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1 | INTRODUCTION interactions, and restricted repetitive behaviours, interests,
or activities (American Psychiatric Association, 2013).
Autism spectrum disorder (ASD) represents chronic neu- Even though motor symptoms are not considered as core

rodevelopmental disorders characterized by the DSM-V by  symptoms, 88.2% of ASD patients undergo motor disabil-
persistent deficits in communication and social ities, and the risk factor of developing motor dysfunctions

Abbreviations: 10w, 10 weeks; 20w, 20 weeks; 40w, 40 weeks; ACSF, artificial cerebrospinal fluid; AMPA, alpha-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid; AP-V, (2R)-amino-5-phosphonovaleric acid; ASD, autism spectrum disorder; Bic, bicuculline; BSA, bovine serum albumin;
Chd8, chromodomain helicase DNA binding protein 8; CNQX, cyanquixaline; DLS, dorsolateral striatum; DSM-V, Diagnostic and Statistical Manual
of Mental Disorders, Fifth Edition; Fmr1, fragile X messenger ribonucleoprotein 1; GABA, gamma-amino butyric acid; GMO, genetically modified
organism; KO, knock-out; MSN, medium spiny neuron; NL3, neuroligin 3; NMDA, N-methyl-p-aspartic acid; PBS, phosphate buffer saline; PCR,
polymerase chain reaction; PSD-93/95, post-synaptic density 93/95; SAPAP3, DLG associated protein 3; SFARI, Simons Foundation Autism Research
Initiative; Shank3, SH3 and multiple ankyrin repeat domains 3; SIPSC, spontaneous inhibitory post-synaptic current; WT, wild-type.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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is fold by 22.2 between ASD patients and heathy popula-
tion (Bhat, 2021). Thus, ASD-related motor disabilities
severity seems to be proportionate to ASD core symptoms
severity (for review, Zampella et al., 2021). As motor
stereotypies are at the crossroads of stereotyped and motor
behaviour, they represent a robust index of ASD symptom
severity (Varghese et al., 2017).

Motor networks involve many brain structures,
among which the striatum plays a central role as it con-
trols sensorimotor coordination, gait, balance, and pos-
ture (Lanciego et al., 2012; Obeso et al., 2008). Two
imaging studies have revealed that the putamen and cau-
date nucleus volumes are increased in ASD patients com-
pared with age-matched control subjects (Hollander
et al., 2005; Wegiel et al., 2014), with one of them report-
ing that the right caudate volume correlates with the
magnitude of repetitive and stereotyped behaviours
(Hollander et al., 2005). These neuroanatomical alter-
ations are also recapitulated in some animal models of
ASD with a larger striatum described in Neuroligin3
Knock-In mice (15 weeks) and in Cntnap2 Knock-Out
(8-9 weeks) and Shank3 Knock-Out mice (22-23 weeks)
(for review, Ellegood & Crawley, 2015). However, deeper
understanding of striatal involvement in ASD symptoms
and dysfunctions is needed, as ASD-related striatal data
in patients and animal models are sparse (for review,
Thabault et al., 2022).

Even though ASD has clearly a neurodevelopmental
onset, these are lifelong conditions and are carried during
adulthood and elderhood (Happé & Charlton, 2011). Life
expectancy of ASD patients is reduced by nearly 17 years
compared with the general population, partially due to
their worsening comorbidities regardless of gender and
level of functioning (Hirvikoski et al., 2016). Further-
more, aging ASD patients develop more neurological dis-
eases and psychiatric disorders than neurotypical
individuals (Hirvikoski et al., 2016; Jokiranta-Olkoniemi
et al., 2021). In mice, most studies focus on neurodeve-
lopmental states or juvenile periods (6 and 12 weeks),
and only a few explored the ASD pathophysiology in
mature adults (20 to 30 weeks) (Kouser et al., 2013;
Pefiagarikano et al., 2011) and none in aging animals.
This leaves a gap in knowledge of age-related ASD symp-
toms and in the evolution of ASD symptoms.

