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Editorial on the Research Topic
Shankopathies: Shank Protein Deficiency-Induced Synaptic Diseases

SHANK (also known as ProSAP) proteins are postsynaptic core scaffolds involved in excitatory
synapse development, function, and plasticity. The three members of the SHANK family
(SHANKI, SHANK2, and SHANK3) differ in their temporal and regional expression patterns
in the central nervous system and non-neuronal tissue during development. Mutations in the
cognate genes are associated with various neuropsychiatric conditions, such as autism spectrum
disorders, Phelan-McDermid syndrome, intellectual disability, schizophrenia, and bipolar disorder.
Exactly how defects in SHANK proteins contribute to these conditions is currently under
active investigation.

The present Research Topic provides an overview of current knowledge on the involvement of
SHANK genes in neuropsychiatric disorders. Shankopathies are explored at different scales: genes,
proteins, cells, synapses, neural circuits, behaviors, and environment. For example, Eltokhi et al.
observed that the large phenotypic diversity of patients carrying SHANK2 mutations is reflected
in the phenotypic diversity displayed by the various Shank2 mouse models. Hassani Nia and
Kreienkamp reviewed the effects of Shank3 mutations on the gene, protein, and synaptic signaling.
Both reviews provide a comprehensive state-of-the-art overview on SHANK2 and SHANK3
different scales. An example of how mouse models can closely mimic human Shankopathies was
provided by the comprehensive characterization of the Shank32*2!R knock-in model conducted
by Yoo et al..

The other contributions address two major questions for Shankopathies: (i) Are there specific
modulating factors for Shankopathies and (ii) Which brain regions are specifically affected
by Shankopathies?

Concerning the first question, three putative modulating factors were examined; namely,
pharmacological intervention (pharmacological modulation of phenotypes), sexual hormones,
and zinc. Sungur et al. explored whether Shankl mutant mice and control mice were equally
sensitive to amphetamine and methylenedioxymethamphetamine. In Shank2 mutant mice, Ey
et al. demonstrated that the abnormal social behavior of Shank2 knockout mice was associated
with a deficit in social motivation, but with an intact social recognition phenotype. They also
highlighted that methylphenidate is ineffective in restoring typical activity levels in hyperactive
Shank2 knockout mice. By contrast, Berkel et al. examined the role of an inherent modulating
factor; namely, sexual hormones, on Shankl, Shank2, and Shank3 gene transcription and protein

Frontiers in Molecular Neuroscience | www.frontiersin.org 5

February 2020 | Volume 13 | Article 11


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2020.00011
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2020.00011&domain=pdf&date_stamp=2020-02-07
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:elodie.ey@pasteur.fr
mailto:thomas.bourgeron@pasteur.fr
mailto:Tobias.Boeckers@dzne.de
mailto:kime@kaist.ac.kr
mailto:neurohan@korea.ac.kr
https://doi.org/10.3389/fnmol.2020.00011
https://www.frontiersin.org/articles/10.3389/fnmol.2020.00011/full
http://loop.frontiersin.org/people/190828/overview
http://loop.frontiersin.org/people/7789/overview
http://loop.frontiersin.org/people/283143/overview
http://loop.frontiersin.org/people/953/overview
http://loop.frontiersin.org/people/214498/overview
https://www.frontiersin.org/research-topics/6607/shankopathies-shank-protein-deficiency-induced-synaptic-diseases
https://doi.org/10.3389/fnmol.2018.00240
https://doi.org/10.3389/fnmol.2018.00268
https://doi.org/10.3389/fnmol.2019.00155
https://doi.org/10.3389/fnmol.2018.00419
https://doi.org/10.3389/fnmol.2018.00365
https://doi.org/10.3389/fnmol.2018.00337

Ey et al.

Editorial - Shankopathies

levels. The role of sexual hormones as transcriptional fine-
tuners, especially shortly before or after birth, might explain
sex-related differences in patients and animal models. Finally,
zinc was identified as a potentially major modulating factor in
Shankopathies, given its role in recruiting Shank2 and Shank3
at synapses, as well as having a key role in the gastro-intestinal
tract, as reviewed by Hagmeyer et al.. At the molecular level,
the mode of regulation of AMPA receptor (AMPAR) subunit
composition by Shank2, Shank3 and zinc was explored by Ha
et al.. Zinc regulated the switch during development of AMPARSs
lacking GluA2 to AMPARs containing GluA2, while Shank2 and
Shank3 also regulated this process. At the scale of the organism,
Fourie et al. tested the effect of long-term zinc supplementation in
alimentation of the Shank34*13-16 mouse model. Importantly,
some aspects of synaptic transmission and some behavioral
traits, such as self-grooming, were rescued. Taken together,
the studies on zinc presented in this Research Topic present
evidence that zinc is a promising potential new therapeutic agent
for Shankopathies.

Regarding the second question on brain regions specifically
affected by Shankopathies, different approaches were used to
investigate the effect of Shank mutations at the different scales
of observation. Yoo et al. highlighted that a conditional Shank3
knockout (targeting exons 14-16, encoding the PDZ domain)
in GABAergic neurons (enriched in the striatum) induces
a strong reduction of excitatory synaptic inputs onto dorsal
striatal neurons as observed in global Shank32¢14~16 mutant
mice. However, the conditional knockout leads to milder social
deficits and stereotyped behaviors than global Shank34¢*14=16
mutant mice. Using magnetic resonance imaging (MRI), Schoen
et al. examined mouse brain anatomy during development
showing that total brain volume, cerebellar volume, and cortical
thickness were unaffected in homozygous and heterozygous
Shank3 mutant mice and the prenatal zinc deficiency model
compared to wild-type controls. By contrast, the striatal volume
and the globus pallidus volume were increased in both models,
while the changes in the thalamus were reduced in the Shank3
mouse model and increased in the prenatal zinc deficiency mouse
model. Transcriptomic analyses allowed (Jin et al.) to identify
brain region-specific modulation of gene expression in different
Shank3 models, across age classes and between brain regions
(prefrontal cortex, striatum, and hippocampus). This analysis
highlighted an important modulation of the expression of
myelin-related and ribosome-related genes. At the protein level,
Heise et al. found that Shank2 and Shank3 mutant mice displayed
a reduced expression of receptors specific to excitatory synaptic
transmission in the striatum and in the thalamus (for Shank2
also in the cortex and cerebellum). These models were compared
to another mouse model of neurodevelopmental disorders, the
Cntn4 mutant that displays increased surface expression of

glutamatergic receptors (GluAl and GluA2) in the striatum or
downregulation of GABAergic receptors (GABAA) in several
brain regions. Finally, the involvement of the reward system was
examined directly and indirectly. In the direct approach, Bariselli
et al. knocked down Shank3 in the ventral tegmental area in
mice and observed a dysfunction in social-seeking behavior. The
indirect approach concerned the characterization of a Shank2
model in another species, namely the Shank2”¢**! mutant rat,
characterized by Modi et al.. Shank2! mutant rats displayed
an atypically high motivation to collect food reward, in parallel
with social deficits, impaired learning, increased activity, and
repetitive circling, combined with increased striatal activity and
decreased hippocampal function.

In summary, this Research Topic provided a multi-scale
overview of the current state of knowledge on Shankopathies.
The research studies contribute to the understanding of the
spectrum of disorders related to SHANK mutations, as well
as providing prospects for new potential therapeutic strategies,
targeting specific brain regions or modulating factors.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by the Centre National de la Recherche
Scientifique, the Université de Paris, the Institut Pasteur, and
the Bettencourt-Schueller foundation (to EE and TB), by
the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)-Projektnummer 251293561-SFB 1149 (project A2)
(to TMB), by the Institute for Basic Science (IBS-R002-
D1 to EK), and by the National Research Foundation of Korea
(2018R1C1B6001235 to KH). TMB was further supported by
the BIU2 initiative, the Else Kroner Foundation, the Innovative
Medicines Initiative (IMI) Joint Undertaking under grant
agreement no. 777394 (AIMS 2 Trials), which is composed of
financial contributions from the European Union and EFPIA
companies’ in-kind contribution and the DZNE, Ulm site.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Ey, Bourgeron, Boeckers, Kim and Han. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org

February 2020 | Volume 13 | Article 11


https://doi.org/10.3389/fnsyn.2018.00011
https://doi.org/10.3389/fnmol.2018.00405
https://doi.org/10.3389/fncel.2018.00374
https://doi.org/10.3389/fncel.2018.00341
https://doi.org/10.3389/fncir.2019.00006
https://doi.org/10.3389/fnmol.2018.00250
https://doi.org/10.3389/fnmol.2018.00212
https://doi.org/10.3389/fnmol.2018.00360
https://doi.org/10.3389/fnmol.2018.00107
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

1’ frontiers

in Synaptic Neuroscience

PERSPECTIVE
published: 23 May 2018
doi: 10.3389/fhsyn.2018.00011

OPEN ACCESS

Edited by:

Eunjoon Kim,

Institute for Basic Science (IBS),
South Korea

Reviewed by:

Carlo Sala,

Istituto di Neuroscienze (IN), Italy
Eun-Jdae Lee,

Asan Medical Center, South Korea

*Correspondence:
Andreas M. Grabrucker
andreas.grabrucker@ul.ie

T These authors have contributed
equally to this work.

Received: 05 April 2018
Accepted: 08 May 2018
Published: 23 May 2018

Citation:

Hagmeyer S, Sauer AK and
Grabrucker AM (2018) Prospects of
Zinc Supplementation in Autism
Spectrum Disorders and
Shankopathies Such as Phelan
McDermid Syndrome.

Front. Synaptic Neurosci. 10:11.
doi: 10.3389/fnsyn.2018.00011

Check for
updates

Prospects of Zinc Supplementation
in Autism Spectrum Disorders and
Shankopathies Such as Phelan
McDermid Syndrome

Simone Hagmeyer'2t, Ann Katrin Sauer’?3t and Andreas M. Grabrucker®*5*

TInstitute for Anatomy and Cell Biology, Ulm University, Ulm, Germany, ?WG Molecular Analysis of Synaptopathies,
Department of Neurology, Neurocenter of Ulm University, Ulm, Germany, °Department of Biological Sciences, University
of Limerick, Limerick, Ireland, *Bernal Institute, University of Limerick, Limerick, Ireland, °Health Research Institute (HRI),
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The loss of one copy of SHANK3 (SH3 and multiple ankyrin repeat domains 3)
in humans highly contributes to Phelan McDermid syndrome (PMDS). In addition,
SHANK®3 was identified as a major autism candidate gene. Interestingly, the protein
encoded by the SHANKS3 gene is regulated by zinc. While zinc deficiency depletes
synaptic pools of Shank3, increased zinc levels were shown to promote synaptic
scaffold formation. Therefore, the hypothesis arises that patients with PMDS and Autism
caused by Shankopathies, having one intact copy of SHANKS left, may benefit from zinc
supplementation, as elevated zinc may drive remaining Shank3 into the post-synaptic
density (PSD) and may additional recruit Shank2, a second zinc-dependent member of
the SHANK gene family. Further, elevated synaptic zinc levels may modulate E/I ratios
affecting other synaptic components such as NMDARs. However, several factors need
to be considered in relation to zinc supplementation such as the role of Shank3 in
the gastrointestinal (Gl) system—the location of zinc absorption in humans. Therefore,
here, we briefly discuss the prospect and impediments of zinc supplementation in
disorders affecting Shank3 such as PMDS and propose a model for most efficacious
supplementation.

Keywords: Zn, autism, ASD, synapse, trace metal, 22q13, 22q13.3

INTRODUCTION

Shank3 and PMDS

Phelan McDermid syndrome (PMDS, also 22q13 deletion syndrome or 22q13.3 deletion syndrome)
is classified as a syndromic form of autism due to a majority of patients falling on the autism
spectrum, displaying autistic or autism-like behavioral traits, caused by a 22q13.3 deletion that
includes the SHANK3 gene. Patients otherwise present with minor facial dysmorphic features,
global developmental delay, mental retardation, as well as absent or delayed language acquisition.
In addition, ADHD, seizures and gastrointestinal (GI) disorders are common medical comorbid
conditions (Wong et al., 1997; Bonaglia et al., 2001; Phelan and McDermid, 2012; Kolevzon et al.,
2014; Pfaender et al., 2017).

Heterozygous loss of SHANK3 seems to be a major factor contributing to the pathology of
PMDS. In addition, SHANK3 is major autism candidate gene (Leblond et al., 2014). In several
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patients with autism, deletions, nonsense, missense and splice
site mutations have been found that affect the function of one
SHANKS3 allele (Durand et al., 2007; Gauthier et al., 2009).
Proteins of the SHANK (also known as Proline-rich synapse-
associated protein ProSAP) family are major scaffold proteins
within the post-synaptic density (PSD) of excitatory synapses
(Boeckers et al., 2002). A mouse model for PMDS reflecting
autistic traits seen in human patients has been published
(Bozdagi et al., 2010) and several homozygous Shank3 mutant
animals were reported to display autism-like phenotypes
including impaired social behavior and ultrasonic vocalizations,
repetitive behavior, anxiety and learning and memory problems
(Pega et al,, 2011; Wang et al., 2011; Schmeisser et al., 2012).

Interestingly, while pharmacological approaches using IGF-1
and CDPPB, a mGluR5 positive allosteric modulator, were
partly successful in restoring function in Shank3 deletion model
systems (Bozdagi et al., 2010; Verpelli et al., 2011; Wang et al,,
2016; Vicidomini et al., 2017), the regulation of Shank2 and
Shank3 by zinc may be another promising approach to rescue
Shank3 function.

Zinc and Shank3

The heterozygous loss of the SHANK3 gene results in reduced
Shank3 protein levels in PMDS patients. In mutant mice that
lack the SHANK3 gene and may function as an animal model
for PMDS, a comparable decrease in Shank3 protein levels can
be monitored (Peca et al., 2011; Wang et al., 2011; Schmeisser
et al., 2012). Intriguingly, a similar reduction in Shank3 protein
levels was also observed in animals exposed to a mild zinc
deficiency during their embryonic development and in primary
hippocampal neurons cultured under zinc deficient conditions
(Grabrucker et al., 2011, 2014).

Isoforms of Shank3 and the SHANK family member
Shank2 that contain the C-terminal SAM domain directly
bind zinc (Baron et al, 2006; Gundelfinger et al., 2006;
Grabrucker et al,, 2011). Additionally, in vitro studies showed
that the SAM domain of Shank3 is responsible for its synaptic
localization (Boeckers et al.,, 2005) and oligomerization at the
postsynaptic density of glutamatergic synapses (Naisbitt et al.,
1999; Baron et al., 2006). The recruitment and multimerization
of Shank3 at the PSD is a crucial step in the processes of synapse
development and maturation (Grabrucker et al., 2009) and was
shown to be highly zinc dependent (Gundelfinger et al., 2006;
Grabrucker et al., 2011; Tao-Cheng et al., 2016). Experiments
in primary hippocampal neuronal cultures showed that the
synaptic localization and protein concentration of Shank3 and
Shank2 are highly responsive to alterations in neuronal zinc
homeostasis (Grabrucker et al., 2014). In ultrastructural analyses,
an increased recruitment of Shank3 to the PSD upon zinc
supplementation or stimulation was observed (Tao-Cheng et al.,
2016). In addition to that, the presence of zinc was crucial
to maintain the augmented Shank3 label intensity at the PSD
(Tao-Cheng et al., 2016), and increased the number of synaptic
contacts with a “mature” PSD (Grabrucker et al., 2011). On the
contrary, an increased number of synapses without a prominent
PSD was reported under zinc deficient conditions (Grabrucker
et al., 2011), but also Shank deficient conditions. Furthermore,

the reduction of neuronal zinc levels by exposure to the highly
potent zinc chelators CaEDTA and TPEN resulted in a significant
reduction in the number of Shank3 immunoreactive puncta
per dendritic length as well as in their fluorescence intensity
(Grabrucker et al., 2011, 2014). Additionally, a similar reduction
of Shank3 protein levels at synapses was detected by western
blot analyses (Grabrucker et al., 2011, 2014). As a consequence
of zinc depletion, Shank3 is predominantly diffusely localized in
dendritic localizations (Grabrucker et al., 2011) and might enter
an inactive state there (Arons et al., 2016) indicating that zinc is
crucial for stabilizing Shank3 at the postsynaptic site (Grabrucker
etal., 2011; Arons et al., 2016).

Interestingly, ~ the  supplementation  of  primary
hippocampal neurons with zinc chloride increased
Shank3 immunofluorescence levels and therefore the

concentration of Shank3 proteins at synapses (Grabrucker
et al,, 2011, 2014). In line with the described findings obtained
from in vitro experiments, prenatal zinc deficiency in mice
was found to tremendously affect synaptic Shank3 (Grabrucker
et al.,, 2014). Prenatal zinc deficient pups that were nursed by
zinc deficient mothers showed a significant reduction in brain
zinc and Shank3 levels. A loss of synaptic Shank3 comparable
to that observed in Shank3 knock-out mice was detected in
immunohistochemical and biochemical analyses of prenatal
zinc deficient animals (Grabrucker et al, 2014). Again, a
redistribution of Shank3 from the synaptic site to the cytoplasm
was reported (Grabrucker et al., 2014). However, the reduction in
zinc levels and the concomitant lack of Shank3 was fully rescued
by cross-fostering prenatal zinc deficient pups by mothers fed a
zinc adequate control diet indicating that zinc supplementation
is sufficient to restore previously diminished Shank3 levels
in vivo (Grabrucker et al., 2014).

Taken together, reduced Shank3 protein levels comparable
to those observed in models of PMDS can be caused by
the depletion of zinc emphasizing the strong regulatory effect
of zinc on synaptic Shank3. On the other hand, remaining
Shank3 protein, and possibly in addition Shank2 proteins, can
be recruited to synapses by increasing zinc levels. Therefore,
we hypothesize that supplementation with zinc may rescue the
loss of Shank3 in PMDS and through this modify the resulting
phenotype. It was shown that re-establishing Shank3 levels
after birth can ameliorate autism-like symptoms in mice (Mei
et al., 2016). However, performing zinc supplementation in
Shank3 deficient conditions in vivo may face challenges given the
reported role of Shank3 in the GI system.

Shank3 and Zinc Transporters

Aside from GI problems, zinc deficiency was shown to be highly
prevalent in individuals with PMDS (Grabrucker et al., 2014;
Pfaender and Grabrucker, 2014; Pfaender et al., 2017) and ASD
(Yasudaetal., 2011; Arora et al., 2017). With the GI system taking
center stage in the maintenance of zinc homeostasis, regulation of
zinc levels within the body occurs with help of various proteins
including members of the Zinc Transporter (ZnT) and Zrt-and
Irt-like proteins (ZIP) superfamily of zinc transporters, and
metallothioneins (MT; Fukada et al., 2011; Zhao et al., 2014).
In humans, dietary zinc uptake primarily occurs within small
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intestinal enterocytes (Krebs, 2000; Wang and Zhou, 2010) with
ZnT and ZIP transporter moving zinc across cellular membranes
and into organelles (Hershfinkel, 2005). Especially, Zip2 and
Zip4 proteins act as key players of zinc absorption in enterocytes.
Not surprisingly, mutated ZIP4 leads to severe impairments in
zinc uptake as seen in the autosomal recessive inherited disorder
Acrodermatitis enteropathica (AE). AE patients require lifelong
zinc substitution in very large doses as treatment (around 200 mg
daily instead of the required daily intake in healthy individuals
of 15 mg; Maverakis et al., 2007; Andrews, 2008; Pfaender et al.,
2017).

Besides its various other functions in the immune system and
during brain development, zinc also plays a vital role in the
developing GI system and effects gut morphology (Vela et al,
2015). While current research reports high prevalence of GI
disorders and zinc deficiency in neurodevelopmental disorders
such as non-syndromic and syndromic ASD, it might also have
provided a potential link between these dysfunctions (Vela et al.,
2015; Pfaender et al., 2017).

Pfaender et al. (2017) showed that besides its function
as postsynaptic scaffolding protein in the brain, Shank3 can
additionally be found in human and murine enterocytes in the
GI tract. In the same study, analysis of key regulators of trace
metal homeostasis revealed significant alterations of ZIP2 and
ZIP4 expression on mRNA and protein level in enterocytes
generated from PMDS patient derived induced pluripotent
stem cells (hiPSC) compared to healthy controls. More so,
ZIP2 and ZIP4 expression levels in enterocytes seemed to be
dependent on Shank3 protein levels, which was confirmed by
overexpression and knockdown experiments in the intestinal
Caco-2 cell-line model. Co-immunofluorescence of Shank3 and
Zip4 in hiPSC derived enterocytes and co-immunoprecipitation
experiments of Shank3 protein using wildtype mouse intestinal
epithelial lysate and human enterocyte cell lysates shows that
Shank3 proteins seem capable of forming a protein complex
with Zip4 and to a lesser extent with Zip2 (Pfaender et al,
2017).

Given that Shank3 levels both in vitro and in vivo regulate zinc
transporter expression, a possible explanation for high incidence
rates of zinc deficiency in PMDS can be found. However,
the loss of zinc transporters in the GI tract may present a
significant challenge for zinc supplementation and similar to AE
patients, high levels and daily lifelong supplementation may be
needed. Therefore, supplementation with commercially available
supplements and dosages reflecting the required daily intake of
healthy individuals may not suffice. However, chronic high levels
of zinc intake that are not toxic per se may have secondary effects
for example on copper levels and may be a challenge especially
for children with PMDS.

PERSPECTIVES

ZnAAs as Effective Zinc Supplement in
PMDS

In the case of a diet low in zinc, Zip4 at the plasma membrane
of enterocytes is upregulated to maximize absorption of zinc

(Dufner-Beattie et al., 2004). However, this mechanism seems
impaired upon Shank3 depletion (Pfaender et al., 2017). Using
novel types of zinc supplements, it is possible to utilize alternative
routes of zinc uptake. Recently, we have shown that zinc
amino acid complexes (ZnAAs) may provide such alternative
absorption/transport pathway opportunity (Sauer et al., 2017).
Due to the overall amino acid-like structure, ZnAAs based
supplements are taken up by amino acid transporters. For
example, using hiPSC from AE patients, we could show that
while an inorganic zinc supplement such as ZnCl, performed
significantly worse in AE patient cells with non-functional
Zip4 compared to control cells, ZnAAs were able to deliver zinc
into enterocytes effectively and without significant difference
between AE and healthy cells (Sauer et al., 2017). The chemistry
of ZnAAs that may be comprised of different amino acids
such as glutamate, methionine and lysine, among others, in
the form of ZnGlu, ZnMet, ZnLys, allows for release of the
zinc (once inside cells or the systemic circulation) whereby
zinc will be able to participate in its physiological functions
such as the regulation of Shank2 and Shank3 proteins at
synapses.

Therefore, we propose that although supplementation of
trace minerals in humans or animals can be performed using
different types of supplements, the most suited supplement
should be selected, considering the special GI physiology under
Shank3 depleted conditions such as PMDS. With a significantly
higher demand than that of trace minerals, amino acids will
have over a thousand-fold more transporters than any trace
mineral. Thus, a selection of ZnAAs for supplementation in
PMDS might secure the highest efficacy of zinc supplementation
(Figure 1). ZnAAs are currently available on the market as
mineral supplement for animals, where they are safe and
effective and should be explored in human studies in future.
In contrast, using inorganic zinc supplements might need
high dosages and long supplementation times until effects
might be measurable in Shank3 mouse models and human
patients.

Benefits of Zinc Supplementation in PMDS
and ASD —A Hypothesis

Based on the current data, a model can be proposed according
to which zinc supplementation in Shankopathies may be a
promising approach. This is based on several observations.
First, restoring Shank3 levels in adult mice ameliorates their
autism phenotype. Second, increased zinc levels are able to
increase synaptic Shank3 levels, which may compensate the
loss of one functional copy of the gene. Third, in addition,
recruitment of the zinc-dependent Shank2 may contribute to
the compensating effect (Figure 2). Given that Shank proteins
are found in a complex of further autism associated proteins
such as Neurexin (Nrxn) and Neuroligin (Nlgn), as well as
mTOR, strengthening Shank3 scaffolds may also be beneficial
in cases of mutation of other proteins of the proposed
autism associated pathway at excitatory synapses (Bourgeron,
2009).

While PMDS is a very rare syndrome, the prevalence
of mutations in Shank3 and Shank2 is higher in the ASD
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population (~1.5% and 0.17%, respectively, Leblond et al,
2014). In addition, Shank proteins are physiologically linked to
proteins with mutations reported in the ASD population such as
NMDAR (Pan et al,, 2015), Nrxn/Nlgn complexes (Yoo, 2015;
Onay et al,, 2017) and mGIluR5-mTOR (Fragile X syndrome:
1%-2% of patients with ASD, Tuberous sclerosis: ~1% of
patients with ASD; Abrahams and Geschwind, 2008). Therefore,
this group of patients may benefit from modulation of
Shank?2/3 via zinc as well.

Besides effects on the Shank2/3 scaffold, activation of zinc
signaling may have effects on further synaptic proteins and
thereby synapse function (Sensi et al., 2009, 2011). For example,
zinc acts as allosteric inhibitor of GluNI1/GluN2A (NMDA)
receptors (Paoletti et al., 1997). However, it was shown that a
postsynaptic increase in zinc can also activate NMDA receptors
in a Src tyrosine kinase dependent manner, which may be an
important contributor to the rescue of ASD behaviors (Lee et al.,
2015). Further, zinc may inhibit GABA 4 receptors (Smart et al.,
1994). Thus, zinc modulates excitatory synaptic transmission as
well as inhibitory synaptic transmission and may be an important
player in maintaining the balance between excitation (E) and
inhibition (I). Changes in E/I ratio have been reported to be
important in the pathogenesis ASD (Rubenstein and Merzenich,
2003) and altered zinc homeostasis may positively influence the
E/I ratio.

In addition, zinc has inhibitory effects on voltage-gated ion
channels (Blakemore and Trombley, 2017), and is linked to
BDNF signaling via metalloproteinase activation, which plays
an important role in Trk receptor activation (Hwang et al.,
2005).

However, with zinc being a non-genetic factor, dosage is
important. While genetic models of Shank3 deficiency follow
a pattern of full loss (homozygous deletion) or loss of half
of Shank3 (heterozygous deletion), zinc will act along a large

spectrum of dosages. Finding the correct dosage may be
complicated. In addition, it is hard to estimate after which time
effects may be observable. While zinc is taken up quickly in the
body, it does not cross freely the blood-brain barrier (BBB). A
constant elevated serum zinc level may be necessary to generate
a sufficient concentration gradient to drive zinc uptake into
the brain. Both, dosage and treatment times will be dependent
on the type of zinc supplement used. In addition, treatment
should be performed as early as possible and therefore, efficacy
might critically depend on the ability to diagnose PMDS/ASD
early in development. According to previously published data
(Grabrucker et al., 2011), forming and immature synapses are
characterized by Shank2 and Shank3 family members at the PSD
and are more reactive to zinc than mature synapses that also
contain the zinc-independent Shankl. Thus, strengthening the
Shank2 and Shank3 scaffold to reach a threshold for the synapse
to mature will be most critical during the time window of brain
development with maximal need for establishment of synaptic
contacts to lie down the basic connectivity in and in between
brain regions. However, it is possible that some brain regions
maintain plasticity throughout later development and will still
benefit from increased zinc levels. In line with this, re-expression
of Shank3 in adult mice that developed in absence of Shank3 was
able to rescue social interaction deficits and repetitive grooming
behavior, but not anxiety and motor coordination deficits (Mei
etal., 2016). This hints to different time windows in development,
where supplementation will be able to rescue different features of
ASD to different extent.

Taken together, to move forward in animal studies and finally
human studies, various factors need to be considered. The type
of supplement needs to ensure effective zinc uptake, but also zinc
delivery into the brain. Here, recently developed nanoparticles
delivering zinc across the BBB may be promising (Chhabra et al.,
2015; Vilella et al., 2017). Additionally, the standard laboratory
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FIGURE 2 | (A) Current models predict a soluble pool of Shank proteins at the post-synapse, as well as a post-synaptic density (PSD) bound pool recruited to the
PSD by zinc binding. PSD bound Shank scaffolds proteins link receptors at the membrane to the actin cytoskeleton. Further, by binding with Neuroligin (NIg) and
Neurexin (Nrxn) complexes, the level of Shank3 at the PSD provides a transsynaptic signal to the pre-synapse to coordinate synaptic plasticity of both parts of the
synapse. (B) Loss of Shank3 proteins at the synapse may destabilize synapses and prevent their maturation or formation. Heterozygous deletion or mutation of
Shank3 in humans leaves one copy of the gene intact that produces proteins. (C) Increasing zinc levels by zinc supplementation might restore Shank3 levels by
recruitment of Shank3 from the soluble synaptic pool to the PSD bound pool and might recruit additional Shank2 proteins. Strengthening the PSD scaffold in this
way may compensate some deficits seen in forms of ASD caused by imbalance in the Nrxn-NIg-Shank pathway.

diet for Shank mouse models has to be carefully controlled for  and it may be possible that heterozygous Shank3 mice on this
zinc content. Fortified diets used for mice may contain up to  dietalready represent models of low zinc supplementation. While
five times higher zinc levels as the required daily dosage for mice  this concentration of zinc may not be enough to cause significant
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effects, it might contribute to the relatively mild phenotype of
heterozygous mice, despite human patients being heterozygous
as well. Finally, the age of mice and duration of treatment, as well
as dosage of zinc supplementation need to be carefully selected.

Human studies using zinc supplementation in ASD patients
so far reported mixed results. While some studies found benefits
(Russo and Devito, 2011), the results were less clear in others.
In future, the cohort of participants with ASD needs to be more
carefully selected based on their underlying genetic mutation,
and treatment performed early in life for a long time using
therapeutic dosages of classic zinc supplements or alternative
forms of zinc supplementation.
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Mutations in the SHANK family of genes have been consistently identified in genetic
and genomic screens of autism spectrum disorder (ASD). The functional overlap of
SHANK with several other ASD-associated genes suggests synaptic dysfunction as
a convergent mechanism of pathophysiology in ASD. Although many ASD-related
mutations result in alterations to synaptic function, the nature of those dysfunctions
and the consequential behavioral manifestations are highly variable when expressed
in genetic mouse models. To investigate the phylogenetic conservation of phenotypes
resultant of Shank2 loss-of-function in a translationally relevant animal model, we
generated and characterized a novel transgenic rat with a targeted mutation of
the Shank2 gene, enabling an evaluation of gene-associated phenotypes, the
elucidation of complex behavioral phenotypes, and the characterization of potential
translational biomarkers. The Shank2 loss-of-function mutation resulted in a notable
phenotype of hyperactivity encompassing hypermotivation, increased locomaotion, and
repetitive behaviors. Mutant rats also expressed deficits in social behavior throughout
development and in the acquisition of operant tasks. The hyperactive phenotype
was associated with an upregulation of mGIUR1 expression, increased dendritic
branching, and enhanced long-term depression (LTD) in the striatum but opposing
morphological and cellular alterations in the hippocampus (HP). Administration of the
mGIuR1 antagonist JNJ16259685 selectively normalized the expression of striatally
mediated repetitive behaviors and physiology but had no effect on social deficits.
Finally, Shank2 mutant animals also exhibited alterations in electroencephalography
(EEG) spectral power and event-related potentials, which may serve as translatable
EEG biomarkers of synaptopathic alterations. Our results show a novel hypermotivation
phenotype that is unique to the rat model of Shank2 dysfunction, in addition to
the traditional hyperactive and repetitive behaviors observed in mouse models. The
hypermotivated and hyperactive phenotype is associated with striatal dysfunction,
which should be explored further as a targetable mechanism for impairment in ASD.
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INTRODUCTION

Mutations within the SHANK family of genes (comprising
SHANKI1, PROSAP1/SHANK2 and PROSAP2/SHANK3) are
over-represented in the autism spectrum disorder (ASD)
population and are the cause of specific disorders such as Phelan-
McDermid Syndrome (Jiang and Ehlers, 2013). Inherited and
de novo SHANK2 mutations have been identified in several
independent families with ASD (Berkel et al., 2010; Leblond et al.,
2012; Monteiro and Feng, 2017), many of which lie in functional
binding domains for proteins interacting with SHANK2 within
the synapse, making SHANK2 mutation a representative model
of the synaptopathy observed in ASD (Berkel et al., 2012; Jiang
and Ehlers, 2013).

Synaptopathic consequences of Shank mutations are
particularly evident in striatal function. Dysregulation of
striatal circuits resulting in abnormal social motivation has been
hypothesized as a mechanism for the behavioral characteristics in
ASD (Chevallier et al., 2012, 2016). Accumulating evidence has
also implicated the striatum in the phenomenology of repetitive
behaviors (Kohls et al., 2014). Further, the corticolimbic-
ventro-striatal network is dysregulated in patients with ASD
and obsessive-compulsive disorder (Ameis and Catani, 2015;
Wood and Ahmari, 2015; Bariselli et al., 2016). Given its role
in both social motivation and production of motivated and
habitual repetitive behaviors, the striatum may consequently
serve as a locus for the pathogenic processes that result in the
symptomatology of ASD.

Mutation of Shank3 results in altered dendritic arborization,
synaptic transmission, postsynaptic density (PSD) composition
and excitatory/inhibitory balance in medium spiny neurons
(MSNs) of the striatum (Peca et al, 2011; Filice et al,
2016; Jaramillo et al, 2016; Mei et al, 2016; Wang et al,
2016; Reim et al., 2017; Vicidomini et al., 2017), as well
as hypoactivity (Kouser et al., 2013; Speed et al,, 2015) and
perseverative overgrooming (Kouser et al., 2013; Speed et al,
2015; Jaramillo et al,, 2016, 2017), linking repetitive behaviors
to altered striatal physiology (Dhamne et al, 2017; Kabitzke
etal,, 2018). Shank3 mutation impairs the striatopallidal synapses
of striatal MSNs and enhancement of their activity decreases
overgrooming (Wang et al., 2017). Mutation of Shank2 has
been similarly implicated in repetitive behaviors in mice;
however, Shank2 mutation primarily manifests as hyperactivity
(Schmeisser et al., 2012; Won et al., 2012) as opposed to the
hypoactivity observed in multiple Shank3 mouse models (Kouser
et al., 2013; Speed et al., 2015; Jaramillo et al., 2016). Shank2
mutant mice have substantially increased locomotor activity
relative to wild type mice and engage in a repetitive jumping
behavior at the expense of species-typical digging behaviors
(Schmeisser et al, 2012; Won et al., 2012). Accompanying
the hyperactive behavior is an upregulation of ionotropic
glutamate receptors, most broadly within the striatum in the
Shank2 mutant mouse (Schmeisser et al, 2012). Together,
these findings indicate that in the mouse, mutation of Shank
genes results in functional changes in the striatum that are
likely associated with prominent repetitive and hyperactive
phenotypes.

The neural circuits underlying motivation and repetitive
behaviors have been historically characterized in rat models due
to their ability to rapidly acquire complex, striatally mediated
tasks (Hart et al., 2014; Jaramillo and Zador, 2014). To explore
the relationship between the striatal cellular and molecular
consequences of Shank2 mutation and the repetitive and
motivational phenotypes associated with striatal dysregulation
in rats, we generated a novel transgenic Shank2 mutant rat.
This model has enabled the assessment of complex social and
motivated behaviors and the identification of a potentially
translational electroencephalography (EEG) based biomarker of
neural circuit dysfunction that has not been shown in previous
mouse models.

Similar to Shank2 mutant mice, our rat model exhibits
social and repetitive impairments and corresponding cellular
alterations. Shank2 mutant rats additionally have a profound
phenotype of hyperactivity and hypermotivation that can be
ameliorated through the administration of dopamine receptor
1 (DIR) or metabotropic glutamate receptor 1 (mGluR1)
antagonists that normalize the observed electrophysiological
alterations in the striatum. The characterization of phenotypes
that are both consistent across species and amenable to
pharmacological manipulation opens the door for the
identification of drug treatment strategies for the impairments
of ASD with high translational validity.

MATERIALS AND METHODS

Model Generation

Animals

In collaboration with Horizon Discovery, we generated a
transgenic Sprague-Dawley rat line expressing a targeted deletion
of the Shank2 gene that causes a frameshift and a premature stop
(hereafter homozygous mutants referred to as KO; heterozygous,
HET; and wild type, WT) using zinc finger nuclease technology.
The deletion was designed to mimic one identified in ASD
patients that disrupts the PDZ domain of the protein (Berkel
et al, 2012). This study was carried out in accordance with
the recommendations of the Guide for the Care and Use of
Laboratory Animals. The protocol was approved by the Pfizer
Institutional Animal Care and Use Committee.

Generation of Rats Carrying the Shank2 Deletion

A deletion was introduced using zinc finger nuclease technology.
The endonucleases targeted the GACCGGG GACTTCTTGA
TTGAGGTAGG ACACAGGTG sequence flanking the region of
interest (Supplementary Figure S1A). Deletion was confirmed
at both the genomic as well as mRNA level (Figure 1B;
Supplementary Figure S1A). Two founder lines (Lines 8a and
13) were generated and initially characterized for consistency of
phenotype in locomotor activity. Line 13 was maintained and
used for all further experiments.

After the model was established, all animals were bred,
genotyped, and raised until weaning (P21) at Charles River
Laboratories (Wilmington, MA, USA). Experimental animals
were produced by F1 HET x HET paired matings to produce
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litters containing all genotypes in Mendelian ratios. The
F1 parents were generated from crosses between KO males and
outbred Sprague-Dawley females. Prior to use, the genotype
of all experimental animals was determined by Charles River
genotyping service. Animals were shipped to Pfizer (Cambridge,
MA, USA) between 21 days and 42 days. Because of intra-
animal aggression observed in KO animals, all animals were
singly housed after shipment in irradiated Innovive Caging
(17L x 13.4°W x 9.9’H) with Alpha-dry bedding with Bed-
r'Nest and Nylabone enrichment. Animals were fed Lab Diet
5053 PicoLab Rodent Diet 20 and water ad libitum, except where
otherwise noted. Animals were maintained at a temperature of
20-26°C, 30%-70% humidity with a 12:12 light:dark cycle.

Genotyping

Tail snips from rats were used for genomic DNA (gDNA)
isolation. Tissue was digested using proteinase K and gDNA was
isolated using Qiagen’s Blood and Tissue DNeasy kit. A total of
2 pl of gDNA was used for genomic PCR using the following
primers: forward: 5-TGGGTCAACACTGCTCTCTG-3' and
reverse: 5-AGACTCCTCAAATGATCAAGCATTAC-3". The
expected PCR product sizes for WT and KO (exon 31 deleted)
in Line 13 was 1171 and 501, respectively.

RT-PCR

Brain cortical RNA was isolated using Qiazol RNA isolation.
Briefly, animals were euthanized humanely under approved
animal use and care protocols. After dissection, total brains
were flash frozen in liquid nitrogen and stored at —80°C
until RNA isolation. Frozen brains were homogenized in
Qiazol with a 5 mm bead in Tissuelyzer (Qiagen) for 5 min
at 25 Hz and RNA isolation proceeding as per Qiagen
protocol. Quantitated RNA was converted to ¢cDNA using
VILO Superscript cDNA synthesis reagent (Invitrogen). PCR
amplification of WT or exon 31 deleted mRNA was performed
with PCR primers E30: 5'-GAGGGCTTTGGATTTGTG-3'; and
E32: 5-GACGACCTTAAGGACGAG-3’ with the expected PCR
products for WT and KO mRNA of 248 bp and 123 bp,
respectively.

Western Blot

SHANK? levels were analyzed from WT and KO animals from
Line 13. One cortical hemisphere/animal from four male rats
per genotype (at 7 weeks of age) were processed into filtered
synaptosome fractions for analysis. In each lane, 30 g of total
protein was loaded on a 6% NuPAGE gel. The deletion of
SHANK?2 was confirmed using the SHANK2 (523b-6) antibody
from Novus Biologicals (#NBP1-44509), generated against the
84-309 amino acids of rat SHANK2 (SH3/PDZ domains) and
does not cross-react with either SHANK1 or SHANKS, at
a concentration of 1:4000 and normalized to the transferrin
receptor (85 kDa) from (Invitrogen #13-6800) at a concentration
of 1:2000.

Behavioral Assays
Behavioral assays were performed in several cohorts of adult
rats (>8 weeks of age, singly housed, male-unless otherwise

noted) bred at Charles River Laboratories and tested at
Pfizer. Cohort 1 was used for social investigation assays,
including juvenile play (N = 8/genotype at 5-6 weeks), social
recognition (n = 10/genotype at 8 weeks), and social approach
(N = 13/genotype at 9 weeks). Cohort 2 was used for the
open field assay to derive locomotion, rearing, and repetitive
circling (N = 11/genotype). Cohort 3 was used for the operant
conditioning assay (N = 8/genotype). Cohort 4 was used for the
location discrimination touchscreen task (N = 5-8/genotype).

Juvenile Play

Juvenile male animals (5-6 weeks of age) of each genotype
(KO, WT) were tested for the exhibition of play behaviors with
WT age-matched male conspecifics. Experimental animals were
marked and placed in a new test cage and allowed to acclimate
for at least 1 h. A novel animal was then introduced to the
cage for 5 min during which the animals were allowed to freely
interact. The social exposure occurred during the dark phase
of the circadian cycle (6-9 pm). The interaction was video
recorded under red light conditions with an infrared camera
and score by hand using JWatcher! for three types of behaviors:
nape attacks, pinning and supine. Social play behaviors were
categorized based on published descriptions of rat social play
(Veenema and Neumann, 2009).

Social Recognition

Adult males of each genotype (WT and KO) were tested for social
investigation and recognition of 12 juvenile male rats (5-7 weeks,
weighing a minimum of 100 g less than the adults). Experimental
subjects were placed in individual test cages and all animals were
acclimated to the test room for 1 h prior to testing. The juvenile
was then introduced to the test cage and allowed to freely interact
with the experimental subject for 4 min. The juveniles were then
removed and the animals were separated for 30 min before the
juveniles were re-introduced for a second 4-min investigation
period. Both investigations were video recorded and hand-scored
for time spent in olfactory investigation of either the head or
anogenital area of juveniles using JWatcher.

Social Approach

Adult male rats of each genotype (WT and KO) were tested for
social approach in a three-chambered test arena. The custom
built test chamber was 60 x 30 x 20 cm (W x D x H).
The corrals were made from clear PVC pipe (5 diameter)
with holes (17) drilled throughout. Each animal was placed in
the center arena for 5 min and allowed to explore the entire
arena for an additional 10 min in the absence of conspecifics. A
corral encaging an adult male conspecific was then introduced
to one of the two outer chambers and an empty corral was
introduced to the other chamber. The experimental animal was
then allowed to explore the entire arena again for 10 min. Finally,
a novel animal was added to the previously empty corral and
the experimental animal had another 10-min exploration period.
All stimulus animals were previously acclimated to the corrals
to minimize stress-induced behaviors. Time the experimental

Uhttp://www.jwatcher.ucla.edu
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animal spent investigating each chamber and the total distance
traveled was scored using CleverSys TopScan (CleverSys Inc.,
Reston, VA, USA).

Open Field Activity and Repetitive Activity

Adult male rats of each genotype (WT and KO) were acclimated
to the test room for 1 h and then place individually in a VersaMax
AccuScan locomotion chamber for a 1-h test period. The animals
were allowed to freely move around an unlit chamber, and their
location was tracked by the disruption of IR beams. The total
distance traveled, the time spent in the center area, vertical
rearing and circling (both clockwise and counterclockwise) was
interpolated through the pattern of beams broken based on the
manufacturer programmed settings.

Operant Conditioning and Progressive Ratio
Response

Eight male rats of each genotype (WT and KO) were
food-restricted to 80%-85% of their free feeding body weight
and introduced to a MedAssociates (Fairfax, VT, USA) dual
lever, pellet reward operant response chamber. Animals were
acclimated to the chamber and food reward (sucrose diet pellets)
for 1 h on the first day of training. On the second day of training,
the response levers were introduced such that one lever was
paired with food reward delivery (“active” lever) and one was
unpaired (“inactive” lever) at an FR1 schedule modified to elicit
response at both levers. Training continued until 80 responses
were obtained during a 60-min trial for each group. All animals
were then advanced to a progressive ratio reward schedule during
which the number of lever presses required to obtain a reward
increased non-linearly with each subsequent trial. The number
of presses on the active lever and the inactive lever was recorded.
The breakpoint was defined as the number of lever presses per
single reward at which the animals were unwilling to work. The
breakpoint was used as a measure of motivation. The number of
lever presses on the active vs. inactive lever was used as a measure
of goal directed vs. hyperactive behavior (goal directed behavior
should be specific to the active lever only). For one testing session
the animals were allowed to consume the reward pellets to satiety
for 1 h prior to testing as opposed to the typical conditions in
which the animals only had access to a standard rat diet. The
breakpoint was compared between the “reward sated” session
and the typical “reward hungry” sessions as a measure of the
sensitivity of breakpoint to reward value. For three additional
testing sessions, each 1 week apart, the animals were treated
with the dopamine D1 receptor antagonist SCH-39166 (0, 0.01,
0.1 mg/kg, I.P.) in a randomized fashion and the effect of the
pharmacological manipulation on breakpoint was measured.

Location Discrimination Touchscreen Task

Eight WT and five KO male rats were food restricted to 80%-85%
of their free feeding body weight. Equal groups were used initially
but three of the KO failed to acquire the early testing behaviors
and were removed from the study. Rats were then habituated to
the touchscreen chamber and the behavior of the animal was
shaped such that the animal learned to touch the illuminated
stimulus on the screen. This pretraining phase is composed of

five stages in which animals progressed through training in a
criteria-dependent manner. After this period, the rats advanced
to the acquisition of the location discrimination reversal task in
which animals were required to make seven correct touches to a
response window in eight consecutive trials. Once this criterion
was met, the rule changed and the opposite location was then
assigned as correct and was rewarded (total of 50 trials or 60 min
time point). This acquisition phase was continued until an animal
achieved the initial acquisition followed by a reversal in three of
four consecutive sessions.

Pharmacological Modulation of Open Field Activity
and Repetitive Activity

For behavioral pharmacological experiments, Cohort 4 was used
for the dopamine D1 receptor antagonist (SCH-39166 0, 0.01,
or 0.1 mg/kg, L.P.) open field experiment using a randomized
within-subjects design (N = 10-11/genotype). Cohort 5 was
used for the mGlIuR1 receptor antagonist (JNJ16259685 0 or
0.63 mg/kg, S.C.) open field and social behavior experiment using
arandomized within-subjects design (N = 10/genotype). Animals
received a subcutaneous injection 30 min prior to testing. Testing
was conducted in the pharmacological experiments as described
above.

Synaptic Protein Analysis

Proteomic Analysis of Brain Homogenate

Adult animals were anesthetized via CO, and rapidly decapitated
(N = 4/genotype). The hippocampus (HP) and striatum were
rapidly dissected out and frozen in liquid N3, and brain samples
were kept at —80°C until assayed. Subcellular fractionation of the
samples was then performed to isolate synpatosomal fractions
and western blot interrogation of synaptic proteins expression
was done as previously described with minor modifications
(Schmeisser et al., 2012; Distler et al., 2014). Briefly, the sections
were homogenized in HEPES-buffered sucrose and separated
into synaptosomal fractions. Equal amounts of protein 10-20 pg
were separated by SDS-polyacrylamide gel electrophoresis and
then blotted onto polyvinylidene fluoride membranes. The
membranes were incubated with specific primary antibodies
and then visualized with HRP-conjugated secondary antibodies
on X-ray film. The films were imaged and the gray value was
quantified using Image] and normalized to the gray value of
actin.

Anatomical Analysis

Adult animals (N = 5/genotype) were anesthetized via CO;
and then rapidly decapitated. Brains were removed, fixed
in 10% formalin, and divided into rostral/caudal blocks
and stained by the rapid Golgi variant by Neurostructural
Research? as previously described (Valverde, 1993). Coronal
sections (120 pwm) were mounted, and striatal MSNs and
HP CAl pyramidal cells were imaged using a Zeiss bright
field microscope. Camera lucida drawings were prepared from
n = 4-7 randomly selected neurons per brain that met selection
criteria (well-stained, arbor not obscured by other anatomy,

Zhttp://www.neurostructural.org
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soma in the middle third of the tissue section, and the appearance
of spines). Neuronal morphology was quantified using Sholl
and branch point analyses of the basilar arbor of hippocampal
CA1 pyramidal (HPp) cells and the full arbor of MSN. The soma
size of all neurons were also analyzed. Results were generated
from values averaged across individual neurons per animal (WT:
N =5, n =32 neurons; KO: N = 5, n = 31 neurons).

Electrophysiological Characterizations

In Vitro Slice Preparation

Acute slices (300 um) were prepared from adult male and female
animals of each genotype (WT and KO). The results from both
male and female animals were statistically compared, found to
be not different and then pooled to increase statistical power.
Rats were anesthetized with isoflurane (4%) and transcardially
perfused prior to decapitation with oxygenated ice-cold artificial
cerebral spinal fluid (aCSF) containing (in mM): NaCl, 125;
NaHCOs3, 25; glucose, 10; KCl, 3.5; NaH, POy, 1.25; CaCly, 0.5;
MgCl,, 3; pH 7.4, osmolarity 295 mOsm, constantly oxygenated
with 95% O, and 5% CO;. Coronal slices containing the dorsal
HP or sagittal slices containing the striatum and preserving
corticostriatal fiber tracts were sectioned using a Vibratome.
Slices were incubated in oxygenated aCSF warmed to ~34°C
for at least 1 h prior to recording. Field excitatory postsynaptic
potentials (fEPSPs) or whole-cell patch-clamp recordings were
performed. For each experiment, individual slices were placed
in a submersion-type recording chamber superfused with
oxygenated aCSF (fEPSP flow rate of 2.5 mL/min; whole-cell
flow rate of 2 mL/min) and maintained at 33-34°C. Recording
aCSF formulations were adjusted to include 2 mM CaCl, and
1 mM MgCl,.

In Vitro Field Recordings in Hippocampus
Field EPSPs were recorded using a multi-channel recording
system (MED64, Alpha MED Scientific). Slices were transferred
to one of four MED-P515A recording chambers containing
64 planar micro-electrodes arranged in an 8 x 8 grid embedded
in the center of a transparent glass cylinder (10 mm depth). The
recording chambers were connected to a 64-channel amplifier
which was divided using a 4-way splitter such that four slices were
recorded simultaneously. Each slice was in a separate chamber
with 16 channels active in an 8 x 2 configuration. Each electrode
across all chambers corresponded to a single amplifier channel.
This orientation provided each electrode the ability to deliver
stimuli as well as record electrophysiological signals. fEPSPs were
evoked in the Schaffer collateral fiber pathway in the CA1 region
with a biphasic square-wave pulse (0.20 ms; 0.05 Hz) delivered
through one electrode. Only those electrodes positioned beneath
the stratum radiatum of the CA1 region of the HP were utilized
for stimulation or recording. Electrophysiological signals were
high-pass filtered at 0.1 Hz and digitized at 20 kHz using
MED64 Mobius acquisition software (WitWerx Inc., Santa Cruz,
CA, USA).

To characterize the synaptic input-output relationship,
fEPSPs were measured at fixed increments between 10-100 (LA
in slices from WT female N = 2 animals, WT male N = 6 animals,

KO female N = 3 animals, KO male N = 6 animals. The stimulus
intensity for the remainder of the session was set at a level that
elicited ~50% of the maximum fEPSP response (20-50 pA).
Changes in synaptic plasticity were examined following a
10 min stable baseline recording. Long-term potentiation (LTP)
was induced with a high frequency theta burst stimulation
(TBS; 5 trains of 4 pulses at 100 Hz repeated twice) given
at the same stimulus intensity used for the 0.05 Hz test
stimuli in slices from WT female N = 5 animals, WT male
N =5 animals, KO female N = 5 animals, KO male N = 4 animals.
Long-term depression (LTD) was induced using a paired-pulse
low frequency stimulation (PP-LES) protocol, which included
900 paired stimuli (50 ms interstimulus interval) delivered at
a 1-Hz frequency (Kemp and Bashir, 1999) in slices from
WT male N = 6 animals, KO male N = 6 animals. Peak
fEPSP amplitudes were calculated using the MED64 hardware
and software packages. The percent change in amplitude was
measured by comparing the mean fEPSP amplitude during the
10 min baseline with the mean fEPSP amplitude during the last
10 min of recording.

