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Autism spectrum disorder (ASD) is a neurodevelopmental disorder with highly heritable heterogeneity. Mutations of CUB and sushi
multiple domains 3 (CSMD3) gene have been reported in individuals with ASD. However, the underlying mechanisms of CSMD3 for
the onset of ASD remain unexplored. Here, using male CSMD3 knock-out (CSMD32/2) mice, we found that genetic deletion of CSMD3
produced core autistic-like symptoms (social interaction deficits, restricted interests, and repetitive and stereotyped behaviors) and motor
dysfunction in mice, indicating that the CSMD3 gene can be considered as a candidate for ASD. Moreover, we discovered that the abla-
tion of CSMD3 in mice led to abnormal cerebellar Purkinje cell (PC) morphology in Crus I/II lobules, including aberrant developmental
dendritogenesis and spinogenesis of PCs. Furthermore, combining in vivo fiber photometry calcium imaging and ex vivo electrophysio-
logical recordings, we showed that the CSMD32/2 mice exhibited an increased neuronal activity (calcium fluorescence signals) in PCs of
Crus I/II lobules in response to movement activity, as well as an enhanced intrinsic excitability of PCs and an increase of excitatory
rather than inhibitory synaptic input to the PCs, and an impaired long-term depression at the parallel fiber–PC synapse. These results
suggest that CSMD3 plays an important role in the development of cerebellar PCs. Loss of CSMD3 causes abnormal PC morphology
and dysfunction in the cerebellum, which may underlie the pathogenesis of motor deficits and core autistic-like symptoms in
CSMD32/2 mice. Our findings provide novel insight into the pathophysiological mechanisms by which CSMD3 mutations
cause impairments in cerebellar function that may contribute to ASD.
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Significance Statement

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with highly heritable heterogeneity. Advances in genomic
analysis have contributed to numerous candidate genes for the risk of ASD. Recently, a novel giant gene CSMD3 encoding a
protein with CUB and sushi multiple domains (CSMDs) has been identified as a candidate gene for ASD. However, the under-
lying mechanisms of CSMD3 for the onset of ASD remain largely unknown. Here, we unravel that loss of CSMD3 results in
abnormal morphology, increased intrinsic excitabilities, and impaired synaptic plasticity in cerebellar PCs, subsequently lead-
ing to motor deficits and ASD-like behaviors in mice. These results provide novel insight into the pathophysiological mecha-
nisms by which CSMD3mutations cause impairments in cerebellar function that may contribute to ASD.
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Introduction
Autism spectrum disorder (ASD) is a highly heritable, clinically
and genetically heterogenous neurodevelopmental disorder char-
acterized by deficits in social communication and interaction
along with the presence of restricted interests and repetitive
behaviors (Lord et al., 2018). Advances in genomic analysis have
contributed to numerous candidate genes for the risk of ASD,
and these genes are involved in various biological processes,
including dendritic growth, axonogenesis, and synapses forma-
tion (Havdahl et al., 2021). Recently, a novel giant gene CSMD3
encoding a protein with CUB and Sushi multiple domains (CSMD)
has been identified as a candidate gene for ASD (Shimizu et al.,
2003; Floris et al., 2008).CSMD3 is a giant gene of 1.2Mb consisting
of 73 exons, encodes a large transmembrane protein of CSMD3,
and is expressed mainly in fetal and adult brains (Shimizu et al.,
2003). CSMD3 protein belongs to the CSMD family, which also
includes CSMD1 and CSMD2 (Lau and Scholnick, 2003). All three
CSMD family proteins have 14 CUB domains and 26–28 Sushi
domains (Lau and Scholnick, 2003; Shimizu et al., 2003), and these
CUB and Sushi domain-containing proteins generally mediate pro-
tein–protein interactions between extracellular and transmembrane
proteins (Gaboriaud et al., 2011), and are known to regulate neuro-
nal migration, dendrite growth, and synapse formation (Gunnersen
et al., 2007; Chen et al., 2008; Sia et al., 2013), suggesting a role of
CSMD3 in neuronal development and maturation. CSMD3 may
act as a coreceptor for unknown extracellular or transmembrane
proteins via its CUB and Sushi domains, to regulate dendrite devel-
opment in cultured hippocampal neurons (Mizukami et al., 2016).
Therefore, malfunctions of CSMD3may be one of the factors in the
pathogenesis of some neurodevelopmental disorders, such as epi-
lepsy, schizophrenia, and autism. In fact, the CSMD3 gene is
identified as a candidate gene for benign adult familial myoclonic
epilepsy (Shimizu et al., 2003), and mutations of the CSMD3
gene were found in some autism and schizophrenia patients
(Floris et al., 2008; Malhotra et al., 2011), indicating that deficien-
cies in CSMD3 protein are involved in the onset and progression
of these disorders.

Emerging data have implicated dysfunction of the cerebellum
in ASD pathogenesis (Hampson and Blatt, 2015; Su et al., 2021),
with postmortem studies in ASD patients showing cerebellar
Purkinje cell (PC) loss (Bauman and Kemper, 2005; Amaral et al.,
2008), and isolated cerebellar injury has been associated with a
higher incidence of ASD (Limperopoulos et al., 2007). In addi-
tion, structural abnormalities (Skefos et al., 2014; Stoodley, 2014),
functional deficits or abnormal development (Oristaglio et al.,
2013; van der Heijden et al., 2021), and diminished or abnormal
cerebrocerebellar connectivity (Hanaie et al., 2018; Oldehinkel et
al., 2019; Ramos et al., 2019), have been detected in the cerebel-
lums of individuals with ASD. Studies with mouse models of
ASD have also shown that dysfunction of PCs in the cerebellum
is sufficient to confer ASD-like behaviors (Tsai et al., 2012; Peter
et al., 2016; Stoodley et al., 2017). Moreover, ASD patients often
manifest deficits in motor coordination and delayed development
of motor skills that are associated with cerebellar function
(Harris, 2017; Wilson et al., 2018), and the cerebellum is among
the most prominent brain regions demonstrating high coexpres-
sion of ASD-associated genes (Menashe et al., 2013). Selective de-
letion of Tsc1, Pten, or Shank2 gene in cerebellar PCs replicates
autism-resembling social behavior deficits in mice (Tsai et al.,
2012; Cupolillo et al., 2016; Peter et al., 2016). However, the
potential roles of CSMD3 in the regulation of functioning of cere-
bellar PCs and associated behavioral phenotypes have remained
unknown.

Here, using male CSMD3 deletion (CSMD3�/�) mice, we
demonstrate for the first time, to our knowledge, that loss of
CSMD3 results in abnormal morphology, increased intrinsic
excitabilities, and impaired synaptic plasticity in cerebellar
PCs of Crus I/II lobules, subsequently leading to motor defi-
cits and ASD-like behaviors in mice. These results provide
novel insight into the pathophysiological mechanisms by
which CSMD3 mutations cause impairments in cerebellar
function that may contribute to ASD.

Materials and Methods
Chemicals, reagents, and antibodies
For electrophysiological recording, chemicals including pentobarbi-
tal sodium (P3761), ATP magnesium salt (MgATP; catalog #A9187),
GTP sodium salt hydrate (Na3GTP; catalog #G8877), potassium
D-gluconate (K-gluconate; catalog #G4500), cesium methanesulfonate
(CsMeS; catalog #C1426), cesium chloride (CsCl; catalog #C4036),
and EGTA (catalog #324626) were purchased from Sigma-Aldrich.
Alexa Fluor 546-conjugated streptavidin (catalog #S11225) and
biocytin (catalog #HY-101884), respectively, were purchased from
Thermo Fisher Scientific and MedChemExpress. D(–)-2-amino-5-
phosphonopentanoic acid (D-AP5; catalog #0106) and picrotoxin
(PTX; catalog #1128) were obtained from Tocris Bioscience.
Tetraethylammonium chloride (TEACl; catalog #sc-202834) was
purchased from Santa Cruz Biotechnology; QX-314 bromide (cat-
alog #ab120117) was purchased from Abcam; and NBQX diso-
dium salt (catalog #T4113) was purchased form TargetMol. For
cell culture experiments, the human oligodendrocyte MO3.13 cell line
was obtained from CELLutions Biosystems. DMEM (catalog #11965092),
B27 (catalog #17504044), GlutaMAX (catalog #35050061), and L-gluta-
mine (catalog #A2916801) were purchased from Thermo Fisher Scientific.
Fetal bovine serum (FBS; catalog #SPC900A) was purchased from
ScienProCell. Poly-D-lysine (catalog #P6407) and phorbol 12-my-
ristate 13-acetate (PMA; catalog #P8139) were purchased from
Sigma-Aldrich. For immunofluorescent staining, primary antibod-
ies including mouse anti-calbindin (CB; catalog #C9848), mouse
anti-myelin basic protein (MBP; catalog #AMAB91062), and mouse anti-
neuronal-specific nuclear protein (NeuN; catalog #C87804) were pur-
chased from Sigma-Aldrich. Rabbit anti-CSMD3 (catalog #orb2197) was
obtained from Biorbyt. Mouse anti-parvalbumin (PV; catalog #MAB1572)
and mouse anti-GFAP (catalog #3670) were purchased from Cell Signaling
Technology. Mouse anti-calretinin (CR; catalog #6B3) was purchased from
Swant. Goat anti-Iba1 (catalog #011–27991) was obtained from FUJIFILM.
All secondary antibodies, including Alexa Fluor 488 donkey anti-mouse
IgG (catalog #715–545-150), Cyanine Cy3 donkey anti-mouse IgG (catalog
#715–165-150), and Alexa Fluor 488 donkey anti-rabbit (catalog #711–
545-152) were purchased from Jackson ImmunoResearch. DAPI (catalog
#C0060) was purchased from Solarbio. For immunohistochemical staining
and Golgi–Cox staining, a SP Kit (catalog #SP-9001), DAB Horseradish
Peroxidase Color Development Kit (catalog #P0203), and Hito Golgi–Cox
Optimstain kit (catalog #HTKNS1125) were purchased from ZSGB-BIO,
Beyotime, and Hitobiotec, respectively. For calcium recording, adeno-asso-
ciated virus (AAV) vectors containing a Cre-dependent virus rAAV2/9-
EF1a-DIO-GCaMP6s (catalog #PT-0071), rAAV2/9-VGAT1-Cre (catalog
#PT-0346), and rAAV2/9-L7-GCaMP6s (catalog #PT-3318) were pur-
chased from Brain-VTA. For sparse labeling, AAV vectors containing a
Cre-dependent virus rAAV-L7-cre (catalog #PT-0568) and rAAV-EF1a-
DIO-EYFP (catalog #PT-0012) were purchased from Brain-VTA. Unless
otherwise specified, all other chemicals and reagents were purchased from
Sigma-Aldrich.

Animals
The genetic background of all mice is C57BL/6J. The mice were housed
and bred under specific pathogen-free conditions at the Health Science
Center, Peking University. All animal experiments were performed in
accordance with the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by
the Ethics Committee of Peking University Health Science Center. All
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data derived from animal studies were analyzed by an experimenter
blind to experimental conditions. The order of the animals was further
randomized before behavioral tests. Only male animals were used for all
experiments.