Shank3 is a gene coding for a synaptic scaffolding
protein, and several mutations have been linked to ASD
cases, making it a high confidence susceptibility ASD
gene (SFARI database, https://www.sfari.org/resource/
sfari-gene/). The Shank3*“/“¢ mouse model correspond
to the deletion of exon 21 resulting in the truncation of
the C-terminal tail of the protein making it non-
functional (Kouser et al., 2013). Several studies have
shown that young adult Shank3™/2€ and Shank3*</A€

mice exhibit core symptoms of ASD, such as impaired
social recognition and communication, and stereotypies
(Bidinosti et al.,, 2016; Duffney et al., 2015; Kouser
et al., 2013; Matas et al., 2021). These mice also display
ASD-like behaviours such as inflexibility, fear of novelty,
without showing anxiety disorders (Bidinosti et al., 2016;
Kouser et al., 2013). Interestingly, Shank3 is highly
expressed in the striatum, and Shank3 knock-out
(KO) leads to a decrease of striatal post synaptic proteins
(SAPAP3, Homer, PSD-95, and PSD-93), an increase in
neuronal arborization complexity but also a decrease in
the cortico-striatal neurotransmission in 5- to 6-week-old
mice (Peca et al., 2011). Although an increasing number
of alterations in young Shank3 mice are described, how
these alterations evolve over time remain unknown. This
is highly relevant for the pathophysiology of ASD as the
disease is maintained with aging (Noone et al., 2006).

In this study, we investigated repetitive and explor-
atory motor behaviour and striatal dysfunctions in
Shank3 KO and control littermate at 10 weeks (10w,
young adult), 20 weeks (20w, mature adult) and 40 weeks
(40w, aged adult) in both genders.

2 | METHODS

21 | Animals

All experimental procedures were performed according
to the Helsinki declaration and the guidelines of the
European Union directive 2010/63/EU on the protection
of animals used for scientific purposes. A local Ethics
Committee approved all planned experiments (authoriza-
tion no. 2018071316534636 and 2022021616096740). All
experiments have been performed on both males and
females, aged between 10 and 40 weeks, with the geneti-
cally modified organism (GMO) authorization #4231
from the French government. Shank3 /€ mice with a C-
terminal deletion of Shank3 at exon
21 (Shank3tm1.1Pfw/J) were obtained from Jackson labo-
ratories and are on a C57BL/6J genetic background
(Jackson Laboratories, USA). Shank3*/2€ mice were
mated to generate mice of all three genotypes: Shank3™*/*
(WT), Shank3"/4€, and Shank3*“/€ (KO). Sex and age-
matched pups were separated from the dams on postnatal
day 28 (P28) and were raised by groups of 3 to 5. Mice
were genotyped by PCR using the following primers:
common forward 5 GTG TCC CCT CAT TGA TGT TG
3, WT reverse 5 ATG TCC TGT TGCAGG TAG GG 3
and mutant reverse 5 GTC TGC CAC CTT CTG CCT AC
3’. All littermates were hosted with an appropriate dark/
light cycle, 12 h of each and had access to food and water
ad libitum. Mice from the three genotypes were
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segregated in three groups: young adult (10 weeks),
mature adult (20 weeks), and aged adult (40 weeks).

2.2 | Behavioural analysis

Mice were acclimated for 10 min before filming to trans-
parent Plexiglas cylinders (12 cm diameter) with minimal
bedding to avoid digging. Each cylinder was separated by
opaque sheets to isolate each mouse. Mice were then
videotaped using VideoTrack® (ViewPoint™, Lyon,
France), and data were analysed with Solomon Coder©
(Andrés Péter, Keele, UK) by experimenters blind to both
age and genotype. Grooming and rearing episodes were
quantified for both number of episodes and total dura-
tion. For behavioural analysis, males and females were
used as described in Table 1.

2.3 | Brain slice electrophysiology

Mice were deeply anaesthetized with diluted pentobar-
bital (120 mg/kg, Vetoquinol, Lure, France) and per-
fused transcardially with a high sucrose slicing
solution containing (in mM): 208 sucrose, 10 glucose,
1.25 NaH,PO,*H,0 monobasic, 26 NaHCO;, 2.5 KClI,
1.3 MgCl,, and 8 MgSO, (pH 7.2-7.35, osmolality 290-
310 mOsm/L). Mice were then decapitated, and brains
were taken out of the skull and immediately placed in
oxygenated (95%/5% 0O,/CO,) high sucrose slicing solu-
tion. Coronal slices (300 pm) were cut using a vibratome
(Leica VT1200S, Leica camera AG, Wetzlar, Germany)
and transferred into an incubating chamber containing
artificial cerebrospinal fluid (ACSF) containing (in mM):
130 NaCl, 10 glucose, 1.25 NaH,PO,*H,O monobasic,
26 NaHCOs, 3 KCl, 2 MgCl,, and 2 CaCl,, oxygenated with
95%/5% 0,/CO, (pH 7.2-7.35, osmolality 290-310 mOsm/
L). Slices were let to recover in ASCF for 1 h at room tem-
perature before recordings.

