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ABSTRACT

Although there are as many as 40 preclinical models of the neurodevelopmental disorder Phelan McDermid syndrome (PMS,
or 22q13.3 deletion syndrome), detailed phenotypic analyses to compare the effects of different pathogenic variants and inform
treatment design are lacking. Here, we clarify behavioral traits (social, vocalization, repetitive and anxiety-like behavior), devel-

opmental trajectories, and motor activity in addition to changes in brain structure and function in 10 widely available Shank3

transgenic mouse models. Although behavioral deficits in Shank3B~~ and Shank32“/AC mice were most extensively reported,

each model reviewed here displayed autism-relevant behavioral traits. Most studies focused on assessing social, anxiety-like,
and repetitive behavior, whereas few studies examined changes in vocalization, developmental milestones, motor function, or
aggressive behavior. We did not identify any studies of gut function in the ten selected Shank3 models. Alterations in the gastro-
intestinal microbiome of Shank3-deficient mice are associated with changes in bacterial abundance and composition, which may

impact social behavior and gastrointestinal function. Studying preclinical models can provide critical insights into molecular

pathways contributing to PMS. Further research is needed to determine how various genetic variations in Shank3 impact the

brain, behavior, and potentially the gastrointestinal system.

1 | Introduction

Phelan McDermid Syndrome (PMS, also known as 22ql13.3
deletion syndrome) is a neurodevelopmental disorder occur-
ring in 2.5 to 10 per million births (National Organization for
Rare Disorders, 2022), characterized by social and communi-
cative deficits, repetitive behavior, and developmental delay.
Individuals with PMS are frequently co-diagnosed with autism

spectrum disorder (ASD; autism) (Durand et al. 2007; Sarasua
et al. 2014) and may experience irritability and gastrointes-
tinal dysfunction (De Rubeis et al. 2018; Soorya et al. 2013).
PMS arises from full or partial deletion of the SHANK3 (SH3
and multiple ankyrin repeat domain-3, also known as ProSAP;
Proline-rich synapse-associated protein) gene located on the dis-
tal arm of chromosome 22 (Costales and Kolevzon 2015; Nevado
et al. 2022; Phelan et al. 2022, 2001).
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Summary

« Phelan McDermid syndrome, also known as 22ql3
deletion syndrome, is a neurodevelopmental disorder
caused by variations in the SHANK3 gene.

Over 40 mouse models to study Phelan McDermid
syndrome have been reported.

Here, we assessed 10 publicly available mouse models,
each showing a broad range of relevant traits includ-
ing social communication deficits, anxiety-like and
repetitive behaviors, changes to developmental mile-
stones and the brain.

However, less attention has been given to other behav-
iors such as aggression, alongside motor and gastroin-
testinal dysfunction, with minimal studies on muscle
development and gut function.

In some studies, changes in gut bacteria were found in
Shank3-deficient mice which may affect behavior.

 This review assists researchers in selecting the most
relevant mouse model to study preclinical traits linked
to clinical symptoms.

Although approximately 40 preclinical mouse models of PMS
with micro, partial, or full deletions of Shank3 are documented
(Abrahams et al. 2013; Delling and Boeckers 2021), detailed
comparisons of the behavioral, developmental, motor, and
neurological impacts are required to clarify model suitability
for addressing different research questions. In addition, many
of these models are not widely available to researchers. We
therefore selected 10 well-established Shank3 mutant mouse
models available via The Jackson Laboratory (Bar Harbor,
Maine, USA) (Table 1) and compared reports of behavioral
changes in social, communicative, anxiety-like, repetitive, de-
velopmental, and motor function in each model. We compared
changes in brain structure and neuronal network activity to
better understand whether different mutations result in dis-
tinct phenotypes in mice.

Phenotypic findings in these models were mapped to clini-
cal features of PMS to clarify model face validity (Table 2).
Approximately 87% of individuals with PMS are diagnosed with
autism (Richards et al. 2017) and people with PMS account for
0.5% to 2.0% of autistic individuals with intellectual disability
(Costales and Kolevzon 2015; Leblond et al. 2014). Autism oc-
curs in 1 in 31 children (Shaw et al. 2025) and is characterized
by repetitive/restricted behavior and social interaction and com-
munication deficits (Kohane et al. 2012; Lai et al. 2013; Lord
et al. 2000).

Dysmorphic features in PMS include a bulbous nose, long
eyelashes, puffy eyelids, large fleshy hands, and fuller cheeks
(Sarasua et al. 2014), further reviewed by (Schon et al. 2023).
Altered behaviors including irritability (Sarasua et al. 2014),
impaired communication, and language learning are common
in children with PMS, as reviewed by (Burdeus-Olavarrieta
et al. 2023). Other comorbidities include epilepsy (reviewed by
(de Coo et al. 2023; Vitrac et al. 2023)), development of tumors
(reviewed by (Koza et al. 2023)), and other PMS-like phenotypes
that may be inherited from other genes located on chromosome

22 (reviewed by (Vitrac et al. 2023)). Lastly, individuals with
PMS also frequently experience gastrointestinal issues (re-
viewed by (Matuleviciene et al. 2023)).

To assess which Shank3 mouse models are most appropriate for
addressing specific research questions, we conducted literature
searches and compared reported changes in behavior, cognitive
development, motor function, synaptic activity, and brain struc-
ture (Table 3). Given that the composition of gut microbial com-
munities can affect mood and behavior (Cryan and Dinan 2012),
investigations assessing microbial dysbiosis, changes in the en-
teric nervous system, and mucosal barrier integrity may assist in
identifying novel therapeutic targets for individuals with PMS or
autism. To date, however, minimal research investigating gas-
trointestinal dysfunction or heightened aggressive behavioral
traits has been reported in these preclinical models.

2 | Phenotypic Changes in Shank3 Preclinical
Models of PMS

Mouse models expressing modifications in Shank3 exhibited
behavioral impairments in social interaction, vocalization, and
increased repetitive and anxiety-like traits. Differences in ro-
dent social behavior are commonly identified using the three-
chambered social interaction test (Silverman et al. 2010) in
addition to measures of sniffing and grooming activity. Several
mouse models of PMS showed communicative deficits during
development or in maturity, often measured via ultrasonic vo-
calizations (USVs), representing social signals emitted at ultra-
sonic frequencies. Delayed developmental milestones, motor
dysfunction, and aberrant brain structure and function were
also identified. In most models reviewed here, homozygotes
were investigated due to presenting stronger phenotypes com-
pared with heterozygotes, despite PMS being a heterozygous
disorder. Therefore, this study primarily reviewed homozygous
models where possible.

2.1 | Impaired Social Interaction

Deficits in social behaviors were observed in 7 of the 10 mod-
els investigated using the three-chambered social test in-
cluding Shank3B~~ (Peca et al. 2011), Shank3°*° (Wang
et al. 2011), Shank3%3%8° (Zhou et al. 2016), Shank32¢/AC
(Kouser et al. 2013), Shank3™* (Mei et al. 2016), Shank3R1117X
(Zhou et al. 2016), and the Shank3-EGFP overexpression model
(Han et al. 2013). Three other models including Shank344-2?
(Drapeau et al. 2018), Shank32¢** (Bozdagi et al. 2010), and
Shank359851 (Wang et al. 2020) mice showed complex or con-
flicting evidence for social impairments. Variations in findings
from these models may arise from differences in experimental
or housing conditions.

Compared with wildtype mice, Shank3B~/~ (Peca et al. 2011),
Shank363680 (Zhou et al. 2016), Shank3-EGFP (Han et al. 2013)
and juvenile (but not adult) Shank34“#- (Yang et al. 2012)
showed reduced nose-to-nose and anogenital sniffing to-
wards other mice. Shank34</A€ (Kouser et al. 2013) mice spent
less time interacting with stranger animals compared with
wildtypes.
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TABLE1 | Selected Shank3 mouse models of PMS available from the Jackson laboratory.