CSMD3�/� mice were generated on a C57BL/6J background by
CRISPR/Cas9-mediated gene targeting in the Shanghai Model
Organisms Center, as illustrated in Figure 1. Briefly, we designed
target guide RNA specific to exon 2 of a main spliceosome
(CSMD3-201), which was microinjected into the fertilized eggs of
C57BL/6J mice. Integration of the targeting construct was con-
firmed by Southern blot. Targeted embryonic stem cell lines were
injected into C57BL/6J blastocysts. Genomic DNA was extracted
from tail biopsies for PCR genotyping and sequencing. To amplify
the CSMD3 mutant allele (450 bp) and the wild-type (WT) allele
(450 bp), CSMD3 mutant and wild-type alleles were detected by
PCR with the following primers: CSMD3 knock-out cassette, for-
ward (F): 59-CTATGAACATATGCACAATTCCTACTG-39; and
reverse (R): 59-ATGAGCAGACAAAACAGTCAGAGTG-39; and
CSMD3 deleted exon region, F: 59-TGTCCAAGTGCTAATCCT
GGTAAA-39; and R: 59-ATGAGCAGACAAAACAGTCAGAGTG-39.

Reverse transcription PCR and quantitative real-time PCR
Total RNA was extracted and purified from fresh mouse tissues using
TRIzol Reagent (Thermo Fisher Scientific), and reverse transcription to
cDNA was performed with oligo deoxythymidine primers and Moloney
murine leukemia virus reverse transcriptase (Promega) according to the
manufacturer protocol. Template cDNA (1ml) was amplified by PCR
with Taq DNA polymerase (Takara) in 25ml total reaction volume con-
taining 0.5 mM PCR primer as indicated. Quantitative real-time PCR
(qRT-PCR) was performed on the ABI 7500 Fast real-time PCR system
(Thermo Fisher Scientific) with SYBR Premix Ex Taq II (Takara). The
PCR program consisted of 95°C for 5min; 40 cycles of 95°C for 10 s,
63°C for 30 s, and 72°C for 30 s; and 72°C for 5min. b -Actin was used
as an internal control. The relative expression of mRNA level was
quantified via the 2-DDCT method as described previously (Fang et al.,
2015). The F and R primers used for amplification were as follows:
F: 59-CGGAATGGTGACGGACGAGAAC-39; and R: 5-GCCTCCACA
AGGTGCTATACAGAC-39.

Cell culture
Human oligodendrocyte MO3.13 cells (CELLutions Biosystems) were
revived as per the manufacturer instructions and maintained in complete
growth medium consisting of DMEM supplemented with 2 mM

L-glutamine, 1% penicillin/streptomycin (P/S), and 10% FBS, in a
humidified incubator with an atmosphere of 5% CO2, at 37°C. Cells were
seed on glass coverslips (at 2.5� 104 cells/cm2) into 24-well plates and
maintained 24 h for plating. Then, the medium was replaced by differen-
tiation medium (DM), consisting of serum-free DMEM, supplemented
with 2 mM L-glutamine, 1% P/S, and 10 nM PMA. Cells were cultured in
DM for 5d, after which time they were used in experiments.

Primary cultured hippocampal neurons were prepared from embry-
onic day 17 C57BL/6J mice as described previously (Zhao et al., 2017).
Cells were seeded onto coverslips coated with poly-D-lysine (1mg/ml;
Sigma-Aldrich) at a density of 100,000/coverslip. Neurons were cultured
in Neurobasal Medium supplemented with 2% Gibco B27 (Thermo
Fisher Scientific), 1% GlutaMAX (Thermo Fisher Scientific) at 37°C in a
humidified atmosphere of 5% CO2. Thereafter, half of the culture me-
dium was replaced by the fresh medium every 72 h.

Immunofluorescent staining
For immunostaining of CSMD3 with MBP in cultured MO3.13 cells, or
with NeuN in cultured hippocampal neurons, cultured medium was
removed, and cells (plated on coverslips) were fixed in 2% paraformal-
dehyde (PFA) in sodium PBS for 30min, permeabilized with 0.1%
Triton X-100, and blocked with 5% donkey serum for 40min. Then,
the cells were incubated with the primary antibodies, including rabbit
anti-CSMD3 (1:300), mouse anti-MBP (1:500), and mouse anti-NeuN
(1:200) overnight at 4°C. After three washes in PBS, samples were incu-
bated with appropriate secondary antibodies, including Alexa Fluor

488 donkey anti-rabbit (1:1000) and donkey polyclonal anti-mouse
Cy3 (1:1000) at room temperature for 1 h. The cells were counter-
stained with the nuclear marker DAPI (100 ng/ml) carrying blue fluo-
rescence for 10min at room temperature. After three washes with PBS,
coverslips were mounted on microscope slides and imaged. Negative
controls were obtained by repeating the above procedure with the
omission of the CSMD3 antibody.

For immunostaining of CSMD3 with calbindin in cerebellar tissues,
deeply anesthetized mice were intracardially perfused with 30 ml of
0.1 M phosphate buffer (PB) at pH 7.4, followed by 50 ml of cold 4%
PFA (in 0.1 M PB). After perfusion, the brains were removed quickly,
postfixed for 8 h in the perfusion fixative, and cryoprotected in 30% su-
crose (in 0.1 M PBS) overnight at 4°C. Sagittal 30-mm-thick serial sections
of the cerebellum were cut with a freezing microtome (model CM1950,
Leica). The sections were washed three times in PBS for 5min each and
blocked with 5% donkey serum for 1 h at room temperature. Then, the
sections were incubated with the primary antibodies, including mouse
anti-calbindin (1:500), mouse anti-NeuN (1:500), mouse anti-PV (1:400),
mouse anti-CR (1:750), mouse anti-MBP (1:500), mouse anti-GFAP
(1:600), goat anti-Iba1 (1:800), and rabbit anti-CSMD3 (1:300), over-
night at 4°C. After washing three times in PBS, the sections were incu-
bated with the secondary antibodies, including Alexa Fluor 488 donkey
anti-mouse IgG (1:1000), cyanine Cy3 donkey anti-mouse IgG (1:1000),
and Alexa Fluor 488 donkey anti-rabbit IgG (1:1000) at room tempera-
ture for 2 h. Sections were counterstained with the nuclear marker DAPI
(100ng/ml) carrying blue fluorescence for 10min at room temperature.
Visualization of fluorescence signal was performed by confocal micros-
copy at excitation wavelengths of 488 nm (green), 543 nm (red), and
405nm (blue). At least four fields per section were analyzed to establish
reproducibility.

Golgi–Cox staining
Staining was performed on freshly dissected tissue obtained from pento-
barbital sodium-anesthetized mice using a Golgi–Cox Optimstain Kit
(catalog #HTKNS1125, Hito). The cerebellum was dissected immediately
after mice were killed and tissue was impregnated in the mix of solution
1 and 2 for 2weeks in the dark. The tissue was then transferred into solu-
tion 3 at least five times the volume of the tissue and was stored at 4°C in
the dark for 72 h. The tissues were then sectioned sagittally into 150mm
sections on a vibratome, and the sections were mounted on gelatin-
coated slides. Mounting slides were dried at a 37°C oven overnight and
were ready for the following staining: 3min in distilled water twice,
10min in staining solution, 4min in distilled water twice. Next, slides
were dehydrated in a graded series of ethanol (5min in 50%, 5min in
70%, 5min in 95%, and 5min in 100% ethanol three times) and cleared
in xylene two times, for 5min each. The slides were then coverslipped
with permount and stored in the dark until morphologic analysis was
performed. Images were processed and spine density quantified using
ImageJ software (National Institutes of Health) with studies performed
by examiner blinded to genotypes. The spine density was expressed as
the number of spines per 1mm dendrite.

Behavioral studies
All behavioral experiments were conducted blind with the treatment and
genotype of the mice; that is, the behavioral experimenters were kept
blind from the groupings of the mice.

Three-chamber sociability test. Three-chamber sociability test was
performed as previously described (Peça et al., 2011) with minor modifi-
cations. Briefly, the customized social test apparatus consisted of the fol-
lowing three chambers: a middle chamber (10� 20 cm) and another two
chambers (20 � 20 cm). Before the social approach test, target subjects
(Stranger 1 and Stranger 2) were 5- to 6-week-old male mice habituated
to being placed inside perforated acrylic cages (11 � 11� 11 cm) for 3 d.
Test mice were habituated to the testing room for at least 45min before
the start of behavioral test. Then, the test mouse was placed in the center
chamber for 10 min habituation, after which it was allowed to freely
explore all three chambers for 10min. After this, a subject mouse of
Stranger 1 (S1) was placed in one of the side chambers and an objective
(O) was placed in the other side. The test mouse was then allowed to
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Figure 1. Distribution of CSMD3-expressing cells in the cerebellar cortex. A, B, Brain RNA-Seq database analysis of CSMD3 mRNA expression in different cell types: from Mus musculus (A);
from Homo sapiens (B). FPKM, Fragments per kilobase of transcript per million mapped. C, Immunofluorescence staining of CSMD3 (green) with NeuN, MBP (red), and DAPI (blue) in cultured
hippocampal neurons (top) and MO3.13 human oligodendrocyte cells, respectively. Scale bars: top, 40mm; bottom, 10mm. D, qRT-PCR analysis of CSMD3 mRNA expression in the brains of
adult mice. E, Immunostaining of CSMD3 (green) in cerebellar coronal section of adult wild-type mice. Scale bar, 1 mm. F, Representative high-magnification images of CSMD3 immunostaining
in cerebellar hemisphere (left) and vermis (middle and right), respectively. Note that the CSMD3-expressing cells are present in the PCL, as well as in the ML and GL in both hemisphere (left)
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explore for 10min. Then, the objective was replaced with Stranger 2
(S2), and the test mouse was allowed to explore for an extra 10min. The
time the test mouse spent in each chamber was recorded and analyzed
(Smart 3.0, Panlab).

Grooming behaviors. Grooming behaviors were measured as
described previously (Guo et al., 2019). In brief, male mice (age, 5–
6weeks) were placed individually in a clean cage with a thin layer of
fresh bedding. After 1 h’s habituation to the cage, the grooming behav-
iors of mice were video recorded in the dark for 30min. The measured
grooming behaviors included face wiping, scratching/rubbing of head
and ears, and full-body grooming. After recording the behaviors, the
experimenters were blinded to the genotypes and manually analyzed
the videotapes. The average of 30 min of grooming time was calculated,
and grooming times per 10min were presented.

Marble-burying test. The marble-burying test was performed as pre-
viously reported (Wang et al., 2018). Briefly, fresh, unscented mouse
bedding material was added to each standard polycarbonate mouse cage
to a depth of 5 cm to level the bedding surface. Standard glass marbles
were placed gently on the surface of the bedding in four rows of two
marbles. Mice were transported to the testing room for acclimation 1 h
before testing, then placed into the prepared testing cages and left undis-
turbed for 1 h. Only marbles under one-third of the bedding in depth
were marked as buried marbles.

Spontaneous digging behavior. Male mice (age, 5–6weeks) were
placed individually in a clean cage with fresh bedding tamped down to a
depth of ;5 cm. After 1 h of habituation to the cage, the spontaneous
digging behavior of mice was video recorded in the dark for 10min.
Each mouse was tested individually using fresh bedding. After recording,
the experimenters were blinded to the genotypes and manually analyzed
the videotapes.

New object recognition test. The new object recognition (NOR) test
was performed as previously reported (Chao et al., 2020; Cruz-Sanchez
et al., 2020; Shimoda et al., 2021). All mice were subjected to habituation
in the black context without any spatial cue for 1 h in the first 3 d, and
exposed to the open field for 10min on the third day. In the object rec-
ognition test, the animals were allowed to explore two identical objects
for 5min in the sample phase (Trial 1). After the retention interval (1 h),
animals were returned to the same open-field arena where one of the
objects was replaced with a novel object in the 5 min test phase (Trial 2).
The positions of the novel object in the test phase were counterbalanced.
Relative preference for the novel object was calculated as the recognition
index divided by the time spent exploring the new object by the total
object exploration time.