MSN were identified using an upright microscope
(Eclipse FN1, Nikon, Tokyo, Japan) at 40x magnification
(40x Apochromat, Nikon, Tokyo, Japan) with infrared
filter and monochromatic camera with Q-CapturePro®

TABLE 1 Males and females repartition in groups for
behavioural analysis.

WT KO

Males Females Males Females
10w 6 4 5 6
20w 7 6 8 3
40w 6 4 3 7

software (QImaging™, Surrey, Canada). Whole-cell patch
clamp recordings were performed at room temperature
and were obtained using a MultiClamp 700B Amplifier,
the Digidata 1440A digitizer, and the Clampex acquisi-
tion software (pCLAMP, Axon Instruments Inc. Molecu-
lar Devices, San José, CA). A maximum of two neurons
per mouse per group were recorded.

Borosilicate patch pipettes (Harvard Apparatus, Hol-
liston, MA), with resistance from 4 to 6 MQ were
pulled using a micropipette puller system (Flaming/
Brown™, Sutter Instrument Company, Novato, CA).
Voltage-clamp experiments were performed with
pipettes containing a caesium-based internal solution
containing (in mM): 8 HEPES, 9 EGTA, 125 caesium-
methanesulfonate, 4 NaCl, 3 KCl, 1 MgCl,, 10 phospho-
creatine-disodium, 0.1 Leupeptin, 5 Mg ATP, and
1 GTP Tris (pH 7.2, osmolarity 270-280 mOsm/L).
Membrane capacitance, resistance, and time constant
were measured prior any recording. Inhibitory post-
synaptic currents were recorded at +10 mV for 4 min,
in presence of 10 pM CNQX and 50 pM AP-V (Tocris
Bioscience™, Bristol, UK). Finally, 10 uM bicuculline
(Tocris Bioscience™, Bristol, UK) was added to the
flowing ACSF to block GABA-A receptors. Signal were
pre-analysed with Clampfit software (v10.2, Axon
Instruments Inc. Molecular Devices, San José, CA) and
analysed with Minianalysis (Synaptosoft Inc., Fort Lee,
NJ). Current-clamp recordings were performed using
pipettes containing a potassium gluconate-based solu-
tion containing (in mM): 112.5 potassium-p-gluconate,
10 HEPES, 5 EGTA, 4 NaCl, 17.5 KCl, 0.5 CaCl2,
1 MgCl2, 5 ATP-dipotassium, and 1 GTP sodium salt
(pH 7.19-7.24, osmolality 270-280 mOsm/L). All inter-
nal electrode solutions contained 0.2% biocytin for sub-
sequent detection of recorded cells.

24 | Drugs

For electrophysiological recordings, drugs (Tocris
Bioscience™, Bristol, UK) were dissolved in H20 and
stock solutions were as following: 50 mM p-2-amino-
5-phosphonovalerate (AP-V, Ref 0106), 10 mM cyan-
quixaline (CNQX, Ref 1045), and 20 mM bicuculline
methiodide (Bic, Ref 2503). AP-V was used at a working
concentration of 50 pM, and CNQX and Bic were used at
a working concentration of 10 pM.

