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Postsynaptic scaffolding proteins, which are major components of the postsynaptic density (PSD) at excitatory
synapses, include Shank, PSD-95, A-kinase anchoring protein, Homer, and SAP90/PSD-95-associated protein
families and play crucial roles in synaptic structure, signaling, and functions. Several genetic studies have
indicated that postsynaptic scaffolding proteins contribute to the etiology of various psychiatric disorders,
including neurodevelopmental disorders. Indeed, mice with mutations or deletions in specific genes encoding
postsynaptic scaffolding proteins display alterations in behavioral phenotypes that are relevant to specific psy-

chiatric disorders. Here, we review recent studies on various mutant mouse models of Shank postsynaptic
scaffolding proteins associated with autism spectrum disorder, a major neurodevelopmental disorder, and discuss
future directions and therapeutic strategies for the treatment of autism spectrum disorder.

1. Introduction

Psychiatric disorders, also called mental disorders or mental ill-
nesses, are health conditions that involve significant changes in
thinking, emotion, and/or behavior, and are associated with abnormal
functioning in social communication and interaction. Psychiatric dis-
orders include neurodevelopmental disorders, such as autism spectrum
disorder (ASD), schizophrenia, attention-deficit hyperactivity disorder
(ADHD), Tourette’s syndrome, obsessive-compulsive disorder, bipolar
and related disorders, and anxiety disorders. Individuals with ASD have
limited and repetitive behavioral patterns, as well as problems with
social communication and interaction. ASD begins in early childhood,
and its symptoms are often observed within the first year of life. As the
word “spectrum” in its name indicates, ASD is associated with a vast
range of symptoms and severity, and includes disorders such as autism,
Asperger’s syndrome, and Rett syndrome [1]. Each child with ASD has
their own severity level, from normal to very severe, for each symptom.
This feature of ASD endows each child with a unique mixture of symp-
toms, making ASD difficult to study, diagnose, and treat.

Synaptic molecules that are major components of the postsynaptic
density (PSD), a huge complex containing thousands of proteins in
excitatory synapses located on the tip of dendritic spines [2,3], are
known to play important roles in many psychiatric disorders, including

ASD. Postsynaptic scaffolding proteins, such as PSD-95, A-kinase
anchoring protein (AKAP) family, Homer, SAP90/PSD-95-associated
protein (SAPAP)/guanylate kinase-associated protein (GKAP), and Src
homology 3 (SH3) and multiple ankyrin repeat domain (Shank) families,
are major components of PSD protein complexes and contribute to the
synaptic structure, signaling, and function [1,4]. Importantly,
large-scale genomic and microarray data obtained from individuals with
psychiatric disorders, including ASD, have identified disruptive muta-
tions in several genes encoding postsynaptic scaffolding proteins [5-11].

The etiology of psychiatric disorders, including ASD, can be inves-
tigated by generating mouse models with genetic mutations found in
individuals with psychiatric disorders. Although mice with mutation(s)
in risk genes display similar phenotypes relevant to psychiatric disor-
ders, the detailed molecular and behavioral characteristics are different
for each mutant mouse, even those with mutations in the same genes.
Here, we review mice with mutant Shank genes, which are well-known
risk genes for ASD, discuss the molecular, synaptic, and behavioral
phenotypes of Shank mutant mice, and provide suggestions for future
studies to better understand ASD.

2. Shank postsynaptic scaffolding proteins and ASD

According to estimates from the Autism and Developmental
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Disabilities Monitoring (ADDM) Network program funded by the Cen-
ters for Disease Control and Prevention (CDC), ASD is the most prevalent
neurodevelopmental disorder, affecting one out of 54 children aged 8
years in the United States [12]. ASD is clinically characterized by
impaired social interaction, defective communication, and stereotyped
behaviors such as repetitive behaviors [13,14]. Since ASD is typically
diagnosed based on the behavior of individuals, the identification of
genetic biomarkers is of crucial importance. Extensive genetic studies
have identified several candidate genes involved in ASD. These include
genes encoding the presynaptic plasma membrane proteins such as
neurexin 1, neurexin 2, and neurexin 3 [15-17], postsynaptic
cell-adhesion molecules such as neuroligin 1, neuroligin 3, and neuro-
ligin 4 [18,19], which form trans-synaptic cell-adhesion complexes with
presynaptic neurexins [20], and postsynaptic scaffolding proteins such
as Shank1, Shank2, Shank3 [5, 21-28], and PSD-95 [29] (Fig. 1). Shank
proteins are the most promising candidates among these molecules
because individuals with ASD have been identified to have mutations in
Shank genes [5, 10, 22, 23, 30-32]. Importantly, many genetic studies
have strongly suggested that mutations or disruptions in the Shank3
gene are highly penetrant monogenic risk factors for ASD [22,23,30]. In
this section, we discuss Shank genes, their mutant mouse models, and
their phenotypes relevant to ASD with respect to behavioral, synaptic
structural and functional, biochemical, and molecular aspects.

2.1. Shank in patients with ASD

Shank proteins, also known as proline-rich synapse-associated pro-
teins (ProSAPs), are master scaffolding proteins located at the PSD of
glutamatergic synapses, where they play essential roles in synaptic
development and function [33]. Shank proteins, including Shankl,
Shank2, and Shank3, contain several domains, including ankyrin repeat
domains, an SH3 domain, a PSD-95/Discs large/Zona occludens-1 (PDZ)
domain, a proline-rich region, and a sterile alpha motif domain (Fig. 2).
Shank proteins directly interact with many synaptic and signaling
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molecules, including o-fodrin via its ankyrin repeat domains [34],
glutamate receptor-interacting protein 1 (GRIP1) via its SH3 domain
[35,36], SAPAP/GKAP via its PDZ domain [33,37], and Homer via its
proline-rich region [38,39] (Fig. 1). In addition, Shank proteins indi-
rectly interact with a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors with the accessory protein stargazin [40], which
is anchored by the PSD-95-SAPAP/GKAP complex to the PDZ domain of
the Shank protein [38], and with N-methyl-D-aspartate (NMDA) re-
ceptors anchored by the PSD-95-SAPAP/GKAP complex to the PDZ
domain of the Shank protein [41] (Fig. 1). G-protein-coupled metabo-
tropic glutamate receptors (mGluRs) bind to Homer, which directly in-
teracts with the proline-rich region of Shank proteins [38,39] (Fig. 1).

Shank proteins are encoded by three genes, Shankl/ProSAP3,
Shank2/ProSAP1, and Shank3/ProSAP2. Mutations in Shank3 are
strongly associated with neuropsychiatric symptoms (such as develop-
mental delay and severely delayed or absent speech) [42] in individuals
with 22q13 deletion syndrome (also called Phelan-McDermid syn-
drome) [43]. Several de novo mutations in Shank3 have been identified
in patients with ASD [6, 22-24, 30]. In addition, several de novo de-
letions and mutations in Shank2 [5,44,45] and Shankl [10,32] were
identified in individuals with ASD. A meta-analysis of Shank mutations
in 5,657 patients with ASD identified that 0.04%, 0.17%, and 0.69% of
patients with ASD had mutations in Shank1, Shank2, and Shank3 genes,
respectively [30].

2.2. Comparisons of the behavioral phenotypes of Shank mutant mice to
the symptoms of patients with ASD

Although mouse behavior cannot be equated with human behavior,
researchers investigate mouse behavior to understand human behavior.
Mouse behavior can be utilized to study various functions of specific
brain regions and circuits associated with particular behavior [46-48].
Researchers have generated many Shank mutant mice with genetic
mutations found in individuals with ASD and have established
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Fig. 1. Postsynaptic scaffolding protein networks at the postsynaptic density (PSD) of the glutamatergic synapse. Trans-synaptic complexes linking the pre- and post-
synapse include the ephrin-ephrin receptor and neurexin-neuroligin complexes. Shank proteins directly interact with a-fodrin, SAPAP/GKAP, and Homer. Two major
ionotropic glutamate receptors, including the AMPA receptor (AMPAR) and NMDA receptor (NMDAR), and metabotropic glutamate receptors (mGluRs) indirectly
interact with Shank. PSD-95 interacts with SAPAP/GKAP, neuroligin, and stargazin. Shank proteins are multimerized through their SAM domain. NMDA, N-methyl-
D-aspartate; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; SAPAP, SAP90/PSD-95-associated protein; GKAP, guanylate kinase-associated protein;

SAM, the sterile alpha motif.
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Fig. 2. Shank postsynaptic scaffolding protein gene mutations in mice causing autism spectrum disorder-related phenotypes. Schematic diagrams of the structure of
mouse Shank genes, including exons (numbered square) and introns, and the domain structure of Shank proteins. The domain names are indicated above the
corresponding exons. Arrows indicate promoters. Information on Shank mutant mice is shown below the targeted domain or exons. Note that exons 16 and 17 in the
full-length Shank2e correspond to exons 6 and 7 in Shank2a. ANK, ankyrin repeat domain; SH3, Src homology 3 domain; PDZ, PSD-95/Discs large/Zona occludens-1
domain; PRO, proline-rich region; SAM, sterile alpha motif domain; KI, Knock-in. Refer to Tables 1-3 for detailed phenotypical information on studies using Shank

mutant mice.

appropriate behavioral tests that can be applied to study and compare
the symptoms examined in patients with ASD [48,49].