Assessment for motor function of mice pups. As described in previous
reports (Damseh et al., 2015; Kaplan et al., 2018), all tests were con-
ducted in postnatal day 8 (P8) mice pups of nine different litters, respec-
tively, from WT, CSMD3�/�, and CSMD31/� groups, and the average
of three trials with a minimum of 30min of rest between each trial was
recorded. Ambulation was recorded by scoring ambulation according to
the following scores: 0, no movement; 1, slow crawling with asymmetric
limb movement; 2, slow crawling with symmetric limb movement; and
3, fast crawling. Righting reflex was monitored by recoding the time la-
tency for the pups to turn over after they were put on their backs. Grip
strength was measured by placing the mice on an iron mesh that was
slowly adjusted to steeper angles. The angle in which the mice slipped
was recorded. Hindlimb posture and suspension tests were completed

by laying the mice suspended by their hindlimbs in padded 50 ml plastic
conical tube and recording both the posture of the hindlegs and the la-
tency to fall. Posture was scored as follows: 1, clasping of the hindlimbs;
2, hindlimbs very close or frequently touching each other; 3, hindlimbs
closer but not touching each other; and 4, natural separation of hindlegs.

Rotarod test. The rotarod test was performed according to the
method described previously (Liang et al., 2019). Briefly, mice first
underwent a training procedure in which the animals were placed on a
rotating drum with a constant speed of 4 rpm, forcing them to walk
forward to avoid falling. Training sessions were conducted 1 and 2 d
before the experiments, with three trials per day, with a minimum of
30min intertrial rest intervals. In the testing procedure, the rod was
accelerated from 4 to 40 rpm over 5min. Latencies of animals (in sec-
onds) to their first fall were recorded with a cutoff time of 300 s. The
resulting data represent the mean amount of time each animal stayed
on the rotarod across three trials, with a minimum of 30min of rest
between each trial. The rod was cleaned with 75% ethanol before the
next animal was tested.

Open field test. According to the method described in a previous
study (Kaplan et al., 2018), mice were placed in a white lusterless
Perspex box (length, 50 cm; width, 50 cm; height, 40 cm) in a dark room
for 30 min moving freely, videotaped by a digital camera and analyzed
by a Smart 3.0 video-tracking system. The total distance traveled in 30 min
was recorded for evaluating motor function.

Elevated plus maze test. According to the method described in previ-
ous study (Qi et al., 2022), the elevated plus maze (EPM) test was per-
formed on the next day of the open field test (OFT). The maze consisted
of two open arms and two closed arms (5� 30 cm and a wall height of
15 cm for the closed arms) was placed 50 cm above the floor in a 60 lux
illuminated room. Each mouse was placed in the center area heading to-
ward the same open arm, and they were videotaped in the following
5min. The time spent, the number of entries into open arms, and the
total distance were analyzed using the SMART software. The maze was
cleaned by 75% ethanol between tests.

Stereotaxic injection
Briefly, for intracranial virus injection, mice were anesthetized with
pentobarbital sodium (10 mg/kg, i.p.) and placed on a stereotaxic
frame (RWD Life Science). The skull surface was cleaned with
0.3% H2O2 followed by sterile saline on a sterilized cotton swab.
For the in vivo fiber photometry calcium recording, AAVs including the
mixture of rAAV2/9-VGAT1-Cre (catalog #PT-0346, BrainVTA; specific
recognition to GABAergic neurons) with rAAV2/9-EF1a-DIO-GCaMP6s
(catalog #PT-0071BrainVTA) or rAAV2/9-L7-GCaMP6s (catalog #PT-
3318, BrainVTA; specific recognition to Purkinje cells) were stereotaxically
injected into the Crus I/II lobules [distance from bregma: anteroposterior,
�6.48 mm; mediolateral, 61.50 mm; dorsoventral, �0.63 mm] in a vol-
ume of 400 nl at 50 nl/min, for specifically labeling of the cerebellar
GABAergic cells and Purkinje cells, respectively. An optical fiber (outer di-
ameter, 200mm; numerical aperture, 0.37) housed in a ceramic ferrule was
implanted ;0.1 mm above the injection site. For sparse labeling, diluted
AAVs were stereotaxically injected into the Crus I/II lobules (distance
from bregma: anteroposterior,�6.48 mm;mediolateral,61.50 mm; dorso-
ventral, �0.63 mm) in a volume of 400 nl at 50 nl/min. After injection,
needles were left in place for an additional 5min before it was slowly with-
drawn to minimize the spread of viral particles along the injection tract.
Then, skin was sutured and mice were put on a heating blanket before
returning to their home cages. Mice were given 2–3weeks for recov-
ery from surgery and virus expression. Injection sites were verified
histologically.

In vivo fiber photometry calcium recording
As a calcium indicator, GCaMP6s can reflect transient alterations of
neuronal activity with high sensitivity. In the current experiment, in vivo
Ca21 signals of the cerebellar neurons were recorded using a fiber pho-
tometry system (ThinkerTech) in freely behaving mice during a rotarod
test. Fiber photometry was performed as described previously (Huang et
al., 2021). Three weeks after virus injection, a fiber photometry system
(ThinkerTech) was used for recording calcium fluorescence signals

/

and vermis (middle), whereas the CSMD3-expressing cells are not distributed following the
pattern of zebrin-II (right). Scale bar, 100mm. G, H, Distribution of CSMD3-expressing PCs in
cerebellar hemisphere. G, Double-immunofluorescence staining with CSMD3 (green) and CB
(red) in cerebellar hemisphere (sagittal section). Scale bar, 500mm. H, Bar graph represents
the percentage of CSMD3/CB-positive PCs throughout all lobules in cerebellar hemisphere. I,
J, Distribution of CSMD3-expressing PCs in cerebellar vermis. I, Double immunofluorescence
staining with CSMD3 (green) and CB (red) in cerebellar vermis (sagittal section). Scale
bar, 500mm. J, Bar graph represents the percentage of CSMD3/CB-positive PCs throughout
all lobules in cerebellar vermis. Data are presented as the mean6 SEM, but for A and B are
presented as the mean6 SD.

Xi, Cai et al. · CSMD3 for Cerebellar Dysfunction and Autism J. Neurosci., May 24, 2023 • 43(21):3949–3969 • 3953



produced by an exciting laser beam from a 490 nm laser. For recording
of the cerebellar GABA/Purkinje cells during mice movement, fiber pho-
tometry recordings were taken during the first 15min of the baseline test
on the static rotarod followed by a 15 min rolling rotarod at a constant
speed of 4 rpm. Post hoc histology was used to confirm the correct site of
optical fibers and the expression of GCaMP6s. Raw photometry data
were exported from Cam-Fiber-Photometry to MATLAB .mat files for
further analysis. For each session, the photometry signal F value was
converted to DF/F calculated by (F – F0)/(F0 – Foffset), where F0 is the av-
erage fluorescence in the baseline recording episode and Foffset refers to
the fluorescence values of the testing environment. The data were repre-
sented by a curve and corresponding heatmaps.

Electrophysiological studies
Cerebellar slice preparation. After pentobarbital sodium anesthesia

and decapitation, acute sagittal slices (;250–300mm) of the right cere-
bellar hemisphere were prepared from 6- to 8-week-old mice. Slices
were cut using a vibratome (catalog #VT1000S, Leica) equipped with
stainless steel blades in an ice-cold sucrose-based artificial CSF (ACSF),
in which NaCl was replaced by equiosmolar sucrose, and were immedi-
ately transferred to an incubation chamber filled with normal ACSF and
maintained at 35.5°C for 30min and then at room temperature before
use. For recording, a single slice was transferred into a recording cham-
ber perfused with working ACSF at 316 1°C. An infrared-differential
interference contrast microscope (model Axioskop 2, Zeiss) was used for
visualization of individual cells in the slice. The normal ACSF contained
the following (in mM): 125 NaCl, 26 NaHCO3, 10 D-glucose, 3 KCl,
2 MgSO4, 2 CaCl2, and 1.25 NaH2PO4, at 310 mOsm and pH 7.4, and
was bubbled with 95% O2 and 5% CO2. The working ACSF contained
the following (in mM): (1) 10 D-AP5, 10 NBQX, and 50 PTX, for current-
clamp recording; (2) 1 tetrodotoxin (TTX) and 100 PTX, for miniature
EPSCs (mEPSCs) recording; (3) 50 PTX, for long-term depression
(LTD) recording; and (4) 1 TTX and 5 NBQX, for miniature inhibitory
postsynaptic currents (mIPSCs) recording.

Electrophysiological recording. Whole-cell patch-clamp recording
was performed on PCs at room temperature using a Multiclamp 700B
amplifier and Digidata 1440A digitizer with Axon Clampex software
(Molecular Device). PCs of Crus I/II lobules were identified by their
morphology and distribution. Patch pipettes were pulled from borosili-
cate glass capillaries with a tip resistance of 3–5 MV when filled with
one of the following internal solution, the components of which are as
follows (in mM): (1) 135 K-gluconate, 6 KCl, 4 NaCl, 0.5 EGTA, 10
HEPES, 3 MgATP, 0.5 Na3GTP, and 5 Na2 phosphocreatine, at pH 7.4
and 290 mOsm, for current-clamp recording; (2) 135 Cs-methanesulfo-
nate, 10 CsCl, 10 HEPES, 2 TEACl, 2 QX-314, 0.5 EGTA, 3 MgATP, and
0.5 Na3GTP, at pH 7.4 and 290 mOsm, for mEPSC and evoked EPSCs
recordings; and (3) 145 CsCl, 10 HEPES, 2 QX-314, 0.5 EGTA, 3 MgATP,
and 0.5 Na3GTP, at pH 7.4 and 290 mOsm, for mIPSC recording (Zhou
et al., 2017; Courtney and Christian, 2018). In addition, 0.2% biocytin was
also added to the pipette solution for post hoc staining of the recorded
PCs. Membrane currents and action potentials (APs) were measured with
both pipette and membrane capacitance cancellation, filtered at 2 kHz,
and digitized at 10 kHz. Resting membrane potential (RMP) was meas-
ured immediately after rupture of the cell membrane in whole-cell patch
mode. Series resistance (Rs) was compensated 70% to 90%.

Under current-clamp mode, the spontaneous firing of PCs was first
recorded in gap-free mode at the holding current of 0 pA and lasted for
1min. To investigate evoked action potentials, cells were held at
�70mV to prevent spontaneous spike activity, and those cells with bias
current .400 pA were discarded. A series of current pulses (duration,
500ms) from 0 to 600 pA in 100 pA increments was delivered to PCs
with an interval of 5 s. A hyperpolarizing current pulse (500ms) at
�50pA was delivered to measure membrane input resistance (Rin). The
amplitude of APs was measured from the threshold to the peak. The
afterhyperpolarization (AHP) size was measured from AP threshold to
the negative peak of the AHP. The AP widths were measured at half-
width. The voltage threshold was measured in the first derivative of AP
(dV/dt) considering the point where the velocity was close to 20 V/s.