2.5 | Neuronal morphology analysis

All patched slices were incubated in 4% paraformalde-
hyde (PFA) solution overnight for tissue fixation and
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transferred in a cryoprotective 20% sucrose solution, prior
to use for fluorescence detection of recorded cells. All
steps were performed at room temperature, except strep-
tavidin incubation times that was completed at 4°C. Tis-
sue sections were washed twice for 5 min using 1x
phosphate buffer saline (PBS). One hour bath in 1x PBS
+ 1% bovine serum albumin (BSA) + 0.2% Triton
allowed then to permeabilize the slices and to block non-
specific fixation sites. Slices were left to incubate over-
night at 4°C with Alexa 488 conjugated streptavidin
(1:1000) in blocking solution and covered to avoid photo-
bleaching. Slices were washed with three baths of 5 min
in 1x PBS and then set on glass slides and left to dry.
Slides were briefly immersed in toluene and then
mounted using DePeX™ (Thermo Fisher Scientific, Inc.,
Waltham, MA) prior to storage at 4°C. Images were
acquired with the confocal microscope OLYMPUS
FV3000 (Olympus Europa SE & Co. KG, Hamburg,
Germany) and analysed using IMARIS software suite
(IMARIS v9.8.2, Oxford Instruments, Abington, Oxon,
UK). Dendritic spines were sorted using specific criteria
(see Table 2) and analysed according to the level of den-
dritic branch to which they are connected.

TABLE 2 Spine sorting criteria.

Criterion 2 - Ratio diameter head/neck <1

>1

2.6 | Statistical analysis

Data in boxplots are expressed as median and min-max,
and ‘+’ stands for the mean. All other data are expressed
as mean + standard error of the mean (SEM). Statistics
were performed with Prism® (v9.0.0, GraphPad™ Software
Inc., La Jolla, CA), and graphs were made with Prism®.
Appropriate  statistical tests are mentioned under
each figure, and results were considered as significantly
different for p < 0.05. All figures were made with Corel
Draw X7® (v17.2.0.688, Corel™ Corporation, Ottawa,
Canada).

3 | RESULTS

3.1 | Grooming behaviour increases with
aging in Shank3 KO mice contrary to the
rearing behaviour that shows an opposite
change

To determine how motor stereotypies evolve with aging,

we quantified grooming behaviour in both WT and

Criterion 1 - Spine length (pm)

<0.75 >0.75
Stubby Thin
Mushroom Mushroom

Note: Adapted from Hering and Sheng (2001), Pchitskaya and Bezprozvanny (2020) and Sebastian et al. (2013).
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Shank3 KO mice at 10w, 20w, and 40w. As we did not
find differences between males and females in each
group, data from both genders were pooled. The 10w KO
mice displayed excessive grooming behaviour
(F2,59y = 10.72, p =0.0001, Tukey WTipy VS. KOjow
p = 0.0495, Figure 1a) compared with WT littermate.
This phenotype was maintained at 20w (WTy, VS. KO5gy
p = 0.0224) and worsened at 40w. Indeed, the 40w KO
mice drastically displayed more grooming episodes with
aging (KOjow VS. KOypw p = 0.0001, KOsgy Vs. KOypw
p < 0.0001). Also, the cumulative grooming duration
increased at this stage (F(2,59) = 5.386, p = 0.0071, Tukey
KOjow Vs. KOgw p=0.0035, KO,pw VS. KOy4pyw
p = 0.0005). Rearing behaviour, reflecting exploratory
behaviour, was also assessed during this test. As early as
10 weeks, the KO mice displayed excessive rearing behav-
iour (Fz,59) = 12.51, p < 0.0001, Tukey WT;gy, Vs. KO1gy
p = 0.0003) compared with WT mice, suggesting that
they experienced stress-induced hyperactivity. The rear-
ing behaviour was then no longer excessive at 20w, while
the grooming behaviour was still excessive.

3.2 | The 20-week-old Shank3 KO MSN
displayed neurotransmission changes

As motor stereotypies and more generally motor behav-
iour are linked with the dorsolateral striatum (DLS), we
aimed at recording DLS MSN ex vivo to assess whether
behavioural modifications with aging were linked to
MSN dysfunctions. We first measured MSN intrinsic

passive membrane properties (Table 3). Although neither
membrane capacitance nor membrane resistance exhib-
ited a difference with aging in both groups, the time con-
stant was decreased in an age-related manner in both
groups (F(240y = 8.230, p = 0.0010). However, changes
occurred at different stages: in WT mice, the time con-
stant decreased with aging between 10w and 40w
(—34.78%, p = 0.0213), while in KO mice, it decreased
between 20w and 40w (—31.82%, p = 0.0069) suggesting
a difference in the aging process. No modifications in
resting membrane potential nor in action potential
(AP) parameters (number of AP, amplitude, rheobase,
kinetics, threshold, and hyperpolarization duration and
amplitude) were observed among groups.