Individuals with ASD exhibit impaired social interactions with other
people; they often feel more comfortable with objects than with people.
These behavioral traits can be assessed in mice using animal behavioral
tests, such as the three-chamber sociability test, which evaluates the
social preference/interaction and social novelty recognition of novel
mice over novel objects. In addition, individuals with ASD exhibit re-
petitive behaviors, such as rocking and hand-flapping. These behavioral

traits can be assessed by examining self-grooming, marble burying, and
digging behaviors in Shank mouse models. Abnormal social communi-
cation, having difficulties in understanding others’ emotions, and non-
verbal social skills, such as eye contact, facial expression, and body
language, are also clinical diagnostic features of ASD. These behaviors
can be evaluated using ultrasonic vocalizations (USVs) in Shank mouse
models. Mice emit USVs in response to maternal separation in neonates,
intruders to communicate anxiety or fear, and male-female courtship
interactions in adults [48,50].
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In addition to the core symptoms of ASD described above, increased
anxiety is often present in patients with ASD. Anxiety is observed in most
neuropsychiatric disorders and is usually associated with, and thus
difficult to isolate from, decreased social interaction and repetitive
behavior [48]. Anxiety levels in Shank mouse models are measured
using the open-field test, elevated plus or zero maze, and light-dark test.
Mice with high levels of anxiety usually show less time spent in the
center of the arena in the open field, less time exploring the open arms in
the elevated plus or zero mazes, and increased latency to the brightly lit
area in the light-dark test. Most patients with ASD have mild to mod-
erate defects in intellectual ability, while some have average to
above-average intellectual ability. Intellectual ability is mostly assessed
by performing the original learning of the Morris water maze (MWM)
task with Shank mouse models [48,49]. Cognitive flexibility deficit is
also a feature of patients with ASD [51,52]. Cognitive flexibility is
usually evaluated in Shank mouse models using the reversal learning of
the MWM task. A behavioral phenotype does not solely match a specific
ability. Instead, behavior results from a very complicated network
among several functions, which should be considered when interpreting
behavioral phenotypes obtained from mouse models.

2.3. Shank1 mutant mice associated with ASD

Mutations in Shank1 have been found in patients with ASD [10,32].
Thus far, only a single Shankl mutant mouse model of ASD has been
generated by deleting exons 14 and 15, which encode the PDZ domain,
resulting in the complete elimination of all Shankl protein isoforms
[53]. Using the Shank1 AEL4-15 1 htant line, ASD-related behavioral tests
assessing the severity of social interaction, novelty, and communication,
repetitive behavior, anxiety, learning and memory, cognitive flexibility,
and synaptic defects in biochemistry, structure, and function were
evaluated (Table 1). In this Shankl AE14-15 mutant mouse line [53],
increased self-grooming in adult Shank1*/~ heterozygous mice in the
social context, but not in juvenile mice, was examined [54]. In addition,
isolation-induced USVs were reduced in isolated pups, and an inverted
U-shaped developmental USV emission pattern in terms of develop-
mental peak was delayed from P6 to P9 [55]. Enhanced anxiety-like
behaviors were observed with less time spent in the center zone in the
open field arena and increased latency to the light side in the light-dark
test in 3-5-month-old Shank12E'~1> mutant mice [53]. However, un-
altered anxiety-like behavior in the elevated plus maze and mild
anxiety-like behavior in the light-dark test were examined in 5-6- and
6-7-week-old, respectively, Shank1*E'#~15 mutant mice where several
behavioral experiments were sequentially performed [26]. Interestingly,
spatial original and reversal learnings in the eight-arm radial maze task
were improved, but long-term memory retention in the same task was
impaired in Shank1 AE14-15 mytant mice [53]. Furthermore, contextual
fear memory was impaired in Shank1E'*~15 mutant mice [53].

The expression levels of PSD proteins, such as SAPAP/GKAP and
Homer, were biochemically decreased in the adult forebrain tissues of
Shank1*F4~15 mutant mice [53]. In addition, reduced SAPAP/GKAP
but unaffected Homer expression levels were detected immunocyto-
chemically in cultured hippocampal neurons from Shankl“F!4-15
mutant mice [53]. The input-output curve shifted downward at the
Schaffer collateral-CA1 synapse in Shankl“E'*~'5 mutant mice, indi-
cating a reduction in basal synaptic transmission. This reduction was not
due to a change in presynaptic release probability because unchanged
paired-pulse facilitation was observed [53]. Although spatial original
and reversal learnings were improved in Shank12E4~1% mutant mice,
long-term potentiation (LTP) and long-term depression (LTD) were
normal in these mice [53].

2.4. Shank2 mutant mice associated with ASD

Two lines of Shank2 mutant mice that lack all Shank2 isoforms by the
deletion of the PDZ domain-coding exons 6-7 (Shank2*¥-7) [56-58] or
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exon 7 (Shank2*%¥") [57,59,60] have been reported by two groups [58,
60] (Fig. 2). These two lines of Shank2 knockout (KO) mice exhibited
shared and distinct physiological and behavioral phenotypes (Table 2).
Reduced social preference (mouse over the object) and normal social
novelty recognition (novel mouse over a familiar one) in the
three-chamber test were examined in Shank2*E®~7 mutant mice [58],
whereas reduced social novelty in the three-chamber test and delayed
first contact in male mice with estrus female mice were examined in
Shank2*%” mutant mice [60]. Shank2*®” mutant mice displayed exces-
sive self-grooming in females but not in males [60]. Shank2”%~7 mutant
mice showed enhanced repetitive jumping behaviors and normal
grooming in the home cage but increased grooming in a new environ-
ment, such as a novel object recognition arena [58]. Both mutant lines
showed reduced digging repetitive behavior and reduced call rates with
a delayed first call [58-60]. Increased levels of anxiety in the elevated
plus maze test in Shank2“%%~7 mutant mice [58] and during the
light-dark box test in Shank2®¥” mutant mice [60] were examined.
Spatial learning and memory in the MWM task were impaired in both
Shank2 mutant lines [58,60].

In a recent follow-up study [56], conditional mutant Shank2 mice
with Shank2 deletion in excitatory or inhibitory neurons were generated
to investigate which cell types contributed to the phenotypes observed
in the global KO of Shank22F°~7 mice [58]. The social phenotypes of
reduced social approach but normal social novelty recognition in the
three-chamber test, which were observed in the global KO of
Shank2F°~7 mice [58], were also mimicked in the conditional KO of
Shank2 in excitatory neurons [56], indicating that excitatory neurons in
the brain could mainly contribute to such social behaviors. Mice with
conditional KO of Shank2 in excitatory neurons and global KO of
Shank2“E%~7 also showed similar repetitive behaviors, such as normal
self-grooming and reduced digging [56,58]. USV phenotypes, such as
less frequent calls and delayed first calls, which were observed in mice
with global KO of Shank2*E%~7 [58], were similarly examined in mice
with conditional KO of Shank2 in the inhibitory neurons [56]. Another
study reported that restoring GABAergic synaptic transmission
following treatment with 1L838,417, an a2-, a3-, and a5-specific y-ami-
nobutyric acid type A (GABA,) receptor positive allosteric modulator,
reversed spatial memory deficits but not social deficits in Shank2*E6~7
KO mice [57].

Regarding synapse structure and function, no alterations in PSD
length and thickness were found in either line of Shank2 mutant, while
no changes in PSD density in Shank2“P%~7 and spine density in
Shank2“%” mutant mice were observed [58,60]. In the hippocampus of
Shank2“E%~7 mutant mice, the miniature excitatory postsynaptic current
(mEPSC) amplitude and frequency were unaffected. On the other hand,
LTP induced by high-frequency or theta burst stimulation and LTD
induced by low-frequency stimulation, but not by mGluR activation,
were impaired [58]. However, Shank2*¥ mutant mice showed a
reduced frequency but an unaltered amplitude of mEPSCs, enhanced
LTP, and unaltered LTD in the hippocampus [60]. GABA synaptic
transmission was impaired in CA1 neurons in Shank2“%®~7 but not in
Shank2*%” mutant mice [57].

2.5. Shank3 mutant mice associated with ASD

Shank3 has six isoforms that exhibit differential expression patterns
across brain regions, developmental stages, and cell types [61] (Fig. 2).
To investigate the function and mechanisms of Shank3 in ASD, various
Shank3 KO mouse lines lacking some or all of the Shank3 isoforms were
generated by the deletion of specific exon(s) targeting the functional
domains of Shank3 or by the insertion of a single nucleotide based on the
mutation information obtained from individuals with ASD. The first
Shank3 mutant mice lacking the ankyrin repeat domain-coding exons
4-9 (Shank3“E4~%) were reported by the Buxbaum group [62] (Table 3).
Subsequently, a study using the same mouse line as Shank3*E4~° [63]
and two studies using independently generated Shank3“E4~° mouse lines



Table 1
Behavioral and non-behavioral phenotypes of Shankl mutant mice associated with autism spectrum disorder.
Targeted Mouse Behavioral phenotypes Non-behavioral phenotypes References
scaffold model R . . R B R . . . . .
protein details Social behaviors Repetl.tlve USVs Anx1et.y-hke Learning and Other behavioral Biochemistry, Shank expression SynaPtlc
behaviors behaviors memory phenotypes morphology & function
structure
Shank1 PDZ N/A N/A N/A e Spent less e Improved e Normal in home e Reduced spine e Almost loss of e Reduced Hung et al.,
domain- time in the spatial cage but less active length and Shank1 proteins input-output 2008
coding center zone original and in a novel open- width in the forebrain at SC-CA1
exons e Increased reversal field o Thinner PSDs membrane synapse
14-15 latency to learning but o Mild deficit in o Slightly fraction e Unchanged
deletion the light impaired long- motor reduced spine e Complete loss of PPF and
side in the term retention performance in density Shank1 proteins NMDA/
light-dark in the eight- rotarod e Reduced GKAP in PSD fractions AMPA ratio
test arm radial and Homer in e No compensatory e Unaltered
maze task adult forebrain increases of mEPSC
e Impaired (Western blot) Shank1 and amplitude
contextual o Reduced GKAP Shank3 proteins but reduced
fear memory but unaffected (detected by pan- mEPSC
Homer in Shank antibody) frequency
cultured e Unaltered
hippocampal LTP and LTD
neurons (ICC)
e Normal juvenile e Unaltered N/A o Mild N/A e No deficits in non- N/A N/A N/A Silverman
reciprocal social self-grooming anxiety-like social and social et al., 2011
interaction, at age of behavior in olfactory
including nose- 10-12 weeks the light- capabilities
to-nose sniff, dark test e Reduced
anogenital sniff, e Unaltered exploratory
body sniff, push in the locomotion in a
and crawl, elevated novel open-field
pushing past, plus maze e Reduced motor
and follow coordination,
e Lack of balance and
sociability in the neuromuscular
three-chamber strength in rotarod
test and inverted wire
hang tests
e Unaltered in the
acoustic startle
response and in
PPI of acoustic
startle at any
prepulse level
e Normal pain
sensitivity
N/A e Unaltered N/A N/A N/A e Reduced N/A N/A N/A Sungur
self-grooming locomotor activity etal, 2014
and digging in (such as line
juveniles crossings and

