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Cellular/Molecular

Cell-Type-Specific Shank2 Deletion in Mice Leads to
Differential Synaptic and Behavioral Phenotypes

Ryunhee Kim,* “Jihye Kim,>* ““Changuk Chung,”* “Seungmin Ha,' Seungjoon Lee,' “Eunee Lee,? Ye-Eun Yoo,'
Woohyun Kim,' Wangyong Shin,' and Eunjoon Kim'?

Department of Biological Sciences, Korea Advanced Institute for Science and Technology, Daejeon 305-701, Korea, and 2Center for Synaptic Brain
Dysfunctions, Institute for Basic Science, Daejeon 305-701, Korea

Shank? is an excitatory postsynaptic scaffolding protein implicated in synaptic regulation and psychiatric disorders including autism
spectrum disorders. Conventional Shank2-mutant (Shank2 ~' ~) mice display several autistic-like behaviors, including social deficits,
repetitive behaviors, hyperactivity, and anxiety-like behaviors. However, cell-type-specific contributions to these behaviors have re-
mained largely unclear. Here, we deleted Shank2 in specific cell types and found that male mice lacking Shank2 in excitatory neurons
(CaMKII-Cre;Shank2 fly show social interaction deficits and mild social communication deficits, hyperactivity, and anxiety-like behav-
iors. In particular, male mice lacking Shank2 in GABAergic inhibitory neurons (Viaat-Cre;Shank2™") display social communication
deficits, repetitive self-grooming, and mild hyperactivity. These behavioral changes were associated with distinct changes in hippocam-
pal and striatal synaptic transmission in the two mouse lines. These results indicate that cell-type-specific deletions of Shank2 in mice
lead to differential synaptic and behavioral abnormalities.
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Shank2 is an abundant excitatory postsynaptic scaffolding protein implicated in the regulation of excitatory synapses and diverse
psychiatric disorders including autism spectrum disorders. Previous studies have reported in vivo functions of Shank2 mainly
using global Shank2-null mice, but it remains largely unclear how individual cell types contribute to Shank2-dependent regulation
of neuronal synapses and behaviors. Here, we have characterized conditional Shank2-mutant mice carrying the Shank2 deletionin
excitatory and inhibitory neurons. These mouse lines display distinct alterations of synaptic transmission in the hippocampus and
striatum that are associated with differential behavioral abnormalities in social, repetitive, locomotor, and anxiety-like domains.

ignificance Statement

Introduction

Members of the Shank/ProSAP family of excitatory postsynaptic
scaffolding proteins (Shankl, Shank2, and Shank3) are thought
to regulate multiprotein complex assembly in the postsynaptic
density of excitatory synapses and excitatory synaptic transmis-
sion, plasticity, and signaling (Sheng and Sala, 2001; Boeckers et
al., 2002; Sheng and Hoogenraad, 2007; Grabrucker et al., 2011;
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Sheng and Kim, 2011; Jiang and Ehlers, 2013; Sala et al., 2015;
Zhu et al., 2016; Monteiro and Feng, 2017).

Shank2/ProSAP1 contains multiple domains for protein—
protein interactions (Du et al., 1998; Boeckers et al., 1999b; Lim et
al., 1999; Naisbitt et al., 1999; Sheng and Kim, 2000), which link
Shank2 to other synaptic proteins, including GKAP/SAPAP,
Homer, cortactin, BPIX, IRSp53, Abpl, Abi-1, and syndapin I
(Naisbitt et al., 1999; Tu et al., 1999; Boeckers et al., 1999a,b;
Bockmann et al., 2002; Soltau et al., 2002; Park et al., 2003; Qual-
mann et al., 2004; Romorini et al., 2004; Uemura et al., 2004;
Proepper et al., 2007; Hayashi et al., 2009; Schneider
et al., 2014; MacGillavry et al., 2016). Shank2 is expressed in
diverse rodent brain regions (Du et al., 1998; Lim et al., 1999;
Boeckers et al., 1999a,b) and is mainly present at excitatory syn-
apses (Boeckers et al., 1999b; Tao-Cheng et al., 2015; Heise et al.,
2016).

More recently, SHANK2 has been linked to several psychiatric
disorders, including autism spectrum disorders (ASDs), intellec-
tual disability, developmental delay, and schizophrenia (Pinto et
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al., 2010; Wischmeijer et al., 2011; Berkel et al., 2012; Leblond et
al., 2012; Prasad et al., 2012; Rauch et al., 2012; Sanders et al.,
2012; Chilian et al., 2013; Schluth-Bolard et al., 2013; Leblond et
al., 2014; Costas, 2015; Peykov et al., 2015a,b; Homann et al.,
2016; see also related reviews (Grabrucker et al., 2011; Jiang and
Ehlers, 2013; Grabrucker, 2014; Guilmatre et al., 2014; Yoo et al., 2014;
Wang et al., 2014a; Harony-Nicolas et al., 2015; Sala et al., 2015;
Schmeisser, 2015; Hulbert and Jiang, 2016; Monteiro and Feng,
2017).

Mice expressing virally delivered mutant forms of Shank2 dis-
play reduced excitatory synaptic transmission and impaired cog-
nition (Berkel et al., 2012). In addition, Shank2 ~/~ mice with
specific exon deletions (exon 7 or exons 6 and 7) display diverse
autistic-like behaviors, including social deficits, repetitive behav-
iors, hyperactivity, and anxiety-like behaviors (Schmeisser et al.,
2012; Won et al,, 2012; Ey et al., 2013). Pharmacological NMDA
receptor (NMDAR) activation rescues the social deficits observed
in Shank2 ™'~ (exons 6 and 7) mice (Won et al., 2012; Lee et al.,
2015b), implicating NMDAR dysfunction in the phenotypes (Lee
et al., 2015a). Moreover, inhibitory synaptic and Purkinje cell
dysfunctions have been shown to underlie Shank2 knock-out
(KO) phenotypes (Ha et al., 2016; Peter et al., 2016; Lim et al.,
2017). Most recently, mice carrying another Shank2 deletion
(exon 24) have been shown to display altered NMDA and AMPA
receptor functions and mania-like behaviors that are rescued by
the mood stabilizers lithium and valproic acid (Pappas et al.,
2017).

Here, we attempted Shank2 deletion restricted to CaMKIIa-
positive excitatory neurons and Viaat (vesicular inhibitory amino
acid transporter)-positive global GABAergic inhibitory neurons
and found that these mice display distinct synaptic alterations in
different brain regions and differential behavioral abnormalities
in social, repetitive, locomotor, and anxiety-like domains.

Materials and Methods

Animals. To generate Shank2-conditional KO (cKO) mouse lines with
deletion of exons 6 and 7, male homozygous Shank2 ™" mice under the
genetic background of C57BL/6] (Biocytogen) were crossed with female
Shank2™™ mice (for CaMKII and Viaat conditional) carrying the Cre
transgene. Heterozygous Shank2™™ mice were generated by crossing
female cassette Shank2 (Shank2<®**“*) mice carrying a targeted
Shank2 allele under the genetic background of C57BL/6] with male
protamine-Flp mice, as described previously (Ha et al., 2016). CaMKIIa-
Cre (#5359) and Viaat-Cre (#17535) mouse lines under the genetic back-
ground of C57BL X BALB/c and FVB/N, respectively, were obtained
from The Jackson Laboratory. Through the cross-breeding procedures
for the production of cKO mice, the Cre mouse lines used in the present
study were crossed with C57BL/6] for more than five generations. To
verify Cre expression patterns in the brain, CaMKIIa-Cre and Viaat-Cre
mice were crossed with ROSA-tdTomato Cre reporter (JAX #7909) mice.
Cre-negative Shank2™" littermates were used as control groups in all
experiments. Shank2 ~/~ mice were generated as described previously
(Won et al., 2012). Mice were housed and bred at the mouse facility of
Korea Advanced Institute of Science and Technology (KAIST) and main-
tained according to the guidelines of the Animal Research Requirements
of KAIST. All animals were fed ad libitum and housed under a 12 h
light/dark cycle (light phase during 1:00 A.M. to 1:00 P.M.). Mice were
weaned at the age of postnatal day 21-24. After weaning, mixed-genotype
littermate mice were group housed (five to eight mice per cage) until
experiments. PCR genotyping of CaMKII/Viaat cKO mice was per-
formed using the following two set of oligonucleotide primers: set for
floxed (367 bp) or WT allele (253 bp), forward, 5'-CGC ACT GTG GGC
TCA TCA GAT G-3, reverse, 5'-CAG ACG CAT CTT CCA GGG AAG
C-3'; set for cre allele (272 bp), forward, 5'-GTG TTG CCG CGC CAT
CTG C-3, reverse, 5'-CAC CAT TGC CCC TGT TTC ACT ATC-3".
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Male mice were used for all behavioral and immunoblotting experi-
ments, whereas female mice were used for immunohistochemical stain-
ing and electrophysiological experiments (for details, see Fig. 2-1,
available at https://doi.org/10.1523/JNEUROSCI.2684-17.2018.£2-1).
This was partly because we attempted to best match the genders of the
mice in the present study to those that we used in our previous experi-
ments for conventional Shank2 KO mice (Won et al., 2012) for better
comparisons.