As intrinsic MSN properties and excitability did not
show drastic changes, we next explored GABAergic
inputs onto the DLS MSN, by recording spontaneous
inhibitory postsynaptic currents (IPSC) in presence of
glutamatergic blockers, an index of striatal GABAergic
environment. At 10w, neither of the measured parame-
ters were altered in KO mice compared with
WT. Interestingly, at 20w, we observed an increase of
small amplitude events (10-15pA) (age-effect:
F10,.400) = 14.76, p < 0.0001, Tukey WT,,, vs. KOyoy
p = 0.0002). There was also a significant difference in the
cumulative interevent interval distribution between WT
and KO mice at 20w, from 500 to 2000 ms, suggesting an
increase in GABA release probability (Fso 2000y = 529.8,
p < 0.0001) in KO mice compared with WT (Figure 2b).
The IPSC frequency was significantly increased in KO
20w MSN (U =14, p =0.0268) compared WT MSN

TABLE 3 Time constant is differentially altered in an age-dependent manner in WT and KO mice.

Capacitance Resistance Time constant Resting potential
(pF) (MQ) (ms) (mV)
Mean * SEM Mean = SEM Mean = SEM Mean * SEM
10w WT (n=7) 100.7 + 7.2 1427 + 14.2 23 + 01 -796 = 3.5 n=6
KO (n=7) 879 £ 65 1544 + 123 1.9 + 041 -780 = 25 n=7
20w WT (n=7) 787 %+ 119 1257 + 16.6 1.8 £ 01 -827 + 3.0 n=7
KO (n=11) 915 + 111 1665 * 14.0 [2.2 + 02 -80.7 = 4.0 n=10
40w WT (n=6) 792 = 51 146.0 + 134 ##1 1.6 + 0.1 -749 + 3.8 n=8
KO (n=8) 86.1 + 126 1548 + 214 15 + 0.1 -80.7 + 3.3 n=11

Note: Membrane capacitance and resistance and time constant were measured with Cs-based internal solution. Resting membrane potential was measured
with K-Gluconate based internal solution. Two-way ANOVA, Tukey post hoc. # = age effect. Number of mice/neurons: N/n = 5/7 WT 10w, N/n = 6/7 KO
10w, N/n = 6/7 WT 20w, N/n = 7/11 KO 20w, N/n = 6/6 WT 40w, N/n = 8/8 KO 40w neurons.

¥p < 0.05.
#p < 0.01.
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FIGURE 2 IPSC frequency alterations with aging in KO mice. (a) Representative traces of IPSCs recording of DLS MSN at 10w (left),
20w (middle), and 40w (right). (b) Distribution of the number of IPSC across the IPSC amplitude (bin = 5 pA). (c) Interevent intervals with
IPSC frequency in inserts. Two-way ANOVA, Tukey post hoc. * = genotype effect, *p < 0.05. Number of mice/neurons: N/n = 5/7 WT 10w,
N/n = 6/7 KO 10w, N/n = 6/7 WT 20w, N/n = 7/11 KO 20w, N/n = 6/6 WT 40w, N/n = 8/8 KO 40w.

suggesting an increase at the presynaptic level. Interest-
ingly, that difference was not observed by 40w, suggest-
ing that 20w could be a critical time for striatal
dysfunction implementation in this ASD model.

3.3 | Shank3 KO MSN morphology is
altered in aged animals

To understand whether the observed neurotransmission
dysfunctions were linked to neuronal morphological
changes, we assessed MSN dendritic arborization using
Sholl analysis (Figure 3). Their distal arborization was
significantly denser in KO mice than in WT mice at 20w
only  (Fpa4 = 69.59, p<0.0001), at 110 pm
(p = 0.0146), 120 pm (p = 0.0173), 130 pm (p = 0.0154),
and 140 pm (p = 0.0138), suggesting that morphological
adaptative mechanisms could occur at this stage.