Model Mutation

Jax line; ID Original references

Shank344-22 Deletion of exon 4-22

Shank3ex4+9 Deletion of exon 4-9
Shank356331 Missense mutation at position 685 in exon 17
Shank3B~/~ NEO cassette replacing PDZ
domain of exon 13-16
Shank3¢4-° NEO cassette replacing the ankyrin
repeat domains of exon 4-9
Shank363680 InsG3680 single guanine insertion at
Shank3 cDNA position 3680, leading to
frameshift and premature stop codon
Shank3:¢/A¢ Removal of exon 21 via upstream loxP site
OR known as flanked with NEO cassette, and a second
Shank34e21 loxpP site, causing frameshift and SHANK3
protein lacking the entire C-terminal region
Shank 3P/ Inverted Shank3 PDZ domain (exon 13-16)
flanked by inward-facing tandem lox sites.
Functions as KO without Cre recombinase
Shank3R117X R1117X knock-in exon 21 results in a
122kDa truncated SHANK3 protein
Shank3-EGFP Expresses EGFP directed by Shank3

promoter/enhancer on the BAC transgene,
and overexpresses Shank3 in dendritic
spines in the cortex, hippocampus, and

striatum leading to SHANK3 duplications

B6.Cg-Shank3tm2-1Bux/J,
IMSR_JAX:032169

Bozdagi et al. 2010;
Drapeau et al. 2018

B6.Cg-Shank3!m1-2Bux/J;
IMSR_JAX:017890

Bozdagi et al. 2010;
Drapeau et al. 2014

C57BL/6J-Shank3¢miHzo/7;
IMSR_JAX:032994

Wang et al. 2020

B6.129-Shank3tm2Gfng/J;
IMSR_JAX:017688

Peca et al. 2011

B6.129S7-Shank3tm1Yhi/J;
IMSR_JAX:017442

Wang et al. 2011

Shank3m3-16fng /1. IMSR_JAX:028778 Zhou et al. 2016

Shank3tm1-1Pfw/1. IMSR_JAX:018398 Kouser et al. 2013

Shank3™3-16fng /T, IMSR_JAX:028800 Mei et al. 2016

Shank3tm+16fng/3: IMSR_JAX:028779 Zhou et al. 2016

B6.FVB-Tg(Shank3-EGFP)!H#/J;
IMSR_JAX:024033

Han et al. 2013

Note: SHANK3 encodes a scaffolding protein located at neuronal synapses and is one of three members of the SHANK gene family (alongside SHANK1 and SHANK?2).
SHANK3 is located at position 13 on the long arm of chromosome 22 (i.e., 22q13). Pathogenic variations within SHANK3 are often observed as de novo events (De

Rubeis et al. 2018; Phelan et al. 2001) rather than inherited/familial mutations.

In three-chambered tests, Shank344??> (Drapeau et al. 2018),
Shank3**49 (Bozdagi et al. 2010), and Shank35¢%T (Wang
et al. 2020) animals spent similar time interacting with novel
animals and objects compared with wildtypes. However,
Shank344-2? (Drapeau et al. 2018) animals showed increased
latency before initiating sniffing events, while Shank34¢4?
(Bozdagi et al. 2010) mice spent less time sniffing other animals
(Bozdagi et al. 2010), and another study showed Shank34¢#-°
mice avoiding other animals (Yang et al. 2012). A separate study,
however, did not identify any social deficits in the Shank34¢4-?
model (Drapeau et al. 2014).

Shank3R117X (Zhou et al. 2016), Shank3585T (Wang et al. 2020),
and Shank3%3¢%° (Zhou et al. 2016) mice displayed increased
aggressive behavior, as shown using the tube dominance test
whereby two animals enter a cylinder from opposite ends, with
mutants more often pushing wildtype mice out. Shank3 mice
in all three models displayed an increased frequency of forcing
wildtype mice from the tube (Wang et al. 2020; Zhou et al. 2016).
Furthermore, Shank3%6%* mice exhibited increased time groom-
ing littermates compared with wildtypes, which may indicate
increased social dominance (Wang et al. 2020). Interestingly,
other behaviors commonly associated with aggression, including

mounting, biting, or tail rattles, occurred at a similar frequency
and duration when comparing Shank35%%°" and wildtype mice,
indicating that the Shank3%%%5T mutation may selectively modu-
late different forms of aggressive behavior. Increased aggression
in Shank3 preclinical models may reflect abnormal aggression
seen in clinical PMS and provide avenues to investigate treat-
ments for irritable behavior in PMS patients (Sarasua et al. 2014).

2.2 | Vocalization Deficits

Five of the 10 models studied exhibited vocalization deficits based
on USV testing, including Shank3442? (Drapeau et al. 2018),
Shank3%65°T (Wang et al. 2020), Shank3B~/~ (Peca et al. 2011),
Shank3¢9 (Wang et al. 2011), and Shank3-EGFP (Han
et al. 2013). Data from Shank3*°**° (Bozdagi et al. 2010) mice
showed conflicting results, whereas Shank34/A¢ mice (Kouser
et al. 2013) showed no vocalization deficits. Shank3%368° (Zhou
et al. 2016), Shank3™* (Mei et al. 2016) and Shank3R!117X (Zhou
et al. 2016) mice were not tested for USV changes. Changes in
pitch frequency or complex vocalization modulation patterns may
provide insights when analyzing speech deficiencies in PMS and
assessing the validity of preclinical animal models. An altered
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TABLE 2 | Mapping characteristics of Phelan McDermid Syndrome to phenotypes in mice via preclinical assays.

Clinical domain Parameters

References Preclinical assay

Social Slow, slurred words, short sentences,

communication speech errors, altered speech

skills patterns and pitch, irritable behavior
(biting, hair pulling, pinching)

Repetitive behavior

Developmental

milestones sensory development deficits

Motor function Hypotonia

Gastrointestinal
function

Constipation, diarrhea,
vomiting, abdominal pain,
increased GI permeability

Hand flapping, rocking, head-banging

Regression of skills, attention disorders,

Social interaction, Three-
chambered social test, USV
recordings, resident-intruder test,
hierarchical dominance tube-test

Brignell et al. 2021;
Burdeus-Olavarrieta
et al. 2021; Phelan
2008; Sarasua
et al. 2014; Soorya

et al. 2013
Phelan and Marble burying, open
McDermid 2012 field (grooming, number

of animal rotations)

Burdeus-Olavarrieta
et al. 2021;
Kohlenberg et al. 2020

Eye opening, Morris' water
maze, Barnes Maze, novel
object recognition

Phelan 2008;
Soorya et al. 2013

Rotarod, grip strength, wire hang,
gait analysis, beam walking

Whole GI transit, ex vivo video
imaging of gut motility, in vivo
and ex vivo permeability

Cusmano-0Ozog
et al. 2007; D'Eufemia
et al. 1996; de
Magistris et al. 2010;
Sarasua et al. 2014,
Soorya et al. 2013

Note: Mapping preclinical phenotypes in Shank3 models to clinical traits in PMS is important to understand the impacts that Shank3 genetic variation has on
development in PMS. Drawing parallels between preclinical and clinical behavior could provide greater understanding in devising effective diagnoses and treatments.
Given that many individuals with PMS have intellectual disability, learning problems including regression of skills are highly relevant. We note that this is an area

requiring further investigation in these models.

quantity or pitch frequency of USVs in pups is an early indicator
for abnormal vocalization capabilities (Scattoni et al. 2009).

Male Shank3442? (Drapeau et al. 2018) and Shank32®+?
(Bozdagi et al. 2010) animals showed decreased numbers of
USVs in response to female social cues. However, another study
of Shank3*+* animals found that USV numbers were unal-
tered (Yang et al. 2012). Shank3%%" (Wang et al. 2020) pups
emit fewer USVs during early development. Male Shank3¢4?
(Wang et al. 2011) mice produce more USVs over time, but at a
lower pitch frequency. In contrast, female Shank3¢4-° mice pro-
duce fewer USVs over time, albeit at the same pitch frequency
as wildtype females. For both male and female Shank3¢-° mice,
USVs were less complex (i.e., often single note or non-complex
whistles) with less frequency modulation than wildtypes (Wang
et al. 2011).

Shank3B~/~ (Peca et al. 2011) animals emitted fewer USVs
over time, but vocalization deficits for this model are not well
explored (Pagani et al. 2019). The Shank34422, Shank3568,
Shank3B~/~, Shank3¢*° and Shank3-EGFP models showed clear
deficits in USVs and may be useful in studies aiming to charac-
terize biological mechanisms underlying speech impediments,
short syllabic words, and otherwise less complex sentences ob-
served in clinical PMS (Brignell et al. 2021).

2.3 | Repetitive Behavior

In the models assessed, the most reported repetitive behavioral
trait was self-grooming, with marble burying, nest-building

activity, repeated use of maze entry points, head twitching,
bedding sifting, head pokes in hole-board assays, repetitive
sniffing, and turning revolutions also assessed. Six of the
10 models assessed here, including Shank344?? (Drapeau
et al. 2018), Shank3B~/~ (Peca et al. 2011), Shank3¢-? (Wang
et al. 2011), Shank393%80 (Zhou et al. 2016), Shank34</A€ (Kouser
et al. 2013), and Shank3™/* (Mei et al. 2016) showed repetitive
behavior with increased self-grooming compared with wild-
types. One model (Shank34*4-°) showed conflicting findings
(Bozdagi et al. 2010), and three models showed no form of re-
petitive behavior compared with wild-types (Shank35¢5°I (Wang
et al. 2020), Shank3R117X (Zhou et al. 2016), and Shank3-EGFP
(Han et al. 2013)).