Western blot analysis. Total brain lysates separated in electrophoresis
and transferred to a nitrocellulose membrane were incubated with the
following primary antibodies: Shank2 (1:1000, Synaptic Systems catalog
#162 202, RRID:AB_2619860), a-tubulin (1:1000, Sigma-Aldrich cata-
log #T5168, RRID:AB_477579), Shankl (#2100, Ha et al., 2016); and
Shank3 (#2036, Lee et al., 2015¢) at 4°C overnight or at room tempera-
ture for 1 h. Immunoblot images were captured using the Odyssey Fc
imaging system (LI-COR Biosciences).

Immunohistochemistry. Adult mice were transcardially perfused with
0.9% saline and low pH fixative (1% paraformaldehyde in 100 mm Na-
acetate buffer, pH 6.0). After overnight postfixation, brains were slowly
and carefully sectioned in 60~100 wm with a vibratome and washed in
phosphate buffer. After washing in TBS for 10 min, brain sections were
blocked for 1 hin 10% or 2% goat serum plus 0.2% Triton X-100 in TBS.
Brain sections were incubated with primary antibodies (Shank2, Synap-
tic Systems catalog #162 202, RRID:AB_2619860 rabbit and 162 204,
RRID:AB_2619861 guinea pig), which were diluted at 1:500 to 1000 in
incubation buffer (2% goat serum, 0.1% Triton X-100 in TBS) overnight
atroom temperature (or 48 h at 4°C) and washed 3-5 times for 10 min in
TBS. After incubation with Alexa Fluor 594-conjugated secondary anti-
bodies (Jackson ImmunoResearch Laboratories catalog #711-585-152,
RRID:AB_2340621) at room temperature for 2 h (or 48 h at 4°C), sec-
tions were washed 3-5 times for 10 min in TBS. Brain sections were
mounted with Vectashield using DAPI (Vector Laboratories catalog #H-
1200, RRID:AB_2336790). Brain sections were imaged with a confocal
microscope (10X and 63X objectives; LSM780, Carl Zeiss).

Behavioral assays. Behavioral experiments were performed in the fol-
lowing order: open-field test, repetitive behavioral test and/or hole-
board test, three-chamber test and/or USV test, elevated plus maze
and/or light—dark test, and Laboratory Animal Behavior Observation
Registration and Analysis System (LABORAS) test. All behavioral assays
were performed using male mice.

Three-chamber test. The three-chamber social interaction test was per-
formed as described previously (Silverman et al., 2010; Won et al., 2012).
Specifically, mice were isolated in a single cage for 4 d before the test,
whereas the age-matched stranger mice (129S1/Svlm] strain) were group
housed (4—6 mice per cage). The test consisted of three phases: empty—
empty (habituation), stranger 1-object (S1-O), and stranger 1 (familiar
stranger)—stranger 2 (new stranger) (S1-S2) phases. The test was con-
ducted after 30 min of habituation in an experimental booth. The white
acrylic three-chambered apparatus (40 X 20 X 25 c¢cm) included two
small containers for an object or a stranger mouse in the upper or lower
corner of the two side chambers. The light condition for the three-
chamber test was ~70 lux. In the first habituation phase, a test mouse was
placed in the center area of the three-chambered apparatus and allowed
to explore the environment freely for 10 min. In the second S1-O phase
that followed without an interphase interval, a stranger mouse (S1) and
an inanimate blue cylindrical object (O) were placed in the two corner
containers. A stranger mouse was randomly positioned in the left or right
chamber. The test mouse was allowed to explore the stranger mouse or
the object freely. In the third S1-S2 phase that followed without an in-
terphase interval, the object was replaced with a new stranger mouse (S2).
The test mouse was allowed to explore and interact freely with both
stranger mice. For the analysis, sniffing times were measured using Etho-
vision XT 10 software (Noldus, RRID:SCR_000441). Sniffing was de-
fined as the nose part of the test mouse being positioned within 2 cm
from a container. The social preference index was defined as S1-O (or
S$2-S1)/the sum of the two parameters X 100.

Ultrasonic vocalizations (USVs). To measure USVs during courtship
behavior, unfamiliar female adult mice were used as strangers/intruders.
Male adult subject mice were socially isolated in their home cages for 3 d
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before the test, whereas age-matched female adult stranger mice (C57BL/
6]) were group housed (4—6 mice per cage). The test was conducted after
30 min of habituation in an experimental booth. A subject male mouse
was placed in a testing cage under a light condition of ~60 lux for 5 min
to record its basal USVs without a female stranger/intruder. Next, a
randomly chosen female stranger mouse was introduced into the cage
and the mice were allowed to interact with each other freely while court-
ship USVs of the subject mouse were recorded for 5 min. Avisoft SASLab
Pro software (RRID:SCR_014438) was used to analyze USVs. Signals
were filtered from 1 Hz to 100 kHz and digitized with a sampling fre-
quency of 250 kHz, 16 bits per sample (Avisoft UltraSoundGate 116H).
To generate spectrograms, the following parameters were used: FFT
length: 256, frame size: 100, window: FlatTop, overlap: 75%, resulting in
a frequency resolution of 977 Hz and a temporal resolution of 0.256 ms.
Frequencies lower than 45 kHz were filtered out to reduce background
white noises. The duration of male—female direct social interaction, de-
fined by the total time spent sniffing, following, and mounting, was
measured manually by trained experimenters in a blinded fashion. Social
interactions during USV measurements were assessed exclusively in
males. We did not determine whether measured USVs were from male or
female mice because USVs under the context of male—female encounter,
which likely represent courtship USVs, are mainly produced by males
(Maggio and Whitney, 1985; Egnor and Seagraves, 2016). We did not
measure female cycles, assuming that group housing may synchronize
the cycles.

Repetitive behaviors. Mice were placed in a new home cage with bed-
ding for 15-20 min. Behaviors during the time period of 5-15 min were
used to measure self-grooming, digging, and jumping. A skilled experi-
menter scored the duration of each behavior in a blinded manner. Self-
grooming was defined as stroking or scratching of the face or body or
licking of body parts. Digging was defined as the behavior to dig out
beddings using its head or forelimbs. Jumping was defined as the behav-
ior of a mouse in which both of the two hind limbs simultaneously push
against the ground.

Hole-board test. The hole-board apparatus (40 X 40 X 35 cm) was
made of white acrylic plates including 16 holes (3 cm in diameter ar-
ranged in a 4 X 4 pattern) and transparent walls. Mice were allowed to
move and explore the holes freely for 20 min. The movements were
recorded in a way to be able to observe the head-bobbing behavior at the
bottom-up view. The frequency of head bobbing into a hole was counted
manually in a blinded manner.

Open-field test. Mice were placed in the center of a white acrylic open-
field box (40 X 40 X 40 cm) and allowed to explore freely for 60 min
under a complete darkness (0 lux) condition. The size of the center zone
was 20 X 20 cm. Locomotion of each mouse was recorded from an
infrared camera above and analyzed using EthoVision XT 10 software
(Noldus, RRID:SCR_000441).

Elevated plus maze test. The plus maze was made of gray acrylic plates
and elevated to a height of 75 cm from the floor with two open arms
(30 X 5 X 0.5 cm) and two closed arms (30 X 5 X 30 cm). Light condi-
tions for the open and closed arms were ~250 and ~20 lux, respectively.
In the test, mice were introduced to the center of the elevated plus maze
and allowed to explore for 8 min. Time spent in open or closed arms
was measured using Ethovision XT 10 software (Noldus, RRID:
SCR_000441).

Light—dark test. The apparatus consists of dark and light compart-
ments (20 X 30 X 20 cm, 600 lux at light chamber, 20 X 13 X 20 cm, 5 lux
at dark chamber), which has a wide entrance between the two chambers
(5 cm). Mice were placed in the light chamber with their heads toward to
the opposite wall from the dark chamber and allowed to explore the
apparatus freely for 10 min. Time spent in light and dark compartment
and the number of transitions into the light compartment were analyzed
using Ethovision XT 10 software (Noldus, RRID:SCR_000441).

LABORAS test for long-term measurements of movements. Mice were
individually caged in an automated system for long-term measurements
of rodent behaviors from the start of night cycle (13:00) for 96 or 48 h and
fed ad libitum. Locomotion, climbing, rearing, grooming, eating, and
drinking activities were recorded and automatically analyzed by the
LABORAS test (Metris). We did not validate the LABORAS results by
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manual analyses, based on the previous report that validated LABORAS
results (Van de Weerd et al., 2001; Quinn et al., 2003, 2006; Dere et al.,
2015).

Electrophysiology. For hippocampal/striatum electrophysiological ex-
periments, mice brains were sectioned in ice-cold dissection buffer con-
taining the following (in mm): 212 sucrose, 25 NaHCO3, 10 p-glucose, 2
Na-pyruvate, 1.25 ascorbic acid, 1.25 NaH,PO,, 5 KCl, 3.5 MgSO,, and
0.5 CaCl, bubbled with 95% O,/5% CO, gas using a Leica VT 1200
vibratome. Brain sections with a thickness of 300 wm were used for
whole-cell recordings and thicknesses of 400 wm were used for extracel-
lular field recordings. The slices were recovered for 30 min in artificial
CSF (ACSF) at 32°C containing the following (in mm): 124 NaCl, 25
NaHCO3, 10 glucose, 2.5 KCI, 1 NaH,PO,, 2 CaCl,, and 2 MgSO, oxy-
genated with 95% O, 5% CO, gas. All recordings were performed after
recovery for additional 30 min at room temperature. During all record-
ings, brain slices were maintained in a submerged-type recording cham-
ber perfused with 28°C ACSF (2 ml min ~'). Recording and stimulus
glass pipettes from borosilicate glass capillaries (Harvard Apparatus)
were pulled using an electrode puller (Narishige). All electric responses
were amplified and filtered at 2 kHz (Multiclamp 700B; Molecular De-
vices) and then digitized at 10 kHz (Digidata 1550; Molecular Devices).

