https://doi.org/10.1093/ijnp/pyac048
Advance Access Publication: July 30, 2022
Regular Research Article

OXFORD

REGULAR RESEARCH ARTICLE

Histone Deacetylase Inhibition Restores Behavioral
and Synaptic Function in a Mouse Model of 16p11.2
Deletion

Wei Wang, MS, Tao Tan, PhD, Qing Cao, PhD, Freddy Zhang, BS,
Benjamin Rein, PhD, Wei-Ming Duan, PhD, Zhen Yan, PhD

Department of Physiology and Biophysics, Jacobs School of Medicine and Biomedical Sciences, State
University of New York at Buffalo, Buffalo, NY, USA (Ms Wang, Dr Tan, Dr Cao, Mr Zhang, Dr Rein, Dr Duan, Dr
Yan).

Correspondence: Zhen Yan, PhD, University at Buffalo, JSMBS, 955 Main St., Buffalo, NY, 14203, USA (zhenyan@buffalo.edu).

Abstract

Background: Microdeletion of the human 16p11.2 gene locus confers risk for autism spectrum disorders and intellectual
disability. How 16p11.2 deletion is linked to these neurodevelopmental disorders and whether there are treatment avenues
for the manifested phenotypes remain to be elucidated. Emerging evidence suggests that epigenetic aberrations are strongly
implicated in autism.

Methods: We performed behavioral and electrophysiological experiments to examine the therapeutic effects of epigenetic
drugs in transgenic mice carrying 16p11.2 deletion (16p11del/+).

Results: We found that 16plldel/+ mice exhibited a significantly reduced level of histone acetylation in the prefrontal
cortex (PFC). A short (3-day) treatment with class I histone deacetylase (HDAC) inhibitor MS-275 or Romidepsin led to the
prolonged (3—4 weeks) rescue of social and cognitive deficits in 16p11del/+ mice. Concomitantly, MS-275 treatment reversed
the hypoactivity of PFC pyramidal neurons and the hyperactivity of PFC fast-spiking interneurons. Moreover, the diminished
N-methyl-D-aspartate (NMDA) receptor-mediated synaptic currents and the elevated GABA, receptor-mediated synaptic
currents in PFC pyramidal neurons of 16p11del/+ mice were restored to control levels by MS-275 treatment.

Conclusions: Our results suggest that HDAC inhibition provides a highly effective therapeutic strategy for behavioral deficits
and excitation/inhibition imbalance in 16p11del/+ mice, likely via normalization of synaptic function in the PFC.
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Introduction

modifications and chromatin remodeling (De Rubeis et al., 2014;
Satterstrom et al., 2020). Thus, we speculate that targeting epi-
genetic enzymes to normalize gene expression is a potential

Autism  spectrum  disorders  (ASD), the prevalent
neurodevelopmental diseases characterized by social, emo-
tional, and communication deficits, have no effective treatment

for the core symptoms. Human genetic screening has identi-
fied that many of the top-ranking autism risk factors are epi-
genetic enzymes regulating gene transcription through histone

therapeutic strategy to mitigate behavioral defects in autism.
Microdeletion of the human 16p11.2 genetic locus (approxi-
mately 550 kb, approximately 27 genes) has been strongly linked
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Significance Statement

excitation/inhibition balance and synaptic function in the PFC.

Microdeletion of the human 16p11.2 gene locus confers risk for autism spectrum disorders and intellectual disability. This paper
revealed that social and cognitive deficits in transgenic mice carrying 16p11.2 deletion (16p11%/*) were ameliorated by a short
treatment with class I histone deacetylase (HDAC) inhibitor MS-275 or Romidepsin. Concomitantly, the hypoactivity of pyramidal
neurons and the hyperactivity of fast-spiking interneurons in prefrontal cortex (PFC) of 16p11%/* mice were reversed by MS-275
treatment. Moreover, the diminished NMDA receptor-mediated synaptic currents and the elevated GABA, receptor-mediated
synaptic currents in PFC pyramidal neurons of 16p11%/+ mice were normalized by MS-275 treatment. These results suggest that
HDAC inhibition provides a highly effective therapeutic strategy for behavioral deficits in 16p11%/* mice via the restoration of

to neurodevelopmental disorders, including ASD (Kumar et al.,
2008; Weiss et al., 2008; Fernandez et al., 2010; Hanson et al.,
2010; Rosenfeld et al., 2010; Shinawi et al., 2010; Zufferey et al.,
2012). Transgenic mice carrying 16p11.2 deletions (16p11%/+) dis-
play similar phenotypes to human patients with 16p11.2 de-
letions, including impairment in cognitive and memory tasks
and deficits in social interaction and communication (Horev
et al., 2011; Portmann et al., 2014; Yang et al., 2015a; Arbogast
et al., 2016). Some of these behavioral abnormalities in 16p11.2
deletion mice are ameliorated by locus coeruleus activation
(Yin et al., 2021), optogenetic activation of dorsal raphe 5-HT
neurons, or activation of 5-HT1b receptors in the nucleus
accumbens (Walsh et al., 2018). Emerging evidence indicates
that aberrant synaptic functions in the prefrontal cortex (PFC),
a brain region critical for high-level executive functions, is one
of the pathophysiological mechanisms of ASD (Yan and Rein,
2022). Particularly, deficient NMDA receptor function and neur-
onal activity are found in PFC pyramidal neurons of 16p11%V+
mice, and chemogenetic stimulation of PFC activity ameliorates
cognitive and social impairments in 16p11%* mice (Rein and
Yan, 2020; Wang et al., 2018). Because disruption of excitation/
inhibition (E/I) balance is a potential pathophysiological mech-
anism of autism (Sohal and Rubenstein, 2019), we speculate
that other than changes in glutamatergic systems, the neuronal
activity of GABAergic interneurons and GABAergic synaptic
transmission in PFC is also altered in 16p11.2 deletion mice.