Whole-Cell Patch Clamp Recordings
Whole-cell voltage clamp recordings were performed from
pyramidal cells within the CA1 region of the HP (WT female
N = 11 cells/5 animals; WT male N = 9 cells/7 animals; KO
female N = 10 cells/5 animals; KO male N = 8 cells/6 animals) or
MSNss in the ventral striatum (WT male N = 11 cells/7 animals;
KO male N = 10 cells/8 animals. Cells were identified using
infrared differential interference contrast (IR-DIC) video
microscopy (Olympus BX50-WI) using a 40x water-immersion
objective. Visual guidance was obtained with an IR-sensitive
CCD camera (DAGE-MTI) connected to a monitor. Patch
pipettes (6-10 M£2) were made from 1.5 mm O.D. boroscilicate
glass tubing (World Precision Instruments, Sarasota, FL,
USA) and filled with (in mM): CSCH3SOs3, 126; HEPES,
10; MgCl, 2; CsCL, 20; Spermine, 0.1; QX-314, 1; Mg-ATP,
2; Na,-ATP, 2; and GTP, 0.3; EGTA, 8; pH 7.3; osmolarity
280 mOsm. In a subset of cells Neurobiotin 488 (0.125%)
was added to the internal recording solution for histological
identification of recorded cells. Whole-cell recordings were
acquired with a computer-controlled Multiclamp 700B
amplifier (Axon Instruments, Foster City, CA, USA), digitized
(Digidata, Axon Instruments) and sampled with Axoscope
9.0 (Axon Instruments) at a rate of 10 kHz. Electrode
potentials were adjusted to zero before recording without
correcting the liquid junction potential. Experiments began
after reaching a steady resting state (approximately 5 min)
and input resistance was monitored continuously with a 5 mV
hyperpolarizing pulse (500 ms) given with every afferent
stimulus.

Excitatory postsynaptic currents (EPSCs) were evoked using
a bipolar electrode made from a twisted pair of Teflon-
coated tungsten wires (tips approximately 200 wm apart; FHC,
Bowdoin, ME, USA). In all whole cell experiments, afferent
stimulation was elicited at a baseline frequency of 0.066 Hz.
Neurons were voltage-clamped at a membrane potential of
—70 mV except where noted. For hippocampal AMPA/NMDA
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ratio experiments, the stimulating electrode was placed in
the Schaffer collateral pathway in the most lateral aspect of
the CAIl region, no less than 500 pm from the recorded
pyramidal cell in the presence of picrotoxin (10 wM). Upon
establishing a steady baseline (10 min), the cell was held
at —80 mV for 10 sweeps to record fast AMPA-mediated
currents evoked by electrical stimulation. The cell was then
held at +40 mV and fast AMPA- and slower NMDA-mediated
synaptic currents were recorded for 10 min. Subsequently, the
AMPA EPSC was isolated at +40 mV via bath application
of the NMDA receptor antagonist DL-AP5 (100 pM). The
AMPA to NMDA ratio was determined by dividing the peak
of the response at —80 mV (AMPA) by the value obtained
subtracting the response 40 ms following stimulation at +40 mV
before and after DL-AP5 (NMDA; Counotte et al., 2014).
For corticostriatal LTD experiments, the stimulating electrode
was placed in the white matter at the PFC-striatum border.
Following steady baseline, LTD was induced by pairing low
frequency presynaptic stimulation (p-LFS; 1 Hz, 480 pulses)
with postsynaptic depolarization by holding the membrane
potential at —50 mV. Similar to extracellular recordings, the
percent change in amplitude was measured by comparing the
mean fEPSP amplitude during the 10 min baseline with the
mean fEPSP amplitude during the last 10 min of recording. All
fEPSP and EPSC amplitudes were averaged per minute with the
exception of AMPA/NMDA values, which represent the average
of 10 consecutive sweeps.

In Vivo Field Potential Recording

Rats of each genotype (n = 8 KO and n = 7 WT) were surgically
implanted with titanium recording screws located over the left
medial frontal cortex (AP +0.15 cm, ML +0.15 cm relative to
Bregma) and the left parietal cortex (AP —0.37 cm, ML +0.22 cm
relative to Bregma) for recording and screws over the left
cerebellum and the right cerebellum for reference and grounding,
respectively. The screws were implanted stereotaxically under
isoflurane (2%) anesthesia and wired to a custom electronic
interface board (EIB; ADPT-HS-18-Push Pin; Neuralynx Inc.,
Bozeman, MT, USA). The EIB connected via an Omnetics
connector to the HS-18 headstage preamplifier and data was
acquired using a Neuralynx Digital Lynx Data Acquisition
System. After a minimum of 1 week of surgical recovery, the
animals were acclimated to the recording chambers and the
tethering procedure for three sessions. Recording experiments
began at least 3 weeks after surgery to allow for recovery of
neural tissue and receding of inflammatory response. During
each recording session animals were allowed to habituate to
the recording cage for 30 min and then signal quality was
assessed for an additional 30 min. Baseline signal was recorded
for 30 min and then auditory evoked responses were recorded
in response to a white noise tone at 70 db, 80 db and 90 db.
The tones were presented in a paired pulse paradigm in a
train of 200 tones with 500 ms between the paired pulses and
10 s between each trial. The baseline signal was analyzed for
spectral power using the fast Fourier transform with a 1.024 s
Hanning window resulting in 0.9766 Hz resolution using Spike 2
(CED Cambridge, UK). Event related signals were extracted in

a window from 100 ms pre-stimulus to 700 ms post-stimulus
relative to the first tone to encompass the response to both
tones. Average waveforms were calculated for each subject by
averaging the 800 ms window across the 200 trials. Waveform
features including P1, N1, P2 and N2 amplitude and latencies
were calculated from the averaged waveform for each subject.
P1 suppression was calculated as the ratio of P1 after tone 1 to
P1 after tone 2 for each subject. Grand averaged waveforms
for each genotype were generated by averaging the averaged
waveforms for each subject.

RESULTS

The stastical comparisons, results, means, SEM and groups
for each result described in the text are enumerated in
Supplementary Table S1.

Model Generation

Shank2 KO rat lines were generated at Horizon Discovery
by targeting exon 31 for deletion by zinc finger nuclease
technology. Two lines, 8A and 13 were confirmed by
sequencing (data not shown). Line 13 has a 437 bp
deletion around and including the entire exon 31, thereby
causing a frameshift and premature stop codon in all
three known isoforms of the rat Shank2 mRNA (Figure 1A).
Deletion was confirmed at the genomic (Supplementary
Figure S1A), mRNA (Figure 1B), and protein level
(Figure 1C and Supplementary Figure S1B). Changes in
the rat Shank2 mRNA was confirmed by RT-PCR using
primers E30: 5-GAGGGCTTTGGATTTGTG-3' and E32:
5-GACGACCTTAAGGACGAG-3/, with the expected PCR
products for WT and KO mRNA of 248 bp and 123 bp,
respectively (Figure 1B; arrows showing expected WT and
KO PCR products). SHANK2 deletion was confirmed in
synaptosomes and whole brain lysates via western blot using an
antibody raised against the targeted SH3/PDZ domain of the
protein (Figure 1C).

Shank2 KOs Social Deficits Across

Development

Consistent with the hypothesis that motivational abnormalities
in autism underlie social impairments (Chevallier et al., 2012),
KO rats also demonstrate deficits in social interactions across
development. Compared to WTs, KO animals fail to both
initiate play behaviors (nape attack) and respond appropriately to
social solicitation (supine) when interacting with a WT juvenile
conspecific (Figure 2A; genotype: F(1,14) = 28.32, p = 0.0001).
The KO deficit is maintained into adulthood as evidenced
by a decrease in olfactory investigation of a juvenile animal,
commensurate with a lack of social recognition. As expected,
WT animals showed a decrease in olfactory investigation time
during re-exposure to a familiar conspecific after a 30-min
delay; however, investigation by KO animals does not change
(Figure 2B; genotype: F(124y = 38.5, p < 0.0001). In the three-
chambered social investigation paradigm, however, KO animals
show a preference for a novel animal over a novel object as
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FIGURE 1 | Generation of the Shank2 mutant rat. (A) 437 bp genomic DNA (gDNA) deletion, encompassing exon 31 in the PDZ domain of the rat Shank2 gene,
results in a frameshift mutation and premature stop codon in the resultant MRNA transcript. (B) RT-PCR analysis of WT, HET and KO rat Shank2 mRNA around exon

31. Arrows indicate the WT (upper—248 bp) and KO (lower—123 bp) expected PCR products in the resultant Zn-finger KO mRNA. (C) No detectable expression of
any of the three variants of full length SHANK2 protein product is detected in the KO animals in either whole brain homogenate or enriched synaptosomal fractions
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FIGURE 2 | Shank2 mutation results in impaired social behavior. Shank2 KOs engage in less social interaction as juveniles (A) and as adults (B). The decreased
social interaction impairs social recognition (B) but not social preference (C). In all panels WT animals are in black and KO animals are in red. Bars indicate SEM.
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measured by time with nose in proximity to the stimulus cup,
similar to WT animals (Figure 2C; stimulus: F354 = 10.2,
p < 0.0001). While both groups also show a preference for the

novel animal over a familiar animal, this effect is not significant
for either genotype. There are also no significant differences in
time spent in each chamber between the genotypes.
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FIGURE 3 | Shank2 mutation results in increased locomotion, stereotypic and motivated behavior. Shank2 KOs exhibit increased locomotion (A), vertical rearing (B),
and rotations (C) in the open field arena relative to WT animals. In the progressive ratio operant task, KOs have an increased breakpoint (number of lever presses at
which the animal will cease to work for a fixed reward) (D). The increased response is specific to the active lever (E), not the inactive lever (F), suggesting the
increased breakpoint is motivationally driven. Devaluation of the reward through pre-feeding to satiety prior to testing decreases the breakpoint of both WT and KO
rats (G). Both the repetitive circling (H) and increased breakpoint (I) can be reduced by administration of the D1 receptor antagonist SCH-39166. In all panels WT
animals are in black and KO animals are in red. Bars indicate SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

Shank2 KOs Exhibit Hyperactivity and
Repetitive Behavior

Consistent with the dominant phenotype seen in Shank2 mouse
models (Schmeisser et al., 2012; Won et al., 2012), we observe
hyperactivity in Shank2 KO rats. Open field analysis reveals
increased horizontal distance traveled (Figure 3A; genotype
F(1,20) = 32.46, p < 0.0001) and decreased thigmotaxis (graph not
shown; F(120) = 6.743, p < 0.0001) relative to WTs. Decreased
thigmotaxis, though, cannot be separated from general increase
in locomotion in these analyses. KOs also exhibit increased
rearing (Figure 3B; genotype F(0 = 15.81, p < 0.001)
and repetitive circling (Figure 3C; genotype F(120) = 25.57,
p < 0.0001). These latter phenotypes are unique to the rat mutant
model and are not seen in mouse models of Shank2 mutation.
KOs engage in ~10-fold more rotations than WT animals,

with no orientation bias (not shown). Importantly, KOs also
show a similar rate of habituation to the chamber as WT
animals, but never return to WT levels in any locomotor
behavior.

Deletion of Shank2 Results in a

Hypermotivation Phenotype

Hyperactivity and repetitive behaviors are attributed to
disruption of striatal motivational circuits (Kim et al.,, 2016;
Szechtman et al, 2017). To explore whether repetitive
phenotypes in Shank2 mutant rats are associated with increased
motivated behavior, animals were assessed in a progressive ratio
operant response task. KO rats exhibit a significantly higher
breakpoint than WTs (Figure 3D; genotype Fq 14y = 17.83,
p = 0.0009). The increase in response is specific to the reward-
associated lever (Figures 3E,F; active, genotype F(,14) = 19.21,
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p = 0.0006; inactive, F(j 14y = 0.756, p = 0.3992), and devaluation
of the reward by pre-feeding to satiety decreases response in KO
rats similarly to other genotypes (Figure 3G; reward hungry vs.
reward sated; genotype F(j14) = 4.664, p = 0.0486). Together,
these behaviors suggest an enhancement in motivated response
independent of hyperactivity.

D1 Dopamine Receptor Regulation of Both
Hypermotivated and Repetitive

Phenotypes
Enhancement of striatal D1 receptor (DIR) signaling,
particularly within the ventral striatum, contributes to

hyperactivity, repetitive behavior, and motivated behavior
(Aberman et al, 1998; Shi and McGinty, 2011). To test
the sensitivity of Shank2 mutation-induced behaviors with
dopamine receptor modulation, we evaluated the effect of the
selective D1/D5R antagonist SCH-39166 on both repetitive
circling and the hypermotivated response in progressive
ratio. SCH-39166 dose-dependently reduces the production of
repetitive circling in KO animals (Figure 3H; dose: F 3 33 = 22.86,
p < 0.0001; dose x genotype: F(338) = 16, p < 0.0001). A Sidak’s
post hoc test shows an effect of drug in the KO animals (vehicle
vs. 0.01 mg/kg SCH-39166, p = 0.0168; vs. 0.1 mg/kg, p = 0.0001);
however, in WT animals, p > 0.05 for both comparisons.
Similarly, 0.1 mg/kg of SCH-39166 also decreases the breakpoint
in progressive ratio (Figure 3I; dose F(328) = 5.033, p = 0.0136).
A Sidak’s post hoc test shows an effect of drug in the KO animals
(vehicle vs. 0.1 mg/kg SCH-39166, p = 0.0388); however, in WT
animals, p > 0.05 for both comparisons. The inhibitory effect of
the D1/D5R antagonist on the production of these behaviors is
consistent with striatal dysregulation (Higa et al., 2017).

Shank2 KO Animals Exhibit Paradoxical

Task Acquisition Deficits

The differential role of Shank proteins in distinct brain regions
may result in discordant behavioral phenotypes after Shank2
mutation (Reim et al., 2017). Despite the hypermotivated
response in progressive ratio, KOs take significantly longer to
acquire the association between the lever press and reward
during training using a fixed ratio (Figure 4A; interaction
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FIGURE 4 | Shank2 mutation results in impaired acquisition of operant
behavior. Shank2 KOs require more training to acquire both the operant lever
press task (A) and a location discrimination touchscreen task (B). In all panels
WT animals are in black and KO animals are in red. Bars indicate SEM.

*p < 0.05, *p < 0.01.

Fo126) = 2.832, p = 0.0046). Consistent with this learning
deficit, KOs also exhibit a delay in acquisition in a location
discrimination touchscreen task; significantly more trials are
needed for the KO to learn the reward-action pairing (~11 days
compared to 4 days for WT animals; Figure 4B; unpaired
Student’s t-test; p = 0.033), with several KO animals never
learning the association. The impairments in complex task
acquisition suggest hippocampal memory alterations resultant of
Shank2 mutation.

Opposing Anatomical Alterations in
Striatum and Hippocampus

To explore the mechanisms contributing to the observed
behavioral phenotypes, expression of postsynaptic proteins and
cellular morphology in the HP and striatum were evaluated.
In contrast to the dramatic behavioral phenotypic changes,
there was no change in synaptic protein expression in the
HP resulting from Shank2 mutation in male rats (Figure 5A,
Supplementary Figure S2). In HPp neurons, KO animals have
smaller somas (Figure 5B; unpaired t-test, p = 0.0374) and
decreased dendritic branching (Figure 5C; Wilcoxin rank-sum
test, p = 0.0002) per animal (averaged across neurons).
Consistent with the enhancement of behaviors mediated by
the striatum and the impairment in operant learning, KO
animals also exhibit reciprocally aberrant phenotypes in the
anatomical alterations. KO rats have a significant upregulation
of mGluR1 in the striatum compared to WT animals (Figure 5D;
unpaired t-test, p = 0.0034), but no other significant changes
in synaptic protein expression (Supplementary Figure S1). The
MSNs of KO animals have larger neuronal somas (Figure 5E;
unpaired t-test, p = 0.0477) and increased branching of the
proximal dendritic arbor (Figure 5F; Wilcoxin rank-sum test,
p < 0.0001).

Functional Impairment in Hippocampal
and Striatal in Vitro Physiology

To determine whether morphological and molecular alterations
in hippocampal and striatal neurons are accompanied by changes
in synapse physiology, extracellular and whole-cell patch clamp
recordings were conducted in both brain regions. In the HPp,
input-output curves do not differ between genotypes (data not
shown; Fg 135 = 0.2655, p = 0.98), indicating no change in
basal synaptic transmission in the SC-CA1 pathway. However,
there is a difference in the ratio of AMPA/NMDA currents
within the HPp. Whole-cell voltage clamp recordings of HPp
neurons indicate the alterations in hippocampal plasticity result
from a reduction in AMPA/NMDA current ratio in KO rats
(Figure 6A; unpaired t-test, p = 0.015), driven by an increase
in NMDA-mediated current (Figures 6B,C; unpaired ¢-test,
p = 0.0134). A failure is also observed in the maintenance
of both synaptic potentiation and depression of evoked fEPSP
amplitudes recorded in the HPp of KO animals. LTP induction
results in a significant increase in synaptic response in WT
(20 £ 2.22%), but not KO rats (8 £ 3.68%), observed 30 min
post-stimulation (Figures 6D,E, unpaired t-test p = 0.0108).
Similarly, LTD induction leads to an enduring reduction in
fEPSP amplitude in WT (27 £ 6.67%), that is not observed
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FIGURE 5 | Differential molecular alterations in the hippocampus (HP) and striatum resultant of Shank2 mutations. Shank2 mutation does not alter the expression of
synaptic proteins (Supplementary Figure S2) or metabotropic glutamate receptor related proteins in the HP (A). Values are expressed as fold change relative to the
average WT value. The soma size of CA1 hippocampal pyramidal (HPp) neurons is smaller in KO relative to WT rats (B) and there is a reduction in basilar dendritic
arborization (C) as evidenced by Golgi staining and quantification. However, in medium spiny neurons (MSNs) of the striatum, detailed analysis reveals an
upregulation of mGIuR1 protein expression in male KO rats (D) despite a lack of change in synaptic protein level (Supplementary Figure S2). Striatal MSNs in
contrast to HPps of KO rats have larger soma (E) and increased proximal dendritic branching (F) relative to WT animals. In all panels WT animals are in black and KO
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in KOs (4 £ 6.00%) 40 min post-stimulation (Figures 6FG;
unpaired t-test, p < 0.025).

Given the observed overexpression of striatal mGluR1 in
male KO animals and the suggested role mGluR1 plays in LTD
induction at excitatory synapses (Luscher and Huber, 2010),
corticostriatal LTD is next examined. Consistent with behavioral
and molecular findings, MSN recordings from KO animals

show enhanced synaptic response (Figures 7A,B). Specifically,
corticostriatal LTD induction results in significantly greater
reduction of EPSC amplitude in KOs vs. WT (43 £ 4.75% vs.
28 £ 4.98%), measured at 40 min post-stimulation (Figure 7B;
unpaired t-test, p = 0.0438). The enhanced LTD observed in
mutant animals supports a pathological mechanism of increased
activation of mGluRl1 in the striatum.
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FIGURE 6 | Altered in vitro hippocampal physiology of the Shank2 KO rat. In the CA1 region of the HP, there is a reduction of the ratio of AMPA/NMDA synaptic
currents (A) that is driven by an increase in the NMDA current (B,C). KO rats also fail to maintain long-term potentiation (LTP) (D,E; brain slice depicts location of field
recording), with significantly smaller fEPSPs 30 min after theta burst stimulation (E). Inlaid traces are representative fEPSPs from the indicated time periods. KO rats
also fail to achieve long-term depression (LTD) (F) with significantly larger field potentials 40 min after paired pulse low frequency stimulation (indicated by black bar)
(G). Bars indicate SEM. *p < 0.05.

Characterization of in Vivo
Electrophysiological Biomarker of
Shank2 Mutation

Given the changes in synaptic plasticity we observed
subcortically, we hypothesized a change in cortical processing
accessible via in vivo neurophysiology would be present,
thereby lending to a potential translational biomarker. EEG
can be similarly collected in both rodent models and subjects
with autism, making EEG-based biomarkers particularly
amenable for preclinical to clinical translation (Jeste et al,
2015). During baseline conditions, analysis of EEG spectrum
reveals a significant effect of genotype on spectral power
(interaction F (452 = 5.335, p = 0.0011; genotype F(1,13) = 5.6692,
p = 0.0329). This effect was driven by a significant reduction
in parietal cortex delta (1-4 Hz) power in KOs compared
to WTs (Figure 8A; Sidak’s test, p < 0.0001), however it

is unknown if this is a state or a trait based phenomenon.
Auditory evoked potentials are also altered in KOs relative
to WTs (Figure 8B). At 80 db, the p120 amplitude for both
S1 and S2 presentations is greater in KOs vs. WTs (Figure 8C;
p = 0.044 and p = 0.0045, respectively). In KO animals, the
early component latencies (p20 and n40) are significantly
delayed for S1 and S2 (Figure 8C; S1-p20 p = 0.0008; S2-p20
p = 0.0481; Figure 8C, S1-N40 p = 0.0083; S2-N40 p = 0.0205).
Similar effects are seen at both 70 db and 90 db (data not
shown).

Rescue of Striatal LTD and Repetitive
Behavior by mGIluR1 Antagonism

To explore the association between increased mGluR1 receptor
expression and enhanced corticostriatal LTD with aberrant

repetitive  behavior, the mGIluRl selective antagonist
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FIGURE 8 | Altered in vivo electrophysiology of the Shank2 KO rat. Alterations in neural responsiveness can be seen in vivo. KOs exhibit a reduction in spectral
power in the delta frequency compared to WT animals during resting state conditions (A). KOs have an altered evoked response to paired auditory stimuli (B), with
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black and KO animals are in red. Bars indicate SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

JNJ16259685 was administered in vitro and in vivo. In
comparison to vehicle recordings depicted in Figures 7A, 9A
(black and red lines for WT and KO, respectively), INJ16259685
(100 nM) reduces corticostriatal LTD in both genotypes
(Figures 9A-C; treatment F(; 40) = 19.65, p < 0.0001 gray and
orange lines for WT and KO, respectively). EPSC amplitude is
increased by mGluR1 antagonist treatment (Figure 9C) in WT
(p = 0.0169) and KO (p = 0.0015). After treatment, there is no
significant difference between EPSC amplitude in vehicle treated
WT rats and JNJ16259685 treated KO rats (p = 0.1551). Similar
to Dl-selective antagonism, administration of 0.63 mg/kg
JNJ16259685 (~100% receptor occupancy (Lavreysen et al.,
2004)) significantly reduces repetitive behaviors in the open
field. In KO rats, both vertical rearing (Figure 9E; interaction
F(1,18 = 4.615, p = 0.456) and repetitive circling (Figure 9D;
interaction F1,13 = 23.21, p = 0.0001; dose Fa,18 = 338,
p < 0.0001; Sidak post hoc p < 0.0001) are significantly
decreased by mGluR1 antagonism, while no effect is seen
in WT animals (Sidak post hoc p = 0.7042. Interestingly,

the behavioral effect of JNJ16259685 is specific to repetitive
behaviors, as there is no significant effect of drug on overall
locomotion, social investigation, or novel object investigation
(Figures 9E,G).

DISCUSSION

Consistent with analogous mouse models, Shank2 mutation in
rats results in hyperactivity and repetitive behaviors associated
with striatal alterations. In addition to locomotor behaviors,
our Shank2 KO rats exhibit a novel hypermotivated response
that is likely explained by striatal overexpression of mGluRl,
altered neuronal morphology, and changes in MSN activity-
dependent plasticity. Consistent with these findings, the
mGluR1 antagonist JNJ16259685 normalizes striatal physiology
and striatally mediated behaviors. In contrast to enhanced striatal
function, Shank2 mutant rats also demonstrate impairments
in learning and decreased hippocampal plasticity and neuronal
growth.
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reduced the depression in both WT and KO rats (C). Blocking mGIuR1 receptors in vivo selectively rescues the striatally mediated stereotypic behaviors, including
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Striatal Dysregulation in the
Shank2 Mutant Rat

Hyperactivity and repetitive behaviors have been consistently
observed across Shank-associated mouse models (Peca et al,,
2011; Schmeisser et al., 2012; Won et al, 2012; Bariselli
et al, 2016; Wang et al, 2016). The replicability of these
phenotypes across mouse strains, and now species, makes
repetitive behavior the most robust behavioral phenotype

in Shank models (Jiang and Ehlers, 2013). Interestingly,
our model also exhibits a hypermotivation phenotype that
is also likely mediated by striatal function. Hyperactivity,
repetitive behavior, and motivation have distinct underlying
circuitries, however, all three are associated with striatal function,
indicating a common node of pathophysiology (Britt et al.,
2012). Shank3 mutation disrupts the development of normal
corticostriatal connectivity and ventral striatal maturation,
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implicating this family of proteins in the development of
striatal circuits (Bariselli et al., 2016; Peixoto et al., 2016).
While Shank3 has been characterized as the “striatal” Shank
protein, Shank2 is also expressed in the rat striatum and
may reciprocally regulate the expression of other SHANK
proteins in this region (Bockers et al, 2004; Schmeisser
et al, 2012; Han et al.,, 2013). In our model, striatal cellular
morphology, physiology, and plasticity are disrupted following
Shank2 mutation. Remediation of striatal mGluR1 upregulation
selectively rescues the repetitive but not the social phenotype,
indicating the potential contribution of alternate mechanisms to
different aspects autism symptomatology.

Opposing Effect of Shank2 Mutation in

Striatum and Hippocampus

In contrast to the enhancement of striatal activity, hippocampal
function is depressed in Shank2 KO rats structurally, with
decreased dendritic branching and soma size; cellularly,
demonstrated by reduced synaptic plasticity; and behaviorally,
as evidenced by impaired operant conditioning. Recent
investigations into SHANKS3 suggest regionally distinct
functionality of SHANK proteins. Proteomic analysis of the
PSD demonstrated Shank3 mutation primarily disrupted
glutamate receptor subunits in the striatum but cytoskeletal
components in the HP (Reim et al, 2017). Interactome
construction has also revealed a regional specificity of
SHANK3 functionality that is not seen in its binding
partners (Lee et al., 2017). Given the overlapping functionality
within Shank proteins, Shank2 disruption may also result in
comparable alterations. Nonetheless, further characterization
is needed to determine whether region-specific functionality
in Shank2 contributes to the opposing phenotypes described
here.

Mechanisms of Shank-Mediated

Dysregulation

We show that Shank2 mutation leads to several structural
and functional changes in the striatum, including enhanced
mGluR1 protein expression. Similar to our model, positive
modulation of mGluR1a activity increases MSN dendritic spine
density in ventral striatum (Gross et al., 2016). Consistent
with these structural findings, we observe an enhancement of
corticostriatal synaptic depression in Shank2 mutant MSNs,
in which mGluR1 is highly expressed in dendrites and spines
(Testa et al., 1998). Activation of these postsynaptic receptors
increases intracellular calcium (Pisani et al., 2000) through
either polyphosphoinositide hydrolysis coupling (Casabona
et al., 1997) or via activation of phospholipase C (Fagni
et al, 2000). Given that increased postsynaptic calcium
concentration is a critical mediator of striatal synaptic plasticity
(Calabresi et al., 1992), this is a mechanism by which
increased mGIuR1 expression may enhance corticostriatal
LTD. These data, together with loss of corticostriatal LTD
following application of an mGluR1 antagonist (Figures 5A-C),
support the assertion that striatal mGIuR1 overexpression

mediates aberrant striatal function and behavior in Shank2 KO
animals.

Alteration of Glutamate Receptor Proteins

After Shank2 Mutation

While the Shank2 rat model shows only subtle, region-
specific upregulation of mGluR1 protein, mouse models of
Shank2 mutation exhibit broad disruption of glutamate receptor
subunit expression. Shank2 transgenic mice have a dramatic
upregulation of ionotropic receptors in the striatum and,
to a lesser extent, the HP (Schmeisser et al, 2012). The
differences in glutamate receptor dysregulation between these
models are unclear, despite the use of identical protocols.
However, the functional alterations in our rat model overlap
with specific features of both Shank2 mutant mouse models
(Schmeisser et al., 2012; Won et al., 2012) but do not provide
a consensus phenotype. The discordance of molecular but
not behavioral phenotypes resultant from Shank2 mutation
in mice and rats suggests that alterations in glutamate
receptor expression may not be a pathogenic locus of this
mutation. Instead, changes in receptor expression profiles may
be pathological manifestations that vary based on species,
mutation, and environment resultant of an unidentified common
mechanism.

Importance of Circuit-Specific Modulation

Pharmacotherapeutic development for autism has primarily
focused on treatments for social impairments, yet repetitive
behaviors are a central component of ASD currently lacking
FDA-approved treatments. Repetitive behaviors have greater
translational face validity, are easier to quantify, and can be
measured more objectively than social impairment in rodent
models (Kaiser and Feng, 2015). Rescue of repetitive but
not social phenotypes with mGluR1 inhibition in this study
suggests the striatal circuit should be selectively modulated
and may represent a tractable target for these symptoms.
However, given the expression profile, mGluR1 inhibition
to target striatal dysfunction could potentially lead to
“off-circuit” effects. As the molecular alterations in our
model are regionally specific, identifying circuit-selective
modulators will be important. Regionally specific modulation
of metabotropic glutamate receptors by SHANK protein
mutation could be a source of the variability seen in the
behavioral efficacy of drugs targeting these receptors. The
opposing hippocampal and striatal alterations in our model
suggest that circuit-selective methods of pharmacological
manipulation are likely necessary for the successful treatment
of the impairments in autism. This model uniquely enables
the screening of novel compounds for both the desired
repetitive behavioral effects and counter screening for cognitive
effects.

Benefits of Rat Transgenic Models

The characterization of human Shank2 mutations in both rat
and mouse models enables the assessment of species-specific
preclinical model strengths. Shank2 mutation in a rat model
empowers more sophisticated characterization of the neural
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circuits and provides a better systems-level understanding of
the relationship between synaptic dysfunction and behavioral
phenotypes. Rats are also amenable to more complex surgical
and electrophysiological manipulations due to their larger size.
Further, there is greater homology in the metabolic pathways
of rats and humans relative to mice and humans, making them
the preferred animal model for drug development (Jaramillo
and Zador, 2014; Ellenbroek and Youn, 2016; Homberg
et al., 2017). Finally, more sophisticated behavioral endpoints
can be assessed in rats due to their enhanced cognitive
capabilities and diverse social behavioral repertoire, which is
particularly relevant to the modeling of ASD-related mutations.
Through the use of a rat genetic model, we have identified
a unique hypermotivation phenotype and demonstrated social
impairments early in development, extending the behavioral
phenotypes previously seen in mouse models. These phenotypes
have given credence to the hypothesis of autism as a disorder
of motivation and striatal function (Chevallier et al., 2012)
and inspire further investigation into the ability to selectively
pharmacologically manipulate corticostriatal circuits for the
treatment of ASD.
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Autism spectrum disorder (ASD) refers to a large set of neurodevelopmental disorders,
which have in common both repetitive behavior and abnormalities in social interactions
and communication. Interestingly, most forms of ASD have a strong genetic contribution.
However, the molecular underpinnings of this disorder remain elusive. The SHANKS3
gene (and to a lesser degree SHANK?2) which encode for the postsynaptic density
(PSD) proteins SHANK3/SHANK2 and the CONTACTIN 4 gene which encodes for
the neuronal glycoprotein CONTACTIN4 (CNTN4) exhibit mutated variants which are
associated with ASD. Like many of the other genes associated with ASD, both
SHANKs and CNTN4 affect synapse formation and function and are therefore related
to the proper development and signaling capability of excitatory and inhibitory neuronal
networks in the adult mammal brain. In this study, we used mutant/knock-out mice
of Shank2 (Shank2~/~), Shank3 (Shank3af~/~), and Cntn4 (Cntn4—/~) as ASD-models
to explore whether these mice share a molecular signature in glutamatergic and
GABAergic synaptic transmission in ASD-related brain regions. Using a biotinylation
assay and subsequent western blotting we focused our analysis on cell surface
expression of several ionotropic glutamate and GABA receptor subunits: GluA1, GIUA2,
and GIuN1 were analyzed for excitatory synaptic transmission, and the a1 subunit
of the GABAA receptor was analyzed for inhibitory synaptic transmission. We found
that both Shank2=/~— and Shank3af~/~ mice exhibit reduced levels of several cell
surface glutamate receptors in the analyzed brain regions—especially in the striatum and
thalamus—when compared to wildtype controls. Interestingly, even though Cntn4=/~
mice also show reduced levels of some cell surface glutamate receptors in the cortex
and hippocampus, increased levels of cell surface glutamate receptors were found in
the striatum. Moreover, Cntn4~/~ mice do not only show brain region-specific alterations

Abbreviations: ACSF, artificial cerebrospinal fluid; ASD, autism spectrum disorders; d, distilled; E/I, excitation/inhibition;
kDa, kilo Dalton; LTP, long-term potentiation; PBS, phosphate buffered saline; PSD, postsynaptic density; RPM, rotations
per minute; SDS, sodium dodecyl sulfate; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; Shank,
SH3 and multiple ankyrin repeat domains 3, also known as ProSAP.
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in cell surface glutamate receptors but also a downregulation of cell surface GABA
receptors in several of the analyzed brain regions. The results of this study suggest
that even though mutations in defined genes can be associated with ASD this does
not necessarily result in a common molecular phenotype in surface expression of
glutamatergic and GABAergic receptor subunits in defined brain regions.

Keywords: autism spectrum disorder, autism mouse models, Shank2, Shank3, Cntn4, synapse, cell surface

receptors, biotinylation assay

INTRODUCTION

The term autism spectrum disorder (ASD) refers to a spectrum
of heterogeneous developmental disorders, which share two
striking behavioral phenotypes: patients exhibit repetitive,
stereotypic behavior and they also show impaired social
communication and behavior. Importantly, ASD has a strong
genetic component: if one sibling has ASD, the other has
a 25x higher risk of developing ASD as compared to the
general population; the concordance rate of monozygotic twins is
70%-90% compared with 0%-10% in dizygotic twins and males
have a four times higher risk of developing ASD as compared
to females (Moessner et al., 2007; Fassio et al., 2011). ASD also
appears to be linked with changes in excitatory and/or inhibitory
network activity as up to one-third of the ASD patients also suffer
from epilepsy (Rapin, 1997; Tuchman and Rapin, 2002). This
may be related to the fact that several of the genes related to ASD
are synaptic proteins or proteins, which have synaptic functions
(Mullins et al.,, 2016). It should be noted that the majority of
ASD cases are due to genetic variations in a multitude of genes
and only a minority of cases can be linked to monogenetic
variants of genes, such as variations in the SHANK3, SHANK2
and CONTACTIN4 (CNTN4) genes (Pinto et al., 2010; Leblond
etal., 2014; Mullins et al., 2016). But even in the cases where ASD
can be associated with a variant of a single gene, our knowledge of
how these genes are linked to this disorder needs to be improved
and will likely better our understanding not only of those specific
ASD cases but also of mechanisms underlying the entire range
of ASD.

The SHANK gene family (SHANKI, SHANK2 and SHANK3)
encodes for postsynaptic density (PSD) associated proteins at
the excitatory synapse that act as scaffolds and interconnect
neurotransmitter receptors and cell adhesion molecules—both
by direct and indirect interactions with a large group of other
PSD associated proteins (Boeckers et al, 2002; Grabrucker
et al., 2011; Jiang and Ehlers, 2013). Several research groups
have demonstrated the importance of Shanks for the proper
functioning of the excitatory synapse and excitatory synaptic
transmission (Sala et al., 2001; Peca et al., 2011; Schmeisser et al.,
2012; Vicidomini et al., 2017) and Shank3 haploinsufficiency
has not only been linked to ASD but also to schizophrenia
and neuropsychiatric symptoms in the Phelan-McDermid
syndrome (Guilmatre et al, 2014). CNTN4/BIG-2, an
neuronal glycoprotein, which belongs to a subfamily of the
immunoglobulin superfamily of cell adhesion molecules
(Oguro-Ando et al, 2017) is known to guide axons during

development. This function has been studied in the development
of the olfactory and visual neural circuit (Kaneko-Goto et al,
2008; Osterhout et al., 2015). However, the precise role of
CNTN4 in establishing neural networks and synaptic contacts
remains to be clarified.

Unraveling the molecular and network abnormalities in the
brain that cause ASD has proven to be a difficult task and
has been carried out in a multidisciplinary fashion (Baudouin
et al., 2012; Bourgeron, 2015; Mullins et al, 2016). Part of
this research has focused on comparing ASD related genes
with respect to function, subcellular localization and the
expression pattern in the brain. Other lines of research took
advantage of mouse models for monogenetic ASD to unravel
novel ASD specific phenotypes at the electrophysiological
and biochemical level. We followed the latter approach and
utilized mutant/knock-out mice of Shank2 (Shank2~/~), Shank3
(Shank3ap~/~) and Cntn4 (Cntnd=/~) to see whether these mice
share common cell surface expression patterns of glutamate and
GABA receptors in ASD related brain areas: cortex, striatum,
hippocampus, thalamus and cerebellum (Ameis et al., 2011;
Peca et al., 2011; Becker and Stoodley, 2013; Schuetze et al,
2016). To this end, a cell surface biotinylation protocol was
established on acute coronal mouse brain slices containing the
aforementioned brain regions, followed by a western blot analysis
for several ionotropic glutamate and GABA receptor subunits.
Antibodies directed against GluAl, GluA2 and GluN1 were
used for the analysis of excitatory synaptic transmission,
and antibodies raised against the ol subunit of the GABA,
receptor were used for the analysis of inhibitory synaptic
transmission.

Here, we report that Shank2~/~ and Shank3af~/~ mice
have reduced expression levels of several cell surface glutamate
receptors which is most evident in the striatum and thalamus.
Shank2~/~ also present lower expression levels in the cortex and
cerebellum. In contrast, Cntn4~/~ mice have lower expression
levels of cell surface glutamate receptors in the cortex and
hippocampus but increased expression levels of cell surface
glutamate receptors in the striatum. In addition, Cntn4~/~ mice
differ from Shank2~/~ and Shank3af~/~ mice since they not
only show brain region specific changes in cell surface glutamate
receptors but also a downregulation of cell surface GABA
receptors in several brain regions. Taken together, the results of
this study indicate that monogenetic variants in genes associated
with ASD may not necessarily have a common molecular
phenotype at the level of excitatory and inhibitory signaling
components such as ionotropic glutamate and GABA receptors.
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This raises the question whether variants in genes related to
ASD may have commonalities at other levels of information
processing, such as at the level of neuronal networks, which has
become a relevant aspect in ASD research (Baudouin et al., 2012;
Zikopoulos and Barbas, 2013; Bourgeron, 2015; Mullins et al,,
2016).

MATERIALS AND METHODS

Animal Ethics Statement

Shank2~/~, Shank3af~/~ and Cntn4~/~ mice were previously
described (Kaneko-Goto et al., 2008; Schmeisser et al., 2012). All
mice were kept in specific pathogen-free animal facilities and
all animal experiments in this study were performed based on
the guidelines for the welfare of experimental animals issued
by the Federal Government of Germany and by the local ethics
committee (Ulm University), ID Number: 0.103.

Primary Antibodies

Primary antibodies used for western blotting were diluted
1:500 (except for actin which was diluted 1:100,000). The
following primary antibodies were purchased from commercial
suppliers: Actin (Sigma-Aldrich Cat# A2228 RRID:AB_476697),
NRI1/GluN1 (Sigma-Aldrich Cat# G8913 RRID:AB_259978),
GluAl (SynapticSystems Cat# 182011 RRID:AB_2113443),
GluA2 (SynapticSystems Cat# 182111 RRID:AB_10645888),
GABAApRal (NeuroMab Cat# N95/35 RRID:AB_2108811),
PERK (Cell Signalling Cat# 9101 RRID:AB_2297442), mGluR5
(Millipore Cat# AB5675 RRID:AB_2295173).

Secondary Antibodies
Secondary antibodies used for western blotting were HRP-
conjugated (Dako, Glostrup, Denmark, dilution 1:1000).

Slice Preparation

The slice preparation protocol was derived from studies
implementing classical electrophysiological recordings of acute
brain slices (Mathis et al., 2011; Whitehead et al., 2013; Heise
et al.,, 2017). Briefly, adult male mice aged 3-6 months (one
Shank2~/=, Shank3ap~/~, or Cntn4~/~ and a corresponding
wildtype control mouse) were sacrificed and brains were
extracted on ice in a petri dish filled with ice cold artificial
cerebrospinal fluid (ACSF; NaCl, 120 mM; KCl, 2.5 mM;
NaH,PO,4, 1.25 mM; NaHCOs, 22 mM; Glucose, 10 mM;
MgSOy4, 2 mM; pH 7.4; oxygenation with 95% O,/5% CO3).
Then, 300 pwm coronal slices were made using a vibratome
(Thermo scientific, Vibratom Microm HM 650V; “cutting
frequency” = 100, “speed” = 10) beginning rostrally at Bregma
3.20 mm. Slices containing striatum and anterior cortex portions
were gathered between Bregma 1.50 mm and Bregma 0.00 mm.
Slices containing hippocampus, thalamus and posterior cortex
portions were gathered between Bregma —1.00 mm and Bregma
—3.00 mm. Lastly, slices containing cerebellum were gathered
between Bregma —5.80 mm and Bregma —7.80 mm. After
slicing, sections were immediately transferred to a 2 1 glass
beaker filled with ice cold ACSF (oxygenation with 95%
0,/5% CO;) until all slices were gathered and cell surface

biotinylation (see below) was carried out. View Supplementary
Figure S2,1 for a visual impression of the aforementioned
slices.

Cell Surface Biotinylation

Cell surface biotinylation and NeutrAvidin pull-down was
carried out with slight modifications of previously published
work (Whitehead et al., 2013). Briefly, slices were transferred
from the 2 | beaker (see “Slice Preparation” section above) to
6-well plates where they were incubated with ice cold Sulfo-NHS-
SS-Biotin (Thermo #21331; 1 mg/ml solubilized in ACSF) on a
horizontal shaker (Heidolph, Unimax 1010; around 90 rotations
per minute (RPM)) for 45 min at 4°C. Then, several washing
steps followed to stop the biotinylation reaction, each lasting
5 min on the horizontal shaker at 4°C: two washes with ice cold
10 mM glycine (solubilized in ACSF) and a final wash with ice
cold TBS (150 mM NacCl, 50 mM Tris HCL, pH 7.4).

Extraction of Brain Regions

Brain regions of interest (cortex, striatum, hippocampus,
thalamus and cerebellum) were dissected from the various
coronal brain slices using small forceps (Fine Science Tools,
Heidelberg, Germany) under an Olympus SZ40 stereoscope.
Anterior and posterior cortex sections (see above) were pooled.

Lysis, NeutrAvidin Pull-Down, Input (Total)

and Biotinylated Fraction (Surface)

Extracted, biotinylated brain regions (see above) were collected
in 1.5 ml Eppendorf tubes containing 600 pl of lysis buffer
(25 mM Tris (pH 7.6), 150 mM NaCl, 1% TritonTM X-100, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 2 mM
NaF, 1 mM EDTA and a cocktail of protease inhibitors (Roche),
diluted in dH,O). Tissue was then lysed on ice using a potter and
centrifuged at 12000 g (Eppendorf; 5430R) for 15 min at 4°C to
remove nuclei and cellular debris. Supernatant was transferred
to fresh, precooled 1.5 ml Eppendorf tubes. Samples were then
analyzed by Bradford assay to assess protein concentration.
Samples were adjusted to 1 pwg/ul using lysis buffer and 2x
25 pl were taken from each sample as input controls (5%) and
stored at 4°C until later use (see below). Five-hundred microliter
of 1 pg/pl sample were transferred to a new precooled 1.5 ml
Eppendorf tube and 100 pl of 50% Neutravidin agarose resin
(Thermo: #29200) slurry were added and incubated overnight
on a test-tube-rotator (Shijders, 34528) at 4°C. The next day,
several washing steps followed: 3x washes with ice cold lysis
buffer and 2x washes with ice cold TBS (cocktail of protease
inhibitors). Between each wash samples were put on the test-
tube-rotator at 4°C for 30 min, followed by a centrifugation step
at 1000 g to separate the Neutravidin agarose matrix and the
attached biotinylated proteins from the supernatant. After the
last washing step, proteins were eluted from the matrix with 60 11
of 4x loading dye (200 mM Tris-HCL, pH 6.8, 200 mM DTT,
4%SDS, 4 mM EDTA, 40% glycerol, 0.02% bromophenolblue),
yielding the biotinylated fraction with biotinylated cell-surface-
bound proteins, henceforth referred to as the surface fraction. At
this point, input samples from the previous day were also diluted
with 4x loading dye, yielding the input controls which contain
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both biotinylated and non-biotinylated proteins, henceforth
referred to as the total protein fraction. Finally, samples were
boiled for 5 min at 95°C, put directly on ice, centrifuged
at 12,000 g, and saved for subsequent Western Blot analysis
at —20°C.

Western Blot Analysis

For western blotting, one input control (5%) and half of the
biotin fraction of the wildtype mouse and the corresponding
Shank2~/=, Shank3ap~/~, or Cntnd~/~ mouse were loaded
on one gel to compare the signal intensities of the fractions
as faithfully as possible. Per experimental round, a second gel
with the same loading was carried out to increase the amount
of different antibodies that could be used per round. Western
blot analysis was carried out according to standard protocols
(Laemmli, 1970). HRP-conjugated secondary antibodies were
used together with the SuperSignal detection system (Thermo
Scientific) to visualize protein bands.

Quantification of Protein Band Signal

Intensity and Data Analysis

Digital files from the SuperSignal detection system were analyzed
with the open source program Image] (US National Institutes
of Health). Average band intensities of the signal of interest
were calculated, adjusting for background noise. Then, the
average band intensity of each surface fraction was divided
by the corresponding average band intensity in the total
fraction, yielding the “surface/total ratio.” After this, data was
normalized to the average “surface/total ratio” of the wildtype
control and the mutant mouse model of the experimental
round, yielding the “normalized surface/total ratio.” In order
to easily interpret changes between wildtype and mutant mice,
the wildtype average was then set to 1 by dividing data by
the mean of the wildtype control across experimental rounds.
Statistical analysis was carried out using a student’s ¢-test. For
total protein analysis, average band intensities of the signal
of interest in the total fraction were normalized by actin
and the wildtype average was then set to 1 as described
above.

Neuronal Stimulation Protocol

For the experiment pertaining to neuronal stimulation using
“high potassium,” coronal slices containing the hippocampus
were initially gathered in two 21 glass beakers (one for the control
and one for the experimental group) containing ice cold ACSF
as described above. After 15 min, the ACSF in the glass beakers
was exchanged quickly for an ice cold ACSF without MgSOy4
but with 2 mM CaCl, instead (all other buffer components
were equal and again oxygenation took place with 95% O,/5%
CO,; incubation for 30 min). Then, the temperature was raised
1°C/min to a final temperature of nearly 37°C. As soon as the
final temperature was reached, a 4 M KCl stock (diluted in
dH,0) was added to the ACSF of the experimental group to
yield a final concentration of 50 mM KCl (“high potassium”).
For the control group, no KCI but instead the corresponding
volume of dH,O was added. After 5 min, slices were transferred
to new 2 I glass beakers containing ice cold ACSF without MgSO4

but with 2 mM CaCl, (again oxygenation took place with 95%
0,/5% CO3). Then, cell surface biotinylation, extraction of the
hippocampus, tissue lysis, NeutrAvidin pull-down and western
blot analysis took place as described above (however, every buffer
in downstream applications—e.g., the lysis buffer—contained
2 mM CaCl,).

RESULTS

The Implemented Experimental Design
Yields Clean Cell Surface Fractions and
Acute Slices With Intact Intracellular
Signaling Properties

The first aim of this study was to test whether the employed
cell surface biotinylation protocol for acute coronal brain slices
yields relatively pure cell surface fractions and whether the
cell surface biotinylation is really a prerequisite for receptor
accumulation in the cell surface fraction, as would be expected.
For this analysis, we utilized hippocampal tissue extracted from
slices between Bregma —1.00 mm and Bregma —3.00 mm (see
“Materials and Methods” section and Supplementary Figure S1)
which expresses high levels of ionotropic glutamate receptors
(Schwenk et al., 2014). To test for the purity of the cell
surface fraction we carried out a western blot analysis with
actin as an abundant intracellular protein and found that
actin is present in the total protein fraction which contains
non-biotinylated and biotinylated proteins but is almost absent
in cell surface fractions (Figure 1A). To test whether the
cell surface biotinylation protocol is necessary to accumulate
glutamate and GABA receptors in the cell surface fraction,
we carried out our experimental procedure either with (+)
or without (=) the use of NHS-SS-Biotin and found that, as
expected, NHS-SS-Biotin is needed for the accumulation of
GABAARal, GluN1, GluA2, GluA1l and mGIuR5 in the surface
fraction (Figure 1A).

Lastly, we wanted to test whether our slice preparation and
subsequent experimental procedures yield acute coronal brain
slices with intact physiological properties. As an indication
for the ability of the slices to react in a physiologically
relevant manner we chose to stimulate our slices with “high
potassium” (extracellular KCl concentration of 50 mM for
5 min at 37°C), which is a classical protocol to stimulate
neurons in vitro and ex vivo and is related to an increase
in ERK phosphorylation and various associated neuronal
processes such as long-term potentiation (LTP). For this analysis,
we again utilized hippocampal tissue extracted from slices
between Bregma —1.00 mm and Bregma —3.00 mm since
many studies utilizing this high potassium protocol to induce
neuronal stimulation and ERK phosphorylation took advantage
of hippocampal neurons (Sala et al, 2000; Lundquist and
Dudek, 2006). We found that stimulating our slices before
cell surface biotinylation, indeed, leads to an increase of ERK
phosphorylation relative to non-stimulated controls, yielding
increased levels of phospho-ERK running at 42 and 44 kDa in
the sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE; Figure 1B).
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FIGURE 1 | Various controls of the cell surface biotinylation procedure confirm a properly functioning experimental design yielding acute coronal slices with
physiological signaling properties. (A) Representative western blots (WBs) showing band intensities of hippocampal total protein and cell surface sample with or
without prior cell surface biotinylation reveal that cell surface samples are almost devoid of typical intracellular proteins and that biotinylation is necessary for
enrichment of proteins in the cell surface sample. The cell surface biotinylation protocol either was (+NHS-SS-Biotin) or was not (—NHS-SS-Biotin) carried out on
acute coronal wildtype slices containing the hippocampus prior to dissection and lysis of hippocampal tissue from the slice. Total protein samples (total) and samples
containing biotinylated cell surface proteins (surface) were analyzed by WB for GABAARa1, GluN1, GluA2, GluA1, mGIuR5 and actin. (B) Representative WBs
showing band intensities of hippocampal total protein and cell surface sample with or without “high potassium” stimulation prior to cell surface biotinylation reveal
that total protein samples exhibit an increased phospho ERK signal intensity after “high potassium” stimulation relative to control samples. Neuronal stimulation of
acute coronal wildtype slices by 50 mM KClI for 5 min at 37°C either was (+KCl) or was not (—KClI) performed before cell surface biotinylation and subsequent
dissection and lysis of hippocampal tissue from the slice. Total protein samples (total) and samples containing biotinylated cell surface proteins (surface) were
analyzed by WB for pERK and actin.

Shank2~/~ and Shank3op~/~ Mice Exhibit
Reduced Cell Surface Glutamate Receptor
Levels in the Striatum and Other ASD

Related Brain Regions
We started our investigation of cell surface glutamate and
GABA receptor expression levels in ASD mouse models by
applying the cell surface biotinylation protocol to acute slices
from Shank2~/~ and Shank3ap~/~ mice and comparing them to
wildtype controls. After biotinylation, the following ASD related
brain regions were dissected from the slices, lysed and analyzed
by western blot: cortex, striatum, hippocampus, thalamus and
cerebellum (Supplementary Figure S1). Immunodetection was
carried out with antibodies directed against GABApRal, GluA2,
GluN1, GluAl and mGIuR5 and revealed that signal intensities
in the cell surface fractions were high enough for quantification
in most brain regions, whereas quantification of mGIuR5 was
limited to the hippocampus (Supplementary Figure S2,1).
Interestingly, we found that both Shank2~/~ and
Shank3of~/~ mice exhibit a reduction of several cell surface

glutamate receptors in the analyzed brain regions—especially
in the striatum and thalamus (Figures 2, 3, 5). More precisely,
Shank3aB~/~ mice exhibit significantly reduced cell surface
expression levels of GluN1 and GluA2 in the striatum and
thalamus and Shank2™/~ mice have significantly reduced cell
surface expression levels of GluN1 in the striatum and cortex.
Furthermore, we found that Shank3ap~/~ and Shank2~/~
mice exhibit significantly reduced cell surface expression levels
of GluAl in the hippocampus and GluA2 in the cerebellum,
respectively. Additionally, several other cell surface glutamate
receptors showed trends (p < 0.10) for a downregulation in the
analyzed brain regions (Figures 2, 3, 5). In the cortex, Shank2~/~
and Shank30f~/~ mice both showed no altered cell surface
expression of GABAsRal, GluA2, GluAl and Shank3aB~/~
mice also showed no alteration of GluN1 levels. In the striatum,
Shank2~/~ and Shank3ap~/~ mice both showed no altered cell
surface expression of GABAsRal and GluAl and Shank2=/~
mice also showed no alteration of GluA2 levels. As for the
hippocampus, Shank2~/~ and Shank3af~/~ mice both showed
no altered cell surface expression of GABApRal, GluA2, NR 1
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FIGURE 2 | Analysis of cell surface glutamate and GABA receptor subunits in autism spectrum disorder (ASD) related brain regions of Shank2~/~ mice. (A-E)
Representative WBs showing band intensities of total protein and cell surface sample in cortex (A), striatum (B), hippocampus (C), thalamus (D) and cerebellum (E)
of wildtype and Shank2~/~ mice reveal a downregulation of cell surface glutamate receptor subunits in Shank2~/~ mice. Immunodetections were carried out with
antibodies directed against GABAxRa1, GIuA2, GIuN1, GluA1, mGIuRS and actin. For GABAaRa1, GIuA2, and actin all brain regions were analyzed. For GluN1 all
brain regions except the cerebellum were analyzed. For GluA1 all brain regions except the thalamus and cerebellum were analyzed. For mGIuR5 only the
hippocampus was analyzed. Only statistically significant data (p < 0.05; see below) or data with strong trends (p < 0.10; see below) is shown. To the left of each
representative WB, the respective quantification of the surface/total ratio is shown. Vertical axis shows the mean fold change vs. the wildtype control (control set to a

or mGluR5 and Shank3ap ™/~ mice also showed no alteration
of GluAl levels. For the thalamus we observed no altered cell
surface expression of GABARal in Shank3ap~/~ mice and
Shank2~/~ mice showed no alteration of GluA2 or GluN1 levels.
Lastly, in the cerebellum Shank2~/~ and Shank3uf =/~ mice both
showed no altered cell surface expression of GABAxRal and
Shank3of~/~ mice showed no alteration in GluA2 levels
(Figures 2, 3, 5). Of note, no differences in total expression
levels of the analyzed receptors were found between Shank2~/~
or Shank3uf~/~ mice and wildtype controls (Supplementary
Figure S2,2).