As MSN receives the main part of their inputs onto
dendritic spines, we next examined the dendritic spine

density on third, fourth, and fifth level dendrites
(Figure 4a), highlighting effects of age for each of them
(Level 3 F193 = 14.86, p <0.0001, Tukey WTygy
vS. WTyyw p =0.0029, KOppy VS. KOyuow p < 0.0001,
KOyow Vs. KOupw p = 0.0206. Level 4 F3301) = 18.63,
p < 0.0001, Tukey WT;gw Vs. WTsoy p < 0.0001, WTygy,
vS. WT4ow p = 0.0272, KOy VS. KOygw p < 0.0001. Level
5 Fi1s0) = 5.046, p = 0.0076, Tukey WTjgy vs. WThoy
p = 0.0209, WTyy VS. WT4gyw p = 0.0003). Spine density
was also significantly decreased between WT and KO
mice at 40w for fourth and fifth dendritic levels (Level
4 F,201) = 8.135, p = 0.0048, Tukey WTaoy vs. KOy
p < 0.0001. Level 5 F 150 = 7.278, p = 0.0078, Tukey
WT4w VS. KOyow p = 0.0002). These data suggest again
that aging processes could be different between WT and
KO mice. To identify whether these changes in spine
density were supported by changes in density of shape-
specific spines, we sorted spines into three groups: thin,
mushroom, and stubby spines as described in Table 1.
We highlighted that age-related decreases of spine
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FIGURE 3 MSN dendritic (a) WT
arborization is increased at 20w in KO —
mice. (a) Representative neuronal
morphology obtained with IMARIS
software. Scale bar 40 pm. (b) Sholl
analysis of the MSN arborization
density. Two-way ANOVA, Tukey post
hoc. * = genotype effect, *p < 0.05.
Number of mice/neurons: N/n = 4/5
WT 10w, N/n = 5/5 KO 10w, N/n = 2/3
WT 20w, N/n = 6/8 KO 20w, N/n = 8/8
WT 40w, N/n = 5/5 KO 40w.

10w

20w

40w

density onto third level dendrites are mainly due to
decreases of thin and mushroom spine density
(Figure 4b-d) (Thin F(z19s) = 15.54, p < 0.0001, Tukey
WTiow Vs. WTsw p<0.0001, KOppy Vs. KOyuow
p = 0.0021, KO,py Vs. KOupw p < 0.0001. Mushroom
F2108) = 78.38, p <0.0001, Tukey WTioy Vvs. WTyoy
p <0.0001, KOjp, Vs. KO p<0.0001, KOy,
vs. KOy4ow p = 0.0007) suggesting that these modifications
are independent of the spine maturity stages. For fourth
and fifth level dendrites, we highlighted that changes in
density of all three spine types seem to account for global
spine density variations with aging (Level 4 Thin
F247) = 49.64, p <0.0001. Mushroom F;547) = 109.2,
D <0.0001. Stubby F(547)=24.7, p <0.0001. Level
5 Thin Fpas6) = 32.04, p<0.0001. Mushroom
Fiase) = 1446, p <0.0001. Stubby F(y1s6 = 14.5,
D < 0.0001). However, the fall of spine density between
WT and KO mice at 40w seems to be due to the fall of
thin and stubby spines only, suggesting here that mature
spines are preserved on fourth and fifth level dendrites
(Level 4 Thin F(3 247 = 28.31, p < 0.0001 Tukey WT4oy
vs. KOyo p < 0.0001. Stubby F; 247) = 47.49, p < 0.0001
Tukey WT4w VS. KOupw p < 0.0001. Level 5 Thin
Fa1s6)=20.17, p <0.0001 Tukey WT4o Vs. KOupy
p < 0.0001. Stubby F( 156 = 45.23, p <0.0001 Tukey
WTow VS. KOyow p < 0.0001).
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4 | DISCUSSION

In this paper we analysed the effects of aging on motor
stereotypies and rearing behaviour, along with function-
ality and morphology of striatal medium spiny neurons,
in the Shank32“/2€ (KO) mouse model of ASD. We were
interested in studying aging as ASD are a lifelong condi-
tion and a large part of clinical and animal studies
focused on developmental stages. Thus, while social and
associative symptoms are subject to interpretation and
are often different from a context to another in humans
(Nestler & Hyman, 2010), the motor stereotypies consti-
tute a robust index of autistic spectrum (Varghese
et al., 2017). In this study, we used KO animals and age-
matched WT control littermates at 10w, 20w, and 40w,
standing for young adult, adult, and old stages. We used
groups gathering males and females as no sex-related dif-
ferences have been statistically observed for behavioural
analysis in our hands.