Transcriptomic studies have found that numerous genes are
dysregulated by 16p11.2 deletion (Horev et al., 2011; Blumenthal
et al,, 2014; Ouellette et al., 2020), suggesting that molecular
and cellular mechanisms underlying the autism-like behavioral
deficits in 16p11%/+ mice are complex. Given the critical role of
histone modification in transcriptional regulation, we explored
the epigenetic mechanism-based treatment strategy for 16p11.2
deletion syndrome. We focused on histone deacetylase (HDAC)
family proteins, which generally silence gene expression via
condensing the chromatin architecture. HDACs play a pivotal
role in cognitive and emotional processes, and histone acetyl-
ation alteration and transcriptional dysfunction have been im-
plicated in psychiatric disorders and autism (Tsankova et al.,
2007; Contestabile and Sintoni, 2013; Yan and Rein, 2022). Our
results demonstrate that administration of class I HDAC inhibi-
tors leads to prolonged rescue of behavioral deficits in 16p11%V+
mice, which is accompanied by the restoration of E/I balance
and synaptic function in the PFC.

MATERIALS AND METHODS

Animals and Reagents

All animal experiments were performed with the approval of
the Institutional Animal Care and Use Committee of the State
University of New York at Buffalo. The 16p11.2 deletion mice

(16p11.2%#+) were generated as we previously described (Wang
et al,, 2018). In brief, 16p11.2 deletion mice (16p11.2¢V*) were
generated with the deletion of 1 copy (heterozygous for a de-
letion or deficiency allele) of the syntenic 440-kbp region on
mouse chromosome 7F3 corresponding to human chromosome
16p11.2 region (Horev et al., 2011). Heterozygous 16p11.24¢/+ fe-
male mice (The Jackson Laboratory, Stock # 0251000) were bred
with wild-type (WT, C57BL/6N129Sv, The Jackson Laboratory,
Stock #101043) male mice to generate heterozygous offspring
for experimental use. Mice were maintained in the animal fa-
cility under controlled environmental conditions (22°C, 12-hour-
light/-dark cycle) with free access to food and water. Both male
and female mice (6-10 weeks old) of 16p11%/* and WT were ran-
domly assigned to different groups.

Experiments were carried out by researchers in a blind
manner (with no prior knowledge about the groups and treat-
ments). Different groups were coded with A, B, C, and D. The
operator who conducted the behavioral test was given only the
coded group. After analyzing the behavioral data, it was decoded
into the assigned groups.

MS-275 (Selleckchem) and romidepsin (Selleckchem) were
prepared by dissolving into DMSO to make stock solutions and
diluting with 0.9% saline before injections (final DMSO con-
centration of the working solution: <0.2%). MS-275 (5 mg/kg) or
Romidepsin (1 mg/kg) was systemically (i.p.) administered once
daily for 3 consecutive days.

Immunohistochemistry

Mice were deeply anesthetized and transcardially perfused with
PBS followed by 4% paraformaldehyde (pH=7.4). Brains were
post-fixed in 4% PFA at 4°C for 24 hours and then transferred
to 30% sucrose solution. After immersion in sucrose for 3 days,
brains were coronally cut into 40-pm slices with a vibratome
(Leica VP1000S, Leica Microsystems Inc., Wetzlar, Germany).
Slices containing PFC were washed and blocked for 1 hour in PBS
containing 5% BSA and 0.3% Triton. After washing, slices were
incubated with the primary antibody against H3K9Ac (1:500,
9649S, Cell Signaling Technology) or NeuN (1:500, MAB377,
Millipore Burlington, MA) for 12-15 hours at 4°C. After washing
3 times in PBS, slices were incubated with the secondary anti-
body (Alexa Fluor 488, 1:1000, A11008, Invitrogen, Waltham,
MA) or (Alexa Fluor 594, 1:1000, A11032, Invitrogen) for 1 hour
at room temperature, followed by 3 washes with PBS. Slices
were mounted on slides with VECTASHIELD mounting medium
(Vector Laboratories). Images were acquired using a 63x ob-
jective lens on a confocal microscope (Leica TCS SP8). All spe-
cimens were imaged under identical conditions and analyzed
with identical parameters using Image ] (NIH). For measuring
the H3K9Ac level, a threshold was used to remove the back-
ground signal on the Z-axis projected image and the H3K9Ac
fluorescence intensity of the whole image was detected.
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Western Blotting

Nuclear extracts from mouse brains were prepared as we previ-
ously described (Qin et al., 2018; Zhang et al., 2021). Briefly, PFC
punches from mouse slices were collected, then homogenized
with 500 pL hypotonic buffer (20 mM Tris-HCI, pH 7.4, 10 mM
NaCl, 3 mM MgCl,, 0.5% nonyl phenoxypolyethoxylethanol [NP-
40, tergitol-type], 1 mM phenylmethylsulfonyl fluoride [PMSF],
with cocktail protease inhibitor). The homogenate was incu-
bated on ice for 15 minutes and then centrifuged at 3000 g for
10 minutes at 4°C. The nuclear pellet was resuspended in 50 pL
nuclear extract buffer (100 mM Tris-HCl, pH 7.4, 100 mM NacCl,
1 mM EDTA, 1% Triton X-100, 0.1% SDS, 10% glycerol, 1 mM PMSF,
with cocktail protease inhibitor) and incubated on ice for 30
minutes with periodic vortexing to resuspend the pellet. After
centrifugation, the supernatant for nuclear fractions was col-
lected, boiled in 2xSDS loading buffer for 5 minutes, separated
on SDS-polyacrylamide gels, and then transferred to nitrocel-
lulose membranes with the Fast-transfer system (Bio-Rad).
Membranes were incubated with the primary antibody against
pan-acetylated H3 (1:1000, 94418, Cell Signaling Technology) or
H3 (1:1000, 4499S, Cell Signaling Technology) at 4°C overnight.
After washing, membranes were incubated with a horseradish
peroxidase-conjugated anti-rabbit IgG secondary antibody
(1:2000, NA934, GE Lifesciences) for 1 hour at room temperature.
Blots were developed using enhanced chemiluminescence sub-
strate (SuperSignal West-Pico, Thermo Fisher). Images and data
were acquired with Chemidoc XRS system (Bio-Rad). Analysis
was performed using Image] software (NIH). H3 was used as
the loading control, and the amount of H3Ac expression was
normalized to the amount of total H3.