For whole-cell patch recordings in the CAl region of the hip-
pocampus and the dorsolateral region of the striatum, a recording
pipette (2.8 -3.8 M()) was filled with internal solution containing the
following (in mm): 100 CsMeSO,, 10 TEA-CI, 8 NaCl, 10 HEPES, 5
QX-314-Cl, 2 Mg-ATP, 0.3 Na-GTP and 10 EGTA for miniature
EPSCs (mEPSCs); 115 CsCl, 10 EGTA, 8 NaCl, 10 TEACI, 10 HEPES,
4 Mg-ATP, 0.3 Na-GTP, and 5 QX-314 for miniature IPSCs (mIPSCs)
adjusted to pH 7.35 and 285 mOsm. Medium spiny neurons (MSNs)
in the dorsal striatum were identified by the soma size (8 —12 um) and
basic membrane properties (cell capacitance > 100 pF and input
resistance > 160 M(), as described previously (Cepeda et al., 1998,
2008; Gertler et al., 2008). To measure mEPSCs and mIPSCs, CA1
pyramidal neurons and dorsolateral striatal neurons were voltage
clamped at —70 mV. For mEPSCs and mIPSCs, picrotoxin (60 um)
and NBQX (10 um) plus APV (50 um) were added to ACSF with TTX
(1 pm), respectively. For spontaneous EPSCs and IPSCs, picrotoxin
(60 wm) and NBQX (10 um) plus APV (50 um) without TTX were
added, respectively. Responses were recorded for 2 min after main-
taining stable baseline for 5 min.

For extracellular field recordings, a stimulating (0.3—-0.5 M(Q)) and a
recording (1 M) pipette were filled with ACSF. Field excitatory post-
synaptic potentials (fEPSPs) in the CA1 of the hippocampus were re-
corded in the stratum radiatum region of the CAl subfield and the
Schaffer collateral pathway in the hippocampus was stimulated. The
paired-pulse ratio was measured at intervals of 25, 50, 75, 100, 200, and
300 ms and was defined as the ratio of the mean rise slope of the second
fEPSP over that of the first fEPSP.

Brain regional samples and total lysates. Adult CaMKIla/Viaat-Cre;
Shank2™™ mice and their WT controls were anesthetized with isoflurane
and decapitated. The isolated brains were dissected on ice into the fol-
lowing regions: cortex, striatum, hippocampus, and cerebellum. Each
brain region was collected and acutely homogenized with ice-cold brain
homogenization buffer containing 0.32 M sucrose, 10 mm HEPES, pH
7.4, 2 mMm EDTA, 2 mm EGTA, protease inhibitors, and phosphatase
inhibitors. Total lysates were prepared by boiling the homogenates with
B-mercaptoethanol.

Experimental design and statistical analysis. Statistical analyses were
performed using GraphPad Prism 7 software (RRID:SCR_002798).
Briefly, the normality of the data distribution was determined using
D’Agostino and Pearson omnibus normality test (n = 8 or greater) or
Kolmogorov—Smirnov normality test (1 < 8), followed by Student’s ¢ test
(in the case of normal distribution), Wilcoxon matched-pairs signed
rank test, or Mann—-Whitney U test (in the case of non-normal distribu-
tion). Two-way ANOVA (repeated-measures) and subsequent Bonfer-
roni post hoc comparison were used for the analysis of open-field
activities and long-term behaviors. Pearson’s and Spearman’s correla-
tions, for normally and non-normally distributed data, respectively, were
used for the analysis of the duration of direct male—female social inter-
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Generation of CaMKil-Cre;Shank2 "™ and Viaat-Cre;Shank2 ™ mice. A, Schematic depiction of the generation of Shank2 O mouse lines. Note that exons 6 and 7 of the Shank2 gene

were targeted. Primer locations for the fI/fl allele are indicated. B, PCR genotyping of CaMKil-Cre;Shank2 ™™ mice. WT, Shank2™™ mice without Cre; CaMKI, Shank2™™ mice with CaMKII-Cre
(CaMKII-Cre;Shank2 ™™ mice). €, PCR genotyping of Viaat-Cre;Shank2 ™™ mice. WT, Shank2 ™ mice without Cre; Viaat, Shank2 ™™ mice with Viaat-Cre (Viaat-Cre;Shank2 " mice).

action and the number of USVs during male—female interaction. Sample
size was determined based on our previous Shank2 ™~ /~ mice (Won et al.,
2012). Details on mice and statistical results can be found in Figure 2-1
(available at https://doi.org/10.1523/JNEUROSCI.2684-17.2018.f2-1)
and figure legends.

Results

Generation and characterization of CaMKII-Cre;Shank2 "1
mice

We first generated transgenic mice with a Shank2 deletion re-
stricted to excitatory neurons (termed CaMKII-Cre;Shank2""
mice) by crossing Shank2™™ mice (exons 6 and 7 floxed; Ha et al.,
2016) with CaMKIIa-Cre mice (Fig. 1 A, B; also see Materials and
Methods for mouse-crossing details; Tsien et al., 1996). An ex-
amination of Shank2 protein expression in different brain
regions of CaMKII-Cre;Shank2™™ mice by immunoblotting re-
vealed strong reductions in the levels of Shank2 in the cortex and
hippocampus, whereas other brain regions displayed minimal
reductions compared with Shank2™" mice (referred to WT mice
below; Fig. 24; t,, = 9.724, p = 0.0006 for Ctx; £, = 0.1982, p =
0.8526 for Str; £y, = 2.906, p = 0.0438 for Hp; £, = 0.9001, p =
0.4190 for Cb, one-sample ¢ test for all). Levels of Shankl and
Shank3 proteins were not changed in these brain regions of
CaMKII-Cre;Shank2™" mice (Fig. 2B; t .4, = 0.6556, p = 0.5479
for Ctx Shankl; t,, = 0.4664, p = 0.6652 for Ctx Shank3; t,, =
0.5315, p = 0.6232 for Str Shankl; t,, = 0.9365, p = 0.4181 for
Str Shank3; ¢, = 0.8839, p = 0.4267 for Hp Shankl; ¢.,, = 1.636,
p = 0.1771 for Hp Shank3; t,, = 0.3008, p = 0.7832 for Cb
Shankl; t,) = 0.3147, p = 0.7736 for Cb Shank3, one sample  test
for all). Decreased Shank2 expression was further supported by
immunofluorescence staining, which showed substantial reduc-
tions in Shank2 punctate signals, likely representing their excit-
atory synaptic localizations (Boeckers et al., 1999b; Tao-Cheng et
al., 2015; Heise et al., 2016), in the cortex and CA1 region of the
hippocampus (Fig. 2C,D).

Suppressed excitatory synaptic transmission in CaMKII-Cre;
Shank2™" mice

Given that Shank2 has been implicated in excitatory synapse de-
velopment and functional coordination (Boeckers et al., 1999b;
Heise et al., 2016), we examined spontaneous excitatory synaptic
transmission in hippocampal CA1 pyramidal neurons of CaMKII-Cre;
Shank2™" mice. We found that the frequency ( tssy = 3.607,p =
0.0010, unpaired ¢ test), but not amplitude (¢, = 1.036, p =
0.3072, unpaired ¢ test), of mEPSCs was reduced in CaMKII-Cre;
Shank2™" mice relative to WT (Shank2™) mice (Fig. 3A). In
contrast, mIPSCs were unaffected (Fig. 3B; U = 77.00, p =
0.9783, Mann—Whitney U test for frequency; #,5) = 0.3594, p =
0.7226, unpaired ¢ test for amplitude). These results, together
with normal paired-pulse facilitation at Schaffer collateral-CA1
synapses (Fig. 3C; interaction, Fs o¢) = 0.5, p = 0.7754, genotype,
Fios = 4.25, p = 0.0419, IPIs, F54s = 22.86, p < 0.0001,
repeated-measures two-way ANOVA), suggest that Shank2 ex-
pressed in excitatory neurons is important for normal excitatory
synaptic transmission in CA1 pyramidal neurons.