Under voltage-clamp mode, mEPSCs and mIPSCs were recorded at
a holding potential of�70mV, with both pipette and membrane capaci-
tance cancellation, filtered at 2 kHz, and digitized at 10 kHz. Membrane
resistance and Rs were monitored continuously during all experiments,
with .20% change in Rs resulting in the omission of that experiment.
The offline analysis of mEPSCs and mIPSCs was conducted using
MiniAnalysis version 6.0 (Synaptosoft). The criteria for inclusion were
amplitude .6 pA and a rise time (10–90%) .1ms. Overlapping events
were rejected. To obtain EPSCs at the parallel fiber (PF)–PC synapse, a
concentric bipolar tungsten electrode (FHC) was placed in the upper
molecular level to reduce the risk of unintentional climbing fiber (CF)
activation (Piochon et al., 2014). LTD of EPSCs at PF–PC synapses was
induced by a conjunction of five parallel fiber pulses at 100Hz and a
100 ms depolarization of PC to 0mV, repeated 30 times with an interval
of 2 s (Zhou et al., 2017).

Three-dimensional reconstruction and morphology quantified
After recording, brain slices containing biocytin-filled cells were fixed in
4% PFA immediately overnight at 4°C. After three washes in 0.01 M PBS,
pH 7.4, and incubated in the blocking solution (5% donkey serum and
0.3% Triton X-100 in PBS) for 1 h at room temperature, slices were then
incubated with the mouse anti-calbindin antibody (1:500) at 4°C for
24 h, and then in the secondary antibody (1:1000; Alexa Fluor 488-
conjugated donkey anti-mouse IgG) and streptavidin (1:500; Alexa
Fluor 546 conjugated) for 2 h at room temperature (Deng et al., 2020).
Slices were then rinsed in PBS and mounted on slides. The z stack images
(1mm/image) were acquired with an oil-objective (40�) on a confocal
microscope and processed using Imaris (BitplaneAG8).

The Imaris filament tracer pipeline can be applied on background
subtraction to reconstruct neuron morphology by using Imaris Bitplane
software. Sholl analysis was used to assess the morphologic structure of
dendrites, in which the radius interval of each section was set to 10mm,
starting from 0mm and ending at a 200 mm distance from the soma.

Experimental design and statistical analysis
The experimental design is illustrated in the figures and described in fig-
ure legends. Images were carefully selected to show the average effect
obtained for each experimental condition. Statistical analyses were per-
formed with GraphPad Prism 8.0 for Windows (GraphPad Software).
All quantitative biochemical data and histologic staining are representa-
tive of at least three independent biological replicates. Two-tailed
unpaired Student’s t test was used for the comparison of the mean values
between two groups. One-way ANOVA with Tukey’s post hoc test or
two-way ANOVA with Tukey’s or Sidak’s post hoc test as indicated in
the text were used for multiple comparison. All data are reported as the
mean6 SEM, and differences with p, 0.05 were considered statistically
significant: *p, 0.05; **p, 0.01; ***p, 0.001.

Results
Distribution and molecular identification of CSMD3-
expressing cells in the cerebellum
CSMD3 is a giant gene expressing mainly in fetal and adult brains
(Shimizu et al., 2003). Previously, the gene expression analyses have
revealed that CSMD3 mRNA is highly expressed in the subplate
during embryonic stages and ubiquitously expressed in the post-
natal cerebral cortex (Oeschger et al., 2012). By searching from
Brain RNA-Seq database (http://www.brainrnaseq.org/), we found
that the CSMD3 mRNA is mainly expressed in neurons and oligo-
dendrocytes (Fig. 1A,B). Using immunostaining of CSMD3 in cul-
tured hippocampal neurons of embryonic mice, as well as in
cultured MO3.13 cells (human oligodendrocytes), an immortalized
human–human hybrid line that expresses the phenotypic character-
istics of primary oligodendrocytes, including intracellular immuno-
reactivity for MBP (McLaurin et al., 1995), we indeed found a
coexpression of CSMD3 with NeuN (a neuron marker) and MBP
(an oligodendrocyte marker), respectively, in fetal mice cortical neu-
rons and MO3.13 cells (Fig. 1C), validating the expression of
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CSMD3 in neurons and oligodendrocytes. Moreover, the qRT-PCR
and immunohistochemical staining data revealed that the CSMD3
was highly expressed in the cerebellum at mRNA (1.836 0.38;
n=6) and protein levels (Fig. 1D,E). High-magnification images
showed that the CSMD3-expressing cells were located in the PC
layer (PCL), as well as in molecular layer (ML) and granular layer
(GL) of the cerebellar cortex (Fig. 1F), where a discontinuous pat-
tern of CSMD3-expressing PCs was observed, and also, the expres-
sion of CSMD3 did not match the expression pattern of zebrin
stripe as indicated by the immunostaining of zebrin, the marker of
cerebellar zonal expression (Fig. 1F). To further verify the expres-
sion of CSMD3 in PCs, the percentage of CSMD3-positive cells
coexpressed with CB (a marker of cerebellar PCs)-positive cells was
analyzed in all lobules in both cerebellar hemisphere and vermis
(Fig. 1G–J). The results showed that a high proportion of PCs were
coexpressing CSMD3 in all lobules (Fig. 1H,J). Compared with
hemisphere (;66%; n=3–4 slices from 3 mice; Fig. 1H), there was
a higher percentage of CSMD3-positive PCs in vermis (;78%;
n=4 slices from 3mice; Fig. 1J).

Then, the cell type-specific expression of CSMD3 was exam-
ined using double-immunofluorescence staining with different
cell markers. The results revealed that except for PCs, CSMD3
was also expressed in NeuN-positive granular cells (Fig. 2A), CR-
positive unipolar brush cells (Fig. 2B), and PV-positive inhibitory
interneurons of the molecular layer (Fig. 2C). In addition, the
colocalization of CSMD3 with MBP (Fig. 2D) but not Iba1 (Fig.
2E) or GFAP (Fig. 2F) was found, indicating that the CSMD3
was expressed in oligodendrocytes, but not in microglia or astro-
cytes. Altogether, these data suggest that the CSMD3 is preferen-
tially expressed on both neurons (e.g., Purkinje cells, granular
cells, interneurons, unipolar brush cells) and oligodendrocytes in
cerebellar hemisphere and vermis.

Clinically, mutations of the CSMD3 gene have been found in
some autistic patients (Floris et al., 2008), suggesting that loss of
CSMD3 expression likely contributes to the pathology of ASD. To
determine the involvement of CSMD3 deficiency in cerebellar dys-
function and the pathogenesis of ASD, we generated CSMD3�/�

mice, which showed a lack of CSMD3 expression on calbindin-
positive PCs (Fig. 2H,I) as well as a growth delay, including a
decreased body weight gain (n=9/group; p, 0.0001, wild type vs
CSMD3�/�; F(18,216) = 5.71; Fig. 2J), using the CRISPR/Cas9 sys-
tem (Fig. 2G).

CSMD3-deficient mice exhibit autism-like behaviors and
motor impairments
Based on this mouse model, we sought to characterize the social
behavior of the CSMD3-deficient mice in the three-chamber
social task, a test broadly used for assessing mouse sociability and
interest in social novelty (Crawley, 2007; Moy et al., 2009). As
expected, the CSMD3�/� mice displayed impaired social interaction
behaviors, as measured by assessing social preference and social
novelty (Fig. 3A–G). Notably, the CSMD3�/� mice showed a signif-
icant loss of preference for the S1 mice, whereas the wild-type mice
and the heterozygous (CSMD31/�) mice spent more time for inter-
acting with S1 (S1: n = 6/group; wild type, 20.486 4.11%; vs
CSMD31/�, 16.476 3.34%; vs CSMD3�/�, 9.616 2.78%; p =
0.8637; wild type vs CSMD31/�, p = 0.0470; wild type vs
CSMD3�/�, F(2,30) = 2.64; Fig. 3A,B) than the objective (O;
O: n = 6/group; wild type, 5.236 0.81%; vs CSMD31/�,
5.406 0.530%; vs CSMD3�/�, 5.756 0.96%; p = 0.0021; wild
type: S1 vs O, p = 0.0415; CSMD31/�: S1 vs O, p = 0.8818;
CSMD3�/�: S1 vs O, F(2,30) = 2.64; Fig. 3A,B), indicating
impaired social preference in the CSMD3�/� mice. Moreover,

in the social novelty test, the wild-type mice showed a signifi-
cant preference for interacting with new stranger mice (S2;
19.526 3.37%) than with the familiar mice (S1; 6.226 1.35%;
n= 6/group; wild type, p= 0.0038; S1 vs S2, F(2,30) = 4.43; Fig.
3A,C), whereas the CSMD3�/� mice and the CSMD31/� mice
spent more time with the familiar mice (S1; CSMD3�/�,
8.256 1.84%; CSMD31/�, 8.806 1.78%) and less time with the
stranger mice (S2; CSMD3�/�, 7.896 1.82%; CSMD3�/�, 14.246
2.97%; n=6/group, p=0.0142; S2: wild type vs CSMD3�/�, F(2,30) =
4.43; Fig. 3A,C), suggesting impaired social novelty in CSMD3-defi-
cient mice. Indeed, as normalized by social preference index and
social novelty index, calculated as [interacting time in S1 chamber/
(interacting time in S1 chamber 1 sniffing time in objective
chamber)] and [interacting time in S2 chamber/(total interact-
ing time in S1 and S2 chamber)], respectively, a statistical
decrease in the social novelty index (wild type, 49.536 8.13%;
CSMD3�/�, �5.066 15.08%; CSMD31/�, 24.286 4.98%; n =
6/group, p = 0.0052; wild type vs CSMD3�/�, F(2,15) = 7.03;
Fig. 3E) and a decreased tendency in the social preference
index (wild type, 55.956 8.93%; CSMD3�/�, 16.486 16.80%;
CSMD31/�, 38.416 12.73%; n = 6/group, p = 0.1209; wild type
vs CSMD3�/�, F(2,15) = 2.24; Fig. 3D) were observed in the
CSMD3�/� mice, further validating the decreased sociability
and social novelty preference in the CSMD3-deficient mice. In
contrast, no significant difference in chamber entries was
observed across three groups in both sociability test (S1:
wild type, 26.176 2.60; CSMD3�/�, 17.506 2.55; CSMD31/�,
36.836 8.59; O: wild type, 15.676 2.89; CSMD3�/�, 22.836
4.38; CSMD31/�, 27.836 4.74; n = 6/group, F(2,30) = 1.67; Fig.
3F) and social novelty test (S2: wild type, 25.676 2.94;
CSMD3�/�, 13.836 3.09; CSMD31/�, 20.176 2.32; S1: wild
type, 17.836 1.96; CSMD3�/�, 16.836 4.09; CSMD31/�, 23.506
3.00; n=6/group, F(2,30) = 2.28; Fig. 3G), suggesting that the ex-
ploratory activity is not impaired. Additionally, the self-grooming
test revealed that both the CSMD3�/� and CSMD31/� mice
showed increased self-grooming time (CSMD3�/�, 90.156 8.94 s;
CSMD31/�, 65.116 13.65 s) compared with the wild-type mice
(24.156 5.06 s; n=9/group; wild type vs CSMD3�/�, p=0.0002;
wild type vs CSMD31/�, p=0.0190; F(2,24) = 11.41; Fig. 3H), indi-
cating repetitive and stereotyped behavior in CSMD3-deficient
mice. In contrast, the marble-burying test showed that both the
CSMD3�/� mice (1.736 0.86; n=11) and the CSMD31/� mice
(1.696 0.56 CSMD31/�; n=13) buried significantly fewer mar-
bles than the wild-type mice (4.786 0.78; n=9; wild type vs
CSMD3�/�, p = 0.0226 ; wild type vs CSMD31/�, p = 0.0163;
F(2,30) = 5.30; Fig. 3I) across all time points observed during a
25 min observation period. Consistently, reduced marble bur-
ying has been found in other autistic mice in previous studies
(Gilbert et al., 2020; Suliman-Lavie et al., 2020). It has been
documented that marble burying depends on interest in the
external environment and that burying behavior does not
change with increased experience with the marbles or habitua-
tion to the marble-burying test (Thomas et al., 2009; Greco et
al., 2013). These findings therefore suggest that loss of CSMD3
expression dramatically decreases the interest of the animal in
the external environment, a phenotype consistent with ASD
(Gilbert et al., 2020). Also, no significant difference in sponta-
neous digging time (wild type, 58.006 7.63 s; CSMD3�/�,
42.136 6.89 s; CSMD31/�, 39.006 8.55 s) was observed across
three groups (n= 7–8/group; wild type vs CSMD3�/�, p=
0.3230; wild type vs CSMD31/�, p=0.2261; F(2,19) = 1.71; Fig. 3J),
illustrating that that there is no alteration of innate behaviors.
Moreover, the decreased recognition index was found in
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Figure 2. Molecular identity of cerebellar CSMD3-expressing cells and generation of CSMD3-mutant mice. A–F, Molecular identity of cerebellar CSMD3-expressing cells. Immunofluorescence
staining of CSMD3 with NeuN (A), CR (B), PV (C), MBP (D), Iba1 (E), or GFAP (F) and DAPI in the cerebellar cortex of wild-type mice. White arrowheads indicate cell localization in the cerebellar
cortex. Scale bar, 50mm. G–J, Generation of CSMD3 mutant mice. G, Schematic illustrating the configuration for the generation of CSMD3 mutation mice by using the CRISPR/Cas9 system.
Exon 2 of a main spliceosome (CSMD3-201) was deleted to knock out the CSMD3 gene (left), and photographs exhibiting the comparison of the body size and brain size between a male wild-
type mouse and a male CSMD3�/� mouse at 6-week-old age (right). H, I, Immunofluorescence staining with CSMD3 (green), calbindin (red), and DAPI (blue) in the cerebellar cortex of wild-
type (H) and CSMD3�/� (I) mice. Scale bar, 50mm. J, Graph of the growth curve (body weight gain) in the wild-type, CSMD3�/�, and CSMD31/� mice (n= 9 mice/group; F(18,216) = 5.71;
CSMD3�/� vs wild type, p, 0.0001; CSMD31/� vs wild type, p, 0.05; two-way repeated-measures ANOVA with Tukey’s post hoc test). Data are presented as the mean6 SEM: *p, 0.05,
***p, 0.001.
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CSMD3�/� mice (38.026 3.88%) compared with wild-type mice
(61.676 5.25%) in the NOR test (wild type vs CSMD3�/� for
trial 2, p = 0.0002) with no recognitive preference (wild type,
52.646 2.57%; vs CSMD3�/�, 52.506 3.06%; wild type vs
CSMD3�/� for trial 1, p = 0.9996) during the sample phase,
in which the mice were allowed to explore the same two
identical objects (n = 9/group; F(1,16) = 7.71; Fig. 3K), validat-
ing the decreased novelty-seeking activity, one of the core
symptoms in ASD. Together, these findings suggest that the
CSMD3-deficient mice display core autistic-like symptoms,
including deficits in social interaction, repetitive behaviors,
and restricted interests.