Behavioral Tests

The room light was adjusted to dim during all behavioral experi-
ments except for Barnes maze tests. ANY-maze 5.1 (Stoelting)
was used for animal tracking and data analysis. Operators were
blind to experimental groups during testing and scoring. Animals
were habituated to the experimental room in their home cages
for at least 30 minutes before testing. Mice were returned to the
home cages between trials to rest. To mask olfactory cues, all
testing apparatuses were cleaned with 75% ethanol.

Social Approach Test—The test animal was habituated in an ap-
paratus (length, 67.7 cm; width, 50.8 cm; height, 50.8 cm) con-
taining a capsule (an inverted pencil cup) for 10 minutes and
then was returned to the home cage (Qin et al., 2018; Wang et al.,
2018). After cleaning the apparatus, a social stimulus (an age-
and sex-matched wild-type counterpart) was placed into the
capsule. The test animal was then returned to the apparatus for
a 10-minute free exploration. The time spent interacting with
the social stimulus and the number of approaching the social
stimulus were measured.

Lomotion Test—The animal was placed in a transparent plastic
cage (40x40x30 cm) equipped with an infrared motion-sensor
system (AccuScan Instruments Inc.). Locomotor activity
was monitored by using VersaMax animal activity software
(Omnitech Electronics, Inc.). Total distance traveled and time
spent in center during a 30-minute test were recorded and ana-
lyzed. The corn cob bedding in the cages was cleaned after each
test session.

Barnes Maze Test—The test animal was placed on a round plat-
form (36-inch diameter) with 8 equally spaced holes at the edge,
one of which was attached with an escape box (Cao et al., 2020).
A weak aversive light stimulation was applied to increase the

motivation to escape from the circular platform and enter the es-
cape box. During the learning phases, the animal was allowed to
explore the platform until it found the correct hole and entered
the escape box using distal visual cues. The interval between
each learning phase was 5 minutes. After 2 learning sessions,
the animal was placed back in its home cage for 15 minutes. In
the memory test phase, the escape box was removed, and the
animal was placed on the platform for a 3-minute exploration.
The amount of time spent around the correct hole (T1) and in-
correct holes (T2, the other 7 holes) were measured. The spatial
memory index was calculated by T1/T2.

Novel Object Recognition Test—After habituation on a round plat-
form (24-inch diameter) for 5 minutes, the mouse was allowed to
explore 2 identical objects on the platform for 5 minutes. After a
5-minute break in the home cage, the mouse was brought back
to explore the platform with an original familiar object and a
novel object for 5 minutes. The time spent with each object was
counted. The discrimination ratio was calculated by (T, - T,)/
(T +T;), where T and T, indicate the time spent with the novel
and familiar object, respectively. All the objects used in each
repeated measurement at different time points were unique
without repeat.

Electrophysiological Recording

In Vivo Recording in Anesthetized Mice—Multichannel recording of
in vivo spike activity used a similar approach as previously de-
scribed (Tan et al., 2021). Mice were anesthetized with ketamine
(100 mg/kg)/xylazine (10 mg/kg, i.p.). Animal body temperature
was maintained at 36.5°C+1°C. After a craniotomy (1-x2-mm
rectangle) was made directly above the medial PFC (+1.98 mm
AP, £0.25 mm ML, -2.2 mm DV), the dura was removed. A multi-
channel recording probe (NeuroNexus, A1x16-5mm-50-177-A16,
16 channels) was inserted radially via a small durotomy. By posi-
tioning the electrode tip 2.2-2.5 mm deep from the brain surface,
the probe was advanced into the target brain region and allowed
to settle until the stable activity was observed for 10-15 minutes,
and the units were recorded. Recordings were amplified and digi-
tized at 30 kHz (Intan 512ch Recording Controller with RHD2132
16-channel headstage). Spikes were separated with a band-pass
filter at 250-7500 Hz. Spikes were detected using an amplitude
threshold (2.8-5 standard deviation [SD] of background activity).
Spike clustering was performed with Plexon Offline Sorter
(Plexon) and further analyzed with MATLAB (MathWorks). Units
with a low signal-to-noise (<3.0) were discarded.
Whole-Cell Recording in Brain Slices—Whole-cell voltage-clamp
and current-clamp recordings were used to measure synaptic
currents and action potentials in medial PFC layer V pyramidal
neurons and layer II and III interneurons, as we previously de-
scribed (Zhong and Yan, 2016; Qin et al., 2018; Wang et al., 2018).
Mouse brain slices (300 pm) were positioned in a perfusion
chamber attached to the fixed stage of an upright microscope
(Olympus) and submerged in continuously flowing oxygenated
(95% O, and 5% CO,) ACSF (in mM: 130 NaCl, 26 NaHCO,, 1 CaCl,,
5MgCl,, 3KCl, 1.25 NaH,PO,, 10 glucose, pH 7.4, 300 mOsm). Cells
were visualized with a water-immersion lens (40x) and a CCD
camera. A Multiclamp 700 A amplifier with Clampex 8.2 soft-
ware and Digidatal322A (Molecular Devices) was used for re-
cordings. Recording pipettes were pulled from glass capillaries
(1.5 mm OD and 0.86 mm ID) with resistance at 3-5 MQ by a
pipette puller (Model P-97, Sutter Instrument Co.).

For NMDAR-mediated EPSC recordings, the internal solution
contained (in mM: 130 Cs-methanesulfonate, 10 CsCl, 4 NaCl, 10
HEPES, 1 MgCl,, 5 EGTA, 2 QX-314, 12 phosphocreatine, 5 MgATP,
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0.2 Na,GTP, 0.1 leupeptin, pH 7.2-7.3, 265-270 mOsm). Bicuculline
(20 pM) and CNQX (25 pM) were added to ACSF. Neurons were de-
polarized to +40 mV for 3 seconds before stimulation to remove
Mg?* block. For GABA,R-mediated IPSC recordings, the internal
solution contained (in mM) 100 CsCl, 30 N-methyl-D-glucamine,
10 HEPES, 4 NaCl, 1 MgCl,, 5 EGTA, 2 QX-314, 12 phosphocreatine,
5 MgATP, 0.5 Na,GTP, pH 7.2-7.3, 265-270 mOsm. D-APV (25 uM)
and CNQX (25 pM) were added to ACSF. Neurons were held at =70
mV. For mIPSCs recording, TTX (1 pM) was added to the external
solution. Evoked EPSC or IPSC was elicited by a series of cur-
rent pulses with different stimulation intensities (20-110 pA, de-
livered at 0.05 Hz) from an S48 stimulator (Grass Technologies)
via a bipolar stimulating electrode (FHC) placed at approximately
100 pm from the recorded neuron. Paired-pulse ratio (PPR) was
evoked by 2 pulses with different intervals (30-300 ms).