CaMKII-Cre;Shank2 " mice show reduced three-chamber
and direct social interaction

We next examined behavioral phenotypes in CaMKII-Cre;
Shank2™" mice. These mice displayed a significantly reduced so-
cial approach in the three-chamber test (Silverman et al., 2010),
as shown by time spent in sniffing (¢,,) = 7.793, p < 0.0001,
paired t test for WT; W = 69.00, p = 0.0134, Wilcoxon matched-
pairs signed-rank test for cKO) and a preference index (see figure
legends for details; #.,,) = 3.668, p = 0.0008, unpaired ¢ test; Fig.
4A). In contrast, social novelty recognition was normal in these
mice (Fig. 4B; t(,,, = 4.027, p = 0.0017, paired t test for time spent
in sniffing in WT; ¢.,,) = 3.241, p = 0.0071, paired ¢ test for time
spent in sniffing in cKO; f,,) = 0.9204, p = 0.3665, unpaired
t test for preference index). These results are similar to the re-
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Figure2. Characterization of Shank2 protein expression in CaMKIl-Cre;Shank2 ™" mice. A, Shan

fifl

k2 protein expression in different brain regions of CaMKll-Cre;Shank2 ™" mice (12 weeks), revealed

by immunoblot analysis of total lysates. Ctx, Cortex; Str, striatum; Hp, hippocampus; Cb, cerebellum. Shank2 protein levels in CaMKil-Cre;Shank2 "™ mice were normalized to those from WT mice. The
indicated specific Shank2 splice variants are based on previous reports (Schmeisser et al., 2012; Won et al., 2012). Data are shown as mean == SEM. n = 5 mice for WT and cKO, *p << 0.05,
*¥%1) < 0.001, one-sample t test (see Fig. 2-1, available at https://doi.org/10.1523/INEUR0SCI.2684-17.2018.f2-1, for additional details). B, Levels of Shank1and Shank3 proteinsin different brain
regions of CaMKII-Cre;Shank2 "™ mice (12 weeks), revealed by immunoblot analysis of total lysates. Shank1 and Shank3 protein levels in CaMKI-Cre;Shank2 " mice were normalized to those from

WT mice. The indicated specific Shank1/3 splice variants are based on previous reports (Lim et al., 1999; Wang et al., 2014b). n = 5 mice for WT and cKO, one-sample t test. ¢, Shank2 protein

expression in different brain regions of CaMKIl-Cre;Shank2 "

mice (6 months), as revealed by immunofluorescence staining for Shank2. Scale bar, T mm. D, Reduced Shank2 protein levels in the

CaMKII-Cre;Shank2 ™™ cortex (Ctx) and hippocampal CAT regions (3 months). DAPI was used for nuclear staining. Scale bar, 20 um.

duced social interaction and normal social novelty recognition
observed in conventional Shank2 ~’ ~ mice (exons 6 and 7; Won
etal., 2012).

In a test for social communication based on USVs, CaMKII-
Cre;Shank2™™ mice emitted normal numbers of USVs (U =
103.5, p = 0.4025 for number of USV during baseline periods;
U = 91.5, p = 0.1964 for number of USV during test periods,
Mann—Whitney U test for all), but showed significantly increased
latency to emit the first USV (Fig. 4C; U = 62, p = 0.0159,
Mann-Whitney U test). These results are partly similar to the
reduced USV number and increased latency to first USV ob-
served in conventional Shank2 ™/~ mice (exons 6 and 7; Won et
al., 2012). In addition, CaMKII-Cre;Shank2"™ mice showed re-
duced levels of male—female social interaction under this context,
as measured by the total time spent sniffing, following, and
mounting, which positively correlated with the number of
USVs (Fig. 4C; U = 69, p = 0.0319, Mann—Whitney U test for

interaction time; r = 0.6845, p < 0.0001, Spearman’s correla-
tion for correlational analysis of interaction time and number
of calls).

In tests for repetitive behaviors, CaMKII-Cre;Shank2™™ mice
showed normal self-grooming (U = 130.0, p = 0.4765, Mann—
Whitney U test) and jumping behavior (U = 128.0, p = 0.3579,
Mann-Whitney U test), but reduced digging (¢33, = 3.826, p =
0.0005, unpaired t test) in their home cages (Fig. 4D). CaMKII-
Cre;Shank2™™ mice also showed normal self-grooming in the
LABORAS test, in which mouse movements were monitored
continuously for 96 h (Fig 4E; interaction, F(gs 1719y = 1.22,p =
0.0760; genotype, F(; 15 = 1.21, p = 0.2857; time, F(9s 1719y =
5.11, p < 0.0001, repeated-measures two-way ANOVA for 1 h
binned grooming duration; U = 46.0, p = 0.7959, Mann—Whit-
ney U test for total grooming duration), similar to the normal
self-grooming of conventional Shank2™’~ mice in LABORAS
cages, an experiment performed for comparison (Fig. 4F; inter-
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Figure3. Excitatory and inhibitory synaptic transmission in the CA1 region of the CaMK{l-Cre;Shank2 ™™ hippocampus. 4, B, Reduced frequency but normal amplitude of mEPSCs (4) and normal
frequency and amplitude of mIPSCs (B) in CA1 pyramidal neurons of the CaMKII-Cre;Shank2 "™ hippocampus (P22—-P26).n = 17 cells from 4 mice for WT; n = 20 cells from 5 mice for K0 for mEPSCs,
and n = 13 cells from 3 mice for WT and n = 12 from 3 mice for cKO for mIPSCs. ***p < 0.001, ns (not significant), Mann—Whitney U test and Student’s t test. €, Normal levels of paired-pulse
facilitation at Schaffer collateral-CA1 pyramidal cell synapses in the CaMKIl-Cre;Shank2 ™™ hippocampus (P22—P26), as indicated by the slopes of fEPSPs plotted against interpulse intervals.n = 9

slices from 3 mice for WT and cKO, two-way ANOVA.

action, F(; 5,7 = 1.65, p = 0.0055; genotype, F, ;) = 0, p =
0.9557; time, F;5,7) = 2.64, p < 0.0001, repeated-measures
two-way ANOVA for 1 h binned grooming duration; f,,, =
0.05678, p = 0.9557, unpaired ¢ test for total grooming duration).
In the hole-board test, another test for repetitive behavior,
CaMKII-Cre;Shank2™™ mice displayed normal levels of head
bobbing (Fig. 4G; t,,) = 0.4989, p = 0.6224, unpaired ¢ test).
These results suggest that, apart from a reduction in digging be-
havior, Shank2 deletion in excitatory neurons has small effects on
repetitive behaviors in mice and that CaMKII-Cre;Shank2""
mice and conventional Shank2 ~/~ mice show similar repetitive
behaviors such as normal self-grooming and reduced digging,
although jumping is increased only in conventional Shank2 =/~
mice (Won et al., 2012).

CaMKII-Cre;Shank2 V" mice show mild hyperactivity and
anxiety-like behaviors

Conventional Shank2 '~ mice display severe hyperactivity in
the open-field arena (~2-fold increase in total distance moved)
under dim light conditions (<10 lux; Won et al., 2012). CaMKII-
Cre;Shank2™™ mice subjected to the open-field test, corresponding
to a novel environment, displayed mild hyperactivity (~17% in-
crease) in complete darkness (0 lux; Fig. 5A; interaction,

Fis.130) = 0.49, p = 0.7805; genotype, F, »5) = 4.83, p = 0.0371;
time, F(5 139y = 65.63, p < 0.0001, repeated-measures two-way
ANOVA for 1 hbinned distance moved; ¢.,¢, = 2.198, p = 0.0371,
unpaired ¢ test for total distance moved). In the LABORAS test,
CaMKII-Cre;Shank2™" mice displayed hyperactivity during the
first 12 h beginning after a few hours in the chamber, but this
behavior did not persist into the following days and did not lead
to a significant change in the total distance moved (Fig. 5B; inter-
action, F(g5 1710) = 1.88, p < 0.0001; genotype, F(, 15 = 1.94,p =
0.1807; time, F(95,710) = 9.09, p << 0.0001, repeated-measures
two-way ANOVA for 1 h binned distance moved; t,4) = 1.349,
p = 0.1942, unpaired ¢ test for first 6 h; U = 10.00, p = 0.0015 for
first 12 h; U = 34.00, p = 0.2475 for total distance moved, Mann—
Whitney U test for both). In contrast, conventional Shank2 ™~ /=
mice showed strong hyperactivity in LABORAS cages (Fig. 5C;
interaction, F,; 5,7y = 2.95, p < 0.0001; genotype, F, ,,, = 7.47,
p = 0.0195; time, F,;5,,) = 12.55, p < 0.0001, repeated-
measures two-way ANOVA for 1 h binned distance moved; ¢, =
2.720, p = 0.0199, unpaired ¢ test for first 6 h; ¢,,) = 2.733, p =
0.0195, unpaired f test for total distance moved). These results
suggest that CaMKII-Cre;Shank2™™ mice show mild hyperactiv-
ity somewhat similar to the strong hyperactivity of conventional
Shank2 ™'~ mice.
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Figure 4.  CaMKIl-Cre;Shank2 M mice show reduced three-chamber and direct social interactions. A, B, Reduced social approach (4), but normal social novelty recognition (B) in CaMKll-Cre;
Shank2™™ mice (912 weeks; males) in the three-chamber social interaction test, as shown by time spent sniffing a target (51, 0, or 52) and the social preference index (51-0 [or $2-S1]/the sum
of the two parameters < 100). Data are shown as mean == SEM. n = 13 mice for WT and cKO, *p << 0.05, **p << 0.01, ***p << 0.001, ns, not significant, Wilcoxon matched-pairs signed-rank test
(for time in sniffing in cKO) and Student’s t test (for time in sniffing in WT and preference index). €, Normal numbers of USVs (basal and female encounter), but increased time to emit the first USV,
in CaMKII-Cre;Shank2 ™™ mice (912 weeks). Note that direct male—female social interaction was reduced, as measured by the time spentin sniffing, following, and mounting in males, which shows
a positive correlation with the number of USVs (r = 0.68, n = 32, 18 for WT and 14 for cKO combined, Spearman’s correlation). n = 18 mice for WT and 14 for cKO, *p << 0.05, ns, not significant,
Mann—Whitney U test. D, Normal self-grooming and jumping but reduced digging in CaMKII-Cre;Shank2 "™ mice (10—13 weeks) in home cages. n = 19 mice for WT and 16 for ck0, ***p < 0.001,
ns (not significant), Mann—Whitney Utest and Student’s t test (for digging). £, Normal self-grooming in CaMK{I-Cre;Shank2 ™ mice (13—17 weeks) in the LABORAS test, in which mouse movements
are monitored continuously for 96 h. n = 10 mice for WT and cK0, ns (not significant), two-way ANOVA and Mann—Whitney U test. F, Normal self-grooming of conventional Shank2 ~/ ~ mice
(12-15 weeks) in the LABORAS test performed for comparative purposes. Data are shown as mean == SEM. n = 7 mice for WT and 6 for KO (Shank2 — ), *p < 0.05, ns (not significant), two-way
ANOVA and Student’s ¢ test. G, Normal head bobbing of CaMK{l-Cre;Shank2 ™ mice (1013 weeks) in the hole-board test. n = 14 mice for WT and 12 for k0, ns (not significant), Student’s ¢ test.