Increased time spent self-grooming is considered a repeti-
tive behavior and was observed in Shank34422, Shank3B~/~,
Shank3%4-9, Shank363%%0, Shank34¢/A€ and Shank3” models.
The number and duration of grooming events were increased in
mutant models. Self-grooming behavior in rodents is suggested
to be regulated by several brain regions, including the striatum
and underlying basal ganglia circuitry (Burguiére et al. 2013),
with striatal lesions directly decreasing grooming behavior in
rats (Cromwell and Berridge 1996). The release of hormones
from the limbic circuitry, including the hypothalamus and
amygdala, is also potentially associated with self-grooming (re-
viewed by (Kalueff et al. 2016)).

Interestingly, Shank34*#- animals showed increased self-
grooming in one study (Yang et al. 2012), but not in another
(Drapeau et al. 2014). In contrast, Yang and colleagues found
an increase in self-grooming time in Shank3**° mice (Yang

4
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Han
et al. 2013

Locomotion References

| Time spent
immobile
in tail-

suspension

1 Distance
test

traveled in
open-field
(male and
female)

Motor function

Strength
1 Body
weight in
male and
female mice
at 9weeks

Somatosensory
N/A

Auditory
1 Acoustic
startle
response

Developmental milestones

seizures

Cognition
1 Spontaneous

Behavior

Anxiety-like
N/A

Repetitive/anxiety-like

Repetitive
behavior
— Time spent

self-grooming

Vocalization
| Separation
induced
USVs (P13)

Social communication
Social

— Preference for

Overexpression novel object or mice
interacting with

| Time spent
novel mice

(Continued)

et al. 2018), Shank34* (Yang et al. 2012), Shank35°%5 (Wang et al. 2020), and Shank3B~/~ (Peca et al. 2011; Pillerovd et al. 2022) compared with controls. Body weight was not reported in Shank3%36%° (Zhou et al. 2016), Shank3/A¢

Note: An increase in body weight was observed in two of the models reviewed; Shank3¢- (Wang et al. 2011) and Shank3-EGFP (Han et al. 2013) mice. Models showing no changes in weight included Shank3442? (Drapeau
(Kouser et al. 2013), Shank3"//* (Mei et al. 2016), and Shank3%7X mice (Zhou et al. 2016).

Abbreviations: 1|, Increase or decrease of phenotype compared with controls; —, No change in phenotype compared with controls; N/A, Not applicable.

Mouse Model
Shank3-EGFP

TABLE 3

et al. 2012). Authors of the negative study also reported no
changes in turning revolutions over time, the number of times
animals selected the same entry points in mazes, or nest build-
ing capabilities (Drapeau et al. 2014). These contrasting findings
may be due to differing testing conditions such as arena setup,
habituation, age, and genetic background, which may have af-
fected results.

Adult Shank34“/A€ mice aged 10-13months showed increased
self-grooming behavior (Kouser et al. 2013). In contrast, juve-
nile Shank34AC aged 9-18 weeks did not show self-grooming
behavior. Adult Shank34¢A¢ mice showed reduced marble
burying and nest building behavior compared with wildtypes
(Kouser et al. 2013). Compared with other models, homozygous
Shank3B~/~ (Peca et al. 2011) and Shank3%368° (Zhou et al. 2016)
mice show excessive self-grooming, leading to the formation of
lesions on the head and neck.

Other forms of repetitive behavior in mice include increased
head twitching, bedding sifting, head pokes in the hole-board
test, and repetitive sniffing. Homozygous Shank344?? mice
showed increased head twitching compared with heterozygotes
and wildtypes (Drapeau et al. 2018). Shank3°* mice (Wang
et al. 2011) spent longer sifting bedding materials, had more re-
peated head pokes into the same hole in the hole-board test; and
increased sniffing of a novel object.

No significant changes in repetitive behavior have been re-
ported in Shank353% (Wang et al. 2020), Shank3R!17X (Zhou
et al. 2016) or Shank3-EGFP (Han et al. 2013) models com-
pared with wildtypes using tests such as marble burying or self-
grooming parameters.

Interestingly, outside of mouse models available via the Jackson
Laboratories, the conditional Shank3414-1 KO model showed in-
creased self-grooming behavior when placed in an environment
with bedding (Yoo et al. 2019); but demonstrated normal self-
grooming levels when bedding was absent, based on automatic
tracking using the Laboratory Animal Behavior Observation
Registration and Analysis System (LABORAS). These results
highlight the potential impacts of environmental stimuli on
Shank3 deficient animal behavior.

2.4 | Anxiety-Like Behavior

Using multiple tests such as the open-field, elevated-plus/zero
mazes, and light dark box tests, most models showed anxiety-
like behavior. Specifically, 6 of the 10 selected Shank3 mouse
models showed clear anxiety-like behavior; one model showed
an inconsistent or complex anxiety-like phenotype, two mod-
els showed no noticeable anxiety-like behavior compared with
wildtype animals, and in one model, no anxiety-like behavioral
tests were conducted.

Shank39380 (Zhou et al. 2016) and Shank3R17X (Zhou
et al. 2016) animals spent less time in the center of the open
field, with increased wall-hugging/thigmotaxic behavior. More
time spent near the arena periphery suggests an escape-seeking
or reduced exploratory behavior, which are considered to be
forms of anxiety-like behavior in rodents (Silverman et al. 2010).

—_
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Shank344-22 (Drapeau et al. 2018), Shank3B~/~ (Peca et al. 2011),
Shank363%80 (Zhou et al. 2016), Shank3™/ (Mei et al. 2016),
and Shank3R117X (Zhou et al. 2016) mice spent less time in the
open arms of elevated plus/zero mazes. In the light-dark box
assay, Shank3B~/~ (Peca et al. 2011) and Shank3 4“A€ (Kouser
et al. 2013) mice showed an increased latency to cross into a lit
area and spent more time in the dark compared with the light.
Despite rodents being nocturnal animals, it has been proposed
that an excessive amount of time spent in the dark may indicate
anxiety-like behavior (Bourin and Hascoét 2003).

Interestingly, homozygous Shank32“# mice showed decreased
anxiety-like behavior. Compared with heterozygous litter-
mates, Shank3*“#° homozygous mice spent the same amount
of time as wildtypes in the center of an open field, with minimal
changes in rearing activity, a form of explorative behavior in ro-
dents (Drapeau et al. 2014). Furthermore, in light-dark box test-
ing, Shank3%*%“ mice spent a similar amount of time in the dark
compared with wildtype mice with a similar latency to enter the
dark area (Yang et al. 2012). However, Drapeau and colleagues
report that Shank3%*49 mice spent more time moving in the el-
evated zero maze with more entries and time spent in the open
arm (Drapeau et al. 2014).

Shank34<4-9 (Drapeau et al. 2014), Shank3%%%! (Wang
et al. 2020), Shank3°4? (Wang et al. 2011) showed no anxiety-
like behaviors compared with wildtypes. No assays investigat-
ing anxiety-like behavior were reported in Shank3-EGFP mice
(Han et al. 2013).

2.5 | Developmental Changes

Developmental changes in rodents include modifications in the
cognitive, auditory, and somatosensory domains. We identified
that 7 out of the 10 models showed developmental defects, in-
cluding Shank344-22 (Drapeau et al. 2018), Shank3B~/~ (Peca
et al. 2011), Shank3°+-? (Wang et al. 2011), Shank3%3¢%° (Zhou
et al. 2016), Shank34</AC (Kouser et al. 2013), Shank3R117X
(Zhou et al. 2016), and Shank3-EGFP (Han et al. 2013) mice.
Shank34¢4=9 (Bozdagi et al. 2010) mice showed no cogni-
tive or somatosensory defects (although auditory responses
were untested) (Bozdagi et al. 2010; Drapeau et al. 2014; Yang
et al. 2012). Shank3538T (Wang et al. 2020) and Shank3~/* (Mei
et al. 2016) mice were not tested for developmental impairments.