For spontaneous action potential recordings, slices were
bathed in a modified ACSF (0.5 mM MgCl,, 3.5 mM KCI) to
slightly elevate the basal neuronal activity. The internal solu-
tion contained (in mM: 20 KCl, 100 K-gluconate, 10 HEPES, 4 ATP,
0.5 GTP, and 10 phosphocreatine). A small depolarizing current
was applied to adjust the inter-spike potential at approxi-
mately -58 mV (Zhong and Yan, 2016). For evoked action poten-
tial recording, membrane potential was held to -70 mV with
the injection of a series of depolarizing currents (0-300 pA).

Electrophysiological data were analyzed with Clampfit 10.0.7
(Molecular Devices) and Mini Analysis 6.0.3 (Synaptosoft).

Quantitative Real-Time PCR

To compare mRNA levels, real-time quantitative (QPCR) was
used (Qin et al., 2018). Total RNA was isolated from mouse PFC
punches using Trizol reagent (Invitrogen) and treated with
DNase I (Invitrogen) to remove genomic DNA. Then iScriptTM
cDNA synthesis Kit (Bio-Rad) was used to obtain cDNA from
the tissue mRNA. gPCR was carried out using iCycler iQ
RealTime PCR Detection System and iQ Supermix (Bio-Rad)
according to the manufacturer’s instructions. GAPDH was
used as the housekeeping gene for quantification of the ex-
pression of target genes. Fold changes in the target genes were
determined by: fold change=224% where ACt=Ct(target) -
Ct(GAPDH), and A(ACt) = ACt(16p11%/+) - ACt(WT). Ct (threshold
cycle) is defined as the fractional cycle number at which the
fluorescence reaches 10x the SD of the baseline. A total reac-
tion mixture of 20 pL was amplified in a 96-well thin-wall PCR
plate (Bio-Rad) using the following PCR cycling parameters:
95°C for 5 minutes followed by 40 cycles of 95°C for 45 sec-
onds, 55°C for 45 seconds, and 72°C for 45 seconds. Primers for
all target genes are listed here.

Gene Species Forward Primer Reverse Primer Accession No.
Mapk3 Mouse TATCAACACCACCTGCGACC GGATTTGGTGTAGCCCTTGGA NM_011952.2
Slc6al Mouse GGCCGCAGGCTCTGT GTGGGCGCGAGATGTCAG NM_178703.4
Vgat Mouse GCCATTCAGGGCATGTTCG TGAGGATCTTGCCGGTGTAG NM_009508.2
Gad65 Mouse CGTGTATGGGGCTTTTGATCC TCAGTCCCTCCTCTCTAACCAG NM_008078.2
Gabral Mouse CACCATGAGGTTGACCGTGA CTACAACCACTGAACGGGCT NM_010250.5
Gabrb2 Mouse ATTTGGTGGCTCAAACGGTC GAGATTTCCTCACCAGCAGGA NM_008070.4
Gabrg2 Mouse GGAGCCGGCATCAAATCATC CTTTTGGCTTGTGAAGCCTGG NM_008073.4
Npas4 Mouse ACCTAGCCCTACTGGACGTT CTTTCAGCCAACAGGCGGTA NM_153553.5
Pualb Mouse GCTTTTCTGTATAGGCTCCGGC TCAGAATGGACCCCAGCTCATC NM_013645.4
Arc Mouse GAGGCTCAGCAATATCAGTC GGACAGCCAATATTCTTCAG NM_018790.3
Gapdh Human AGATCCCTCCAAAATCAAGT CAGAGATGATGACCCTTTTG NM_002046
A B WT Cc CWT  E316pe+RMD
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Figure 1. 16p11.2del/+ mice exhibited the reduced histone acetylation in PFC, which was restored by treatment with class I HDAC inhibitors. (A) Confocal images (120x)
of H3K9Ac (green) and NeuN (red) staining in PFC slices from wild-type (WT) and 16p11.2del/+ (16p®) mice. (B) Quantification of the integrated intensity of H3K9Ac and

NeuN signals in WT and 16p11.2del/+ mice (n=14 slices/5 mice/group, t

(26)=

3.6, P=.0013, unpaired t test). (C) Quantification and representative western-blot images of

acetylated H3 in the nuclear fraction of PFC slices from WT or 16p11.2del/+ mice without or with the treatment of romidepsin (RMD, 1 mg/kg, i.p., 3x) or MS-275 (5 mg/

kg, i.p., 3x) (n=4-7 samples/group, F,

2,20

=5.0, P=.02, 1-way ANOVA). All data are presented as mean +SEM. In all figures, *P<.05, *P<.01.