Increased self-
grooming but
normal dig-
ging in the so-
cial context in
adults

rearing) in
juveniles

Reduced rearing in
the social context

in adults

(continued on next page)
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Table 1 (continued)

Targeted Mouse

Behavioral phenotypes

Non-behavioral phenotypes References
;Criftioil: :irz:iells Social behaviors Repetitive USVs Anxiety-like Learning and Other behavioral Biochemistry, Shank expression Synaptic
behaviors behaviors memory phenotypes morphology & function
structure
e Unaltered
marble
burying
irrespective of
social context
in adults
N/A N/A e Reduced number N/A N/A N/A N/A N/A N/A Sungur
of USV etal., 2016
e Reduced call peak

amplitude but
unaltered call
duration and peak
frequency in
isolated pups
Delayed from P6
to P9 in inverted
U-shaped
developmental
USV emission
pattern

Abbreviations: AMPA, L-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate; GKAP, guanylate kinase-associated protein; ICC, immunocytochemistry; LTD, long-term depression; LTP, long-term potentiation; mEPSC,
miniature excitatory postsynaptic current; NMDA, N-methyl-p-aspartate; N/A, not applicable as the experiment was not conducted; PDZ, PSD-95/Discs large/Zona occludens-1 domain; PPF, paired-pulse facilitation; PPI,

prepulse inhibition; PSD, postsynaptic density; SC-CA1, Schaffer collateral-Cornu Ammonis 1; Shank, SRC homology 3 (SH3) and multiple ankyrin repeat domain; USVs; ultrasonic vocalizations.
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Table 2
Behavioral and non-behavioral phenotypes of Shank2 mutant mice associated with autism spectrum disorder.
Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
;Criftioil: details Social behaviors Repetitive USVs Anxiety-like Learning and  Other behavioral Biochemistry, Shank expression Synaptic function
behaviors behaviors memory phenotypes morphology &
structure
Shank2 PDZ domain- e Reduced e Enhanced e Less frequent e Increased inan e Impaired e Normal olfactory e No alterations e Undetectable Shank2 e Unaltered input- Won et al.,
coding exons preference to repetitive calls and delayed elevated plus spatial function in PSD mRNA and Shank2 output curve, PPR, 2012
6-7 deletion mouse over object  jumping the first call maze learning and e Less efficient pup density, proteins in the brain and mEPSC amplitude
and a frame in the three- e Normal (males toward memory in retrieval of female length, and e No compensatory and frequency in the
shift chamber grooming in novel females) MWM test mice thickness increases in Shankl and 3  hippocampus
e Normal preference  home-cage but e Normal in e Impaired nesting proteins e Reduced NMDA/
to novel mouse increased NOR behavior AMPA ratio
over a familiar one  grooming in e Hyperactivity in e Impaired LTP (HFS,
in the three- NOR arena open-field theta-burst)
chamber e Decreased e Abolished LFS-LTD
digging but normal mGlIuR-
LTD
e Unaltered NMDA/
AMPA ratio in mPFC
e Social interaction N/A N/A e Normal anxiety e Impaired e Hyperactive in the o Reduced N/A o Impaired GABA Lim et al.,
deficit in the level in the spatial elevated zero maze GABA, synaptic transmission 2017
three-chamber elevated zero learning and  and open-field receptor o2 and thus reduced I/E
maze, but memory in subunit ratio in CA1 neurons
decreased time MWM test e Unaltered PPR
spent in the
center in the
open-field
PDZ domain- e Normal social e Enhanced self- e Reduced number e Normal anxiety- N/A e Hyperactivity in e Marked reductions of (In the dorsolateral Kim et al.,
coding exons approach and grooming but of calls and like behaviors in open-field (a novel Shank?2 in the striatum  striatum) 2018
6-7 deletion in  social novelty normal digging increased latency  open-field, the environment) but and cerebellum but not in
inhibitory recognition in the  and jumping to the first call elevated plus normal locomotor ac- the cortex and e Normal mEPSC
neuron (Viaat- three-chamber (10-13 weeks (10-13 weeksold maze (11-14 tivity in the Laboras hippocampus (10 weeks amplitude and
Cre;Shank2™™)  (9-12 weeks old old mice) in mice) weeks old mice), test (a familiar old) frequency
mice) home cages and the light- environment) o Unchanged expressions of e Reduced mIPSC
e Reduced male- e Enhanced head —dark test Shank1 and Shank3 amplitude and
female social bobbing (11-13 proteins in the cortex, frequency
interaction weeks old mice) hippocampus, striatum, e Reduced frequency
in the hole- and cerebellum but unaltered
board test amplitude of sEPSC
e Normal frequency but
reduced amplitude of
sIPSC
(In the hippocampus)
e Normal mEPSC and
mIPSC amplitude and
frequency
PDZ domain- e Reduced social e Normal self- Normal numbers e Increased N/A e Mild hyperactivity in e Strong reductions of (In the hippocampus)
coding exons approach, but grooming and of calls, but anxiety-like open-field (a novel Shank?2 in the cortex and
6-7 deletion in  normal social jumping increased latency  behavior in the environment) and in hippocampus but no o Reduced frequency
excitatory novelty e Reduced digging to the first call center region of the Laboras test (a changes in the striatum but unaltered
neuron recognition in the e Normal head (9-12 weeks old the open-field familiar and cerebellum (12 weeks  amplitude of mEPSC
(CaMKII-Cre; three-chamber bobbing in the mice) e Normal anxiety- environment) old) e Unaltered mIPSC
Shank2?/f) (9-12 weeks old; hole-board test like behavior e Unchanged expressions of — amplitude and
males) (12-15 weeks old Shank1 and Shank3 frequency

(continued on next page)
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Table 2 (continued)

Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
;criftf:if details Social behaviors Repetitive USVs Anxiety-like Learning and  Other behavioral Biochemistry, Shank expression Synaptic function
behaviors behaviors memory phenotypes morphology &
structure
e Reduced male- mice) in the proteins in the cortex, e Normal PPF
female social elevated plus hippocampus, striatum,
interaction maze and cerebellum
o Increased in the
light-dark test
PDZ domain- N/A N/A N/A N/A e Impaired N/A e No change in N/A e No change in GABA Lim et al.,
coding exon 7 spatial GABA, synaptic transmission 2017
deletion learning and receptor a2 and thus I/E ratio in
memory in subunit CA1 neurons
MWM test
N/A N/A e Lower call rate N/A N/A N/A N/A N/A N/A Ey et al.,
with a different 2013
call distribution
in males and
females
e Reduced call
duration in adult
female mice
e Delayed first e Extended self- e Higher call rate e Increased e Normal e Normal motor e Reduced spine e Unaltered Shank3 mRNA e No changes in the Schmeisser
contact in male grooming in fe- in female pups anxiety-like working coordination in density level in the whole brain excitability of et al., 2012
mice with estrus males but not in e Longer latency to  behavior in the memory in rotarod e No alteration e Complete loss of all presynaptic fibers, the
female mice male mice first call and light-dark box test ~ Y-maze and e Enhanced locomotor of PSD length isoforms of Shank2 intrinsic firing
e Reduced social e Shorter digging lower call rate in NOR activity in open-field  or thickness protein in the whole threshold, and the
novelty in the female adults e Normal olfaction in e Enhanced brain, hippocampus, and whole-cell input
three-chamber home-cage odor pref-  GluN1 and cerebellum homogenates resistance of CAl py-
erence test Shank3 in e Normal Shank3 but ramidal cells

whole brain

significant reduced
Shank1 expression in
crude synaptosome
fraction of hippocampus
at P25 and P70

Normal Shank3 and
Shank1 expression in
crude synaptosome
fraction of striatum at
P25, but significant
increase of Shank3
expression in crude
synaptosome fraction of
striatum at P70

Reduced basal
hippocampal synaptic
transmission

Reduced mEPSC
frequency and
unaltered amplitude
in the hippocampus
Enhanced NMDA-
mediated currents
Increased NMDA/
AMPA ratio
Enhanced
hippocampal HFS-
LTP and unaltered
LTD induced by
paired pulse

Abbreviations: AMPA, L-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate; GABA, gamma-aminobutyric acid; HFS, high-frequency stimulation; I/E, inhibition/excitation; LFS, low-frequency stimulation; LTD, long-
term depression; LTP, long-term potentiation; mEPSC, miniature excitatory postsynaptic current; mGluR, metabotropic glutamate receptor; mIPSC, miniature inhibitory postsynaptic current; mPFC, medial prefrontal
cortex; MWM, Morris water maze; NMDA, N-methyl-p-aspartate; NOR, novel object recognition; N/A, not applicable as the experiment was not conducted; PDZ, PSD-95/Discs large/Zona occludens-1 domain; PPF, paired-
pulse facilitation; PPR, paired-pulse ratio; PSD, postsynaptic density; CA1l, Cornu Ammonis 1; SEPSC, spontaneous excitatory postsynaptic current; Shank, SRC homology 3 (SH3) and multiple ankyrin repeat domain; USVs;

ultrasonic vocalizations.
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[27,64] were reported. In addition, the Feng group reported two
different mouse lines of Shank3 that were generated by deleting the PDZ
domain-coding exons 13-16 (Shank3“E3~16) or by deleting the ankyrin
repeat domain-coding exon 4-7 (Shank3AE4’7) [25]. Moreover, Shank3
mutant mice were generated by deleting the ankyrin repeat
domain-coding exon 9 (Shank3AE9) [65], SH3 domain-coding exon 11
(Shank3“Fy  [60], or proline-rich domain-coding exon 21
(Shank3*“2%) [66]. A single guanine nucleotide (G) insertion (InsG)
mutant of Shank3 was generated by inserting an extra G into intron 20
near exon 21 (Shank3™3728y [67]. Subsequently, the same group (the
Powell group) that published the studies of Krouser et al. (2013), Speed
et al. (2015), and Jaramillo et al. (2016) generated another Shank3
mutant mouse (Shank3“E1%) by inserting a neo-stop cassette into be-
tween exons 12 and 13 [68]. The Feng group also created a mouse line
with an ASD patient-associated G insertion at cDNA position 3680
(Shank3"™C38%) [69]. Importantly, the Jiang group that generated
Shank3*E4~° mutant mice [27] utilized a two-step gene targeting and
Cre/LoxP strategy and successfully generated Shank3 complete KO
(Shank3“%*-22) mice [70]. In Shank3 complete KO (Shank3*¥4~22) mice,
exons 4 — 22, including the coding sequences for all Shank3 isoforms,
were deleted, resulting in the lack of all Shank3 isoforms. Recently,
global and conditional KO mice with deletion of the PDZ domain-coding
exons 14-16 of Shank3 (Shank3“'*1%) [71,72] and a knock-in (KI)
mouse line carrying the human Q321R missense mutation that occurs in
the ankyrin repeat region domain of Shank3 in an individual with ASD
were generated [73].