In addition to the core autistic-like symptoms, anxiety is a fre-
quent symptom associated with ASD patients (van Steensel et al.,
2011). Therefore, OFT and EPM test were applied to measure
anxiety-like behaviors in CSMD3-mutant mice. Although no sig-
nificant difference was observed in time spent in the center (wild
type, 108.506 22.44 s; CSMD3�/�, 67.076 13.01 s; CSMD31/�,
88.716 33.07 s) across the wild type, CSMD3�/�, and CSMD31/�

mice in the OFT (n=4–6/group; wild type vs CSMD3�/�,

p=0.5666; wild type vs CSMD31/�, p=0.8648; F(2,12) = 0.55;
Fig. 4A,B), the homozygous (CSMD3�/�) mice spent signifi-
cantly less time exploring the open arms than did the wild-
type mice in the EPM test (wild type, 77.786 20.58 s;
CSMD3�/�, 11.986 6.44 s; CSMD31/�, 34.836 8.83 s; n = 4
�6/group; wild type vs CSMD3�/�, p = 0.0073; wild type vs
CSMD31/�, p = 0.0628; F(2,12) = 7.11; Fig. 4C,D). Moreover,
both the CSMD3�/� and CSMD31/� mice exhibited reduced
entries in the open arms (wild type, 11.506 3.12; CSMD3�/�,
2.006 0.63; CSMD31/�, 4.336 0.76; n=4–6/group; wild type vs
CSMD3�/�, p=0.0038; wild type vs CSMD31/�, p=0.0186;
F(2,12) = 9.00; Fig. 4E), indicating anxiety-like behaviors in the
CSMD3 mutant mice. In addition, the CSMD3�/� mice also dis-
played serious motor function impairment, as evaluated either in
the OFT or in the EPM test. For instance, the CSMD3�/� mice
showed a significant decrease in the total distance traveled (wild type,
137.706 10.78 m; CSMD3�/�, 93.216 5.46 m; CSMD31/�,
139.506 7.34 m; n = 4–6/group; wild type vs CSMD3�/�,
p = 0.0063; F(2,12) = 11.54; Fig. 4F) in the OFT, indicating a
hypoactivity for the locomotor function. Likewise, both the

Figure 3. CSMD3-deficient mice exhibit core autistic-like symptoms. A–G, Three-chamber sociability test. A, representative automated tracking of a single mouse in the three-chamber soci-
ability test (10 min duration in each stage) across the WT, CSMD3�/�, and CSMD31/� mice. B–G, Bar graph represents sociability (B), social novelty (C), social preference index (D), social nov-
elty index (E), as well as chamber entries in sociability test (F), and social novelty test (G): F(2,30) = 2.64 (B), F(2,30) = 4.43 (C), F(2,15) = 2.24 (D), F(2,15) = 7.03 (E), F(2,30) = 1.67 (F), and
F(2,30) = 2.28 (G). H, Grooming behaviors. I, Marble-burying test. J, Spontaneous digging behaviors. F(2,24) = 11.41, p= 0.0002 and p= 0.0019 (H); F(2,30) = 5.30, p= 0.0226 and p= 0.0163
(I); F(2,19) = 1.71, p= 0.3230 and p= 0.2261 (J), CSMD3�/� versus WT and CSMD31/� versus WT, respectively. K, NOR test. Representative automated tracking of either a single wild-type or
CSMD3�/� mouse in the NOR test (in the 5 min test phase, Trial 2; left) and bar graph of recognition index (right) are shown. F(1,16) = 7.71, p= 0.0002 for Trial 2, CSMD3�/� versus WT. Data
are presented as the mean 6 SEM: n= 6 mice/group (B–G); n= 9–13 mice/group (H–K). *p, 0.05, **p, 0.01, and ***p, 0.001, two-way ANOVA with Tukey’s post hoc test (B, C, F,
G); two-way ANOVA with Sidak’s post hoc test (K); one-way ANOVA with Tukey’s post hoc test (D, E, H–J).
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CSMD3�/� and CSMD31/� mice exhibited a statistical decline in
the total distance traveled in the EPM test (wild type, 18.316 2.33 m;
CSMD3�/�, 10.326 0.44m;CSMD31/�, 13.006 0.80m) compared
with the wild-type mice (n=4–6/group; wild type vs CSMD3�/�,
p=0.0023; wild type vs CSMD1/�, p=0.0256; CSMD3�/� vs
CSMD31/�, p=0.2700; F(2,12) = 9.89; Fig. 4G). Supporting these find-
ings, some clinical reports have shown that ASD patients often mani-
fest deficits in motor coordination and delayed development of
motor skills that are associated with the cerebellar function (Green et
al., 2009; Fournier et al., 2010; Harris, 2017; Wilson et al., 2018). To
further determine this understanding, the rotarod test was performed
to assess motor coordination and cerebellum-dependent motor
learning by placing animals on an accelerating rod. The results

revealed that there was a significant difference in the latency to fall
on day 1 between the CSMD3�/� mice and the wild-type mice (wild
type, 95.946 6.65 s; CSMD3�/�, 58.006 4.375 s; CSMD31/�,
70.716 5.389 s; n=4–6/group; wild type vs CSMD3�/�, p=0.0332;
F(3,24) = 1.90; Fig. 4H), indicating that the initial motor skill
is impaired in CSMD3�/� mice. During the training phase (on
day 2) and the testing phase (on day 3), both the latency (day
2: wild type, 155.806 13.91 s; CSMD3�/�, 82.506 5.15 s;
CSMD31/�, 111.906 12.20 s; day 3: wild type, 150.806 15.33 s;
CSMD3�/�, 88.106 4.55 s; CSMD31/�, 101.906 12.11 s) and
the speed (in rpm; day 2: wild type, 22.696 2.39; CSMD3�/�,
13.856 0.62; CSMD31/�, 111.906 12.20 s; day 3: wild type,
150.806 15.33 s; CSMD3�/�, 88.106 4.55 s; CSMD31/�,

Figure 4. CSMD3-deficient mice exhibit anxiety-like behaviors and motor impairments. A–E, Assessment of anxiety-like behaviors. A, B, OFT. A, Representative automated tracking of a single
mouse in the OFT (5 min duration) across the wild-type, CSMD3�/�, and CSMD31/� mice. B, Bar graph shows time spent in the center. F(2,12) = 0.55, p= 0.5666 and p= 0.8648, CSMD3�/�

versus WT and CSMD31/� versus WT, respectively. C–E, EPM test. C, Representative automated tracking of a single mouse in the EPM (5min duration) across the wild-type, CSMD3�/�, and
CSMD31/� mice. D, Bar graph shows time spent in open arms. F(2,12) = 7.11, p= 0.0073 and p= 0.0628, CSMD3�/� versus WT and CSMD31/� versus WT, respectively. E, Bar graph shows
the number of open arms entries. F(2,12) = 9.00, p= 0.0038 CSMD3�/� versus WT; p= 0.0186 CSMD31/� versus WT. F–I, Assessment of adult motor function. F, Bar graph shows total dis-
tance traveled in OFT; CSMD3�/� versus WT: F(2,12) = 11.54, p= 0.0063; CSMD3�/� versus CSMD31/�, p= 0.0022; G, Bar graph shows total distance traveled in EPM; CSMD3�/� versus WT,
F(2,12) = 9.89, p= 0.0023; CSMD31/� versus WT, p= 0.0256. H, I, Rotarod test; line graphs show the latency (H) and speed (I) at which the mice fall from the rod: F(4,24) = 1.90 (H); F(4,24) =
2.54 (I). J–N, Assessment of the motor function of pups: ambulation score (J); angle to fall (K); latency to fall (L); righting time (M); posture score (N). F(2,24) = 15.56, p, 0.0001 and
p= 0.0144 (J); F(2,24) = 35.87, p, 0.0001 and p= 0.0012 (K); F(2,24) = 57.77, p, 0.0001 and p, 0.0001 (L); F(2,24) = 26.86, p, 0.0001 and p= 0.9990 (M); F(2,24) = 0.82, p= 0.4307
and p= 0.6822 (N), CSMD3�/� versus WT and CSMD31/� versus WT, respectively. Data are presented as the mean6 SEM; n= 4–6 mice/group (A–I); n= 9 mice/group (J–N); *p, 0.05,
**p, 0.01, and ***p, 0.001, one-way ANOVA with Tukey’s post hoc test (B, D–G, J–N); two-way ANOVA with Tukey’s post hoc test (H, I).
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Figure 5. CSMD3-deficient mice display abnormal cerebellar PCs morphology. A, Representative images showing the biocytin-labeled PCs (red) and the 3D reconstruction of PCs morphology
(gray) in the WT (left) and CSMD3�/� (right) mice. Scale bars: 50mm (red); 30mm (gray), respectively. B, Sholl analysis of the biocytin-labeled PCs. Left, Representative PC with concentric
circles used for the Sholl analysis. The radius interval between the circles was set to 20 mm/step, ranging from 40 to 200 mm, from the center of the neuronal soma to the end of the den-
drites. Right, Quantified analysis of the numbers of dendritic intersections per circle (n= 5 cells from 3 mice/group; CSMD3�/� vs WT: F(21,168) = 1.92, p= 0.0086). C, D, Quantified analysis of
dendrite terminals (C) and total dendrite length (D) in the wild-type and CSMD3�/� mice (n= 5 cells from 3 mice/group; t(8) = 3.0, p= 0.0172 (C); t(8) = 3.24, p= 0.0119 (D), CSMD3�/� vs
WT). E, Representative images showing the spines on EGFP-positive PC dendrites in the WT (top) and CSMD3�/� (bottom) mice. Scale bar, 2mm. F, Quantified analysis of dendritic spine den-
sity in the wild-type and CSMD3�/� mice (n= 20–21 dendrites from 7–8 mice/group; t(39) = 4.99, p, 0.0001). G, Quantified analysis of dendritic spine length in the wild-type and
CSMD3�/� mice (n= 164–231 spines from 3 mice/group; t(393) = 12.27, p, 0.0001). H, Quantified analysis of dendritic spine head width in the wild-type and CSMD3�/� mice (n= 164–
231 spines from 3 mice/group; t(393) = 8.61, p, 0.0001). I, Representative images showing the immunofluorescent staining with calbindin (the cerebellar PC marker; red) and DAPI (the nu-
clear marker; blue) in sagittal cerebellar sections obtained from the wild-type (left) and CSMD3�/� (right) mice. Scale bar, 10mm. J, Quantified analysis of PC density in cerebellar Crus I/II
lobules in WT and CSMD3�/� mice (n= 10–19 slices from 3–5 mice/group; CSMD3�/� vs WT: t(27) = 0.03, p= 0.9767). Data are presented as the mean 6 SEM. *p, 0.05, **p, 0.01,
and ***p, 0.001, two-way repeated-measures ANOVA with Sidak’s post hoc test (B); two-tailed unpaired t test (C, D, F, G, H, J).
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Figure 6. CSMD3-deficient mice manifest increased neuronal activity of cerebellar PCs in response to movement activity. A, Schematic for virally expressed GCaMP6 in cerebellar GABAergic
neurons or PCs in the Crus I/II lobules and the in vivo fiber photometry Ca21 signal recording in freely moving mice during rotarod test. B, Representative images of immunofluorescence stain-
ing with GCaMP6s (green) and calbindin (red)/DAPI (blue), illustrating GCaMP6s expression in cerebellar PCs at the placement of the tip of the fiber. Pie chart shows that 16.8% of the trans-
fected cells by the AAV mix of VGAT1-Cre with DIO-GCamp6s are PCs. Scale bars: L7, left, 1 mm; L7, right, 300mm; VGAT1, 100mm. C–H, Ca21 fluorescent signals recorded from cerebellar
GABAergic neurons in the Crus I/II lobules. I–N, Ca21 fluorescent signals recorded from cerebellar PCs in the Crus I/II lobules. C, F, I, L, Heat map depicting changes in the Ca21 signals of cere-
bellar GABAergic neurons (C, F) and PCs (I, L) related to movement activity, respectively. C, I, from rest to run. F, L, from run to rest. Each row shows one trial for one mouse, and five traces
are illustrated. Color scale at the right indicates DF/F. D, G, J, M, Perievent plot of the averaged Ca21 transients recorded from cerebellar GABAergic neurons (D,G) and PCs (J,M) in the wild-
type (wathet blue) and CSMD3�/� (red) mice during rotarod test. D, J, From rest to run. G, M, From run to rest. Red (or wathet blue) thick lines indicate the mean, and shaded areas represent
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17.466 1.52) at which the CSMD3�/� mice fell from the rod
were much lower than those of the wild type mice (n=4–6/
group; Fig. 4H: day 2, p, 0.0001; day 3, p= 0.0003; F(4,24) = 1.90;
Fig. 4I: day 2, p=0.0001; day 3, p=0.0005; F(4,24) = 2.54) and
also, the CSMD31/� mice showed a lower latency and speed
compared with the wild-type mice (n=4–6/group; Fig. 4H: day
2, p= 0.0089; day 3, p= 0.0034; F(4,24) = 1.90; Fig. 4I: day 2,
p=0.0195; day 3, p=0.0032; F(4,24) = 2.54), suggesting an
impaired motor skill and learning ability in CSMD3-deficient
mice.

In addition, we also monitored various motor functions of
mouse pups at P8 to evaluate the time of onset of the disorder and
the motor dysfunction at different ages. For mouse pups, we found
that both the CSMD3�/� and CSMD31/� mouse pups exhib-
ited a decreased ambulation score, indicated by slow crawling
and some asymmetric limb movements in the ambulation pat-
tern assessment (wild type, 2.826 0.08; CSMD3�/�, 0.936
0.21; CSMD31/�, 1.786 0.35; Fig. 4J: n = 9/group; wild type vs
CSMD3�/�, p, 0.0001; wild type vs CSMD31/�, p = 0.0144;
F(2,24) = 15.56). When placed on an iron mesh that was gradu-
ally inverted, both CSMD3�/� and CSMD31/� mouse pups
fell at lower angels (wild type, 83.526 0.94°; CSMD3�/�,
49.816 2.52°; CSMD31/�, 67.226 4.06°; Fig. 4K: n = 9/group;
wild type vs CSMD3�/�, p, 0.0001; wild type vs CSMD31/�,
p = 0.0012; F(2,24) = 35.87) and exhibited shorter latency (wild
type, 21.566 1.25 s; CSMD3�/�, 4.786 1.17 s; CSMD31/�,
13.116 0.86 s; Fig. 4L: n = 9/group; wild type vs CSMD3�/�,
p, 0.0001; wild type vs CSMD31/�, p, 0.0001; F(2,24) =
57.77) to fall, indicating a weaker grip strength in the four
limbs. Also, the CSMD3�/� mice pubs exhibited a delayed
righting response when placed on their backs (wild type,
1.566 0.25 s; CSMD3�/�, 55.936 10.44 s; CSMD31/�,
1.936 0.39 s; Fig. 4M: n= 9/group; wild type vs CSMD3�/�,
p, 0.0001; F(2,24) = 26.86), although these mouse pups display
normal posture when suspended by their hindlegs at the
rim of a conical tube (wild type, 3.676 0.12; CSMD3�/�,
3.446 0.14; CSMD31/�, 3.526 0.11; Fig. 4N: n= 9/group;
wild type vs CSMD3�/�, p = 0.4307; F(2,24) = 0.82). These data
suggest that the CSMD3-deficient mouse pups display a signif-
icant motor dysfunction compared with the wild-type mouse
pups. Together, these results showed that, apart from the core
autistic-like symptoms, other symptoms, including the anxi-
ety-like behaviors and the motor dysfunction, were also exhib-
ited in the CSMD3-deficient mice.

CSMD3-deficient mice display abnormal cerebellar PCs
morphology
CSMD3 is implicated in the regulation of dendrite development,
and malfunctions of CSMD3 may be one of the factors in the
pathogenesis of psychiatric disorders (Mizukami et al., 2016).
We thus speculated that loss of CSMD3 will impair cerebellar de-
velopment especially the dendrite development of cerebellar PCs,
which will subsequently lead to the dysfunction of the cerebellum
and its associated motor dysfunction and the pathogenesis of

ASD. To test this understanding, cerebellar slices containing bio-
cytin-filled cells were applied to examine the morphology of PCs
in the Crus I/II lobules. Analyses of three-dimensional (3D)
reconstruction of biocytin-labeled PCs revealed that CSMD3�/�

mice had stunted and smaller dendritic arbors in the cerebellar
PCs compared with the wild-type mice (Fig. 5A). Moreover,
Sholl analysis of the biocytin-labeled PCs showed that the PCs in
the cerebellums of CSMD3�/� mice were smaller with less bifur-
cated dendritic branches (p=0.0086, F(1,8) = 11.96; Fig. 5B); and
also, the number of dendrite terminals (wild type, 3086 22.51;
vs CSMD3�/�, 218.26 19.81; p= 0.0172, t(8) = 2.30; Fig. 5C) and
the total dendrite length (wild type, 55056 287.1mm; vs
CSMD3�/�, 41436 307.1mm; p=0.0019, t(8) = 3.24; Fig. 5D)
were both decreased in the cerebellar PCs in CSMD3�/� mice
(n= 5 cells from 3 mice/group). Of note, by using a combination
of immunofluorescent staining for the biocytin-labeled PCs,
Golgi–Cox staining, and sparse labeling of PCs in the Crus I/
II lobules for the cerebellar tissues, we found a robust
increase in the dendritic spine density (in numbers/micron;
wild type, 1.376 0.08; vs CSMD3�/�, 1.946 0.08; n = 20–21
dendrites from 7–8 mice/group; p, 0.0001, t(39) = 4.99;
Fig. 5E,F) and the spine length (wild type, 0.636 0.01 mm; vs
CSMD3�/�, 0.926 0.02 mm; n = 164–231 spines from 3 mice/
group; p, 0.0001, t(393) = 12.27; Fig. 5E,G) of PCs in the
Crus I/II lobules in CSMD3�/� mice. Nevertheless, the width of
the spine head was significantly decreased in the CSMD3�/� mice
(wild type, 0.516 0.01mm; vs CSMD3�/�, 0.416 0.01mm) com-
pared with the wild-type mice (n=164-231 spines from 3 mice/
group; p, 0.0001, t(393) = 8.61; Fig. 5H). Unexpectedly, by using
immunofluorescent staining with calbindin and DAPI, we did
not observe significant difference in PCs numbers (PC density, in
numbers/millimeter) between the CSMD3�/� mice and the wild-
type mice (in numbers/millimeter; wild type, 33.016 1.93; vs
CSMD3�/�, 33.116 2.84; n=10–19 slides from 3–5 mice;
p=0.9767, t(27) = 0.03; Fig. 5I,J). These results suggest that loss of
CSMD3 indeed results in abnormal cerebellar PC morphology
because of the impairment of dendrite development.