2202 1870100 TE U0 Jasn 1daq sfeuss Aq 082599/ 28/0T/Sz/a1onse/dull/wod dnosoiwapede)/:sdny wolj papeojumod



Histone Deacetylase Inhibition Restores Behavioral and Synaptic Function | 881

Statistics

GraphPad Prism 8.0.1 (GraphPad Software) was used for the
statistical analysis of the data. All data were presented as
means+SEM. Experiments with 2 groups were analyzed using t
tests (2-tailed, unpaired or paired). Experiments with more than
2 groups were subjected to 1-way or 2-way ANOVA or 1-way or
2-way repeated-measure ANOVA followed by Bonferroni post
hoc tests for multiple comparisons. All data are presented as

RESULTS

Histone Acetylation Is Reduced in PFC of
16p11.2del/+ Mice

Histone hypoacetylation has been found in the PFC of Shank3-
deficient mouse models of autism and postmortem autistic pa-
tients (Qin et al., 2018, 2021a). To determine whether histone
acetylation is also changed in 16p11.2%"* mice, we performed

mean+SEM. immunostaining of acetylated histone 3 in PFC slices. As shown
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Figure 2. Treatment with HDAC inhibitors induces prolonged rescue of social deficits and mitigates hyperlocomotion in 16p11.2del/+ mice. (A, F) Bar graphs of social
interaction time and number during social approach tests of WT vs 16p11.2del/+ mice treated with saline or MS-275 (5 mg/kg, i.p., 3x) or romidepsin (RMD) (1 mg/kg,
ip. 3x) (A, time: n=16-18 mice/group, F, sofinteraction)= 18:0, P<.0001; number: n=11-17 mice/group, F, ssfinteraction = 19-7, P<.0001; F, time: n=9-17 mice/group, F, snteracion=2-%
P=.0036; number: n=9-11 mice/group, F, ., .. ion=8-8, P=.0053, 2-way ANOVA). (B, G) Representative heatmaps illustrating the topographical time distribution in social
approach tests of different groups. (C, H) Scatter plots of social interaction time and number of individual 16p11.2del/+ mice before and after MS-275 or RMD treatment
(C,n=17 mice, time: t‘le):8.7, P<.0001; number: t(16'=10.5, P=.0003; H, n=17 mice, time: tig= 6.3, P<.0001; number: n=10 mice, ty=5.7,P= .0003, paired t test). (D, I) Plots of
social interaction time and number in 16p11.2del/+ mice treated with saline or MS-275 or RMD at different time points (D, time: n=11-14 mice/group, F, i craction =6-9»
P<.0001; number: n=13-14 mice/group, F, , s cracion = /-0, P<.0001, 2-way repeated-measure ANOVA (rmANOVA); I, time: n=13 mice/group, F; ,,=16.7, P<.0001; number:
n=10 mice/group, F, ;,=5.8, P=.0002, 1-way rmANOVA). (E, J) Bar graphs of total distance traveled (top) and time in center (bottom) in open-field locomotion tests of WT
vs 16p11.2del/+ mice treated with saline or MS-275 or RMD (E, n=16-26 mice/group, distance: F, g, . .uneny=8-3, P=.0051, F g, oo 0 =11.9, P=.0009; time: F, g, ;e =8-3,
P=.0051, F, ... =119, P=.0009; ], n=13-20 mice/group, distance: F, ;. .....,=11.9, P=.001, F, . -88 P=.0041; time: F, ... =80, P=.0063, F, . =71,
P=.0098, 2-way ANOVA). All data are from All data are presented as mean +SEM. In all figures, *P<.05, **P<.01, **P<.001, #P< .05, ##P<.01, ###P<.001. *: saline vs drug,
WT vs 16pd, #: pre vs post.
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in Figure 1A-B, the fluorescent signal of H3K9Ac in PFC neurons
(NeuN-positive) was significantly lower in 16p11.2%* mice than
in WT controls. Western-blot analyses (Figure 1C) also indicated
a lower level of acetylated histone 3 in the PFC of 16p11.2%
mice. Treatment with the class I HDAC inhibitor romidepsin
(RMD; 1 mg/kg, i.p. 3x) or MS-275 (5 mg/kg, i.p., 3x) elevated H3
acetylation close to the control level.

Class I HDAC Inhibitors Rescue Social and Cognitive
Deficits of 16p11.2del/+ Mice

To verify the therapeutic effectiveness of HDAC inhibition on
16p11.2 deletion syndrome, we assessed behavioral changes in
16p11.2%+ mice following the administration of class I HDAC in-
hibitors. We first measured their impact on social deficits in ju-
venile 16p11.2%"* mice using the social approach test (Qin et al.,
2018; Wang et al., 2018). As shown in Figure 2A-B, during the pres-
entation of a social stimulus, 16p11.2%* mice (saline-injected)
showed significantly less social interaction time and fewer so-
cial interaction numbers than WT mice (saline-injected), which
was significantly elevated by MS-275 treatment (5 mg/kg, i.p.,
3x). Consistent elevation of social interaction time and numbers
after MS-275 treatment was found in individual 16p11.2%* mice
(Figure 2C). We further examined how long the rescuing effect of
MS-275 treatment can sustain by testing 16p11.2%* mice prior
to and at various time points after drug treatment. As shown in
Figure 2D, the significantly increased social interaction time and
numbers in 16p11.2%"* mice persisted for approximately 28 days
post injection of MS-275, while no improvement in social prefer-
ence was found with repeated measurements of saline-injected
16p11.2%" mice.

In the locomotion test, 16p11.2¢¢* mice (saline-injected)
showed a significantly increased distance traveled and time in
center in the open-field test compared with WT mice (saline-
injected), both of which were reversed by MS-275 treatment
(Figure 2E), suggesting the hyperactivity phenotype of 16p11.2
deletion mice is mitigated by HDAC inhibition. Moreover, it sug-
gests that the altered sociability by 16p11.2 deletion or MS-275
treatment is not due to the changes in locomotion.

To verify the involvement of HDAC in the rescuing effect of
MS-275 in 16p11.2%+ mice, we tested another structurally dif-
ferent class T HDAC inhibitor, romidepsin. Romidepsin treatment
(1 mg/kg, i.p., 3x) also improved the sociability of 16p11.2%+
mice, as indicated by the significantly higher social interaction
time and numbers in social approach tests (Figure 2F-G). The
therapeutic effect of romidepsin was consistent (Figure 2H)
and lasted for approximately 21 days (Figure 2I). In addition,
romidepsin treatment normalized the hyperlocomotion pheno-
type of 16p11.2%* mice (Figure 2J).