2.5.1. Behavioral phenotypes of Shank3 mutant mice

Although Shank3 mutant mice with deletions of the same exon(s)
exhibit different behavioral phenotypes, most Shank3 mutant mice
display ASD-associated behavioral phenotypes, including social inter-
action impairments, repetitive self-grooming, and/or anxiety-like be-
haviors (Table 3). Shank3“E*~? [27,63,64], Shank3*E13716 [25,74,75],
Shank3*E'!  [76], Shank3“E%  [66], Shank3MC3680E2D) 69
Shank3A14-16 [711, Shank3214-16 glutamatergic [72] or GABAergic
neuronal deficient [71], and complete Shank3 KO (ShankS’AE“’zz) [70]
mice displayed increased self-grooming behaviors (from moderately
increased to self-injurious). On the other hand, Shank3°F47 [25],
Shank3“¥ [65], and Shank3™¢%728 [67] mice showed no alterations in
self-grooming.

Most Shank3 mutant mice displayed impaired social ability and
interaction, except Shank3“E° [65], Shank3™¢%728 [67], Shank3*E1416
global KO or GABAergic neuronal deficient [71], Shank3*E14716 gluta-
matergic neuronal deficient [72], and KI mice carrying the Q321R
mutation [73]. Using the same line of Shank3*F'3~1® mutant mice with
self-injurious grooming and reduced social interaction [25,75], other
ASD-related behavioral tests were further investigated to examine in-
fants (<3 weeks old) and juveniles (3-6 weeks old) [77]. Social inter-
action phenotypes observed in the three-chamber test were
sex-dependent, showing reduced social interaction in male mice but
normal interaction in female juvenile Shank3“E3~16 mice. In contrast,
increased self-grooming behaviors were showed with no difference be-
tween male and female juvenile Shank3“F13-16 mice [77].

No alterations in USVs or anxiety-like behaviors were observed in
Shank3*F13-16 mice compared to littermate control mice [77]. In
contrast, another group reported that the same line of Shank3“E!3-16
mice exhibit high levels of anxiety with decreased rearing activity in the
open field test, less time exploring the open arms in the elevated zero
maze, and increased latency to enter the brightly lit area in the
light-dark emergence test [25]. Altered USVs were examined in
Shank3*®~9 [27, 62-64], Shank3*F*~2? [70,78], and Shank3“F'*'6
GABAergic neuronal deficient [71] mice.

Shank3 mutant mice display different learning and memory perfor-
mance. Shank3°F4° mutant mice showed intact [63,64] but also
retarded [27] spatial original and reversal learning in the MWM.
Shank3“F13-1® mice showed normal spatial learning in MWM [25],
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whereas Shank3"° [65], Shank3*E'31° [68], and Shank3™C%728 [67]
mice showed impaired or mildly retarded spatial learning in MWM
tasks. Furthermore, Shank3*F! [76] and Shank3“F*22 [70] mice
exhibited normal original but impaired reversal spatial learning in
MWM tasks, whereas Shank3*F21(4¢/2C) mjce showed impaired original
spatial learning but normal reversal learning in MWM tasks [66].
Using conditional KO or expression technology, specific brain re-
gions and/or cell types that contribute to distinct behavioral phenotypes
related to ASD have further been identified [71,72,78,79]. Similar to the
social interaction deficits observed in global Shank3“E'3~1¢ KO mice
[25,75], conditional KO of Shank3*F13716 in the glutamatergic synapses
of pyramidal neurons in the anterior cingulate cortex (ACC) led to social
interaction deficits comparable to those following global Shank3*E!3-16
KO mice but did not affect grooming, marble burying, novel object
preference, and anxiety levels compared to wild-type (WT) control mice
[79]. In addition, restoration of Shank3 proteins in the ACC improved
social behavior in Shank3 mutant mice [79]. Together, these data indi-
cate that the ACC is involved in the Shank3-mediated regulation of so-
cial interaction function, but not grooming, marble burying, novel
object preference, or anxiety. Interestingly, optogenetic activation of
ACC pyramidal neurons rescues anxiety-like behavior and social inter-
action in Shank3“F13-1® KO mice [79], indicating that anxiety-like
behavior is regulated by ACC pyramidal neuron activation. In addi-
tion, the USV deficits observed in global Shank3“E4~16 mice were
attributed to GABAergic neurons but not glutamatergic neurons [71,72].
Furthermore, the loss of Shank3“¥~22 in forebrain excitatory neurons or
striatal medium spiny neurons (MSNs) was responsible for behavioral
phenotypes of repetitive self-grooming or repetitive exploration,
respectively [70,78]. The Feng group also reported that selective
enhancement of striatopallidal (indirect pathway) MSN activity using a
Gqg-coupled human M3 muscarinic receptor, a type of designer receptors
exclusively activated by designer drugs (DREADD), reduced repetitive
grooming behavior [75]. This finding indicates that the indirect striatal
pathway is responsible for the repetitive behavior in Shank32F13-16
mutant mice. A study using conditional KO of Shank3 in specific cell
types further revealed that instrumental learning is not dependent on
Shank3 in forebrain excitatory or basal ganglia inhibitory neurons [78].
The same study also found that prepulse inhibition and anxiety-like
behaviors, which are augmented and reduced, respectively, in global
Shank32F4-22 mice, are due to the loss of Shank3 in MSNs [78].

2.5.2. Biochemical, structural, and functional phenotypes of synapses in
Shank3 mutant mice

Spine morphology, synapse structural composition, and electro-
physiological recordings were also examined to investigate structural
and functional characteristic changes in Shank3 mutant mice. Like the
differences observed in the behavioral phenotypes of Shank3 mutant
mice, the structure and function of synapses were also differentially
affected in various Shank3 mutant mice (Table 2). In the hippocampus of
Shank3“F*~° mutant lines, reduced input-output curve, impaired LTP
but normal LTD [62,63], reduced amplitudes and increased frequencies
of mEPSCs, and defective spine remodeling during LTP [62] were
examined. Interestingly, spine density and length [27] and electro-
physiological features, including input-output relationship, mEPSCs,
and LTP [27,62,63] were differentially affected in an age-dependent
manner, suggesting developmental stage-dependent differential regu-
latory mechanisms underlying ASD. In another line of Shank3“B4—°
mutant mice, Homerlb/c, GluA2, and GluA3 synaptic protein expres-
sion decreased in the striatal synaptosomal fraction of Shank3“E+~°
mutant mice [64]. In the same mouse line, the striatum and hippo-
campus exhibited different electrophysiological features. A significant
reduction in NMDA/AMPA ratio, but no changes in mEPSC amplitude
and frequency, were observed in the striatum, whereas in the hippo-
campus, no alterations in baseline synaptic transmission, NMDA/AMPA
ratio, mEPSC amplitude and frequency, paired-pulse ratio (PPR),
input-output relationship, and mGluR-LTD, but a reduction in LTP were
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Table 3
Behavioral and non-behavioral phenotypes of Shank3 and Shank1/Shank3 double mutant mice associated with autism spectrum disorder.
Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
:izft?il':i details Social Repetitive USVs Anxiety-like Learning and Other Biochemistry, Shank Synaptic function
behaviors behaviors behaviors memory behavioral morphology & expression
phenotypes structure
Shank3 ANK domain- o Reduced N/A © Reduced N/A N/A e Normal in o Defective spine o Complete loss o In the Bozdagi
coding exons social sniffing during the social olfactory remodeling during of full-length hippocampus (3-4 et al., 2010
4-9 deletion (3 in adult male- interaction habituation and LTP Shank3 mRNA weeks old mice),
lines) female social dishabituation e Complete loss reduced mEPSC
interaction of full-length amplitude, reduced
Shank3 protein input-output curve,
in the PSD impaired LTP but
fraction normal LTD
e Reduced AMPA
receptor
immunoreactivity
e Normal in the e Elevated self- e Mostly normal e Normal in the e Normal e Impaired N/A N/A e In the Yang et al.,
three-chamber grooming in elevated plus original and rotarod hippocampus (4-6 2012
and freely- males maze and light- reversal performance weeks old mice),
moving dyads dark exploration learning in e Normal PPI of reduced input-
o Mildly (no sex MWM acoustic startle output curve,
impaired in differences) o Impaired e Normal impaired LTP
juvenile NOR olfaction, sensory induction and
reciprocal e Normal gating, and maintenance,
social contextual and nociception normal LTD
interaction cued fear
conditioning
e Abnormal o Excessive self- e More calls in e Normal in the o Retarded e No alteration in e No changes in o Shank3a and [In the Wang et al.,
sociability and grooming males but fewer light-dark test original and olfactory dendritic Shank3b hippocampus (2-4 2011
interaction e Enhanced calls in females and the elevated reversal preferences to branching, spine transcripts are months old mice)]
repetitive object when exposedto  zero maze learning in discriminate density, and spine absent, but e No alterations in
exploration unfamiliar mice MWM urine from saline head area in CAl Shank3c, input-output
e Less e Abnormal (P6-7) Shank3d, and relationship, PPR,
complexed call motor e No changes in Shank3e mEPSC amplitude
patterns performance in PSD length or transcripts are and frequency, and
e Altered in open-field and thickness in CA1 present mIPSC amplitude

duration and
frequency

rotarod
e Normal PPI and
startle response

(2-4 months old

mice) of Shank3a
e Reduced spine protein (~190
density but kD), but two

increased length in

CA1 (4 weeks old (~140 kD and
mice) ~170 kD

e No changes in proteins) are
spine density but present

reduced length in
CA1 (10 weeks old
mice)

o In adult forebrain
PSD I fraction,
reduced GKAP and
Homerlb/c but
unaltered Homerla
e In adult forebrain
SPM fraction,

e Complete loss

Shank3 isoforms

and frequency
e Reduced LTP
e Inhibited
chemical LTP in
AMPA receptor
distribution