We demonstrated that motor stereotypies are present
at 10w and 20w and worsened with aging at 40w in
Shank3 KO mice compared with WT. While previous
papers showed excessive grooming behaviour in these
mice (10w, Matas et al., 2021; 40w, Kouser et al., 2013),
we provide the first evidence of symptom worsening with
aging. We also went further in the analysis as we
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FIGURE 4 Dendritic spine density is altered with aging. (a) Global spine density, (b) thin spine density, (c) mushroom spine density,
and (d) stubby spine density on third (left), fourth (middle), and fifth (right) level dendritic segments. Two-way ANOVA, Tukey post hoc.

* = genotype effect, # = age effect; *p < 0.05, **p < 0.01; ***p < 0.001; ***p < 0.0001. Number of labelled neuron/dendritic segments: Level
3 N/n = 3/35 WT 10w, N/n = 3/28 KO 10w, N/n = 3/32 WT 20w, N/n = 4/51 KO 20w, N/n = 3/27 WT 40w, N/n = 3/31 KO 40w segments.
Level 4 N/n = 3/51 WT 10w, N/n = 3/46 KO 10w, N/n = 3/53 WT 20w, N/n = 4/34 KO 20w, N/n = 3/39 WT 40w, N/n = 3/30 KO 40w
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KO 40w.
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investigated an intermediate time (20w) and we also
included rearing behaviour as another component of the
test. Rearing was excessive at 10w and progressively
decreased at 20w and 40w, in parallel with an increase of
grooming behaviour, leading to behavioural output alter-
ations in KO mice at 40w. Taken together, these findings
strongly suggest that in this model, 20w (adult stage)
seems to be a turning point for behavioural evolution
with aging, leading to global behavioural alteration at lat-
ter stages. These findings could partially reflect the symp-
toms and comorbidities worsening observed in some
patients at adulthood including motor stereotypies
(Croen et al., 2015; Jokiranta-Olkoniemi et al., 2021;
Noone et al., 2006; Schoufour et al., 2013).

The excitation/inhibition imbalance hypothesis of
ASD (Nelson & Valakh, 2015; Rubenstein &
Merzenich, 2003) has been extensively examined mainly
for its excitatory part in the Shank3 models of ASD
(Delling & Boeckers, 2021), as Shank3 protein is
expressed at glutamatergic synapses in the striatum (Yoo
et al., 2018). In this study, we focused on the dorsolateral
striatum, which is directly linked to motor stereotypies
(Hollander et al., 2005; Rojas et al., 2006). We examined
the condition of local GABAergic transmission in this
structure by recording (i) MSN intrinsic properties and
(ii) spontaneous inhibitory post-synaptic currents on
MSN. We first showed that the time constant Tau was
reduced between 10w and 40w in WT mice and between
20w and 40w in KO mice, suggesting that there could be
a delay in excitability alterations due to the Shank3 muta-
tion and reinforcing the hypothesis that 20w could be a
crucial time point in the evolution of the ASD-related
impairments in KO mice. However, we were not able to
determine whether the recorded neurons expressed the
dopaminergic receptor D1 or D2, and so to identify their
implication in the striato-nigral or striato-pallidal path-
ways. Given that the MSN excitability is slightly different
between the two populations (Kreitzer & Malenka, 2007),
this could be a limitation of our study and would need
further exploration.

Our data clearly highlight that frequency and distri-
bution of events are affected in KO mice at 20w only,
resulting in a significant increase of the number of small
amplitude currents (10-15 pA) as well as a trend to
increase for high amplitude currents (50pA and more),
leading to a significant increase of IPSC frequency and
cumulative probability. Interestingly, neither the IPSC
distribution, the cumulative probability nor the fre-
quency was affected at younger stage (10w) or latter stage
(40w), leading to the reinforcement of our 20w-shift
hypothesis. These findings are a major step forward in
the comprehension of the GABAergic related alterations
in ASD models, as little is known about it (Thabault

et al., 2022). The first clear GABAergic involvement in
ASD physiopathology is that transgenic mice lacking
either alpha 5 or beta 3 GABA-A receptor subunit display
ASD-like phenotypes (DeLorey, 2005; Zurek et al., 2016).
To date, striatal GABAergic impairments are observed
only in a few models of ASD, such as Chd8*’~ mice
(Platt et al., 2017), NL3-cKO mice (Rothwell et al., 2014),
and Fmrl~/~ mice (Centonze et al., 2008), but were never
described in any Shank3 model of ASD. Moreover, our
findings provide the first evidence of age-related alter-
ations in a murine model of ASD, as all above-cited stud-
ies used 4 weeks to 10 weeks mice.