We also tested the impact of HDAC inhibitors on cognitive
behaviors in 16p11.2%Y+ mice. As shown in Figure 3A-C, in the
Barnes maze (BM) test of spatial memory in which the animal
was trained to use visual cues to identify an escape hole from
several incorrect holes on a circular platform, 16p11.2%+ mice
(saline-injected) spent significantly less time around the cor-
rect hole (T1) and more time on the incorrect holes (T2); they
therefore had a significantly lower spatial memory index (T1/T2)
compared with WT mice (saline-injected). 16p11.2%* mice with
MS-275 treatment had significantly increased T1, decreased
T2, and improved spatial memory index. The rescuing effect of
MS-275 was consistent (Figure 3D) and long-lasting (approxi-
mately 28 days; Figure 3E). Similar results were also obtained
with romidepsin treatment (Figure 3F-]). In the novel object
recognition test, compared with WT mice (saline-injected),

16p11.2%"+ mice (saline-injected) lost the preference for the
novel object (N) over the familiar object (F). This was reversed
in MS-275-treated mice, as indicated by the significantly more
time on investigating N and the bigger discrimination ratio
compared with saline-treated 16p11.2%"* mice (Figure 3K-M).
16p11.2%+ mice treated with romidepsin also had significantly
improved novel object recognition memory (Figure 3N-P).

All these behavioral data suggest that a short treatment
with class I HDAC inhibitors induces prolonged improve-
ment in sociability and cognitive function as well as rescue
in hyperlocomotion in the mouse model of 16p11.2 deletion
syndrome.

HDAC Inhibitor Normalizes Excitability of PFC
Pyramidal and Interneurons in 16p11.2del/+ Mice

To find out the physiological basis for the therapeutic effects of
HDAC inhibitor on behaviors of 16p11.2%* mice, we next per-
formed in vivo and in vitro electrophysiological recordings to
examine its impact on PFC neuronal activity. First, in vivo action
potential firing was compared in WT vs 16p11.2%* mice using
single-unit recordings of anesthetized animals. A 16-channel
probe was inserted into mPFC regions, including prelimbic and
infralimbic. We recorded a total of 333 well-isolated units from
WT and 16p11.2%+ mice treated with saline or MS-275 (Figure
4A). Based on the trough-to-peak duration of the spike wave-
form (>0.25 milliseconds) and firing frequency (<10 Hz), these
units are mainly from PFC pyramidal neurons (Tan et al., 2021).
The mean spike rate was significantly decreased in 16p11.24*
mice compared with WT, and MS-275 treatment significantly en-
hanced the spike rate of mPFC units in 16p11.2%+ mice (Figure
4B). These differences were also identified in the cumulative dis-
tribution plot of spike rates from the 4 groups (Figure 4C) and
representative examples of recording units (Figure 4D).

To validate in vivo spike changes in 16p11.2%/+ mice with
MS-275 treatment, we carried out in vitro whole-cell current-
clamp recordings of PFC slices. In layer-V PFC pyramidal neurons
from 16p11.2%+ mice, the spikes elicited by various depolar-
izing currents were significantly reduced, which were elevated
to the control level by MS-275 treatment (Figure 5A). Moreover,
the diminished frequency of synaptic-driven spontaneous ac-
tion potentials in 16p11.2%+ PFC pyramidal neurons was also re-
stored in MS-275-treated 16p11.2%/+ mice (Figure 5B). Because E/I
balance disruption is a well-known hypothesis in autism (Sohal
and Rubenstein, 2019), we next recorded the neuronal activities
in layer I-II PFC fast-spiking (FS) interneurons, which were iden-
tified from their morphology and firing pattern. We found a sig-
nificant increase of the frequencies of evoked action potentials
and spontaneous action potentials in 16p11.2¢%* mice, which
was brought down to the control level by MS-275 treatment
(Figure 5C-D). Taken together, these data indicate that 16p11.2%/+
mice have hypoactive PFC pyramidal neurons and hyperactive
PFC interneurons, and the disrupted E/I balance is restored by
HDAC inhibition.

HDAC Inhibitor Normalizes NMDAR- and GABA R-
Mediated Synaptic Responses in PFC Pyramidal
Neurons of 16p11.2del/+ Mice

To understand the synaptic mechanism that may underlie
the effects of MS-275 on PFC neuronal activity, we examined
glutamatergic excitation and GABAergic inhibition in PFC pyr-
amidal neurons of 16p11.2%"* mice. Our previous study found
that NMDAR-mediated excitatory postsynaptic currents
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Figure 3. Treatment with HDAC inhibitors induces sustained amelioration of cognitive deficits in 16p11.2del/+ mice. (A, F) Bar graphs of the time spent on investigating
correct (T1) and incorrect (T2) holes in Barnes maze (BM) tests of WT vs 16p11.2del/+ mice treated with saline or MS-275 (5 mg/kg, i.p., 3x) or romidepsin (RMD) (1 mg/
kg, i.p. 3x) (A, n=15-19 mice/group, F, . craction = 22-3, P<.0001; F, n=9-11 mice/group, F, ,, .. .cion=26.7, P<.0001, 2-way ANOVA). (B, G) Bar graphs of spatial memory
index (T1/T2) in BM tests of the 4 groups (B, n=15-19 mice/group, F, ., cucion =48-8, P<.0001; F, n=9-11 mice/group, F, ;. .cecion = 11.5, P<.0001, 2-way ANOVA). (C, H)
Representative heatmaps showing the time spent on investigating correct and incorrect holes in BM tests of different groups. The arrow points to the correct hole. (D, I)
Scatter plots of spatial memory index of individual 16p11.2del/+ mice before and after MS-275 or RMD treatment (D, n=19 mice, t,;, =12.2, P<.0001; I, n=10 mice, t,=4.7,
P=.0011, paired t test). (E, J) Plots of spatial memory index in16p11.2del/+ mice treated with saline or MS-275 or RMD at different time points (E, n=12-15 mice/group,
Fy 1sofinteraction = 16-7, P<.0001, 2-way repeated-measure ANOVA (rmANOVA); J, n=10 mice/group, F, ,,=7.7, P=.0011, 1-way rmANOVA). (K, N) Bar graphs of the time spent
on investigating familiar (F) and novel (N) objects in Novel Object Recognition (NOR) tests of WT vs 16p11.2del/+ mice treated with saline or MS-275 or RMD (K, n=10-11
mice/group, F, i erciion = 12-8, P<.0001; N, n=9-10 mice/group, F, s, cruciion =9-9, P<.0001, 2-way ANOVA). (L, O) Bar graphs of discrimination ratio in NOR tests of the 4
groups (L, n=10-11 mice/group, F, ;..o =21.0, P<.0001; n=9-10 mice/group, F, ;i rociion = 25-1, P<.0001, 2-way ANOVA). (M, P) Representative heatmaps showing the
time spent on investigating familiar and novel objects in NOR tests of different groups. The arrow points to the novel object. All data are presented as mean +SEM. In
all figures, *P<.05, *P<.01, **P<.001; #P<.05, ##P <.01, ###P<.001; ++P<.01, +++P<.001. *: saline vs drug, WT vs 16p, #: pre vs post, +: T1 vs T2 or F vs N.