CSMD3-deficient mice manifest increased neuronal activity
of cerebellar PCs in response to movement activity
To further explore whether loss of CSMD3 also affect the func-
tional activity of cerebellar PCs (a specific type of GABAergic
neurons), we expressed GCaMP6s (a specific calcium indicator)
respectively in cerebellar GABAergic cells and PCs in the Crus
I/II lobules, and examined the in vivo real-time neuronal activ-
ity of these cells in freely moving mice during rotarod test,
using fiber photometry with a calcium imaging system (Fig. 6).
GCaMP6s were selectively expressed in cerebellar GABAergic
cells and PCs in the Crus I/II lobules, respectively, using AAV
infection, including a mix of rAAV2/9-VGAT1-Cre (specific
recognition to GABAergic neurons) with rAAV2/9-EF1a-DIO-
GCaMP6s (PCs made up 18.6% of the transfected neurons) or
rAAV2/9-L7-GCaMP6s (specific recognition to Purkinje cells;
Fig. 6A,B). CaMP6 green fluorescence signals (i.e., calcium flu-
orescence signals or calcium fluctuations), a measure of popu-
lation neuronal activity, were monitored during rotarod test.
A time-locked transient increase in calcium fluorescence sig-
nal intensity was observed in both GABAergic cells (n = 5
mice/group; rest: wild type, �12.806 3.90%; vs CSMD3�/�,
�8.006 2.78%; p = 0.9654; run: wild type, �15.406 3.98%; vs
CSMD3�/�, 38.206 5.59%; p, 0.0001, F(1,16) = 34.00; Fig. 6C–E)
and PCs (n=5 mice/group; rest: wild type, 1.366 1.49%; vs
CSMD3�/�, 5.456 2.70%; p=9171; run: wild type.�3.666 1.53%;

/

the SEM (n= 5 mice/group). Dashed line indicates the transition point of the event. E, H, K,
N, Comparison of the normalized calcium responses under rest and run conditions across the
group of mice recorded (n= 5 mice/group; F(1,16) = 34.00, E; F(1,16) = 166.80, H; F(1,16) =
38.81, K; and F(1,16) = 37.81, N; two-way ANOVA with Sidak’s post hoc test. DF/F represents
the deviation in Ca21 fluorescence from the baseline, which is the averaged DF/F between
t of �15 and 0 s. Data are presented as the mean 6 SEM. *p, 0.05, **p, 0.01, and
***p, 0.001.
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Figure 7. CSMD3-deficient mice manifest aberrant increased excitability in cerebellar PCs. A, Representative images showing a patch-clamp recorded PC. Left, Light-field image of a patch-
clamped cell; middle, biocytin labeling for the patch-clamp recorded cell (red); right, colocalization of biocytin with calbindin (cerebellar PCs marker, green) immunostaining. Scale bars:
left, 10mm; middle and right, 50mm. B, C, Current-clamp recording of the simple spike firing of depolarized current-evoked PCs. B, Representative traces of PCs simple spike firing evoked by a
300 pA depolarized current (duration, 500 ms) injected into the cells. Calibration: 25mV, 100 ms. C, Summary of PC spike firing frequency evoked by a series of depolarized currents injected to
the cells from 0 to 600 pA in 100 pA increments (wild-type group: n= 15 cells from 3 mice; CSMD3�/� group: n = 18 cells from 3 mice; CSMD3�/� vs WT: F(11,360) = 2.98; p, 0.0001). D, E,
Current-clamp recording of spontaneous PC spike firing. D, Representative traces of spontaneous PC spike firing in the wild-type and CSMD3�/� mice. Calibration: 20mV, 100 ms. E, Summary
of the spontaneous PCs spike firing frequency (wild-type group: n= 11 cells from 6 mice; CSMD3�/� group: n= 15 cells from 3 mice; CSMD3�/� vs WT: t(23) = 0.10, p= 0.9199). F, Rheobase
of PC spike firing evoked by a depolarized current injection in the wild-type and CSMD3�/� groups (wild-type group: n= 15 cells from 3 mice; CSMD3�/� group: n= 18 cells from 3 mice;
CSMD3�/� vs WT: t(31) = 3.03, p= 0.0049). G, Schematic illustrating parameters reflecting the intrinsic membrane properties of PCs by an evoked AP. H, Phase plots of PCs APs evoked by a se-
ries of depolarized currents injection in the wild-type and CSMD3�/� mice. I, J, Summary of threshold potential and action potential half-width in the wild-type and CSMD3�/� mice (wild-
type group: n= 15 cells from 3 mice; CSMD3�/� group: 18 cells from 3 mice; t(31) = 5.95, p, 0.0001 (I); t(31) = 2.50, p= 0.0181 (J), CSMD3�/� vs WT). K, L, Summary graphs showing the
ISI between the first and the second AP and the AP amplitude (wild-type group: n= 15 cells from 3 mice; CSMD3�/� group: n= 18 cells from 3 mice; CSMD3�/� vs WT: t(31) = 3.02,
p= 0.005 (K); t(31) = 1.33, p= 0.1923 (L). M, Representative traces illustrating the configuration for measuring the Rin of PCs. A hyperpolarizing current pulse (500ms) in �50 pA was
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vs CSMD3�/�, 37.046 4.77%; p, 0.0001, F(1,16) = 38.81;
Fig. 6I–K) in the cerebellum of CSMD3�/� mice when tasking
from rest to run. In contrast, the calcium fluorescence was sig-
nificantly decreased in both GABAergic cells (n = 5 mice/
group; run: wild type, �17.606 2.06%; vs CSMD3�/�, 44.606
3.08%; p, 0.0001; rest: wild type,�8.006 1.61%; vs CSMD3�/�,
�3.006 1.82%; p= 0.5663, F(1,16) = 166.80; Fig. 6F–H) and PCs
(n=5 mice/group; run: wild type, 1.566 0.74%; vs CSMD3�/�,
34.996 3.52%; p, 0.0001; rest: wild type, 0.866 1.06%; vs
CSMD3�/�, 9.186 1.63%; p=0.0634, F(1,16) = 37.81; Fig. 6L–N)
in the cerebellum of CSMD3�/� mice when tasking from run to
rest. However, the stimulation of movement had no significant
influence on the calcium fluorescence signal intensity of both
GABAergic cells and PCs in the wide-type mice when tasking ei-
ther from rest to run (Fig. 6C–E, p=0.9986; Fig. 6I–K, p=
0.8145) or from run to rest (Fig. 6F–H, p=0.0536; Fig. 6L–N,
p. 0.9999). These results suggest that loss of CSMD3 leads to
increased neuronal activity of cerebellar PCs in response to
movement activity.

CSMD3-deficient mice manifest aberrant increased
excitability in cerebellar PCs
PCs are the sole output neurons of the cerebellar cortex and
make inhibitory GABAergic synapses with their target neurons
in the deep cerebellar nuclei (DCNs) and the vestibular nuclei
(Hirano, 2018). PCs fire spontaneous APs even in the absence of
synaptic inputs, and the PC firing rate is thought to be critical for
encoding cerebellar output in DCNs (De Zeeuw et al., 2011). The
intrinsic properties of PCs govern the functions of cerebellar cir-
cuits and have a major impact on its simple spike output (Zhou
et al., 2014). We therefore examined the intrinsic excitability of
PCs in the Crus I/II lobules by measuring their simple spikes
using whole-cell patch-clamp recording in an acute mouse cere-
bellar slice (Fig. 7). Biocytin was added to the pipette solution,
and validation of the recorded PCs was achieved by post hoc im-
munostaining of calbindin (the cerebellar PC marker) with bio-
cytin (Fig. 7A). In addition, 3D reconstruction and Sholl analysis
of biocytin-labeled PCs were conducted to examine the PCs mor-
phology as mentioned previously in Figure 5. In line with the
abnormal morphology and increased neuronal activity of PCs, a
significant increase in the simple spike firing of PCs evoked by a
series of depolarized currents (duration, 500ms) injected into
the cells from 0 to 600 pA in 100 pA increments, was found in
the CSMD3�/� mice (n=15–18 cells from 3 mice; p, 0.0001,
F(1,360) = 2.98; Fig. 7B,C). In contrast, there was no difference in
spontaneous PC firing between the CSMD3�/� mice (38.006
4.87Hz) and the wild-type mice (37.096 7.99Hz; n=11–14 cells
from 3 mice; p=0.9199, t(23) = 0.10; Fig. 7D,E). In regard to intrinsic
membrane properties, significant decreases in rheobase (wild type,
276.76 27.97pA; vs CSMD3�/�, 177.86 18.62pA; n=15–18 cells
from 3 mice; p=0.0049, t(31) = 3.03; Fig. 7F) and threshold potential
(wild type, �40.706 0.75mV; vs CSMD3�/�, �46.216 0.57mV;
n=15–18 cells from 3 mice; p, 0.0001, t(31) = 5.95; Fig. 7H,I),
as well as in half-width of AP (wild type, 0.416 0.01ms; vs
CSMD3�/�, 0.376 0.01ms; n = 15–18 cells from 3 mice;

p = 0.0181, t(31) = 2.50; Fig. 7J) and interspike interval (ISI;
wild type, 14.526 2.15ms; vs CSMD3�/�, 7.886 0.92ms;
n= 15–18 cells from 3 mice; p = 0.0050, t(31) = 3.02; Fig. 7K)
were observed in the PCs of CSMD3�/� mice compared with
the wild-type mice. No significant difference was found in AP am-
plitude (wild type, 56.766 2.05mV; vs CSMD3�/�, 60.406
1.81mV; n=15–18 cells from 3 mice; p=0.1923, t(31) = 1.33; Fig.
7L) and Rin (wild type, 94.936 4.39 MV; vs CSMD3�/�,
118.06 14.40 MV; n=15–18 cells from 3 mice; p=0.1637, t(31) =
1.41; Fig. 7M,N) in the PCs between the two groups. Altogether,
these data indicate that loss of CSMD3 causes enhanced intrinsic
excitability of cerebellar PCs in the Crus I/II lobules, which may
account for the increased neuronal activity of PCs in response to
movement activity in the CSMD3�/� mice.

CSMD3-deficient mice display abnormal synaptic
transmission and maladaptive synaptic plasticity in the
cerebellum
PCs receive excitatory glutamatergic inputs from two distinct
pathways: the mossy fiber–granule cell–PF–PC pathway that
modulates the high-frequency “simple-spike” activity of PCs;
and the CF–PC pathway arising in the inferior olive that creates
infrequent calcium spikes, also called “complex spikes,” in PCs
(De Zeeuw et al., 2021). In addition, basket and stellate cells, col-
lectively called “molecular layer interneurons” in the cerebellum,
receive excitatory input from PF and inhibit PCs (De Zeeuw et
al., 2021). In the cerebellum, fine-tuning of excitation–inhibition
(E–I) balance plays an important role in cerebellar development
and motor coordination (Sathyanesan et al., 2019). Alterations of
any synaptic input to the PC leads to cerebellar symptoms
(Hoxha et al., 2018). To determine whether loss of CSMD3 alters
synaptic inputs to the PCs in the cerebellum, we investigate both
mEPSC and mIPSC of PCs in the Crus I/II lobules using voltage-
clamp recording in acute mouse cerebellar slices (Figs. 8A–F).
The results showed that both amplitude (wild-type, 8.466 0.27 pA;
CSMD3–/–, 9.40 6 0.21 pA) and frequency (wild-type, 1.96 6
0.24 Hz; CSMD3–/–, 3.146 0.30 Hz) of mEPSC of cerebellar PCs
were significantly increased in the CSMD3�/� mice compared with
wild-type mice (n=15–16 cells from 4–5 mice/group; Fig. 8B:
p=0.0114, t(29) = 2.70; Fig. 8C: p=0.0045, t(29) = 3.08). However, no
significant difference was observed in mIPSC amplitude (wild type,
16.206 1.84pA; CSMD3�/�, 20.436 1.87pA) and frequency (wild
type, 10.916 2.15Hz; CSMD3�/�, 15.716 2.15 Hz) between the
CSMD3�/� mice and the wild-type mice (n=15–16 cells from 4
mice/group; Fig. 8E: p=0.1182, t(29) = 1.61; Fig. 8F: p=0.1253, t(29)
= 1.58). These results indicate that loss of CSMD3 increases excita-
tory rather than inhibitory synaptic input to the PCs, thereby dis-
rupting the E–I balance of synaptic transmission in the cerebellum.