Conventional Shank2 ~'~ mice show anxiety-like behaviorin ~ for both; U = 24.00, p = 0.1615, Mann-Whitney U test for

the elevated plus maze, but not in the open-field test or light—
dark apparatus (Won et al., 2012). CaMKII-Cre;Shank2™™ mice
showed anxiety-like behavior in an open-field arena (reduced
center time; t,5) = 2.438, p = 0.0219, unpaired ¢ test) and in a
light—dark chamber (U = 25.00, p = 0.0229, Mann—Whitney U
test for time in light chamber; ¢(,, = 1.308, p = 0.2059, unpaired
t test for number of transition), but not in an elevated plus maze
(t(20y = 1.145,p = 0.2657 for time in open arms; t 55, = 1.341,p =
0.1950 for time in closed arms, unpaired ¢ test for all; Fig. 5D, E),
a pattern complementary to that of conventional Shank2 ™'~
mice. These results suggest that Shank2 '~ and CaMKII-Cre;
Shank2™" mice show mild but distinct anxiety-like behaviors.
The observed behavioral abnormalities in CaMKII-Cre;
Shank2™" mice might be attributable to the inherent phenotypes
in CaMKII-Cre mice. To address this possibility, we subjected
CaMKII-Cre mice to a series of behavioral tests in which
CaMKII-Cre;Shank2™™ mice showed positive behavioral altera-
tions. CaMKII-Cre mice showed normal levels of social interac-
tion (3-chamber; ¢,y = 5.643, p = 0.0008, paired ¢ test for time
spent in sniffing in WT; ¢, = 15.76, p < 0.0001, paired ¢ test for
time spent in sniffing in Cre; t,,) = 1.287, p = 0.2189, unpaired
t test for preference index), repetitive digging (¢,,) = 0.1533,p =
0.8795, unpaired ¢ test), USVs (£, = 1.210, p = 0.2440, for
number of USV during baseline periods and t,,, = 0.1579, p =
0.8765, for number of USVs during test periods, unpaired ¢ test

latency to the first call), social interaction during USV (¢, =
0.4309, p = 0.6723, unpaired ¢ test for interaction time; r =
0.5998, p = 0.0085, Pearson’s correlation for correlational anal-
ysis of interaction time and number of calls), locomotor activity
(open-field: interaction, Fs 5, = 0.25, p = 0.9389; genotype,
Foia = 0.22, p = 0.6487; time, F(s 50, = 45.62, p < 0.0001,
repeated-measures two-way ANOVA for 1 h binned distance
moved; t,,) = 0.4656, p = 0.6486, unpaired ¢ test for total dis-
tance moved; U = 31.00, p = 0.9591, Mann-Whitney U test for
time in center) and LABORAS (interaction, F g5 1535y = 0.99,p =
0.4969; genotype, F(; 13, = 2.05, p = 0.1755; time, F(gs 1235y =
13.72, p < 0.0001, repeated-measures two-way ANOVA for 1 h
binned distance moved; ¢(,5, = 1.373, p = 0.1930, unpaired ¢ test
for first 6 h, t,5) = 1.084, p = 0.2978, unpaired t test for 12h; U =
15.00, p = 0.1520, Mann—Whitney U test for total distance
moved), and anxiety-like behavior (light—dark; U = 18.00, p =
0.1605, Mann—Whitney U test for time in light chamber; ¢,,) =
0.3441, p = 0.7359, unpaired ¢ test for number of transition; Fig.
6A-F).

Generation and characterization of Viaat-Cre;Shank2 "™ mice

The results described thus far were from mice lacking Shank2
protein in excitatory neurons. To investigate the effects of Shank2
deletion in GABAergic inhibitory neurons, we crossed Shank2™"
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Figure 5.  CaMKIl-Cre;Shank2 ™ mice show mild hyperactivity and anxiety-like behaviors. 4, Mild hyperactivity of CaMKll-Cre;Shank2 ™" mice (9—12 weeks) in the open-field test (a novel
environment) under a complete darkness (0 lux) condition. Note that these mice show anxiety-like behavior, as evidenced by the decreased time spent in the center region of the open-field arena.
Data are shown as mean == SEM. n = 16 for WT and 12 for cK0, *p << 0.05, two-way ANOVA and Student’s ttest. B, Mild hyperactivity of CaMKIl-Cre;Shank2 ™™ mice (13—17 weeks) in the LABORAS
test (a familiar environment), in which mouse movements are monitored continuously for 96 h. Note that CaMKil-Cre;Shank2 ™ mice are hyperactive during the first 12 h, but not throughout the
entire 96 h monitoring period. n = 10 mice for WT and KO, *p << 0.05, **p << 0.01, ***p << 0.001, ns (not significant), two-way ANOVA and Mann—Whitney U test (for first 12 h and total 96 h)
and Student’s ¢ test (for first 6 h). €, Increased locomotor activity of conventional Shank2 ~/ ~ mice (12—15 weeks) in the LABORAS test, a test performed for comparison, as shown by distance
moved. Note that the first 6 h, not 12 h, were used for the analysis of early hyperactivity. n = 7 mice for WT and 6 for KO, *p << 0.05, **p << 0.01, ***p << 0.001, ns (not significant), two-way ANOVA
and Student’s t test. D, Normal anxiety-like behavior of CaMK!I-Cre;Shank2 ™ mice (1215 weeks) in the elevated plus maze test. n = 10 mice for WT and 12 for cK0, ns (not significant), Student’s
t test. E, Anxiety-like behavior of CaMKil-Cre;Shank2 ™™ mice (12-16 weeks) in the light—dark test. n = 10 mice for WT and 12 for cKO, *p << 0.05, ns (not significant), Student’s ¢ test and
Mann—Whitney U test (for time in light chamber).

mice (exons 6 and 7) with Viaat-Cre mice, which express Cre
globally in GABAergic neurons (Chao et al., 2010), to generate
Viaat-Cre;Shank2™ mice (Fig. 1A,C). An examination of the
expression levels of Shank2 protein in different brain regions of
Viaat-Cre;Shank2™™ mice by immunoblot analysis revealed

proteins were not changed in these brain regions of Viaat-Cre;
Shank2™" mice (Fig. 7B; tyy = 0.8195, p = 0.4585 for Ctx
Shankl; ¢4, = 0.8350, p = 0.4650 for Ctx Shank3; t,, = 2.069,
p = 0.1074 for Str Shankl; ., = 0.9702, p = 0.3869 for Str
Shank3; £, = 0.03027, p = 0.9773 for Hp Shankl; f 5, = 0.5986,

marked reductions in the levels of Shank2 in the striatum and
cerebellum (Fig. 7A; t4) = 1.753, p = 0.1544 for Ctx; t,, = 21.62,
P < 0.0001 for Str; 5, = 0.3906, p = 0.7222 for Hp; t,, = 109.1,
p < 0.0001 for Cb, one-sample ¢ test for all), where GABAergic
inhibitory neurons are abundant. Levels of Shank1 and Shank3

p = 0.5916 for Hp Shank3; ¢, = 0.1315, p = 0.9017 for Cb
Shankl; ¢,y = 1.743, p = 0.1563 for Cb Shank3, one-sample ¢ test
for all). Immunofluorescence staining of Viaat-Cre;Shank2"?
slices showed strong reductions in Shank?2 signals in the striatum
and cerebellum (Fig. 7C,D).
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Figure 6.  CaMKil-Cre mice show normal social interaction, digging, USVs, locomotor activity, and anxiety-like activity. A, Normal social interaction of CaMKll-Cre mice (10 weeks) in the
three-chamber social interaction test, as shown by time spent sniffing a target (S1, 0, or S2) and the social preference index. n = 8 mice for WT and CaMKII-Cre, ***p << 0.001, ns (not significant),
Student's t test. B, Normal digging in CaMKIl-Cre mice (8 weeks), as shown by digging duration.n = 12 for WT and CaMKII-Cre, ns (not significant), Student’s t test. €, Normal numbers of USVs (basal
and female encounter) and latency to first call in CaMKll-Cre mice (9 weeks; males). Note that direct male—female social interaction is normal CaMKlI-Cre mice, as measured by the time spent in
sniffing, following, and mounting in males, which shows a positive correlation with the number of USVs (r = 0.60, n = 18, WT and CaMKII-Cre combined, Pearson’s correlation). n = 9 mice for WT
and CaMKII-Cre, ns (not significant), Mann—Whitney U test (for latency to first call) and Student’s ¢ test. D, Normal locomotor activity of CaMKl-Cre mice (9 weeks) in the open-field test under 100
lux condition. Note that these mice also show normal anxiety-like behavior, as evidenced by the normal time spent in the center region of the open-field arena. n = 8 for WT and CaMKII-Cre, ns (not
significant), two-way ANOVA, Student’s ¢ test, and Mann—Whitney U test (for time in center). E, Normal locomotor activity of CaMKll-Cre mice (11 weeks) in the LABORAS test, as shown by distance
moved. n = 8 mice for WT and 7 for CaMKII-Cre, **p << 0.01, ns (not significant), two-way ANOVA, Student’s  test (for 6 and 12 h), and Mann—Whitney U test (for 96 h). F, Normal anxiety-like
behavior of CaMKIl-Cre mice (10 weeks) in the light— dark test. n = 8 mice for WT and CaMKII-Cre, ns (not significant), Student’s ¢ test and Mann—Whitney U test (for time in light chamber).