(NMDAR-EPSC) significantly diminished in PFC pyramidal As shown in Figure 6A, saline-injected 16p11.2%"* mice did have
neurons from 16p11.2¢"+ mice, while AMPAR-mediated excita- significantly reduced NMDAR-EPSC in PFC pyramidal neurons
tory postsynaptic currents were largely unchanged (Wang et al., compared with WT mice, while MS-275 treatment elevated it
2018), so we focused on NMDAR-EPSC recordings in this study. to the control level. PPR, a readout of presynaptic transmitter
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Figure 4. HDAC inhibitor restores the diminished in vivo spike activity in PFC of 16p11.2del/+ mice. (A) Scatter plots of firing rate and through-to-peak duration of
recorded mPFC units in WT (n=103 units/8 mice), 16p11.2del/+ (n=68 units/6 mice), 16p11.2del/+ +MS-275 (n=53 units/6 mice) and WT+MS-275 (n=109 units/8 mice)

group. (B) Bar graphs of firing rate of recorded units in the 4 groups (F

1,329(interaction)

=15.6, P<.0001, 2-way ANOVA). (C) Cumulative frequency distribution plots of recorded

units. (D) Representative in vivo recording data from the 4 groups. Top: raster plots; Middle: heat maps; Bottom: histogram of spikes of a recorded unit. All data are

presented as mean +SEM. In all figures, *P<.05, *P<.01.

release, of NMDAR-EPSC was unchanged in any of these groups
(Figure 6B).

Disturbed synaptic balance in the cerebral cortex has been
reported in different animal models of ASD (Antoine et al., 2019;
Qin et al.,, 2021b), and the GABAergic synaptic transmission in
PFC pyramidal neurons in 16p11.2 deletion mice has not been
reported. Next, we compared GABAergic synaptic transmission
in PFC pyramidal neurons in WT and 16p11.2%* mice. Whole-
cell voltage-clamp recordings revealed a significant increase of
GABA,R-mediated inhibitory postsynaptic currents (GABA,R-
IPSC) evoked by synaptic stimulations of various intensities
in layer V PFC pyramidal neurons from 16p11.2%"* mice, and
MS-275 treatment brought them down to similar levels to WT
mice (Figure 7A). PPR of GABA,R-IPSC was also significantly de-
creased (double pulse interval at 30 milliseconds) in 16p11.2%V+
mice, which was elevated by MS-275 treatment (Figure 7B).
Furthermore, MS-275 treatment normalized the significantly in-
creased frequency of spontaneous IPSC and miniature IPSC in
16p11.2% mice (Figure 7C-E). These data suggest that MS-275-
induced dampening of the elevated GABA signalingin 16p11.24/*
mice may result from normalizing the increased presynaptic
GABA release in agreement with MS-275-induced normaliza-
tion of the increased firing of PFC fast-spiking interneurons in
16p11.2%" mice.

To further investigate the molecular mechanisms that may
contribute to the altered GABAergic transmission in 16p11.24V+
mice, we examined the mRNA level of several genes related to
GABA transporters, receptors, or GABAergic interneurons. As
shown in Figure 7F, the qRT-PCR profiling revealed a signifi-
cant decrease (close to 50%) of Mapk3, one of the genes within
16p11.2 genetic locus, in PFC of 16p11.2%/* mice, consistent
with the copy number deletion of this chromosomal region
in these mice. The mRNA levels of Slc6al (encoding GABA
transporter GAT-1) and Pualb (encoding parvalbumin) were
significantly increased in the PFC of 16p11.2%"* mice, which
may underlie the elevated GABAergic signaling. Moreover,

the neuronal activity marker, Arc, was significantly reduced
in PFC of 16p11.2%V+ mice, consistent with the reduced PFC
pyramidal neuronal activity found in both in vivo and in vitro
recordings.

Taken together, these data indicate that 16p11.2%/* mice have
NMDAR hypofunction and GABA hyperfunction in PFC pyram-
idal neurons, and the disrupted synaptic balance is restored by
HDAC inhibition.

Discussion

Aberrations in chromatin remodeling and synaptic homeostasis
have been strongly implicated in autism by genetic screenings
(De Rubeis et al., 2014; Satterstrom et al., 2020). Here we provide—
for the first time, to our knowledge—electrophysiological and be-
havioral evidence demonstrating that inhibiting class I HDACs
restores synaptic functions in the PFC of 16p11.2%* mice, leading
to the long-lasting rescue of social and cognitive deficits as well
as the normalization of hyperlocomotion. In ASD models with
the haploinsufficiency of Shank3 gene, which encodes a master
scaffolding protein in the postsynaptic density of glutamatergic
synapses (Naisbitt et al., 1999) and is causally linked to 22q13.3
deletion syndrome (Betancur and Buxbaum, 2013; Guilmatre
et al.,, 2014), class I HDAC inhibitors like romidepsin and MS-275
also show strong therapeutic potentials (Ma et al., 2018; Qin
et al., 2018; Zhang et al., 2021). These preclinical studies have
demonstrated that targeting epigenetic enzymes is a promising
avenue for autism treatment.