Cntn4—/~ Mice Exhibit Altered Cell Surface
Glutamate and GABA Receptor Levels in
ASD Related Brain Regions

We then expanded our investigation of cell surface glutamate
and GABA receptors in ASD mouse models by applying

the cell surface biotinylation protocol to acute slices from
Cntn4~/~ mice and comparing them to wildtype controls.
Again, western blotting was carried out to analyze samples from
the cortex, striatum, hippocampus, thalamus and cerebellum
(Supplementary Figure S1).

In contrast to the findings of Shank2~/~ and Shank3ap~/~
mice, we found that Cntn4=/~ mice exhibit reduced cell surface
glutamate receptor levels in the cortex and hippocampus but
increased cell surface glutamate receptor levels in the striatum
when compared to wildtype controls (Figures 4, 5). More
precisely, Cntn4=/~ mice exhibit significantly reduced cell
surface expression levels of GluA2 and GluN1 in the cortex,
reduced cell surface expression levels of GluA2 and mGluR5 in
the hippocampus, and increased cell surface expression levels
of GluA2 and GluAl in the striatum. In addition to these
dysregulations of cell surface glutamate receptor levels we
also found changes in cell surface GABA receptor levels in
several brain regions (Figures 4, 5). More precisely, we found
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FIGURE 3 | Analysis of cell surface glutamate and GABA receptor subunits in ASD related brain regions of Shank3af =/~ mice. (A-C) Representative WBs showing
band intensities of total protein and cell surface sample in striatum (A), hippocampus (B) and thalamus (C) of wildtype and Shank3ap~/~ mice reveal a
downregulation of cell surface glutamate receptor subunits in Shank3af~/~ mice. Immunodetections were carried out with antibodies directed against GABAsRa T,
GluA2, GIuN1, GluA1, mGIuR5, and actin. For GABAaRa1, GIuA2 and actin all brain regions were analyzed. For GIuN1 all brain regions except the cerebellum were
analyzed. For GIuA1 all brain regions except the thalamus and cerebellum were analyzed. For mGIuR5 only the hippocampus was analyzed. Only statistically
significant data (p < 0.05; see below) or data with strong trends (o < 0.10; see below) is shown. To the left of each representative WB, the respective quantification
of the surface/total ratio is shown. Vertical axis shows the mean fold change vs. the wildtype control (control set to a value of 1). Error bars are SEMs. n > 5 per
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reduced cell surface GABAsRal levels in the hippocampus and
thalamus and a trend for reduced cell surface GABAsRal levels
in the cortex. In contrast, except for reduced thalamic cell
surface GABAsRal levels in Shank2=/~ mice (Figures 2, 5),
no further differences between Shank2~/~ or Shank3ap~/~ and
wildtype mice could be identified with regard to cell surface
GABAxRal levels. In the cortex, Cntnd~/~ mice displayed no
significantly altered cell surface expression of GABA Ral and
GluAl and in the striatum GABA Ral and GluN1 levels were
not altered. As for the hippocampus, Cntnd=/~ mice displayed
no significantly altered cell surface expression of GluN1 and
GluA1 and in the thalamus Cntn4=/~ mice displayed no changes
in GluA2 and GluNT1 levels. Lastly, in the cerebellum Cntnd =/~
mice displayed no significantly altered cell surface expression of
GABAjRal and GluA2 (Figures 4, 5). Of note, no differences
in total expression levels of the analyzed receptors were found
between Cntn4=/~ mice and wildtype controls (Supplementary
Figure S2,2).

DISCUSSION

Epidemiological studies suggest that up to 1% of the world’s
population may be diagnosed with ASD (Elsabbagh et al,
2012; Christensen et al,, 2016) and, therefore, understanding
the genetic/molecular underpinnings of this class of psychiatric

disorders is of great importance. Years of research have generated
data which clearly suggests a strong genetic component involved
in the etiology of ASDs—e.g.,, variations in the SHANK2,
SHANK3 and CNTN4 genes have been associated with an
increased risk for developing ASD and many knockout mice
of these genes display abnormalities in behavior and social
interactions reminiscent of ASD patients (Leblond et al., 2012;
Provenzano et al, 2012; Schmeisser et al, 2012; Jiang and
Ehlers, 2013). Nonetheless, the scientific community lacks a
unifying theory backed up by experimental data to explain how
a plethora of genetic variations leads to a condition with similar
core symptoms, albeit with a great heterogeneity and variability
(Mullins et al., 2016).

In this study, we compared cell surface expression levels of
several glutamate and GABA receptors in ASD related brain
region of three different ASD mouse models (Shank2~/~,
Shank3ap~/~ and Cntnd4=/~) aiming on unraveling molecular
abnormalities in excitatory and/or inhibitory signaling
components which are common to all three mouse models.
It is important to note that the mouse models used in this study
differ with respect to their ASD-related behavior: Shank2~/~
and Shank3of~/~ mice clearly show repetitive, stereotyped
behavior and deficits in social interactions, though in varying
degrees (Schmeisser et al., 2012; Vicidomini et al, 2017;
Monteiro and Feng, 2017), whereas ASD-related behavior
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GABAaRa1, GIuA2, GIuN1, GluA1, mGIuRS5, and actin. For GABAxRa1, GIuA2, and actin all brain regions were analyzed. For GIuN1 all brain regions except the
cerebellum were analyzed. For GluA1 all brain regions except the thalamus and cerebellum were analyzed. For mGIuR5 only the hippocampus was analyzed. Only
statistically significant data (p < 0.05; see below) or data with strong trends (p < 0.10; see below) is shown. To the left of each representative WB, the respective
quantification of the surface/total ratio is shown. Vertical axis shows the mean fold change vs. the wildtype control (control set to a value of 1). Error bars are SEMs.
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FIGURE 4 | Analysis of cell surface glutamate and GABA receptor subunits in ASD related brain regions of Cntn4~/~ mice. (A-D) Representative WBs showing band
intensities of total protein and cell surface sample in cortex (A), striatum (B), hippocampus (C) and thalamus (D) of wildtype and Cntn4~/~ mice reveal a
dysregulation of cell surface glutamate and GABA receptor subunits in Cntn4=/~ mice. Immunodetections were carried out with antibodies directed against

in Cntn4=~/~ has been less well characterized but appears to
be much less pronounced (Molenhuis et al., 2016). Our data
suggest that—as might have been expected—genetic deficiency
of Shank2 and Shank3 yields relatively similar changes in cell
surface glutamate and GABA receptor expression levels: on the
whole, a downregulation of cell surface ionotropic glutamate
receptor subunits (GluN1, GluA2 and GluA1) could be observed
in several ASD-related brain regions (especially in the striatum

and thalamus) whereas almost no changes in the expression
of cell surface ionotropic GABA receptors was seen. Since
ionotropic receptors at the cell surface are well-positioned to
take part in neuronal signaling at the synapse, our data suggests
a reduction in the excitation/inhibition (E/I) ratio in several
brain regions of Shank2~/~ and Shank3af~/~ mice. In line with
this hypothesis, Shank3 deficient mice have been reported to
have a reduced striatal/cortico-striatal glutamatergic synaptic
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FIGURE 5 | Summary of cell surface glutamate and GABA receptor subunit analysis in ASD related brain regions of Shank2~/=, Shank3af~/~ and Cntn4=/~ mice.
Summarized cell surface glutamate and GABA receptor subunit analysis reveals a commonality of Shank2~/~ and Shank3af~/~ mice with respect to dysregulations
of cell surface receptors relative to wildtype controls whereas Cntn4=/~ mice appear to differ from the Shank deficient mice in this respect. On the whole, Shank2~/~
and Shank3ap~/~ mice display reduced levels of cell surface glutamate receptor subunits in most of the analyzed brain regions, whereas dysregulation of cell surface
GABAARa1 levels is minimal. In contrast, Cntn4—/~ mice display dysregulations of both cell surface glutamate and GABA receptor subunits. Summary is based on
quantifications of surface/total ratio (Figures 2-4). |, 1 p < 0.05; (), (1) p < 0.10. In the case of non-significant data (N/S) which does not show trends (o > 0.10)
the difference of means (wildtype —autism mouse model) + SEM and the corresponding p-value is shown. Numbers are rounded to two decimal places.

Upregulated (71); downregulated ({).

transmission and a reduced spine density in the striatum (Peca
etal., 2011). Additionally, several Shank2 and Shank3 deficiency
mouse models display a reduced glutamatergic synaptic
transmission and a reduced spine density/PSD ultrastructure
in the hippocampus (Schmeisser et al., 2012; Won et al,, 2012;
Jiang and Ehlers, 2013). Unfortunately, to our knowledge there
is no published electrophysiological or electron microscopy
data of the thalamus available for Shank deficient mice but it
would be intriguing to find out whether thalamic abnormalities

in glutamatergic signaling could be identified. In the case of
Cntn4~/~ mice we also found abnormalities in cell surface
receptors. However, we observed that these mice exhibit both
brain region specific down- and upregulations of cell surface
glutamate receptors and brain region specific downregulations of
GABAergic cell surface receptors. Essential differences between
Cntn4 and Shanks may underlie these differential changes
observed in our mouse models. In particular, the expression of
Cntn4 in the brain is far lower and more restricted than that of

Frontiers in Molecular Neuroscience | www.frontiersin.org

39

June 2018 | Volume 11 | Article 212


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Heise et al.

Cell Surface Receptors in ASD Models

the Shanks. Overall, Cntn4 expression is low in the brain with a
few hotspots such as several thalamic nuclei, hippocampal CA
regions and several cortical cell-types, including pyramidal as
well as GABAergic neurons (Habib et al., 2016; Tasic et al., 2016;
Oguro-Ando et al., 2017). This expression pattern may be related
to the changes in cell-surface receptor expression levels observed
in the Cntn4=/~ mice.

The findings of this study point towards the possibility that
there may not be a common molecular phenotype that all ASD
mouse models share. On the one hand, it suggests that other
levels of molecular and cellular processes may be a common point
of convergence. On the other hand, it indicates that gene-specific
effects may diversify phenotypes as is also observed in individuals
with ASD who display great heterogeneity in symptoms, severity,

and comorbidities. Therefore, future treatment of ASD patients
might have to be highly individualized.

Of note, our study differs from virtually all previous
biochemical studies of synaptic proteins in ASD mouse
models since we implemented a biotinylation assay to analyze
cell surface bound receptors as opposed to the commonly
used analysis of synaptosomal/PSD fractions. Obviously, the
advantage of analyzing cell surface receptors is that the data
has more implications for synaptic signal transmission, since
synaptosomal/PSD fractions will contain many receptors, which
cannot participate in synaptic signaling, as they are not localized
at the cell surface (e.g., localization in the spine before exocytosis
or after endocytosis). This is of particular relevance for the
research in the field of ASD since it is likely that the common
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FIGURE 6 | Comparison of cell surface glutamate receptor subunit analysis with synaptosome/postsynaptic density (PSD) preparation analysis of glutamate
receptors in ASD related brain regions in Shank2 and Shank3 deficient mice. Cell surface glutamate receptor subunit analysis and synaptosome/PSD preparation
analysis reveals that the results of both methods do not necessarily show similar trends but both approaches usually generate converging data. 'Refers to data from
Schmeisser et al. (2012). 2Refers to data from Peca et al. (2011). 3Refers to data from Reim et al. (2017). *Refers to data from Peter et al. (2016). SRefers to data
from Jaramillo et al. (2016). ®Refers to data from Mei et al. (2016). "Refers to data from Kouser et al. (2013). 8Refers to data from Zhou et al. (2016); note that in this
study two different and Shank3 deficient mice were analyzed. Cell surface refers to data from the current work: | p < 0.05; (), (1) p < 0.10. N/I stands for not
investigated and N/S stands for non-significant results. Figure only shows data from brain regions/antibody detections which were addressed in this study.
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abnormality that all forms of ASD share might be alterations at
the level of neuronal signaling/neuronal networks (Bourgeron,
2015; Mullins et al., 2016). The reader should, however, keep
in mind that the biochemical experimental approach of our
study does not allow a discrimination of neuronal subtypes,
extrasynaptic and synaptic receptors or neurons and glia cells.
And since e.g., astrocytes have been shown to express glutamate
receptors (Spreafico et al, 1994; Seifert et al, 1997; Gallo
and Ghiani, 2000; Verkhratsky and Kirchhoff, 2007) they, too,
should be kept in mind when interpreting our data in terms
of neuronal/network signaling and changes in the E/I balance
(Hansson and Ronnbdck, 2003; Araque and Navarrete, 2010). In
line with this, Shank2 deficiency in defined neuronal cell types
appears to change E/I (Kim et al., 2018), suggesting that neuron-
type-specific effects of Shank deletions must be addressed in
future work. Nonetheless, one should also bear in mind in
this context that the striatum is somewhat of an exception
since around 95% of striatal neurons are GABAergic medium
sized spiny neurons (Yager et al, 2015). So in the case of the
striatum our data may, indeed, represent receptor levels of a
rather restricted number of neural cells and probably reflects
receptor levels of medium sized spiny neurons to a large degree.
Lastly, future work on ASD mouse models would greatly benefit
from an experimental design which can distinguish between
extrasynaptic and synaptic receptors since, e.g., extrasynaptic
GABA, receptors have been shown to modulate epileptic
seizures in mouse models by affecting tonic inhibition (Glykys
and Mody, 2006; Heise et al., 2017) and it is known that ASD
patients have an increased risk for developing epileptic seizures
(Besag, 2018).

If one compares the data of this study with the available
data of brain region specific synaptosome/PSD fraction analysis
we find that in many cases the trends are similar, in others
they are not (Figure 6). Thus, this study is also a cautionary
note that one should be careful when inferring properties of
synaptic signaling from synaptosomal/PSD fraction data. The
best approach would be to combine synaptosome/PSD fraction
analysis with biotinylation assays to get a more complete
overview of the proteome at the synapse.
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The SHANK scaffolding proteins are important organizers for signaling proteins in the
postsynapse of excitatory neurons. The functional significance of SHANK proteins
becomes apparent by the wide spectrum of neurodevelopmental and neuropsychiatric
disorders associated with SHANK variants in human patients. A similar diversity
of neuropsychiatric-like phenotypes is described for numerous Shank2 and Shank3
knockout (KO) mouse lines. In this review, we will focus on and discuss the experimental
results obtained from different, but genetically related and therefore comparable,
Shank2 mouse models. First, we will describe the distinct SHANK2 variant-mediated
neurodevelopmental and neuropsychiatric disorders in human patients. Then we will
discuss the current knowledge of the expressed SHANK?2 isoforms in the mouse, and
we will describe the genetic strategies used for generating three conventional and seven
conditional Shank2 mouse lines. The distinct impairments i.e., autistic-like and mania-like
behavior and the alterations on the molecular, electrophysiological and behavioral levels
will be compared between the different Shank2 mouse models. We will present our view
as to why in these mouse models a spectrum of phenotypes can arise from similar
Shank2 gene manipulations and how Shank2 mutant mice can be used and should be
analyzed on the behavioral level in future research.

Keywords: SHANK2 domains, SHANK2 isoforms, SHANK2 gene variants, autism spectrum disorder, intellectual
disability, schizophrenia, Shank2 knockout mice, behavioral tests

INTRODUCTION

Gene variants of the multi-domain postsynaptic scaffolding proteins included in the SHANK
family (also known as ProSAP) are significantly associated with autism spectrum disorders
(ASD). After the first publication of a SHANK3 variant in human patients with ASD (Durand
et al., 2007), numerous studies confirmed the close link between SHANK variants and ASD and
intellectual disability (ID; see https://gene.sfari.org). In humans, three different genes, SHANK 1,
2 and 3 produce several SHANK isoforms via internal promoters and alternative splice products
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(Lim et al., 1999; for review see Sala et al,, 2015). SHANK
proteins are master scaffolding proteins in the postsynapse
of excitatory neurons. There, they are critically involved in
the morphogenesis of spines (Sala et al., 2001). Within the
spine, SHANK proteins form a net-like matrix structure
(Baron et al., 2006; Hayashi et al., 2009) that serves as a
scaffold for the organization of other postsynaptic proteins
including N-methyl-D-aspartate receptors (NMDAR), L-a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPAR) and the metabotropic glutamate receptors (mGluRs;
Sheng and Kim, 2011; Jacob and Weinberg, 2015; for review see
Verpelli etal., 2012). The longest isoforms of SHANK1-3 contain
several protein-protein interaction sites: the N-terminal ankyrin
repeat-containing (ANK) domain, the Src homology 3 (SH3)
domain, the PSD-95/Discs large/zona occludens (PDZ) domain,
the proline-rich region (PRR) and the sterile alpha motif
(SAM) in the C-terminal domain. The N-terminal ANK domain
interacts with the cytoskeletal protein alpha-fodrin (Bockers
et al,, 2001) and the SH3 domain binds to glutamate receptor-
interacting protein (GRIP), which is important for AMPAR
trafficking (Lu and Ziff, 2005). The PDZ site in SHANKs can
bind to the adaptor protein guanylate kinase-associated protein
(GKAP; Naisbitt et al., 1999). GKAP itself can bind to the
postsynaptic density molecule 95 (PSD95; Naisbitt et al., 1997)
that is in contact with the glutamate gated ion channels, NMDAR
(Kornau et al., 1995) and AMPAR (Kim et al., 2001; Uemura
et al., 2004; for review see Boeckers et al., 2002). Most clearly
the interaction of SHANK and Homer proteins via the PRR was
noted (Naisbitt et al., 1999; Tu et al., 1999). This interaction
allows the coupling of mGluRs to Ca?* release from endoplasmic
reticulum (ER) in the postsynaptic density. Cortactin, a molecule
involved in actin polymerization, was also shown to bind to
PRR (Ammer and Weed, 2008). The C-terminal SAM domain
serves as a Zn>" dependent dimerization domain for SHANKSs
(Baron et al., 2006; Gundelfinger et al., 2006).

This complex multidomain structure of the SHANK proteins
and the diversity of SHANKI1-3 isoforms might be one
reason for the broad spectrum of SHANK variant-associated
neurodevelopmental and neuropsychiatric disorders. Distinct
SHANK mutations can yield different protein products, with
a specific combination of protein domains, different from that
of the WT protein. This, in turn, can affect the potential
protein-protein interactions, thus altering the role of the
protein in neurons. In ASD patients, chromosomal deletions,
translocations, gene duplications, gene fragment deletions and
coding mutations in all three SHANK genes were identified (see
https://gene.sfari.org) but the simple haploinsufficiency caused
by the mutation is unlikely to explain the broad spectrum
of phenotypes. In order to dissect the causal link between
SHANK variants and the underlying molecular mechanisms of
neurodevelopmental and neuropsychiatric disorders, numerous
mouse models for “shankopathies” were generated (Table 1,
Figure 1). For SHANK3, 14 mouse lines, generated with
different gene-targeted strategies, are published (Figure 1).
Interestingly, the behavioral analysis of the Shank3 knockout
(KO) mouse lines revealed differences in social and repetitive
behavior as well as in cognitive functions, similar to the

TABLE 1 | Genetically modified mouse lines encoding gene-targeted mutations of
endogenous Shank genes and one transgenic mouse line expressing a
SHANKS3-GFP that are made available to public in the mouse genome informatics
database (http://www.informatics.jax.org).

SHANK1 SHANKS3
Shank7Gt(EO5SGOS)Wrst Shank\?tha(KOMP)Mbp ShankS”m Yhj
Shank7Gt(E127E1 2)Wrst Shankslmm(KOMP)Mbp Shankslmi.ﬂ’hj

Shank1 Gt(IST12658A7)Tigm
Shank71m15hng

ShankstmT d(KOMP)Mbp
Shank3tm1 e(KOMP)Mbp
Shankstrm a(KOMP)Witsi

ShankstmT 2Yhj
Shank3tm? Geno
Shanks)tmi 1Geno
Shank3tm1Gig
Shank3tm2ang
Shank3tm3-1 Gfng
Shank3lm1.1PNv ShaHKSImA.Wang

Shank\?thCmp/ Shanksth.Wang
Tg(Shankii—EGFPﬂ Hzo

Shank3”m e(KOMP)Wtsi

ShankSth.WBux
Shanksth .2Bux

SHANK2
ShankZGt(OSTW 48685)Lex
Shankztnﬂ 1Bcgen
Shank2”m Tmb
Shankotm1-1 Tmb
Shank2f’m Mgle

Mouse lines in blue are not published but commercially available.

distinct neuropsychiatric phenotypes of different patients. These
behavioral inconsistencies were explained partially by the
residual SHANK3 isoforms that could be expressed from the
targeted Shank3 gene in mice (Bozdagi et al., 2010; Peca et al.,
2011; Yang et al, 2012) as discussed in detail in a recent
review (Monteiro and Feng, 2017). However, in all 10 different
Shank2 KO mouse lines, the gene KO strategies were very
similar leading to protein products truncated within the PDZ
domain or the PRR, both present in all SHANK2 isoforms of
the WT mice (Figure 1). Nevertheless, the phenotype of the
three conventional and seven conditional Shank2 KO mouse
lines diverged between the different lines. This phenotypic
variability is reminiscent of the fact that in human patients,
SHANK?2 variants are not only significantly associated with
ASD or ID, but also with schizophrenia (SCZ), a correlation
that cannot be stated as strong for SHANK3 variants (Peykov
et al,, 2015; Homann et al.,, 2016; de Sena Cortabitarte et al.,
2017).

SHANK2 GENE VARIANTS IN
NEURODEVELOPMENTAL AND
NEUROPSYCHIATRIC DISORDERS

After the first identification of SHANK2 gene mutations in
patients with ASD and ID (Berkel et al., 2010), several other
publications described further variations in the SHANK2 gene
locus in patients with neuropsychiatric disorders. They identified
SHANK?2 variations including truncations, missense mutations,
gene deletions and mutations in the SHANK2 promoter regions;
all of these findings solidified the causal link of SHANK?2 variants
to ASD and ID (Pinto et al., 2010; Wischmeijer et al., 2011;
Leblond et al.,, 2012, 2014; Prasad et al, 2012; Chilian et al,
2013; Schluth-Bolard et al.,, 2013; Bowling et al., 2017; Yuen
et al,, 2017). Interestingly, an association between SHANK2
gene mutations and SCZ was described in Peykov et al. (2015).
By sequencing the SHANK2 gene in 481 SCZ patients and
659 unaffected individuals, Peykov et al. (2015) identified
several non-synonymous variants exclusively in SCZ patients
(Supplementary Table S1). This association was confirmed by
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FIGURE 1 | Gene structure and gene segment deletions in gene-targeted Shank mouse models. Structures of the mouse Shank1, Shank2 and Shank3 genes are
depicted. Exons are given in rectangles; alternative spliced exons are in dashed lines. Positions of promoters (Pr) for the expression of the different isoforms of the
Shank1-3 gene loci are indicated. Positions of the neomycin (neo) selection marker, loxP, lox2722 and Frt sites in the targeted alleles are indicated. Targeted gene
segments flanked by two loxP or two lox2722 elements can be removed or inverted by tissue-specific expression of Cre to generate a conditional Shank knockout
(KO) or Shank knockin mouse models. neo = selection marker, sense orientation; oen = neo selection marker, reverse orientation. References for the first publication
of the mouse lines are given. FERM (F for 4.1 protein, E for ezrin, R for radixin and M for moesin), ANK (ankyrin repeat domain), SH3 (Src homology 3), PDZ
(PSD-95/Discs large/zona occludens), SAM (sterile alpha motife). (Hung et al., 2008; Bozdagi et al., 2010; Peca et al., 2011; Wang et al., 2011, 2016; Schmeisser
et al., 2012; Won et al., 2012; Kouser et al., 2013; Lee J. et al., 2015; Speed et al., 2015; Ha et al., 2016; Jaramillo et al., 2016, 2017; Mei et al., 2016; Peter et al.,

(Jaramillo et al., 2017)
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a study reporting seven siblings in a family with SCZ spectrum
disorders carrying a missense variant in the SHANK2 gene
(Homann et al., 2016).

How Divergent Phenotypes Can Arise
From Different SHANK2 Variants

Mutations in Different Protein Interaction Domains

As outlined above, the comprehensive analysis of patients
harboring SHANK?2 alterations with neurodevelopmental and
neuropsychiatric disorders revealed a wide range of phenotypic
expression, with various symptoms of ASD, ID, and SCZ.
Moreover, the severity of SHANK2-associated disorders and
cognitive deficiency is highly variable among patients. Imprecise
clinical diagnoses and the clinical data from different clinics
might explain this inconsistency. However, the SHANK?2 variants
as such also need to be considered as one reason for such
variability. Different mutations in the SHANK2 gene can lead
to increased or decreased expression of the SHANK2 protein,
dysfunctional SHANK2 protein domains or truncated protein
products lacking protein interaction domains. This can, in
turn, alter protein-protein interactions and the organization of
the postsynaptic protein network. Therefore, different SHANK2
mutations can lead to different alterations in molecular and
cellular processes in the neurons, resulting in a wide range of
behavioral phenotypes.

This perspective finds support in the rescue experiment
of SHANK2 knockdown by overexpression of human
SHANK2 variants in rat primary cultures (Berkel et al,
2012). The SHANK2A(R462X) variant accumulated in the
soma and the dendrites, whereas overexpressed SHANK2A-WT
selectively located in dendritic spines (Berkel et al, 2012).
The SHANK2A(T1127M) and SHANK2A(L1008_P1009dup)
variants were confined into synapses with lower SHANK2A
immunosignal compared to SHANK2A-WT (Berkel et al,
2012), indicating that various mutations can lead to a
decrease in the total final amount of SHANK2A present
at the synapse, which could be an important factor in the
pathophysiology of the neuropsychiatric disorder. Furthermore,
the dendritic spine volume was only significantly increased

by the overexpression of SHANK2A-WT, whereas all three
SHANK2A variants (R462X, T1127M, L1008_P1009dup) did
not have the potential to increase the spine volume. Similarly,
the SHANK2 knockdown, which provoked a reduced spine
volume, an increased number of immature spines and a
dendritic complexity near the cell body, was rescued to different
degrees when SHANK2A variants were co-expressed with
the SHANK2 knockdown shRNA in rat primary neurons
thus suggesting a dosage effect in the case of SHANK2. The
SHANK2A-WT and SHANK2A(L1008_P1009dup)
able to rescue the dendritic spine and the dendritic arbor
development but SHANK2A(R462X) and SHANK2A(T1127M)
could not rescue the reduced spine volume. Consistently,
SHANK2A(R462X) failed to rescue the enhanced growth of
dendrites to a normal level, whereas the SHANK2A(T1127M)
and SHANK2A(L1008_P1009dup) were able to rescue the
phenotype similar to the SHANK2A-WT. From these cell
culture studies, it can be concluded that the SHANK2
gene is involved in at least two separate functions: the
control of dendrite morphology and the regulation of
spine size.

were

Genetic and Epigenetic Modulations

In addition to the nature of SHANK2 variants, other
genetic, epigenetic and environmental factors have a strong
influence on the expression of the SHANK2 variant-mediated
neuropsychiatric disorders. For example, the same SHANK2
variants were found in patients with different clinical features
(Table 2). SHANK2(K535R) and SHANK2(P587S) variants
were each identified in one ASD patient and in one patient
with ID (Berkel et al, 2010). Similarly, SHANK2(A577V),
previously misnamed as A578V, was associated with different
characteristics of SCZ spectrum disorders in seven brothers
(Homann et al.,, 2016). SHANK2(S610Y) was found in two
patients: one with ID and the other with catatonic SCZ (Berkel
et al,, 2010; Peykov et al., 2015). The SHANK2(A1731S) variant
was present in four patients with different subtypes of SCZ
spectrum disorders (Peykov et al, 2015). In addition, some
synonymous variants appear in patients with ASD, ID and SCZ,
but not in healthy controls (Berkel et al., 2010; Rauch et al., 2012;

TABLE 2 | Five single point mutations in the coding region (c.) of the SHANK2 gene leading to five amino acid residue exchanges (p.) that are associated with different

neuropsychiatric disorders.

Point mutation Amino acid Number of Diagnosis Transmission References
residue exchange patients source

c.1604A >G p.K535R 2 1 ASD n.a Berkel et al. (2010)
11D n.a

c.1730C >T p.AS77V 7 58CZ Mother Homann et al. (2016)
1 Schizotypal personality Mother
1 Schizoaffective Mother

c.1759C >T p.P587S 2 1 Autism Mother Berkel et al. (2010)
11D n.a

€.1829C >A p.S610Y 2 1 Catatonic SCZ n.a Berkel et al. (2010)
11D with Autistic features Father Peykov et al. (2015)

c.5191G >T p.A1731S 4 3 Paranoid SCZ Mother Peykov et al. (2015)
1 Disorganized SCZ Mother

ASD, Autism spectrum disorder; ID, Intellectual disability; SCZ, Schizophrenia; n.a., not available. (NCBI reference sequence: NM_012309.4, for the full list of identified

SHANK2 variants in patients, see supplementary information).
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Peykov et al., 2015; Supplementary Table S1). The influence
of other genes on the phenotypic expression of the SHANK2
variants became most obvious in patients with an inherited
SHANK?2 variant-associated ASD or SCZ, which had not
been diagnosed their parents. The aforementioned
SHANK2(A577V) variant found seven schizophrenic
male brothers, for example, was inherited from a healthy
mother (Homann et al., 2016). This was also the case for
five different SHANK?2 variants: T438M, P1144L, V1608I,
L1646M and A1731S (Peykov et al., 2015) and for several
other variants identified in ASD patients (Supplementary
Table S1) suggesting that sexually dimorphic pathways have an
effect on the penetrance of these variants. Together, all these
findings strongly support the proposed multiple hit model of
neurodevelopmental and neuropsychiatric disorders (Leblond
et al., 2012). Additionally, epigenetic factors most likely affect
the penetrance of SHANK?2 variants. A DNA hypermethylation
value of 5 CpG positions within the SHANK2 gene was found in
a male patient with ID and developmental delay (Kolarova et al.,
2015), suggesting that SHANK2 expression is sensitive to the
DNA methylation pattern. Other epigenetic mechanisms such
as histone acetylation are expected to regulate the expression of
the SHANK2 gene in an isoform-specific manner. Furthermore,
one long non-coding variant associated to SHANK2 has been
found to be up-regulated in blood samples of ASD patients
(Wang et al,, 2015).

in
in

SHANK2 ISOFORMS IN MICE

For the design and the possible impact of Shank2 gene
manipulation in mice, the detailed knowledge of the different
SHANK?2 isoforms and their expression pattern in the mouse
brain is a prerequisite. As Shankl-3 can express many different
SHANK isoforms using several promoters and alternative
splicing (Figure 1), the different SHANK isoforms are proposed
to have different functions during developmental stages (Jiang
and Ehlers, 2013). According to the NCBI database, 21 putative
isoforms are predicted to be expressed by the Shank2 gene
locus on chromosome 7 in mice. Cloned rat cDNAs for the
SHANK?2 isoforms, SHANK2E, SHANK2A and SHANK2B,
provide experimental evidence that these three isoforms are
differentially expressed in the rat brain (Figure 2; Boeckers
et al., 1999a,b; Han et al., 2006). Three different promoters
are recruited for the expression of SHANK2E, SHANK2A and
SHANK?2B. The 5 located promoter is used to generate the
largest isoform, SHANK2E. The SHANK2E encoding transcript
contains a 5-untranslated exon, which is designated as exon 1.
The promoters for the initiation of Shank2a and Shank2b
transcripts are located in introns 10 and 14, respectively. For the
translation of Shank2a and Shank2b transcripts, intron-located
translational start codons open the translational reading frames
(Figure 2).

The mouse Shank2 gene contains 25 exons. The alternative
splicing of exon 19, 20 and 23 and the internal alternative
splice donor site in exon 22 can lead to additional isoforms
of SHANK2E, SHANK2A and SHANK2B. Using rat brain
and human brain-derived ¢cDNAs, the presence and absence

of the alternatively spliced Shank2a exons were experimentally
verified in rats and humans. The transcripts with exons 19,
20 and 23 seem to be underrepresented in peripheral tissues,
whereas they seem to be dominantly expressed in the brain
(Bockers et al., 2004; Leblond et al., 2012). It is important to
mention that the short SHANK2C isoform, which is obtained
by an alternative splicing event of exon 22 in humans (Leblond
et al., 2012), cannot be detected in the transcriptom of mice
and rats. The description of the presence or absence of exon
19 and 20 in the NCBI database-predicted 21 SHANK2 isoforms
in mice is inconsistent and needs to be verified. This might
explain why different numbers of exons in the Shank2 gene
loci are given in different genome browsers (e.g., in Ensemble:
ENSMUSG00000037541, the mouse Shank2 gene is composed of
23 exons).

As shown in Figure 2, SHANK2E is the full-length
SHANK?2 isoform containing an ANK domain, SH3 domain,
PDZ domain, PRR and SAM domain, which is located on
the SHANK2 C-terminal synaptic targeting elements (Bockers
et al., 2004; Boeckers et al., 2005). In the brain, SHANK2E
is expressed at different levels in different regions with the
highest expression in the cerebellum (Leblond et al., 2012). The
shortest SHANK2 isoform, SHANK2B (named as SHANK2C
in Monteiro and Feng, 2017), contains just the PDZ, PRR and
SAM domains (Figure 2). As determined by mRNA analysis
in humans and rats, SHANK2 expression is strongest in the
brain, but SHANK2 mRNA can also be PCR-amplified in
most peripheral tissues with the exception of skeletal muscles
and heart (Leblond et al., 2012). The SHANK2B RT-PCR
products confirmed the differential SHANK2B expression in all
human brain regions (Leblond et al.,, 2012), a finding that had
already been well documented in rats by classical in situ RNA
hybridization studies showing brain region-specific as well as
developmentally controlled expression of SHANK1-3 (Bockers
et al., 2004). According to this study, SHANK?2 is co-expressed
with SHANKI1 during the early days of development, whereas
SHANKS3 reaches its maximum expression at postnatal day P16.
By using the laminar organization of the cerebellum and the
hippocampus, the authors showed convincingly that: (i) Shankl
and Shank2 mRNA co-exist in Purkinje cells (PCs) and their
dendrites, whereas Shank3 mRNA was found only in the
cerebellar granular cells; and (ii) Shank2 mRNA expression
in the hippocampus is restricted to the cell layer of principal
neurons, while the signals for the Shankl and Shank3 mRNA
can be detected in the molecular layers as well (Bockers et al.,
2004).

In Dbiochemical studies using rats, SHANK2 and
SHANK3 seemed to be essential elements for the proper
organization of the PSD. They localize to the PSD via their
SAM domain and interactions with Zn?>* ions, which can
be enhanced by the activity and synaptic release of Zn?*. In
contrast, SHANKI is recruited to the PSD by a pre-formed
scaffold via its PDZ domain (Baron et al., 2006; Gundelfinger
et al., 2006; Grabrucker et al., 2011). Thus, all SHANKSs can
respond to activity and synaptic events that might underlie
learning and memory. However, SHANKI is lacking the
capability to localize to immature/inactive synapses, which
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rat SHANK2A MPDTSEDIPPPPQSVPPSPPPPSPTTYNCPRSPTPRVYGTIKPAFNQNPVAKVPPATRSDTVATMMREKGMFYRRELDRF 581
rat SHANK2B MPDTSEDIPPPPQSVPPSPPPPSPTTYNCPRSPTPRVYGTIKPAFNQNPVAKVPPATRSDTVATMMREKGMFYRRELDRF 370

rat SHANK2E SLDSEDVYSRSPAPQAAFRTKRGQOMPENPYSEVGKIASKAVYVPAKPARRKGMLVKQSNVEDSPEKTCSIPIPTIIVKEP 1030
rat SHANK2A SLDSEDVYSRSPAPQAAFRTKRGQOMPENPYSEVGKIASKAVYVPAKPARRKGMLVKQSNVEDSPEKTCSIPIPTIIVKEP 661
rat SHANK2B SLDSEDVYSRSPAPQAAFRTKRGQMPENPYSEVGKIASKAVYVPAKPARRKGMLVKQSNVEDSPEKTCSIPIPTIIVKEP 450

rat SHANK2E STSSSGKSSQGSSMEIDPQATEPGQLRPDDSLTVSSPFAAATAGAVRDREKRLEARRNSPAFLSTDLGDEDVGLGPPAPR 1110
rat SHANK2A STSSSGKSSQGSSMEIDPQATEPGQLRPDDSLTVSSPFAAATAGAVRDREKRLEARRNSPAFLSTDLGDEDVGLGPPAPR 741
rat SHANK2B STSSSGKSSQGSSMEIDPQATEPGQLRPDDSLTVSSPFAAATAGAVRDREKRLEARRNSPAFLSTDLGDEDVGLGPPAPR 530

rat SHANK2E MQPSKFPEEGGFGDEDETEQPLLPTPGAAPRELENHFLGGGEAGAQGEAGGPLSSTSKAKGPESGPAAALKSSSPASPEN 1190
rat SHANK2A MQPSKFPEEGGFGDEDETEQPLLPTPGAAPRELENHFLGGGEAGAQGEAGGPLSSTSKAKGPESGPAAALKSSSPASPEN 821
rat SHANK2B MQPSKFPEEGGFGDEDETEQPLLPTPGAAPRELENHFLGGGEAGAQGEAGGPLSSTSKAKGPESGPAAALKSSSPASPEN 610

rat SHANK2E YVHPLTGRLLDPSSPLALALSARDRAMQESQQGHKGEAPKADLNKPLYIDTKMRPSVESGFPPVTRONTRGPLRRQETEN 1270
rat SHANK2A YVHPLTGRLLDPSSPLALALSARDRAMQESQQGHKGEAPKADLNKPLYIDTKMRPSVESGFPPVTRQNTRGPLRRQETEN 901
rat SHANK2B YVHPLTGRLLDPSSPLALALSARDRAMQESQQGHKGEAPKADLNKPLYIDTKMRPSVESGFPPVTRQNTRGPLRRQETEN 690

rat SHANK2E KYETDLSKDRRADDKKNMLINIVDTAQQKSAGLLMVHTVDIPVAGPPLEEEEDREDGDTKPDHSPSTVPEGVPKTEGALQ 1350
rat SHANK2A  KYETDLSKDRRADDKKNMLINIVDTAQQKSAGLLMVHTVDIPVAGPPLEEEEDREDGDTKPDHSPSTVPEGVPKTEGALQ 981
rat SHANK2B KYETDLSKDRRADDKKNMLINIVDTAQQKSAGLLMVHTVDIPVAGPPLEEEEDREDGDTKPDHSPSTVPEGVPKTEGALQ 770

rat SHANK2E ISAAPEPAAAPGRTIVAAGSVEEAVILPFRIPPPPLASVDLDEDFLFTEPLPPPLEFANSFDIPDDRAASVPALADLVKQ 1430
rat SHANK2A ISAAPEPAAAPGRTIVAAGSVEEAVILPFRIPPPPLASVDLDEDFLFTEPLPPPLEFANSFDIPDDRAASVPALADLVKQ 1061
rat SHANK2B ISAAPEPAAAPGRTIVAAGSVEEAVILPFRIPPPPLASVDLDEDFLFTEPLPPPLEFANSFDIPDDRAASVPALADLVKQ 850

rat SHANK2E KKSDTPQPPSLNSSQPANSTDSKKPAGISNCLPSSFLPPPESFDAVTDSGIEEVDSRSSSDHHLETTSTISTVSSISTLS 1510
rat SHANK2A KKSDTPQPPSLNSSQPANSTDSKKPAGISNCLPSSFLPPPESFDAVTDSGIEEVDSRSSSDHHLETTSTISTVSSISTLS 1141
rat SHANK2B KKSDTPQPPSLNSSQPANSTDSKKPAGISNCLPSSFLPPPESFDAVTDSGIEEVDSRSSSDHHLETTSTISTVSSISTLS 930

rat SHANK2E SEGGESMDTCTVYADGQAFVVDKPPVPPKPKMKPIVHKSNALYQDTLPEEDTDGFVIPPPAPPPPPGSAQAGVAKVIQPR 1590
rat SHANK2A SEGGESMDTCTVYADGQAFVVDKPPVPPKPKMKPIVHKSNALYQDTLPEEDTDGFVIPPPAPPPPPGSAQAGVAKVIQPR 1221
rat SHANK2B SEGGESMDTCTVYADGQAFVVDKPPVPPKPKMKPIVHKSNALYQDTLPEEDTDGFVIPPPAPPPPPGSAQAGVAKVIQPR 1010

rat SHANK2E ~ TSKLWGDVTEVKSPILSGPKANVISELNSILQQMNRGKSVKPGEGLELPVGAKSANLAPRSPEVMSTVSGTRSTTVTFTV 1670
rat SHANK2A ~ TSKLWGDVTEVKSPILSGPKANVISELNSILQQMNRGKSVKPGEGLELPVGAKSANLAPRSPEVMSTVSGTRSTTVTFTV 1301
rat SHANK2B ~ TSKLWGDVTEVKSPILSGPKANVISELNSILQOMNRGKSVKPGEGLELPVGAKSANLAPRSPEVMSTVSGTRSTTVTFTV 1090

rat SHANK2E RPGTSQPITLQSRPPDYESRTSGPRRAPSPVVSPTELSKEILPTPPSAAAASPSPTLSDVFSLPSQSPAGDLFGLNPAGR 1750
rat SHANK2A RPGTSQPITLQSRPPDYESRTSGPRRAPSPVVSPTELSKEILPTPPSAAAASPSPTLSDVFSLPSQSPAGDLFGLNPAGR 1381
rat SHANK2B RPGTSQPITLQSRPPDYESRTSGPRRAPSPVVSPTELSKEILPTPPSAAAASPSPTLSDVFSLPSQSPAGDLFGLNPAGR 1170
rat SHANK2E SRSPSPSILQQPISNKPFTTKPVHLWTKPDVADWLESLNLGEHKETFMDNEIDGSHLPNLQKEDLIDLGVTRVGHRMNIE 1830

rat SHANK2A SRSPSPSILQQPISNKPFTTKPVHLWTKPDVADWLESLNLGEHKETFMDNEIDGSHLPNLQKEDLIDLGVTRVGHRMNIE 1461
rat SHANK2B SRSPSPSILQQPISNKPFTTKPVHLWTKPDVADWLESLNLGEHKETFMDNEIDGSHLPNLOKEDLIDLGVTRVGHRMNIE 1250

rat SHANK2E RALKQLLDR 1839
rat SHANK2A RALKQLLDR 1470
rat SHANK2B RALKQLLDR 1259

FIGURE 2 | SHANK2 isoforms in the rat evaluated by direct cDNA cloning. (Top) Schematic view of different conserved protein domains in SHANK2 isoforms.
(Bottom) Amino acid residue sequence alignment of the SHANK2E (AY298755; Han et al., 2006), SHANK2A (AJ249562; Boeckers et al., 1999a) and SHANK2B
(AF0B0116 or AJ131899; Du et al., 1998; Boeckers et al., 1999b) isoforms. (Bottom) Amino acid residue sequence alignment of the SHANK2E (AY298755; Han

et al., 2006), SHANK2A (AJ249562; Boeckers et al., 1999a) and SHANK2B (AF060116 or AJ131899; Du et al., 1998; Boeckers et al., 1999b) isoforms. The
SHANK? protein domains are color-coded. The positions of the introns in the coding regions are indicated by vertical black lines. Exons are numbered starting with
exon 2 as the first translated exon. N-terminal amino acid residues of isoform A and B are given in red. The sequences inside the brown rectangles are absent in
some other Shank2 transcripts. The N-terminal sequence of isoform A is encoded by the three terminal end of intron 10. The N-terminal sequence of isoform B is
encoded in intron 14. Isoform C which is found in humans cannot be detected in mouse or rat mRNAs.
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seems to be SAM domain/Zn?"-dependent (Schmeisser and
Verpelli, 2016). During neuronal development, the subcellular
distribution of SHANK?2 proteins changes and immunoelectron
microscopy studies revealed that SHANK2 accumulation
shifts in the developing, cortical nuerons. At postnatal day
P5, SHANK is accumulated in the lamellipodium, then shifts
into the cytoplasm of the cell bodies and in the growing
neurites at P8, and finally to the PSD at P10, which supports
the idea that it may play a role in multiple cell biological
frameworks of neurons (Boeckers et al., 1999a). Interestingly,
on the electrophysiological level, SHANK1 and SHANK2,
but not SHANK3 virus-mediated knockdown reduced the
number of spines and the AMPAR responses at CA3-to-
CAl synapses in acute hippocampal slice cultures (Shi
et al, 2017). Due to this functional divergence of SHANK
proteins, it is not surprising that in ASD patients, SHANK2
and SHANK3 mutations are over-represented (Leblond et al.,
2014).

MODELING SHANK2 MUTATIONS IN MICE

The multiple genetic, epigenetic and environmental factors
affecting the phenotypic expression of ASD and SCZ disorders
are a major issue when we try to understand the molecular,
anatomical, physiological and behavioral phenotypes of
SHANK?2 variants. Analyzing genetically comparable inbred
mice should at least minimize the environmental and epigenetic
components when mice are raised and housed under comparable
conditions. Observations of male and female single-housed or
cohort-housed mice with identical or mixed genotypes, and
either with conditional gene deletions or gene overexpression,
offer multiple options to investigate different aspects of the
neurodevelopmental and neuropsychiatric disorders in an
animal model. Already in 2007, Crawley and Tordjman
proposed several behavioral tasks that are suitable for the
analysis of autistic behavior in mice (Crawley, 2007; Tordjman
et al., 2007).

Distinct Phenotypes of the Different

Shank2 Knockout Mice

The proposal of Crawley and Tordjman likely promoted
the generation of several gene-targeted mutations in mice
modeling human SHANKI, 2 and 3 mutations-associated
ASD (Figure 1). In 2012, the first two Shank2 KO mouse
models (Shank27/~) were generated. Both mouse models
resembled two PDZ domain-microdeletions found in two human
patients (Berkel et al., 2010). Mice of both lines showed
comparable cognitive and social impairments. In Shank22¢1¢
mice (named Shank22¢7), exon 16 was deleted (Schmeisser
et al., 2012). In Shank22¢15-16 mice (named Shank22¢*6=7),
the exons 15-16 encoding gene segment was replaced by a
loxP site flanked inverse-oriented neomycin resistance (neo)
selection marker (Won et al, 2012). Although no residual
SHANK?2 expression was detected in homozygous Shank24¢*16
or Shank22¢1516 mice as determined by immunoblots and
immunohistology, and although the genetic background of
the two mouse lines was similar (C57Bl/6N and C57Bl/6]),
significant differences on the molecular, electrophysiological,
synaptic composition and anatomical levels of Shank24¢1¢ or
Shank22¢¥15-16 were evident (Table 3, Supplementary Table
S2). The impairment of synaptic plasticity at hippocampal
CA1l synapses showed opposite results in the two mouse
lines and the NMDAR response was increased in Shank22¢1
but decreased in Shank22¢1°-16 mice. In addition, the spine
number and spine density were reduced in CAl pyramidal
cells of Shank2216, whereas Shank2%*1>~1 mice showed
normal spine numbers and density (Table 3, Supplementary
Table S2).

ss

In 2017, Lim et al. (2017) substantiated the distinct
phenotypes of Shank22¢1® and Shank22°'>~16 mice by
a direct comparison of the two mouse lines in a mixed
C57Bl/6N x C57Bl/6] background. The differences in gene
expression (Supplementary Table S2) and synaptic properties
such as the AMPA/NMDA ratio and long-term potentiation

TABLE 3 | Distinct endophenotypes in genetically very similar gene-manipulated, conventional Shank2 knockout mice.

Shank24ex15-16 Shank24ex16 Shank22ex24
Normal Reduced Normal
Body weight
Spines morphology Spines density, number or length Spines density and number PSDs
(hippocampus)
Synaptic transmission Basal synaptic transmission and Synaptic  transmission, MEPSC n.a.
mMEPSC NMDA/AMPA ratio amplitude and mEPSC frequency
NMDA/AMPA ratio NMDA/AMPA ratio NMDA/AMPA ratio
Synaptic plasticity (CA1) LTP LTP
LTD LTD
Hyperactivity Yes Yes
Anxiety Yes Yes

Repetitive behavior
Spatial learning

Social interact
1.838,417 treatment

Jumping and upright scrabbling
Spatial learning and memory in the
Morris water maze

Social interaction

Spatial memory deficit

Stereotypic behavior (self-grooming)
Spatial memory in the Morris water
maze

Social interaction

Spatial memory deficit

Self-grooming
Spatial learning in the Morris water maze

Social interaction

References Won et al. (2012) Schmeisser et al. (2012) Pappas et al. (2017)
Lim et al. (2017) Lim et al. (2017)
n.a., not available; Green = no alteration; blue = decrease; red = increase.
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(LTP; Neves et al., 2008) as well as differences in the inhibitory
signaling were directly correlated to the Shank2 Aexl6 and
Aex15-16 gene-targeted mutations. The Shank224¢¥15-16
mice exhibited a decreased GABA,R-mediated inhibition,
most likely caused by the reduced expression of the GABAR
gene, Gabra2. Interestingly, a similar discrepancy between
the phenotypic expression of Shank2 Aexl6 and AexI5-16
gene deletions was found when the two gene deletions were
restricted to cerebellar PCs (Ha et al., 2016; Peter et al,
2016; Supplementary Table S2). These mouse lines were
generated by combining the floxed Shank2 ex16 or the floxed
Shank2 ex15-16 gene, with transgenic Cre-expressing mouse
lines that used the PC specific Pcp2 promoter, also called
L7 promoter, for PC specific inactivation of the Shank2
gene (Figure 1). Shank28ex15=16-Pp2—=Cre 5 showed
impaired motor coordination and learning in the Erasmus
ladder test, but normal motor performance in the rotarod
test. However, they exhibited neither repetitive behavior
nor social interaction deficits, but only a mild anxiety-like
behavior. contrast, Shank22¢<16-L7-Cre. mice  showed
normal motor performance in the Erasmus ladder with no
anxiety-like behavior, but deficits in social interaction as
well as social novelty recognition. Thus, similar inactivation
of the Shank2 gene in cerebellar PCs produced distinct
phenotypes at the molecular and up to the behavioral level.
Similarly in two recent mouse models restricting the Aex15-16
deletion in two specific cell types; one in excitatory neurons
(Shank28ex15-16-CaMR2a=Crey - and the other in GABAergic
inhibitory neurons (Shank24ex15-16-Viaal=Cre " Kim et al,
2018), ShanszexlS—lG—CaMKZa—Cr and ShanszexlS—lﬁ—Viuat—Cre
mice showed differences on the electrophysiological level by
reduced mEPSC frequency in hippocampal CA1l neurons in
ShankZAexlfxf16—CuMK2a7Cre but not in ShankZAexl_‘:flG—Viauthre

In

anxiety-like but normal repetitive behaviors in comparison to
Shank2Aex15-16-Viaat=Cre mjce, which showed no anxiety-like
but increased repetitive behaviors (Supplementary Table S2).
Thus, in Shank2 KO mice, a residual expression of truncated
proteins or mRNAs, which differs between the Shank2 mouse
lines (Figure 3), might disturb the structure or the flexibility of
the SHANK scaffold at different levels and thus the flexibility of
the postsynaptic protein organization. This impaired synaptic
function might vary in different neurons or even be different
in various synapses of the same neuron. These finding in cell
type specific Shank2 KO mice underlines observations that very
similar SHANK2 mutations can lead to a different phenotype, as
noticed by the wide behavioral spectrum of ASD described for
patients with mutations in the SHANK2 genes (Supplementary
Table S1).