It is now well established that dysfunctions in neuro-
transmission often go with neuronal morphological alter-
ations (for example, in ASD: Peca et al., 2011, or in
Huntington’s disease: Holley et al., 2019). To explore this
possibility, we performed a Sholl analysis to examine
dendritic arborization. We report an increase of the distal
dendritic arborization in KO mice at 20w only, with no
changes in the proximal arborization. Interestingly, this
increase in the MSN morphology has been previously
described in another Shank3 mouse model of ASD (Peca
et al., 2011) but at younger stages (5-6w).

As morphological disturbances were highlighted on
distal arborization, we next measured the dendritic spine
density on third, fourth, and fifth level dendritic seg-
ments. Differences observed here were mainly a result of
aging. Indeed, we showed that the global spine density is
significantly lower in KO mice than in WT mice at 40w
only, on the most distal dendritic segments. Interestingly,
in the Shank3B KO mouse model of ASD, the spine den-
sity was reported to be decreased as early as 5-6w (Peca
et al., 2011). This suggests that the deletion of the C-
terminal part of the protein leads to age-dependent alter-
ations of the spine density, but not at young stages. We
then sorted the spines into three different groups: thin,
stubby, and mushroom spines, according to previous
studies (Hering & Sheng, 2001; Pchitskaya &
Bezprozvanny, 2020; Sebastian et al., 2013). We found
that in third level dendrites, the age-related changes in
density can be attributed to changes in the density of thin
and mushroom spines, which are, respectively, immature
and mature spines (Pchitskaya & Bezprozvanny, 2020).
However, although the stubby spine density is supposed
to fall with aging (Bloss et al., 2011; Hering &
Sheng, 2001), we observed this decrease on fourth and
fifth dendritic segments only, where all three spine types
are decreased with aging. Finally, the decrease of the
spine density between WT and KO mice at 40w on most
distal dendritic segments is carried by a fall in thin and
stubby spine density, but not mushroom spine density, as
also shown in aging studies (Bloss et al., 2011). Given that
mushroom spine density is higher in KO mice than in
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WT mice at 10w and 20w, we suggest that maturation
but not maintenance of the dendritic spines could be
affected in this murine model of ASD.

5 | CONCLUSION

Here, we highlighted that motor stereotypies worsen
with aging in KO mice, at the expense of other behav-
iours like rearing behaviour. This worsening of ASD
symptom at 40w seems to be due to earlier disturbances
of the striatal GABAergic transmission and to MSN
morphological impairments. Taken together, our find-
ings suggest that MSN alterations in ASD may not con-
stitute the primary consequence of developmental
impairments but occur at later stages, possibly as a con-
sequence of other alterations. Although neuronal plas-
ticity accompanied by long-term synaptic remodelling
occurs mostly in the developing brain, it can also be
found in adulthood. In this study, our findings indicate
that the 20w window seems to be a critical time point
for MSN in ASD mice. We hypothesize that non-MSN
cells could have been affected early during the neurode-
velopmental process leading to abnormal striatal neuro-
transmission in ASD. These striatal dysfunctions could
have been partially compensated from birth to the early
life of the ASD mice by MSNs. At 20w, the MSN’s ini-
tial compensatory mechanisms may not be enough to
cope with the aggravated dysfunctions shifting to a new
state with synaptic remodelling and resulting in altered
MSN plasticity. This adult synaptic remodelling has
been well-defined in the adult mouse visual cortex after
a retinal lesion but not yet in the ASD striatum (for
review, Hiibener & Bonhoeffer, 2014; Keck et al., 2008).
We speculate that these initial dysfunctional cells may
be the striatal PV interneurons given their demon-
strated implication in ASD (for review, Filice
et al., 2020) and their action of feedforward inhibition
onto MSNs that can control striatal calcium-dependent
plasticity (Owen et al., 2018).
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