Microdeletion of the 16p11.2 region is associated with sev-
eral syndromes largely characterized by social, cognitive, and
intellectual deficits (Portmann et al., 2014; Tian et al., 2015; Yang
et al., 20153, 2015b; Arbogast et al., 2016). Consistently, we have
found that 16p11.2%" mice exhibit significantly reduced social
interactions in social approach tests, spatial memory and rec-
ognition memory deficits, as well as hyperactivities in open
field. These behavioral abnormalities are ameliorated by a short
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Figure 7. HDAC inhibitor normalizes GABAergic transmission in PFC pyramidal neurons of 16p11.2del/+ mice. (A) Input/output curves of GABA R-IPSC in PFC pyram-

idal neurons from WT and 16p11.2del/+ mice treated with saline or MS-275 (n=17-23 cells/5-6 mice/group, F,

3 78(group) = 20-5, P<.0001, 2-way repeated-measure ANOVA

[rmANOVA]). Inset: representative GABA,R-IPSC traces. (B) Plot of PPR of GABA,R-IPSC evoked by double pulses with various intervals in PFC pyramidal neurons from

the 4 groups (n=15-17 cells/5-6 mice/group, F, ;...

in PFC pyramidal neurons from the 4 groups. (C, n=18-22 cells/5-6 mice/group, Frequency: F

cells/3 mice/group, Frequency: F =13.4, P=.0004, Amplitude: F.

1,59(interaction)

=0.2

1,59(interaction)

=4.5, P=.0065, 2-way rmANOVA). Inset: representative traces. (C, E) Bar graphs of spontaneous and miniature IPSC

1 77(interaction) = 14-8, P=.0003, Amplitude: F\  nteraction =0-07, P=.8; E, n=14-18

, P=.6, 2-way ANOVA). (D) Representative spontaneous IPSC traces. (F) Bar graph

of mRNA levels of GABA-related genes in PFC of WT vs 16p11.2del/+ mice (Mapk3: n=6 mice/group, ty=3.7,P=.0044, Slc6al: n=9-10 mice/group, t,,=2.7,P=.015, Pvalb,
n=10-11 mice/group, t,=24, P=.025, Arc: n=6-8 mice/group, tyy=2.7, P=.019, unpaired t test). All data are presented as mean +SEM. In all figures, *P<.05, **P<.01,

*P<.001.

(3 days) treatment with MS-275 or romidepsin. More import-
antly, the rescuing effects sustain for a long time (34 weeks),
outlasting the presence of these compounds. This suggests
that targeting epigenetic enzymes may trigger gene expression
changes that could lead to prolonged alterations of downstream
biological processes.

The earlier studies of 16p11.2 deletion mice (Horev et al,,
2011; Portmann et al., 2014) did not demonstrate sex-specific
behavioral changes. However, female-specific stress-induced
anxiety (Giovanniello et al., 2021), male-specific deficits in
sleep (Angelakos et al., 2017; Lu et al., 2019) and natural reward
learning (Grissom et al., 2018), and sex-specific basic metabolism
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(Menzies et al., 2021) have been reported in 16p11.2 deletion
mice. Our behavioral tests of social approach, locomotion, and
cognitive behaviors did not find significant sex differences. It
awaits to be tested whether HDAC inhibition rescues the sex-
specific phenotypes in 16p11.2 deletion mice.

To find out the physiological basis of these behavioral
changes, we examined neuronal excitability and synaptic
function in 16p11%/* mice. We have for the first time, to our
knowledge, found elevated excitability (hyperactivity) of PFC
fast-spiking interneurons (GABAergic) and decreased in vivo
spike activity in PFC pyramidal neurons (glutamatergic) of
16p11%/* mice, which is accompanied by the diminished ex-
citability (hypoactivity) of PFC pyramidal neurons in vitro
and prominent NMDAR hypofunction in 16p11%/ mice, con-
sistent with our previous findings (Wang et al., 2018). In add-
ition, we found for the first time, to our knowledge, that PFC
pyramidal neurons of 16p11%Y* mice exhibit significantly aug-
mented inhibitory synaptic responses, which is likely due to
the presynaptic change in GABA release. Remarkably, MS-275
treatment reverses the E/I imbalance and synaptic alter-
ations in the PFC of 16p11%/* mice. Prior studies with a wide
variety of ASD models have shown that the manifestation of
autistic phenotypes could be attributed to the disrupted E/I
balance (Lee et al., 2017; Antoine et al., 2019; Qin et al., 2021b),
glutamatergic function (Duffney et al., 2013; Qin et al., 2018;
Wang et al., 2018; Rapanelli et al., 2021), or GABA system (Jung
etal., 2017; Lee et al., 2021; Rein et al., 2021). The restoration of
PFC synaptic physiology by a class I HDAC inhibitor provides
a mechanistic basis for its effectiveness in treating behavioral
symptoms of 16p11%/+ mice.

While we focused the measurement of cellular changes
in PFC because of the key role of this brain region in regu-
lating social and cognitive behaviors measured here (Duffney
et al., 2015; Qin et al., 2018; Zheng et al., 2019; Cao et al., 2020;
Rapanelli et al., 2021; Wang et al., 2021), the data from sys-
temic administrations of HDAC inhibitors are still not ad-
equate to draw a causal link between cellular changes in PFC
and behavioral changes in16p11¢/* mice. Future studies will
examine whether there are cellular changes in other brain re-
gions and what is responsible for the restoration of behavioral
phenotypes.

One challenge is to find molecular targets downstream
of HDAC inhibition involved in the amelioration of synaptic
deficits. gPCR profiling has revealed the significantly increased
GABA system genes (e.g., Slc6al and Pualb) and the significantly
decreased synaptic plasticity gene Arc in PFC of 16p11.2%/* mice,
providing new evidence that they could be direct targets of
MS-275 treatment involved in synaptic recovery. Our previous
transcriptomic studies have found that the majority (approxi-
mately 88%) of the >200 downregulated genes in Shank3-deficient
mice are restored by romidepsin treatment, and these genes are
highly enriched in actin cytoskeleton-mediated transport, signal
transduction pathways, and developmental processes (Qin
et al,, 2018). Future studies will identify gene targets of HDAC
inhibition that play a causal role in the synaptic and behavioral
rescue of 16p11.2%Y* mice.
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