In 2017, a third conventional Shank2 KO mouse was
generated by the out-of-frame deletion of Shank2 exon 24,
which deleted the PRR region (Pappas et al, 2017). These
Shank2¢?* KO mice exhibited a pronounced behavioral
difference compared to the published ASD-like behavior of
Shank22¢¥16 and Shank2%¢15-16 (Table 3, Supplementary Table
S2). Shank2”¢?* mice showed a bipolar-associated mania-like
behavior. Shank22¢*?* mice were hyperactive in the home
cage and open field test, showed a decrease in repetitive
behaviors such as self-grooming, had no social preference in
the social affiliation test nor did they show a SCZ-like behavior.
Instead, Shank22%?* mice showed anhedonia-like behavior and
disturbed circadian rhythms. Some of these unique behavioral
impairments persisted even in conditional Shank22%?* mice
(Supplementary Table S2; Pappas et al., 2017). When exon 24 of
Shank2 was removed in cerebellar PCs, Shank2/ex24~Pep2—Cre
mice showed an impaired motor performance in the rotarod
(Pappas et al,, 2017). The Cre-mediated removal of exon 24 in

mice. Shank2A/ex15-16-CaMK2a—Cre  mjce  showed increased  the neocortex in Shank28ex24—Emxl—Cre yias correlated with
Pr1 Pr2 Pr3
SHANK2E SHANK2A > SHANK2B Stop
Shank2 5z
1 2 345 67 89 10 11 1213 14 1516 1718 21 2223 24 25
Ferm ANK SH3 RDZ Pro-rich SAM

Aex15-16 (neo)

Shank2
T_osn__}
Pr1
Aex15-16 Rr2 Rr2
Shank2 G—D—D—H—H—I—H—%—l—l—ﬂ{/— ——
Pr1
Aex16 Pr2 Pr2
Shank2 i]l:ll]l]l] "|||IE||_|]_[|>___
Pr1
Shank2"%%*

FIGURE 3 | Putative pre-mRNA transcripts in homozygous Shank2 KO mice. Schematic view of the Shank2 gene and the putative pre-mRNA that can be expressed
by the four different gene-targeted alleles of the Shank2 mouse models with very distinct phenotypes. Symbols are as in Figure 2.
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mania-like behavior, hyperactivity, impaired spatial memory
and a surprisingly significant social preference in female mice
(Pappas et al., 2017). The developmental contribution of the
Shank24¢*2* was unraveled by the conditional deletion of exon
24 in forebrain postnatally, using the developmentally-controlled
promoter for the alpha subunit of Ca?*-calmodulin dependent
protein kinase II (CaMKII) for Cre expression. Thus, when exon
24 was deleted efficiently in 3 weeks old Shank2/¢x24~CaMKI2a—Cre
mice, they didn’t show any hyperactivity, which was used as
signature for the mania-like behavior of the global Shank2%¢
mice (Pappas et al., 2017).

How Can the Distinct Phenotypes of the
Different Shank2 Knockout Mice Be
Explained?
The heterogeneity in the phenotypic expression of all three
conventional and conditional ~ Shank2-“deficient”
mouse models indicated that there is no clearly defined
SHANK?2 deficiency-mediated phenotype. Similar to human
patients, each Shank2 KO mouse line showed a distinct
neuropsychiatric-like phenotype, which was dependent on
the specific type of Shank2 mutation. In contrast to humans,
where genetic and environmental factors cannot be excluded
as cofactors for the penetrance of abnormal social behavior,
the common social experience of experimental mouse cohorts
can largely exclude environmental factors. Therefore, it is more
likely that similar genetic modulations still express different
truncated SHANK2 proteins at different levels (Figure 3), which
might disturb the balanced co-expression of both SHANK1 and
SHANKS3 isoforms and exert more different dominant-negative
effects on other protein interacting partners, that can be
recognized by different behavioral outcomes. Experimental
evidence for disturbed or unbalanced expression of SHANK
proteins was provided by the virus-mediated overexpression in
mice of the truncated SHANK2A (R462X) variant (Berkel et al.,
2012), initially identified in one ASD patient (Berkel et al., 2010;
Supplementary Table S2). Neurons in hippocampal cultures
showed impaired spine development, characterized by their
filopodia-like structure. In CA1 cells from acute hippocampal
slices, reduced mEPSC amplitudes could be recorded which were
correlated to impaired cognitive function, demonstrating that
the truncated SHANK2 proteins can disturb the physiological
function of the coordinated SHANK expression in the CNS.
Thus, as already described for similar Shank3 KO mouse
models, the Shank2 KO lines are characterized by functionally
distinct molecular, electrophysiological and neurophysiological
phenotypes. In particular, the opposing effect of the disturbed
excitatory and inhibitory responses of CA1l pyramidal cells
in Shank2”¢15-16 and Shank2®%'° was unexpected and still
is not well understood. Already small differences in the
genetic background could be responsible for this drastic
difference. Moreover, it might be interesting to find out
whether female and male mice or littermates with the very
same Shank2 KO mutation show different neuropsychiatric-like
behavior, as described in human patients for four and seven
siblings, who inherited the SHANK2 mutation from their

seven

healthy mothers (Table 2). The careful comparative analysis
of individual Shank2 KO littermates of the same KO mouse
line might identify epigenetic and environmental ASD or
SCZ-facilitating factors; although this is a major and long-lasting
endeavor.

INSIGHT INTO ASD PATHOGENESIS AND
TREATMENT FROM SHANK2 KNOCKOUT
MOUSE MODELS

The finding of distinct phenotypes of genetically very
similar Shank2 KO mice finds further strong support by
the pharmacological treatment strategies of the different Shank2
KO mice. In the Shank22¢15~1¢ mice, the hippocampal NMDAR
function in brain slices was decreased (Won et al., 2012). The
treatment of Shank22¢15716 with D-cycloserine, a partial
agonist at the glycine-binding site of NMDARs, increased
the NMDAR responses and rescued the social impairments
of Shank22¢1°~16 mice. Similarly, the administration of a
positive allosteric modulator of mGluR5, 3-cyano-N-(1,3-
diphenyl-1H-pyrazol-5-yl benzamide (CDPPB), which enhances
the NMDAR function via mGluR5 activation, rescued the
NMDAR signaling impairments, as measured in hippocampal
CA1 cells. The CDPPB-mediated recovery of NMDAR function
in Shank24¢15-16 mice was correlated with normalized social
interaction of CDPPB treated Shank22¢15~1¢ mice. However,
hyperactivity and anxiety-like behaviors were not recovered
(Won et al.,, 2012).

A different approach to activate the NMDAR function in
Shank24¢¥15=16 mice was carried out by inducing postsynaptic
Zn>T elevation using a Zn?T chelator, clioquinol (Lee E. J.
et al, 2015). Zn?** is mainly derived from presynaptic pools
and activates NMDAR through postsynaptic activation of
the tyrosine kinase Src (Manzerra et al, 2001). Treating
Shank22¢15=16 mice with clioquinol enhanced social interaction,
but did not had any effect on social novelty recognition,
anxiety-like behavior, hyperactivity and repetitive behavior.
The functional NMDAR rescue was demonstrated by restoring
NMDAR signaling at hippocampal (SC-CA1) synapses (Lee
E. J. et al, 2015). Although the pharmacological treatment of
Shank24¢15=16 mice was carried out 30-120 min before the
behavioral tests, and even though the recovery of the NMDAR
function was shown at hippocampal synapses, other brain
regions, e.g., the oxytocin neurons in the hypothalamus, might
also be involved in producing social incompetence and could be
good candidate targets for pharmacological therapy.

In addition to the stimulation of the glutamatergic
system, the enhancement of the inhibitory synaptic activity
can reverse genetically-based ASD-associated deficits. In
Shank22¢15=16 mice, Gabra2 expression on RNA level as well
as GABA, receptor-mediated inhibitory neurotransmission
in CAl hippocampal slices were reduced in Shank24¢¥15-16,
but not in Shank22°*'® mice. Treatment with an allosteric
modulator of GABA, receptor, 1L838,417, reversed the spatial
memory deficits of the Shank22¢15~1¢ mice, but not those
of Shank22¢¥16 mice (Lim et al., 2017). However, 838,417
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had no significant effects on anxiety-like behavior or social
impairment in Shank22¢15~1¢ mice. Whether or not long
or short-term treatment in young and adult mice will have
a persistent rescue effect remains to be investigated. The
pharmacological rescues showed that the identification of the
underlying electrophysiological mechanism for the type of
ASD is mandatory for a successful treatment. Since a detailed
electrophysiological differential diagnosis of ASD patients is not
feasible, the Shank mutant mice are the best accessible tools to
dissect different ASD endophenotypes of SHANK mutations at
the molecular, anatomical, electrophysiological and behavioral
levels.

BEHAVIORAL TEST BATTERY FOR
SHANK2 MOUSE MODELS

The widely varying phenotypes of Shank2 mouse models for ASD
and other neuropsychiatric disorders can be grouped into several
categories: molecular, anatomical, hormonal, immunological,
neurophysiological and behavioral. The detailed description
within all six categories is crucial for the putative therapeutic
treatment which, if successful, will likely to alleviate only some
of ASD, SCZ or cognitive phenotypes. Standardized molecular,
anatomical and neuronal activity analyses are straightforward
and comparable between different studies, at least when the
analyzed mutant and control mice are derived from the same
colony, are age-matched, of the same gender, and when the
genetic background of the mice used in different studies is
similar. A major issue is comparing behavioral phenotypes
determined in different laboratories (Schellinck et al., 2010),
which can be a reason for the difference in behavior between the
Shank2 mouse models.

For the comparable description of ASD and other
neuropsychiatric disorder phenotypes in Shank2 mouse models,
it is obligatory to exclude gross physical abnormalities (Crawley,
2007). General health, body weight and neurological reflexes
including eye blink, ear reflex and whisker twitch should be
investigated. The three-stage SHIRPA procedure (Immelmann
and Beer, 1989) can be performed to assess mice phenotypes for
obvious physical, behavioral and morphological impairments
before testing social behavior and cognition. In the best case, a
complete ethogram of the Shank2 mutant mouse line, before and
after genetic or pharmacological rescue, should be determined
to cover the expected wide spectrum of phenotypes. If only a
partial ethogram is provided, at least the full range of social and
cognitive performance tests should be presented. As suggested
(Crawley, 2007; Tordjman et al., 2007), a consistent “multi-trait”
analysis of cognitive and social behavior is necessary for the
dissection of the clinically heterogeneous ASD spectrum in the
different mouse models.

First Simple Behavioral Tests

For Shank2 mouse models, the first behavioral observations
can already be started when the mouse is still used to live
in its home cage. The burrowing or marble burying tests
are indicators for anxiety and obsessive-compulsive disorders
(Broekkamp et al., 1986; Borsini et al., 2002; Deacon, 2006;

Thomas et al., 2009; Angoa-Pérez et al., 2013). The nest building
test (Deacon, 2012) is considered a potential endophenotype
relevant to the negative symptoms of SCZ (Amann et al,
2010) and depression. The unbiased physical performance
and activity, as well as circadian rhythm of mice, can be
recorded in the home cage (LABORAS system from Metris)
and the running wheel; motor coordination in rotarod and
Erasmus ladder test (Dunham and Miya, 1957; Van Der
Giessen et al., 2008; Vandeputte et al,, 2010; Luong et al,
2011). For anxiety testing, which is considered one of the
most important co-morbidities of neuropsychiatric disorders,
the zero-maze, elevated zero-maze and elevated plus-maze
(Handley and Mithani, 1984; Pellow et al., 1985; Lister, 1987;
Shepherd et al., 1994; Heisler et al., 1998; Cook et al., 2001)
and the dark-light compartment (Crawley and Goodwin, 1980)
can be used.

The Four Most Important Diagnostic

Symptoms Need to Be Investigated

The behavioral test battery of Shank2 mouse models should
focus primarily on diagnostic symptoms of ASD: abnormal social
interactions, deficits in communication, high levels of repetitive
behaviors and cognitive dysfunction. However, to express
cognitive and social competence in a behavioral test, anxiety
and other stress factors have to be minimized. Pre-handling
of the mice for at least 1 week is obligatory before testing
the social behavior and memory (Fridgeirsdottir et al., 2014).
In addition, increased stress by different housing conditions
might affect the results (Kamakura et al., 2016). During the
handling phase, repetitive behaviors (self-grooming, jumping
and climbing) can be recorded in the LABORAS, and repetitive
digging behavior in the marble burying assay. Social ability is
usually assessed in the three-chambered box (Moy et al., 2004),
the partition test apparatus (Kudryavtseva, 2003) and reciprocal
social interaction in a novel arena (Silverman et al., 2010).
When communicating information, olfactory stimulations as
well as vocalizations in the ultrasonic ranges are used to enhance
social bonding between mice, which can be evaluated by the
olfactory habituation/dishabituation test (Wesson et al., 2008)
and by measuring ultrasonic vocalizations (USV). As a measure
of cognitive function, the spatial working reference memory
can be tested in the T-maze and spatial reference memory in
the Morris water maze, Y- or Radial-maze. The simple puzzle
box is testing the goal-oriented performance of mice, which
can give early hints of cognitive functions (Ben Abdallah et al.,
2011). Social transmission of food preference has been used as
a method for studying memory by several laboratories (Wrenn,
2004).

Additional Behavioral Assays Analogous to
Other Symptoms of Neuropsychiatric
Disorders

Patients with neuropsychiatric disorders suffer from a wide
range of symptoms which can be measured in Shank2 mice to
some extent. Depression in mice can be noticed in the forced
swim test, the tail-suspension tests (Porsolt et al., 1977; Steru
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TABLE 4 | Summary of behavioral tests that can be used in the test battery for Shank2 mouse models and other mice with potential neuropsychiatric-like phenotype.

Targeted domain Behavioral tests Targeted domain Behavioral tests
General - SHIRPA Mania - Circadian rhythm in running wheel
- Videotaped observations of home
cage sleep and activity patterns
Hyper/hypo activity - Locomotor activity in the home cage Seizure - Sensitivity to audiogenic seizures
- Locomotor activity in the open field - Sensitivity to drug-induced seizures
Anxiety - Elevated plus-maze Depression - Forced swim test

- Elevated zero-maze

- Dark-light compartment
- Open field

Marble burying
Shock-probe burying
Vogel conflict test
Hyponeophagia

Motor learning, Rotarod
balance, Running wheel
coordination and Open field
impulsivity - Horizontal bar
- Static rods
- Parallel bars
Mouse cylinder test
Elevated bridge
Swim test
Staircase test
- Hanging wire test
- Hind-paw footprint test
Balance beam test
Erasmus ladder test
Eye-blink conditioning test
Cliff avoidance test
5-Choice serial reaction time task
- Stop-signal reaction time task

Repetitive behavior, - Hole-board

resistance to change - Marble burying

in routine Reversal learning in the Morris water
maze or Y-maze

Self-grooming

Motor stereotypies (rearing and
jumping)

Social interaction, - 3-chamber social test
communication and - Direct social interaction

social dominance Social conditioned place preference
task

Operant conditioning

Partition test

- Visible Burrow System

- Juvenile play

Whisker trimming

Nest building

USV during social interaction

USV by separated pups

Retrieval of separated pups

- Olfactory habituation/dishabituation
measures

Tube test

- Tail-suspension test

- Visible Burrow System

- Learned helplessness test
Sucrose preference task
Circadian rhythm

Social interaction

Sexual behavior

Novel object recognition task
Morris water maze

Fear conditioning

- Pre-pulse inhibition

- Mazes (Barnes, Radial, Y and T)
- Hole-board

Odorant-based tasks

Operant conditioning

5-Choice serial reaction time task
Set-shifting task

- Latent inhibition test

- Social transmission of food
preference task

Eye-blink conditioning

Cognitive, attention
and memory
function

Response to sensory stimuli - Acoustic startle
- Tactile startle
Hot plate

Von Frey hairs
Attentional neglect tape test

Resident-intruder test
Isolation-induced fighting
Tube test

Aggression

et al., 1985) and by anhedonia in the sucrose preference test
(Papp etal.,, 1991; Tye et al., 2013). Deficits in sensory processing
can be considered a symptom of SCZ, which can be evaluated by
the Pre-Pulse Inhibition (PPI) of Acoustic Startle Response (ASR;
Braff and Geyer, 1990; Swerdlow et al., 1994). Other symptoms of
SCZ, such as delusions and auditory hallucinations, still cannot

be fully assessed in mice (Chadman et al., 2009). If necessary,
learning and memorizing fear can be examined as the last step
in the test battery. However, the analysis of contextual and cued
fear learning (Maren, 2001) or the passive avoidance test (Gray
and McNaughton, 2000) are usually not performed with Shank2
mouse models (for the summary of tests see Table 4).
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CONCLUSION

The different alterations in synaptic responses, synaptic
plasticity, social interaction and exploration behavior, as well
as therapeutic responses in Shank2 KO mice emphasize that
a balanced, physiologically-controlled expression of SHANKSs
is necessary for the appropriate organization of postsynaptic
proteins and receptors at excitatory synapses. In addition, the
comparison between Shank2 KO mouse lines strongly suggests
that truncated SHANK?2 isoforms or their mRNAs disrupt the
homeostasis of SHANK proteins and their function as major
scaffolding organizers in the postsynaptic matrix. Different
Shank2 mutations might yield different protein products with
potentially contrasting effects at the synapse (e.g., increasing or
decreasing its strength), thus leading to a diversity of phenotypes.
However, epigenetic factors as well as inconsistent analysis of the
various Shank2 mouse lines cannot yet be completely ruled out.

PERSPECTIVE

Understanding the detailed function of the multitude of
SHANK isoforms is one of the biggest challenges in cognitive
neuroscience. The disturbed balance of different SHANK
proteins within individual postsynapses significantly affects the
plasticity of synapses, possibly by changing the composition of
the postsynaptic scaffold, which translates to a rearrangement
of the glutamate receptors and measurable alterations in
the glutamatergic signaling. For in vivo analysis of certain
SHANK?2 isoforms in mice, certain exons or SHANK internal
promoters could be eliminated or certain SHANK isoforms
could be overexpressed by viruses or transgenes. New genetic
engineering techniques can generate relatively quickly novel
Shank2 mouse lines. However, in future studies with novel
constitutive and conditional Shank2 mouse lines, the expression
of the residual truncated isoforms should be analyzed in more
details, and the full battery of behavioral analysis covering
ASD, SCZ, mania and Attention Deficit Hyperactivity Disorder
(ADHD) has to be applied, since the existing Shank2 mouse
models showed very distinct, unpredictable phenotype despite
very similar genetic manipulations. In addition, males and
females and real littermates need to be compared in detail to
unravel epigenetic, environmental and gender effects on the
expression of the phenotypes. More importantly, the current
Shank2 mouse models provided first insights into molecular
and physiological changes underlying ASD-related symptoms.
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Fatemeh Hassani Nia and Hans-Jiirgen Kreienkamp*

Institute for Human Genetics, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

Genetic defects in SHANK genes are associated with autism. Deletions and truncating
mutations suggest haploinsufficiency for Shank3 as a major cause of disease which
may be analyzed in appropriate Shank deficient mouse models. Here we will focus on
the functional analysis of missense mutations found in SHANK genes. The relevance
of most of these mutations for Shank function, and their role in autism pathogenesis is
unclear. This is partly due to the fact that mutations spare the most well studied functional
domains of Shank3, such as the PDZ and SAM domains, or the short proline-rich motifs
which are required for interactions with postsynaptic partners Homer, Cortactin, dynamin,
IRSp53 and Abi-1. One set of mutations affects the N-terminal part, including the highly
conserved SPN domain and ankyrin repeats. Functional analysis from several groups
has indicated that these mutations (e.g., R12C; L68P; R300C, and Q321R) interfere with
the critical role of Shank3 for synapse formation. More recently the structural analysis
of the SPN-ARR module has begun to shed light on the molecular consequences of
mutations in the SPN of Shank3. The SPN was identified as a Ras association domain,
with high affinities for GTP-bound, active forms of Ras and Rap. The two autism related
mutations in this part of the protein, R12C and L68P, both abolish Ras binding. Further
work is directed at identifying the consequences of Ras binding to Shank proteins at
postsynaptic sites.

Keywords: ankyrin repeat, intramolecular interaction, dendritic spine, f-actin, fodrin, mGIuR5, ras proteins

AUTISM SPECTRUM DISORDERS (ASD)

Autism spectrum disorders (ASD) are neurodevelopmental disorders characterized by delayed
acquisition of speech, deficits in social interactions and stereotypic behaviors. In recent years
several molecular genetic studies in large cohorts of patients have shown that the pathogenesis
of ASDs involves a strong genetic component (Leblond et al., 2014). In several cases, potentially
pathogenic mutations were identified in genes coding for synaptic proteins (Kelleher et al., 2012).
These include cell adhesion proteins of the Neuroligin and Neurexin families (Jamain et al., 2003);
proteins involved in signaling (e.g., regulators of small G-protein signaling such as Epac or SynGAP
Woolfrey et al., 2009; Clement et al., 2012); and scaffold proteins of excitatory, glutamatergic
synapses, including all three members of the Shank family (Durand et al., 2007; Moessner et al.,
2007; Gauthier et al., 2009; Berkel et al., 2010). Based on these findings autism has been considered
as a synaptic disease or synaptopathy, with individual mutations suspected to affect synapse
formation and/or synaptic signal transduction and plasticity.
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Missense Mutations in Shank3

Since the introduction of exome sequencing into human
genetic diagnostics, many more sequence variants continue to be
discovered in ASD patients. The diagnostic challenge is then for
a given patient to navigate through all these variants and make
a more or less educated guess whether the variation at hand is
benign or likely to be pathogenic and causative to disease. This
is particularly true for missense mutations where it is difficult to
assess pathogenicity in the absence of further knowledge of the
functional characteristics of the encoded protein.

SHANK/PROSAP PROTEINS

Shank/ProSAP proteins (Shank1-3) are major scaffold proteins
of the postsynaptic density (PSD); via multiple interactions they
connect different types of glutamate receptor complexes with
signaling molecules and the actin cytoskeleton of the dendritic
spine. The ability of Shank3 to multimerize via its C-terminal
SAM domain has led to the suggestion that formation of Shank
clusters is a key event in PSD assembly (Baron et al., 2006). Shank
proteins appear to function entirely through the establishment
of molecular interactions with other PSD proteins; for this
they employ a number of protein interaction motifs which are
depicted in Table 1.

Loss of one copy of the region on chromosome 22 which
includes the SHANK3 gene leads to 22q13 deletion/Phelan-
McDermid syndrome, which is associated with severe intellectual
disability (Bonaglia et al., 2006). More generally, SHANK gene
dosage appears to be important as duplication of the SHANK3
gene also leads to a neurological phenotype (Han et al., 2013).
In autism and also schizophrenia cases, insertions, deletions,
nonsense and splice site mutations have been observed on one
SHANKS3 allele which lead to loss or truncation of the protein.
By introducing some of these changes into the genome of mice,
Zhou et al. (2016) observed that different mutations may affect
brain function in very different ways, depending on cell type
and developmental stage. In addition to these presumably loss
of function variants, a number of missense mutations have
been found in individual autism patients (Durand et al., 2007;
Moessner et al., 2007; Gauthier et al., 2009). Interestingly, the
relevance of most of these mutations for Shank3 function, and
their role in autism pathogenesis is unclear. This is partly due
to the genetics of the patients; thus some variations found in
SHANKS3 in autism patients are inherited from healthy parents
(e.g., R12C and R300C), ruling out a dominant effect on disease.
Whereas, all other mutations are extremely rare, R300C is
found 15 times in a database of exomes of 64.000, mostly
healthy individuals (Exac database), suggesting that it could be
a polymorphism rather than a pathogenic mutation. In contrast,
P141A and Q312R variants occur de novo in the affected children
(Moessner et al., 2007; Boccuto et al., 2013). The L68P mutant
described by Gauthier et al. (2009) was inherited, but from
an epileptic father, suggesting that it may affect neurological
functions in different ways, dependent on environmental and
other genetic factors.

A second problem lies in the fact that mutations spare the
most well studied functional domains of Shank3. Thus, so far

no mutations have been identified in patients which affect the
PDZ and SAM domains, or those short sequence motifs which
are required for interactions with postsynaptic partners Homer,
Cortactin, dynamin, IRSp53, and Abi-1. Instead, missense
mutations are found in the N-terminal region including the
ankyrin repeats (see below), and in the long proline rich segment
between PDZ and SAM domains which has been characterized
as an “intrinsically disordered region.” As a consequence, it has
been difficult to design functional assays where one could actually
show that these mutations interfere with specific functions of the
Shank3 protein. Intriguingly, mice lacking only the Ank repeat
containing forms of Shank3 (Shank3A~/~ mice) show a much
milder behavioral phenotype than mice lacking most variants of
the protein [Shank3B~/~ mice (Peca et al., 2011)]. Thus, the N-
terminal part of Shank3 is highly affected by mutations in human
patients, but its relevance in mutant mice is unclear. This leaves
us with the more general open question whether rare missense
mutations found in patients are indeed pathogenic, or simply
represent extremely rare polymorphisms.

STRUCTURE OF THE N-TERMINAL
REGION OF SHANK3

Long variants of Shank proteins contains in their N-terminal
part a set of seven Ankyrin repeats, followed by the SH3
domain (the “Sh” and “ank” in Shank). In addition, the Ank
domains are preceded by a conserved domain which was initially
overlooked when Shank domains were assigned. We termed this
the Shank/ProSAP N-terminal (SPN) domain. This about 90
amino acid domain is most similar to the so-called Fy motif in
the FERM domain of talin, which itself is a major scaffold of
focal adhesions (Goult et al., 2010). Using X-ray crystallography,
Lilja et al. (2017) solved the three dimensional structure of an
N-terminal fragment of rat Shank3, consisting of the SPN and
Ank domains. Here the SPN domain was confirmed to fold in
a ubiquitin like (ubl) fold, like the talin Fy domain. A set of
seven ankyrin repeats was observed in this structure, which was
linked to the SPN motif by a 19 amino acid long linker region.
This linker and the SPN domain fold back against the Ank
repeats, leading to an extended interface between both domains
which confirms a previously detected intramolecular interaction
between SPN and Ank (Mameza et al., 2013). The structure also
provides a molecular framework for further analysis of missense
mutations, as the positions of mutated residues can be viewed in
a 3D model (Figure 1).

MOLECULAR INTERACTIONS

Using both unbiased approaches such as yeast two hybrid
screening, as well as educated guesses based on functional
data, several interaction partners for the Ank domain have
been identified: (a) Sharpin, a cytosolic signaling protein
(Lim et al, 2001); (b) a-fodrin, a cytoskeletal protein which
provides a link to the actin cytoskeleton (Bockers et al,
2001); (c) ion channels of the HCN family (Yi et al, 2016).
Whereas, it is unclear whether Sharpin is present at postsynaptic
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TABLE 1 | Functional effects of mutations affecting the N-terminus of Shank3, the upper graphic shows the domain structure of Shank3, and lists the missense mutations

found in autistic patients which affect the N-terminal part of the protein.

R12C A198G Q321R

Lssﬁ/ /

Proline-rich

P141A S3
R300C
Alteration  References Inheritance Domain Effect on mol. Effect on dendritic spines Effect on synaptic signaling
interactions
R12C Durand et al., 2007 Mother (social phobia)  SPN Ras: reduced Density: moderate reduction Trans-synaptic: disrupted
Intramolecular: Morphology: no effect Support of MGIuR5 pathway:
none F-actin: moderate reduction disrupted
Inhibition of integrin: lost
L68P Gauthier et al., 2009 Father (epilepsy) SPN Ras: lost Density: no effect Inhibition of integrin: lost
Fodrin: up (ns)
Sharpin: up
Intramolecular: lost
P141A Boccuto et al., 2013 de novo Ank n.d. n.d. n.d.
A198G Durand et al., 2007 Mother (healthy) Ank n.d. n.d. n.d.
R300C Durand et al., 2007 Mother (healthy) Ank Fodrin: none Density: moderate reduction Trans-synaptic: disrupted
Sharpin: up Morphology: no effect
F-actin: moderate reduction
QB321R Moessner et al., 2007 de novo Ank Fodrin: none Density: moderate reduction Trans-synaptic: disrupted
Sharpin: up Morphology: shorter spines
with larger heads
F-actin: no effect
S341L Moessner et al., 2007 Father (healthy) Ank n.d. n.d. n.d.

N.d, not determined; ns, the observed effect was not statistically different from WT.

FIGURE 1 | Three dimensional structure of the N-terminus of Shank3, comprising the SPN and Ankyrin repeat (Ank) domains (based on PDB entry 5G4X; Lilja et al.,
2017). The central part shows an overview, where both the SPN domain and the set of seven Ankyrin repeats can be clearly seen as individual domains connected by
a short linker. Both the linker region and SPN domain are engaged in an extensive intramolecular contact with the Ank domain. To the right and left, enlarged and
slightly rotated pictures show in red the positions and side chains of residues which have been shown to be altered in autistic patients.

sites in neurons together with Shank, both a-fodrin and
HCN channels can be envisioned to play a role in the
assumed function of Shank proteins, namely organizing the
postsynaptic density and linking membrane proteins with the

submembranous cytoskeleton. Intriguingly, the three interactors
do not share any sequence homology or common sequence
motifs which might predict a common way of binding to the Ank
domain.
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Initially we observed that the SPN domain is locked in an
intramolecular interaction with the Ank domain, blocking access
of Ank domain ligands a-fodrin and Sharpin (Mameza et al,
2013). The ubl fold of the SPN (and Fy of talin) is similar to
that observed in Ras association domains. Indeed we observed
that the SPN binds to active (GTP bound) Ras family members
(HRas, KRas; as well as Rap1 variants) with high affinity, whereas
GDP-bound Ras proteins do not bind.

MOLECULAR EFFECTS OF MISSENSE
MUTATIONS

The effects of several missense mutations found in autism
patients on these interactions has been studied in some
detail, mostly in biochemical assays using pulldown and co-
immunoprecipitation experiments (see Table 1). Mutations in
the Ank domain appeared to have a rather moderate effect
on binding of this domain to either Sharpin or a-fodrin. In
contrast, both mutations in the SPN domain (R12C and L68P)
interfered with binding to Ras family small G-proteins. In the
case of R12C, this could be rationalized by molecular modeling
of the Shank3/Ras complex. Here, Argl2 is facing Ras and is
involved in forming an ion pair with Glu37 of Ras. Mutation to
Cysteine obviously eliminates this interaction and leads to loss
of affinity for GTP-bound forms of HRas and Rapl. The L68P
mutation interferes not only with Ras binding, but also with
the intramolecular interaction with the Ank domain. Leu68 is
located in the inner hydrophobic core of the SPN domain, and
it is likely that a proline residue at this position will lead to an
unfolding of the domain, thereby eliminating both interactions
(with Ras and with the Ank domain). As a consequence, access to
the Ank domain is no longer blocked by the SPN motif, leading to
improved binding of Sharpin, a-fodrin and exogenously applied
SPN domain (Mameza et al, 2013). These data suggest that
the L68P mutation most likely induces a permanently open
conformation of the N-terminal portion of Shank3, where the
function of the Ank domain is unregulated and interaction with
small G-proteins of Ras family eliminated (Mameza et al., 2013;
Lilja et al., 2017).

FUNCTIONAL EFFECTS OF MISSENSE
MUTATIONS IN THE FORMATION OF
DENDRITIC SPINES

Expression of missense mutant variants of Shank3 in primary
hippocampal neurons showed that the normal synaptic targeting
of Shank3 was not affected by these mutations (Arons et al., 2012;
Durand et al., 2012). Overexpression of Shank3 WT significantly
increased dendritic spine density and decreased the number of
filopodia; Shank3 constructs carrying the N-terminal mutations
showed a more moderate effect on spine formation (Arons
et al, 2012; Durand et al, 2012). Shank3 WT affects spine
maturation by forming spines with larger heads compared to
control neurons transfected with GFP. However, Shank3 carrying
the de novo mutation Q321R caused only a slight increase in
the head width but also a decrease in the length of spines.

Overexpression of Shank3 variants containing the two inherited
mutations R12C and R300C had no significant effect on spine
size; thus these mutations disrupt the role of Shank3 on spine
maturation (Durand et al., 2012).

The reduction of mEPSC frequency in Shank3 knockdown
neurons (expressing a shShank3 construct) was fully restored
to control levels by transfection with a shShank3-resistant form
of WT Shank3 and the L68P mutant, suggesting that the L68P
mutant supports normal excitatory synaptic transmission and
does in this respect not result in a loss of function (Mameza
et al,, 2013). In another study, overexpression of Shank3 WT in
hippocampal neurons significantly increased mEPSC frequency
compared to the control neurons transfected with GFP, while
missense mutations (R12C, R300C, Q321R) increased mEPSC
frequency but not as much as WT (Durand et al., 2012).

The ASD-associated mutations in the Ank domain affect F-
actin content in dendritic spines. Overexpression of Shank3 WT
increased the F-actin recruitment to the dendritic spines compare
to control GFP transfected neurons. Here, R12C and R300C
mutant constructs had an intermediate effect on the level of F-
actin in the dendritic spines and the Q321R variant had no effect.
Thus, these mutations disrupt the regulatory effect of Shank3 on
actin dynamics and remodeling in spines and at the postsynaptic
density. This effect of Shank3 is independent of the known
Shank3 interaction partner Cortactin, as WT and control neurons
did not show a significant difference in the postsynaptic levels
of this important regulator of actin in dendritic spines (Durand
et al., 2012).

FUNCTIONAL EFFECTS OF MISSENSE
MUTATIONS IN TRANSSYNAPTIC
SIGNALING

Shank3 has been reported to affect not only the postsynaptic but
also presynaptic function of excitatory synapses, by regulating
the activity of Neuroligin/Neurexin complexes. Though SAPAP
is likely to be the most specific, high affinity interactor of
Shank3 in the PSD (Zeng et al, 2016), the PDZ domain
of Shank3 may also directly interact with the cytoplasmic
tails of postsynaptic Neuroligins (Meyer et al., 2004). Using
quantitative immunofluorescent microscopy, Arons et al. (2012)
showed that ASD-associated mutations in Shank3 (R12C, R300C,
Q321R) interfere with the role of Shank3 in transsynaptic
signaling. Unlike the overexpressed Shank3 WT, these three
mutants failed to increase the level of postsynaptic Homerl
and presynaptic VGLUTI. In addition, the size of the total
recycling pool of synaptic vesicles at presynaptic sites contacting
dendritic profiles of neurons expressing these mutant variants of
Shank3 significantly decreased compared to neurons expressing
Shank3 WT. Paired whole-cell recordings showed that with all
mutations, the amplitude of both AMPAR and NMDAR EPSCs
decreased, and the synaptic failure rate increased compared to
cells overexpressing Shank3 WT (Arons et al., 2012).

In a follow-up study, Arons et al. (2016) addressed the role
of one of the mutations found in ASD patients (R12C) in the
regulation of Shank3 function by Zinc. Using FRAP (fluorescence
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recovery after photobleaching) assays they showed that increases
in the zinc level induces stabilization of Shank3 (R12C similar
to WT) and that depletion of zinc with the zinc-specific reagent
TPEN increase the fraction of the both WT and R12C mutant
in the immobile pool. These data suggest that zinc sensitive
dynamics of Shank3 (which likely depends on an intact SAM
domain; Baron et al.,, 2006) was not altered by this mutation.
Nevertheless, the inability of the R12C variant of Shank3 to
mimic the effect of Shank3 WT in enhancing presynaptic levels
of VGLUT1 after zinc treatment confirmed that it is incapable of
trans-synaptic signaling (Arons et al., 2016).

FUNCTIONAL EFFECTS OF MISSENSE
MUTATIONS IN SYNAPTIC SIGNALING

A study in 2011 showed that the R12C mutation impairs the role
of Shank3 in supporting the mGluR5 pathway. Using DHPG as
an agonist of group I mGluRs, it was observed that in neurons
transfected with a Shank3 knockdown construct (shShank3),
the mGIuRI signaling pathway leading to phosphorylation of
ERK1/2 and CREB was impaired. Overexpression of shShank3-
resistant Shank3 WT and also full-length mGIluR5 were able
to rescue DHPG-induced ERK1/2 activation, while the Shank3
R12C mutant was not able to do so (Verpelli et al., 2011).

The ability of the SPN domain to bind active, GTP-
bound Ras proteins might affect signal transduction at synapses
in different ways. Thus, Shank3 (and Shankl) could be
downstream effectors of Ras signaling, in a so far unidentified
signaling pathway. Alternatively, Shank3 could function to
sequester active G-proteins, thus limiting their availability for
other pathways. Indeed, such a scenario has been observed
as both Shankl and Shank3 were reported to negatively
regulate integrin activation. This occurs due to sequestration
of active Rapl proteins via the Shank SPN domain. Both
SPN domain mutations (L68P and R12C) that disrupt the
binding of Shank to G-proteins also impair the inhibitory
effect of Shank3 on integrin activation. Overexpression of
Shank3 constructs in the rat hippocampal neurons showed that
WT Shank3, but not the L68P mutant suppress formation of
filopodia by inhibiting integrin activity. Also, overexpression
of Shank3 WT in Shank3 KO cortical neurons plated on
laminin inhibited p1-integrin activity in neuronal growth cones,
while overexpressed L68P mutant failed to do so (Lilja et al,
2017).

FUTURE PERSPECTIVES AND OPEN
QUESTIONS

Particularly the N-terminal portion of Shank3 is affected by
missense mutations found in autism patients. Therefore, we and
others have attempted to analyze the functional relevance of
these mutations on a structural, molecular and cell biological
level. For several mutations it is now clear that they do affect
molecular interactions of the Shank3 protein; in particular, the
R12C mutation rather selectively affects the binding of small G-
proteins. In contrast, the L68P appears to destroy the folding

of the SPN domain, thereby disrupting all of its interactions
and also its regulatory effect on the Ank repeats. While the
role of Argl2 and Leu68 maybe explained by the structural
analysis of the Shank3 N-terminus, this is much less clear for
the other five mutations which alter residues in the Ank domain.
This is due to the fact that, so far, we do not know how Ank
interaction partners (Sharpin, a-fodrin, HCN1) actually bind to
the Ank repeats. There is no single motif in either interaction
partner which has been mapped with some precision, and there
is also no consensus between these three possible partners.
Further analysis, accompanied by structural analysis of a possible
Ank/ligand complex might help to elucidate the relevance of
ASD-associated variants here.

A second open question is: how do the deficits in molecular
interactions which have been identified for several variants,
actually correlate with the cellular phenotype observed in
neuronal cells? This is currently most unclear for the R12C
mutant, which alters F-actin content as well as the form
of dendritic spines, which interferes with mGluR5 signaling
and which disrupts the transsynaptic strengthening of synaptic
connections (see Table1). The SPN domain and Argl2 are
far removed in linear sequence from the PDZ domain (which
binds to Neuroligin) and from the homer binding motif which
links Shank3 to the Homer/mGIuR5 complex. The same holds
true for Arg300 and GIn321 in the Ank motif; nevertheless,
mutations in both residues also interfere with spine formation
induced by Shank3, and with transsynaptic signaling. These
observations suggest that a possible link between the Shank3
N-terminus and the actin-based cytoskeleton needs to be
studied further. This link could be provided by the actin-
associated a-fodrin (which binds to the Ank repeats). However,
binding to a-fodrin is only slightly affected by the missense
mutations discussed here. An alternative view, which has
been suggested by Arons et al. (2016) is a possible switch
of Shank3 between open and closed conformations. In this
way, the N-terminal (SPN and Ank) domains would interact
with the C-terminal, proline rich motifs which harbor binding
sites for actin regulators (cortactin; Abi-1; IRSp53) and the
homer/mGIuR5 complex. Through this (so far undefined)
interaction, it might be explained how the N-terminus of Shank3
leads to dysregulation of the well-studied C-terminal interactions
of this protein. Again, both biochemical and structural analyses
will be extremely helpful to elucidate these conformational
changes.
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Variants of the SH3 and multiple ankyrin repeat domain 3 (SHANK3) gene,
encoding excitatory postsynaptic core scaffolding proteins, are causally associated
with numerous neurodevelopmental and neuropsychiatric disorders, including autism
spectrum disorder (ASD), bipolar disorder, intellectual disability, and schizophrenia
(SC2). Although detailed synaptic changes of various Shank3 mutant mice have
been well characterized, broader downstream molecular changes, including direct
and indirect changes, remain largely unknown. To address this issue, we performed
a transcriptome analysis of the medial prefrontal cortex (mPFC) of adult Shank3-
overexpressing transgenic (TG) mice, using an RNA-sequencing approach. We also
re-analyzed previously reported RNA-sequencing results of the striatum of adult
Shank3 TG mice and of the prefrontal cortex of juvenile Shank3t/2C mice with
a 50-70% reduction of Shank3 proteins. We found that several myelin-related
genes were significantly downregulated specifically in the mPFC, but not in the
striatum or hippocampus, of adult Shank3 TG mice by comparing the differentially
expressed genes (DEGs) of the analyses side by side. Moreover, we also found
nine common DEGs between the mPFC and striatum of Shank3 TG mice,
among which we further characterized ASD- and SCZ-associated G protein-coupled
receptor 85 (Gpr85), encoding an orphan Gpr interacting with PSD-95. Unlike
the mPFC-specific decrease of myelin-related genes, we found that the mRNA
levels of Gpr85 increased in multiple brain regions of adult Shank3 TG mice,
whereas the mRNA levels of its family members, Gpr27 and Gpr173, decreased
in the cortex and striatum. Intriguingly, in cultured neurons, the MRNA levels of
Gpr27, Gpr85, and Gpr173 were modulated by the neuronal activity. Furthermore,
exogenously expressed GPR85 was co-localized with PSD-95 and Shank3 in
cultured neurons and negatively regulated the number of excitatory synapses,
suggesting its potential role in homeostatic regulation of excitatory synapses in
Shank3 TG neurons. Finally, we performed a gene set enrichment analysis of the
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RNA-sequencing results, which suggested that Shank3 could affect the directional
expression pattern of numerous ribosome-related genes in a dosage-dependent
manner. To sum up, these results reveal previously unidentified brain region-specific
and broad molecular changes in Shank3-overexpressing mice, further elucidating the
complexity of the molecular pathophysiology of SHANK3-associated brain disorders.

Keywords: Shank3, mPFC, striatum, transcriptome, myelin, GPR85, ribosome

INTRODUCTION

SH3 and multiple ankyrin repeat domain 3 (SHANKS3), also
known as proline-rich synapse-associated protein 2 (ProSAP2),
is a gene that encodes excitatory synaptic core scaffolding
proteins that organize the macromolecular protein complex of
the postsynaptic density (PSD) (Naisbitt et al., 1999; Sheng
and Kim, 2000). Clinically, deletions of the chromosomal
region containing SHANK3 cause Phelan-McDermid syndrome
(Wilson et al, 2003; Costales and Kolevzon, 2015; Harony-
Nicolas et al., 2015), and a variety of point mutations and
small deletions of SHANK3 have been causally associated with
numerous neurodevelopmental and neuropsychiatric disorders,
including autism spectrum disorder (ASD), intellectual disability,
and schizophrenia (SCZ) (Grabrucker et al, 2011; Duffney
et al, 2015), which have been modeled by several lines of
knock-out and knock-in mouse models (Jiang and Ehlers, 2013;
Yoo et al., 2014; Schmeisser, 2015; Monteiro and Feng, 2017).
Moreover, duplications of SHANK3 have also been found in
patients with Asperger’s syndrome, attention-deficit hyperactivity
disorder (ADHD) (Moessner et al., 2007), bipolar disorder (Han
et al., 2013), and SCZ (Failla et al., 2007), and the transgenic
mice that mildly overexpress Shank3 proteins (~50%) display
manic-like hyperkinetic behaviors and spontaneous seizures
(Han et al, 2013; Choi and Han, 2015; Lee et al., 2018).
These results indicate that proper expression and function
of Shank3 are critical for normal synaptic development and
function. Indeed, Shank3-dependent molecular, structural, and
functional changes of excitatory synapses have been deeply
characterized from in vitro and in vivo studies to elucidate
some of the key underlying pathophysiological mechanisms
(Han et al,, 2013; Wang et al., 2016) and to provide potential
therapeutic approaches for SHANK3-associated brain disorders,
mainly ASDs (Bozdagi et al., 2013; Shcheglovitov et al., 2013;
Duflney et al., 2015; Bidinosti et al., 2016; Vicidomini et al., 2016;
Wang et al., 2016).

In contrast, it still remains largely unknown how different
variants of a single gene, SHANK3, can lead to diverse phenotypic
outcomes or clinical symptoms. Possible explanations could
be that SHANK3 expresses numerous Shank3 protein isoforms
due to alternative splicing and multiple internal promoters,
and that different brain regions express different combinations
and levels of these Shank3 isoforms (Wang et al, 2014).
Furthermore, we recently demonstrated that Shank3 protein
interactomes of different brain regions consist of both brain
region-specific (major portion) and common interactors (minor
portion), which, together with the isoform diversity, suggest
that alterations of Shank3 expression or function could have

some distinct effects in different brain regions (Lee et al,
2017b). Supporting this hypothesis, it was reported that the
functional changes of different brain regions could vary even
in a single Shank3 mutant mouse line (Peca et al, 2011; Lee
et al., 2015; Zhou et al., 2016). Nevertheless, these results
are so far limited to the characterizations of synaptic changes
in Shank3 knock-out mice. Broader downstream molecular
changes, including direct and indirect changes, of Shank3 that
might be possible even in non-neuronal cell types remain scarcely
investigated.

To address this issue, in this study, we performed a
transcriptome analysis of the medial prefrontal cortex (mPFC)
of Shank3-overexpressing transgenic (TG) mice (Han et al,
2013) and compared the result with previously reported
transcriptome analyses of the striatum of Shank3 TG mice
(Lee et al.,, 2017d) and the prefrontal cortex (PFC) of Shank3
heterozygous (Shank3*/2C, heterozygous mice for C-terminal
exon 21 deletion of Shank3) mice (Duffney et al.,, 2015; Qin
et al., 2018). We focused on the mPFC and striatum for
several reasons. The mPFC has well-established roles in top-
down regulatory control over various subcortical nuclei involved
in regulating emotional, social, and cognitive behaviors (Russo
and Nestler, 2013; Riga et al,, 2014), which are impaired in
brain disorders associated with SHANK3 mutations. The striatum
is a key component of the brain motor and reward systems
(Balleine et al., 2007; Russo and Nestler, 2013), abnormalities
of which may contribute to behavioral symptoms observed in
ASD, bipolar disorder, or SCZ. Furthermore, Shank3 is highly
expressed in the mPFC and striatum (Monteiro and Feng,
2017), and indeed, molecular, cellular, and electrophysiological
defects in the mPFC and striatal neurons are observed in
numerous rodent models having Shank3 mutations (Peca et al.,
2011; Lee et al.,, 2015; Harony-Nicolas et al., 2017; Bey et al,,
2018).

From integrative analyses and experimental validations,
we found that the expression levels of myelin-related
genes were downregulated specifically in the mPFC, but
not in the striatum or hippocampus, of Shank3 TG mice.
Meanwhile, the expression of Gpr85, encoding an orphan
G protein-coupled receptor, was increased in multiple brain
regions of Shank3 TG mice. We then further characterized
the functional effects of this gene on excitatory synapses.
Finally, we found that Shank3 affected the directional
expression pattern of numerous ribosome-related genes in
a dosage-dependent manner. To sum up, these results provide
new insights into the complexity and heterogeneity of the
molecular pathophysiology of SHANK3-associated brain
disorders.
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MATERIALS AND METHODS

Mice

The enhanced green fluorescent protein (EGFP)-Shank3
transgenic (TG) mice used in this study have been described
previously (Han et al, 2013; Lee et al., 2017a,b,d). The male
wild-type (WT) and TG mice were bred and maintained in
a C57BL/6] background according to the Korea University
College of Medicine Research Requirements, and all the
experimental procedures were approved by the Committees on
Animal Research at the Korea University College of Medicine
(KOREA-2016-0096). The mice were fed and had access to water
ad libitum and were housed under a 12-h light-dark cycle. For
all experiments, “control WT mice” means WT littermates of the
TG mice used for experiments.

RNA Sequencing and Analysis

The mice (10- to 12-week-old male WT and Shank3 TG)
were deeply anesthetized with isoflurane and decapitated. The
mPFC was dissected from each brain using a brain matrix
(Alto, SA-2175, coronal 1 mm). Specifically, we put brains
in contact with the front side (olfactory bulb side) of the
matrix and cut off the first 2 mm of brains including the
olfactory bulb. Then, we dissected out the next 2 mm of the
remaining brain tissue. From the resulting coronal sections, we
further dissected the mPFC area as shown in Figure 1A of
Lee et al. (2017b). After dissection, the mPFC was immediately
placed in a RNAlater solution (Ambion) and stored at 4°C
overnight. The mPFC from two mice of same genotype was
pooled to make one RNA sample, and a total three pairs of
RNA samples (three WT and three Shank3 TG; thus total six
mice per each genotype) were processed for RNA sequencing.
RNA extraction, library preparation, cluster generation, and
sequencing were performed by Macrogen Inc. (Seoul, Korea).
RNA samples for sequencing were prepared using a TruSeq
Stranded mRNA LT Sample Prep Kit (Illumina) according
to the manufacturer’s instructions. An Illumina’s HiSeq 2000
was used for sequencing to generate 101-bp paired-end reads
(Supplementary Table S1). Raw data were submitted to the
GEO (Gene Expression Omnibus) repository under the accession
number GSE113368.

Transcript abundance was estimated with Salmon (v0.9.1)
(Patro et al, 2017) in quasi-mapping-based mode onto the
Mus musculus genome (GRCm38) with GC bias correction (-
gcBias). Quantified gene-level abundance data were imported
to R (v.3.6.0) with the tximport (Soneson et al., 2015) package,
and differential gene expression analysis was carried out
using R/Bioconductor DEseq2 (v1.19.11) (Love et al, 2014).
Normalized read counts were computed by dividing the raw
read counts by size factors and fitted to a negative binomial
distribution. The P-values were first corrected by applying an
empirical estimation of the null distribution using the R fdrtool
(v.1.2.15) package and then adjusted for multiple testing with the
Benjamini-Hochberg correction. Genes with an adjusted P-value
of <0.05 were considered as differentially expressed. Volcano
plots were generated using the R ggplot2 (v.2.2.1) package.

The gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses were performed using
DAVID software (version 6.8) (Huang da et al., 2009). Mouse
gene names were converted to human homologs using the Mouse
Genome Informatics (MGI) database'.

To define “myelin-related genes,” a total of 333 human
and mouse genes were extracted from five query terms
(“central nervous system myelination,” “myelination,” “structural
constituent of myelin sheath” “myelin sheath” and “myelin
sheath adaxonal region”) from AmiGO?.

Gene set enrichment analysis (GSEA)® (Subramanian et al.,
2005) was used to determine whether a priori-defined gene
sets would show statistically significant differences in expression
between Shank3 TG and WT mice. Enrichment analysis was
performed using GSEAPreranked (gsea-3.0.jar) module on gene
set collections H (Hallmark gene sets; 50 gene sets) and CP
(KEGG; 186 gene sets) downloaded from Molecular Signature
Database (MSigDB) v6.1*. GSEAPreranked was applied using
the list of all genes expressed, ranked by the fold change, and
multiplied by the inverse of the P-value with recommended
default settings (1,000 permutations and a classic scoring
scheme). The false discovery rate (FDR) was estimated to control
the false-positive finding of a given normalized enrichment
score (NES) by comparing the tails of the observed and null
distributions derived from 1,000 gene set permutations. The
gene sets with an FDR of <0.05 were considered as significantly
enriched.