Here we use the term ‘cognitive behavior’ to refer to develop-
mental learning and spatial memory, which can be measured
using tests such as the Morris water maze to assess the ability
to recall the location of hidden platforms submerged in a water-
filled arena. Two of the 10 models showed clear cognitive de-
fects including Shank3¢4-? (Wang et al. 2011) and Shank34¢/A¢
(Kouser et al. 2013) with increased latency and distance trav-
eled to reach hidden platforms in the Morris water maze and
decreased spatial awareness during training. Although not
concretely associated with PMS, these results may be indicative
of memory impairment or learning regression, which has been
reported in clinical PMS (Kohlenberg et al. 2020). We note,
however, that due to the short juvenile developmental period
in mice, designing assays to measure loss of skills is potentially
difficult.

Shank3B~/~ (Peca et al. 2011) pups had delayed eye-opening (ap-
proximately 1.5days later) compared with wildtype littermates
(Pillerova et al. 2022). Shank3-EGFP (Han et al. 2013) mice
showed increased numbers of spontaneous seizures.

Auditory function in rodents is commonly tested using pre-
pulse inhibition (PPI) measuring the acoustic startle response
from auditory stimulation. Auditory deficits have been reported
in clinical PMS (Mieses et al. 2016), but are predominantly de-
tected later in life, possibly due to increased difficulty in testing
auditory function in infants (Isenstein et al. 2022). Five of the
10 models had auditory defects, including Shank344-?? (Drapeau
et al. 2018), Shank3B~/~ (Pillerova et al. 2022), Shank363680
(Zhou et al. 2016), Shank3R1117X (Zhou et al. 2016), and Shank3-
EGFP (Han et al. 2013) models.

Shank344-2? (Drapeau et al. 2018), Shank3°363° (Zhou et al. 2016),
and Shank3R117X (Zhou et al. 2016) mice showed decreased acous-
tic startle responses, paired with decreased pre-pulse inhibition.
Shank3B~~ pups had later auditory startle and eye opening
(Pillerova et al. 2022) but these parameters were not investigated
in other studies. Shank3-EGFP mice showed an increased acous-
tic startle response, which was not observed in the other models
(Han et al. 2013). Altered acoustic startle response may represent
impaired auditory processing, but it is difficult to pinpoint which
brain region may be contributing to these impairments.

Somatosensory tests for heat, pain, and olfactory responses
were performed in 5 models, with defects found in Shank3B~~
(Balasco et al. 2021) and Shank34¢/A€ (Kouser et al. 2013) mice.
To assess behavioral responses in Shank3B~/~ mice, the novel
whisker nuisance test (Balasco et al. 2019; Chelini et al. 2019)
was performed, whereby animals respond to tactile whis-
ker stimulation generated using a wooden stick. In response,
Shank3B~/~ mice were motionless for longer durations, spent
shorter durations evading the stick stimulus, and showed fewer
climbing events compared with wild-types (Balasco et al. 2021),
suggesting decreased tactile whisker sensitivity to stimuli.
Shank34¢/AC (Kouser et al. 2013) mice showed decreased tac-
tile sensitivity to heat compared with wild-types. Three mod-
els, including Shank344-?? (Drapeau et al. 2018), Shank32*+9
(Bozdagi et al. 2010) and Shank34? (Wang et al. 2011) showed
no changes in olfactory or tactile responses. Other models were
not investigated for somatosensory defects.

Cognitive, auditory, and somatosensory deficits are less fre-
quently reported compared with other deficits such as social and
communicative impairments in clinical PMS. There are minimal
reports of auditory functional assessments in people with PMS,
making it difficult to relate these preclinical observations to clin-
ical cohorts. Interestingly, mixed evidence exists for auditory im-
pairments in people with autism (McAlonan et al. 2002; Oranje
et al. 2013; Ornitz et al. 1993; Perry et al. 2007). Overall, there is
limited understanding of the biological mechanisms underlying
altered auditory developmental trajectories in autism and PMS.

2.6 | Motor Changes

Motor deficits have been reported in preclinical models of
PMS (i.e., impacting locomotion or muscle function of mice),
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indicating a likely role for Shank3 in motor and locomotive
functions. Assessments of locomotion often include the rotarod
assay or open-field arena. Motor deficits have been reported in 5
out of the 10 Shank3 mouse models reviewed here. Specifically,
Shank344-2? (Drapeau et al. 2018), Shank3%%°% (Zhou
et al. 2016), Shank32“/AC (Kouser et al. 2013), Shank3™ (Mei
et al. 2016), and Shank3R!17X (Zhou et al. 2016) animals showed
worsened motor performances compared with wild types. Four
out of 10 models showed complex results, including Shank34*4-°
(Bozdagi et al. 2010), Shank3B~/~ (Peca et al. 2011), Shank3°*+-*
(Wang et al. 2011), and Shank3-EGFP (Han et al. 2013) mice.
One model, Shank35¢55T (Wang et al. 2020) showed no motor
deficits.

Locomotion deficits were observed in Shank34%? (Drapeau
et al. 2018), Shank3°368% (Zhou et al. 2016), Shank32/A€ (Kouser
et al. 2013), Shank3™ (Mei et al. 2016), and Shank3®!17X (Zhou
et al. 2016) mice, with less time spent on the rotarod and less
distance traveled in the open field. Abnormal gait, stride length,
or increased foot faults were found in Shank344-?? (Drapeau
et al. 2018) and Shank32¢/AC (Kouser et al. 2013) models, but
these parameters were not assessed in other models with motor
deficiencies. These results concur with the clinical diagnosis of
hypotonia in PMS, which can result in weakened muscles and
reduced locomotor activity (De Rubeis et al. 2018; Kohlenberg
et al. 2020).

Two models were evaluated for hypotonia. Shank344-?? (Drapeau
et al. 2018) animals showed decreased latency before falling
off the inverted screen and hanging tests. No changes in grip
strength were found in the Shank32*4? (Drapeau et al. 2014;
Yang et al. 2012) model. Hypotonia was not evaluated in the re-
maining 8 models.

Four models exhibited a ‘omplex’ phenotype whereby motor
deficits were identified in some motor tests but not others. One
study using Shank32*4 (Bozdagi et al. 2010) mice reported de-
creased latency to fall off the rotarod (Yang et al. 2012); however,
this difference was not replicated in another study (Drapeau
et al. 2014). In contrast, the latter study identified hyperactive-
like behavior including decreased latency to initiate beam walk-
ing and faster beam crossing time. Shank3B~/~ (Peca et al. 2011)
animals showed no locomotor deficits in rotarod or open-field
performance asreported in two studies (Pecaetal. 2011; Pillerova
et al. 2022), but showed decreased travel distance and latency to
fall off the rotarod in another study (Peixoto et al. 2019). These
results were identified in young (P15-21) animals; however, pos-
sibly suggesting that motor defects in Shank3B~~ animals may
disappear with age. The original Shank3°4? (Wang et al. 2011)
study showed decreased rotarod performance, distance trav-
eled in the open-field, and an increased number of foot faults
in a foot-misplacement test (Wang et al. 2011). However, these
deficits were not found in another study using the same model
(Jaramillo et al. 2016). Shank3-EGFP mice (Han et al. 2013)
exhibited an intriguing and complex manic-like or hyperactive
phenotype. These mutants covered more distance in the open-
field and spent less time immobile in a tail-suspension test,
which the authors proposed could indicate anxiety-like behavior
in these mice that may propel an enhanced state of panic during
the tail-suspension test.

Female Shank3 mice show fewer motor deficits compared
with males (assessed in two out of 10 models). In homozygous
Shank3*+9 and Shank3°4-° females, mice performed better on
average on the rotarod compared with males, with increased
time before falling (Wang et al. 2011; Yang et al. 2012), although
muscle tissue assays were not performed. Interestingly, PMS
clinical data suggest that males and females are equally affected
by motor symptoms (Boccuto et al. 2013), a more prominent
locomotion impairment in Shank3¢-° males compared with fe-
males of this model is surprising. However, in the absence of
data investigating muscular dystrophy, clarifying potential bi-
ological pathways contributing to sexual dimorphism in motor
symptomology in these two models is difficult. Nevertheless,
these findings highlight the need to further assess locomo-
tor (and other parameters) of female mice alongside males in
Shank3 preclinical models.

3 | Brain Structural and Functional Changes

Structural changes in the brain of preclinical Shank3 models
have been reported in all 10 models reviewed here (Table 4).
In terms of brain function, the use of electrophysiological tech-
niques has highlighted synaptic dysfunction in the hippocam-
pus, prefrontal cortex, striatum, and basal ganglia in mouse
models of PMS. Examination of synaptic function is often first
achieved by field recording, which allows a broad sweep of syn-
aptic activity. This is commonly followed by the use of patch
clamp electrophysiological techniques, which can finely tune
the examination of differences by examining mEPSC (miniature
excitatory postsynaptic currents), input/output, and NMDA/
AMPA ratio to give an indication if the deficit is pre or post syn-
aptic or due to a reduction in receptor number.