Suppressed inhibitory transmission in the When spontaneous EPSCs (SEPSCs)/sIPSCs were measured
Viaat-Cre;Shank2 V! striatum in the same region in the absence of tetrodotoxin to allow action
To determine whether Shank2 contributes to excitatory synaptic ~ potential firings (Fig. 8C,D), sIPSC amplitude (t(21) =2.362,p=
transmission in Viaat-Cre;Shank2™" mice, we measured  0.0279, unpaired  test), but not frequency (t,,, = 0.8712, p =
mEPSCs from the neurons in the dorsolateral striatum, a region ~ 0.3935, unpaired ¢ test), was decreased in Viaat-Cre;Shank2™"
enriched with GABAergic MSNs. We found that both the fre-  neurons, suggesting that the suppressed mIPSC frequency, but
quency (.7, = 1.057, p = 0.2998, unpaired ¢ test) and amplitude ~ not amplitude, was normalized by network activity. In addition,
(ta7) = 0.3796, p = 0.7072, unpalred t test) of mEPSCs were ~ sEPSC frequency (t;5, = 2.087, p = 0.0442, unpaired  test), but
normal in Viaat-Cre;Shank2™™ mice relative to WT mice (Fig.  not amplitude (¢35, = 1.024, p = 0.3129, unpaired f test), was
8A). In contrast, both the frequency (U = 53.00, p = 0.0030,  decreased, likely to maintain the balance of synaptic excitation
Mann—-Whitney U test) and amplitude (U = 77.00, p = 0.0351,  and inhibition.

Mann—Whitney U test) of mIPSCs were reduced in Viaat-Cre; In the hippocampal CA1 region, where Viaat-specific Shank2
Shank2"" mice (Fig. 8B), possibly because of defects in neighbor-  deletion had minimal effects on total levels of Shank2 protein,
ing MSNs that provide the majority of inhibitory synaptic inputs  Viaat-Cre;Shank2™® pyramidal neurons showed normal mEPSCs
(Guzman et al., 2003). (U= 151.0, p = 0.9605, for frequency; U = 139.0, p = 0.6559 for
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Generation and characterization of Viaat-Cre;Shank2 "™ mice. A, Shank2 protein expression in different brain regions of Viaat-Cre;Shank2 ™™ mice (10 weeks) revealed by immunoblot

analysis of total lysates. Str, Striatum; Ctx, cortex; Hp, hippocampus; Cb, cerebellum. Shank2 protein levels in Viaat-Cre;Shank2 M mice were normalized to those from WT mice. Data are shown as
mean == SEM. n = 5 mice for WT and cKO except for the hippocampus (4 mice). ***p <'0.001, one-sample t test. B, Normal levels of Shank1 and Shank3 proteins in different brain regions of

Viaat-Cre;Shank2 "™ mice (10 weeks) revealed by immunoblot analysis of total lysates. Shank1 and Shank3 protein levels in Viaat-Cre;Shank2

/M mice were normalized to those from WT mice. The

indicated specific Shank1/3 splice variants are based on previous reports (Lim et al., 1999; Wang et al., 2014b). n = 5 mice for WT and cKO except for hippocampus (n = 4), one-sample t test.
€, Shank2 protein expression in different brain regions of Viaat-Cre;Shank2 ™™ mice (4 months) revealed by immunofluorescence staining for Shank2. Scale bar, 1 mm. D, Reduced Shank2 protein
levels in the striatum (Str) and cerebellum (Cb) of Viaat-Cre;Shank2 "™ mice (4 months). DAPI was used for nuclear staining. Scale bar, 20 m.

amplitude, Mann—Whitney U test for all) and mIPSCs (ts4) =
0.7262, p = 0.4722 for frequency; ¢4y = 0.3718, p = 0.7121 for
amplitude, unpaired ¢ test for all; Fig. 8 E, F). These results collec-
tively suggest that Shank2 deletion in GABAergic interneurons
has strong influences on inhibitory synaptic transmission in the
striatum.

Viaat-Cre;Shank2™® mice show normal three-chamber social
interaction, but reduced direct social interaction, reduced
USVs, and increased self-grooming

An examination of behavioral phenotypes in Viaat-Cre;Shank2™™ mice
showed normal levels of social approach (¢,, = 12.23, p <
0.0001, paired ¢ test for time spent in sniffing in WT; ¢, = 8.240,
P < 0.0001, paired ¢ test for time spent in sniffing in cKO; ¢34 =
0.2634, p = 0.7938, unpaired t test for preference index) and
social novelty recognition (f,o, = 4.063, p = 0.0006, paired  test
for time spent in sniffing in WT; ¢(,, = 3.220, p = 0.0054, paired

t test for time spent in sniffing in cKOj ¢34 = 0.009964, p =
0.9921, unpaired t test for preference index) in the three-chamber
test (Fig. 9A,B). Viaat-Cre;Shank2™" mice, however, showed
markedly reduced numbers of USVs (U = 138.0, p = 0.4082, for
number of calls during baseline periods; U = 55.00, p = 0.0007,
for number of calls during test periods, Mann—Whitney U test for
both) and increased time to emit the first USV (U = 81.00, p =
0.0098, Mann—Whitney U test; Fig. 9C). In addition, these mice
show reduced direct male—female social interaction under this
context (t;s5) = 2.535, p = 0.0159, unpaired ¢ test for interaction
time), as measured by the total time spent in sniffing, following,
and mounting, a parameter positively correlated with the num-
ber of USVs (r = 0.6608, p < 0.0001, Spearman’s correlation; Fig.
90).

We next tested repetitive behaviors in Viaat-Cre;Shank2™"
mice and found that they displayed enhanced self-grooming in
their home cages (U = 91.5, p = 0.0071, Mann—Whitney U
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test), but showed normal digging behav-
iors (¢37) = 1.305, p = 0.2000, unpaired
t test) and jumping behaviors (U =
164.0, p = 0.2263, Mann—Whitney U
test; Fig. 9D). Enhanced self-grooming
was also observed in the LABORAS test
(Fig. 9E; interaction, Fgy3475) = 1.43,
p = 0.0044; genotype, F(, 5, = 11.76,
p = 0.0015; time, Foy5478) = 10.76, p <
0.0001, repeated-measures two-way
ANOVA for 1 h binned grooming dura-
tion; (3, = 3.432, p = 0.0015, unpaired
t test for total grooming duration). In
addition, Viaat-Cre;Shank2™™ mice dis-
played enhanced head bobbing in the
hole-board test (Fig. 9F; t4) = 4.991,
p < 0.0001, unpaired ¢ test). These re-
sults indicate that deletion of Shank2 in
GABAergic neurons leads to strong re-
petitive behaviors in multiple tests.

Viaat-Cre;Shank2™™ mice show
hyperactivity in a novel environment
but normal anxiety-like behaviors

We next tested locomotor activity of
Viaat-Cre;Shank2™™ mice in the open-
field test, a novel environment. Viaat-
Cre;Shank2™™ mice showed heightened
locomotor activity, likely caused by re-
duced habituation in complete darkness
conditions (Fig. 104; interaction, Fs 5 =
4.34, p = 0.0010; genotype, F(; 35 =
14.80, p = 0.0006; time, F 5,5 = 30.11,
p < 0.0001, repeated-measures two-way
ANOVA for 1 h binned distance moved;
t30) = 3.846, p = 0.0006, unpaired ¢ test
for total distance moved). In the LABO-
RAS test, however, Viaat-Cre;Shank2™"
mice showed normal locomotion during
the first 12 h and the entire 96 h observa-
tion period, although a similar hyperac-
tivity was observed during the first 6 h
(Fig. 10B; interaction, Fg, 3475 = 1.41,
p = 0.0061; genotype, F; 37y = 0.03,p =
0.8716; time, Floy 3475 = 28.05, p <
0.0001, repeated-measures two-way ANOVA
for 1 h binned distance moved; t.;,, =
2.276, p = 0.0287, unpaired t test for first
6 h; t5;) = 0.2083, p = 0.8361, unpaired ¢
test for first 12 h; t5, = 0.1476, p =
0.8834, unpaired ¢ test for total distance
moved). These results suggest that Viaat-
Cre;Shank2™™ mice display hyperactivity
in a novel but not in a familiar environment,
partly mimicking the strong open-field
hyperactivity observed in conventional
Shank2 '~ mice.