RNA Purification and qRT-PCR

Real-time quantitative reverse transcription PCR (qRT-PCR) was
performed as described previously (Kim et al., 2016; Lee et al.,
2017a). In brief, total RNA was extracted from the brain regions
of WT and Shank3 TG mice or cultured rat neurons using an
miRNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. Two micrograms of total RNA were used for the
cDNA synthesis using iScriptTM cDNA Synthesis Kit (Bio-Rad).
Target mRNAs were detected and quantified by a real-time PCR
instrument (CFX96 Touch, Bio-Rad) using SYBR Green master
mix (Bio-Rad). The results were analyzed using the comparative
Ct method normalized against the housekeeping gene Gapdh.
The primer sequences for real-time PCR are as follows:

Mouse Plp1 forward 5 CCCACCCCTATCCGCTAGTT 3/,
reverse 5’ CAGGAAAAAAAGCACCATTGTG 3/

Mouse Myrf forward 5 TGGCAACTTCACCTACCACA 3/,
reverse 5 GTGGAACCTCTGCAAAAAGC 3

Mouse Mobp forward 5 AACTCCAAGCGTGAGATCGT 3/,
reverse 5 CTCGGTCACTTCTTCCTTGG 3’

Mouse Mbp forward 5 ACACACGAGAACTACCCATT
ATGG 3/,

reverse 5 AGAAATGGACTACTGGGTTTTCATCT 3
Mouse Tspan2 forward 5 TGCGGTGCATCAAGTATCTG 3/,

Thttp://www.informatics.jax.org/homology.shtml
Zhttp://amigo.geneontology.org/amigo
*http://software.broadinstitute.org/gsea
“http://software.broadinstitute.org/gsea/msigdb
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reverse 5 ATAACGGCTGATCCGGCTA 3’

Mouse Cldnll forward 5 GTGGTGGGTTTCGTCAC
GAG 3,

reverse 5 CGTCCATTTTTCGGCAGGTG 3’

Mouse Mog forward 5 CTGTTTGTTATTGTGCCTGTT
CTTG 3,

reverse 5 AGTCTTCGGTGCAGCCAGTT 3’

Mouse Mag forward 5 GGTGTTGAGGGAGGCAGTTG 3/,
reverse 5 CGTTCTCTGCTAGGCAAGCA 3

Mouse Shank3 forward 5 TGGTTGGCAAGAGATCCAT 3/,
reverse 5 TTGGCCCCATAGAACAAAAG 3/

Mouse Gpr27 forward 5 GAAGAGGCTGTGCAAGA
TGTT 3/,

reverse 5 AGCTCCCGGTTGAAGAGGA 3’

Mouse Gpr85 forward 5 ATGCAGCCGACAACATTT
TGC 3,

reverse 5 CAGGTGGAGCCATTTTTGACA 3’

Mouse Gpri73 forward 5 CTGCACAAGGCTCCTTA
CTAC 3,

reverse 5 CAGCCATAAAGGCCACAATCTTA 3’

Mouse Gapdh forward 5 GGCATTGCTCTCAATGACAA 3/,
reverse 5 CCCTGTTGCTGTAGCCGTAT 3

Rat Gpr27 forward 5 GAAGAGGCTGTGCAAGATGTT 3/,
reverse 5 AGCTCCCGGTTGAAGAGGA 3’

Rat Gpr85 forward 5 TCAGCGTCACCAGATACTTAGC 3/,
reverse 5’ CCAAACACGTCCAAAAGGTCA 3’

Rat Gpr173 forward 5 CTGCACAAGGCTCCTTACTAC 3/,
reverse 5’ CAGCCATAAAGGCCACAATCTTA 3/

Rat Gapdh forward 5 GGATACTGAGAGCAAGAGAGA 3/,
reverse 5 TTATGGGGTCTGGGATGGAA 3

cDNA Constructs

The full-length mouse Gpr85 cDNA was PCR amplified from
mouse brain cDNA library and subcloned into pRK5-Myc
plasmid (WT and AC constructs). Mutagenesis reaction was
performed using QuikChange II XL site-directed mutagenesis
kit (Agilent Technologies) according to the manufacturer’s
instructions to generate pRK5-Myc-GPR85 M152T construct
(forward 5 GGGGAATGCCGTGGCCACGGACAGAG 3
and reverse 5 CTCTGTCCGTGGCCACGGCATTCCCC 3
primers). The pRK5-HA-Shank3 construct was described
previously (Choi et al., 2015b). The construct contains a HA-tag
followed by the full-length rat Shank3 mRNA (NM_021676.1)
with entire coding region and 3'UTR.

Neuron Culture, Drug Treatment,

Transfection, and Immunocytochemistry

Cultured cortical and hippocampal neurons were prepared
from embryonic day 18 rat brains as described previously (Lee
et al., 2017¢). Dissociated neurons on poly-L-lysine-coated six-
well plates or coverslips were placed in a neurobasal medium
supplemented with B27 (Invitrogen), 0.5 mM L-glutamine, and
penicillin/streptomycin (Thermo Fisher Scientific). For the drug
treatment, cultured cortical neurons at days in vitro (DIV) 21
were treated with either picrotoxin (50 wM, Sigma-Aldrich) or
tetrodotoxin (1 M, Alomone Labs) for an indicated period

and processed for RNA extraction. For immunocytochemistry,
cultured hippocampal neurons at DIV 7 were transfected with
Myc-GPR85 (alone or together with HA-Shank3 construct)
constructs using calcium phosphate. The neurons were fixed
with 4% PFA/sucrose, permeabilized with 0.2% Triton X-100,
and incubated with HA (Santa Cruz, sc-7392), Myc (Santa
Cruz, sc-40; Abcam, AB9106), and PSD-95 (NeuroMab, 75-
028) primary and dye-conjugated secondary antibodies (Jackson
ImmunoResearch). For surface staining, the neurons were
incubated with Myc antibody before the permeabilization
process. Images were acquired by confocal microscopy (Zeiss,
LSM780) and quantified using Image] software in a blinded
manner. Specifically, dendritic segments (length of at least 50 jLm,
measured by Image]) of the primary or secondary branches of
neurons were randomly selected by an analyzer blinded to the
transfected construct, and puncta along the dendritic segments
were manually counted. The results were collected from three
independent experiments (i.e., three independent rounds of
neuron culture to image analysis; total n = 16, 16, 24 neurons for
WT, AC, and M152T constructs were measured, respectively).

Quantification and Statistical Analysis

Values from at least three independent experiments were used
for quantification and statistical analysis. This means that we
performed at least three independent technical experiments,
and we used different biological samples for each technical
experiment. P-values were calculated by two-tailed unpaired
Student’s ¢-test unless otherwise specified, using GraphPad Prism
6 software. All data are presented as the mean + SEM. *P < 0.05;
**P < 0.01; and ***P < 0.001.

RESULTS

Identification and Comparison of DEGs
From the Transcriptome Analysis of
Shank3 TG mPFC

To investigate molecular changes in the mPFC of Shank3 TG
mice, we performed a transcriptome analysis (RNA sequencing
[RNA-seq]) of mPFC tissue from adult (10- to 12-week-old)
WT and Shank3 TG mice (Supplementary Tables S1, S2). We
reasoned that this unbiased approach might highlight the major
molecular changes or signaling pathways affected by mild Shank3
overexpression in the mPFC, as was done to reveal the altered
mTORCI signaling in the striatum of Shank3 TG mice (Lee et al,,
2017d). After applying adjusted P values (<0.05, Benjamini-
Hochberg correction) to the transcriptome analysis, we identified
195 differentially expressed genes (DEGs) (82 upregulated and
113 downregulated) in the Shank3 TG mPFC compared with
the WT mPFC (Figure 1A and Supplementary Table S3).
Based on the fold change values, odorant-binding protein 2B
(Obp2b), C-type lectin domain family 1 member B (ClecIb), and
secretagogin, EF-hand calcium-binding protein (Scgn) were the
top three upregulated genes, whereas transmembrane protein
212 (Tmem212), calpain 11 (Capnll), and solute carrier family
5 member 11 (Slc5all) were the top three downregulated
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FIGURE 1 | RNA-seq and DEG analyses in the Shank3 TG mPFGC and striatum and in the Shank3t/AC PFC. (A) Volcano plot for the mPFC RNA-seq analysis of 10-
to 12-week-old Shank3 TG mice. Differentially expressed genes (DEGs), defined by FDR < 0.05, are shown as orange (FC < 2) and red (FC > 2) circles. FC, fold
change. The complete lists of the RNA-seq analysis and DEGs are provided in Supplementary Tables S$2, S3. (B) List of top 10 upregulated and downregulated
DEGs [based on the fold changes (left) and based on the P-values (right)] from the mPFC RNA-seq analysis of Shank3 TG mice. (C) Volcano plots for the striatum
RNA-seq analysis of 10- to 12-week-old Shank3 TG mice (left) and for the PFC RNA-seq analysis of 5- to 6-week-old Shank3*/AC mice (right). The complete lists of
DEGs are provided in Supplementary Tables S4, S5, respectively. (D) The Venn diagrams show the numbers of common DEGs between the mPFC and striatum
of Shank3 TG mice (nine genes, upper) and between the mPFC of Shank3 TG mice and the PFC of Shank3*/2C mice (only Shank3, lower). For the nine common
DEGs between the mPFC and striatum of Shank3 TG mice, the logs FC values for each brain region are shown.

Shank3TG Shank3+/AC
mPFC PFC

genes (Figure 1B, left). In contrast, based on the P values,
Shank3, Musashi RNA-binding protein 2 (Msi2), and lysine
methyltransferase 2A (Kmt2a) were the top three upregulated
genes, whereas myelin basic protein (Mbp), breast carcinoma-
amplified sequence 1 (Bcasl), and septin 4 (Sept4) were the top
three downregulated genes (Figure 1B, right).

Next, we tried to understand how specific the Shank3 TG
mPFC DEGs were by comparing them with DEGs from two
recently published Shank3-related RNA-seq studies. One was
from the striatum of adult (10- to 12-week-old) Shank3 TG
mice (Lee et al., 2017d), with which we aimed to identify both
brain region-specific (i.e., mPFC- or striatum-specific) and, if
any, broad (i.e., common to multiple brain regions) molecular
changes in adult Shank3 TG mice. The other was from the PFC of
juvenile (5- to 6-week-old) Shank3t/A€ mice (Qin et al., 2018),
which are heterozygous mice for C-terminal exon 21 deletion
of Shank3. The Shank3*/2C mice show a 50-70% reduction
of Shank3 proteins in the PFC and display several autism-
like behaviors, including social preference deficits and repetitive
behaviors, together with molecular and functional changes of
excitatory synapses in the PFC (Duffney et al., 2015). Despite the
age difference (adult versus juvenile) between the mice used for
the analyses, we hypothesized that we might be able to identify

Shank3 dosage-dependent molecular changes in the PFC region
by comparing the RNA-seq results of Shank3 TG mPFC and
Shank3*/ A€ PEC.

We downloaded the raw data sets of the Shank3 TG striatum
and Shank3*/2C PFC RNA-seq analyses and re-processed
them using the same protocol as for the Shank3 TG mPFC
RNA-seq analysis to compare the DEGs in greater detail.
This approach identified 75 DEGs (33 upregulated and 42
downregulated) in the Shank3 TG striatum (Figure 1C, left and
Supplementary Table $4) and 45 DEGs (19 upregulated and 26
downregulated) in the Shank3*/2C PFC (Figure 1C, right and
Supplementary Table S5), compared with corresponding WT
controls. When we compared the DEG lists of the Shank3 TG
mPFC and striatum, nine genes were common to both, including
Shank3 (Figure 1D, upper). Shank3, small integral membrane
protein 30 (Smim30), G protein-coupled receptor 85 (Gpr85),
and transthyretin (Ttr) were upregulated, whereas caveolin 2
(Cav2), kinesin family member 5A (Kif5a), and ADAMTS like
4 (Adamtsl4) were downregulated, in both brain regions of
Shank3 TG mice compared with WT mice. Intriguingly, in the
case of two genes, laminin subunit alpha 5 (Lama5) and EH
domain-binding protein 1 (Ehbpl), the directions of changes
in expression were the opposite in the mPFC and striatum of
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Shank3 TG mice. Lama5 was upregulated and downregulated in
the mPFC and striatum of Shank3 TG mice compared with WT
mice, respectively. Meanwhile, Ehbpl was downregulated and
upregulated in the Shank3 TG mPFC and striatum, respectively.
In contrast to the nine common DEGs between Shank3 TG mPFC
and striatum, there was only one common DEG, Shank3, between
the Shank3 TG mPFC and Shank3*/2C PFC (Figure 1D, lower).
Overall, these results indicate that the majority of the DEGs
of the adult Shank3 TG mPFC and striatum were specific to
each brain region, and that there was no common DEG, except
for Shank3 itself, between the adult Shank3 TG mPFC and the
juvenile Shank3/ A€ PFC.

Decrease of Myelin-Related mRNA
Levels Specifically in the mPFC of
Shank3 TG Mice

The fact that there were not many overlaps between the DEGs
of three RNA-seq analyses prompted us to investigate whether
the biological pathways represented by them could be different.
Even though the gene identities of DEGs were different, it
is still possible that they could be involved in the same or
similar biological pathways. To test this, we performed GO and
KEGG pathway analyses for the DEGs of the Shank3 TG mPFC,
striatum, and Shank3*/4€ PEC.

For the 195 DEGs of the adult Shank3 TG mPFC,
“central nervous system myelination” in the biological process
category, “structural constituent of myelin sheath” and “heparin
binding” in the molecular function category, and “extracellular
matrix,” “myelin sheath,” “proteinaceous extracellular matrix,”
and “extracellular exosome” in the cellular component category
were observed to be significant (Figure 2A and Supplementary
Table S6). For the 75 DEGs of the adult Shank3 TG striatum,
“integrin-mediated signaling pathway” and “platelet activation”
in the biological process category were significant, but there
was no significant term in the molecular function, cellular
component, or KEGG category (Figure 2B and Supplementary
Table S7). For the 45 DEGs of the juvenile Shank3*/“¢ PEC,
we did not find any significant term in the categories, possibly
because the number of genes was too small (Supplementary
Table S8). The results suggest that not only the identities of genes
but also the representative biological pathways of the DEGs of the
Shank3 TG mPFEC, striatum, and Shank3T/2¢ PFC were largely
different.

Gene ontology analysis revealed that the myelin-related genes
were enriched specifically in the DEGs of the Shank3 TG mPFC.
Indeed, when analyzing the list of Shank3 TG mPFC DEGs,
we identified 27 myelin-related genes (see methods for the
definition of myelin-related genes), most of which (25 of 27)
were downregulated in the mPFC of Shank3 TG mice compared
with WT mice (Supplementary Table S9). We validated eight of
the decreased myelin-related DEGs (Mobp, Mbp, Tspan2, Cldnl1,
Myrf, Mog, Mag, and PlpI) by qRT-PCR analyses of the Shank3
TG mPFC (Figure 2C). We also confirmed that the mRNA levels
of eight validated myelin-related genes were not altered in the
striatum and hippocampus of Shank3 TG mice compared with
WT mice (Figure 2D). These results indicate that the mRNA

levels of myelin-related genes were altered specifically in the
mPFC, but not in the striatum or the hippocampus, of adult
Shank3 TG mice. None of the 27 myelin-related DEGs of the
Shank3 TG mPFC were found in the Shank3*/2€ PEC DEGs,
suggesting the normal expression of the genes in Shank3*/A¢
mice (Supplementary Table S5). However, direct qRT-PCR
validations are necessary to confirm this.

Increase of Gpr85 mRNA Levels in the
Multiple Brain Regions of Shank3 TG

Mice

Next, we attempted to identify whether there were any commonly
altered DEGs among the multiple brain regions of Shank3 TG
mice, which might provide additional insights into the molecular
pathophysiology of Shank3 overexpression. Therefore, we re-
evaluated the nine, including Shank3, shared DEGs between the
Shank3 TG mPFC and striatum (Figure 1D, upper). Among
them, Gpr85 (also called Sreb2 for superconserved receptor
expressed in brain 2), an upregulated DEG in both mPFC and
striatum of Shank3 TG mice, was significant, because of its
known associations with SCZ and ASDs (Matsumoto et al., 2008;
Fujita-Jimbo et al., 2015).

There are three members in the Sreb gene family, Srebl
(Gpr27), Sreb2 (Gpr85), and Sreb3 (Gpr173), which have
previously been shown to be expressed in the central nervous
system (Matsumoto et al., 2000, 2005). Thus, we performed qRT-
PCR for Gpr27, Gpr85, and Gpr173 in the cortex, hippocampus,
striatum, and cerebellum of adult (10-week-old) WT and Shank3
TG mice (Figure 3A). We found that the mRNA levels of Gpr85
were significantly upregulated in the four brain regions of Shank3
TG mice compared with WT mice. Intriguingly, however, Gpr27
and Gpr173 mRNAs showed trends of downregulation in the four
brain regions of Shank3 TG mice. Specifically, Gpr27 mRNA was
significantly downregulated in the cortex, and Gpr173 mRNA
was significantly downregulated in the cortex and striatum of
Shank3 TG mice (Figure 3A). When we performed qRT-PCR
analysis of the juvenile (5-week-old) WT and Shank3 TG cortex
and hippocampus, Gpr85 mRNA was found to be significantly
upregulated in the hippocampus, but not in the cortex, of Shank3
TG mice, whereas Gpr27 and Gpr173 showed normal expression
in both brain regions, suggesting age-dependent expression
changes in Gpr27, Gpr85, and Gprl73 in Shank3 TG brains
(Figure 3B). Gpr27, Gpr85, and Gpr173 mRNA levels were
slightly higher in the adult stage compared with the juvenile stage
of the WT cortex (Figure 3C).

Next, we investigated what the potential mechanisms
underlying the altered expression of Gpr27, Gpr85, and Gprl73
in Shank3 TG brains could be. It has been previously reported
that Shank3 proteins undergo synapse-to-nucleus shuttling
in an activity-dependent manner, and that Shank3 proteins
may regulate the expression of several genes in the nucleus
(Grabrucker et al,, 2014). However, Gpr27, Gpr85, and Gprl73
were not in the list of potential “Shank3 target genes” reported
in the study. Therefore, we tested whether the neuronal activity
could regulate Gpr27, Gpr85, and Gprl73 expression. We
previously showed increased excitatory, but decreased inhibitory,
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FIGURE 2 | Decreased mRNA levels of myelin-related genes specifically in the mPFC, but not striatum and hippocampus, of Shank3 TG mice. (A) Gene ontology
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P-value < 0.05) are highlighted in red. The complete list of analyses is provided in Supplementary Table S6. (B) GO and KEGG pathway analyses of the DEGs of
the Shank3 TG striatum. The complete list of analyses is provided in Supplementary Table S7. (C) gRT-PCR validation of the eight myelin-related DEGs decreased
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analysis of the eight myelin-related DEGs of the Shank3 TG mPFC in the Shank3

synaptic function, and spontaneous seizures in Shank3 TG mice
(Han et al., 2013), which suggests increased neuronal activity. We
treated cultured cortical neurons of DIV 21 with either picrotoxin
(a blocker for inhibitory GABA 4 receptor) or tetrodotoxin (TTX,
a sodium channel blocker inhibiting action potential firing) for
three different time periods (30 min, 1 h, and 5 h) to increase and
decrease neuronal activity, respectively, and measured the mRNA
levels of Gpr27, Gpr85, and Gprl173. For the picrotoxin treatment,
we found that Gpr27 and Gpr173 mRNAs were decreased when
neurons were treated for 30 min, whereas Gpr85 mRNA was
increased when neurons were treated for 5 h (Figure 3D). For
TTX treatment, Gpr85 and Gpr173 mRNAs were decreased when
neurons were treated for 30 min, but there was no change in
the mRNA levels in the rest of conditions (Figure 3E). Taken
together, these results suggest that the mRNA levels of Gpr85
and its family members, Gpr27 and Gprl73, were altered in the
multiple brain regions of adult Shank3 TG mice, possibly due to
increased neuronal activity.

Negative Regulation of Excitatory

Synapse Number by GPR85 in Cultured
Hippocampal Neurons

GPR85 is an orphan G protein-coupled receptor (GPCR),
and its molecular functions in neurons remain largely
unknown. Nevertheless, a recent study showed that GPR85

could interact and co-localize with a core excitatory synaptic
protein, PSD-95, in neurons (Fujita-Jimbo et al., 2015).
As PSD-95 forms a protein complex with Shank3 through
another protein, guanylate kinase-associated protein/synapse-
associated protein-associated protein (GKAP/SAPAP) (Naisbitt
et al, 1999; Kim and Sheng, 2004; Sheng and Hoogenraad,
2007; Sheng and Kim, 2011), it is possible that GPR85 can
also indirectly interact with Shank3 at neuronal excitatory
synapses.

To test this, we generated an N-terminal Myc-tagged
GPR85 construct with which surface GPR85 proteins
expressed in cultured hippocampal neurons could be detected
(Figure 4A). As previously reported (Fujita-Jimbo et al., 2015),
surface GPR85 proteins were co-localized with endogenous
PSD-95 proteins in cultured neurons (Figure 4B, upper).
Moreover, when co-transfected with Shank3, the surface
GPR85 and Shank3 proteins were found to be highly co-
localized along neuronal dendrites, suggesting that they
could form protein complexes in neurons (Figure 4B,
lower).

Next, we investigated the functional effects of GPR85
overexpression, which might mimic its increased expression
in Shank3 TG neurons, on excitatory synapses by measuring
the PSD-95 puncta density. We used three different GPR85
constructs, WT, AC without last four amino acid residues
critical for PSD-95 interaction (Fujita-Jimbo et al., 2015), and
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FIGURE 3 | Altered mRNA levels of Gpr27, Gpr85, and Gpr173 in multiple brain regions of Shank3 TG mice. (A) gRT-PCR analysis of Gpr27, Gpr85, and Gpr173 in
the adult Shank3 TG cortex (CTX), hippocampus (HP), striatum (STR), and cerebellum (CB) compared with WT mice (n = 4 animals per genotype; unpaired
two-tailed Student’s t-test). Shank3 was used as a positive control. (B) gRT-PCR analysis of Gpr27, Gpr85, and Gpr173 in the juvenile Shank3 TG cortex and
hippocampus compared with WT mice (n = 4 animals per genotype; unpaired two-tailed Student’s t-test). (C) gRT-PCR analysis of the relative expression of Gpr27,
Gpr85, and Gpr173 between the cortical tissues of juvenile and adult WT mice (n = 3 animals). (D) gRT-PCR analysis of Gpr27, Gpr85, and Gpr173 in the cultured
cortical neurons of days in vitro (DIV) 21 treated with picrotoxin for the indicated periods of time (n = 5 biological replicates; unpaired two-tailed Student’s ¢-test).
Dimethyl sulfoxide (DMSQO) was a vehicle control. h, hour. (E) gRT-PCR analysis of Gpr27, Gpr85, and Gpr173 in the neurons treated with tetrodotoxin (TTX) for the
indicated periods (n = 4 biological replicates; unpaired two-tailed Student’s t-test). HoO was a vehicle control. Data are presented as mean + SEM. *P < 0.05,
**P < 0.01, and ***P < 0.001.

MI152T mutant identified in an ASD patient (Fujita-Jimbo
et al., 2015). We transfected each of the GPR85 constructs to
culture hippocampal neurons of DIV 7 and fixed the neurons
and immunostained for PSD-95 at DIV 21. We found that
the neurons transfected with GPR85 WT had significantly less
PSD-95 puncta along the dendrites compared with nearby
untransfected neurons (Figure 4C, upper). Moreover, GPR85 AC
and M152T constructs also showed decreased PSD-95 puncta
density, similar to the WT construct (Figure 4C, middle and
lower). To sum up, these results suggest that GPR85 could form a
protein complex with PSD-95 and Shank3 at neuronal excitatory

synapses where it likely exerts a negative effect on the synaptic
development and/or maintenance (Figure 4D).

GSEA of the Transcriptome Analyses of
the Shank3 TG mPFC and Striatum and
of the Shank3+/AC PFC

The above-mentioned results were based on the DEGs of RNA-
seq analyses, which focused on significantly altered, but a small
subset of, genes. We performed GSEA of the Shank3 TG mPFC
and striatum and of the Shank3*/A¢ PFC RNA-seq analyses
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to identify meaningful “molecular signatures” based on the
broader or overall expression changes in the transcriptome.
We applied two different groups of gene sets (hallmark and
KEGG gene sets) to the three RNA-seq analyses, which revealed
significantly enriched terms from each transcriptome (Figure 5
and Supplementary Tables S10-S12).

In particular, we found that several enriched terms were
common among the analyses of the Shank3 TG mPFC and
striatum and the Shank3*/2C PEC. First, for the hallmark gene
sets, “Myc target V1” was represented by the downregulated
genes of Shank3 TG mPFC and the upregulated genes of
Shank3 TG striatum (Figure 5A). Second, for the KEGG gene
sets, “ribosome” was represented by the downregulated genes

of both Shank3 TG mPFC and striatum (Figure 5B). Third,
for the hallmark gene sets, “epithelial mesenchymal transition”
was enriched by the upregulated genes of both Shank3 TG
mPFC and Shank3t/2C PFC, whereas “Myc target V1” was
represented by the downregulated genes of Shank3 TG mPFC
and the upregulated genes of Shank3™/2C PFC (Figure 5C).
Finally, for the KEGG gene sets, “ribosome” was enriched by the
downregulated genes of Shank3 TG mPFC and the upregulated
genes of Shank3*/2C PEC (Figure 5D).

Among the GSEA results, we further investigated the
ribosome-related gene expression changes, because those genes
were downregulated in the Shank3 TG mPFC and striatum
but upregulated in the Shank3t/AC PFC (Figure 6A), thus
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possibly modulated in a Shank3 dosage-dependent manner.
Moreover, it was previously reported that neuronal mTORC1
signaling, which regulates ribosome biogenesis and function
(Jastrzebski et al, 2007; Iadevaia et al, 2014), can be
altered by Shank3 overexpression or knock-down (Bidinosti
et al, 2016; Lee et al, 2017d). Therefore, we compared
the ribosome-related GSEA core enrichment genes of the
Shank3 TG mPFC and the Shank3*/2C PFC. There were
65 downregulated and 78 upregulated ribosome-related core
genes in the Shank3 TG mPFC and the Shank3*/AC PFC
RNA-seq analyses, respectively (Supplementary Table S13),
and surprisingly, 61 genes (74.4% of total) were found to
be shared between them (Figure 6B). Overall, these results
suggest that there could be some shared molecular signatures
between the different brain regions of Shank3 TG mice and
between the PFC regions of Shank3 TG and Shank3*/AC
mice, and that ribosome-related changes could be a potential
candidate.

DISCUSSION

In this study, we performed RNA-seq analysis of the mPFC
of Shank3 TG mice and compared the result, side by side,
with the previously reported RNA-seq analyses of the striatum
of Shank3 TG mice and the PEC of Shank3*/AC mice. We
found that the expression of myelin-related genes specifically
decreased in the mPFC and the expression of Gpr85 increased
in multiple brain regions of Shank3 TG mice by comparing
the DEGs of different RNA-seq analyses. Moreover, the GSEA
results suggested that the expression of a group of ribosome-
related genes could be altered in a Shank3 dosage-dependent
manner, at least in the PFC regions of mice. One obvious
limitation of our analysis is that we compared DEGs from
the mPFC of “adult” Shank3 TG mice and from the PFC
of “juvenile” Shank3*/AC mice. Indeed, when we compared
the transcriptomes of “adult” WT mPFC and “juvenile” WT
PEC (Supplementary Table S14), or “adult” TG mPFC and
“juvenile” WT PFC (Supplementary Table S15), there were about
5,300 DEGs in both cases, suggesting that developmental stages
largely affect gene expression profiles (note that we therefore
compared Shank3-dependent DEGs normalized to the age-
matched WT controls). Furthermore, considering differential
Shank3 expression in brain across developmental stages (Wang
et al., 2014), it is possible that DEGs of the PFC of juvenile
Shank3T/AC¢ mice can be different from those of adult
Shank3¥/ A€ mice. Therefore, further validation will be necessary
to confirm that a group of ribosome-related genes of PFC
are altered in a Shank3 dosage-dependent manner. In contrast,
it is also possible that additional common DEGs, other than
ribosome-related genes, may be identified if we compare Shank3
TG mice and Shank3T/2C mice of similar developmental
stages.

The brain region-specific Shank3 isoform expression (Wang
et al.,, 2014) and Shank3 interactome (Lee et al., 2017b) have
been suggested to contribute to the phenotypic complexity
and heterogeneity of SHANK3-associated brain disorders. It is

also possible that such protein-level diversity of Shank3 might
contribute to the brain region-specific changes of transcriptome
in Shank3 mutant mice. For example, Shank3 proteins can
undergo synapse-to-nucleus shuttling in an activity-dependent
manner to regulate the expression of several genes in the nucleus
(Grabrucker et al., 2014). Certain Shank3 isoforms may be more
preferentially targeted to the nucleus or some Shank3 interactors
may be involved in the synapse-to-nucleus shuttling of Shank3.
If so, each brain region could have different levels of Shank3
proteins in the nucleus. Further investigations about Shank3-
dependent gene expression and its regulation will be necessary
to test this intriguing hypothesis.

It was unexpected that the mRNA levels of myelin-related
genes would be altered in the mPFC of adult Shank3 TG
mice. As the majority of Shank3 proteins in the brain function
at the neuronal excitatory synapses, it is likely that the
altered expression of myelin-related genes could be an indirect
effect of Shank3 overexpression in the neurons. Indeed, it
has been reported that the neuronal activity can promote
oligodendrogenesis and myelination (Gibson et al., 2014; Mitew
et al,, 2018). However, this might not be the case for Shank3 TG
mice where the neuronal activity is expected to increase (Han
etal., 2013), but the expression of myelin-related genes decreases.
As an alternative possibility, various types of behavioral stress,
including neonatal maternal separation, chronic social isolation,
and chronic social defeat, can impair myelination in rodents,
mainly in the PFC regions (Liu et al., 2012; Lehmann et al., 2017;
Yang et al., 2017). Moreover, increased serum levels of stress
hormone corticosterone and altered hypothalamic-pituitary-
adrenal (HPA) axis have been observed in human patients and
animal models of mania (Daban et al., 2005; Leussis et al., 2013).
Therefore, as an animal model of mania (Han et al., 2013; Lee
et al., 2018), Shank3 TG mice might also have increased levels of
stress hormones, which could secondarily affect the expression of
myelin-related genes in the mPFC. Further validation of myelin-
related phenotypes of the mPFC, together with measurements of
stress hormone levels, in Shank3 TG mice could be an interesting
topic of the future study.

Among the common DEGs between the mPFC and striatum
of adult Shank3 TG mice, we further characterized Gpr85
and its family members Gpr27 and Gpri73. In the cortex,
hippocampus, striatum, and cerebellum of adult Shank3 TG mice,
the mRNA levels of Gpr85 increased, whereas those of Gpr27
and Gpr173 decreased, compared with WT mice, suggesting some
compensatory changes in expression among the family members.
In particular, when we treated cultured cortical neurons with
picrotoxin to increase the neuronal activity and thereby possibly
mimick the neurons of Shank3 TG mice, we observed an
increase in Gpr85, but a decrease in Gpr27 and Gprl73, mRNA
levels. Therefore, elevated neuronal activity could, at least in
part, contribute to the altered expression of Gpr85, Gpr27, and
Gprl73 in Shank3 TG brains. It was unexpected that, in the
case of Gpr173, mRNA levels were also reduced under decreased
neuronal activity by TTX treatment. Detailed transcriptional (or
post-transcriptional) mechanisms underlying activity-dependent
expression changes of Gpr85, Gpr27, and Gprl73 need to be
further investigated.
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Beyond their relationship at the level of transcriptional
regulation, we further investigated the functional interaction
between Shank3 and GPR85 at neuronal excitatory synapses,
based on the recently reported protein-protein interactions
between PSD-95 and GPR85 (Fujita-Jimbo et al., 2015). Indeed,
GPR85 proteins were found to be co-localized with PSD-95
and Shank3 along the neuronal dendrites, suggesting that
increased GPR85 in Shank3 TG neurons could be targeted
to the excitatory synapses. To replicate this condition, we
overexpressed GPR85 in cultured hippocampal neurons and
found that GPR85 significantly decreased the number of
excitatory synapses. Even GPR85 proteins without the C-terminal
four residues or those harboring an ASD-associated variant
(M152T) were nonetheless found to decrease excitatory synapses
in cultured neurons, suggesting that these mutant proteins
may still exert their negative effect at excitatory synapses. It
is not uncommon that PSD-95-interacting proteins negatively
regulate excitatory synaptic development and function. For
example, Neph2/Kirrel3, an adhesion molecule interacting with
PSD-95, negatively regulates excitatory synaptic transmission in
the dentate granule neurons of the hippocampus (Choi et al.,
2015a; Roh et al, 2017). Although the detailed underlying
mechanisms need to be further investigated, we speculate that an
activity-dependent increase of Gpr85 expression, together with
its negative regulation of excitatory synapses, could represent
a homeostatic response in Shank3 TG neurons. In the original
paper describing the Shank3 TG mice (Han et al., 2013), we found
increased excitatory synapse number in TG neurons compared
with WT neurons. We speculate that Shank3 overexpression
in TG neurons increases excitatory synapse number, which
in turn elevates neuronal activity to induce Gpr85 mRNA
expression. GPR85 proteins in Shank3 TG neurons may have
negative effects on excitatory synapse number, but its expression
level may not be enough to fully normalize synapse number
to the WT level. Meanwhile, in our GPR85 overexpression
experiment, we could observe decreased synapse number because
we overexpressed GPR85 very high level for a long period (2
weeks). Considering the associations of GPR85/SREB2 with ASDs
and SCZ (Matsumoto et al., 2008; Chen et al., 2012; Radulescu
et al., 2013; Fujita-Jimbo et al., 2015), more investigations about
the functional relationship between Shank3 and GPR85 would
provide information on the detailed mechanisms of activity-
dependent synaptic regulation and their potential implications in
multiple brain disorders.

To identify meaningful molecular signatures based on broader
expression changes, instead of the DEGs, we performed a
GSEA of the RNA-seq results, which revealed some commonly
enriched terms among the Shank3 TG mPFC and striatum
and the Shank3*/AC PFC. Notably, ribosome-related genes
were downregulated in the Shank3 TG mPFC and striatum but
upregulated in the Shank3*/2C PFC, suggesting that those genes
could be altered in a Shank3 dosage-dependent manner. Indeed,
when we compared the ribosome-related core enrichment genes
of the Shank3 TG mPFC and the Shank3/2€ PFEC, most were
shared and showed the opposite directional changes in expression
in the two mice. Although it is not currently easy to explain
how the level of Shank3 proteins affects the expression of a

group of ribosome-related genes, changes in mMTORCI signaling,
which regulates ribosome biogenesis and function (Jastrzebski
et al., 2007; Iadevaia et al., 2014), might be involved. It was
found that the reduced Shank3 expression decreased mTORC1
activity by increasing steady-state levels of Cdc2-like kinase
2 (CLK2) (Bidinosti et al.,, 2016). The CLK2 phosphorylates
and activates the regulatory subunit of protein phosphatase
2A (PP2A), which in turn inhibits AKT, a positive upstream
regulator of mTORCI1. Moreover, we recently showed that the
mTORCI activity is decreased in the striatum of Shank3 TG
mice, possibly due to the aberrant protein interactions between
Shank3 and some upstream regulators of mTORC1 (Lee et al,,
2017d). A comprehensive analysis of mTORCI activity in various
brain regions of Shank3 mutant mice, together with the direct
measurement of ribosomal quantity (both mRNA and protein)
and activity, could provide important clues regarding the detailed
mechanisms behind this. In this regard, it is worth noting
that in a recent quantitative proteomic analysis of the striatal
PSD of Shank3 mutant mice (Shank3A11=/7), the levels of
several ribosomal proteins were increased compared with WT
mice (Reim et al, 2017). Shank3 proteins are coupled with
metabotropic glutamate receptors (mGluRs) via Homer (Tu
et al., 1999) and regulate their synaptic expression and signaling
(Verpelli et al, 2011; Vicidomini et al., 2016; Wang et al,
2016). mGluR signaling is a key regulator of synaptic local
translation (Waung and Huber, 2009; Luscher and Huber, 2010).
Therefore, abnormal mGluR signaling and altered levels of
ribosomal proteins may together lead to changes in synaptic
mRNA translation in Shank3 mutant mice, which can be an
important topic of future study.

CONCLUSION

In conclusion, using unbiased transcriptome analyses, our
study reveals both brain region-specific and broad, previously
unidentified molecular changes in Shank3-overexpressing mice.
These results further elucidate the complexity and heterogeneity
of the molecular pathophysiology of SHANK3-associated brain
disorders and also highlight the need for subsequent studies on
relevant molecular pathways, which could be applied, in the long
term, for the development of the better therapeutic approaches.
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Autism spectrum disorders (ASD) have a higher prevalence in male individuals compared
to females, with a ratio of affected boys compared to girls of 4:1 for ASD and 11:1 for
Asperger syndrome. Mutations in the SHANK genes (comprising SHANK1, SHANK2
and SHANKS3) coding for postsynaptic scaffolding proteins have been tightly associated
with ASD. As early brain development is strongly influenced by sex hormones, we
investigated the effect of dihydrotestosterone (DHT) and 17B-estradiol on SHANK
expression in a human neuroblastoma cell model. Both sex hormones had a significant
impact on the expression of all three SHANK genes, which could be effectively blocked
by androgen and estrogen receptor antagonists. In neuron-specific androgen receptor
knock-out mice (ArNesC®) we found a nominal significant reduction of all Shank genes
at postnatal day 7.5 in the cortex. In the developing cortex of wild-type (WT) CD1 mice,
a sex-differential protein expression was identified for all Shanks at embryonic day
17.5 and postnatal day 7.5 with significantly higher protein levels in male compared
to female mice. Together, we could show that SHANK expression is influenced by sex
hormones leading to a sex-differential expression, thus providing novel insights into the
sex bias in ASD.

Keywords: autism spectrum disorders (ASD), sex differences, SHANK, SH-SY5Y cells, dihydrotestosterone,
17B-estradiol, androgen receptor knock-out mouse

INTRODUCTION

Autism Spectrum disorders (ASD) are neurodevelopmental disorders characterized by restricted
and repetitive behaviors, lack of imaginative play and impaired social interaction coupled with
verbal and non-verbal communication deficits. Heritability is estimated between 70%-90%, and
one out of 68 children in the United States is affected (Bailey et al., 1995; Developmental Disabilities
Monitoring Network Surveillance Year 2010 Principal Investigators, Centers for Disease Control
and Prevention (CDC), 2014). ASD symptoms persist throughout life and prenatal impairments
develop into a postnatal manifestation (Rabaneda et al., 2014).

ASD occur more frequently in males compared to females with a ratio of 4:1 for ASD and
11:1 for Asperger syndrome (Gillberg et al., 2006; Fombonne, 2009; Werling, 2016); however, the
mechanism behind this sex-differential risk is not well understood. A diagnostic bias may explain
part of these differences as ASD are more visible and easier to be diagnosed in males (Bargiela
etal., 2016). One hypothesis to explain the sex-differential risk postulates that ASD risk genes show
sex-dimorphic expression as they may reside on the sex chromosomes and are influenced by skewed
X chromosome inactivation or sex-specific imprinting defects on autosomes. Another hypothesis
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claims that ASD risk genes interact with sexually dimorphic
pathways (Baron-Cohen et al., 2011; Werling et al., 2016).
Prenatal and neonatal brain development is known to be
influenced by sex hormones, suggesting that they may
indeed play a role in the sex-differential expression of ASD
symptoms (Werling, 2016). Estrogen enhances synaptogenesis
and modulates synaptic plasticity and presumably has a
neuroprotective effect (Beyer, 1999). Furthermore, a subset
of adolescent ASD individuals presented elevated androgen
levels (Tordjman et al, 1997) and individual differences in
the development of typical autistic traits were shown to be
influenced by fetal testosterone levels (Auyeung et al., 2009).
To this end, a high testosterone level during development
has been postulated as a risk factor for ASD (Baron-
Cohen et al, 2011). Differences in synaptic composition
and regional cerebral plasticity between the sexes were also
proposed to account for the sex bias in ASD (Mottron et al.,
2015).

SHANK proteins (SHANK1, SHANK2 and SHANK3) are
scaffolding proteins at the postsynaptic site of excitatory synapses
in the central nervous system (Kreienkamp, 2008), crucial
for the formation, organization and signaling of excitatory
synapses. SHANK gene variants have been associated with ASD,
intellectual disability and schizophrenia (Leblond et al., 2014;
Eltokhi et al., 2018).

To identify a putative regulatory role of sex hormones on
SHANK expression, we first treated a human neuroblastoma
cell line, SH-SY5Y, with dihydrotestosterone (DHT) or 17f-
estradiol and quantified SHANK gene expression. In addition,
Shank gene expression was evaluated pre- and postnatally in the
cortex of mice lacking the androgen receptor (Ar) in neurons
(ArNesCre mice). Moreover, we examined Shank gene and protein
expression in the cortex of male and female wild-type (WT) CD1
mice at two different early developmental stages.

MATERIALS AND METHODS

Animals

Mice were housed in the Interfacultary Biomedical Facility
at the Heidelberg University (IBF), under a 12 h light-dark
cycle and given ad libitum access to water and food. All
procedures were conducted in strict compliance with the
National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals and approved by the German Animal
Welfare Act and performed according to the regulations of
animal experimentation within Heidelberg University and the
European Union (European Communities Council Directive
2010/63/EU (local license number: T-03/16, T-24/14)). CD1
(ICR) mice (Charles River) were used for sex-specific expression
analyses at different developmental stages (1 = 16 animals of each
sex). The embryonic stage was calculated by vaginal plug check
and by controlling the morphological parameters which accord
to the respective Theiler stage. The day of birth was considered
as postnatal day (P) 0.5. Sex genotyping was performed by
PCR detection of the male-specific Sry gene on tail biopsies.
Neuron-specific Ar knock-out mice (ArNe¢r¢) were generated by
crossing female homozygous floxed Ar (Arflox) mice (B6N.129-

ArtmIVerh/Cnrm: De Gendt et al.,, 2004) with male Nestin-Cre
deleter mice (Tg™Nes—cro1KIn; NMGI:2176173; Tronche et al., 1999)
hemizygous for the floxed Ar allele. Arflox mice were obtained
from the European Mouse Mutant Archive (EMMA, #02579)
which had been backcrossed into the C57Bl/6N background
for over 12 generations prior to the arrival at the IBF animal
facility, as published previously (Frohlich et al., 2017). Adult
mice were sacrificed using CO; and early postnatal animals were
decapitated, then the frontal part of the cortex was dissected for
further analysis.

Cre induced site-specific recombination was checked on
cortical cDNA from E17.5 and P7.5 WT and ArNesC'¢ brains by
qPCR using a specific reverse primer residing in the floxed exon
2 to determine exon 2 deletion. Primer sequences are given in
Supplementary Table SL

Cell Culture

Human neuroblastoma cells (SH-SY5Y) were grown on 75 cm
flasks in Dulbecco’s modified Eagle medium (DMEM, Thermo
Fisher Scientific), supplemented with 15% fetal calf serum, 1%
non-essential amino acids and 1% Penicillin-streptomycin at
37°C in a humidified environment with 5% CO,. Cells were
split at 80%-90% confluency and 8 x 10° cells were plated per
well on a 6-well cell culture plate in phenol red-free DMEM
(Thermo Fisher Scientific) containing 1% charcoal dextran-
treated calf serum for 24 h. Cells were treated either with 100 nM
DHT (dissolved in methanol; Sigma-D-073-1ML), mock (100%
methanol with the same dilution factor as DHT), 100 nM DHT
combined with 1 wM flutamide (Sigma-F9397) or mock together
with flutamide. To investigate the effect of 17p-estradiol, cells
were treated either with 100 nM 17@-estradiol dissolved in
100% ethanol (Sigma-E8875), mock (100% ethanol with the
same dilution factor as 17f-estradiol), 100 nM 17f-estradiol
combined with 100 nM MPP (1,3-Bis(4-hydroxyphenyl)-
4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole-
dihydrochloride; Sigma-M7068), mock together with MPP,
100 nM 17B-estradiol plus 100 nM PHTPP (4-[2-Phenyl-5,
7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol;
Tocris-2662), mock plus PHTPP, 100 nM 17p-estradiol plus
both MPP and PHTPP or mock plus both MPP and PHTPP.
Cells were harvested after 4 h of treatment for mRNA and after
48 h for protein analyses.

Quantitative Real Time PCR (qPCR)

Total RNA from SH-SY5Y cells (five experiments with six
biological replicates for each condition), CD1 and ArNesCre
mouse cortices at E17.5 and P7.5 was extracted with TRIzol
(Invitrogen) according to the manufacturer’s instructions.
Reverse transcription was performed using the SuperScript™
VILO™ ¢DNA Synthesis Kit (Invitrogen). Quantitative PCR was
conducted using the SYBR Green Lo-Rox Fast Mix (Bioline) and
the ABI 7,500 Fast Real-Time PCR system (Applied Biosystems).
Each sample was analyzed in triplicates. Relative mRNA levels
were assessed using the relative standard curve method by
normalization to the following reference RNAs: ribosomal 18S
RNA, glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNA, heat shock protein family D (HSP60) member1 (HSPDI)
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mRNA, succinate dehydrogenase complex subunit A mRNA
(SDHA) and hypoxanthine phosphoribosyltransferase 1 mRNA
(HPRTI). For the SH-SY5Y cell treatment with 17B-estradiol,
only 18S, HSPDI1 and SDHA were used as reference mRNAs,
as Gapdh and Hprt] mRNA levels were influenced by estradiol
(Schroder et al., 2009). Our analysis confirmed their differential
expression in SH-SY5Y cells after 17f-estradiol treatment when
normalized to 18S (Supplementary Table S2A). The relative
expression values for mock treatment were set to 1. Calculated
values are presented as normalized relative expression ratios.
The sequences for the oligonucleotides used are given in
Supplementary Table S1.

Protein Analysis

Immunefluorescence microscopy was carried out on fixed
SH-SY5Y cells using the primary antibodies anti-Ar (Abcam,
ab74272, 1:100 dilution) and anti-estrogen receptor o (Abcam,
ab661002, 1:100 dilution), and as secondary antibodies Alexa
fluor 488 goat anti-rabbit or Alexa fluor 488 goat anti-mouse
(Thermo Fisher Scientific, 1:1,000 dilution).

Protein extraction from SH-SY5Y cells and from mouse
frontal cortex (using the Polytron PT1200E, Kinematica
AG) was performed at 4°C using RIPA buffer supplemented
with SIGMAFAST protease inhibitor (S8820; Sigma). Protein
concentrations were determined with the BCA protein assay kit
(Pierce). Western blot analysis was executed using the Odyssey
Infrared Imaging System (LI-COR Biosciences). Twenty
microgram of proteins were separated on Novex WedgeWell
4%-12% Tris Glycine Gels (Thermo Fisher Scientific) and
transferred to PVDF membrane (Millipore). PVDF membranes
were probed with mouse anti-pan-SHANK (1:500; Neuromab),
mouse monoclonal B3-tubulin (1:20,000; Promega-G7121),
anti-SHANK1 (Synaptic Systems, polyclonal rabbit purified
antibody, 1:500 dilution), anti-SHANK2 (Synaptic Systems,
polyclonal guinea pig antiserum, 1:500 dilution), anti-SHANK3
(ab140030, Abcam, 1:1,000 dilution). IRDye 800CW donkey
anti-mouse, IRDye 680LT donkey anti-guinea pig or IRDye
680RD donkey anti-rabbit (1:15,000 dilution; LI-COR
Biosciences) immuno-positive signals were quantified using
the Image Studio Lite 3.1 software (LI-COR Biosciences). The
Page Ruler Prestained Protein ladder (10-180 kDa) and the
Spectra Multicolor High Range Protein ladder (40-300 kDa;
Thermo Fisher Scientific) were used as protein size marker.
Shank expression was normalized to the amount of B3-
tubulin and the values obtained for the male cortices were
setto 1.

nCounter Analysis

Total RNA from conditional ArN®C™ mouse brain cortex was
extracted with TRIzol (Invitrogen) and the gene expression
profile was investigated by nCounter expression analysis at
the nCounter Core Facility Heidelberg, using the nCounter
Dx analysis system GENI1 (NanoString Technologies). A
customized Elements codeset with seven target genes and
four reference genes was applied. (For probe design see
Supplementary Table S3). The detailed workflow is described at
https://www.nanostring.com/support/product-support/support-

workflow. Background correction and normalization of data
were performed using the nSolver Analysis Software 3.0
(NanoString Technologies). A positive control and reference
gene normalization was performed according to the Gene
expression analysis guideline from NanoString Technologies!.
The most stable expressed genes Gapdh, Hspdl, Sdha and
Hprtl were selected for normalization based on the geNorm
method (Vandesompele et al., 2002). The unit of measurement
is given in “codeset counts” and the codeset counts of the WT
animals were set to 100%. The absolute numbers are provided in
Supplementary Table S4.

Statistical Analysis

IBM SPSS STATISTICS 21, Prism 6 software (GraphPad
Software) and Microsoft Office Excel software were used for data
analysis. Two-way ANOVA was performed for comparing RNA
expression levels between hormone-treated and mock-treated
SH-SY5Y cells with treatment and experiment as the two factors.
To compare gene expression levels between male and female
cortices, two-way ANOVA was used with litter and sex as
influencing factors. According to Bonferroni correction for
multiple testing, a P-value threshold of < 0.01 was considered
significant (n = 5 different tests). For the expression analysis in
the conditional ArNe*C"® mouse to compare differences between
the WT and the knock-out mice and for the quantification of the
Shank protein in male and female cortices in the western blot
experiments, an unpaired two-tailed Student’s t-test was used,
with a P-value of < 0.05 considered as nominal significant. All
data are presented as mean values &+ standard error of the mean
(SEM).

RESULTS

SHANK Expression in Human Cells Treated
With Dihydrotestosterone and
17p3-Estradiol

To receive a first indication whether androgen has an effect on
SHANK gene expression, we employed a human neuroblastoma
cell model (SH-SY5Y). SH-SY5Y cells express all three SHANKS,
as well as the androgen, estrogen o and f receptors (AR, ERa
and ERB; Chamniansawat and Chongthammakun, 2009, 2010;
Sarachana et al,, 2011; Grassi et al., 2013; Sarachana and Hu,
2013). The expression of AR and ERa in the SH-SY5Y cells is
shown in Supplementary Figure S1A. After stimulation with
DHT for 2 h, the overall expression of AR increased in the cells.
Stimulation with 17 p-estradiol did not increase the expression
level of ERa, but more protein was found in the nucleus
(Supplementary Figure S1A).

To determine a regulatory influence on SHANK gene
expression, we treated SH-SY5Y cells with the androgen DHT
at different concentrations (1 nM, 10 nM and 100 nM;
Supplementary Figure S1B). Based on the literature, DHT
concentrations between 1 nM and 100 nM are considered

!https://www.nanostring.com/application/files/7715/1251/5220/Gene_
Expression_Data_Analysis_Guidelines.pdf; accessed June 2018
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FIGURE 1 | Effect of dihydrotestosterone (DHT) on SHANK gene expression in SH-SY5Y cells. (A) Quantification of SHANK, MECP2 and PSD95 gene expression by
qPCR after 4 h of treatment with either 100 nM DHT or a combination of 100 nM DHT and 1 pM flutamide (n = 5 experiments with six biological replicates for each
condition). Gene expression was normalized against five reference genes (18S, GAPDH, HPRT1, HSPD1 and SDHA; two-way ANOVA, ***P < 0.001, vs. mock).
Bonferroni threshold: n = 5 tests, P < 0.01. (B) An increase of SHANK protein levels by 50% was identified after 48 h of 100 nM DHT treatment by western blot
analysis, whereas no difference was determined after 48 h of treatment with DHT combined with flutamide (n = 5 experiments, unpaired two-tailed Student’s t-tests,
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to be within the physiological range and have been used
in similar studies (Sarachana et al, 2011; Grassi et al,
2013). The strongest effects on SHANK expression were
obtained by treatment with 100 nM for 4 h. SHANK gene
expression was measured by qPCR and normalized to five
androgen-independent reference RNAs: the ribosomal 185 RNA,
the mRNAs for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)), the heat shock protein family D (HSP60) memberl
(HSPDI), the succinate dehydrogenase complex subunit A
mRNA (SDHA) and hypoxanthine phosphoribosyltransferase
1 mRNA (HPRT1I). The androgen independance of the reference
genes was shown by the unchanged levels of GAPDH, HPRT1I,
HSPDI and SDHA normalized to 18S in DHT and mock-treated
SH-SY5Y cells (Supplementary Table S2A). PSD95, a gene
known to be regulated by sex hormones (Akama and McEwen,
2003; Liu et al.,, 2008), and the X-chromosomal gene MECP2,
which shows a transient sex-specific expression difference in
the developing rat brain (Kurian et al., 2007), were included as
additional markers in the expression analysis.

Our mRNA expression analysis showed that the DHT
treatment significantly elevated the expression of all three
SHANK genes by about 35% (P-values < 0.001), compared to
mock-treated SH-SY5Y cells (Figure 1A). Expression levels of

MECP2 were not influenced, whereas PSD95 expression was
significantly increased after DHT treatment (Figure 1A). The
regulatory effect of DHT on SHANK gene expression could also
be detected by an increased SHANK immuno-signal in western
blots using an anti-pan-SHANK antibody and an anti-SHANK3
antibody (Figure 1B, Supplementary Figures S1C,D). When
the SH-SY5Y cells were treated with DHT combined with
the anti-androgen flutamide, the regulatory effect of DHT on
SHANK and PSD95 mRNA levels was completely abolished and
as shown with a pan-Shank antibody also on the protein level,
demonstrating that the increased SHANK and PSD95 levels after
DHT treatment are mediated by the stimulation of the AR
(Figures 1A,B).

