre- and
post-synaptic mechanisms.

The current study presents strong evidence for the involvement of Npas4 and prefrontal
cortical GABA dysregulation in 16p11.2 duplication pathology. We propose that Ajpas4
dysregulation yields E/I imbalances in prefrontal cortical synaptic circuitry, resulting in
social and cognitive deficits in 16p11.2 duplications, a mechanism that may be more broadly
implicated in ASD and ID.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
16p11.297* mice exhibit social deficits, repetitive behaviors, and cognitive impairment

reminiscent of ASD and ID symptoms. A, B, Bar graphs comparing the amount of time
spent interacting with the social (Soc) vs. non-social (NS) stimuli (A) and the social
preference index (B) in the 3-chamber social preference test of WT and 16p11.29P+ mice.
n=10-11 mice/group. C, D, Bar graphs showing the amount of time spent exploring the
novel social stimulus (N-Soc) vs. the familiar social stimulus (F-Soc) (C) and the social
novelty index (D) in the 3-chamber preference test of WT and 16p11.29°"* mice. n= 10-11
mice/group. E, Bar graphs showing the amount of time spent interacting with the social
stimulus in the social approach test of WT and 16p11.29P™* mice. 7= 23-32 mice/group.

F, Bar graphs showing self-grooming time for WT and 16p11.29P"* mice. 7= 12—13 mice/
group. G, H, Bar graphs showing the amount of time spent exploring the novel (Nov) vs.

4-wk

8-wk
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familiar (Fam) objects (G) and the discrimination ratio (H) in temporal order recognition
memory (TORM) test of WT and 16p11.29P"* mice. 7= 10-11 mice/group. |, Bar graphs
showing the discrimination ratio in the novel object recognition (NOR) test of WT and
16p11.29P™* mice. 7= 11 mice/group. J, K, Bar graphs showing startle responses at various
stimulus intensities (J) and pre-pulse inhibition levels at various pre-pulse intensities (K) for
WT and 16p11.297* mice. 7= 9-10 mice/group. L, Plot showing the distance travelled (in
5-minute bins) by WT and 16p11.297* mice at baseline (0-30 min), after saline injection
(30-60 min), and after injection of the NMDAR antagonist MK-801 (2 mg/kg, i.p., 60-150
min). 7= 9-11 mice/group. M, Bar graphs showing the latency to fall in the rotarod test of
WT and 16p11.297"* mice at different ages. 7= 7-11 mice/group. N, Bar graphs showing the
total amount of time spent exploring the open arms in the elevated plus maze test of WT and
16p11.29P* mice. 7= 11 mice/group. All data are presented as mean + SEM. In all figures,
ns = not significant, * p < 0.05; **, ++ p< 0.01; ***, +++ p< 0.0001.
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Figure2.

16p11.297* mPFC pyramidal neurons exhibit GABAergic synaptic deficits and elevated
excitability. A, B, Summarized input-output curves of NMDAR-EPSC (A) and AMPAR-
EPSC (B) in WT and 16p11.29P"* PFC neurons. Inset: representative NMDAR-EPSC and
AMPAR-EPSC traces. NMDA: 7= 14-17 cells, 3-4 mice/group; AMPA: n=12-15 cells,
3 mice/group. C, D, Plot of paired-pulse ratio (PPR) of NMDAR-EPSC (C) and AMPAR-
EPSC (D) evoked by double-pulses with various intervals in PFC pyramidal neurons from
WT and 16p11.297* mice. Inset: representative traces. NMDA: 1= 16-24 cells, 3-5 mice/
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group; AMPA: n= 8 cells, 2 mice/group. E, Summarized input-output curves of GABAAR-
IPSC in WT and 16p11.29P"* mPFC pyramidal neurons. Inset: representative GABAR-IPSC
traces. n=28-31 cells, 7-8 mice/group. F, Plot of AP firing frequencies evoked by different
depolarizing current injections in WT and 16p11.29P"* PFC neurons. Inset: representative
eAP firing traces. 7= 26-27 cells, 4 mice/group. G, Bar graph showing resting membrane
potential (RMP) in PFC pyramidal neurons from WT and 16p11.29P* mice. n= 26-27
cells, 4 mice/group. H, Bar graph showing action potential (AP) threshold in PFC pyramidal
neurons from WT and 16p11.29P"* mice. n= 18 cells, 4 mice/group. |, Bar graph showing
input resistance in PFC pyramidal neurons from WT and 16p11.29°"* mice. 7= 15-16 cells,
4 mice/group. J, Bar graph showing the number of Parvalbumin expressing (PV*) cells in
the cingulate cortex and prelimbic cortex of WT and 16p11.29P* mice. Inset: representative
immunostaining images; scale bars = 200 uM. Cingulate cortex: 7= 11-19 slices, 4 mice/
group; Prelimbic cortex: 7= 15-19 slices, 4 mice/group. All data are presented as mean *
SEM. In all figures, * p< 0.05; ** p< 0.01; *** p<0.0001.
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RNA-sequencing identifies numerous upregulated genes in PFC of 16p11.29P"* mice. A,
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Figure 4.