Alterations in neuronal activity were identified in 8 out of 10 mod-
els reviewed here, including Shank32*4° (Bozdagi et al. 2010),
Shank3B~/~ (Peca et al. 2011), Shank3¢*° (Wang et al. 2011),
Shank363%80 (Zhou et al. 2016), Shank32/AC (Kouser et al. 2013),
Shank3# (Mei et al. 2016), Shank3R117X (Zhou et al. 2016), and
Shank3-EGFP (Han et al. 2013) models. Shank344-?? (Drapeau
et al. 2018) and Shank3%6%! (Wang et al. 2020) mice, how-
ever, were not assessed for functional changes in brain slices.
Findings detailing structural and functional changes are dis-
cussed below by brain region.

3.1 | Hippocampal Structure

Five studies included analyses of hippocampal structure includ-
ing the Shank324° (Bozdagi et al. 2010), Shank353%5T (Wang
et al. 2020), Shank3¢*- (Wang et al. 2011), Shank3°“/AC (Kouser
et al. 2013), and the Shank3-EGFP (Han et al. 2013) models.

Shank3*+-9 (Bozdagi et al. 2010) neurons expressed decreased
density of GluRl-immunoreactive puncta and dendritic spine
expansion. Dendritic spines are actin-rich protrusions located
at excitatory synapses and regulate excitatory transmission
(Fischer et al. 1998; Naisbitt et al. 1999). Decreased GluR1
puncta may suggest reduced AMPA receptor (AMPAR) activity,
which was also observed. However, whether there are reduced
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numbers of AMPARSs, or whether trafficking of the AMPARS is
being denied, remains unclear.

Shank353%°T (Wang et al. 2020) hippocampal neurons showed no
changes in overall dendritic spine densities alongside increased
numbers of stubby spines and mushroom-like spine densities.

Shank3°4-9 (Wang et al. 2011) neurons showed decreased den-
dritic spine density at 4weeks of age, but no difference at P7 or
10weeks of age. Increased dendritic spine length, however, was
found at all ages. Shank3%-? mice also had decreased expression
levels of several synaptic proteins including HOMER1, GKAP
(guanylate kinase-associated protein), GluAl (Glutamate re-
ceptor 1) and NR2A (NMDA receptor subunit 2A) (Wang
et al. 2011). HOMER1 and GKAP are scaffolding proteins lo-
cated at the postsynaptic density and can interact with SHANK3
to assist in synapse formation (Lim et al. 1999; Tu et al. 1999).
GluA1l and NR2A are glutamate receptors important for excit-
atory neurotransmission. Shank3¢368% mice also had decreased
expression of several synaptic scaffolding proteins including
SHANK3, HOMERL1, SynGAP1, PSD95, SAPAP3, NR1, NR2A,
NR2B, GluR2, and mGIluR5.

Shank32/AC (Kouser et al. 2013) neurons showed decreased
long-term plasticity and NMDA (N-methyl-D-aspartate)/AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic)  receptor
ratios, but no changes in dendritic spine density, length, or any
other CA1 hippocampal morphological changes. Apart from
SHANK3 and its isoforms, which were decreased, the expres-
sion of other scaffolding proteins such as PSD95, PSD93, Homer,
a-fodrin, neuroligins, and neurexins was unchanged in the hip-
pocampus from Shank32“/*C mutants compared with wildtype
mice (Kouser et al. 2013). Interestingly, the abundance of the
metabotropic glutamate mGluR5 subunit was also significantly
increased in the hippocampus, which may lead to aberrant glu-
tamate binding (Kouser et al. 2013).

Shank3-EGFP (Han et al. 2013) animals showed a decreased
density of vesicular gamma-aminobutyric acid (GABA) trans-
porter (VGAT)-positive gephyrin puncta in hippocampal pyra-
midal neurons. Loss of VGAT can impact GABA trafficking to
the post-synaptic membrane and contribute to impairments in
synaptic transmission.

3.2 | Hippocampal Function

An initial study of Shank32¢*-° mice (Bozdagi et al. 2010)
examined synaptic activity in the hippocampus, due to defi-
cits in spatial learning in this model. Basal transmission of
Schaffer collateral/CA1 synapses was examined using field
recordings and highlighted a reduction in AMPA receptor-
mediated transmission. Whole cell patch clamp recordings
identified a reduced amplitude of mEPSCs, suggesting a re-
duction in the number of synaptic AMPA receptors. However,
reduced input-output curves and an increased frequency
of mEPSCs, which are consistent with increased presynap-
tic release of neurotransmitter, were also observed. Bozdagi
and colleagues assessed the expression of the GluR1 subunit,
which is critical for AMPA receptor function, and revealed a

lower density of synaptic GluR1 immunoreactive puncta in
Shank3%*4-° mice compared with wildtype. These findings
suggest that fewer AMPA receptors may be trafficked to the
synapse in Shank3%¢*4% mutants.

In the Shank32“/A€ model, impaired synaptic transmission was
identified using extracellular field recording (Kouser et al. 2013).
These mice demonstrated a decreased NMDA/AMPA ratio, a
decreased mEPSC frequency, and an altered input-output rela-
tionship. These authors suggested that a decrease in the number
of functional CA3-CA1 synapses contributed to these findings.
Another study identified reduced long-term and post-tetanic
potentiation, suggesting Shank32¢/A mice have a post-synaptic
impairment (Wang et al. 2011). A separate study reported re-
duced EPSC-NMDAR activity in CAl pyramidal neurons in
Shank3*A¢ mice (Duffney et al. 2015).

A reduction in long-term potentiation (LTP), a measure of syn-
aptic plasticity whereby neurons establish stronger connections
with adjacent neurons due to frequent activations, was also
identified in heterozygous Shank3*°#+° (Bozdagi et al. 2010)
and homozygous Shank34“€ (Kouser et al. 2013) mice. Such
observations of disrupted LTP activity may suggest weakened
plasticity in the hippocampus of these models.

3.3 | Striatal Structure

Studies in three of the models included analysis of the striatum,
including Shank353%5 (Wang et al. 2020), Shank3B~~ (Peca
et al. 2011), Shank32¢/A€ (Kouser et al. 2013), and Shank3™f
(Mei et al. 2016) mice.

Shank353%T (Wang et al. 2020) neurons showed decreased spine
density; however, developmental deficits were not identified.

Shank3B~~ (Peca et al. 2011) mice showed increased caudate
volume, but not increased overall brain size. Striatal medium
spiny neurons (MSNs) were present in decreased numbers and
density but showed increased arborization and dendritic length
and surface area. A decreased quantity of neurons may suggest
cellular hypertrophy and potential cell death of other neuronal
subsets; however, further investigation is required to under-
stand the pathological mechanisms underpinning these results.
Reduced levels of scaffolding proteins including SAPAP3,
HOMERI, and DLG2 were observed at the postsynaptic density
(PSD) within the striatum in these mice. This was accompanied
by a reduction in expression of glutamate receptor subunits
(GluR2, NR2A, and NR2B), indicating a disruption of glutama-
tergic signaling in Shank3B~/~ mice (Peca et al. 2011).

Shank32¢/AC (Kouser et al. 2013; Thabault et al. 2023) mice
showed changes in spine density, including global, thin, mush-
room, and stubby spine densities. Spine densities varied with
age, from 10-week-old animals showing on average increased
mushroom and stubby spines compared with wildtypes to
40-week-old animals having decreased densities (Thabault
et al. 2023). Furthermore, 10-week-old animals showed greater
arborization in medium spiny neurons compared with wild-
types; but this was not found in older animals.
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Shank3™ (Mei et al. 2016) neurons showed decreased den-
dritic spine density. Striatal synaptosome preparations from
Shank3™ (Mei et al. 2016) mice showed a decreased abun-
dance of scaffolding proteins, including HOMER1b/c subunits
and SAPAP3. Furthermore, glutamate receptor subunits such as
NR1, NR2A, NR2B, and GluR2 were also present at lower levels.