To elucidate if estrogens also regulate SHANK gene
expression, 100 nM 17B-estradiol was used to stimulate
the estrogen receptors in SH-SY5Y cells. After 17B-estradiol
treatment for 4 h, a minor enhancement of SHANK, MECP2
and PSD95 expression could be observed. Now we restricted the
normalization against reference gene expression of 18S, HSPDI
and SDHA, since GAPDH and HPRT1 expression was affected by
17B-estradiol (Supplementary Table S2A). Our quantification
revealed an increase of 15% mRNA expression for SHANK,
PSD95 and MECP2, when compared to mock-treated SH-SY5Y
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FIGURE 2 | Effect of 17p-estradiol on SHANK gene expression in SH-SY5Y cells. Gene expression analysis of SHANK, MECP2 and PSD95 after 4 h of treatment
with 100 nM 17B-estradiol. The expression was also analyzed after stimulation with 100 nM 178-estradiol in combination with a selective blocking of estrogen
receptor a (100 nM MPP), estrogen receptor g (100 nM PHTPP) or a combination of both (n = 5 experiments with six biological replicates for each condition). Gene
expression was normalized against three reference genes (78S, HSPD1 and SDHA). Error bars indicate SEM (two-way ANOVA, *P < 0.05, **P < 0.01, **P < 0.001,
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cells (P-value for SHANKI = 0.02; P-values for SHANK2,
SHANK3, MECP2 and PSD95 < 0.001; Figure 2). However, a
regulatory influence on SHANK protein expression could not
be detected in immunoblots (Supplementary Figure S1E). By
blocking the ERa or ERP receptor subtypes with the selective
ERa antagonist MPP or ERP antagonist PHTPP, the effect of
17B-estradiol on SHANK expression by MPP was gone, whereas
the blocking of ERB with the antagonist PHTPP abrogated
the effect on SHANK and PSD95 expression (Figure 2). The
combined blocking of both ERs antagonized the 17p-estradiol-
stimulated expression of SHANK, PSD95 and MECP2 (Figure 2).
Thus, besides AR, also ERa and ERP signaling contributes to
the expression of SHANK genes in the human SH-SY5Y cell
line.

Expression Analysis of Shank Genes in
Neuron-Specific Conditional Androgen

Receptor Knock-out Mice (ArNesCre)
To provide in vivo evidence for the Ar regulatory influence

on Shank gene expression during neurodevelopment, we used
a neuron-specific Ar knock-out mouse (ArNCr¢; Frohlich

et al, 2017). We analyzed Shank mRNA expression in
the cortex of ArN®Cr® mice at two developmental stages,
E17.5 and P7.5 (Figure 3, Supplementary Figure S2A). In
this critical period of brain development, sex differences in
the spatiotemporal expression of Ar, Era and Erf in mouse
brain as well as differences in testosterone levels were previously
reported (Mogi et al, 2015). Furthermore, it is known that
in the human cortex, size and sex hormone levels differ
between males and females (Lombardo et al.,, 2012; Lai et al,,
2013). By nCounter analysis, we identified a reduced mRNA
expression of all three Shanks and Mecp2 in the ArNesCre
mice compared to WT at P7.5 with nominal significance
(Figure 3), supporting the contribution of Ar signaling in
the specific regulation of the Shank gene expression during
development.

Expression Analysis of the Shank Genes
and Proteins in the Male and Female

Mouse Cortex
Further support for a sex-specific regulation of Shank expression
could be provided by comparing the expression levels in
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FIGURE 3 | Comparative Shank gene expression analysis by nCounter in the cortex of wild-type (WT) and ArNesCe mice. (Left) Loss of androgen receptor (Ar)
expression in cortical neurons was confirmed by gPCR. The deletion of Ar-exon2 was shown on mRNA level in cortical tissue. (Right) Gene expression analysis in
cortex of WT and ArNesCre mice at P7.5. The loss of Ar resulted in a decreased expression of the Shank and Mecp2 genes (n = 7 WT and seven KO mice, two male
and five female animals in each group). The analysis could not be stratified by sex due to low numbers. Gene expression was normalized against four reference
genes (Gapdh, Hprt1, Hspd1 and Sdha). Error bars indicate SEM (unpaired two-tailed Student’s t-tests, *P < 0.05; ***P < 0.001).

the frontal cortices of male and female CD1 WT mice
at two different developmental stages, E17.5 and P7.5. The
sex-independent expression of the reference genes was confirmed
by showing equal levels of Gapdh, Sdha, Hprtl and Hspdl
expression, normalized to 18s, in male and female mice cortices
(Supplementary Table S2B). In the comparative qPCR analysis,
significantly elevated Shankl, Shank3 and Mecp2 expression
levels could be detected in the cortices of female compared
to the male mice at E17.5 (Supplementary Figure S2B). At
P7.5, our analysis revealed elevated Shankl mRNA expression
in the female cortex with nominal significance, as well as
significantly elevated Psd95 expression (Supplementary Figure
S2B). Then we analyzed Shank protein expression in whole
protein lysate from the frontal cortex of male and female mice
at E17.5 and P7.5 by western blot. In contrast to the mRNA
expression analysis, we found significantly higher expression
levels for all three Shank proteins in the male compared to
female cortices at both developmental stages. Shank expression
is decreased in females by 50%-77% at E17.5 (Figure 4A)
and by 43%-47% at P7.5 (Figure 4B), indicating that Shank
expression differences are more pronounced at the earlier stage
of E17.5.

DISCUSSION

Males show higher prenatal and postnatal testosterone levels
than females (Baron-Cohen, 2002; Werling, 2016). Elevated
prenatal exposure to testosterone and /or irregular steroidogenic
activity have been postulated to be associated with elevated
ASD risk (Auyeung et al., 2009). Testosterone is metabolized
in the brain into DHT or converted into estradiol by the
enzyme aromatase (CYP19A1). Therefore, we have investigated
the influence of both hormones on the expression of the

SHANK genes, which are strongly linked to ASD pathology
(Leblond et al., 2014). We could show in the SH-SY5Y
neuroblastoma cell line, a widely used neuronal cell model to
investigate hormonal influences of androgens and estrogens
(Sarachana et al., 2011; Grassi et al., 2013; Nakaso et al., 2014;
Sun et al, 2017), that the effect of DHT and 17f-estradiol
on the expression of all three Shanks could be effectively
blocked by androgen and estrogen receptor antagonists. SHANK
gene expression was shown to be regulated by DHT, directly
modulated by AR signaling. DHT increased SHANK mRNA
levels by 35% and 17B-estradiol increased SHANK mRNA
levels by 15%, suggesting a role as transcriptional fine-tuners.
Protein levels were found to be increased by DHT treatment
by 50%, indicating that the major effect is seen at the level of
translation.

More direct evidence for the contribution of AR signaling on
the regulation of SHANK gene expression could be demonstrated
by the analysis of mice with Ar gene deletion in neurons
(ArNesCre). ArNesCre mice show reduced sexual, territorial and
aggressive behavior (Raskin et al, 2009; Studer et al., 2015).
Male ArNesCre mice lack social memory when presented to male
conspecifics but do not show ASD-like impairments in social
interactions with other mice (Karlsson et al., 2016). We found
that in absence of the Ar in neurons, the expression of all
three Shanks was reduced and reached nominal significance,
supporting the role of Ar activity in the regulation of Shank
expression during brain development. Previous data has shown
that Ar and Shank genes have overlapping expression patterns
in the cortex, striatum and hippocampus (Lein et al., 2007;
Frohlich et al., 2017; Monteiro and Feng, 2017). Androgen- and
estrogen-dependent gene regulation has also been described for
genes involved in the function of glutamatergic synapses in the
medial preoptic area and the ventromedial hypothalamus of rats,
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FIGURE 4 | Shank protein analysis in the male and female mouse cortex. Levels of Shank1, Shank2 and Shank3 protein in the frontal cortex of male and female at
E17.5 (A) and P7.5 (B); (n = 4 of each sex), *P < 0.05, unpaired two-tailed Student’s t-tests. Isoform expression differences were observed between the two
developmental stages for Shank3.

after exposure to anti-androgenic and/or estrogenic treatment
or a combination of both in utero (Lichtensteiger et al., 2015).
In that study, Shankl and Shank2 expression was altered in
young male rats and Shank2 and Shank3 in female animals
at P6, hereby providing additional in vivo evidence of a sex
hormone regulation of Shank gene expression in specific brain
regions.

Palindromic and dihexameric motifs of androgen responsive
elements were described in the promoters or enhancers of
all three SHANK genes: half and full sites in SHANK2
and half sites in SHANKI and SHANK3 (Wilson et al,
2016). An AR-binding site was also recently identified in
an intron and in the distant promoter region of SHANK2
by ChIP-Seq (Quartier et al, 2018). These results point to
a direct regulatory influence of DHT on SHANK2. In a
different study, direct and indirect interaction partners of
SHANKS, such as PSD-95 and the AMPA receptor subunits
GluAl and GluA2, were reported to be androgen-responsive
(Trabzuni et al., 2013), suggesting that synergistic effects at the
synapse between multiple proteins strengthen the individual
effects.

Despite the fact that Shankl mRNA expression levels are
lower in male mice at P7.5, we could show that protein levels
of all Shanks are higher in males during late prenatal and
early postnatal cortical development in WT mice (E17.5 and
P7.5). The RNA level does not always correlate with protein
levels, especially for proteins with a long half-life or in
cases of negative feed-back when the increase in protein
level decreases the expression of RNA. In a previous study
on genome-wide scale, it was also found that the cellular
abundance of protein is predominantly controlled at the level
of translation (Schwanhausser et al., 2011). Between E17.5 and
P7.5, Ar expression and testosterone level differ between
male and female mice (Mogi et al, 2015). Male mice have
about three times higher blood testosterone levels than female
embryos at E17 (Vom Saal, 1983) and show significantly
higher testosterone levels in the brain (ICR/CD1 strain) at E19
(Mogi et al.,, 2015). The finding that DHT increases SHANK
mRNA and protein expression in SH-SY5Y cells, suggests that
high levels of testosterone in the male brain may result in
elevated SHANK protein expression. The discrepancy between
high protein and low mRNA levels in CD1 mice might
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be caused by negative feedback mechanisms, suggesting that
high Shank protein levels lead to lower Shank mRNA levels.
However, SH-SY5Y cells may not entirely reflect the regulatory
potential of testosterone signaling in cortical neurons, which
are a heterogeneous population of cells that may respond
individually differently to DHT. Therefore, the data obtained
from established cell lines need to be verified in the living
mouse.

In mice, the perinatal developmental period between E17 and
P7.5 might be a vulnerable time window for Shank expression
when sex differences in the cortex might intersect with ASD
etiological pathways. Physiologically higher SHANK protein
expression levels in males compared to females implicate that
genetic variants may have a higher penetrance in males, leading
to a larger proportion of males with a diagnosis of ASD.
Clinical studies reported elevated androgen levels in ASD-
affected individuals (Baron-Cohen, 2002; Werling, 2016). Our
results imply that Shank expression may be increased in these
individuals, at least during the developmental vulnerable stages.
In contrast, most ASD individuals have been identified with
SHANK deletions and various point mutations, indicating
that SHANK levels are very likely reduced in these ASD
individuals. Nevertheless, it cannot be excluded that a general
dysregulation of SHANK gene expression contributes to ASD
pathology, as SHANK3 gene duplications have also been
identified in individuals with Asperger syndrome (Durand et al,,
2007).

SHANK genes reside on autosomes, and SHANK variants are
randomly distributed across male and female subjects. So far,
only copy number variant (CNV) deletions encompassing the
SHANKI gene segregated in male carriers with high-functioning
autism and showed a clearly reduced penetrance in female
individuals (Sato et al., 2012) and some SHANK variants
have been found in male autistic patients that were inherited
from healthy mothers (for a recent review see (Eltokhi et al.,
2018)).

Sex differences in gene expression were previously studied
in prenatal and adult neocortical tissue of human post-mortem
brain (Trabzuni et al, 2013; Werling et al., 2016). Only
a small proportion of the analyzed genes, however, were
found to be expressed in a sex-specific manner (96 prenatal,
58 adult; Werling et al, 2016). No evidence was obtained
for sex-differential expression of the SHANKs or other
ASD-associated genes like RORA and FOXPI (Sarachana
et al, 2011; Takayama et al., 2014; Frohlich et al, 2017).
However, in those studies, the analyzed cortical samples were
from prenatal (16-22 weeks) or adult samples and did not
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Mouse models of autism can be used to study evolutionarily conserved mechanisms
underlying behavioral abnormalities in social communication and repetitive behaviors.
SHANK genes code for synaptic scaffolding proteins at excitatory synapses and
mutations in all SHANK genes have been associated with autism. Here, we present
three behavioral aspects of the mutant mice deleted for exon 16 in Shank2. First, we
treated Shank2 mutant mice with methylphenidate to rescue the hyperactivity. Our failure
to do so suggests that the hyperactivity displayed by Shank2 mutant mice is not related
to the one displayed by the typical mouse models of hyperactivity, and might be more
closely related to manic-like behaviors. Second, by testing the effect of group housing
and social isolation on social interest, we highlighted that Shank2 mutant mice lack
the typical flexibility to modulate social interest, in comparison with wild-type littermates.
Finally, we established a new protocol to test for social recognition in a social context. We
used this protocol to show that Shank2 mutant mice were able to discriminate familiar
and unknown conspecifics in free interactions. Altogether, these studies shed some light
on specific aspects of the behavioral defects displayed by the Shank2 mouse model.
Such information could be used to orient therapeutic strategies and to design more
specific tests to characterize the complex behavior of mouse models of autism.

Keywords: mouse models, autism, Shank2, hyperactivity, methylphenidate, social motivation, ultrasonic
vocalization, social recognition

INTRODUCTION

Autism spectrum conditions (ASCs; henceforth autism) are characterized by atypical social
communication, including social interactions and verbal and non-verbal communication, as well
as stereotyped and repeated behaviors and restricted interests (American Psychiatric Association,
2013). More than 80 genes have been robustly associated with autism (Abrahams et al., 2013).
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Among these genes, the SHANK family is of interest since
mutations in each of the three members of this family
(SHANKI1, PROSAPI/SHANK2, and PROSAP2/SHANK3)
have been identified in patients with autism, but with
a gradient of severity (Leblond et al, 2014). Patients
carrying a mutation in SHANKI display a mild phenotype
in social communication and stereotypes, while patients
carrying SHANK2 mutations are more affected in their
social interactions and repetitive behaviors. Patients with
SHANK3 mutations are even more severely affected and are
also in the great majority of cases diagnosed with intellectual
disability.

In the present study, we focused our experiments on mice
lacking the Shank2 protein. To date, three different genetic
constructions of the model exist (reviewed in Eltokhi et al., 2018):
deletion of exon 16 [knock out (Schmeisser et al., 2012; Ey et al,,
2013; Lim et al., 2016), conditional knock out in Purkinje cells
(Peter et al., 2016)], deletion of exons 15 and 16 [knock out (Won
et al., 2012; Lee et al., 2015; Lim et al., 2016), conditional knock
out in Purkinje cells (Ha et al., 2016), conditional knock out
in excitatory neurons (Kim et al., 2018), conditional knock out
in inhibitory neurons (Kim et al., 2018), conditional knock out
in parvalbumin-positive neurons (Lee et al., 2018)], deletion of
exon 24 [knock out (Pappas et al., 2017), conditional knock out
in Purkinje cells (Pappas et al., 2017), conditional knock out in
excitatory neurons of neocortex and hippocampus (Pappas et al.,
2017)]. All these models display hyperactivity, except the mice
mutated conditionally only in Purkinje cells (Ha et al., 2016; Peter
etal., 2016; Pappas et al., 2017). As proxies for the core symptoms
of autism, a number of studies identified subtle abnormalities
in the social domain [reduced interest for social interactions
(Schmeisser et al., 2012; Won et al.,, 2012; Lee et al., 2015; Peter
et al., 2016; Kim et al., 2018)] [but not in Ha et al. (2016); Lim
et al. (2016); Pappas et al. (2017); and Lee et al. (2018)], reduced
interest for social novelty (Schmeisser et al., 2012; Lee et al., 2015;
Peter et al., 2016) [but not in Won et al. (2012) and Kim et al.
(2018)], atypical ultrasonic communication (Schmeisser et al.,
2012; Won et al., 2012; Ey et al., 2013; Ha et al., 2016; Kim et al,,
2018), and increased stereotyped behaviors (Ha et al., 2016; Peter
et al., 2016; Kim et al., 2018; Lee et al., 2018) [but not in Lee et al.
(2015); Pappas et al. (2017); and Kim et al. (2018)].

In this study, we aimed at modulating the behavioral
phenotype of the Shank22¢¥16=/— [hereafter Shank2 (MGI:
5435698; Schmeisser et al., 2012)] mice using pharmacological
treatment or social isolation. For the pharmacological treatment,
we used methylphenidate (commercially available for medical
use under the name Ritalin®), a treatment for individuals
diagnosed with attention-deficit/hyperactivity disorder (ADHD)
(Stepanova et al., 2017). To test for social interest, we
modulated the motivation to interact with another mouse
by including a period of social isolation prior to the social
interaction test. Finally, a review of the existing protocols
for social recognition in mice (see Supplementary Material —
Review of social recognition protocols) highlighted that the
habituation-dishabituation protocol was ethologically relevant.
We adapted this protocol by testing simultaneously the
mutant mouse and the wild-type mouse to control rigorously

the investigation of social recognition in Shank2 mutant
mice.

MATERIALS AND METHODS

Modulation Through Pharmacological

Treatment

We tested males (placebo: 10 Shank2*/*, 10 Shank2*/~, 10
Shank2~/~; treatment: 10 Shank2*/*, 10 Shank2*/~, and 10
Shank2~/~) and females (placebo: 9 Shank2t/*, 10 Shank2t/—,
10 Shank2~/~; treatment: 9 Shank2t/*, 10 Shank2*/~, 10
Shank2~/~) aged of 4-6 months. Female mice were housed
in groups of 2-4 per cage, while males were single-housed
because of high aggressiveness. Shank2 mutant mice were
initially described in Schmeisser et al. (2012), backcrossed
for more than 10 generations on C57Bl/6]. We injected the
animals with methylphenidate (MPH; 30 mg/kg; intra-peritoneal
injection) or saline solution, 1 h before the test. Whether mice
received saline or MPH was randomly chosen before starting
the experiment. We tested the animals in the openfield. One
hour after the injection, the animals were left to freely explore
a round openfield (1 m of diameter) for 30 min (100 lux). We
measured the distance traveled and compared it between wild-
type, Shank2*/~ and Shank2~/~ mice treated with either saline
solution or methylphenidate using non-parametric Wilcoxon-
Mann-Whitney U-tests given the small sample size and the
non-normal distribution of the data.

Modulation Through Social Isolation

We tested 16 Shank2t/*+ and 13 Shank2~/~ adult females of
4-6 months of age (Schmeisser et al.,, 2012). We did not use
Shank2¥/~ mice in the remaining parts of the paper, given the
subtlety of social defects in this genotype (Schmeisser et al.,
2012). Shank2™/* and Shank2=/~ mice were tested twice in
the occupant-new comer test (Ferhat et al., 2016). On the
first time, they were group-housed (2-4 mice per cage) from
weaning on. On the second time 3 weeks later, they were
isolated for 3 days before the test; this last data had been
presented in the original study (Schmeisser et al, 2012). In
the occupant-new comer test, a female mouse (occupant) was
placed in a test cage (Plexiglas, 50 cm x 25 cm x 30 cm,
100 lux, with fresh bedding) in a soundproof chamber for
30 min habituation. After this time, an unfamiliar group-
housed C57Bl/6] adult female (new comer) was introduced.
Social interactions were recorded continuously (high-resolution
Sony XCD-SX90CR video camera). Ultrasonic vocalizations
were recorded simultaneously with a condenser ultrasound
microphone Polaroid/CMPA, the interface UltraSoundGate 416-
200 and the software Avisoft-SASLab Pro Recorded from Avisoft
Bioacoustics (sampling frequency: 300 kHz; FFT-length: 1024
points; 16-bit format). Ultrasonic vocalizations were recorded for
the pair of mice tested (one C57Bl/6] new comer and one from
the Shank?2 strain, either a wild-type one or a mutant one) since
we cannot distinguish the identity of the caller in such a setting.
Nevertheless, previous studies suggested that the contribution
of the new comer is minor in comparison with that of the
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occupant (Hammerschmidt et al., 2012). We recorded manually
the time spent in contact and the latency for the first contact.
We also measured manually the latency for the first ultrasonic
vocalizations and the total number of ultrasonic vocalizations
emitted. We manually established the distribution of ultrasonic
vocalizations among the following call types (see Ey et al., 2013):

- “short™ call duration was less than 5 ms;

- “simple”: call duration was longer than 5 ms and the
frequency range was smaller than 6.25 kHz (flat) or call
duration was longer than 5 ms and the frequency range was
larger than 6.25 kHz and there was only one direction of
frequency modulation (upward or downward);

- “complex”: frequency modulations in more than one
direction and frequency range larger than 6.25 kHz
(modulated), or inclusion of one or more additional
frequency components (harmonic or non-linear
phenomena, but no saturation) but no constraint on
frequency range (complex);

- “unstructured”: no pure tone component, “noisy” calls;

- “frequency jumps” (fq jumps): presence of one or more
jump(s) in frequency, without time gap between the
consecutive elements; it can include noisy parts within the
pure tone call or not.

We used unpaired non-parametric Wilcoxon tests to compare
the latency for the first contact, the total time spent in contact,
the latency for the first call and the call rate between genotypes
within the social condition (either grouped or isolated). We used
paired non-parametric Wilcoxon tests to compare the latency for
the first contact, the total time spent in contact, the latency for
the first call and the call rate between social conditions (grouped
or isolated) within genotypes. We used Chi-squared (with a
Bonferroni correction for multiple testing) tests to compare the
proportions of calls within and between social conditions or
genotypes.

New Protocol for Social Recognition

We set up a new habituation-dishabituation test. After
carefully reviewing the different protocols available to test
social recognition, we found three protocols using free social
interactions: two-trial social recognition, social discrimination,
habituation-dishabituation (see Supplementary Material -
Review of social recognition protocols). We adapted the
habituation-dishabituation protocol by testing a pair of female
mice (one Shank2t/* mouse and one Shank2~/~ mouse) with
a juvenile C57Bl/6] female mouse as the stimulus mouse. By
testing paired mice, we collected data from the mutant and
its control mouse in exactly the same conditions. We tested
12 pairs of one Shank2t/* adult female and one Shank2~/—
adult female (6 months of age), paired together at least 1 week
before testing. Juvenile females were housed in groups of four
upon arrival at the animal facility (3 weeks of age) and until
the end of the experiment. Mice were identified through RFID
chips implanted under isoflurane anesthesia and after local
sub-cutaneous injection of lidocaine (at 4 weeks of age for the
juveniles and at weaning for the tested mice). On the day of

testing, mice were habituated to the testing room 20 min before
the test. We then introduced the pair of Shank2 mice in a test
cage (50 cm x 50 cm x 30 cm, fresh bedding). The pair of mice
was left to explore freely the test cage for 20 min. After this
habituation time, we introduced an unknown C57Bl/6] juvenile
female mouse (5 weeks of age) and let the mice freely interact
for 2 min. After this first encounter, we took out of the cage the
juvenile mouse and left it alone in a housing cage for 5 min. We
then re-introduced it in the cage for 2 min. We repeated these
steps for four encounters with the same juvenile. On the fifth
encounter, we introduced another unknown C57Bl/6] juvenile
female mouse (5 weeks of age) from another housing cage.
During each encounter, a tracking system, Live Mouse Tracker,
allowed to individually follow each of the three mice and to
automatically extract the time spent in contact with the juvenile
for each tested mouse (de Chaumont et al., 2018). We used
unpaired non-parametric Wilcoxon tests to compare the total
time spent in contact.

We used paired non-parametric Wilcoxon tests to compare
the total time spent in contact between Shank2t/* and
Shank2~/~ mice (within each pair) for each juvenile encounter.
We used paired non-parametric Wilcoxon tests to compare the
total time spent in contact within each genotype between the
fourth encounter and the fifth one.

Ethic Approval Statement

All experiments involving animals complied with the European
ethical regulation, and were validated by the ethical committee
CETEA n°89, Institut Pasteur, Paris. These procedures were
realized within the project APAFIS#7706-20 161 12317252460 v2.

RESULTS

The Effects of Methylphenidate on
Hyperactivity in Shank2 Mutant Mice

Shank2~/~ mice are highly hyperactive in comparison with
their wild-type littermates (Schmeisser et al., 2012). Here, we
injected adult males and females with methylphenidate (MPH)
or saline solution, 1 h before the openfield test. The saline-
injected Shank2~/~ mice traveled significantly longer distances
in comparison with saline-injected Shank2™/* mice (males:
W = 0, p < 0.001; females: W = 10.5, p = 0.005) and
Shank2*/~ mice (males: W = 7, p < 0.001; females: W = 0,
p < 0.001; Figure 1). In addition, Shank2/~ mice also
displayed hyperactivity but to a lower extend in comparison
with their wild-type littermates (males: W = 21.5, p = 0.034;
femaless W = 0, p < 0.001). These results confirmed the
initially described gene dosage-related hyperactivity in this
model (Schmeisser et al, 2012). MPH treatment increased
significantly the distance traveled by Shank2*/* mice (males:
W =10, p = 0.003; females: W = 4.5, p = 0.002) and by
Shank2*/~ mice (males: W = 10, p = 0.002; females: W = 5,
p < 0.001) in comparison with saline-injected mice of the same
genotypes in both sexes. The MPH treatment also increased
significantly the distance traveled by Shank2=/~ female mice
in comparison with saline-injected Shank2~/~ female mice

Frontiers in Molecular Neuroscience | www.frontiersin.org

91

October 2018 | Volume 11 | Article 365


https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Eyetal.

Pharmacological and Social Challenges in Shank2 Mice

A Shank2 males
800 - A
[ ]
*
700 |
% % %
EGOO L * ok ko
B 500 | "
% A
& 400
@ X B
§ 300 é LA
@
© 200 r 5 A ®
? p
100 | ®
A
* Kk **
0 1 1 1 1 1 ]
\+/+ \+/— \—/—
G\( ((\Q‘(\ 0\'_( ‘(\Q\(\ o\‘,( ((\Q\(\

FIGURE 1 | Similar enhancement of activity by methylphenidate treatment in Shank2 wild-type and mutant mice. Distance traveled in 30-min free exploration of an
openfield in (A) male and in (B) female Shank2+/ (blue), Shank2+/~ (gray) and Shank2~/~ (orange) mice after methylphenidate treatment (MPH, 30 mg/kg) or after
saline injection 1 h before the test. Data are presented as mean + SEM, with individual points. Uncorrected non-parametric Wilcoxon tests were used (*p < 0.05,

**p < 0.01, ***p < 0.001).
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(W = 14, p = 0.005; Figure 1B). The difference in Shank2=/~
male mice in comparison with saline-injected Shank2~/~ males
was not significant (W = 36, p = 0.307; Figure 1A), but
the hyperactivity was already very high and we might have a
saturation effect. In both sexes, MPH-injected Shank2~/~ mice
still traveled significantly longer distances in comparison with
MPH-injected Shank2*/+ mice (males: W = 8, p = 0.002; females:
W =2,p < 0.001).

Overall, Shank2=/~, Shank2*/~, and Shank2*/* mice
reacted similarly to the injection of MPH, with an increase in
their locomotor activity. MPH was therefore not efficient to
rescue hyperactivity in this model.

The Effects of Social Isolation on Social
Behavior in Shank2 Mutant Mice

Many mouse models of autism display only subtle abnormalities
in classical behavioral tests for social interest (reviewed in Ferhat
etal,, 2017). One hypothesis is that the main social problem might
reside in the social reward system, which can impair behavioral
flexibility [see for instance the lack of social modulation of
ultrasonic vocalizations in Shankl mutant mice (Wohr et al.,
2011)].

In this study, we therefore compared social interactions and
ultrasonic vocalizations in the occupant-new comer test between
group-housed and isolated adult female mice from the Shank2
mutant strain. When females were group-housed, there were no
significant differences between Shank2*/* mice and Shank2~/~
mice in the latency for the first contact (W = 120.5, p = 0.482;
Figure 2A), in the time spent in contact (W = 98.5, p = 0.826;
Figure 2B), in the latency for the first call (W = 95, p = 0.714;
Figure 2C), and in the vocal repertoire used (Figures 3A,B).

The only difference was found in the number of vocalizations
emitted, with less vocalizations emitted by Shank2~/~ mice
in comparison with wild-type mice (W = 150, p = 0.046;
Figure 2D).

When females were isolated for 3 days, Shank2~/~ mice
spent significantly shorter time in contact with the new
comer (W = 165, p = 0.008; Figure 2B) and emitted less
ultrasonic vocalizations in comparison with Shank2t/* mice
(W =171, p = 0.003; Figure 2D). Interestingly, when considering
the ultrasonic vocalization repertoire used, Shank2~/~ mice
emitted significantly more calls from the short and unstructured
categories than Shank2t/* mice in the isolated condition
(Figures 3A,B). In contrast, the duration of the calls for each
call type did not differ significantly between social conditions or
between genotypes (Figures 3C,D).

Overall, significant differences in social interaction and
communication emerged between Shank2~/~ and Shank2*/*
mice only after social isolation, and not when animals were
group-housed. These results suggested that Shank2~/~ mice
were impaired in their modulation of social motivation.

Social Recognition in a Social Context in
Shank2 Mutant Mice

In their initial characterization, Shank2~/~ female mice
displayed impairments in social recognition in the three-
chambered test, with no significant preference for an unknown
conspecific in comparison with a familiar conspecific (Schmeisser
etal., 2012; Peter et al., 2016). However, in other studies using the
Shank2®X15=16 mice, social recognition in the three-chambered
test did not differ significantly between homozygous mutant and
wild-type (Won et al., 2012; Lee et al., 2015; Kim et al., 2018). In

Frontiers in Molecular Neuroscience | www.frontiersin.org

October 2018 | Volume 11 | Article 365


https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Eyetal.

Pharmacological and Social Challenges in Shank2 Mice

A B
5 r 250 *k
~~ A
) = i AAkk
T 40 F w200 )
3 b ®
= S
g 3 r £ 150 | ®
® 8 A5
A
= 20 e o 2 c 100 . A
) PY A — 2 A 1
> @ A [0} 5
[8) Fa A
S 0 &8 % A P Es| & &
Q Sl ‘ A
@
= . 3 a .
0 ® ! @ ) A 0 ! ! 1 I
++ /- ++ == ++ /- ++ ==
grouped isolated grouped isolated
C D
250 r *% 500 *%
= S = . <0.1 —
: 200 ® é 400 7Y
K )
- 150 F ® = 300 ® A
7] A O
;E ~ A
> 100 | Q20 | A
g ® - A - o % z‘ &
(] =
£ b o2 l G100 L e e A
© o A
2 Y 3 -
0 ! 0 14
++ /- +H+ /- ++ /- +H+  -/-
grouped isolated grouped isolated
FIGURE 2 | Previous social isolation modulates social communication in wild-type female mice but not in Shank2 mutant female mice. In the 4-min (i.e., 240 s)
occupant-new comer test, the latency to establish the first contact (A), the total time spent in contact (B), the latency to emit the first ultrasonic vocalization (C) and
the number of calls per minute (D) were measured in group-housed mice and in mice isolated for 3 days before testing. Data are presented as mean + SEM, with
individual points. Uncorrected non-parametric Wilcoxon tests were used (*p < 0.05, **p < 0.01, ***p < 0.001).

the present study, we aimed at testing whether social recognition
was impaired when mice were freely interacting. We established
a habituation-dishabituation test with a pair of adult female mice
(one Shank2t/* mouse and one Shank2~/~ mouse, familiar
to each other for at least 1 week before the test) interacting
repeatedly with a C57Bl/6] juvenile female. After four encounters
with the same juvenile, the pair of mice encountered an unknown
juvenile on the fifth encounter.

The social recognition protocol appeared to be valid. Indeed,
the time that Shank2¥/* mice spent in contact with the juvenile
decreased over the four successive expositions to the same
juvenile (Figure 4, blue line and dots). Then, they spent a
significantly increased time in contact with the second juvenile
presented for the fifth encounter (W = 1, p = 0.002), suggesting
that they were able to discriminate their juvenile conspecifics.
Shank2~/~ mice followed a parallel profile despite the fact that
they tended to spend shorter time in contact with the juveniles
in comparison with their wild-type littermates (encounter 2:
W = 65, p = 0.042; encounter 3: W = 66, p = 0.034; encounter
5: W = 65, p = 0.042; Figure 4, orange line and dots). As in

Shank2*/* mice, the time that Shank2~/~ mice spent in contact
with the juvenile between the fourth and the fifth encounters also
increased significantly (W =0, p < 0.001).

Overall, the Shank2~/~ mice spent shorter time in contact
with the juvenile in comparison with wild-type mice but
remained able to differentiate two individuals.

DISCUSSION

Methylphenidate Does Not Rescue the
Hyperactivity of the Adult Shank2~/~

Mice

The psychostimulant methylphenidate inhibits the reuptake
of dopamine and norepinephrine (increase of dopamine and
norepinephrine extracellular levels) (de la Pena et al.,, 2018). It
is known to be an effective treatment for a subset of patients
diagnosed with hyperactivity in humans (reviewed in Stepanova
et al., 2017). It appeared to improve inattention, distractibility,
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FIGURE 3 | Effects of social isolation on the repertoire and duration of ultrasonic vocalizations emitted by Shank2 females. Distribution of ultrasonic vocalizations
among the five call types recorded during same-sex social interactions (4 min, i.e., 240 s) in group-housed females (A) and in females isolated for 3 days (B). Mean
duration of the five call types recorded during same-sex social interactions in group-housed females (C) and in females isolated for 3 days (D). Data are presented as
mean + SEM, with individual points. Uncorrected Chi-squared tests were used to compare the proportion of each call type between pairs involving one wild-type
and pairs involving one Shank2 mutant mice within a social condition (*p < 0.05, **p < 0.01) or between social condition (either grouped or isolated) within one
genotype (fp < 0.05).

hyperactivity and impulsivity more efficiently than placebo in
patients with autism or neurodevelopmental disorders (Quintana
et al., 1995; Handen et al., 2000; Research Units on Pediatric
Psychopharmacology Autism Network, 2005; Kim et al., 2017).
For instance, in a large study conducted by the Research Units
on Pediatric Psychopharmacology Autism Network, about half
of the patients with autism or neurodevelopmental disorders and
hyperactivity responded to methylphenidate treatment (Research
Units on Pediatric Psychopharmacology Autism Network, 2005).
Nevertheless, methylphenidate appeared to be less efficient and
to present more adverse effects (e.g., social withdrawal) in
patients with autism than in children developing typical ADHD
(Research Units on Pediatric Psychopharmacology Autism
Network, 2005; Stepanova et al., 2017). Methylphenidate also
tended to increase social withdrawal in patients with ADHD

(Research Units on Pediatric Psychopharmacology Autism
Network, 2005).

In mice, methylphenidate is used to test the predictive
validity of mouse models for ADHD, since it can rescue the
hyperactivity of several of these mouse models (de la Pefa
et al, 2018). In mouse models of autism, methylphenidate
did not rescue hyperactivity in FmrI1~/~ mice (Wrenn et al,
2015). In the first part of the present study, we highlighted
that an injection of methylphenidate increased the activity
of Shank2*/T mice, as expected in wild-type mice, but also
increased the activity of Shank2%/~ and Shank2~/~ mice. These
results show that the hyperactivity of Shank2~/~ adult mice is
not attenuated by methylphenidate, and therefore might not be
related to “ADHD-like hyperactivity.” Our results are consistent
with those from Pappas et al. (2017) who also observed an
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Wilcoxon tests were used (*p < 0.05, **p < 0.01, ***p < 0.001).

increased hyperactivity in Shank2”®2* mutant mice treated with

amphetamine (2 mg/kg), while this hyperactivity was rescued by
the mood stabilizers valproic acid or lithium (Pappas et al., 2017).
These results suggest that the hyperactive phenotype in Shank2
mutant mice could therefore be reminiscent of the manic-like
phenotype of a mouse model for bipolar disorder. To further
investigate this parallel with manic-like behavior, future studies
on Shank2 mouse models should include analyses on sleep-wake
cycles, impulsivity and preference for reward stimuli (Beyer and
Freund, 2017). Investigating the dopaminergic pathway in this
model might also provide information on the relatedness of the
phenotype of Shank2 mice with a manic-like phenotype. With
preliminary data in an eight-arm radial maze for spatial learning,
we already noticed an increased arousal of Shank2~/~ mice
when seeking for the sweet reward in comparison with their
wild-type littermates (unpublished data), suggesting an atypical
reward seeking behavior. In parallel, clioquinol, a zinc chelator
and a ionophore mobilizing trans-synaptic zinc has been shown
to rescue the reduced social interest in the three-chambered test
in mouse models of autism, but could not rescue the hyperactivity
observed in the Shank22¢15=16 model (Lee et al., 2015).

Prior Isolation Increases Social

Motivation for Conspecific, but Not in the
Shank2~/~ Mice

A reduction of social interactions might originate from
abnormalities in the neuronal circuits involved in social reward.
The strength of social interactions might then be modulated
by the motivation of the individual to interact with peers. We

aimed at testing whether mice lacking Shank2 have the ability
to modulate their interest in social interactions. We therefore
manipulated their motivation to interact by housing them in
groups or isolated.

While wild-type Shank2*/* mice housed in isolation
increased their social motivation with more time spent in
contact and higher call rate compared to the group-housed
condition, Shank2~/~ mutant mice behaved similarly, no matter
whether in the isolated or group-housed conditions. Their level
of behavioral flexibility in the social domain appeared to be
lower in comparison with wild-type mice. Unfortunately, this
mouse model has never been tested in a reversal learning task,
to assess its cognitive flexibility. Other Shank2 mouse models
were tested for learning and memory but not in a reversal
learning task, except the conditional, parvalbumin cell-type
specific Shank2”15=16 knock-out mice that displayed typical
learning and reversal learning in the Morris water maze task
(Lee et al., 2018). Therefore, the cognitive flexibility of Shank2
mutant mice remains to be further documented to understand
whether the present lack of social flexibility is related to a reduced
cognitive flexibility.

We could also hypothesize that Shank2=/~ mice might
consider social interactions as more aversive and therefore less
rewarding than wild-type Shank2*/* mice do. Indeed, our
previous work showed that Shank2~/~ mice emit ultrasonic
vocalizations with lower peak frequency in comparison with
wild-type littermates (Ey et al., 2013). Interestingly, ultrasonic
vocalizations emitted by adult males usually displayed a lower
peak frequency in an aversive context (contention stress) than
in affiliative social interactions (Chabout et al., 2012). Further
experiments will focus on the modulation of the spontaneous
home cage behavior between Shank2~/~ and Shank2t/*
mice to gather robust data on a more complete behavioral
repertoire. Long-term group studies are now possible using
a newly developed tracking system, Live Mouse Tracker (de
Chaumont et al, 2018). The first experiments with mixed-
genotype groups suggest that Shank2~/~ female mice and their
wild-type littermates differ in their involvement in complex social
configurations (de Chaumont et al., 2018).

This reduced social reward could be in line with the hypothesis
reviewed by Chevallier et al. (2012), in which social deficits in
autism might come from social motivation deficits and therefore
trigger social cognition deficits, and not the reverse. However,
such an approach is still under discussion since evidences are
mixed (reviewed in Bottini, 2018).

Shank2~/— Mice Are Able to Integrate
Social Cues for Recognition of

Conspecific

The three-chamber test provides a binary way to measure the
preference for social novelty versus social familiarity: it is a yes/no
test (Crawley, 2004). It does not permit to disentangle whether
the animal has a reduced motivation for (i.e., is not interested in)
social novelty or whether it cannot distinguish the two different
mice presented. The paradigm presented here tried to distinguish
these two possibilities.
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We showed that Shank2~/~ mice might be less motivated to
interact with an unknown conspecific since they tend to spend
shorter time in contact with the juvenile in comparison with
their wild-type littermates. Nevertheless, they did not display
social recognition impairments in this protocol: they still manage
to gather information about the identity of the conspecific.
Shank2~/~ mice therefore are able to differentiate individuals
from one another, i.e., to perceive and analyze social cues.

This is reminiscent of a series of experiments conducted in
patients with autism. During social scene observation, toddlers
with autism are less focused on eyes in comparison with
neurotypical toddlers (Constantino et al., 2017), but they can be
faster at identifying facial information compared with typically
developed individuals (Gharib et al., 2015).

Whether the behavior of the Shank2~/~ mouse is influenced
by the behavior of its paired wild-type conspecific is unknown. If
there were an influence of the behavior of the Shank2*/* mouse
on the Shank2~/~ mouse, this would mean that Shank2~/~ mice
have the ability to socially imitate its paired conspecific, which
depicts some interesting social competencies. If Shank2~/~ mice
behave totally independently from the paired Shank2/* mice,
this would mean that Shank2~/~ mice own social recognition
ability. To disentangle these two possibilities, it would be
interesting to try this protocol of social recognition with different
types of pairings (Shank2~/~ vs. Shank2=/~, Shank2=/~ vs.
Shank2t/*, and Shank2t/* vs. Shank2t/%) and also with
isolated mice.

CONCLUSION

To summarize, the present study gathers new pieces of
information on specific aspects of the behavior of the Shank2~/~
mice. It shows that the hyperactivity displayed by this model
cannot be reduced by methylphenidate. It also highlights that
the social deficits displayed by this model might stem from a
lack of flexibility in the social motivation. Finally, it provides
more details on the social recognition deficits, which were
not visible during direct social interactions with a conspecific,
i.e,, when the tested mice had access to all identity cues of
the conspecifics. Interestingly, the reduced social interaction
displayed by Shank2~/~ mice might therefore be misinterpreted
as a problem in social cognition. We propose an alternative
hypothesis that Shank2~/~ mice have high capacity to integrate
social cues, but once these social cues are integrated, the mice
display less social motivation to interact. Such information could
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Shank3 is an excitatory postsynaptic scaffolding protein implicated in multiple brain
disorders, including autism spectrum disorders (ASD) and Phelan-McDermid syndrome
(PMS). Although previous neurobiological studies on Shank3 and Shank3-mutant mice
have revealed diverse roles of Shank3 in the regulation of synaptic, neuronal and brain
functions, whether Shank3 expression in specific cell types distinctly contributes to
mouse phenotypes remains largely unclear. In the present study, we generated two
Shank3-mutant mouse lines (exons 14-16) carrying global and GABA neuron-specific
deletions and characterized their electrophysiological and behavioral phenotypes. These
mouse lines show similar decreases in excitatory synaptic input onto dorsolateral striatal
neurons. In addition, the abnormal social and locomotor behaviors observed in global
Shank3-mutant mice are strongly mimicked by GABA neuron-specific Shank3-mutant
mice, whereas the repetitive and anxiety-like behaviors are only partially mimicked. These
results suggest that GABAergic Shank3 (exons 14-16) deletion has strong influences on
striatal excitatory synaptic transmission and social and locomotor behaviors in mice.

Keywords: autism, Phelan-McDermid syndrome, Shank3, striatum, social interaction, repetitive behavior

INTRODUCTION

Shank represents a family of postsynaptic scaffolding proteins with three known members:
Shank1/ProSAP3, Shank2/ProSAP1 and Shank3/ProSAP2 (Sheng and Kim, 2000; Sheng and Sala,
2001; Boeckers et al., 2002; Sheng and Hoogenraad, 2007; Grabrucker et al., 2011; Sheng and Kim,
2011; Jiang and Ehlers, 2013; Sala et al., 2015; Monteiro and Feng, 2017; Mossa et al., 2017). Shank
proteins interact with many other synaptic proteins and are known to regulate excitatory synapse
assembly as well as excitatory synaptic transmission and plasticity.

Mutations of SHANK3 (Boeckers et al.,, 1999; Lim et al., 1999; Naisbitt et al., 1999; Tu
et al, 1999) have been implicated in diverse brain disorders, including autism spectrum
disorders (ASD), neurological and psychiatric symptoms of Phelan-McDermid syndrome
(PMS), schizophrenia, intellectual disability and mania (Phelan et al., 1993; Bonaglia et al,
2001; Wilson et al, 2003; Durand et al., 2007; Moessner et al, 2007; Gauthier et al,
2010; Bonaglia et al,, 2011; Hamdan et al., 2011; Leblond et al., 2012; Boccuto et al., 2013;
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Han et al, 2013; Guilmatre et al., 2014; Leblond et al., 2014;
Cochoy et al., 2015; De Rubeis et al., 2018).

A number of Shank3-mutant mouse lines have been generated
and characterized in an effort to understand the in vivo functions
of Shank3 and identify important mechanisms underlying
Shank3-related brain disorders (Bozdagi et al., 2010; Peca et al,,
2011; Wang et al,, 2011; Schmeisser et al., 2012; Yang et al., 2012;
Han et al., 2013; Kouser et al., 2013; Lee et al., 2015; Speed et al.,
2015; Jaramillo et al., 2016; Mei et al., 2016; Wang et al., 2016;
Zhou et al., 2016; Jaramillo et al., 2017; Vicidomini et al., 2017;
Bey et al,, 2018; Qin et al., 2018).

Given that Shank3 is an important component of excitatory
synapses (Boeckers et al., 1999; Lim et al., 1999; Naisbitt et al.,
1999; Tu et al, 1999), and that the imbalance of excitation
and inhibition (E/I) at synaptic and neuronal levels has been
implicated in ASD (Yizhar et al., 2011; Nelson and Valakh, 2015;
Lee E. et al.,, 2017), Shank3 dysfunctions may have significant
influences on E/I imbalances associated with ASD. Importantly,
however, because Shank3 is expressed in both excitatory and
inhibitory neurons (Han et al., 2013), the consequences of
Shank3 mutations in mixed neuronal populations are not easy
to predict and should be assessed by direct cell type-specific
Shank3 deletion in vivo for better understanding of related
brain regions, cell types, and neural circuits. In further
support of the importance of Shank3 expression in GABAergic
neurons, Shank3 is highly expressed in the striatum (Peca
et al,, 2011), a brain region enriched with GABAergic neurons
and known to be associated with various brain functions as
well as neurological and psychiatric disorders (Balleine et al.,
2007; Kreitzer and Malenka, 2008; Grueter et al., 2012; Baez-
Mendoza and Schultz, 2013). In addition, GABAergic neurons
in the striatum have dendritic spines where Shank3 may play
important roles in the regulation of spinogenesis and axospinous
synapse functions (Harris and Weinberg, 2012; O’Rourke et al.,
2012).

To this end, we attempted a GABA neuron-specific deletion of
Shank3 exons 14-16, which encodes the PDZ domain known to
interact with many synaptic proteins, including GKAP/SAPAP
(Kim and Sheng, 2004; Sheng and Kim, 2011), using the
Viaat-Cre mouse line that drives Cre recombinase expression
in widespread GABAergic neurons (Chao et al, 2010). The
electrophysiological and behavioral phenotypes of these mice
were compared with those from mice carrying a global Shank3
deletion (exons 14-16). We found that GABA neuron-specific
Shank3 deletion induces a strong reduction in excitatory synaptic
input onto dorsolateral striatal neurons and abnormal social and
locomotor behaviors, while having moderate effects on repetitive
and anxiety-like behaviors.

MATERIALS AND METHODS

Animals

Mice carrying a deletion of exons 14-16 of the Shank3
gene flanked by LoxP sites were designed and generated by
Biocytogen. The EGFP+ Neo cassette was eliminated by crossing
these mice with protamine-Flp mic. EGFP+ Neo cassette-deleted
Shank3f°%/+ mice were crossed with protamine-Cre mice, and

the resulting mice were then crossed with wild-type (WT) mice
to introduce the Shank3414716 allele. Experimental Shank3414-16
global knockout mice were obtained by heterozygous mating
(Shank3A14-16/% x Shank3414-16/+) To generate Shank3414-16
cell type-specific conditional knockout (cKO) mice in which
Shank3 is knocked out in Viaat (vesicular inhibitory amino
acid transporter)-expressing GABAergic neurons (Viaat-
Cre;Shank3"f1 mice), homozygous Shank3/10%/fox female mice
were crossed with double-heterozygous Viaat-Cre;Shank3/ox/+
male mice. The control group for the c¢KO mouse was
Cre-negative Shank3/°*/fox littermates. Viaat-Cre, protamine-
Flp and protamine-Cre mouse lines used in this study were
maintained in a C57BL/6] genetic background for more than
five generations, a breeding strategy that allowed us to compare
all global and Viaat-Cre mouse line in the same pure C57BL/6]
background. All mice were bred and maintained at the mouse
facility of Korea Advanced Institute of Science and Technology
(KAIST) according to Animal Research Requirements of
KAIST, and all experimental procedures were approved by
the Committee of Animal Research at KAIST (KA2016-30). All
animals were fed ad libitum and housed under the 12 h light/dark
cycle (light phase during 1:00 am to 1:00 pm). Polymerase chain
reaction (PCR) genotyping of conventional knockout mice was
performed using the following primers: for WT allele (276 bp):
5-GGG TTC CTA TGA CAG CCT CA-3’ and 5-TTC TGC
AGG ATA GCC ACC TT-3’; for deletion (del) allele (1,159 bp):
5-GGG TTC CTA TGA CAG CCT CA-3’ and 5-AGC TCA
GCC GTC ATG GAC-3". Genotypes of Viaat-Cre;Shank3/"/!
mice were determined by PCR using the following primers: for
floxed (478 bp) or WT allele (276 bp): 5-GGG TTC CTA TGA
CAG CCT CA-3’ and 5-TTC TGC AGG ATA GCC ACC TT-3’;
for Viaat-Cre allele (272 bp): 5’-GTG TTG CCG CGC CAT CTG
C-3’and 5-CAC CAT TGC CCC TGT TTC ACT ATC-3. Only
male mice were used for behavioral and electrophysiological
experiments. Both male and female were used for biochemical
experiments.

Fluorescent in situ Hybridization (FISH)

In brief, frozen sections (14 pum thick) were cut coronally through
the cortex and striatum formation. Sections were thaw-mounted
onto Superfrost Plus Microscope Slides (Fisher Scientific #12-
550-15). The sections were fixed in 4% formaldehyde for 10 min,
dehydrated in increasing concentrations of ethanol for 5 min,
and finally air-dried. Tissues were then pretreated for protease
digestion for 10 min at room temperature. Probe hybridization
and amplification were performed at 40°C using HybEZ
hybridization oven (Advanced Cell Diagnostics, Hayward, CA,
USA). The probes used in this study were three synthetic
oligonucleotides complementary to the nucleotide (nt) sequence
1488-2346 of Mm-Shank3, nt 62-3113 of Mm-Gadl-C3, nt
552-1506 of Mm-Gad2-C2, nt 464-1415 of Mm-Slc17a7/Vglutl-
C2, and nt 1986-2998 of Mm-Slc17a6/Vglut2-C3 (Advanced
Cell Diagnostics, Hayward, CA, USA). The labeled probes were
conjugated to Alexa Fluor 488, Atto 550, and Atto 647. The
sections were hybridized with the labeled probe mixture at
40°C for 2 h per slide. Unbound hybridization probes were
removed by washing the sections three times with 1x wash
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buffer at room temperature for 2 min. Following steps for signal
amplification included incubations at 40°C with Amplifier 1-FL
for 30 min, with Amplifier 2-FL for 15 min, with Amplifier
3-FL for 30 min and with Amplifier 4 Alt B-FL for 15 min.
Each amplifier solution was removed by washing with 1x
wash buffer at room temperature for 2 min. The slides were
viewed, analyzed and photographed using TCS SP8 Dichroic/CS
(Leica), and the Image] program (NIH) was used to analyze the
images.

Brain Lysates

Brains from Shank mice and their WT littermates
(13 weeks; male), and those from Viaat-Cre;Shank3"!" mice
and their WT littermates (12 weeks; female), were extracted
and dissected on ice into cortex, thalamus, striatum and
hippocampus, followed by homogenization with ice-cold
homogenization buffer (0.32 M sucrose, 10 mM HEPES, pH 7.4,
2 mM EDTA, pH 8.0, 2 mM EGTA, pH8.0, protease inhibitors,
phosphatase inhibitors). Total lysates were prepared by boiling
with B-mercaptoethanol directly after homogenization.