RNA-sequencing identifies downregulated genes from diverse classes in 16p11.29P"* PFC,
including the GABA-synapse regulator Ajpas4. A, Heat map representing expression

(row z-score) of 277 significantly downregulated genes in PFC from 16p11.29°"+ mice
relative to WT values. B, Pie chart displaying the biological function classification of the
downregulated genes in 16p11.29°"* PFC based on Gene Ontology. C, Interactome network
showing predicted interactions between the downregulated genes in various ontological
classifications. Genes assessed via QPCR are designated in yellow. D, Bar graph comparing
WT and 16p11.297"* PFC mRNA expression level for several genes encoding chromatin
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remodelers identified as significantly downregulated via RNA-seq. 7= 7-20 mice/group. E,
Bar graph comparing WT and 16p11.297* PFC mRNA level of genes encoding synaptic
components/ion channels identified as significantly downregulated via RNA-seq. 7= 10-

17 mice/group. F, Bar graph comparing WT and 16p11.29°* PFC mRNA level of genes
related to ASD/ID identified as significantly downregulated via RNA-seq. 1= 6-20 mice/
group. G, Bar graph comparing WT and 16p11.29P* PFC mRNA expression level of the
GABA synapse regulator Ajpas4. n= 15-22 mice/group. H, Bar graph showing NPAS4
protein expression level in nuclear fractions isolated from WT and 16p11.29P"* PFC.

Inset: representative immunoblot images. /7= 9-10 mice/group. |, Bar graph showing
Npas4 mRNA expression in human postmortem PFC tissue from healthy controls and

ASD patients. 7= 8-9/group. J, Bar graph comparing WT and 16p11.297* PFC mRNA
expression level of Ajpas4and the 16p11.2 gene Mapk3in striatum. 7= 4-7 mice/group. K,
Bar graph comparing WT and 16p11.29P"* PFC mRNA level of genes related to GABAergic
synaptic transmission. 77 = 6-19 mice/group. All data are presented as mean = SEM. In panel
E, * p<0.05; ** p<0.01.
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Restoring Npas4 expression in PFC ameliorates the social and cognitive deficits and
restores GABAergic synaptic transmission in 16p11.297* mice. A, Immunofluorescent
image showing the location of GFP expression in a viral-injected mouse. Scale bar =

50 um. B, Bar graph showing Ajpas4 mRNA levels in PFC of WT or 16p11.297* mice
injected with GFP or Npas4 virus. 7= 4-9 mice/group. C, Bar graph showing Npas4
fluorescence intensity in mPFC of GFP-injected and Npas4-injected 16p11.297* mice. Inset:
representative images showing Npas4 expression in mPFC of both groups. Scale bar =

100 pm. n = 13-14 slices, 3—-4 mice/group. D, Bar graph showing VGAT immunostaining
fluorescence intensity in mPFC (prelimbic area) of WT and 16p11.297"* mice injected with
GFP or Npas4 virus. Inset: representative images showing VGAT (red) and DAPI (blue)
staining. Scale bar = 20 um. n= 18-38 slices, 2-3 mice/group. E, F, Plot of input-output
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curves of GABAAR-IPSC (E) and AP firing frequencies (F) in mPFC pyramidal neurons
from WT or 16p11.29P™* mice injected with GFP or Npas4 virus. Insets: representative
GABAAR-IPSC and AP firing traces. GABAAR-IPSC: n=9-25 cells, 3—-4 mice/group;
eAP: 11-17 cells, 3—-4 mice/group. G, H, Bar graphs showing the amount of time spent
interacting with Soc vs. NS stimuli (G) and the social preference index (H) in the 3-chamber
social preference test of WT or 16p11.29P* mice injected with GFP or Npas4 virus. 7 =
11-17 mice/group. 1, J, Bar graphs showing the amount of time spent interacting with the
novel (Nov) vs. familiar (Fam) objects (1) and the discrimination ratio (J) in the TORM test
of WT or 16p11.29P"+ mice injected with GFP or Npas4 virus. 7= 10-13 mice/group. K, Bar
graphs showing self-grooming time in WT or 16p11.29P* mice injected with GFP or Npas4
virus. n=11-16 mice/group. All data are presented as mean £ SEM. In all figures, *, # p<
0.05; **, ## p< 0.01; ***, +++ p< 0.0001; ns = not significant. In figures E/F, *: 16p+GFP
vs. 16p+Npas4; #: 16p+GFP vs. WT+GFP.
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