In anxiety-like behavioral domains,
Viaat-Cre;Shank2™™ mice showed no de-
tectable abnormalities in an open-field
arena (35, = 1.290, p = 0.2070, unpaired
t test), elevated plus maze (t,, = 0.4472,
p = 0.6598 for time in open arms; f,9y =
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Figure 8.  Suppressed inhibitory transmission in the Viaat-Cre;Shank2 ™™ striatum. A, B, Normal frequency and amplitude of
MEPSCs (4) but decreased frequency and amplitude of mIPSCs (B) in Viaat-Cre;Shank2 "™ dorsolateral striatal neurons (P30 —P34).
n = 14 cells from 5 mice for WT and n = 15 cells from 4 mice for cKO for mEPSCs and n = 16 cells from 4 mice for WT and n = 17
cells from 4 mice for cKO for mIPSCs, *p << 0.05, **p << 0.01, ns (not significant), Student’s ¢ test and Mann—Whitney U test (for
mIPSCs). €, D, Decreased frequency but normal amplitude of SEPSCs (€) and decreased amplitude but normal frequency of sIPSCs
(D) in Viaat-Cre;Shank2 ™" dorsolateral striatal neurons (P30 —P34). n = 18 cells from 4 mice for WT and n = 19 cells from 4 mice
for cKO for sEPSCs and n = 12 cells from 3 mice for WT and n = 11 cells from 3 mice for cKO for sIPSCs, *p << 0.05, ns (not
significant), Student’s t test. E, F, Normal mEPSCs and mIPSCs in CA1 pyramidal neurons of the Viaat-Cre;Shank2 "™ hippocampus
(P21-P25). n = 17 cells from 5 mice for WT and n = 18 cells from 4 mice for cKO for mEPSC, and n = 23 cells from 6 mice for WT
and n = 17 cells from 6 mice for cKO for mIPSC. ns (not significant), Mann—Whitney U test and Student’s ¢ test (for mIPSCs).
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Figure9.  Viaat-Cre;Shank2 ™" mice show normal three-chamber social approach but reduced direct social interaction and USVs and enhanced self-grooming. 4, B, Normal social approach (4) and

social novelty recognition (B) in Viaat-Cre;Shank2 ™™ mice (9 —12 weeks) in the three-chamber test, as shown by time spent in sniffing and the social preference index. n = 21 mice for WT and 17
for K0, **p << 0.01, ***p < 0.001, ns (not significant), Student’s  test. €, Reduced number of USVs and increased time to emit the first USV in Viaat-Cre;Shank2 ™ mice (10 —13 weeks). Note that
only female encounter-induced, but not basal, USVs are reduced and that direct male—female social interaction was reduced, as measured by the time spent in sniffing, following, and mounting in
males, which shows a positive correlation with the number of USVs (r = 0.66; n = 37, 22 for WT and 15 for cKO combined, Spearman’s correlation). n = 22 mice for WT and 15 for cK0, *p << 0.05,
*p < 0.01,***p < 0.001, ns (not significant), Mann—Whitney U'test and Student’s t test (for interaction time). D, Enhanced self-grooming but normal digging and jumping in Viaat-Cre;Shank2 ¥*
mice (1013 weeks) in home cages. n = 22 mice for WT and 17 for cKO for self-grooming, digging, and jumping, **p << 0.01, ns (not significant), Mann—Whitney Utest. E, Enhanced self-grooming
in Viaat-Cre;Shank2 ™™ mice (12—15 weeks) in the LABORAS test. n = 22 mice for WT and 17 for k0, *p << 0.05, **p << 0.01, two-way ANOVA and Student’s ¢ test. F, Enhanced head bobbing in
Viaat-Cre;Shank2 ™™ mice (11-13 weeks) in the hole-board test. n = 19 mice for WT and 21 for cK0, ***p << 0.001, Student’s ¢ test.

0.6248, p = 0.5396 for time in closed arms, unpaired ¢ test for all),
or light—dark apparatus (t,,, = 1.387, p = 0.1793 for time in
light chamber; t,,) = 0.8289, p = 0.4160 for number of transi-
tions, unpaired ¢ test for all; Fig. 10A, C,D). These results indicate
that the anxiety-like behaviors observed in conventional
Shank2 '~ mice are also observed in CaMKII-Cre;Shank2™"
mice, albeit with some specific differences, but not in Viaat-Cre;
Shank2™™ mice.

To determine whether the Viaat-Cre background has any in-
fluences on the behavioral phenotypes of Viaat-Cre;Shank2"?
mice, we subjected Viaat-Cre mice to several behavioral tests in
which Viaat-Cre;Shank2™" mice showed behavioral alterations.
Viaat-Cre mice showed normal levels of USVs (U = 31.00, p =
0.9534, for number of calls during baseline periods; U = 16.00,
p = 0.1049, for number of calls during test periods, Mann—Whit-
ney U test for both; ¢,,) = 1.260, p = 0.2283, unpaired ¢ test for
latency to the first call), social interaction during USVs (¢4, =
1.240, p = 0.2353, unpaired t test for interaction time; r = 0.7438,
p = 0.0010, Pearson’s correlation for correlational analysis of
interaction time and number of calls), self-grooming (home cage,
U = 29.00, p = 0.5414, Mann—Whitney U test) and LABORAS
(interaction, Foy 504y = 0.89, p = 0.7691; genotype, F, 1) =
0.22, p = 0.6424; time, F(g4 504 = 5.65, p < 0.0001, repeated-
measures two-way ANOVA for 1 h binned grooming duration;
tae) = 0.4733 p = 0.6424, unpaired t test for total grooming

duration), hole-board head bobbing (U = 25.50, p = 0.2126,
Mann-Whitney U test), and locomotor activity (open-field
(interaction, F(5 o5, = 2.30, p = 0.0513; genotype, F; 1oy = 0.51,
p = 0.4841; time, F(S)%) = 74.54, p < 0.0001, repeated-measures
two-way ANOVA for 1 h binned distance moved; #,5, = 0.7136,
p = 0.4841, unpaired t test for total distance moved; ¢(,, = 1.985,
p = 0.0618, unpaired ¢ test for time in center), and LABORAS
(interaction, Fo, 504y = 1.10, p = 0.2394; genotype, F(, 1) =
0.00, p = 0.9998; time, Fq, 504y = 14.97, p < 0.0001, repeated-
measures two-way ANOVA for 1 h binned distance moved; U =
32.00, p = 0.5148, Mann—Whitney U test for first 6 h; U = 34.00,
p = 0.6334, Mann-Whitney U test for first 12 h; t,4) = 0.0003,
p = 0.9998, unpaired ¢ test for total distance moved); Fig.
11A-F).

Discussion

In the present study, we investigated the effects of cell-type-
specific Shank2 deletion restricted to excitatory and inhibitory
neurons on synaptic and behavioral phenotypes in mice. We
found that these cell-type-specific Shank2 deletions cause distinct
alterations in synaptic transmission and behaviors in social, re-
petitive, locomotor, and anxiety-like domains (behavioral phe-
notypes are summarized in Table 1).

Specifically, three-chamber social-approach deficits observed
in conventional Shank2 ~ '~ mice were also observed in CaMKII-
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Figure 10.

Viaat-Cre;Shank2 "™ mice show hyperactivity in a novel environment but normal anxiety-like behaviors. A, Hyperactivity of Viaat-Cre;Shank2

¥ mice (9—12 weeks) in the open-field

test (anovel environment) under a complete darkness (0 lux) condition. Note that Viaat-Cre;Shank2 "™ mice spend a normal amount of time in the center region. n = 19 for WT and 13 for k0, *p <
0.05,***p << 0.001, ns (not significant), two-way ANOVA and Student's  test. B, Normal locomotor activity of Viaat-Cre;Shank2 M mice (12-15 weeks) in the LABORAS test (a familiar environment)
during the first 12and 96 h. Note, however, that locomotor activity during the first 6 h, a time period when the environment s likely more novel compared with later hours, is enhanced. n = 22 mice
forWTand 17 for cKO, *p << 0.05, **p << 0.01, ns (not significant), two-way ANOVA and Student’s ttest. €, Normal anxiety-like behavior of Viaat-Cre;Shank2 ™ mice (11-14 weeks) in the elevated
plus maze test. n = 9 mice for WT and 12 for cKO, ns (not significant), Student's ¢ test. D, Normal anxiety-like behavior of Viaat-Cre;Shank2 M mice (11-14 weeks) in the light—dark test.n = 15

mice for WT and 9 for cKO, ns (not significant), Student’s ¢ test.