3.4 | Cortico-Striatal Function

Identification of increased self-grooming in the Shank3B~/~
(Peca et al. 2011) model led to electrophysiological examination
of the cortico-striatal region, a region often associated with re-
petitive behavior (Kalueff et al. 2016); notably, a high expression
of Shank3. There was a reduction in the amplitude of field popu-
lation spikes in the cortico-striatal region, suggesting a postsyn-
aptic impairment in Shank3B~/~ mice. Peixoto and colleagues
identified impaired basal ganglia circuitry after examining in-
teractions of spiny projection neurons (SPNs) and cortical activ-
ity during development in Shank3B~/~ mice (Peixoto et al. 2016).
Optically evoked EPSC amplitudes were significantly increased
in P10-P18 animals, alongside increased mEPSC amplitude
but not frequency at P10, and increased mEPSC frequency but
not amplitude at P14. Layer 5 and striatal action potential fre-
quencies and intra-burst frequencies were increased, suggest-
ing abnormal cortical circuitry activity occurring in the basal
ganglia. Interestingly, at ages approaching P60, synaptic defi-
ciencies begin to normalize to wildtype levels, whereby mEPSC
frequency but not amplitude was decreased, suggesting an effect
of aging on basal ganglia communication with cortico-striatal
circuits.

Interestingly, Shank3%%4“ mice showed an increased frequency
of mEPSCs, whereas the amplitude was lower compared with
wildtype mice (Bozdagi et al. 2010). Furthermore, a decreased
paired-pulse ratio (entailing stimulation of neurons using two
pulses in quick succession to determine neurotransmission
efficacy) was reported in heterozygotes. Decreased synaptic
transmission and paired-pulse ratio suggest expression of fewer
postsynaptic surface AMPA receptors or the release of fewer
vesicles containing glutamate at the synapse, leading to reduced
activity at the postsynapse.

Jaramillo and colleagues similarly identified a reduced NMDA/
AMPA receptor ratio at synapses onto striatal medium spiny
neurons in the Shank3¢ model (Jaramillo et al. 2016).
However, Duffney and colleagues found no significant loss of
NMDA receptor expression in dorsal striatal medium spiny neu-
rons in the Shank3*/2° mouse model (Duffney et al. 2015).

Interactions between the ventral striatum and nucleus ac-
cumbens, a region associated with social tasks, were studied in
Shank3™/* mice (Mei et al. 2016). Compared with wildtypes,
Shank3™/* mice showed decreased population spike ampli-
tude, mEPSC frequency, and dendritic spine density. However,
no changes were seen in mEPSC or negative peak amplitude in
these animals, suggesting minimal changes in presynaptic ac-
tivity in Shank3™* mice.

Zhou and colleagues (Zhou et al. 2016) also examined cortico-
striatal circuitry in Shank3%%¢%° mutants. Shank3%3%%° mice

showed decreased field population spike amplitude but in-
creased mEPSC amplitude at postnatal day 14 compared with
wildtypes. It was suggested that a compensatory mechanism
occurring during development may result in upregulation of
AMPR receptor expression due to defective synaptic transmis-
sion. Adult Shank3%3¢%° mice had decreased population spike
responses, reduced mEPSC frequencies and amplitudes, and
reduced NMDA current amplitudes compared with wildtypes.

Despite decreased expression of NMDA subunits, striatal neu-
rons from Shank3®7X mice showed normal population spike
responses, unchanged AMPA/NMDA receptor ratios as well as
similar mEPSC frequencies and amplitudes to wildtypes (Zhou
et al. 2016). In Shank3-EGFP mice, the number and amplitude
of spike discharges were drastically increased in the CA1 re-
gion, the dentate gyrus (DG) and the frontal cortex. Frequency,
but not the amplitude or decay of mIPSCs (miniature inhibi-
tory postsynaptic currents) was decreased in CA1 pyramidal
neurons of Shank3-EGFP mice. In contrast, the amplitude, but
not frequency or decay of SEPSC (spontaneous excitatory post-
synaptic currents) was increased in these mice. There were no
changes to the AMPA/NMDA receptor ratio (Han et al. 2013).
Shank3-EGFP mice also showed spontaneous seizures, which
were not reported in other preclinical models of Shank3 (Han
et al. 2013).

3.5 | Cortical Structure

Four studies evaluated structural changes in the cerebral cortex,
including Shank34#-2? (Drapeau et al. 2018), Shank3B~/~ (Peca
et al. 2011), Shank3936%0 (Zhou et al. 2016), and Shank3R1117X
(Zhou et al. 2016) models. Shank3442? (Tripathi et al. 2024)
mice showed decreased dendritic spine density in the so-
matosensory cortex. Data from resting state fMRI (rsfMRI)
indicated decreased cortical thickness as well as reduced con-
nectivity in the PFC and retrosplenial cortex of Shank3B~/~ mice
(Pagani et al. 2019). Another study also identified decreased
hippocampal-somatosensory cortex long-range connectivity
(Balasco et al. 2021), highlighting impaired synchronicity be-
tween the cortex and other brain regions. Shank393%%¢ (Zhou
et al. 2016) and Shank3R!117X (Zhou et al. 2016) neurons showed
decreased dendritic spine density, with decreased HOMERI,
PSD95, and PSD93 expression, suggesting altered postsynaptic
function. In Shank3R!17X (Zhou et al. 2016) mice, a decrease in
NR1 and SynGAP1 expression was additionally identified.

3.6 | Cortical Function

To investigate the underlying cause of deficits in social interac-
tion behavior identified in Shank3+€ mice, Duffney and col-
leagues examined synaptic function in the prefrontal cortex
(PFC) (Duffney et al. 2015). The frequency of EPSCs, the input-
output relationship, and NMDA/AMPA ratios were reduced
in Shank3*2¢ mice. Furthermore, comparing the number of
NMDA receptors at PFC synapses, Shank3*2¢ mice showed
fewer NR1 and NR2A compared with wildtypes, suggesting
functional changes occur due to reduced numbers of NMDA re-
ceptors at synapses (Duffney et al. 2015). Changes in IPSCs were
not investigated.
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4 | Role of the Gut-Brain Axis in Preclinical
Autism Models

Bidirectional pathways connecting the brain and gut influence
gut physiology, microbiome, and regulate mood and behavior
(reviewed in (Carabotti et al. 2015; Cryan and Dinan 2012)).
Given that many individuals diagnosed with PMS or autism ex-
perience gut dysfunction related to inflammation (D'Eufemia
et al. 1996; de Magistris et al. 2010), it is critical to enhance
understanding of microbiome-gut-brain axis pathways and to
explore the potential for therapeutic approaches to benefit gut
health and improve mood and behavior.

The microbiome is thought to play a crucial role in determin-
ing behavior and brain function in mice. Sharon and colleagues
reported that germ-free (GF) WT mice developed autism-like
behaviors after colonization with microbiota derived from peo-
ple with autism (Sharon et al. 2019). These mice spent less time
socializing with other animals, traveled shorter distances in an
open-field test, and buried more marbles, suggesting reduced
socialization and increased anxiety/repetitive-like behavior. In
addition, offspring bred from GF mice colonized with microbi-
ota from people with ASD showed disrupted alternative splic-
ing patterns in the striatum, with increased inclusion rates for
exons in Neurexin-2, a synaptic adhesion protein associated
with ASD, and Ank2, a scaffolding protein for neuron migration
(Sharon et al. 2019). Decreased exon inclusion rates occurred
for genes such as Cacnalc (a regulator of calcium flow) and
Ube3A (associated with Angelman syndrome). Furthermore,
ASD-colonized mice showed different abundances of bac-
terial species. Specifically, ASD-colonized mice showed de-
creased abundances of the phylum Bacteroides and genus
Parabacteroides, but increased abundance at the family level for
Lachnospiraceae. Levels of GABA and glycine receptor agonists
such as 5-aminovaleric acid (also known as 5-aminopentanoic
acid) and taurine were significantly lower in the colon of ASD-
colonized mice, illustrating the impact of gut microbes on inhib-
itory GABA signaling.

4.1 | Gut-Brain Axis Changes in Shank3
Mutant Mice

Sauer and colleagues investigated structural changes in the
gastrointestinal tract as well as shifts in fecal microbial pop-
ulations in Shank3af~~ mice in which exon 11, containing
the SH3 domain, is deleted (Schmeisser et al. 2012) (otherwise
known as Shank341/211) Shank3af~~ mice showed changes
in gastrointestinal morphology and gut microbiota composition
(Sauer et al. 2019). Histological analyses revealed shorter small
intestinal villi, and immunohistochemistry findings showed an
upregulation of serum Zonulin-1, a modulator of tight junctions.
An increase in zonulin-1 protein levels in serum is associated
with an increase in gastrointestinal permeability, likely due to
bacterial presence triggering the release of zonulin-1 from tight
junction complexes (Fasano 2011; Sturgeon and Fasano 2016).
However, changes in mucosal barrier function were not investi-
gated by Sauer and colleagues. Sauer and colleagues also found
increased numbers of glial fibrillary acidic protein (GFAP) pos-
itive cells in the cortex of Shank3aS~/~ mice (Sauer et al. 2019).
GFAP, a marker for astrocytes, is reportedly upregulated in the

brain of people with ASD (Laurence and Fatemi 2005 and re-
viewed in Matta et al. 2019), potentially indicating astrogliosis.
These findings of significantly altered gastrointestinal morphol-
ogy alongside increased numbers of GFAP positive cells in the
brain suggest that Shank3 deletion influences the gastrointesti-
nal tract in addition to the CNS.