(continued on next page)
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Table 3 (continued)

Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
:izftf;l: details Social Repetitive USVs Anxiety-like Learning and Other Biochemistry, Shank Synaptic function
behaviors behaviors behaviors memory behavioral morphology & expression
phenotypes structure
reduced GluAl and
GluN2A but
unaltered GluA2
and GIuN2B
e Abnormal o Increased self- e Increased call e Normal in o Deficits in e Normal nest e Synaptic proteins e Loss of the two (In the Jaramillo
social grooming number at P4 open-field, the spatial novelty building expression not highest hippocampus) et al., 2016
interaction e Normal marble  and P6 dark-light test, recognition e Normal altered in striatal molecular e No alterations in
burying following and the elevated and NOR locomotor lysates but altered weighted Shank3  baseline synaptic
separation from plus maze o Mostly activity in the in striatal isoforms, and transmission,
mother early in normal in locomotor box synaptosomes reduced NMDA/AMPA
life MWM original and rotarod e Decreased expression of the ratio, mEPSC
and reversal e Normal in Homerlb/c, 34 and 7% amplitude and
learning except  startle, PPI, and GluA2, and GluA3 highest frequency, PPR, and
showing an fear conditioning expression in the molecular input-output
increase in % striatal weighted Shank3  relationship
thigmotaxis synaptosome isoforms in e Normal mGluR-
during the fraction striatal lysates LTD but reduced
original o Loss of the two hippocampal LTP
learning largest Shank3 (In the striatum)
isoforms, and e A significant
reduced reduction in
expression of NMDA/AMPA ratio
other Shank3 but no changes in
isoforms in mEPSC amplitude
striatal and frequency
synaptosome
ANK domain- e Normal e Normal N/A e Normal rearing ~ N/A N/A N/A o Complete loss e Slight reductionin  Peca et al.,
coding exons initiation of grooming activity in open- of Shank3a cortico-striatal 2011
4-7 deletion social field protein but synaptic
(Shank3A-/-) interaction, but e Similar time unaffected transmission
perturbed spent in the open Shank3p and
social novelty arms in the Shank3y
recognition elevated zero isoforms
maze
ANK domain- e Normal social e Normal e Normal in e Normal time o Mildly e Normal N/A e Complete loss e Altered E/1 Lee et al.,
coding exon 9 interaction and  grooming but pups spent in the impaired locomotor of Shank3a balance 2015
deletion social novelty increased center region of spatial activity in open- protein (~240 e Normal mEPSC
recognition rearing in novel the open field memory in filed kD), but but decreased
environment arena MWM unaffected mIPSC frequency in
Shank3c/ the hippocampus
d (~190 kD) and e Decreased mIPSC
Shank3e (~140 frequency but
kD) isoforms normal mEPSC in
mPFC
o Normal
hippocampal LTP
Knock-in mouse e Normal social e Enhanced self- eIn o In eIn e Normal N/A e Significant e Abnormal EEG Yoo Yetal.,
carrying the interaction in grooming in heterozygous heterozygous homozygous locomotor decrease in patterns in frontal 2019
Q321R mutation  the three- home cages with  mutant mice, mutant male mutant mice, activity in Shank3a protein and parietal lobes in
in the ANK chamber in bedding but normal number mice, normal in normal NOR Laboras cages (~240 kD), but homozygous
domain heterozygous normal self- of calls but open-field and (2-4 months and in open-field no significant mutant (3 months
and grooming in increased elevated plus old; males) and  in heterozygous changes in old; males)

(continued on next page)
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Table 3 (continued)

Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
:izftf;l: details Social Repetitive USVs Anxiety-like Learning and Other Biochemistry, Shank Synaptic function
behaviors behaviors behaviors memory behavioral morphology & expression
phenotypes structure
homozygous Laboras cages in duration of each  maze but contextual fear ~ and homozygous Shank3c/d and e Normal mEPSC
mutant mice heterozygous calls (2-3 anxiolytic in the memory (3-6 mutant mice Shank3e and mIPSC
and homozygous  months old; light-dark test by ~ months old; e Suppressed isoforms in frequency and
mutant mice males) when spending more males) seizure homozygous amplitude in CA1
(2-3 and 2 encountered time in the light susceptibility in mutant brains pyramidal neurons
months old, with a novel chamber homozygous in homozygous
respectively; female stranger o In homozygous mutant mice (3-4 mutant mice
males) e In mutant male months old; (P21-25)
o Suppressed homozygous mice, normal in males) o Suppressed
digging in home mutant mice, open-field but e Normal neuronal
cages with normal number anxiolytic in the somatosensory excitability in CA1
bedding in and duration of elevated plus function in the pyramidal neurons
heterozygous calls (4 months maze and light- hot plate (6 in homozygous
and homozygous old; males) dark test months old; mutant mice
mutant mice when e In homozygous males) and von (P22-26)
(2-3 and 2 encountered mutant female Frey (2 months e Normal mEPSC
months old, with a novel mice, normal in old; males) tests and mIPSC
respectively; female stranger the elevated plus in homozygous frequency and
males) maze and light- mutant mice amplitude in
o In homozygous dark test dorsolateral striatal
mutant female neurons in
mice, normal homozygous
self-grooming mutant mice
and digging in (P28-43)
home cages with
bedding
SH3 domain- NA NA NA NA NA NA e No changes in e Significantly NA Schmeisser
coding exon 11 CA1 PSD thickness reduced Shank3 etal, 2012
deletion and length and normal
o No alteration in Shank1 and
CA1 spine density Shank2
o Reduced AMPA expression in
receptors crude
o Increased Shank2  synaptosome
in the Striatum fraction of
e Increased GluN2B  hippocampus at
in the hippocampus P70
o Significantly
reduced Shank3,
significantly
increased
Shank2, and
normal Shank1
expression in
crude
synaptosome
fraction of
striatum at P70
o Impaired e Increased self- NA e Normal in the e Normal e Lower nest o In PSD fraction,a e Complete loss e Normal basal Vicidomini
social grooming elevated plus spatial building score reduction in of Shank3 in membrane etal, 2017

maze

memory in a

e Minor deficits

Homerlb/c protein

cultured cortical

properties in

(continued on next page)
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Table 3 (continued)

Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
:izftf;l: details Social Repetitive USVs Anxiety-like Learning and Other Biochemistry, Shank Synaptic function
behaviors behaviors behaviors memory behavioral morphology & expression
phenotypes structure
interaction and e Fewer marbles e Restricted spatial object in motor in the striatum, a neurons obtained striatal MSNs
recognition buried interest and an recognition coordination reduction in both from Shank3 e Impaired mGlu5-
avoidance test (deficits in the mGlu5 and mutant mice mediated
phenotype e Normal pole and rotarod Homerlb/c in the enhancement of
e Fewer marbles original tests but normal cortex, and no NMDA-induced
buried learning but in the beam changes in mGlu5 responses
impaired walking test) and Homerlb/c
reversal  Increased levels in the
learning in aggressive hippocampus
MWM behavior e Reduced mGlu5/
e Impaired in o Hyposensitive Homer interactions
the reversal to pain in hot- in the striatum and
phase of T- plate test cortex
maze task
PDZ domain- © Reduced o Excessive and N/A o High levels of e Normal in o Normal motor o Altered PSD o Complete loss o Normal Peca et al.,
coding exons social self-injurious anxiety showing MWM original learning in the composition in the of both Shank3a presynaptic 2011
13-16 deletion interaction and  grooming decreased and reversal rotarod test striatum and Shank3p function in the
(Shank3B-/-) abnormal rearing activity learning (4-5 o No changes in proteins, but striatum and
social novelty in open-field, weeks old spine length and reduced hippocampus
recognition less time males) head diameter but expression of e Normal NMDA/
o Deficits in exploring the increased spine Shank3y isoform AMPA ratio in
dyadic open arms in the neck width in MSNs
interaction elevated zero striatal MSNs e Reduced mEPSC
maze, and e Increased striatal amplitude and
increased volume frequency in MSNs
latency to the o Increased but not altered in
brightly lit area dendritic the hippocampus
in light-dark test complexity and
total length and
surface area in the
striatal MSNs
e Decreased spine
density and PSD
thickness and
length in MSNs
N/A e Increased N/A N/A N/A e Reduced e Reduced N/A e Reduced mEPSC Wang et al.,
repetitive self- locomotor dendritic length frequency and PPR 2017
grooming activity in the and spine density o Impaired LTD
open-field in D2 MSNs specifically in D2
but not in D1 MSNs
 No alteration in
GABA-mIPSCs in D1
and D2 MSNs
e Increased intrinsic
excitability in D2
MSNs
e Impaired Cav1.3
function in D2 but
not in D1 MSNs
o Impaired  Increased self- e Normal in e Normal in N/A N/A N/A N/A N/A Balaan
social grooming in infant malesand  juvenile males et al., 2019
interaction in females and females with

(continued on next page)
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Table 3 (continued)

Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
:izftf;l: details Social Repetitive USVs Anxiety-like Learning and Other Biochemistry, Shank Synaptic function
behaviors behaviors behaviors memory behavioral morphology & expression
phenotypes structure
juvenile males juvenile males the elevated plus
in the three- and females maze and
chamber elevated zero
maze
e Defects in e Reduced NA e High levels of NA e Reduced N/A e Decreased mEPSC Guo et al.,
social marble buried anxiety showing dendritic amplitude and 2019
interactions reduced entries complexity and frequency in ACC
and social to open arm in spine density in the pyramidal neurons
preference the elevated plus ACC pyramidal o Reduced AMPA
e Reduced maze and neurons receptor-mediated
preference in reduced time e Reduced EPSC amplitude
novel object spent in central expression of and AMPA/NMDA
area in the open GluAl ratio in ACC
field pyramidal neurons
e No change in PPR
e Blocked LTP in
ACC pyramidal
neurons
e Reduced
excitatory synaptic
input level in ACC
pyramidal neurons
e No changes in
intrinsic membrane
properties in ACC
pyramidal neurons
Conditional o Defects in e Normal NA e Normal anxiety =~ NA o Reduced o Almost e Reductions in
Shank3 deletion social grooming level in elevated expression of eliminated major =~ mEPSC amplitude
in the ACC (used interaction e Normal marble plus maze and GluAl and GluA2 isoforms of and frequency,
virus injection behavior burying open-field but higher Shank3, input-output
into WT mice) e Normal expression of NR2B including a, B, responses, and
preference in and y, in the ACC  AMPA/NMDA ratio
novel object but not in the e No change in PPR
adjacent motor
cortex
Shank3 fx/fx e No preference e Self-injurious N/A e High levels of N/A e Deficits in e Reduced PSD o Deletion of e Decreased pop Mei et al.,
(exons 13-16) for stranger grooming anxiety showing explorationinthe  proteins (SAPAP3, most major spike amplitude in 2016
mouse reduced time in open-field Homer, NR2A, isoforms of the dorsal striatum
compared with open arm in the e Impaired motor =~ NR2B, and GluA2) Shank3, e Unaltered
the novel elevated zero coordination in in the striatum including a, B, presynaptic
object maze rotarod test e Decreased spine and v, in striatal function in the
density in MSNs PSD dorsal striatum
e Normal mEPSC
amplitude but
decreased mEPSC
frequency in the
striatum
a transcriptional e Impaired o Increased self- N/A e Normal in the e Impaired e Reduced o In striatal e Absence of the e Impaired LTP but Jaramillo
stop cassette social grooming open-field and spatial rearing synaptosome three largest normal mGluR-LTD etal., 2017
inserted interaction e Decreased dark-light test learning in e No changes in preparation, Shank3 isoforms in the hippocampus
upstream of the marble-burying e Decrease time MWM acoustic startle decreases in GluA2,  but the presence e Intact input-
PDZ domain- spent in the open GluA3, GluN2A,

response to

output relationship

(continued on next page)
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Table 3 (continued)

Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
:izftf;l: details Social Repetitive USVs Anxiety-like Learning and Other Biochemistry, Shank Synaptic function
behaviors behaviors behaviors memory behavioral morphology & expression
phenotypes structure
coding exon 13 arm in the auditory stimuli GluN2B, Homerlb/  of the lower two and PPR in the
(exons 13-19 elevated plus and locomotor ¢, PSD-95, and Shank3 isoforms hippocampus
deletion) maze in activity Shank3 HMW e Decreased
heterozygous e Significant o In hippocampal NMDA/AMPA ratio
mice decrease and synaptosome In the dorsal
increase in preparation, striatum
latency to fall in decreases in GluAl
female KO and and GIuN1 in
heterozygous heterozygous mice
mice,
respectively, in
the rotarod test
PDZ domain- e Normal in the o Enhanced self- e Suppressed e Normal timein ~ N/A o Novelty- N/A o Complete loss e Suppressed Yoo Tetal.,
coding exons three-chamber grooming USVs with a the center in the induced of Shank3a and excitatory synaptic 2018
14-16 deletion social without bedding novel female open-field hypoactivity Shank3c/ transmission in the
(1 line) interaction e Enhanced self- stranger e More time d proteins in the dorsolateral
e Enhanced grooming but spent in open thalamus, striatum
social dyadic reduced digging arm in the striatum,
with bedding elevated plus hippocampus,
maze and cortex
o Less time spent o Complete loss
in the light of Shank3e in the
= chamber in light- thalamus but not
dark test in the striatum,
hippocampus,
and cortex
N/A N/A N/A N/A N/A N/A N/A N/A e Increased Yoo Tetal.,
excitability and 2019
altered excitatory
and inhibitory
spontaneous
synaptic
transmission in
mPFC layer 2/3
pyramidal neurons
PDZ domain- e Normal in the e Normal self- e Suppressed e Lesstimeinthe  N/A o Novelty- N/A e Unaltered e Suppressed Yoo Tetal.,
coding exons three-chamber grooming USVs with a center in the induced Shank3a, excitatory synaptic 2018
14-16 deletion social without bedding novel female open-field hypoactivity Shank3c/d, and transmission in the
in GABAergic interaction o Enhanced self- stranger o Normal time Shank3e in the dorsolateral
neurons e Enhanced grooming but spent in open thalamus, striatum
social dyadic reduced digging arm in the hippocampus,
with bedding elevated plus and cortex
maze e Significantly
e Less time spent reduced Shank3a
in the light but unaltered
chamber in light- Shank3c/d and
dark test Shank3e in the
striatum
PDZ domain- e Normal in the e Normal self- e Normal USVs e Normal time N/A e Normal N/A e Unaltered o Increased Yoo T et al.,
coding exons three-chamber grooming with a novel spent in the locomotor Shank3a, excitability inmPFC 2019
14-16 deletion social without bedding female stranger center in the activity Shank3c/d, and layer 2/3 pyramidal
interaction e Modestly open-field Shank3e in the neurons

(continued on next page)
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Table 3 (continued)

Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
:izftf;l: details Social Repetitive USVs Anxiety-like Learning and Other Biochemistry, Shank Synaptic function
behaviors behaviors behaviors memory behavioral morphology & expression
phenotypes structure
in glutamatergic e Enhanced enhanced e More time thalamus and e Normal
neurons social dyadic repetitive self- spent in open striatum spontaneous
grooming with arm in the e Significantly excitatory and
bedding, but elevated plus reduced Shank3a  inhibitory synaptic
normal digging maze and Shank3c/ transmission in
with bedding e Normal time d but not mPFC layer 2/3
spent in the light Shank3e in the pyramidal and
chamber in light- hippocampus dorsolateral striatal
dark test and cortex neurons
o Unaltered
Shank1 and
Shank2 in the
thalamus,
striatum,
hippocampus,
and cortex
PRO domain- e Minimal o Increased o No differences o Increased time e Impaired e Impaired motor e No morphological e Loss of major e Increased mGluR5  Kouser
coding exon 21 social grooming in in the latency to  spent in the dark  spatial original ~ coordination in defects in dendritic ~ (largest three) o Impaired etal., 2013
deletion interaction older mice emit the first and increased learning but rotarod complexity and Shank3 isoforms hippocampal LTP
(AE21, AC/ACQ) deficit (10-13 months call or the total latency to the normal e Aberrant spine density in but increases of but normal LTD and
e Normal social old) but not in number of calls light side in reversal locomotor CA1 neurons small-sized mGIluR-LTD
interaction younger mice in males with light-dark test learning in activity e In the Shank3 isoforms e Decreased
with a juvenile e Little to no free-roaming e Normal MWM e Hypersensitive hippocampal in the NMDA/AMPA ratio
conspecific interest in estrous females anxiety-like in the hotplate whole lysates, no hippocampal at SC-CA1 synapses
mouse burying marbles behavior in the task changes in synaptic ~ whole lysates (5- e Unaltered
e No preference elevated plus e Impaired nest proteins, including 6 months old) amplitude but
for social maze and open- building PSD-95, PSD-93, o No changes in decreased
novelty field e Normal startle Homer, a-Fodrin, Shank1 and frequency of mEPSC
e Normal o Little to no reactivity and PPI  Neurexin, NL1, Shank2 in the e No change in PPR
avoidance of interest in NL3, GluN1, hippocampal e Decreased input-
inanimate burying marbles GluN2A, GIluN2B, whole lysates output relationship
objects GluAl, GluA2/3,
mGluR1, and
mGIuR5
e In the
hippocampal
synaptosomal and
PSDII fractions,
enhanced mGIuR5
Insertion e Normal social e Normal N/A e Normal in the o Mildly o Impaired motor e In the o Complete loss e Impaired Speed etal.,
mutation in PRO  interaction grooming elevated plus impaired learning and hippocampal of Shank3 hippocampal LTP 2015
domain-coding o Showed o Impaired maze and open- spatial coordination in whole lysates and isoforms by a single 1 s train
exon 21 novelty marble burying field learning and rotarod synaptosomes, no detected at 100 Hz but not
(InsG3728) avoidance o No difference memory in o Impaired nest changes in synaptic ~ between ~150 by 4 trains at
phenotype in time spent in MWM building proteins, including and 250 kD 100 Hz for 1 s each,
e Normal in dark versus light e Decreased PSD-95, Homer1b/ e The unchanged  separated by 60 s
preference for chamber but locomotor ¢, GluAl, GluA2, expression level e Impaired
the social increased activity in GluN1, GIuN2A, of a band sized hippocampal
target latency to the response to GluN2B, and around 75 kD mGluR-LTD
light chamber in novelty or in mGluR5 e Decreased basal

the bright-dark
task

novel open-field

synaptic strength at
SC-CAL1 synapses

(continued on next page)
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Table 3 (continued)

Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
:izftf;l: details Social Repetitive USVs Anxiety-like Learning and Other Biochemistry, Shank Synaptic function
behaviors behaviors behaviors memory behavioral morphology & expression
phenotypes structure
o Burying less o Unaffected PPR
marbles o Decreased
NMDA/AMPA ratio
o Decreased
frequency but
unaffected
amplitude of
mEPSC
Insertion e Impaired o Self-injurious e Normal in o Increased e Normal o Reduced o Reduced spine ¢ No Shank3 (In the striaum at Zhou et al.,
mutation in PRO  social grooming total number, anxiety level working explorative density in mPFC isoforms P14) 2016
domain-coding interaction and total duration, showing less memory in T- activity in the o Upregulation of detected above o Reduced field
exon 21 novelty mean duration, time spent in maze open-field Shankl/2 mRNAin  75KD in the population spikes
(InsG3680) e Social and peak exploring the e Impaired motor ~ mPFCbutnotinthe  striatal PSD e Increased
dominance-like amplitude of center in an open learning and striatum fraction amplitude but
behavior calls at P2 and area and in the coordination in e Reduced unaltered frequency
P12 mice open arms in the rotaroad Homerlb/c but of mEPSC
elevated zero e Defects in increased GluAl in e No change in
maze acoustic startle striatum at P14 NMDA/AMPA ratio
response o Reduced o Unaffected
e Reduced PPI Homerlb/c, presynaptic
SAPAP3, SynGAP, function
GluN1, GluN2A, (In mPFC at P14)
GIuN2B, GluA2, e Unaltered mEPSC
and mGluR5 in amplitude and
adult striatum frequency
e Reduced (In adult striatum)
Homerlb/c, PSD- e Reduced pop
95, and PSD-93 in spike responses
adult mPFC e Unaffected
presynaptic
function
® Reduced mEPSC
amplitude and
frequency
o Reduced NMDA
currents
All domains- e Normal in o Excessive self- e Fewer and o Increased e Normal e Impaired motor e Enlarged basal e No detection of e Altered functional =~ Wang et al.,
coding exons bidirectional injurious shorter calls in anxiety-like original performance in ganglia and all mRNA neural connectivity 2016
4-22 deletion contact but grooming pups at P4 and behaviors in the learning and rotarod thalamus with isoforms of in a frontostriatal
prolonged in o Less engaged adults exposed open-field (spent  impaired e Reduced smaller olfactory Shank3 circuit
non- holes and great to estrous less time in the reversal locomotion and areas, e Complete loss e Nucleus
reciprocated tendency to re- females center) and light-  learning in rearing in the hippocampus, and of all Shank3 accumbens firing
interaction in investigate the dark test MWM task open-field amygdala isoform proteins deficit
the social same hole in the (delayed entry e Enhanced o Reduced spine e Enhanced
dyadic test hole-board into the light reactivity to density in the intrinsic excitability
e No preference  exploration chamber) novel striatum but not in of MSNs
for home nests e More self- environments the hippocampus e Unaltered
o Unstable grooming during e Reduced startle o Shorter and amplitude but
dominance the social test reactivity thinner PSD of reduced frequency
hierarchies e Intact fear striatal synapses of SEPSC in MSNs

learning but
slightly enhanced

e Decreased pan-
SAPAP and

o Impaired striatal
LTD

(continued on next page)
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Table 3 (continued)

Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
:izftf;l: details Social Repetitive USVs Anxiety-like Learning and Other Biochemistry, Shank Synaptic function
behaviors behaviors behaviors memory behavioral morphology & expression
phenotypes structure
contextual fear SAPAP3 levels only
test in the striatum
o Mildly e Reduced GluN2A
perturbed only in the
hippocampal hippocampus
spatial memory e Homerlb/c
o Severely decreased in the
impaired striatal PSD
striatum- fraction and mildly
dependent reduced in the
instrumental hippocampal PSD
learning fraction
e mGIluR5
increased in the
striatum but not in
the hippocampus
o Selective
alterations of both
mGluR5-Homer
scaffolds and
mGluR5-mediated
signaling in striatal
neurons
e Normal o Excessive self- o Fewer calls e Reduced N/A e Enhanced e Reduced (NEX-Shank3 o Increased NMDA/ Bey et al.,
sociability injurious and shorter call anxiety-like freezing for Homerlb/c in mouse) AMPA ratio in the 2018
preference in grooming duration behaviors in the contextual fear striatal loss of e Loss of Shank3a  loss of Shank3 in
the three- elevated zero e Augmented PPI Shank3 protein in the hippocampal
chamber maze (more time o Reduced startle o Increased NMDA cortex and neurons
spent in open activity receptor-currents hippocampus,
areas) e Reduced and GluN2B- but not in the
locomotion and containing NMDA striatum (crude
rearing in the receptors in theloss ~ PSD fractions)
open-field of Shank3 in e Significantly
hippocampal increased
neurons Shank3c/d and

Shank3e proteins
in the
hippocampus but
unchanged in the
cortex and
striatum
(DIx5/6-Shank3
mouse)

o Loss of Shank3a
protein in the
striatum but not
in the cortex and
hippocampus
(crude PSD
fractions)

e Shank3c/

d protein:

(continued on next page)

4pd W pup Sunf g

0¥£901 (220Z) ZST 040252y [pO1S0]0oDULIDYL



61

Table 3 (continued)

Mouse model
details

Targeted
scaffold
protein

Behavioral phenotypes

Non-behavioral phenotypes

References

Social
behaviors

Repetitive
behaviors

USVs

Anxiety-like
behaviors

Learning and
memory

Other
behavioral
phenotypes

Biochemistry,
morphology &
structure

Shank
expression

Synaptic function

Shank1/
Shank3
(DKO)

Generated by
crossing
Shank1AE14-15
(Hung et al.,
2008) and
Shank3AE11
(Schmeisser

et al., 2012)

o Increased
repetitive self-
grooming

o Impaired
sociability and
social novelty
in the three-
chamber

N/A

o Reduced
anxiety-like
behavior in the
elevated plus
maze

o Impaired
spatial object
recognition
and NOR

o Impaired
spatial original
and reversal
learning in T-
maze and
MWM

o Impaired nest
building

e Impaired motor
coordination in
rotarod

e Impaired in the
balance beam test
e Longer time
spent in the pole
test

(at P22-25)

e Reduced spine
density and
branching points in
the cortex and
hippocampus

o Reduced PSD
thickness and
synapse number
but unaltered PSD
length in the cortex
e Reduced PSD
thickness and PSD
length but
unaffected synapse
number in the
hippocampus

o Reduced mGIuRS5,
Homer, Arc, p-
ERK1/2, p-eEF2, p-
Akt, and p-S6 in the
cortex

o Increased
mGluR5 and
reduced Arc, p-

significantly
increased in the
striatum but
unaltered in the
cortex and
hippocampus

o Unaltered
Shank3e protein
in the cortex,
hippocampus,
and striatum
(Drd1-Shank3 or
Drd2-Shank3
mice)

o Loss of Shank3a
protein in the
striatum but not
in the cortex and
hippocampus
(crude PSD
fractions)

e Unaltered
Shank3c/d and
Shank3e proteins
in the cortex,
hippocampus,
and striatum

(at P22-25 &
P60)

o Almost
complete loss of
Shank1 and
reduced or loss of
some isoforms of
Shank3 in the
cortex and
hippocampus
(PSD-enriched
fractions)

e No
compensatory
increase in
Shank?2 in the
cortex and
hippocampus
(PSD-enriched
fractions)

(at P60)

e Normal HFS-LTP
but impaired
depotentiation at
SC-CA1 synapses

e Reduced LTP in
DG

o Increase in the
number of spikes in
EEG recording of
freely moving mice
o Unaltered sEPSC
amplitude in both
CA1 and DG
neurons

o sEPSCs frequency
reduced in CA1 but
increased in DG

e Unaltered PPR

Mossa
et al., 2021

(continued on next page)
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Table 3 (continued)

Targeted Mouse model Behavioral phenotypes Non-behavioral phenotypes References
ffol il
S(:) te?i: details Social Repetitive USVs Anxiety-like Learning and Other Biochemistry, Shank Synaptic function
P behaviors behaviors behaviors memory behavioral morphology & expression
phenotypes structure

eEF2, p-Akt, and p-
S6 in the
hippocampus

o No alterations in
GluN1, GluN2A,
GIuN2B, GluAl,
and GIuA2 in the
cortex and
hippocampus

(at P60)

e Reduced spine
density, branching
points, secondary
dendrites and soma
area in the cortexe
Reduced spine
density, but
unaltered
branching points,
secondary
dendrites and soma
area in the
hippocampuse
Reduced mGIuR5,
Homer, p-ERK1/2,
and p-S6 in the
cortex but no
alterations in the
hippocampus

Abbreviations: ACC, anterior cingulate cortex; AMPA, L-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate; ANK, ankyrin repeat domain; DG, dendate gyrus; DKO, double knockout; EEG, electroencephalogram; E/I,
excitation/inhibition; GABA, gamma-aminobutyric acid; GKAP, guanylate kinase-associated protein; HFS, high-frequency stimulation; HMW, high molecular weight; LTD, long-term depression; LTP, long-term poten-
tiation; mEPSC, miniature excitatory postsynaptic current; mGluR, metabotropic glutamate receptor; mIPSC, miniature inhibitory postsynaptic current; mPFC, medial prefrontal cortex; MSNs, medium spiny neurons;
MWM, Morris water maze; NMDA, N-methyl-d-aspartate; NL, Neuroligin; NOR, novel object recognition; N/A, not applicable as the experiment was not conducted; PDZ, PSD-95/Discs large/Zona occludens-1 domain; PPI,
prepulse inhibition; PPR, paired-pulse ratio; PRO, proline-rich region; PSD, postsynaptic density; PSD-95, postsynaptic density protein 95; SAPAP, SAP90/PSD-95-associated protein; SC-CA1, Schaffer collateral-Cornu
Ammonis 1; sEPSC, spontaneous excitatory postsynaptic current; Shank, SRC homology 3 (SH3) and multiple ankyrin repeat domain; SPM, synaptic plasma membrane; USVs; ultrasonic vocalizations; WT, wild-type.
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observed [64]. In Shank3*E'3~16 mutant mice, mEPSC amplitude and
frequency were normal in the hippocampus but reduced in MSNs [25].
Specifically, reduced mEPSC frequency was observed in D2 (striato-
pallidal indirect pathway) but not in D1 (striatonigral direct pathway)
MSNs [75]. Decreased mEPSC amplitude and frequency, reduced
AMPA/NMDA ratio, and no changes in PPR were observed in ACC py-
ramidal neurons in global KO Shank3“E'®~16 mutant mice or mice with
conditional Shank3 deletion in the ACC [79]. Consistent with the mEPSC
data, spine density was also reduced in the ACC pyramidal neurons in
global KO Shank3*F13-16 mutant mice [79].