3A14—16

Western Blot

Total brain lysates separated in electrophoresis and transferred
to a nitrocellulose membrane were incubated with primary
antibodies to Shank3 (#2036 guinea pig polyclonal antibodies
raised against aa 1289-1318 of the mouse Shank3 protein, 1:500;
Lee et al.,, 2015) and a-tubulin (Sigma T5168; 1:1,000) at 4°C
overnight. Fluorescent secondary antibody signals were detected
using Odyssey® Fc Dual Mode Imaging System.

Rat Neuron Culture, Immunocytochemistry
and Imaging

Primary hippocampal neuronal cultures were prepared from
Sprague-Dawley rats at E18 as described previously (Goslin and
Banker, 1991). Dissociated neurons were plated in coverslips
coated with poly-L-lysine and laminin, and grown in neurobasal
media supplemented with B27 (Invitrogen), 0.5 mM glutamax
(Invitrogen) and 12.5 pM glutamate (plating media) in a 10%
CO; incubator. After, this plating media and maintained media
were replaced with feeding media (same as plating media only
except for glutamate) every week. For immunocytochemistry,
cultured neurons (at days in vitro or DIV 15) were fixed
with 1% paraformaldehyde/1% sucrose (5 min) and methanol
(5 min), permeabilized with 0.1% gelatin, 0.3% Triton X-100,
450 mM NaCl in phosphate buffered saline (PBS), and
immunostained with primary antibodies against Shank3 (Santa
Cruz H-160, 1:200) and GAD67 (Abcam ab26116, 1:200),
and FITC-, and Alexa594-conjugated secondary antibodies
(Jackson ImmunoResearch). The images were acquired using a
confocal microscope (LSM780, Carl Zeiss) with a x63 objective
lens. The Z-stacked images were converted to maximal
projection.

Electrophysiology

Mice at P28-35 (for dorsolateral striatum mEPSC and mIPSC)
were anesthetized with diethyl ether. Mouse brain sections
(300 pm) were sectioned in ice-cold dissection buffer containing

(in mM) 212 sucrose, 25 NaHCOj3, 10 D-glucose, 2 Na-pyruvate,
1.25 ascorbic acid, 1.25 NaH,PO4, 5 KCI, 3.5 MgSO4 and
0.5 CaCl, bubbled with 95% O, and 5% CO; gases using Leica
VT 1,200 vibratome. The slices were recovered for 30 min
and maintained in artificial cerebrospinal fluid (ACSF) at
32°C (in mM: 124 NaCl, 25 NaHCOs3, 10 Glucose, 2.5 KCl,
1 NaH,PO4, 2.5 CaCly, 1.3 MgSO,4 oxygenated with 95%
0O, and 5% CO, gases). All recordings were performed after
recovery for additional 30 min at room temperature. During
all recordings, brain slices were maintained in a submerge-type
recording chamber perfused with 26.5-28°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 Devices)
and then digitized at 10 kHz (Digidata 1550, Molecular
Devices). For whole-cell patch recordings in the dorsolateral
striatum, a recording pipette (2.5-3.5 MQ) was filled with
the internal solution (in mM: 100 CsMeSQO4, 10 TEA-CI,
8 NaCl, 10 HEPES, 5 QX-314-Cl, 2 Mg-ATP, 0.3 Na-GTP and
10 EGTA for mEPSCs; 115 CsCl, 10 EGTA, 8 NaCl, 10 TEACI,
10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 5 QX-314 for mIPSCs)
adjusted to pH 7.35 and 285 mOsm. To measure mEPSCs
and mIPSCs, dorsolateral striatal MSN neurons were voltage-
clamped at —70 mV. For mEPSCs and mIPSCs, picrotoxin
(60 wM) and NBQX (10 uM) + APV (50 uM) were added
to ACSF with TTX (1 wM), respectively. Responses were
recorded for 2 min after maintaining stable baseline for
5 min. MSNs in the dorsal striatum were identified by the
soma size (8-12 wm) and basic membrane properties (cell
capacitance >100 pF and input resistance >160 MOhm, as
reported previously (Cepeda et al., 1998, 2008; Gertler et al.,
2008).

Behavioral Assays

Before behavioral experiments, all mice were handled for 10 min
per day for 3 days. All behavioral assays were proceeded after
30 min habituation in a dark booth. All tested mice were
2-7 months male mice. The order of behavioral tests was
designed in a way to minimize stress in animals. The behavioral
tests for global Shank3214-16 and Viaat-Cre;Shank3*'4~1 mice
were performed in the orders described in Supplementary
Table S1.

Three-Chamber Test

Social approach was measured using the three-chambered test
(Moy et al., 2004; Nadler et al., 2004; Silverman et al., 2010).
The apparatus is a white acrylic box (60 x 40 x 20 cm)
divided into three chambers. The illumination condition was
~10 lux for global Shank3“'471® mice and 70-80 lux for
Viaat-Cre;Shank3214716 mice. We used a dim light condition
(~10 lux) for global Shank3441% mice because a brighter light
condition (~70-80 lux) did not yield optimal results in WT
mice. Both left and right side chambers contained a cage in
the upper or lower corner for an object or a stranger mouse.
Experimental mice were isolated in a single cage for 3 days
prior to the test, whereas unfamiliar stranger mice (129S1/Svlm]

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2018 | Volume 12 | Article 341


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Yoo et al.

Effects of GABAergic Neurons-Specific Shank3 Deletion

strain) were group-housed (5-7 mice/cage). All stranger mice
were age-matched males and were habituated to a corner cage
during the previous day (30 min). The test consisted of three
phases: empty-empty (habituation), strangerl-object (S1-O) and
strangerl-stranger2 (S1-S2). In the first (habituation) phase, a
test mouse was placed in the center area of the three-chambered
apparatus, and allowed to freely explore the whole apparatus
for 10 min. The mouse was then gently guided to the center
chamber while an inanimate blue cylindrical object (O) anda WT
stranger mouse, termed stranger 1 (S1), were placed in the two
corner cages. The positions of object (O) and S1 were alternated
between tests to prevent side preference. In the S1-O phase,
the test mouse was allowed to explore the stranger mouse or
the object freely for 10 min. Before the third S1-S2 phase, the
subject mouse was again gently guided to the center chamber
while the object was replaced with a new WT stranger mouse,
termed stranger 2 (S2). The subject mouse again was allowed
to freely explore all three chambers and interact with both
stranger mice for 10 min. The duration of sniffing, defined
as positioning of the nose of the test mouse within 2.5 cm
from a cage, was measured using Ethovision XT10 (Noldus)
software.

Direct Social Interaction Test

Each individual mouse spent 10 min in a gray box
(30 x 30 x 30 cm; ~25-30 lux) for two consecutive days
for habituation. On day 3, pairs of mice of the same genotype
(originally housed separately) were placed in the test box
for 10 min. All mice were isolated for 3 days prior to the
experimental day. Time spent in nose-to-nose interaction,
following, and total interaction were measured manually in
a blinded manner. Nose-to-nose interaction was defined as
sniffing the head part of the other mouse. Following included
the behavior of a mouse following the other mouse as well
as nose-to-tail sniffing. Total interaction included nose-to-
nose interaction, following, body contact, allo-grooming and
mounting.

Courtship Ultrasonic Vocalization

Adult subject male mice were isolated in their home cage for
3 days before the test, whereas age-matched intruder female mice
were group-housed (6-7 mice/cage). We did not measure female
estrous cycles, assuming that group housing may synchronize
the cycles. Basal ultrasonic vocalizations (USVs) of an isolated
male mouse in its home cage under a light condition of
~60 lux in a soundproof chamber were recorded for 5 min
in the absence of a female intruder. Next, a randomly chosen
stranger C57BL/6] female mouse was introduced into the cage,
and female-induced courtship USVs were recorded for 5 min
during free interaction between males and females. Avisoft
SASLab Pro software was used to automatically analyze the
number of USV calls, latency to first call, and total duration
of calls from recorded USV files. Signals were filtered from
1 Hz to 100 kHz and digitized with a sampling frequency
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 msec. Frequencies lower
than 25 kHz were filtered out to reduce background white
noises.

Repetitive Behavior and Self-Grooming
Test

Each mouse was placed in a fresh home cage (~60-70 lux) with
bedding and recorded for 20 min. The last 10 min was analyzed
manually to measure times spent in self-grooming and digging
behavior. Self-grooming behavior was defined as stroking or
scratching of its body or face, or licking its body parts. Digging
was defined as the behavior of scattering bedding using its
head and forelimbs. To further analyze self-grooming behavior,
mice were placed in an empty home cage without bedding
and were recorded for 20 min. Time spent in self-grooming
behavior was counted manually during the last 10 min in a blind
manner.

Laboras Test (Long-Term Monitoring)

Each mouse was placed in a single cage and recorded for
96 consecutive hours from the start of the night cycle.
Mlumination condition during light-on periods was ~60 lux.
Basal activities (locomotion, climbing, rearing, grooming, eating
and drinking) were recorded and automatically analyzed by
the Laboratory Animal Behavior Observation Registration
and Analysis System (LABORAS, Metris). Laboras results
were not validated by own manual analyses, given the
availability of previous validation results (Van de Weerd
et al, 2001; Quinn et al., 2003, 2006; Dere et al., 2015).
Mouse movements during the whole 4-day period were used
for quantification, except for other behaviors, for which
movements during light-off periods were used for more clear
results.

Open-Field Test

Mice were put in the center of a white acrylic box
(40 x 40 x 40 cm), and their locomotion was recorded with
a video camera for 1 h. The illumination of the open field was
90-100 lux. The recorded video was analyzed using Ethovision
XT10 software (Noldus). The center zone was defined as an area
with 4 x 4 squares when the whole-field was 6 x 6 squares.

Elevated Plus-Maze Test

The maze was elevated to a height of 75 cm from the floor, with
two open arms (30 x 6 cm, ~180 lux) and two closed arms
(30 x 6 cm, ~20 lux). Mice were introduced onto the center of
the apparatus with their head toward the open arms and allowed
to freely explore the environment for 8 min. Amounts of time
spent in open or closed arms and number of transitions were
measured by Ethovision XT10 software (Noldus).

Light-Dark Test

The light-dark apparatus was divided into light and dark
chambers (21 x 29 x 20 cm, 700 lux, light chamber;
21 x 13 x 20 cm, ~5 lux, dark chamber) separated by an entrance
in the middle wall (5 x 8 cm). Mice were introduced in the light
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chamber with their head toward the opposite side of the dark
chamber and allowed to freely explore the apparatus for 10 min.
Amounts of time spent in light and dark chambers and number of
transitions were analyzed by Ethovision XT10 software (Noldus).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
5 software. Details of statistical analyses and results are
presented in Supplementary Table S2. The normality of
the data distribution was determined using the D’Agostino
and Pearson omnibus normality test, followed by Student’s
t-test (in the case of normal distribution) and Mann-
Whitney U test (in the case of non-normal distribution).
If, sample is dependent each other, paired f-test (in the
case of normal distribution), and Wilcoxon signed rank test
(in the case of non-normal distribution). Repeated-measures
of two-way ANOVA and subsequent Bonferroni post hoc
multiple comparison tests, performed only when there are
significant interactions, were used for the time-varying analysis
of open-field test and Laboras test. If a single value makes the
data distribution as non-normal and is detected as significant
outlier (*P < 0.05) under the Grubb’s test, we removed the
data as outliers. One sample ¢-test was used for the analysis
of western blot data. The statistical significance of values
are indicated in the figure panels as follows: *P < 0.05,
P < 0.01, P < 0.001, nd, not detectable and ns, not
significant.

RESULTS

Expression of Shank3 in Both

Glutamatergic and GABAergic Neurons

To explore the contributions of Shank3 expression in excitatory
and inhibitory neurons to synaptic functions and behaviors
in mice, we first tested whether Shank3 is expressed in
glutamatergic and GABAergic neurons using fluorescence
in situ hybridization (FISH). Shank3 in situ signals were
present in Vglutl- and Vglut2-positive glutamatergic neurons
in brain regions including the medial prefrontal cortex (mPFC;
Figures 1A,B), indicative of Shank3 expression in glutamatergic
excitatory neurons. Shank3 signals were also present in
Gadl- and Gad2-positive GABAergic neurons in brain regions
including the mPFC and the dorsolateral region of the striatum
(Figures 1C,D). These results suggest that Shank3 mRNA
is expressed in both glutamatergic and GABAergic neurons.
Shank3 mRNA signals outside of DAPI-labeled nuclei or
neighboring cell body regions may represent dendritic (rather
than somatic) Shank3 mRNA, as previously reported (Epstein
et al., 2014).

To further characterize Shank3 expression in GABAergic
neurons, we immunostained for Shank3 protein in GABAergic
neurons in cultured rat hippocampal neurons. Shank3 signals
were detected in dendrites of both GAD67 (encoded by
Gadl)-positive GABAergic neurons and GAD67-negative
cells (Figure 1E). In addition, punctate Shank3 signals were
observed at shaft excitatory synapses on dendrites of GAD67-

positive GABAergic neurons (Figure 1F). These results,
together with the previously reported positive expression of
EGFP-tagged Shank3 in GAD-6-positive GABAergic neurons
(Han et al., 2013), suggest that Shank3 is expressed in both
glutamatergic and GABAergic neurons.

Generation and Characterization of Global
Shank3A14-16 and Viaat-Cre;Shank3214-16
Mice
To analyze the effects of cell type-specific Shank3 deletion, we
first generated a new mouse line harboring a cassette containing
exons 14-16 of the Shank3 gene flanked by flox sequences, and
then crossed these mice with protamine-Flp and protamine-Cre
mice to produce mice in which Shank3 exons 14-16 were globally
and homozygously deleted (Shank3“141® mice; Figure 2A).
PCR confirmed the genotype of these mice (Figure 2B), and
immunoblot analyses revealed that the two main splice variants
of the Shank3 protein (Shank3a and Shank3c/d) were absent in
several brain regions (Figure 2C), a result expected based on
previous studies on the alternative splicing of Shank3 (Lim et al.,
1999; Maunakea et al., 2010; Waga et al., 2014; Wang et al., 2014).
We next generated mice carrying Shank321471¢ deletion
restricted to GABAergic neurons by crossing Shank3"/ mice
with Viaat-Cre mouse lines, which drives gene expression
globally in GABAergic neurons by the solute carrier family
32 (GABA vesicular transporter) member 1 (Slc32al or
Viaat/vesicular inhibitory amino acid transporter) promoter
(Chao et al., 2010; Kim et al., 2018). Viaat-Cre;Shank3214-16
mice, genotyped by PCR (Figure 2B), showed a strong reduction
in Shank3a in the striatum (Figure 2D), a brain region enriched
with GABAergic neurons. Notably, the hippocampus displayed
a strong tendency for an increase in Shank3 expression, likely
reflecting compensatory changes in the mutant pyramidal
neurons caused by the Shank3 deletion in GABAergic neurons
in the hippocampus or other brain regions.

Suppressed Excitatory Synaptic
Transmission in the Dorsolateral Striatum
in Global Shank3214-16 and
Viaat-Cre;Shank3214-16 Mice

We first measured excitatory and inhibitory synaptic
transmission in the dorsal striatum, a region with enriched
with GABAergic neurons and implicated in the development of
abnormal behaviors in Shank3-mutant mice (Peca et al., 2011;
Peixoto et al, 2016). Both the frequency and amplitude
of mEPSCs were substantially decreased in dorsolateral
striatal neurons in global Shank3214-16 mice, with frequency
exhibiting a larger decrease; in contrast, mIPSCs were normal
(Figures 3A,B).

Similar changes were observed in dorsolateral striatal
neurons in Viaat-Cre;Shank32'*71¢ mice: mEPSC frequency
and amplitude were decreased, whereas mIPSCs were normal
(Figures 3C,D). Collectively, these results suggest that global
and GABAergic Shank3 deletions similarly suppress excitatory
synaptic transmission in dorsolateral striatal neurons without
affecting inhibitory synaptic transmission.
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FIGURE 1 | Expression of Shank3 in both glutamatergic and GABAergic neurons. (A,B) Detection of Shank3 mRNA in Vglut1/2 mRNA-positive glutamatergic
neurons in the prelimbic region of the medial prefrontal cortex (mPFC) in mice (P56) by double-immunofluorescence in situ hybridization. Note that Vglut2 mRNA

signals in the mPFC were weaker than those of Vglut1, and that, in the dorsolateral striatum, Vglut1/2 mRNA signals are very weak or absent. Scale bar, 0.5 mm, 20
wm. (C,D) Detection of Shank3 mRNA in Gad1/2-positive GABAergic neurons in the prelimbic region of the mPFC and the dorsolateral region of the striatum of mice
(P56) by double-immunofluorescence in situ hybridization. Scale bar, 0.5 mm, 20 um. (E,F) Detection of Shank3 proteins in GAD67-positive GABAergic neurons in
cultured rat hippocampal neurons at 15 days in vitro (DIV 15), as shown by double immunofluorescence staining for Shank3 and GAD67 (encoded by Gad7). Scale

bar, 50 pm, 20 pm, 50 um, 5 pm.

Enhanced Direct Social Interaction and
Suppressed Social Communication in
Global Shank3214-16 gnd

Viaat-Cre;Shank3214-1¢ Mice
To test the impact of global and GABA neuron-specific deletions

of Shank3 exons 14-16 on behaviors in mice, we subjected
Shank314716 and Viaat-Cre;Shank3'4"1° mice to a battery of
behavioral tests. Shank3“!*~1¢ mice displayed normal social
approach behavior in the three-chamber test, but increased social
interaction in the direct social interaction test (Figures 4A,B).
These mice also showed suppressed USVs upon encounter with
a novel female stranger (courtship USVs; Figure 4C).
Viaat-Cre;Shank3*'4-1¢ mice showed normal social approach
behavior in the three-chamber test but enhanced direct social

interaction and suppressed courtship USVs (Figures 4D-F),
similar to the behaviors observed in global Shank314-1¢ mice.
These results suggest that social interaction phenotypes induced
by global Shank3214-16 deletion is largely recapitulated in mice
with Shank3 exons 14-16 deletion restricted to GABAergic
neurons.

Strongly Altered Repetitive Behaviors in
Global Shank3214-16 Are Partially Mimicked
by Viaat-Cre;Shank3414-16 Mice

In tests for repetitive behaviors, global Shank mice
displayed enhanced self-grooming in a test cage without bedding
(Figure 5A), and exhibited enhanced self-grooming but reduced
digging in home cages with bedding (Figure 5B). In Laboras

3A14—16
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FIGURE 2 | Generation and characterization of global Shank3214-'6 and Viaat-Cre;Shank3214-'6 mice. (A) conditional knockout (cKO) strategy for exons 1416 of
the Shank3 gene in mice. Ankyrin, ankyrin repeats; SH3, src homology 3 domain; PDZ, PSD-95, Dig, ZO-1 domain; Pro-rich, proline-rich region; SAM, sterile alpha
motif; Ex, exon; Frt, flippase recombinase target; loxP, locus of X-over P1. (B) Polymerase chain reaction (PCR) genotyping of global Shank3214-'6 and

Viaat-Cre;Shank3*14-'6 mice. Note that the primer set targeting exons 13 and 14 generates a PCR band (276 bp) in the wild-type (WT) allele, but not in the
Shank321416 (del) allele, whereas the primer set targeting exons 13 and 17 generates a PCR band (1159 bp) in the Shank32'4-16 (del) allele, but not in the WT allele.

detectable, ns, not significant and one sample t-test.

(C) Immunoblot analyses of Shank3 protein splice variants in WT and Shank3214-16 mice (13 weeks; male) using a Shank3-specific antibody (#2036); the target
region is indicated in panel A as a red bar. Th, thalamus; Str, striatum; Hpc, hippocampus; Ctx, cortex. (D) Reduced levels of Shank3 protein variants in different
brain regions of Viaat-Cre;Shank3%14-"8 mice (12 weeks; female). Total brain lysates were analyzed by immunoblotting using a Shank3-specific antibody (#2036).
cKO band signals normalized to a-tubulin were normalized to those from WT mice. Data are shown as mean + SEM. n = 3 pairs (WT, cKO), **P < 0.01, nd, not

cages, where mouse movements are continuously monitored
for 4 days, global Shank3“!471® mice showed enhanced
self-grooming, although climbing behavior was suppressed
(Figures 5C,D).

Viaat-Cre;Shank3414-16 mice showed enhanced
self-grooming and suppressed digging in home cages with
bedding and enhanced rearing in Laboras cages (long-term
monitoring), but normal self-grooming in a novel cage without
bedding as well as in Laboras cages (Figures 5E-H); these results
differed in some respects from those of the global Shank3414-16
mice.

Home-cage digging and Laboras-cage climbing were similarly
reduced in global Shank32'4-1° and Viaat-Cre;Shank3®14-16
mice. These results suggest that the strong self-grooming induced
by global Shank3 deletion is not fully recapitulated by the
GABAergic Shank3 deletion, while the digging and climbing are
similarly suppressed by both deletions.

Similar Novelty-Induced Hypoactivity in
Global Shank3214-16 and
Viaat-Cre;Shank3214-16 Mice

In tests for locomotion, global Shank3!*-1 mice displayed
reduced locomotor activity in the open-field test, a novel

environment (Figure 6A). In Laboras cages (long-term
monitoring), global Shank324-1®  mice showed strong
hypoactivity during the first 2 h and modest hypoactivity
measured over the first 6 h; during the last 72 h, a period after
full habitation to the environment, Shank3%14-16 mice exhibited
normal locomotor activity (Figure 6B). These results suggest
that Shank3%1471° mice show hypoactivity in a novel, but not a
familiar, environment.

Viaat-Cre;Shank3*'*"1 mice showed decreased locomotor
activity in the open-field test and during the first 6 h in Laboras
cages (long-term monitoring; Figures 6C,D), similar to the
novelty-induced hypoactivity in global Shank344~1¢ mice. These
results suggest that global and GABAergic Shank3 deletion lead
to similar novelty-induced hypoactivity in mice.

Partially Similar Anxiety-Like Behaviors in
Global Shank3214-16 and
Viaat-Cre;Shank3214-16 Mice

In tests for anxiety-related behaviors, global Shank324-16 mice
did not show anxiety-like behavior in the open-field test, as
shown by the normal amount of time spent in the center region
of the open-field arena (Figure 7A). However, these mice were
less anxious in the elevated plus-maze test, spending more time
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FIGURE 3 | Suppressed excitatory but not inhibitory synaptic transmission in the dorsolateral striatum in global Shank3214-'6 and Viaat-Cre;Shank3*'*"®mice.
(A,B) Global Shank32'%"'® mice (P28-35) show decreased frequency and amplitude of mMEPSCs, and normal mIPSCs in dorsolateral striatal neurons. Data are
shown as mean + SEM. n = 12 neurons from four mice (WT), 12, 3 (KO) for mEPSCs, 15, 4 (WT), 17, 4 (KO) for mIPSCs, **P < 0.01, ***P < 0.001, ns, not
significant, Student’s t-test. (C,D) Viaat-Cre;Shank3%'%~'6 mice (P28-35) show decreased frequency and amplitude of mEPSCs, and normal mIPSCs in dorsolateral
striatal neurons. n = 19, 5 (WT), 16, 4 (cKO) for mEPSCs, 21, 5 (WT), 17, 5 (cKO) for mIPSCs, *P < 0.05, **P < 0.01, ns, not significant, Student’s t-test (frequency
and amplitude of mMEPSCs, and amplitude of mIPSC), and Mann-Whitney U test (frequency of mIPSC).

Dorsolateral striatum mEPSCs

cKO
_
4_ *%* 30_ *
”\T (1] 2 L[]
T3] . -
> L ) b 4
B
=1 (>4 H—
81] o g1
T <
04L— : 01— ,
WT cKO WT cKO
D

Dorsolateral striatum mIPSCs

T

cKO
_
10- ns 60- ns
E 8- . %\ :5.
go = - 2V
GC-) 4 -2 E °
S | o 5 204
9 2_ L) E
L <
01— ; . .
WT cKO WT cKO

in the open arm (Figure 7B), and, conversely, more anxious in
the light-dark apparatus, spending less time in the light chamber
(Figure 7C). Shank3%14716 mice also showed a reduced number
of transitions between light and dark chambers in the light-dark
apparatus, in line with the hypoactivity of the mice. These
results suggest that global Shank321471 mice show differential
anxiety-like behaviors.

Viaat-Cre;Shank3214716 mice were more anxious in
open-field and light-dark tests, spending less amount of
time in the center region of the open-field arena (Figure 7D)
and in the light chamber of the light-dark apparatus (Figure 7F).

However, these mice did not show anxiety-like behavior in the
elevated plus-maze test, spending normal amount of time in the
open arm (Figure 7E).

These results suggest that global and GABAergic Shank3
deletions similarly induce anxiety-like behaviors in the light-dark
test, whereas they have differential influences on other types of
anxiety-like behaviors. Therefore, GABAergic Shank3 deletion
seems to strongly contribute to the anxiety-like behavior of
global Shank32471¢ mice in the light-dark test. These results
also suggest that GABAergic Shank3 deletion does induce
anxiety-like behavior in the open-field test, but this is masked by
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FIGURE 4 | Enhanced direct social interaction and suppressed social communication in global Shank32'%'6 and Viaat-Cre;Shank3*'%~'® mice. (A) Normal social
approach and social novelty recognition in Shank32'4-16 mice (14-21 weeks) in the three-chamber test, as shown by time spent sniffing. S1, stranger; O, object;
S2, novel stranger. Data are shown as mean + SEM. n = 28 (WT) and 22 (KO), ***P < 0.001, paired t-test. Details on the order of behavioral tests performed on
Shank3214-16 mice and conditional Shank32'4-'6 mouse lines (see below) are described in Supplementary Table S1. (B) Enhanced social interaction in
Shank3214-16 mice (14-20 weeks) in the direct social interaction test, as shown by nose-to-nose interaction, following and total interaction, the latter of which
additionally includes allo-grooming and body contacts. Mean + SEM. n = 20 (WT) and 16 (KO), *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test.
(C) Suppressed ultrasonic vocalizations (USVs) in Shank3214-16 mice (18-24 weeks), upon encounter with a novel female stranger. n = 21 (WT) and 19 (KO),
*P < 0.05, Student’s t-test. (D-F) Viaat-Cre;Shank3214® mice (10-13 weeks for D, 15-28 weeks for E, and 11-21 weeks for F) show normal social approach in the
three-chamber test (D) enhanced direct social interaction (E) and suppressed courtship USVs (F). n = 19 mice (WT), 13 (cKO) for three-chamber, 11 (WT), 8 (cKO)
for direct social interaction, and 19 (WT), 15 (cKO) for USV, **P < 0.01, ***P < 0.001, ns, not significant, paired t-test (three-chamber test), Mann-Whitney U test
(nose to nose time and following time of direct social interaction test), and Student’s t-test (total interaction time of direct social interaction test and adult USV test).

global Shank3 deletion. In contrast, GABAergic Shank3 deletion
seems to have minimal impacts on the anxiety-like behavior
in the elevated plus-maze test, suggesting that non-GABAergic
Shank3 deletions are more important for the anxiolytic-like
behaivor of global Shank3“!*-1¢ mice in the elevated plus-
maze.

DISCUSSION

In this study, we investigated the impacts of global and GABA
neuron-specific deletion of Shank3 exons 14-16 on synaptic
transmission and behaviors in mice. Global Shank3A!4-16
mice display decreased excitatory input onto dorsolateral
striatal neurons and strong abnormalities in social, repetitive,
locomotor and anxiety-like behaviors. The electrophysiological
and behavioral (social and locomotor) phenotypes observed
in global Shank3%1471% mice are strongly mimicked by Viaat-
Cre;Shank3214716 mice, although the repetitive and anxiety-like
behavioral deficits in global Shank3214-1° mice are partially

mimicked by Viaat-Cre;Shank321471¢ mice (summarized in
Table 1).

The result that both the frequency and amplitude of mEPSCs
are reduced in global Shank3214-16 mice (Figure 3) further
strengthens the notion that Shank3 is important for the
development and function of excitatory synapses in the dorsal
striatum. Similar decreases in the frequency and amplitude of
mEPSCs in the dorsal striatum have been observed in the Shank3
mouse line lacking exons 13-16 (Shank3B~/~ mice; Peca et al.,
2011; Mei et al., 2016; Wang et al., 2017).

A more important finding from our study is that both
mouse lines (global and Viaat-Cre) show similar decreases in
the frequency and amplitude of mEPSCs in dorsolateral striatal
neurons (Figure 3). This suggests that the suppressed excitatory
input onto dorsolateral striatal neurons in these mouse lines
are likely to be induced by the deletion of Shank3 in striatal
GABAergic neurons in a cell autonomous manner.

In support of this possibility, our FISH data indicate that
Shank3 mRNAs are expressed in Gadl/2-positive neurons in the
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FIGURE 5 | Strongly altered repetitive behaviors in global Shank3*'4~'® mice are partially mimicked by Viaat-Cre;Shank3%'%'® mice. (A) Enhanced self-grooming in
Shank321%1% mice (11-14 weeks) in a novel cage without bedding. n = 22 (WT) and 21 (KO), ***P < 0.001, Student’s t-test. (B) Enhanced self-grooming

and suppressed digging in Shank32 146 mice (12-14 weeks) in home cages with bedding. n = 21 (WT) and 20 (KO), ***P < 0.001, Mann-Whitney U test.

(C) Enhanced self-grooming in Shank321416 mice (9-14 weeks) in Laboras cages, in which mouse movements are monitored for 4 days. n = 20 (WT) and 21 (KO),
*P < 0.05, **P < 0.01, **P < 0.001, repeated measures two-way ANOVA (genotype p value = 0.0149 and genotype x time p value < 0.0001). (D) Enhanced
self-grooming and suppressed climbing in Shank3214-1® mice (9-14 weeks) in Laboras cages (long-term monitoring). These graphs are a summary of all types of
movements in Laboras cages for 4 days, including self-grooming. n = 20 (WT) and 21 (KO), *P < 0.05, ***P < 0.001, ns, not significant, Student’s t-test.

(E-H) Viaat-Cre;Shank321%-'® mice (11-15 weeks for E, 10-26 weeks (cohort 3: 10-20 weeks, cohort 4: 23-26 weeks) for F, 12-14 weeks for G,H) show enhanced
self-grooming and suppressed digging in home cages with bedding (F) but normal self-grooming in a novel cage without bedding (E) and normal self-grooming but
enhanced rearing and suppressed climbing in Laboras cages (long-term monitoring; G,H). n = 18 mice (WT), 14 (cKO) for w/o bedding, 14 (WT), 18 (cKO) for
w/bedding, and 15 (WT), 13 (cKO) for Laboras, *P < 0.05, **P < 0.01, **P < 0.001, repeated measures two-way ANOVA (for Laboras; genotype p value = 0.79),
Student’s t-test (for self-grooming test, repetitive behavior test, and Laboras (climbing, rearing, grooming and drinking)), and Mann-Whitney U test (for Laboras

dorsal striatum in addition to mPFC (Figure 1). In addition, the
immunostaining result indicates that Shank3-positive punctate
structures are observed on the dendrites of GADG67-positive
GABAergic neurons in cultured hippocampal neurons. Given
that Shank3 is an important component of the postsynaptic
density at excitatory synapses (Sheng and Kim, 2000; Sheng
and Sala, 2001; Boeckers et al., 2002; Sheng and Hoogenraad,
2007; Grabrucker et al, 2011; Sheng and Kim, 2011; Jiang
and Ehlers, 2013; Sala et al., 2015; Monteiro and Feng, 2017;
Mossa et al., 2017), the lack of Shank3 in dorsolateral striatal
neurons may suppress normal development and maturation
of the postsynaptic density, dendritic spines, and excitatory
synapses. In addition, previous studies have reported a strong
decrease in dendritic spine density in dorsal striatal neurons
in Shank3B~/~ mice (Peca et al., 2011), further suggesting
that the decreased mEPSC frequency may be a consequence of
postsynaptic changes.

More recently, however, additional analyses of excitatory
synaptic inputs onto D1 and D2 medium spiny neurons
(MSNs) in the dorsal striatum of Shank3B~/~ mice have
revealed that D2 MSNs show reductions in both presynaptic

release and spine density (Wang et al, 2017), suggesting
that both pre- and postsynaptic factors may be involved.
In addition, a previous study on Shank3B~/~ mice showed
that early abnormal excitability in pyramidal neurons in the
somatosensory cortex driven by the limited inhibitory input
from neighboring GABAergic neurons induces precocious
development of excitatory synapses on dorsomedial striatal
neurons that leads to a decrease in the mEPSC frequency at
later stages (Peixoto et al., 2016). It is therefore possible that
the decreased mEPSC frequency in dorsolateral striatal neurons
in global Shank3214-1¢ and Viaat-Cre;Shank321-1° mice may
represent the consequences of the primary changes occurring in
cortical GABAergic neurons.

Behaviorally, global Shank3%14-16 mice display altered social
and repetitive behaviors, including suppressed courtship USVs
and enhanced self-grooming (Figures 4, 5). These mice also show
hypoactivity and altered anxiety-like behaviors (Figures 6, 7).
Given that Shank3214-1¢ mice lack the PDZ domain-containing
Shank3 variants, Shank3a and Shank3c/d, but retain Shank3e,
our mouse line is likely to display behavioral phenotypes similar
to those observed in the Shank3B~/~ mouse line, which globally
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FIGURE 6 | Novelty-induced hypoactivity in global Shank3214-'6 and Viaat-Cre;Shank3*14-'6 mice. (A) Suppressed locomotor activity, as measured by distance
moved in Shank321%1% mice (11-13 weeks) in the open-field test. Data are shown as mean + SEM. n = 23 (WT) and 22 (KO), **P < 0.01, ***P < 0.001, repeated
measures two-way ANOVA (genotype p value < 0.0001; genotype x time interaction p value = 0.0109) and Student’s t-test. (B) Shank3*'4-'6 mice (9-14 weeks)
show suppressed locomotor activity during an early period (first 2 and 6 h), but not in the later habituated period (last 72 h), in Laboras cages (long-term monitoring).
n =20 (WT) and 21 (KO), *P < 0.05, ***P < 0.001, repeated measures two-way ANOVA (genotype p value = 0.3711; genotype x time interaction p value < 0.0001)
and Student’s t-test. (C,D) Viaat-Cre;Shank32 1416 mice (8-9 weeks for C and 12-14 weeks for D) show hypoactivity in the open-field test (C) and during the first
6 h but not the last 68 h in Laboras cages (long-term monitoring; D). n = 18 (WT), 15 (cKO) for open-field, 15 (WT), 13 (cKO) for Laboras, *P < 0.05, ***P < 0.001,
ns, not significant, repeated measures two-way ANOVA (for the left panels in open-field and Laboras results; genotype p values = 0.0006 and 0.7414,
time x genotype p values = 0.0454 and 0.0002, respectively), Student’s t-test.

lacks exons 13-16 encoding the PDZ domain (Peca et al.,, 2011).
Indeed, Shank3%141¢ and Shank3B~/~ mice show largely similar
behaviors, including suppressed courtship USVs, hypoactivity,
and anxiety-like behavior (elevated zero maze and light-dark
test), although Shank3B~/~ mice additionally show suppressed
social approach (Peca et al., 2011; Dhamne et al., 2017). Another
Shank3-mutant mice similar to ours is the one lacking exon
13, encoding the PDZ domain (Shank3F!3 mice; Jaramillo et al.,
2017). These mice show enhanced self-grooming and social
interaction deficits, but normal locomotion and anxiety-related
behavior; the partial similarity to our behavioral phenotypes
is likely attributable to the different exon targeting strategy
(insertion of a stop codon in front of exon 13) in Shank3F'3 mice.

Although the behavioral phenotypes of global Shank3414-16
mice are strong in multiple domains (social, repetitive,
locomotor, and anxiety-like), the following points need to be
further discussed. First, global Shank3%'4-1¢ mice show enhanced
direct social interaction, which was unexpected and is at variance
with the normal three-chamber social approach observed in
these mice. Notably, a previous study on Shank3%4~2? mice has
reported a similar increase in direct social interaction where
Shank3%4-22 mice display frequently attempted but unsuccessful
social interactions with a stranger C3H mouse, a different
strain, that does not reciprocate and terminate the social
interaction attempted by the subject mouse (Wang et al., 2016),
suggesting that Shank34-22 mice have normal social interest

but struggle with persisting social failures. We could not test
whether this is the case for our mice because we used genotype-
matched (WT-WT or KO-KO) mouse pairs where monitoring
of non-reciprocated social interaction is difficult because of the
same coat color and the confusion over retraction vs. rejection.
However, our results suggest that social interest is normal in
global Shank321416 mice, which is different from the significant
social interaction deficits observed in many other Shank3-mutant
mouse lines (Jiang and Ehlers, 2013; Monteiro and Feng, 2017).
We propose that the difference in the specific Shank3 exons
deleted in each mouse lines might explain the discrepancy. For
instance, the exons deleted in our Shank3 mice (exons 14-16) are
distinct from those deleted in Shank3B~/~ mice (exon 13-16;
Peca et al, 2011). In support of this possibility, a very small
difference in the exons deleted in Shank2-mutant mice (i.e.,
exons 6 and 7 vs. exon 7) has been shown to cause strong
differences in molecular, synaptic and behavioral phenotypes
(Schmeisser et al., 2012; Won et al., 2012; Lim et al., 2017;
Wegener et al., 2018).

Another notable result is that global Shank341416 mice
display anxiolytic-like behavior in the elevated plus-maze
whereas they show anxiety-like behavior in the light-dark
apparatus and normal anxiety-like behavior in the center region
of open-field arena. This could be due to the different anxiogenic
components in these tests (Belzung and Griebel, 2001; Carola
et al., 2002; Carobrez and Bertoglio, 2005), as exemplified by
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FIGURE 7 | Partially similar anxiety-like behaviors in global Shank3214-16 and Viaat-Cre;Shank3214-16 mice. (A) Normal anxiety-like behavior in Shank3214-'6 mice
(11-13 weeks), as measured by the time spent in the center region of the open field arena in the open-field test. Note that locomotor activity results from the
open-field test are described in Figure 6A. Data are shown as mean + SEM. n = 23 (WT) and 22 (KO), ns, not significant, Student’s t-test. (B) Anxiolytic-like
behavior in Shank3214-16 mice (13-21 weeks) in the elevated plus-maze test. n = 22 (WT) and 20 (KO), **P < 0.01, **P < 0.001, paired t-test (for the left panels),
and Student’s t-test (for the right panel). (C) Anxiety-like behavior in Shank3214-1% mice (14-21 weeks) in the light-dark test. Note that these mice are also hypoactive
in this test, as shown by the number of transitions. n = 23 (WT) and 20 (KO), *P < 0.05, **P < 0.01, Student’s t-test. (D=F) Viaat-Cre;Shank32'%-'6 mice (8-9 weeks
for D, 8-10 weeks for E, and 11-20 weeks for F) spend a reduced amount of time in the center region of the open-field area (D; locomotor activity results are
described in Figure 6C), a normal amount of time in the open arm of the elevated plus-maze (E) and a decreased amount of time in the light chamber of the
light-dark apparatus (F, left) and show decreased number of transitions (F, right). n = 18 (WT), 15 (cKO) for open-field, 19 (WT), 15 (cKO) for elevated plus-maze, and
19 (WT), 15 (cKO) for light-dark, **P < 0.01, ***P < 0.001, Student’s t-test (for open-field test, right panel of elevated-plus maze test, and number of transition of
light-dark test), paired t-test (for the left panel of elevated plus-maze test), and Mann-Whitney U test (for time in light chamber of light-dark test).

the differential responses of nine different mouse strains to the
elevated plus-maze and light-dark tests (Griebel et al., 2000).
Notably, Shank3B~/~ mice (exons 13-16) also display differential
anxiety-like behaviors in these assays, being partly similar to
our results; normal anxiety-like behavior in elevated plus-maze,
anxiety-like behavior in zero maze, light-dark apparatus and
open-field center (Peca et al., 2011; Dhamne et al., 2017).

Our results indicate that GABAergic neurons contribute
to some of the abnormal behaviors observed in global
Shank321471¢ mice. Specifically, the enhanced direct social
interaction, suppressed courtship USVs, and novelty-induced
hypoactivity observed in global Shank32!4-1¢ mice were also
observed in Viaat-Cre;Shank3*141¢ mice. In contrast, the strong
self-grooming behavior observed in global Shank32'4-1 mice
were only partially mimicked by Viaat-Cre;Shank314-1¢ mice.
In anxiety-like behaviors, only the light-dark test results were
similar in global Shank3%1471 and Viaat-Cre;Shank3'4~1¢ mice.
Therefore, GABA neuronal Shank3 deletion seems to be more
important for social and locomotor behaviors than repetitive and
anxiety-like behaviors.

A recent study reported the effects of a deletion of Shank3
exons 4-22 restricted to Nex-positive glutamatergic neurons in

the cortex, hippocampus and amygdala (Nex-Shank3 cKO mice)
and DIx5/6-positive GABAergic neurons in the striatum (DIx5/6-
Shank3 cKO mice; Bey et al., 2018). Neither Nex-Shank3 nor
DIx5/6-Shank3 cKO mice exhibit social approach deficits, results
similar to the normal social approach behavior reported by the
same group using mice with a global Shank3%*?2 mice (Wang
et al,, 2016). This phenotype is also similar to the normal social
approach behavior observed in our global Shank34141¢ and
Viaat-Cre;Shank34~16 mice.

The suppressed courtship USV and hypoactivity phenotypes
observed in global Shank3“*22 mice (Wang et al, 2016)
were not recapitulated in either Nex-Shank3 or DIx5/6-
Shank3 cKO mice (Bey et al, 2018). These results are
different from our findings that both global Shank3%14-1¢ and
Viaat-Cre;Shank3%1471% mice show suppressed courtship USV
and hypoactivity. Furthermore, the enhanced self-grooming
observed in global Shank32422 mice (Wang et al, 2016)
was observed in Nex-Shank3 cKO mice, but not in DIx5/6-
Shank3 cKO mice (Bey et al., 2018). These results are slightly
different from our finding that the enhanced self-grooming in
global Shank32!4-16 mice was partially recapitulated in Viaat-
Cre;Shank32141¥mice.
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TABLE 1 | Summary of electrophysiological and behavioral phenotypes of global Shank32 146 and Viaat-Cre;Shank32 1416 mice.

Shank3 exons 14-16 global KO Shank3 exons 14-16 Viaat cKO

Electrophysiology Brain region Measurement Frequency Amplitude Frequency Amplitude
Dorsolateral striatum mEPSC 1 1 1 l
mIPSC - - - -
Behavior Behavioral domain Behavioral test Shank3 exons 14-16 global KO Shank3 exons 14-16 Viaat cKO
Social interaction 3-chamber - R
Direct Total interaction 1 Total interaction 1
interaction Nose-to-nose 1 Nose-to-nose, -
Following 1 Following, -
Social communication  Adult USV (courtship) l l
Repetitive behavior Laboras Self-grooming 1 Rearing 1
Climbing | Climbing |
Self-grooming (w/o bedding) T -
Repetitive behavior Self-grooming 1 Self-grooming 1
(with bedding) Digging | Digging |
Locomotor activity Laboras (first 6 h) 1 1
Open-field 1 1
Anxiety-like behavior Open field (center time) - l
Elevated plus-maze (time in open arms) T -
Light/dark box (time in light chamber) 1 1

This table summarizes only the increases or decreases of various electrophysiological and behavioral phenotypes in a given mouse line relative to wild-type (WT)/control
mice, but is not intended to compare the phenotypic severities across different mouse lines. -, no significant change; up and down arrows, increases and decreases.

These results indicate that two different global Shank3
deletions (exons 14-16 and 4-22) in mice lead to remarkably
similar behavioral phenotypes in mice in social, repetitive,
locomotor and anxiety-like behavioral domains, but that these
similarities are minimized by two different cKOs restricted to
GABAergic neurons (DIx5/6 and Viaat). These discrepancies
could be attributable to differences in the specific exons of
Shank3 deleted and/or specific characteristics of DIx5/6-Cre vs.
Viaat-Cre mice (Oh et al., 2005; Goebbels et al., 2006; Chao et al.,
2010). For instance, DIx5/6-Cre primarily targets GABAergic
neurons in the striatum (Monory et al., 2006), whereas Viaat-Cre
targets the majority of GABAergic neurons in the brain (Chao
et al., 2010). In addition, it could be subtle differences in mouse
housing conditions or experimental details.

It remains unclear how GABA neuronal deletion of Shank3
(exons 14-16) leads to the above mentioned diverse behavioral
abnormalities. However, functional defects in the striatum have
been strongly implicated in abnormal phenotypes in various
Shank3-mutant mouse lines (Peca et al., 2011; Schmeisser et al.,
2012; Filice et al.,, 2016; Jaramillo et al., 2016; Mei et al,
2016; Peixoto et al., 2016; Sarowar et al., 2016; Zhou et al.,
2016; Jaramillo et al., 2017; Lee Y. et al.,, 2017; Reim et al,,
2017; Vicidomini et al., 2017; Wang et al., 2017; Bey et al,
2018). In addition, a recent study has shown that chemogenetic
stimulation of D2, but not DI, MSN activity by DREADD-
hM3Dq for the activation of the striatopallidal pathway can
rescue self-grooming in Shank3B~/~ mice (Wang et al., 2017).
Therefore, the suppressed excitatory synaptic transmission in
dorsolateral striatal neurons in global Shank3'4-1 and Viaat-
Cre;Shank3”1471¢ mice might have contributed to the behavioral
abnormalities observed in our mouse lines, including enhanced
self-grooming. However, the substantial difference between the
strong self-grooming in global Shank34'41% mice and the
weak self-grooming in Viaat-Cre;Shank32-1° mice suggests

—_

that GABAergic Shank3 deletion only partially contribute
to the self-grooming phenotype. However, care should be
taken in the interpretation because Viaat-mediated GABAergic
Shank3 deletion can affect multiple types of GABAergic
neurons.

In conclusion, our results suggest that the deletion of Shank3
exons 14-16 restricted to GABAergic neurons in mice induces
phenotypes that are similar to those induced by global Shank3
deletion. These include strongly suppressed excitatory synaptic
onto dorsolateral striatal neurons and strongly altered social
and locomotor behaviors but modestly altered repetitive and
anxiety-like behaviors.
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Haploinsufficiency of the SHANKS3 gene, encoding for a scaffolding protein located in
the postsynaptic density of glutamatergic synapse, has been linked to forms of autism
spectrum disorders (ASDs). It has been shown that SHANKS3 controls the maturation
of social reward circuits in the ventral tegmental area (VTA). Whether the impairments
in associative learning observed in ASD relate to SHANKS insufficiency restricted to the
reward system is still an open question. Here, we first characterize a social-conditioned
place preference (CPP) paradigm based on the direct and free interaction with a
juvenile and non-familiar conspecific. In both group- and single-housed C57BI6/j late
adolescence male mice, this CPP protocol promotes the formation of social-induced
contextual associations that undergo extinction. Interestingly, the downregulation of
Shank3 expression in the VTA altered the habituation to a non-familiar conspecific during
conditioning and accelerated the extinction of social-induced conditioned responses.
Thus, inspired by the literature on drugs of abuse-induced contextual learning, we
propose that acquisition and extinction of CPP might be used as behavioral assays
to assess social-induced contextual association and “social-seeking” dysfunctions in
animal models of psychiatric disorders.

Keywords: conditioned place preference, social novelty, VTA, Shank3, isolation

INTRODUCTION

Haploinsufficiency of the SHANK3 gene, which encodes for a scaffolding protein located in the
postsynaptic density of glutamatergic synapses, has been causally linked to Phelan McDermid
syndrome. This syndrome is characterized by intellectual disability, developmental delay, poor
motor function and autism spectrum disorder (ASD). To find possible therapeutic interventions,
it is fundamental to identify the causative mechanisms and the main neuronal circuits involved in
the disease. In humans, emerging evidence suggests an existing association between reward system
alterations and ASD (Chevallier et al., 2012). Furthermore, it has been observed that infants with
ASD have a diminished response to social reward stimuli that might relate to impairments in social
learning (Scott-Van Zeeland et al., 2010). Although Shank3 knock-out (KO) mice displayed deficits
in reinforcement learning (Wang et al., 2016), the contribution of reward system dysfunctions to
aberrant behavioral traits observed in ASD animal models remains largely unknown.
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SHANK3 is a postsynaptic protein expressed at excitatory
inputs where it controls transmission and plasticity (Naisbitt
et al,, 1999). In mice, the Shank3 gene is composed of 21 exons
with several internal promoters (Jiang and Ehlers, 2013),
which encodes for a variety of protein isoforms. Considering
the association between ASD and SHANK3 mutations in
humans, several Shank3 mutant mouse lines have been
generated to study both the contribution of the gene to
the emergence of ASD-related symptoms and the neuronal
circuit dysfunctions underlying aberrant behavioral traits.
Sociability, social preference and social novelty recognition
abnormalities have been observed with variable severity in
mutant mice lacking the different SHANK3 isoforms (Ferhat
et al, 2017). Besides its role in controlling sociability and
stereotypes in mice, the expression of certain SHANKS3 variants
is necessary for appropriate learning. In fact, both exon
4-9 and exon 21 deletion lead to impairment in spatial
learning (Kouser et al., 2013) and, depending on the genetic
background, exon 4-9 KO showed alterations in fear
conditioning (Wang et al., 2011; Yang et al,, 2012; Drapeau
et al, 2014). Recently, it has been demonstrated that a full
KO mouse line for all SHANK3 isoforms displays deficits in
reinforcement learning (Wang et al., 2016). However, whether
the impairments in associative learning are attributable to a
SHANKS3 insufficiency restricted to the reward system is still an
open question.

Rodents can learn to associate environmental cues
(conditioned stimuli, CS) with the availability of positive
experiences, such as social interaction (unconditioned stimuli,
US) resulting in conditioned place preference (CPP) responses.
CPP tasks, classically used to study the reinforcing properties
of drugs of abuse (Tzschentke, 2007), have been adopted to
test the ability of conspecific interaction to promote contextual
associative learning (Calcagnetti and Schechter, 1992; Crowder
and Hutto, 1992; Van den Berg et al., 1999; Panksepp and Lahvis,
2007; Thiel et al.,, 2008; Trezza et al., 2009; Kummer et al,,
2011; Dolen et al., 2013; Lahvis et al., 2015; Hung et al.,, 2017).
Contextual associations are subject to extinction, a behavioral
phenomenon caused by the repeated presentations of contextual
cues in the absence of the reinforcer and characterized by a timely
reduction of the conditioned responses (for a comprehensive
view on extinction theories see Bouton, 2004; Quirk and
Mueller, 2008; Dunsmoor et al., 2015). However, although it
has been shown that social-induced CPP undergoes extinction
in adolescent rats (Trezza et al., 2009), the involvement of
SHANKS in this phenomenon remains elusive.

The reward system originates from the highly heterogeneous
dopamine (DA) neurons of the ventral tegmental area (VTA)
and controls reinforcement learning. Despite their diversity,
at least a subclass of midbrain DA neurons increase their
activity in response to unexpected rewards and, after associative
learning, to cues predicting reward availability (Schultz et al.,
1997; Cohen et al., 2012). Importantly, while optogenetic studies
demonstrated the sufficiency of VTA DA neuron stimulation
to promote learning (Tsai et al, 2009; Adamantidis et al,
2011), blockade of DA receptors confirmed the necessity
of intact DA signaling for reward-induced place preference

acquisition (Hoffman and Beninger, 1989; Cunningham et al,,
2000; Rezayof et al., 2002; Le Foll et al, 2005; Vidal-Infer
et al., 2012). Appropriate synaptic transmission and plasticity
at synaptic inputs onto VITA DA neurons are fundamental,
not only for the acquisition (Stuber et al, 2008; Huang
et al, 2016) but also for the extinction of reinforcement
learning (Engblom et al, 2008). Emerging evidence suggests
the involvement of the DA system in social-induced learning
of new contextual associations. In fact, social-induced CPP
activates several regions within the reward system (EI Rawas
et al, 2012), it is controlled by oxytocin within the VTA
and NAc (Dolen et al, 2013; Hung et al, 2017) and is
impaired by the DA re-uptake inhibitor, methylphenidate
(Trezza et al., 2009). Recently, we demonstrated that an
intact excitability and expression of the ASD-associated protein
Neuroligin 3 at VT'A DA neurons (Bariselli et al., 2018) are
necessary for the acquisition of social-induced CPP. However,
the role of SHANK3 at VTA neurons in learning and
extinction of social-induced contextual associations remained
unexplored.

To investigate the involvement of SHANK3 at VTA neurons
in controlling social-induced associative learning, we first
characterized a social CPP paradigm (Bariselli et al., 2018) based
on the direct and free interaction with a juvenile and non-familiar
conspecific. The acquisition of CPP does not rely on single-
housing and undergoes extinction. Moreover, we found that
while the downregulation of Shank3 expression in the VTA did
not prevent the acquisition of a preference for the non-familiar
conspecific-associated compartment, it altered the habituation to
non-familiar conspecific and accelerated the extinction of social-
induced conditioned responses.