Shank3af~~ (also known as Shank341/A1) mice exhibited an
altered transcriptome profile in the striatum, including genes in-
volved in synaptic transmission, excitation/inhibition balance,
and G-protein-signaling pathways (Ferhat et al. 2023). These
genes were also differentially enriched in dopamine 1 and dopa-
mine 2 receptor-expressing MSNs in the striatum. An increased
distribution of glutamate decarboxylase (GAD65) indicates an
enlarged striosome compartment and, combined with compart-
mentalized enrichment in MSNSs, strongly suggests behavioral
deficits relating to striatal dysfunction in these mice.

Behaviourally, Shank32!/21 mice showed elevated self-
grooming, which increased with age (Ferhat et al. 2023) and hy-
poactivity, traveling less distance in an open field. Interestingly,
atypical socio-sexual behavior was seen in young (3 months)
Shank341/A11 males, having spent more time in contact with es-
trous females (Ferhat et al. 2023). No differences were found in
the emission of USVs. Intriguingly, machine learning behavior
detection software (Live Mouse Tracker) revealed subtle social
differences in Shank341/A1! mice compared with WT littermates
when assessed in a group of four mice. Shank341/41 mice spent
less time forming trains of three involving nose-to-anogenital
contact, indicating a reduced likelihood to engage in complex
social situations (de Chaumont et al. 2019).

Alterations in the gastrointestinal microbiome were also re-
ported in Shank3af~~ mice. Using 16S microbiome profil-
ing, an increased abundance of phylum Actinobacteria and
Firmicutes was observed in fecal samples from 10-week-old
homozygous mutants (Sauer et al. 2019). The bacterial fami-
lies Deferribacteres, Tenericutes, and Chlamydiae were pres-
ent only in Shank3aB~/~ mice and not in wild-type littermates.
In contrast, a decreased abundance of phylum Proteobacteria
and Verrucomicrobia was observed in Shank3a8~/~ mouse mi-
crobiomes. Furthermore, an increased abundance of bacterial
species such as Eggerthella YY7918, Enterorhabdus caecimuris,
Bifidobacterium pseudolongum, and Assacharobacter WCA-131-
CoC-2 was identified in the gut of Shank3af~~ mice (Sauer
et al. 2019). This finding is of interest given that these species
are associated with inflammation and infection occurring in
the gastrointestinal tract in both preclinical studies (Clavel
et al. 2010) and clinical populations (Gardiner et al. 2015).

Sgritta and colleagues reported alterations in the composition
of the gut microbiota in Shank3B~~ mice compared with con-
trols, including lower levels of the bacterium L. reuteri (Sgritta
et al. 2019). Restoration of L. reuteri rescued social deficits in
Shank3B~/~ mice, including rescuing impairments in novel and
reciprocal social interactions. 16S rRNA gene sequencing, how-
ever, showed that L. reuteri treatment did not significantly affect
the microbial profile of Shank3B~/~ mice. To validate that omis-
sion of L. reuteri resulted in social deficits, GF mice with social
deficits were mono-colonized with L. reuteri. Re-colonization
with L. reuteri in GF mice restored social interaction to levels
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similar to wildtype controls (Sgritta et al. 2019). However, social
deficits are not always observed in mouse models of autism and
can easily be influenced by environmental and experimental
context. Excessive self-grooming behavior is a robust phenotype
of Shank3B~~ mice (Peca et al. 2011) and may be a more suit-
able focus for outcomes of L. reuteri treatment. These findings
suggest that regulating the gut microbiome may affect social be-
havior in Shank3B~~ mice and further indicate that modifying
the gastrointestinal environment may improve behavioral phe-
notypes in mouse models of autism.

Gut microbial dysbiosis was identified in the Shank344-2? (Bozdagi
et al. 2010) mouse model, including decreased levels of genus
Lactobacillus from the family Firmicutes (Osman et al. 2023).
Interestingly, these animals exhibited decreased social preference.

Neuromuscular junction and motoneuron development dysfunc-
tion has been identified in PMS biopsies and in Shank3411¢/~
mice (Lutz et al. 2020). As the enteric nervous system contains
several classes of motoneurons that regulate gastrointestinal
motility, altered motoneuron development may also impact gut
movement and thus function in PMS. Interestingly, Shank3 ex-
pression has also been identified in human neural progenitor
cells and neurons during development (Breen et al. 2020), with
Shank3 interacting with -catenin via the PDZ domain to im-
pact the Wnt-signaling pathway (Harris et al. 2016; Hassani Nia
et al. 2020). It is possible that downstream impacts of Shank3
on differentiation of endothelial and smooth muscle cells lead to
disrupted muscular or contractile activity in muscles or gut, but
more research is required on this topic.

5 | Gut Dysfunction in Non-Mammalian Shank3
Preclinical Models

In addition to mouse models, studies in zebrafish suggest that
Shank3 gene variants can lead to aberrant gastrointestinal transit.
Heterozygous Shank3°€ zebrafish models showed dysregulated
gut motility in both the upper and lower intestine as well as re-
duced numbers of serotonin-positive enteroendocrine cells (EECs)
in the gastrointestinal tract (James et al. 2019). Interestingly, in-
jection with mRNA encoding human SHANXK3 isoforms sig-
nificantly rescued the reduction in peristaltic contractions in the
offspring of Shank34C+/~ zebrafish, but did not restore them to
wildtype levels (James et al. 2019). Furthermore, this partial res-
cue occurred only in the upper small intestinal region below the
anterior bulb, a region potentially analogous to the duodenum or
jejunum in mammals (Flores et al. 2020). A possible explanation
for these findings may be due to increased clustering of EECs in
the upper small intestinal region that promote local release of hor-
mones to increase gastrointestinal transit (reviewed in (Latorre
et al. 2016)). Serotonin regulates gut motility, pain perception, and
inflammation (Hao et al. 2023; Kendig and Grider 2015). Fewer
serotoninergic EECs in zebrafish may be linked to lower blood se-
rotonin, as seen in people with PMS (Asta et al. 2024).

Overall, the most frequently assessed phenotypic domains in
Shank3 preclinical models include behavioral, brain structure
and function, and motor changes. We note that non-mammalian
studies investigating the role of Shank3 in gastrointestinal func-
tion can provide a broader view and assist in designing therapies

to improve gut health. Emerging domains such as gastrointes-
tinal dysfunction and microbial dysbiosis are currently being
explored in mice as well as zebrafish (Figure 1) to improve un-
derstanding around how genetic variations in Shank3 can im-
pact development in PMS.

6 | Mapping Shank3 Mouse Model Phenotypes to
PMS Clinical Symptoms

Decreased social interaction and increased anxiety-like behav-
ior in Shank3 models may provide useful tools to study social
behaviors and increased anxiety relevant to PMS. Decreased
sniffing, grooming, and other social behaviors occurred in
Shank3B~/~ (Peca et al. 2011), Shank3%3680 (Zhou et al. 2016),
Shank3R117X (Zhou et al. 2016) and Shank3™/ (Mei et al. 2016)
animals and were accompanied by increased anxiety-like behav-
ior. People with PMS often have increased anxiety levels, which
can accompany social impairments. Reduced social interaction
skills in individuals with PMS (particularly those with profound
autism and complex behavioral profiles) may also be reflected
as irritable or aggressive behavior. Preclinical models such as
Shank356%5T (Wang et al. 2020), Shank3%¢3° (Zhou et al. 2016),
and Shank3R117X (Zhou et al. 2016) mice showed increased
dominance behavior and may be useful tools for studying the
biological mechanisms underpinning mood outbursts and other
irritable tendencies seen in a proportion of individuals with PMS
(Egger et al. 2016). Overall, aggressive behavior is seldom ex-
plored in preclinical models of PMS, and these traits could be
further investigated to inform relevant clinical observations.