In Shank3 complete KO (Shank3AE4’22) mice that showed enhanced
repetitive self-grooming, the expression level of mGIuRS5 in the striatal
PSD fraction was increased [70]. Treatment with a selective mGluR5
antagonist, 2-methyl-6-(phenylethynyl)-pyridine (MPEP) or the
mGluR5-positive  allosteric ~ modulator,  3-cyano-N-(1,3-diphe-
nyl-1 H-pyrazol-5-yl) benzamide (CDPPB), suppressed or further
augmented, respectively, the enhanced self-grooming observed in
Shank3“F4~22 mice. These results indicate that the enhanced repetitive
self-grooming observed in Shank3“5*~22 mice can be attributed to the
increased level of mGIluR5. The impaired instrumental learning
observed in Shank3“%4~22 mice was partially rescued by treatment with
CDPPB [70], indicating that instrumental learning is dependent on
mGIuR5 functionality. As we have described, both different and the
same Shank3 mutant lines show various behavioral, biochemical,
structural, and physiological phenotypes, supporting that Shank3 iso-
forms play differential roles in the pathological mechanisms underlying
ASD in a brain region-, circuit-, and/or developmental stage-dependent
manner.

2.6. Shank1/Shank3 double KO mutant mice associated with ASD

Since the deletion of one out of three Shank proteins, Shankl,
Shank2, and Shank3, could induce compensatory functions covered by
the other remaining Shank proteins [60,69], the generation of mutant
mice, in which all three Shank genes are simultaneously deleted, is ideal
to fully understand the function of Shank protein. However, complete
KO of all three Shank genes may be lethal to mice at the embryonic stage.
Recently, Shank1”"/Shank3”~ double KO (DKO) mice were generated by
crossing Shank1%F14-15 [53] and Shank3“F!! [60,76] mutant mice [80].
Shank1”"/Shank3”~ DKO mice, which have a much lower survival rate
and slightly smaller body and brain sizes compared to those of WT mice,
displayed severe behavioral impairments, including impaired sociability
and social novelty in the three-chamber test, increased repetitive
self-grooming, decreased anxiety-like behavior in an elevated plus maze,
and impaired motor coordination and balance in the rotarod, beam, and
pole tests [80]. In addition, spatial original and reversal learning func-
tions were also impaired in the T-maze and MWM tasks [80].

Shank1”"/Shank3”~ DKO mice showed altered neuronal morphology
and molecular compositions that differed between developing (P22-25)
and adult (P60) mice. Reduced spine density was observed in the cortex
and hippocampus of P22-25 and P60 DKO mice, while reduced den-
dritic branching points were observed in the cortex and hippocampus of
P22-25 mice and in the cortex but not in the hippocampus of P60 DKO
mice [80]. In developing DKO mice at P22-25, the expression levels of
synaptic and intracellular signaling molecules, including mGluR5,
Homer, Arc, p-ERK1/2, p-eEF2, p-Akt, and p-S6, were decreased in the
cortex. On the other hand, increased mGluR5 and decreased Arc,
p-eEF2, p-Akt, and p-S6 levels were observed in the hippocampus. In
adult DKO mice at P60, the expression levels of mGIluR5, Homer,
p-ERK1/2, and p-S6 were reduced in the cortex but not altered in the
hippocampus [80]. In adult DKO mice, normal LTP but impaired
depotentiation were observed at Schaffer collateral-CA1 synapses, while
reduced LTP was observed in the dentate gyrus [80]. The reduced p-Akt
level observed in the developing mice can be pharmacologically rescued
by chronic treatment with cotinine, which is the major metabolite of
nicotine and is known to increase Akt phosphorylation and improve
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cognitive function in rodents [81,82]. Cotinine treatment from P14 to
P30, a critical period for neural maturation and circuit formation,
rescued the neuronal morphological changes and behavioral deficits
observed in the DKO mice [80]. These findings indicate that Akt and its
intracellular signaling are regulated by Shankl and Shank3, and
contribute to brain development, synaptic plasticity, and behaviors
related to ASD and cognition.

3. Discussion

Many Shank mutant mice, including Shank1 (one line), Shank2 (two
lines), and Shank3 (more than 14 lines) mutants, have been generated to
investigate the function of Shank proteins in ASD (Tables 1-3). The
symptoms of ASD in mouse models include various behavioral deficits in
social interaction, repetitive behavior, USVs, anxiety-like behaviors,
learning and memory, and cognitive flexibility. However, as we
described in this review, Shank mutant mice do not exhibit all the
defective behavioral phenotypes associated with ASD; rather, some
mouse lines only exhibit parts of defective phenotypes, while some
display distinct phenotypes. For instance, in the case of studies using
several Shank3 mutant mice or even the same mutant line, the results
obtained from the same behavioral experiments were largely various. In
addition, Shank3 mutant mice, even those with deletions of the same
exons, exhibit different behavioral phenotypes. Furthermore, synaptic
structure and function affected in different Shank3 mutant mice were
also various. The isoforms deleted in mice, the ages of the mice subjected
to experiments, and the experience of mice before the behavioral test in
case the mice were subjected to several behavioral tests sequentially
would be critical factors to consider when interpreting data showing
various behavioral phenotypes obtained from the same Shank3 mutant
line. In addition, the differences in the gene products from the deletions/
mutations in the same exons of Shank3 could cause distinct phenotypes
in the synaptic structure and function and behaviors in Shank3 mutant
mice. Two Shank3 mutant lines, Shank3™5%3%8 and Shank3R!'117X which
have mutations in the same exon (exon 21), showed the complete loss of
Shank3 protein and a truncated Shank3 protein, respectively [69].
Indeed, the difference in the Shank3 gene product (i.e., no expression of
Shank3 protein vs a truncated form of Shank3 protein expression) may
explain the differential synaptic and behavioral phenotypes observed in
those two Shank3 mutant lines. Besides genetic factors, the different
phenotypes in synapses and behaviors in Shank3 mutant mice can partly
be accounted for by environmental factors, including paternal and
maternal age, maternal physical and mental health, and birth order and
complications [83-88].

There appears to be a consensus that the generation of mutant mice,
in which two Shank genes out of Shankl, Shank2, and Shank3 are
simultaneously deleted, seems necessary to further elucidate the role of
Shank proteins in ASD [80]. In addition to Shank proteins, PSD-95,
which forms a postsynaptic complex with Shank proteins via
SAPAP/GKAP (Fig. 1), was also revealed as another postsynaptic scaf-
folding protein in which genetic mutations were identified in patients
with ASD [6]. PSD-95 KO mice displayed autism-related behavioral
phenotypes, including social deficits, increased repetitive behavior,
reduced vocalization, impaired motor coordination, and anxiety-related
responses [29]. It is plausible that the generation of a DKO mouse model
targeting essential genes in PSD scaffolding proteins, such as Shank and
PSD-95, associated with ASD could help to dissect the molecular and
cellular mechanisms that underlie extremely complicated ASD and
could provide new insights into the field of ASD and new targets for
therapeutic strategies.

Several recent studies have demonstrated that certain autistic be-
haviors are selectively reversed by Shank re-expression at embryonic,
juvenile, and adult stages [74,79,84,89,90]. Re-expression of Shank3 in
adult Shank3™” mutant mice rescued social interaction deficits and
repetitive grooming behavior [74]. In addition, selective re-expression
of Shank3 in the ACC of adult Shank3*¥13~16 KO mice only rescued



S. Jung and M. Park

social interaction deficits [79]. Restoration of Shank3 in germline and
juvenile Shank3™/* mutant mice reversed anxiety-like behavior and
motor coordination deficits [74]. Early embryonic restoration of Shank3
in Shank3 mutant (ShankBAEB'lg) mice rescued social interaction defi-
cits and repetitive grooming [90]. Besides Shank3 re-expression, autistic
behavioral phenotypes were also rescued by treatment with a potent
histone deacetylase inhibitor [91] or by improved sleep [92]. Together,
these studies imply promising translational approaches that Shank3,
epigenetic and environmental factors, and critical temporal windows of
developmental stages could be possible targets for the development of
therapeutics for ASD. Nevertheless, there is still a long way to go. For
ASD therapeutics to come to fruition, it is critical to identify (for
example, Shank3-mediated) the detailed cellular and molecular mech-
anisms that underlie the behavioral pathophysiological phenotypes of
ASD in a developmental stage-specific manner, which could provide
precise information for application in pharmacological development
toward translational studies. Regarding the safety aspect of the trans-
lational approach, further establishment of non-human primate ASD
models [93] and intensive studies using them should also be conducted.

Recently, high-end omics technology, including next-generation
sequencing, has been applied in various fields, including neurobiology
and neurological disorders. An increasing number of studies using pro-
teomic analysis have revealed a correlation between the changing
interactome in PSD and psychiatric disorders [94-96]. In addition to
protein-level proteomic studies, large-scale genomic data, including
exome sequencing, ribonucleic acid (RNA) sequencing, and single-cell
RNA sequencing [6-9, 47, 97], were obtained from disease mouse
models or patients. This helps provide information on the mutations and
target molecules and identify the specific brain regions, cell types,
and/or circuitry responsible for the corresponding neurodevelopmental
disorders.

Neurodevelopmental disorders, including ASD, schizophrenia,
ADHD, and bipolar disorders, share many risk genes and have several
shared and distinct symptoms [69, 98-100]. Indeed, a study reported
that two Shank3 mutant lines linked to ASD (Shank3™s63680y and
schizophrenia (Shank3%'117%) show not only shared but also distinct
molecular, synaptic, circuit, and behavioral defects [69]. As discussed in
this review, ASD mouse models exhibit a very wide range of pheno-
typical severity in each behavioral test, which is reminiscent of ASD
patients with their own severity levels, from normal to very severe, for
each symptom. Due to the extremely spectral and diverse features of
ASD symptoms among patients, personalized therapeutic strategies may
need to be considered. Therefore, symptom-based strategies combined
with personalized medicine may be a good choice for ASD treatment.
Furthermore, considering that neurodevelopmental disorders have some
risk genes, pathologies, and symptoms in common, intensive mecha-
nistic studies that target specific symptoms would be beneficial in that
they could provide valuable delicate information on the diagnosis and
treatment of individual patients with such symptoms in various neuro-
developmental disorders.
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