Cre;Shank2™™ mice, but not in Viaat-Cre;Shank2™" mice. In
contrast, the social communication deficits (abnormal USVs)
characteristic of Shank2 '~ mice were observed in Viaat-Cre;
Shank2™™ mice, whereas CaMKII-Cre;Shank2™" mice showed
much weaker deficits. These results suggest that Shank2 deletion
in excitatory and inhibitory neurons leads to stronger deficits in
three-chamber social approach and USVs, respectively. Direct
male—female social interaction during the USV test was reduced
in both CaMKII-Cre;Shank2™" and Viaat-Cre;Shank2™" mice.
This contrasts with the social approach deficits strongly observed
in CaMKII-Cre;Shank2™%, but not in Viaat-Cre;Shank2 ™" mice.
This difference could be attributable to the distinct contexts of
the tests used such as social approach versus direct social interac-
tion or male—male versus male—female interaction.
Viaat-Cre;Shank2™™ mice showed strong repetitive behav-
iors, displaying enhanced self-grooming in both their home and
LABORAS cages and also displaying enhanced head bobbing in
the hole-board test. In contrast, these repetitive behaviors were
not observed in conventional Shank2 ~’~ mice or CaMKII-Cre;
Shank2™" mice. It is possible that the enhanced self-grooming
and head-bobbing behaviors caused by GABAergic Shank2 dele-

tion are suppressed by global gene deletion in conventional
Shank2 ™'~ mice. Reduced digging was observed in both
CaMKII-Cre;Shank2™™ mice, but not in Viaat-Cre;Shank2™"
mice, similar to conventional Shank2 ~/~ mice, suggesting that
Shank2 deletion in excitatory neurons may control digging con-
trol. Regarding potential circuit mechanisms underlying the en-
hanced repetitive behaviors in Viaat-Cre;Shank2™" mice, they
could be changes occurring in the striatum, a brain region
strongly associated with motor control and motivational behav-
iors. However, repetitive behaviors in mice have also been shown
to involve many other brain regions such as cortex, hypothala-
mus, amygdala, cerebellum, and brainstem (Kruk et al., 1998;
Burguiere et al., 2013; Hong et al., 2014; Kalueff et al., 2016).
Contributions of excitatory and/or inhibitory neurons to two
core autistic-like behaviors, social deficits and repetitive behav-
ior, have been tested previously in several mouse models of ASD.
For instance, social interaction deficits in the three-chamber test
have been observed in mice carrying CaMKII-specific deletion of
ASD-risk genes including Apc (Mohn et al., 2014), Atg7 (Tang et
al., 2014), Cc2dla (Oaks et al., 2017), and Mecp2 (Gemelli et al.,
2006). It is interesting that deletion of these genes restricted to
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Figure11.  Viaat-Cre mice show normal USVs, self-grooming, hole-board head bobbing, and locomotor activity. A, Normal numbers of USVs (basal and female encounter) and latency to first call
in Viaat-Cre mice (11 weeks; males). Note that direct male—female social interaction is normal in Viaat-Cre mice, as measured by the time spent n sniffing, following, and mounting in males, which
shows a positive correlation with the number of USVs (r = 0.74, n = 16, WT and Viaat-Cre combined, Pearson’s correlation). n = 8 mice for WT and Viaat-Cre, ns (not significant), Mann—Whitney
Utest (for number of USVs) and Student’s ¢ test. B, Normal self-grooming in Viaat-Cre mice (11 weeks) in home cages. n = 9 mice for WT and 8 for Viaat-Cre, ns (not significant), Mann—Whitney
Utest. €, Normal self-grooming in Viaat-Cre mice (11 weeks) in the LABORAS test. n = 10 mice for WT and 8 for Viaat-Cre, ns (not significant), two-way ANOVA and Student’s ¢ test. D, Normal head
bobbing in Viaat-Cre mice (11-13 weeks) in the hole-board test. n = 8 mice for WT and 10 for Viaat-Cre, ns (not significant), Student’s t test. E, Normal locomotor activity of Viaat-Cre mice (11-12
weeks) in the open-field test under complete darkness (0 lux) condition. Note that these mice also show normal anxiety-like behavior, as shown by the normal time spent in the center region of the
open-field arena.n = 11 for WT and 10 for Viaat-Cre, ns (not significant), two-way ANOVA and Student’s ¢ test. F, Normal self-grooming in Viaat-Cre mice (11 weeks) in the LABORAS test.n = 10
mice for WT and 8 for cKO, ns (not significant), two-way ANOVA and Student’s ¢ test.

Table 1. Summary of behavioral phenotypes of conventional Shank2 '~ and Shank2 conditional mice
Behavioral domain Behavioral test Shank2 KO (aMKll-cKO Viaat-cKO

Social behavior Three-chamber social approach (male—male) Ll Ll —
Adult USV AN ) U
Direct interaction (male—female) Ll

Repetitive behavior Self-grooming — —
LABORAS self-grooming —
Digging Vi Vi —
Jumping 1 — —
Hole-board test — —

Locomotor activity Open-field test T 1 ™1
LABORAS test 1 ) 1

Anxiety-like behavior Open-field test (center) — ) —
Elevated plus maze ) — —
Light— dark test — 1 —

This table summarizes only the increases or decreases of various behaviors in a given conditional mouse line relative to WT mice and is not intended for comparison of the extent of changes in a single behavior across different mouse lines.

Empty field, Not measured; -, no change; up and down arrows, increases and decreases, respectively; one, two, and three arrows, moderate, mid-level, and strong changes, respectively. Data for conventional Shank2 ~'~ mice have been
published previously (Won et al., 2012).
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CaMKII-positive excitatory neurons, despite their diverse pro-
tein functions, seems to frequently cause social interaction defi-
cits similar to CaMKII-Cre;Shank2™™ mice. However, tests of
these mouse models for repetitive behaviors yielded variable re-
sults: enhanced digging in Apc-mutant mice (Mohn et al., 2014),
enhanced self-grooming in Cc2dla-mutant mice (Oaks et al.,
2017), but normal self-grooming in Afg7-mutant mice (Tang et
al., 2014).

Several ASD risk genes have also been deleted in GABAergic
neurons using Cre recombination driven by Gad2, Viaat, DIx1/2,
or DIx5/6 promoters. Some of these mouse lines exhibit altered
repetitive behaviors and social interaction/communication defi-
cits. Specific examples of alterations in repetitive behaviors in-
clude increased hole-board head bobbing in Viaat-Mecp2 and
DIx5/6-Mecp2 mice (Chao et al., 2010) and increased repetitive
circling in DIx1/2-Scnla mice (Han etal., 2012). These results are
similar to the increased self-grooming and hole-board head bob-
bing in our Viaat-Cre;Shank2™" mice. In contrast, the same gene
deletions cause variable degrees of social deficits: increased social
interaction in Viaat-Mecp2 and DIx5/6-Mecp2 mice (three-
chamber and partition test; Chao et al., 2010), but decreased
social interaction in DIx1/2-Scnla mice (three-chamber; Han et
al., 2012). Therefore, it is tempting to speculate that deletion of
ASD risk genes in excitatory neurons is frequently associated with
social interaction deficits, whereas deletion of these genes in in-
hibitory neurons is associated with repetitive behaviors, although
care should be taken and further studies are required given the
substantial diversity of excitatory and inhibitory neurons in the
brain.

Strong hyperactivity is a phenotype characteristic of conven-
tional Shank2™'~ mice (Schmeisser et al., 2012; Won et al.,
2012). However, CaMKII-Cre;Shank2™™ mice showed mild hy-
peractivity in both the open-field arena and LABORAS cages.
Viaat-Cre;Shank2™" mice also showed mild hyperactivity in the
open-field arena, but normal locomotor activity in LABORAS
cages. It is possible that Shank2 deletion in both excitatory and
inhibitory neurons additively contributes to the strong hyperac-
tivity observed in conventional Shank2 '~ mice or cell types
other than just excitatory and inhibitory such as modulatory
might be important.

In the anxiety-related behavioral domain, CaMKII-Cre;
Shank2™" mice show enhanced anxiety-like behaviors in an
open-field arena and a light—dark apparatus, but not in an ele-
vated plus maze. An almost complementary pattern is observed
in conventional Shank2 ~’~ mice, which show anxiety-like be-
havior in the elevated plus maze, but not in an open-field area or
a light—dark apparatus (Won et al., 2012). It appears that Shank2
deletion in excitatory neurons leads to distinct anxiety-like
behaviors that are not observed in conventional Shank2 ™'~
mice. In contrast, Shank2 deletion in GABAergic neurons in
Viaat-Cre;Shank2™" mice minimally affected anxiety-like be-
haviors, although the diversity of GABAergic cell types should
be considered.

In addition to behavioral modulation, our results point to a
role for Shank2 in regulating excitatory and inhibitory synaptic
transmission in distinct brain regions. Specifically, CaMKII-Cre;
Shank2™™ mice show reduced frequency of mEPSCs in hip-
pocampal CA1l pyramidal neurons. Given that paired-pulse
facilitation is normal at these CaMKII-Cre;Shank2™™ SC-CA1
synapses, postsynaptic removal of Shank2 is likely to cause a re-
duction in the number of excitatory synapses. In addition, it
should be pointed out that conventional Shank2~/~ mice do not
show altered mEPSCs in the same CA1 pyramidal neurons (Won
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et al., 2012). These results suggest that the reduced mEPSC fre-
quency in CaMKII-Cre;Shank2™" mice caused by excitatory
neuron-restricted Shank2 deletion might be suppressed by global
Shank2 KO.

Our results also indicate that Viaat-Cre;Shank2™ mice
display significant decreases in the frequency and amplitude of
mIPSCs in dorsolateral striatal neurons, effects not observed in
hippocampal neurons. The decreased mIPSC frequency may be
attributable to suppressed inhibitory synaptic input from neigh-
boring Shank2-deficient GABAergic striatal neurons because it is
known that the majority of inhibitory input onto MSNs, the most
abundant cell type in the striatum, comes from neighboring
MSNs (Guzman et al., 2003). A result that is not easy to interpret
is the decrease in mIPSC amplitude, which is normally attributable
to postsynaptic changes. It is possible that the presynaptic changes
induced by Shank2 deletion might have trans-synaptically caused a
decrease in mIPSC amplitude. Alternatively, it could stem indirectly
from excitatory synaptic changes in the same postsynaptic neuron,
as supported by the decreased sEPSC frequency in these neurons.
The latter could be caused by suppressed activity of upstream excit-
atory neurons involving altered network activity, although further
details remain to be determined.

In conclusion, our data suggest that Shank2 deletion re-
stricted to excitatory and inhibitory neurons leads to distinct
synaptic and behavioral phenotypes in mice, pointing to cell-
type-specific Shank2-dependent regulation of neuronal syn-
apses and behaviors.
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