Disruptions in USV production in Shank3 mice may provide op-
portunities to study altered speech patterns in PMS. Decreased
numbers of USVs were found in Shank344?? (Drapeau
et al. 2018), Shank34%4-? (Bozdagi et al. 2010), and Shank3568!
(Wang et al. 2020) mice. Absence of speech can also occur in
children with PMS, but how this might translate to USV profiles
in preclinical models is unclear. It is unclear whether regression
of verbal abilities seen in some people with PMS after several
months/years (Burdeus-Olavarrieta et al. 2021) is recapitu-
lated in mouse models. Importantly, not all preclinical models
reviewed here underwent assessment for altered USVs or other
forms of vocalization testing; therefore, vocalization deficits in
these models may be underestimated.

Repetitive behavior and developmental delays are reported
in PMS and preclinical models. Shank3B~/~ (Peca et al. 2011;
Pillerova et al. 2022), Shank3°4° (Wang et al. 2011) and
Shank33%8° (Zhou et al. 2016) mice showed deficits in self-
grooming and some forms of developmental learning, with
Shank3B~/~ (Peca et al. 2011) mice demonstrating excessive self-
grooming leading to lesion formation. These models may assist
in studying biological pathways contributing to highly repeti-
tive movements and self-injurious activities like head-banging
(Postorino et al. 2017), which are observed in some individuals
with severe PMS or autism, alongside decreased adaptive and
learning abilities.

Motor deficits are commonly reported in people with PMS,
including hypotonia as well as muscle dysfunction and loss
of muscle strength (Lutz et al. 2020; Soorya et al. 2013); these
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FIGURE 1 | Established and emerging phenotypic domains assessed in Shank3 preclinical models. Several behaviors reflective of clinical be-

havior in PMS were identified in preclinical Shank3 models. Structural and genetic changes were also identified. Cognitive, auditory, and touch re-

sponses were assessed, alongside locomotion and strength testing. Microbiome changes were identified in Shank3B~/~. In addition to the 10 models

reviewed here, changes in gastrointestinal motility were identified in Shank3a~/~ mice and Shank3abAC*/~ zebrafish models, and microbial dysbi-

osis was reported in Shank3B~/~, Shank344-22, and Shank3a~/~ mice.

traits are recapitulated in 7 of the 10 preclinical models reviewed
here. Models including Shank3442? (Drapeau et al. 2018),
Shank32*49 (Yang et al. 2012), Shank3°4° (Wang et al. 2011),
Shank36380 (Zhou et al. 2016), Shank32“/A€ (Kouser et al. 2013),
Shank3~/ (Mei et al. 2016), and Shank3%!17X (Zhou et al. 2016)
mice showed motor deficiencies. Deficiencies identified in ro-
tarod testing, grip-strength assays, and distance traveled in the
open-field arena may indicate impaired muscle activity and as-
sist in studying the causes of hypotonia with a view to designing
therapeutic approaches to improve muscle strength.

7 | Translating Preclinical Brain Studies to
Clinical Outcomes

Multiple studies of preclinical models of PMS show altered
electrophysiological parameters, protein levels, and structural
changes in the brain. For example, expression levels of proteins
involved in synapse maturation or maintenance were decreased
in 5 of the Shank3 preclinical models reviewed here. Decreased
expression of scaffolding proteins including HOMER, SAPAP,
and DLG and relevant homologues were found in Shank3B~/~
(Cai et al. 2019; Peca et al. 2011), Shank3¢#? (Jaramillo et al. 2016;
Wang et al. 2011), Shank363%%° (Zhou et al. 2016), Shank 3™/ (Mei
et al. 2016), and Shank3R!117X (Zhou et al. 2016) mice. Decreased
expression of glutamate and NMDA receptor components
was found in Shank3B~~ (Peca et al. 2011), Shank3¢*° (Wang

et al. 2011), Shank393%80 (Zhou et al. 2016), and Shank3t/A¢
(Duffney et al. 2015) mice, predominantly in striatal, hippocam-
pal, and frontal cortical areas. Preclinical studies indicate that
functional impairments in brain regions such as the ventral stria-
tum (Dolen et al. 2013) and anterior cingulate cortex (ACC) (Guo
et al. 2019) may be associated with changes in social behavior,
with striatal impairments including decreased mEPSC frequency
and amplitudes potentially being linked to self-grooming behav-
ior in Shank3 mice (Wang et al. 2017).

Recent interest in the role of the gut-brain axis in neurological
disorders has provided insights into gastrointestinal changes
in autism. Clinically, improvements in irritability and anxi-
ety have resulted from treatments that sequester microbial
metabolites from the gut (Stewart Campbell et al. 2022), with
evidence showing that microbial metabolites emanating from
the gut impact brain structure in mice (Needham et al. 2022).
In addition, different gastrointestinal phenotypes are reported
in Shank3 mice (Sauer et al. 2019; Sgritta et al. 2019) and other
autism mouse models (Leembruggen et al. 2020; Margolis
et al. 2016; Septyaningtrias et al. 2020; Sgritta et al. 2019).
In other species, genetically modified zebrafish expressing
variations in Shank3 also show altered upper intestinal tran-
sit (James et al. 2019) suggesting that gastrointestinal issues
are integral to PMS. Further research in preclinical models is
needed to clarify the impacts of genetic variations in Shank3
on the gastrointestinal system (Figure 2).

25

851807 SUOLUIOD 81810 3|cedt|dde ayy Aq peusenoh a1e 9l VO ‘@SN JO S3|nu oy Areiq 18Ul UO AB]IAA UO (SUORIPUOD-PUE-SWIBYLI0D" A3 1M AReq U [UO//SHL) SUOTIPUOD PUe swie | 8u} 88S *[5202/60/8T] Uo Ariqiauliuo A8 (1M ‘ebniiod aueiyood Aq ZTT0L INe/z00T OT/I0p/w00 A8 | M A el |Bul|uo//SAnY LWo1) papeo|umoq ‘0 ‘908E6E6T



Shank3 mouse models

Behaviour o

v Social 710 3/10

v Vocalization 510 110 110
fRepetitive behaviour 6710 /10 3/10
4 Anxiety-like 6/10 /10 2/10
$ Developmental 7/10 1/10
¥ Motor function 510 410  1/10

Deficit Complex No change Not done

— "

Deficit Not done

Brain found
vt Cytoarchitecture 10710  0/10
310 | y Gene expression 610  4/10
v Protein 9/10  1/10
1/10 v Function 8/10  2/10

2/10

Gastrointestinal dysfunction

vMicrobiome Permeability? Motility?

FIGURE 2 | Behavioural and brain changes reported in ten Shank3 mutant mouse models include reduced social interactions (7/10 models) and
vocalizations (5/10), increased repetitive (6/10) and anxiety-like (6/10) behaviours, altered developmental milestones (7/10) and motor function (5/10),
and abnormal brain cytoarchitecture (10/10), gene (6/10) and protein (9/10) expression, and synaptic function (8/10). Intra model discrepancies for
these domains, however, are also reported in the literature. Changes in the relative abundance of microbial populations were reported in two of these
Shank3 mouse models. No studies of gastrointestinal motility or permeability were reported for the 10 models reviewed, however, studying changes
in pathways between the gut and the brain in autism may be useful to understand drivers of behavioural changes in Shank3 mouse models and in

clinical cohorts.

8 | Conclusions

A broad range of mouse models are available and can enhance
the understanding of physiological changes in PMS and its
syndromic connection to autism. Of the 10 Shank3 mouse
models reviewed here, the Shank3B~/~ (Peca et al. 2011) and
Shank32¢/AC (Kouser et al. 2013) models accurately recapitu-
lated a broad range of clinical observations in PMS such as
social impairments, increased anxiety, and repetitive be-
havior. Increased aggression was reported in Shank35655
Shank393%80, and Shank3R!117X mice; this parameter was
not assessed in other models. Several studies of the selected
models, however, did not acquire data on brain electrophysi-
ological parameters, so changes in brain networks may occur
more broadly in Shank3 models than reported. A greater un-
derstanding of the neurobiological impacts of Shank3 variants
could influence drug design and enable more targeted ther-
apeutics for PMS. Furthermore, many studies reviewed here
exclusively used male animals, with a few exceptions. Females
often presented weaker, or no phenotypes compared with
males. More studies on female animals are required to eluci-
date sex differences in autism and PMS. The characterization
of gastrointestinal issues in neurodevelopmental disorders
such as autism suggests significant developmental interplay
between the enteric nervous system, the microbiome, and the

brain. Further research to clarify how gut-brain connectiv-
ity is modified in the context of PMS may provide novel ap-
proaches for improving health and wellbeing for people who
are significantly impacted by PMS.
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