MATERIALS AND METHODS

Animals

The experimental procedures described here were conducted in
accordance with the Swiss laws and previously approved by the
Geneva Cantonal Veterinary Authority. Male C57Bl/6j mice were
purchased from Charles River Laboratories and housed in the
institutional animal facility under standard 12 h/12 h light/dark
cycles with food and water ad libitum. Experimental animals
were group-housed (2-3 per cage), or single-housed only for
the single-housing experimental condition, and tested during late
adolescence, at the 8th or 9th week of life. Younger non-familiar
male mice (3-4 weeks; sex-matched) were single-housed and
used as stimuli animals during the conditioning sessions of the
CPP protocol. Behavioral experiments were conducted in a room
with fixed illumination (20 Lux) at a temperature between 22°C
and 24°C. The experiments were performed in a time window
that started approximately 2 h after the end of the dark circle and
ended 2 h before the start of the next dark circle.

Real-Time Quantitative Reverse

Transcriptase PCR
Total RNA was extracted using the RNeasy PLUS Mini
Kit (Qiagen), from the VTA of mice infected either with
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shSHANKS3 or scrSHANK3. After quantification with Nanodrop  verify the amplification specificity. Relative quantification of
Spectrophotometer, 1 jug of RNA was retrotranscribed in cONA  gene expression was performed according to the A A-Ct method
with QuantiTect Reverse Transcription Kit (Qiagen), followed  (Livak and Schmittgen, 2001).

by a PCR amplification of the subsequent transcripts: SHANK3 .

forward primer 5" acgaagtgcctgcgtctggac 3/, reverse primer 5’ Conditioned Place Preference Induced by
ctcttgecaaccattctcatcagtg 3, Tyrosine hydroxylase (TH) forward ~ Non-familiar Conspecific Interaction

primer 5" ccccacctggagtattttgtg 3', reverse primer 5 atcacgggcg  The apparatus (Bioseb, Model BIOSEB, in vivo Research
gacagtagacc 3', Actin forward primer 5 agagggaaatcgtgcgtgac  Instruments, spatial place preference box for mice LE895) used
3/, reverse primer 5 caatagtgatgacctggccgt 3'. Reactions were  for the CPP protocol consists of two square-shaped chambers
carried out using iTaq™ Universal SYBR® Green Supermix (20 x 20 cm) with either gray stripes on white background
(Biorad) on Applied Biosystems 7,500 Real-Time PCR System  or black dots on white background. The floor in each of the
(Applied Biosystems, Foster City, CA, USA) by 50°C for 2 min,  two chambers has different distinct textures, namely one with
95°C for 10 min followed by 40 cycles at 95°C for 15 s and  a smooth and one with a rough surface. The two chambers
60°C for 1 min. Melting curve analyses were performed to  are interconnected by a small corridor, with transparent walls

A B
’ Experimental mouse (8-9 weeks, male)
ﬁ Non-familiar conspecific (3-4 weeks, male)
Cc

i e R

S mins 5 mins

Non-familiar conspecific Experimental mouse is gently guided Non-social

to the other chamber A
D Conditioning
R 0 e e
A Familiar (cagemate) conspecific (8-9 weeks, male)
0o .1+ 2 3 4 9 ’
Days _@¢  Non-familiar conspecific (3-4 weeks, male)

Conditioning - 30 min (6 alternating non-familiar and familiar sessions of 5 minutes each)

Sooa i lvo:

°

e eea]”

Non-familiar conspecific Experimental mouse is gently guided Familiar conspecific
to the other chamber

FIGURE 1 | Non-familiar conspecific-induced conditioned place preference (CPP): a variation of social-induced CPP to assess the reinforcing properties of social
interaction. Schematic 3D representation of the CPP procedure and apparatus. The protocol consisted of: (A) 15 min pre-TEST, (B) 15 min post-TEST and (C)
conditioning phase (30 min per day for four consecutive days). (D) Schematic 3D representation of conditioning phase for non-familiar vs. familiar social stimuli
protocol, during which the experimental mouse interacted with a non-familiar social stimulus in one chamber and with a familiar (cage-mate) stimulus in the other one.
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and floor, and removable doors allow the corridor to be closed
(Figure 1).

After each pre-TEST, conditioning session, post-TEST and
extinction protocol the arena was cleaned thoroughly with 1%
acetic acid and allowed to dry before continuing with the next
animal.

Day 0—Pre-TEST: experimental mice freely explored the CPP
apparatus for 15 min to establish a baseline preference for both
chambers (Figure 1A). On the same day, stimuli mice were
habituated either to one or the other chamber for 15 min. The
chamber that they were habituated in was the chamber that they
were in during the conditioning sessions.

Days 1-4—Conditioning, paired protocol (non-familiar vs.
non-social session): for each experimental mouse, one chamber
was randomly assigned as the paired session chamber, with
the presence of a non-familiar mouse (US+) and the other as
the non-social session chamber (US). This protocol remained
stable for each mouse throughout the conditioning sessions of
Days 1-4. Experimental mice were subjected to six alternating
conditioning sessions of 5 min each, resulting in 30 min of total
conditioning time per day (e.g., non-familiar mouse session 1,
non-social session 1, non-familiar mouse session 2, non-social
session 2, non-familiar mouse session 3, non-social session 3;
Figure 1C). During each conditioning session, the experimental
subjects were allowed to freely interact with social stimuli. To
counteract bias formation, each day the starting session was
counterbalanced across mice and alternated for each mouse,
such that, if for example on day 1 the experimental subject was
exposed to the paired session first, on day 2 the conditioning
started with the non-social session. After the end of each 5-min
trial, the animals were gently guided by the experimenter through
the corridor and towards the other chamber (Figure 1C),
therefore the animals were exposed to the spatial orientation of
both chambers and apparatus.

Days 1-4—Conditioning, contingency break protocol: this
experimental protocol did not maintain the stable contingencies
between chamber and stimulus. Specifically, the assignment of
one context to the non-familiar stimulus (US+) and another
context to the non-social (US) was inverted each day (e.g., day
1: non-familiar mouse in chamber A vs. non-social in chamber
B; day 2: non-familiar mouse in chamber B vs. non-social
in chamber A; day 3: non-familiar mouse in chamber A vs.
non-social in chamber B; and day 4: non-familiar mouse in
chamber B vs. non-social in chamber A).

Days 1-4—Conditioning, paired protocol (familiar session vs.
non-familiar session): for each experimental mouse one chamber
was assigned as the paired session chamber, with the presence
of the non-familiar mouse (US+), and the other chamber
was associated with the presence of a cage-mate, the familiar
stimulus (US). This protocol remained stable for each mouse
throughout the conditioning sessions of Days 1-4. Experimental
mice were subjected to six alternating conditioning sessions
of 5 min each, resulting in 30 min of total conditioning time
per day (e.g., non-familiar mouse session 1, familiar mouse
session 1, non-familiar mouse session 2, familiar mouse session
2, non-familiar mouse session 3, familiar mouse session 3;
Figure 1D). Each day the starting session was counterbalanced

across mice and alternated for each mouse. After the end
of each 5-min trial, the animals were gently guided by the
experimenter through the corridor and towards the other
chamber (Figure 1D).

We should note that, in this paradigm, the experimental
mouse was free to interact with a social stimulus that remained
unchanged throughout all the conditioning sessions. Typically,
one stimulus mouse was assigned to one experimental animal.
Thus, although the stimulus mouse represented a stranger
stimulus at the first conditioning session, the non-familiarity
aspect was maintained since both experimental and stimuli
animals returned to their respective home-cages and kept
separated after each conditioning day. Thus, in this case, the US
exposure represented a valued condition. In contrast, when the
experimental subject had access to the familiar stimulus both
in the home-cage and in the conditioned side of the apparatus,
the familiar stimulus mouse exposure represented a devalued
condition.

Day 5—Post-TEST: 24 h after the last conditioning session,
experimental mice were placed in the corridor of the CPP
apparatus and, after lifting the removable doors, the animals
could freely explore the arena once again for 15 min and establish
a preference (Figure 1B) in the absence of the US.

Extinction: starting 48 h after the post-TEST session,
experimental mice were exposed for several days (5-6 days)
to the empty apparatus. In particular, mice were placed in the
corridor of the CPP apparatus and, after lifting the removable
doors, explored the arena for 15-min-long sessions in the absence
of the US. After each extinction session, the arena was cleaned
thoroughly with 1% acetic acid and allowed to dry before
continuing with the next animal.

The behavior of the animals was tracked automatically with
the Ethovision XT software (Noldus, Wageningen, Netherlands)
or AnyMAZE and the time spent in the two chambers was
recorded for the pre- and post-TEST sessions. Subsequently, the
preference index was calculated as: time spent in the non-familiar
conspecific-paired chamber divided by the time spent in the
non-social chamber for non-familiar vs. non-social session, and
time spent in the non-familiar conspecific-paired chamber
divided by the time spent in the familiar-paired chamber for
familiar session vs. non-familiar session. Moreover, we calculated
the learning index by dividing the preference index calculated
at post-TEST by the preference index calculated at pre-TEST.
For all behavioral cohorts, the parameters of body and nose-to-
nose contact, number of transitions and length of mean visit were
analyzed using Ethovision XT.

Stereotaxic Injections

Purified scrShank3 and shShank3 (AAVI1-GFP-U6-scrmb-
shRNA; titer: 59 x 10 GC/mL and AAV5-ZacF-U6-luc-
zsGreen-shShank3; titer: 7.4 x 10 GC/mL, VectorBioLab)
injections were delivered in mice younger than P6 as previously
described (Bariselli et al., 2016). After anesthesia induction
with a mixture of isoflurane/O,, C57Bl/6j wildtype pups were
placed on a stereotaxic frame (Angle One; Leica, Germany)
and a single craniotomy was made over the VTA. To obtain
bilateral VTA infection, 200 nl of viral solution was injected
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at the following coordinates: ML: 0.15 mm, AP: 0.1 mm, DV:
—4.0 and —3.9 mm from lambda through a graduated glass
pipette (Drummond Scientific Company, Broomall, PA, USA).
After behavioral experiments, post hoc analysis was performed to
validate the localization of the infection (Figure 6B).

Statistical Analysis

Analysis of preference index, learning index and time in each
chamber was conducted by performing Shapiro-Wilk analysis to
assess the normality of sample distributions. T-test with Welch’s
correction and paired t-test were used for comparisons between
two sample groups when appropriate. When the normality
was violated non-parametric Mann-Whitney and Wilcoxon
rank-tests were applied. For multifactorial analysis, repeated-
measures two-way ANOVA was performed, and P values
of main effects and interaction were reported in the figure
legends for each experiment. After significant main effects
and interactions were revealed, Bonferroni post hoc tests were
used for between/within group comparisons and reported in
the figure legends or graphs. Significance level was set at
P < 0.05. Statistical outliers were excluded when the time spent
in either chamber during apparatus exploration (at pre-TEST,
post-TEST or extinction sessions) was deviating for more than
two standard deviations from the group mean. Within this
manuscript, the non-familiar conspecific-induced CPP protocol
was replicated four times in four different and independent
animal batches.

RESULTS

Non-familiar Conspecific-Induced CPP
Assesses the Reinforcing Properties of

Social Interaction

To study the role of SHANK3 in the VTA in mediating
the reinforcing properties of social interaction, we modified
previously published social-induced CPP protocols to obtain
CPP mediated by interaction with a non-familiar conspecific
in male mice. The paradigm started with a pre-TEST phase,
during which mice explored for 15 min an empty apparatus
consisting of two chambers characterized by different contextual
cues (Figure 1A; see “Materials and Methods” section for
further details). We then performed 4 days of conditioning,
during which mie learnt to associate one compartment of the
apparatus with the presence of a non-familiar (novel) social
stimulus while the other compartment was left empty (non-
social). During each conditioning day, we rapidly alternated
for three times the exposure to the two chambers (Figure 1C).
Twenty-four hours after the last conditioning session, we
measured the acquisition of a place preference for one of the
two chambers by quantifying the time spent exploring each
compartment of the empty apparatus (Figure 1B). In addition,
to compare the reinforcing properties of non-familiar vs. familiar
conspecific, during the conditioning phase, experimental animals
encountered in one chamber a non-familiar mouse, while
in the other they were exposed to their familiar cage-mate
(Figure 1D).

The Acquisition of Non-familiar
Conspecific-Induced CPP Does Not
Require Single-Housing

Social CPP paradigms are often performed isolating the
experimental mice before and/or during the conditioning. Single-
housing, possibly through adaptations occurring within the
dopaminergic system (Whitaker et al., 2013), enhances sociability
(Panksepp and Beatty, 1980; Vanderschuren et al, 1995),
increases the incentive value of social stimuli (Van den Berg
et al,, 1999; Trezza et al.,, 2009) and seems necessary to obtain
social-induced CPP (Trezza et al., 2009). However, under these
circumstances, it is difficult to determine whether the animals
develop a CPP response because of the aversive properties of
social isolation or because of the reinforcing properties of social
interaction. Therefore, we tested whether housing conditions
affected non-familiar conspecific-induced CPP acquisition in
wildtype late adolescent mice (Figure 2A). By measuring the time
spent in the non-familiar conspecific-paired chamber and the
non-social chamber, we calculated a preference index (time spent
in non-familiar conspecific-associated chamber/time spent in the
non-social chamber) at the pre- and the post-TEST. We found
that single-housed mice (during the conditioning) increased their
preference index at the post-TEST compared to the pre-TEST
(Figures 2B-D), indicating that they developed a preference
for the non-familiar conspecific-associated chamber during
conditioning. Additionally, at the post-TEST, single-housed mice
spent a significantly longer time in the non-familiar conspecific-
paired chamber compared to the non-social one (Figure 2E).
This indicates that experimental animals were discriminating
between contextual cues and expressing a preference for the ones
associated with the interaction with a novel conspecific.

Subsequently, we subjected group-housed mice to the
same conditioning paradigm used for single-housed animals.
Surprisingly, we found that group-housed mice increased their
preference for non-familiar conspecific-associated chamber
(Figures 2F-H) and discriminated between non-familiar
conspecific-associated vs. non-social chamber at the post-TEST
(Figure 2I). Thus, the non-familiar conspecific-induced CPP
paradigm, which relies on the direct and free exploration of
a younger and non-familiar conspecific stimulus, allows us to
study the reinforcing properties of social interaction without the
need to single-house the experimental animals.

To prove the necessity of a contingency between contextual
cues and social exposure for the acquisition of non-familiar
conspecific-induced CPP, group-housed mice were exposed
to the same number of social stimuli presentations, but
in alternating chambers (contingency break) during the
conditioning phase. In this case, we assigned the non-familiar
conspecific-paired chamber as the first chamber in which
they were exposed to the non-familiar social stimulus. Under
these circumstances, the experimental animals did not increase
their preference index (Figures 2J-L) and did not show any
preference for one of the two chambers at the post-TEST
(Figure 2M). Finally, to quantify the increase in place preference
between pre- and post-TEST and to allow between-group
comparisons, we calculated a learning index (preference
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FIGURE 2 | Acquisition of non-familiar conspecific-induced CPP does not require single-housing. (A) Left: schematic representation of CPP time-course. Right:
schematic representation of a single CPP conditioning alternation. (B) Representative apparatus occupancy heat-maps for single-housed mice during pre-TEST and
(C) post-TEST. (D) Preference index calculated at pre- and post-TEST for single-housed mice (N = 12; paired t-test: t11, = 2.934; P = 0.0136). (E) Time spent in
non-social and non-familiar conspecific-paired chambers for single-housed mice during pre- and post-TEST (N = 12; two-way RM ANOVA: time x chamber
interaction: F 1,11y = 4.021, P = 0.0702; main effect chamber: F 1 11) = 9.85, P = 0.0094; main effect time: F (4,11, = 6.363, P = 0.0284; followed by Bonferroni’s
multiple comparisons test). (F) Representative apparatus occupancy heat-maps for group-housed animals at pre-TEST and (G) post-TEST. (H) Preference index
calculated at pre- and post-TEST for group-housed mice (N = 11; paired t-test: t(10, = 2.366; P = 0.0396). (I) Time spent in the non-social and non-familiar
conspecific-associated chambers for group-housed mice during pre- and post-TEST (N = 11; two-way RM ANOVA: time x chamber interaction: F 4,109y = 5.115,

P =0.0472; main effect chamber: F 1 10) = 3.019, P = 0.1129; main effect time: F (1,19, = 0.2936, P = 0.5998; followed by Bonferroni’s multiple comparisons test).
(V) Representative apparatus occupancy heat-maps of group-housed mice subject to CPP contingency break at pre-TEST and (K) post-TEST. (L) Preference index
of group-housed mice subjected to CPP contingency break calculated at pre- and post-TEST (N = 9; paired t-test: tg) = 0.6537; P = 0.8080). (M) Time spent in the
two chambers of the apparatus for group-housed mice subjected to CPP contingency break during pre- and post-TEST (the chambers were assigned a non-social
and non-familiar property for analyses purposes; N = 9; two-way RM ANOVA: time x chamber interaction: F 1 g, = 0.1864, P = 0.6773; main effect chamber:

F,8 =0.1024, P = 0.7572; main effect time: F(1,g) = 2.401, P = 0.1599; followed by Bonferroni’s multiple comparisons test). (N) Learning index calculated for
group-housed mice subjected to either a contingency break (N = 9) or a paired protocol CPP (N = 11; unpaired t-test with Welch’s correction: t(14.4) = 2.175;

P =0.0467). N indicates number of mice. Abbreviations: US, unconditioned stimulus.
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FIGURE 3 | The interaction with a juvenile non-familiar conspecific is reinforcing. (A) Left: schematic representation of CPP time-course. Right: schematic
representation of a single CPP conditioning alternation between a familiar session and a non-familiar conspecific session. (B) Representative apparatus occupancy
heat-maps during pre-TEST and (C) post-TEST for group-housed mice subjected to this protocol. (D) Preference index calculated at pre- and post-TEST for
group-housed mice subjected to this protocol (N = 15; paired t-test: t(14, = 2.389; P = 0.0315). (E) Time spent in familiar and non-familiar conspecific-paired
chambers for group-housed mice subjected to this protocol during pre- and post-TEST (N = 15; two-way RM ANOVA: time x chamber interaction: F 4 14) = 4.525,
P =0.0517; main effect chamber: F 1,14y = 3.416, P = 0.0858; main effect time: F (1,14, = 1.657, P = 0.2189). (F) Learning index calculated for group-housed mice
subjected to either the protocol reported in Figure 2A (N = 11) or the protocol reported here in (A) (N = 15; Mann-Whitney test; P = 0.5830). (G) Left: schematic
representation of CPP time-course. Right: schematic representation of a single CPP conditioning alternation between a familiar session and a non-familiar
conspecific session. (H) Representative apparatus occupancy heat-maps during pre-TEST and (I) post-TEST for group-housed mice subjected to this protocol.

(J) Preference index calculated at pre- and post-TEST for group-housed mice subjected to this protocol (N = 12; paired t-test: ¢11) = 0.0358; P = 0.9721). (K) Time
spent in familiar and non-familiar conspecific-paired chambers for group-housed mice subjected to this protocol during pre- and post-TEST (N = 12; two-way RM
ANOVA: time x chamber interaction: F 4,11y = 0.01567, P = 0.9026; main effect chamber: F 4 11, = 0.0927, P = 0.7665; main effect time: F4 11, = 11.1, P = 0.0067).
N indicates number of mice. Abbreviations: US, unconditioned stimulus.
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FIGURE 4 | Extinction of non-familiar conspecific-induced CPP is affected by housing condition. (A) Schematic representation of CPP acquisition and extinction.

(B) Time spent in non-social and non-familiar conspecific-paired chambers across extinction sessions for group-housed mice subjected to CPP (N = 10; two-way
RM ANOVA: time x chamber interaction: F s 45, = 0.4486, P = 0.8120; main effect chamber: F (1 9) = 8.484, P = 0.0172; main effect time: F (5 45, = 1.25, P = 0.3021;
followed by Bonferroni’s multiple comparisons test). (C) Mean visit time spent in non-social and non-familiar conspecific-paired chambers across extinction sessions
for group-housed mice subjected to CPP (N = 10; two-way RM ANOVA: time x chamber interaction: F s 45, = 2.642, P = 0.0354; main effect chamber:

F,9 =9.002, P =0.0149; main effect time: F (545, = 1.589, P = 0.1827; followed by Bonferroni’s multiple comparisons test). (D) Frequency to enter in non-social
and non-familiar conspecific-paired chambers across extinction sessions for group-housed mice subjected to CPP (N = 10; two-way RM ANOVA: time x chamber
interaction: F(s4s5, = 1.215, P = 0.3175; main effect chamber: F (1 g) = 2.086, P = 0.1826; main effect time: F (s 45) = 1.361, P = 0.2568). (E) Time spent in non-social
and non-familiar conspecific-paired chambers across extinction sessions for single-housed mice (N = 8) subjected to a paired protocol (two-way RM ANOVA:

time x chamber interaction: F (s 35, = 1.037, P = 0.4113; main effect chamber: F 4 7y = 78.38, P < 0.0001; main effect time: F (s 35, = 0.997, P = 0.4339; followed by
Bonferroni's multiple comparisons test). (F) Mean visit time spent in non-social and non-familiar conspecific-paired chambers across extinction sessions for
single-housed mice (N = 8) subjected to a paired protocol (two-way RM ANOVA: time x chamber interaction: F s gs) = 0.6993, P = 0.6268; main effect chamber:
Fa,7) =11.16, P = 0.0086; main effect time: F (5,35, = 9.897, P < 0.0001; followed by Bonferroni’s multiple comparisons test). (G) Frequency to enter in non-social
and non-familiar conspecific-paired chambers across extinction sessions for single-housed mice (N = 8) subjected to a paired protocol (two-way RM ANOVA:

time x chamber interaction: F s 35 = 0.6539, P = 0.6600; main effect chamber: F(1 7y = 5.746, P = 0.0401; main effect time: F(5 35 = 18.08, P < 0.0001; followed
by Bonferroni’s multiple comparisons test). (H) Time spent in non-social or non-familiar conspecific-paired chamber at extinction session 6 for single-housed (N = 8)
and group-housed (N = 10) mice (two-way ANOVA: time x group: F 1,32 = 3.316, P = 0.0780; main effect group: F1,30) = 1.149, P = 0.2917; main effect time:
F32) =28.09, P < 0.0001; followed by Bonferroni’s multiple comparisons test). N indicates number of mice. Significance: *p < 0.05, **p < 0.01, **p < 0.001,
#*p < 0.0001.
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index at the post-TEST/preference index at the pre-TEST).
Confirming the validity of the non-familiar conspecific-
induced CPP protocol, group-housed mice conditioned with
the pairing protocol displayed a significantly higher learning
index compared to animals subjected to the contingency break
protocol (Figure 2N).

The Interaction With a Juvenile, But Not
Age-Matched, Non-familiar Conspecific
Is Reinforcing

To understand whether the novelty component associated
with non-familiar social stimuli is necessary to promote
contextual learning, we assessed whether group-housed mice
would develop any preference for either an age-matched
familiar or a non-familiar juvenile mouse-paired context. By
subjecting the animals to conditioning sessions in which
they interacted with a non-familiar and a familiar stimulus
in different chambers (Figures 1D, 3A), we observed an
increase in the preference for the non-familiar conspecific-
associated one (Figures 3B-D). Additionally, at the post-TEST,
mice spent more time in the non-familiar conspecific-paired
compartment compared to the one paired with a familiar
mouse (Figure 3E). Finally, by comparing the learning index
obtained from pairing protocols with either non-social session
or familiar session, we found no differences in place preference
acquisition (Figure 3F). Interestingly, when we subjected the
animals to conditioning sessions in which they interacted with
an age-matched non-familiar and a familiar stimulus in different
chambers, we did not observe any preference (Figures 3G-K).
Altogether, these results indicate that the social interaction with
a non-familiar conspecific juvenile is reinforcing and that while
the age of the stimulus plays an important role, the CPP is neither
driven by social familiarity nor non-social pairing.

Extinction of Non-familiar
Conspecific-Induced CPP Is Affected
by Housing the Condition

Considering that after the post-TEST, in adolescent rats,
social-induced CPP responses are lost within three single
exposures to the empty CPP apparatus (Trezza et al., 2009),
we investigated whether the non-familiar conspecific-induced
conditioned responses can also be extinguished. Thus, we
exposed our experimental animals to six extinction sessions,
as previously reported (Trezza et al, 2009). Starting 48 h
after the post-TEST, both single-housed and group-housed
mice freely explored the empty apparatus for 15 min once
per day over 6 days (Figure 4A). During early extinction
sessions, group-housed mice displayed longer exploration of the
non-familiar conspecific-associated chamber as compared to the
chamber where no social stimulus was present (Figure 4B).
Moreover, group-housed mice showed an increased duration of
the visit of non-familiar conspecific- compared to non-social
compartment (Figure 4C), while no changes in the number
of transitions in each chamber were observed (Figure 4D). At
extinction session 6, group-housed mice lost their preference
for the non-familiar-associated chamber (Figure 4B). However,

single-housed mice spent a longer time in the non-familiar
conspecific-associated compared to non-social compartment
throughout all the extinction session performed (Figure 4E) and
engaged in longer visits of non-familiar conspecific-associated
chamber (Figures 4F,G). Thus, it is evident that at the sixth
extinction session, while group-housed mice extinguished their
preference for non-familiar conspecific-associated compartment,
single-housed mice retained it (Figure 4H). Altogether, these
results indicate that while housing conditions do not induce
major changes in the acquisition of the non-familiar conspecific-
induced CPP, single-housing affects the extinction of contextual
associations induced by free interaction with a novel conspecific.

VTA SHANKS3 Downregulation Alters the
Exploration of Non-familiar Conspecific
Without Affecting CPP

Post-natal downregulation of the ASD-related protein
SHANKS3 in the VTA induces deficits in synaptic transmission,
plasticity and social preference dynamics (Bariselli et al., 2016).
Since both the excitatory transmission and plasticity at those
inputs are essential for associative learning and extinction of
reward-induced conditioned responses, we investigated the
effects of VTA Shank3 downregulation on the acquisition and
extinction of non-familiar conspecific-induced CPP. More
precisely, we downregulated Shank3 in the VTA of neonatal
mice (as previously described in Bariselli et al., 2016; Figure 5A),
and we group-housed them after weaning for about 5 weeks.
At 8 weeks of age (late adolescence), VTA-scrShank3 and
VTA-shShank3 mice underwent non-familiar conspecific CPP
acquisition and were subsequently sacrificed for histological
validation (Figure 5B). By performing qPCR experiments
on dissected midbrain regions, we found a pronounced
downregulation of the longest SHANK3a transcript in
AAV-shShank3 compared to AAV-scrShank3 infected animals
(Figure 5C). This reduction was confirmed by normalizing the
levels of the Shank3a mRNA to the mRNA encoding for the
TH enzyme (Figure 5D), a marker of dopaminergic neurons
(Stamatakis et al., 2013).

The downregulation of the ASD-associated protein
Neuroligin 3 from VTA DA neurons induces an aberrant
habituation to non-familiar conspecifics (Bariselli et al., 2018).
To assess whether SHANK3 insufficiency at VTA neurons could
induce a similar phenotype, we monitored both the distance
moved and the reciprocal interaction of VTA-shShank3 and
VTA-scrShank3 mice with their social stimuli. We observed that,
while VTA-scrShank3 mice showed a progressive reduction in
the interaction with the same social stimulus across conditioning
days, VT A-shShank3 mice did not habituate to the social stimuli
(Figure 5E). Importantly, these behavioral deficits were not
associated with changes in the distance moved (Figure 5F).

When comparing pre- and post-TEST, VT A-scrShank3 mice
increased their preference for the non-familiar conspecific-
paired chamber (Figures 5G-I) and, at the Post-TEST, they
displayed a longer exploration of the non-familiar conspecific-
associated chamber (Figure 5J). When VTA-shShank3 mice
were conditioned, they showed a trend towards a higher
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FIGURE 5 | Ventral tegmental area (VTA) SHANKS3 downregulation alters the exploration of non-familiar conspecific without affecting CPP. (A) Experimental time
course of AAV-scrShank3/AAV-shShank3 VTA infection, CPP acquisition, extinction and post hoc histological verification of viral infection and effect. (B) Histological
validation of VTA infection (scale bar: left panel: 150 pm, right panel: 50 wm; white arrows indicate tyrosine hydroxylase (TH)-shShank3 colocalization). (C) Relative
expression of Shank3a after infection of AAV-scrShank3/AAV-shShank3 in the VTA (unpaired t-test: t(10) = 2.972; P = 0.0140). (D) Ratio between Shank3a and TH
expression after AAV-scrShank3/AAV-shShank3 infection in the VTA (Mann-Whitney test: P = 0.0152). (E) Body and nose-to-nose contact time during conditioning
days for group-housed VTA-scrShank3 mice (N = 10) and VTA-shShank3 (N = 9) mice (two-way ANOVA: time x group interaction: F 351y = 0.4552, P = 0.7148;
group main effect: F 1,17y = 4.894, P = 0.0409; main effect time: F (351, = 4.363, P = 0.0082; followed by Bonferroni’s multiple comparisons test). (F) Distance moved
in the arena during conditioning days for group-housed VTA-scrShank3 mice (N = 10) and VTA-shShank3 (N = 9) mice (two-way ANOVA: time x group interaction:

(Continued)
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FIGURE 5 | Continued

F(351) = 0.2209, P = 0.8814; group main effect: F (1,17, = 3.388, P = 0.0832;
main effect time: F (351, = 3.707, P = 0.0173). (G) Representative occupancy
heat-maps for group-housed VTA-scrShank3 mice at pre-TEST and (H)
post-TEST. (I) Preference index calculated at pre- and post-TEST for
group-housed VTA-scrShank3 mice (N = 10; paired t-test: tg) = 4.827;

P =0.0009). (J) Time spent in non-social and non-familiar conspecific-paired
chamber for group-housed VTA-scrShank3 mice during pre- and post-TEST
(N = 10; two-way RM ANOVA: time x chamber interaction: F 1,9y = 25.35,

P =0.0007; main effect chamber: F(19) = 1.918, P = 0.1994; main effect time:
Fa9 =0.4628, P = 0.5134; followed by Bonferroni’s multiple comparisons
test). (K) Representative occupancy heat-maps for group-housed
VTA-shShank3 mice at pre-TEST and (L) post-TEST. (M) Preference index
calculated at pre- and post-TEST for group-housed VTA-shShank3 mice

(N = 9; paired t-test: tg, = 2.103; P = 0.0687). (N) Time spent in non-social
and non-familiar conspecific-paired chamber for group-housed VTA-shShank3
mice during pre- and post-TEST (N = 9; two-way RM ANOVA:

time x chamber interaction: 1 g, = 4.943, P = 0.0329; main effect chamber:
F4,8 =2.651, P =0.1027; main effect time: F (18 = 0.119, P = 0.7322;
followed by Bonferroni’s multiple comparisons test). (O) Learning index
calculated for VTA-scrShank3 (N = 10) and VTA-shShank3 (N = 9; unpaired
t-test: t(17, = 0.3468; P = 0.7330). N indicates number of mice. Abbreviations:
US, unconditioned stimulus; fr, fasciculus retroflexus; SNc, substantia nigra
pars compacta; RN, red nucleus. *p < 0.05, **p < 0.001.

preference index between pre- and post-TEST (Figures 5K-M),
and a significant preference for the non-familiar conspecific-
associated chamber vs. the non-social chamber at the post-TEST
(Figure 5N). Since the learning index of VTA-shShank3 mice
was comparable to the one measured from VTA-scrShank3, we
concluded that Shank3 downregulation in the VT'A was not
inducing major abnormalities in the acquisition of non-familiar
conspecific-induced CPP (Figure 50).

VTA SHANKS3 Downregulation Alters
the Extinction of Non-familiar
Conspecific-Induced CPP

After 48 h, VTA-scrShank3 mice underwent an extinction
protocol (Figure 6A) and, by the extinction session 5,
they no longer displayed a preference for the non-familiar
conspecific-paired chamber (Figure 6B). The extinction of the
CPP at extinction 5 in VTA-scrShank3 mice was associated
with a similar mean duration of the visits of non-familiar
conspecific vs. non-social associated chamber (Figure 6C),
with no differences in the number of transitions within
the two compartments (Figure 6D). When VTA-shShank3
mice underwent extinction, we noticed that their preference
for the non-familiar conspecific-paired chamber was not
stable over time and already not significant by the fourth
extinction session (Figure 6E). This effect was accompanied
by a similar duration of the mean visit time of the two
compartments at several extinction sessions (Figures 6F,G). To
directly compare the extinction of non-familiar conspecific-
induced place preference between VTA-scrShank3 and
VTA-shShank3 mice, we compared the preference index
across pre-TEST, post-TEST and extinction sessions. We
found that VTA-shShank3, compared to VTA-scrShank3,
had a significantly lower preference index, particularly during
early extinction sessions indicating an accelerated extinction

(Figure 6H). Importantly, VTA-shShank3 mice showed an
increased distance moved during the experiment as compared to
VTA-scrShank3 (Figure 6I).

DISCUSSION

Here, we tested whether the downregulation of the
ASD-associated gene Shank3 in the VTA is sufficient to
alter the reinforcing properties of social interaction in mice
and the extinction of the social-induced contextual associations.
Reinforcing properties of social interactions have been previously
tested by using protocols that require single-housing before
and/or during conditioning. Here, by characterizing a modified
version of previously published CPP paradigms, we show that
while housing conditions (single-housing vs. group-housing) do
not affect the acquisition of a preference for the compartment
associated with a non-familiar conspecific, it influences the
extinction of non-familiar conspecific-induced contextual
associations. By using the newly characterized CPP protocol, we
show that the downregulation of Shank3 impairs habituation
to non-familiar conspecifics and accelerates the extinction of
social-induced contextual associations.

Direct and Free Interaction With a Juvenile
Non-familiar Conspecific Promotes
Contextual Learning in Group-Housed
C57BI/6j Mice

Social novelty recognition induces territorial urinary marking
(Arakawa et al., 2008), increases exploratory behavior (Ferguson
et al, 2000), and produces exploratory preference, which
is only expressed during the first 5 min of the three-
chamber task (Nadler et al., 2004). For these reasons, we
developed a CPP paradigm that requires short (5 min)
and repeated episodes of free and direct interaction with
a juvenile non-familiar sex-matched social stimulus (Bariselli
et al,, 2018). Contrary to what has been previously reported
(Calcagnetti and Schechter, 1992; Thiel et al, 2008; Fritz
et al,, 2011; Kummer et al, 2011; Molas et al., 2017), we
demonstrate that single-housing is not a necessary condition
for the acquisition of a social-induced CPP. However, in the
present study, we found that the direct interaction with a
non-familiar juvenile mouse is necessary for social-induced
contextual learning, which is not observed when experimental
and stimuli subjects are age-matched. This difference could
be the consequence of offensive behaviors. Considering that
offensive behavior is a trait expressed by C57Bl/6 male mice
(Crawley et al, 1997) and that aggression promotes place
preference in CD1 male mice (Golden et al., 2016), further
investigation is needed to address the role of antagonistic
and offensive behavior in the acquisition of non-familiar
conspecific-induced CPP. Additionally, considering the impact
of sexual hormones on the acquisition of reward-induced place
preference (Calipari et al., 2017), future studies will need to
assess the acquisition of non-familiar conspecific-induced place
preference in female mice at various stages of their estrous
cycle.
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FIGURE 6 | VTA SHANKS downregulation alters the extinction of non-familiar conspecific-induced CPP. (A) Experimental time course of
AAV-scrShank3/AAV-shShank3 VTA infection, CPP acquisition and extinction. (B) Time spent in non-social and non-familiar conspecific-paired chamber for
group-housed VTA-scrShank3 mice across extinction sessions (N = 10; two-way RM ANOVA: time x chamber interaction: F 4,3 = 4.624, P = 0.0041; main effect
chamber: F(1,9) = 18.32, P = 0.0020; main effect time: F 4,3 = 1.126, P = 0.3595; followed by Bonferroni’s multiple comparisons test). (C) Mean visit time spent in
non-social and non-familiar conspecific-paired chambers across extinction sessions for group-housed VTA-scrShank3 mice subjected to CPP (N = 10; two-way RM
ANOVA: time x chamber interaction: F 436 = 2.097, P = 0.1043; main effect chamber: F 1 g) = 23.93, P = 0.0012; main effect time: F 4 35, = 0.889, P = 0.4817;
followed by Bonferroni’s multiple comparisons test). (D) Frequency to enter in non-social and non-familiar conspecific-paired chambers across extinction sessions for
group-housed VTA-scrShank3 mice subjected to CPP (N = 10; two-way RM ANOVA: time x chamber interaction: F (4 g6y = 1.443, P = 0.2399; main effect chamber:
F4,9 =0.3101, P = 0.5912; main effect time: F 4,35 = 0.5925, P = 0.6703). (E) Time spent in non-social and non-familiar conspecific-paired chambers for
group-housed VTA-shShank3 mice during extinction (N = 9; two-way ANOVA: time x chamber interaction: F 4,32y = 1.453, P = 0.2394; main effect chamber:
F,8 =6.002, P =0.0399; main effect time: F(4,32) = 4.226, P = 0.0074; followed by Bonferroni’s multiple comparisons test). (F) Mean visit time spent in non-social
and non-familiar conspecific-paired chambers across extinction sessions for group-housed VTA-shShank3 mice subjected to CPP

(Continued)
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FIGURE 6 | Continued

(N = 9; two-way RM ANOVA: time x chamber interaction: F 4,30 = 1.168,

P = 0.34383; main effect chamber: F (1 g, = 4.496, P = 0.0671; main effect time:
Fa32) =8.131, P =0.0001; followed by Bonferroni’s multiple comparisons
test). (G) Frequency to enter in non-social and non-familiar conspecific-paired
chambers across extinction sessions for group-housed VTA-shShank3 mice
subjected to CPP (N = 9; two-way RM ANOVA: time x chamber interaction:
Fa32) =1.708, P = 0.1725; main effect chamber: F 4 g) = 0.6025, P = 0.4600;
main effect time: F 4,32, = 9.5654, P < 0.0001). (H) Preference index calculated
during pre-TEST, post-TEST and extinction sessions for group-housed
VTA-scrShank3 mice (N = 10) and VTA-shShank3 (N = 9) mice (two-way
ANOVA: time x group interaction: Fg,102) = 2.118, P = 0.0575; group main
effect: F(1,17) = 5.436, P = 0.0323; main effect time: F g 102) = 4.953,

P =0.0002; followed by Bonferroni’s multiple comparisons test). (I) Distance
moved in the arena during pre-TEST, post-TEST and extinction sessions for
group-housed VTA-scrShank3 mice (N = 10) and VTA-shShank3 (N = 9) mice
(two-way ANOVA: time x group interaction: F g 102) = 3.056, P = 0.0086;
group main effect: F(1,17) = 4.211, P = 0.0550; main effect time:

F 6,102 = 7.497, P < 0.0001; followed by Bonferroni’s multiple comparisons
test). IV indicates number of mice. Significance: *p < 0.05, **p < 0.01,

**p < 0.001, ***p < 0.0001.

Single-Housing Affects the Extinction
of Contextual Associations Induced

by Non-familiar Interaction

Social-induced CPP undergoes extinction in adolescent rats
(Trezza et al., 2009), and we demonstrated that social-induced
conditioned responses could be induced and also lost in late
adolescent mice. However, we found that housing conditions
affect the extinction of the preference for the non-familiar
conspecific-paired chamber. In single-housed compared to
group-housed animals, the decreased rate of extinction of these
conditioned responses might be due to the increased strength of
the association between contextual cues (CS) and the presence
of a non-familiar conspecific, which would strongly counteract
the new association (CS-absence of social stimuli). The increased
strength of the associations in single-housed mice could stem
from the increased subjective value of social stimuli during the
acquisition of the non-familiar conspecific-induced CPP as a
consequence of the absence of social contacts in their home-
cage. In fact, the saliency of social events is modulated by
social context, as, compared to non-lonely individuals, lonely
individuals convey higher attention and accuracy in decoding
social cues (Pickett et al., 2004) and have a greater ability to
recall socially-related information. Alternatively, the absence of
social contacts in the home-cage during extinction might favor,
in the presence of the contextual cues previously associated
with social interaction availability, a behavioral strategy that
maximizes the probability of engaging in social interactions
(e.g., spending more time in the chamber paired with the
exposure to a non-familiar conspecific). Also, in this case, the
influence of the primary association on the behavioral outcome
would be increased at the expense of the new CS-absence
of social interaction association, thus resulting in a reduced
extinction of the conditioned response. Considering the effects
of single-housing on the extinction of non-familiar conspecific-
induced CPP, investigating the behavioral and neuronal
mal-adaptations induced by social isolation on the acquisition
and extinction of social-induced conditioned responses might

be beneficial for individuals affected by “loneliness” (Cacioppo
JT and Cacioppo S, The Lancet, “The growing problem of
loneliness”).

Shank3 Downregulation in the VTA
Accelerates the Extinction of Non-familiar
Conspecific-Induced CPP

In recent years, several genetic mouse models have been
developed to study the involvement of each SHANKS3 variant in
synaptic and social behavior impairments (Bariselli and Bellone,
2016). The elimination of the major Shank3 isoforms induces
aberrant social novelty recognition and social preference (Peca
et al, 2011), the latter rescued by Shank3 re-expression at
adulthood (Mei et al, 2016). Other mutants, with targeted
mutation within the exon 4-9 sequence displayed sociability
impairments (Wang et al, 2011) and altered male-female
interaction (Bozdagi et al., 2010), while mice lacking Shank3
Pro-rich domain and exon 13 displayed altered social novelty
recognition (Kouser et al.,, 2013; Jaramillo et al., 2017). Other
behavioral traits, such as increased dominance has been reported
in mice with point mutations of Shank3 (Zhou et al., 2016).
However, Shank3 mutants lacking the exon 4-22 and exon 9,
for example, displayed intact sociability (Wang et al., 2017; Bey
et al., 2018). Moreover, considering the differential expression
of Shank3 across neuronal populations (Wang et al, 2014),
specific behavioral tests are needed to assess the role of the
protein in a discrete neuronal circuit. Previously, we showed
that the developmental downregulation of Shank3 in the VTA
impaired social preference dynamics (Bariselli et al., 2016),
pointing at a deficit in social motivation. Here, we found that
insufficiency of SHANK3 in the VTA produces an aberrant
habituation to non-familiar social stimuli, which is similar to
our observation in another ASD-relevant animal model lacking
Neuroligin 3 expression in VTA DA neurons (Bariselli et al.,
2018). This indicates that different ASD-relevant mutations,
within the same neuronal circuit, might lead to similar behavioral
aberrancies.

Interestingly, we found that, although VTA-shShank3 mice
discriminated between non-familiar conspecific-paired and
non-social compartment at the post-TEST, they showed only
a statistical trend towards an increase in their preference
for the non-familiar conspecific-paired compartment before
and after conditioning. These results might indicate subtle
deficits in acquisition of non-familiar conspecific-induced
contextual association. However, when VTA-shShank3 mice
were repeatedly exposed to contextual cues in the absence of
the social stimulus animal, their preference for the non-familiar
conspecific-paired chamber became erratic and revealed an
accelerated rate of extinction. This effect could be due to a
reduced strength of the association as a consequence of Shank3
downregulation in the VTA. According to the hypothesis that
extinction is learning a new association, it is also plausible that in
VTA-shShank3 mice the new association might easily overpower
the weak primary association, thus resulting in an accelerated
disappearance of the conditioned responses. To our knowledge,
this is the first time that an extinction deficit is reported in
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an ASD-related genetic dysfunction restricted to the VTA, but
further investigation is warranted to understand the behavioral
and neurobiological mechanisms underlying aberrant learning
and extinction of those associations.

In conclusion, the CPP is a behavioral procedure classically
used to assess the reinforcing properties of drugs of abuse
and natural rewards. The observation of social-induced CPP in
group-housed mice demonstrates that direct social interaction
with a non-familiar conspecific can be reinforcing and can be
studied without the confounding behavioral and neurobiological
mal-adaptations induced by social isolation. Extinction and
reinstatement of drug-induced CPP responses are behavioral
procedures used to assess “drug-seeking” behavior in mice
(Itzhak and Martin, 2002). For this reason, many studies
have focused their attention on the cellular, synaptic and
circuit adaptations that underlie “drug-seeking” behavior to
facilitate extinction, to reduce reinstatement (Thanos et al.,
2009; Voigt et al, 2011; Malvaez et al., 2013; Prast et al,
2014) and, ultimately, to aid the research for treating addiction.
Similarly, the methods of extinction, and possibly reinstatement,
of non-familiar conspecific-induced CPP responses are a way
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The SHANK family of synaptic proteins (SHANK1-3) are master regulators of the
organizational structure of excitatory synapses in the brain. Mutations in SHANK7-3
are prevalent in patients with autism spectrum disorders (ASD), and loss of one copy
of SHANK3 causes Phelan-McDermid Syndrome, a syndrome in which Autism occurs
in >80% of cases. The synaptic stability of SHANKS3 is highly regulated by zinc,
driving the formation of postsynaptic protein complexes and increases in excitatory
synaptic strength. As ASD-associated SHANKS3 mutations retain responsiveness to
zinc, here we investigated how increasing levels of dietary zinc could alter behavioral
and synaptic deficits that occur with ASD. We performed behavioral testing together
with cortico-striatal slice electrophysiology on a Shank3—/~ mouse model of ASD
(Shank3e*13-1616—/=) "which displays ASD-related behaviors and structural and functional
deficits at striatal synapses. We observed that 6 weeks of dietary zinc supplementation
in Shank3%13-16=/= mice prevented ASD-related repetitive and anxiety behaviors and
deficits in social novelty recognition. Dietary zinc supplementation also increased the
recruitment of zinc sensitive SHANK2 to synapses, reduced synaptic transmission
specifically through N-methyl-D-aspartate (NMDA)-type glutamate receptors, reversed
the slowed decay tau of NMDA receptor (NMDAR)-mediated currents and occluded long
term potentiation (LTP) at cortico-striatal synapses. These data suggest that alterations
in NMDAR function underlie the lack of NMDAR-dependent cortico-striatal LTP and
contribute to the reversal of ASD-related behaviors such as compulsive grooming. Our
data reveal that dietary zinc alters neurological function from synapses to behavior, and
identifies dietary zinc as a potential therapeutic agent in ASD.

Keywords: autism, SHANKS3, zinc, synapse, NMDA receptor

INTRODUCTION

The SHANK family of proteins (SHANKI1-3) are localized at the core of the postsynaptic
density (PSD) at glutamatergic synapses where they bind to structural proteins, glutamate
receptors, and the actin cytoskeleton to modulate the structure, plasticity and maturation of
excitatory synapses (Boeckers et al., 2002; Kreienkamp, 2008). SHANK proteins display a temporal
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Dietary Zinc Reverses Autism Behaviors

expression pattern at synapses, with SHANK2 being one of
the first proteins concentrated at the developing PSD, followed
by SHANK3 and SHANK1 (Bresler et al., 2004; Grabrucker
et al,, 2011a). SHANK3 strengthens glutamatergic a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)
and N-methyl-D-aspartate receptor (NMDAR) mediated
synaptic transmission and increases glutamate release via
the formation of trans-synaptic signaling complexes with
neurexin and neuroligin (Arons et al., 2012). Multiple point
mutations, deletions, and truncations occur in SHANKI-3 in
people with autism spectrum disorders (ASD), with SHANK3
mutations mainly found in ASD individuals with moderate to
severe intellectual disability (Leblond et al., 2014). In addition,
loss of one copy of SHANK3 causes Phelan-McDermid or
22q13 deletion syndrome, a syndrome in which Autism occurs
in >80% of cases (Wilson et al., 2003; Phelan and McDermid,
2012; Soorya et al.,, 2013). ASD and 22q13 mutations in SHANK3
disrupt AMPAR and NMDAR signaling and interfere with
the ability of SHANK3 to alter presynaptic function via trans-
synaptic signaling (Arons et al., 2012). Mouse models expressing
ASD mutations in Shankl-3 exhibit impaired glutamatergic
synaptic function, decreased synaptic plasticity, increased anxiety
and repetitive behaviors and impaired social interactions (Hung
etal., 2008; Bozdagi et al., 2010; Peca et al., 2011; Schmeisser et al.,
2012; Duffney et al., 2013; Lee et al., 2015; Speed et al., 2015; Mei
et al., 2016). Moreover, restoring excitatory synaptic function
(e.g., by altering NMDA or metabotropic-type glutamate
receptor function, or restoring Shank3 expression) improves
ASD-related behaviors (Won et al., 2012; Chung et al., 2015; Lee
et al,, 2015; Mei et al., 2016). Therefore, glutamatergic synapses
are a major focus for developing treatments for the behavioral
deficits associated with ASD.

The C-terminal sterile alpha motif (SAM) domains in
SHANK2 and SHANKS3 are high affinity zinc binding sites
(Boeckers et al., 2005), and zinc stabilizes synaptic SHANK
localization and promotes the recruitment of pre- and
postsynaptic protein complexes to excitatory synapses (Baron
et al., 2006; Grabrucker et al., 2014; Arons et al., 2016). SHANK
proteins containing ASD mutations retain their responsiveness
to zinc: acute increases in zinc strengthen glutamatergic synaptic
transmission and recruit postsynaptic protein complexes at
excitatory synapses expressing ASD mutations in SHANK2 and
SHANKS (Lee et al., 2015; Arons et al., 2016), and trans-synaptic
zinc mobilization reverses ASD-related behavioral deficits in
Shank2~/~ mice (Lee et al., 2015). Zinc is stored in glutamatergic
synaptic vesicles where it is co-released with glutamate (Assaf
and Chung, 1984; Howell et al., 1984; Westbrook and Mayer,
1987; Mayer and VyKklicky, 1989; Smart et al., 1994). Zinc enters
the postsynapse via ion channels where it modulates synaptic
transmission and plasticity (Mayer and Vyklicky, 1989; Izumi
et al., 2006; Takeda et al., 2010; Pan et al., 2011). Zinc depletion
induces disintegration of SHANK3 complexes and weakens
glutamatergic synaptic strength (Arons et al., 2016). In human
studies, chronic zinc deficiency is a risk factor for ASD, and
low zinc levels have been reported in children with ASD (Faber
et al., 2009; Yasuda et al.,, 2011). Together these data suggest
that zinc mismanagement is a major factor in regulating both

SHANK proteins at the cellular level and ASD at the behavioral
level.

Here, we sought to determine whether dietary zinc
supplementation is a viable strategy to rescue synaptic
and behavioral deficits in Shank3*'3-1°~/= mice that
exhibit ASD-associated behavioral deficits and weakened
synaptic function in the dorsolateral striatum (Peca et al,
2011). We performed behavioral and electrophysiological
analysis on Shank3®3-1=/~ mice fed normal (30 ppm)
or supplemented (150 ppm) zinc levels (Tallman and
Taylor, 2003; Grabrucker et al., 2011b). Our data show that
dietary zinc supplementation prevented ASD-associated
behaviors by altering synaptic transmission through
NMDARs as well as long term plasticity at cortico-striatal
synapses.

MATERIALS AND METHODS

Animals

All animal experiments have been performed subject to
regulations approved by the University of Auckland Animal
Ethics Committee and adherence to the ARRIVE guidelines.
Shank3e13-16=/= mice (B6.129-Shank3!™2G8 |J; Peca et al., 2011)
were imported from Jackson Laboratories, Bar Harbor, ME,
USA and maintained at the University of Auckland, Auckland,
New Zealand. Wild-type (WT), heterozygous and homozygous
(Hom) mice were generated from heterozygous x heterozygous
breeding pairs. All experimental animals were housed in a
normal 12/12-h light dark cycle in groups of two to four per cage
with mixed genotypes. Food and water were available ad libitum.

Experimental Design

Animals were randomly assigned to a normal zinc diet (30 ppm)
or a zinc supplementation diet (150 ppm; Tallman and Taylor,
2003; Tran et al., 2009; Grabrucker et al., 2011b), purchased
from Research Diets, Brunswick, NJ, USA (catalogs D19410B and
D06041101, respectively) for 6 weeks from weaning (postnatal
day 21). Aside from the zinc levels, the two diets were identical
egg white based rodent diets. No adverse effects on animal
health or development were evident on either diet. Behavioral,
electrophysiological, and imaging experiments were performed
at 9-10 weeks of age on males and females: in total 69 WT
(38 male, 31 female) and 68 Hom (37 male and 31 female).
Genotypes were determined by PCR as previously described
(Peca et al., 2011). All experiments and analyses were performed
with the experimenter blinded to genotype and zinc diet by
independent animal coding with a unique identification number
at weaning.

Behavioral Tests and Analysis
All behavioral experiments were recorded and analyzed with
Ethovision (Noldus) software.

Grooming Behavior

Grooming behavior was recorded under low light conditions
(40 Ix), for 30 min and the time spent grooming during
this period was timed. Grooming included face-wiping,
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