In addition, synaptic plastic changes in the cerebellar circuit
are thought to underlie motor learning and behavioral control,
and LTD at PF–PC synapses has been considered to be a primary
cellular mechanism for motor learning in the cerebellum (Hoxha
et al., 2016). We thus proposed that loss of CSMD3 impairs LTD
at the PF–PC synapses, which may underlie the dysfunction of
the cerebellum and the pathology of ASD. As described in a pre-
vious study (Zhou et al., 2017), LTD of EPSCs at PF–PC synapses
was examined by a conjunction of 5 PF pulses at 100Hz and a
100 ms depolarization of PC to 0mV, repeated 30 times with an
interval of 2 s. The results showed that in the wild-type mice, a
robust LTD at the PF–PC synapses in the Crus I/II lobules was
elicited by this protocol; however, the same protocol was not able
to induce significant LTD at the PF–PC synapses in the
CSMD3�/� mice (Fig. 8G–I). When compared with the baseline

/

delivered to the cell to measure membrane Rin. N, Summary graph showing the Rin of PCs in
wild-type and CSMD3�/� mice (n= 15–18 cells from 3 mice/group; CSMD3�/� vs WT: t(31)
= 1.41, p= 0.1637). Data are presented as the mean 6 SEM. *p, 0.05, **p, 0.01,
***p, 0.001, two-way ANOVA with Sidak’s post hoc test (C); two-tailed unpaired t test for
(E, F, I, J, K, L, N).
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Figure 8. CSMD3-deficient mice display abnormal synaptic transmission and maladaptive synaptic plasticity in the cerebellum. A–C, Whole-cell voltage-clamp recording of mEPSCs in cerebel-
lar PCs. A, Representative mEPSC traces in the wild-type (top) and CSMD3�/� (bottom) mice. Calibration: 10 pA, 1 s. Right, Examples of enlarged mEPSC trace. Calibration: 5 pA, 20ms. B,
Cumulative distribution of mEPSC amplitude and plotted averaged amplitudes (inset bar graphs) from each recorded PC (n= 16 cells from 4–5 mice/group; t(29) = 2.70, p= 0.0114). C, Same
as B, but for instantaneous frequency of mEPSC (n= 15–16 cells from 4–5 mice/group; t(29) = 3.08, p= 0.0045). D–F, Whole-cell voltage-clamp recording of mIPSCs in cerebellar PCs. D,
Representative mIPSC traces in the wild-type (top) and CSMD3�/� (bottom) mice. Calibration: 20 pA, 1 s. Right, Examples of enlarged mIPSC trace. Calibration: 10 pA, 20 ms. E, Cumulative dis-
tribution of mIPSC amplitude and plotted averaged amplitudes (inset bar graphs) from each recorded PC (n= 15–16 cells from 4 mice/group; t(29) = 1.61, p= 0.1182). F, Same as E, but for
mIPSC instantaneous frequency (n= 15–16 cells from 4 mice/group; t(29) = 1.58, p= 0.1253). G–I, LTD of EPSCs at PF–PC synapses recorded from the wild-type and CSMD3�/� mice. G, H,
Representative traces of EPSC and the time course of changes in normalized EPSC amplitudes (percentage of baseline). G, Representative traces of EPSC just before (left) and after (right) con-
junctive stimulation in the wild-type (top) and CSMD3�/� (bottom) mice. Calibration: 100 pA, 20 ms. I, Bar graph for the averaged EPSC amplitudes (normalized to baseline) during 40 min af-
ter conjunctive stimulation (n= 5 cells from 3–4 mice; t(8) = 5.24, p= 0.0008). All EPSC amplitudes were normalized to baseline in percentiles. Data are presented as the mean 6 SEM.
**p, 0.01, ***p, 0.001; n.s., no statistical difference, compared between the wild-type and CSMD3�/� groups; two-tailed unpaired t test (B, C, E, F, I).
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responses (averaged at 0–10min before stimulation), the mean
EPSC amplitude after stimulation was increased from
45.986 4.01% of the wild-type group to 84.896 6.25% of the
CSMD3�/� group (n= 5 mice/group; p=0.0008, t(8) = 5.24; Fig.
8I). Together, these data suggest that loss of CSMD3 leads to
increased excitatory synaptic input to the PC and impaired LTD
at the PF–PC synapses, subsequently destroys E–I balance in syn-
aptic transmission, and causes maladaptive synaptic plasticity in
the cerebellum, which are probably implicated in motor deficits
and ASD pathology because of cerebellar dysfunction.

Discussion
In this study, we demonstrate for the first time, to our knowl-
edge, that loss of CSMD3 results in abnormal morphology and
dysfunction of cerebellar Crus I/II PCs, which are highly corre-
lated to motor deficits and cognitive function impairments as
manifested in ASD (Fatemi et al., 2012). CSMD3 is a giant gene
expressed mainly in fetal and adult brains (Shimizu et al., 2003).
Here we found that the CSMD3 is highly expressed in neurons
and oligodendrocytes, located at the cerebellum, hippocampus,
and other regions in the brain. CSMD3 may act as a coreceptor
of an unidentified membrane protein to regulate dendrite devel-
opment in cultured hippocampal neurons (Mizukami et al.,
2016), we thus suggest that malfunctions of CSMD3 may impair
neuronal development and maturation, and may cause abnormal
cerebellar dysfunction, thereby resulting in the pathology of ASD
(van der Heijden et al., 2021). Indeed, mutations of the CSMD3

gene have been found in two patients with ASD (Floris et al.,
2008), and genetic deletion of CSMD3 caused core autistic-like
symptoms and motor dysfunction in mice, further supporting
the conception that the CSMD3 gene may be a candidate for
ASD (Floris et al., 2008). Using whole-genome sequencing
screen, Wu et al. (2018) identified six damaged nonsynony-
mous mutations in CSMD3 gene in 3 of 32 patients with ASD
in the People’s Republic of China. Intronic deletion of CSMD3
gene was detected in subjects with a diagnosis of trios of ASD,
schizophrenia, and bipolar disorder (Malhotra et al., 2011),
indicating that the contribution of CSMD3 mutations to the
onset of ASD are specific and rare.

We observed that motor and nonmotor behaviors are
strongly affected in CSMD3-deficient mice. It raises a possibility
that the reduced sociability and social novelty is probably caused
by the altered locomotor activity in CSMD3-mutant mice. To
clarify this question, we performed a three-chamber social test to
evaluate the sociability and social novelty as well as the locomo-
tor activity of mice. We found that in contrast to the reduction of
social preference index and social novelty index, the number of
entries in each chamber was not affected, indicating normal ex-
ploration activity in CSMD3-deficient mice (Carta et al., 2019).
These findings may exclude the possibility that the reduced soci-
ability and social novelty are caused by the altered locomotor ac-
tivity in CSMD3-mutant mice. Additional control experiments,
including spontaneous digging time and NOR test were per-
formed to determine the potential causes for the phenotype
observed in the marble-burying test. The normal spontaneous

Figure 9. Schematic summary of proposed pathologic changes underlying cerebellar motor dysfunction and autism-like behaviors in CSMD3-deficient mice. CSMD3 deficiency leads to abnor-
mally decreased dendritic complexity but increased immature spine density of cerebellar PCs. Moreover, intrinsic excitability of cerebellar PCs is dramatically increased, and LTD at PF–PC synap-
ses is impaired in the cerebellum of CSMD3�/� mice. These data suggest that the loss of CSMD3 results in abnormal morphology, increased intrinsic excitabilities, and impaired synaptic
plasticity in cerebellar PCs, subsequently leading to motor deficits and autism-like behaviors in mice. GCL, Granular cell layer.
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digging time may indicate the unimpaired innate behaviors,
whereas the decreased recognition index illustrates a
decreased novelty-seeking activity in CSMD3-deficient
mice. Together, these findings with the decreased exploring
time observed in EPM test, we speculate that the reduced
marble burying observed in CSMD3-deficient mice is prob-
ably the result of a lack of novelty-seeking behavior rather
than a direct consequence of altered locomotion or an
impairment of innate behaviors such as digging. In addi-
tion, anxiety is a frequent symptom associated with ASD
patients (van Steensel et al., 2011). OFT and EPM test were
applied to measure anxiety-like behaviors in CSMD3-mu-
tant mice. Although the time spent in the center was not
reduced in CSMD3-mutant mice observed in the OFT, both
the decreased time exploring the open arms and the reduced
number of entries into the open arms, as tested in the EPM
test, indicated anxiety-like behaviors in CSMD3-mutant
mice.

Although motor deficits are not classically considered a core
symptom of ASD, a high proportion of ASD patients display
motor performance and motor learning abnormalities (Rinehart
et al., 2006; Kindregan et al., 2015). Difficulties with motor coor-
dination and learning, seen in both patients and mice, point to
an involvement of the cerebellum in ASD pathology (Mapelli et
al., 2022). Because motor impairments provide an alternative,
scientifically rigorous approach to understanding ASD symp-
toms, the cerebellar-driven motor behaviors thereby are suited to
complement social behavior studies for the identification of mo-
lecular and cellular causes of ASD phenotypes (Simmons et al.,
2021). Cerebellar abnormalities, particularly in Crus I/II lobules,
are consistently reported in ASD patients (D’Mello and Stoodley,
2015; Guell et al., 2018). In preclinical studies, PC dopamine D2

receptor levels in Crus I/II lobules are reported to regulate social
behaviors (Cutando et al., 2022), and disrupted Right Crus I-cer-
ebral cortical connectivity is evident in the PC Tsc1-mutant ASD
mouse model (Stoodley et al., 2017), indicating the importance
of Crus I/II lobules in the control of social behaviors and their
altered functions in ASD. Moreover, morphologic and functional
changes in the cerebellum are reported in various neurodevelop-
mental disorders including ASD (Sydnor and Aldinger, 2022).
Consistently, we observed abnormal cerebellar PC morphology
in Crus I/II lobules, including reduced dendritic arborization
and total dendrite length, and increased spine density and length,
but decreased spine head width in CSMD3�/� mice. It is well
documented that PCs bear large numbers of spines (Nimchinsky
et al., 2002), and spine density is known to decrease as PC matu-
ration proceeds (McKay and Turner, 2005). Therefore, our
observations of enhanced spine density in the knockouts prob-
ably indicate a general underdevelopment of PC spinogenesis.
Except for density, morphologies of dendritic spines are also
thought to underlie synaptic strength (Borczyk et al., 2019).
Several lines of evidence suggest that long and thin spines with-
out bulbous heads, like filopodia, play a pivotal role in the initial
stages of spinogenesis (Nimchinsky et al., 2002; Bhatt et al.,
2009). Because of the high density of spines, it is difficult to rec-
ognize different spine subtypes accurately on PC dendrites;
hence, we performed sparse labeling of PCs to measure spine
length and head width (Sugawara et al., 2017). The increased
length but the decreased head width observed in PC dendritic
spines indicate that a much greater proportion of immature
spines existed in CSMD3�/� mice.

In addition to these abnormal alterations of cerebellar PCs
morphology, an increased neuronal activity of Crus I/II PCs was

found in response to movement activity in CSMD3�/� mice. The
increased and decreased calcium fluorescence signals of both
GABAergic cells and PCs, which, respectively, are relevant to
tasking from rest to run and run to rest, indicate an aberrant
neuronal activity of Crus I/II PCs, which may account for the
motor dysfunction displayed in CSMD3�/� mice. Consistently,
previous studies revealed that in typically developing individuals,
activation of cerebellar Crus I/II lobules is found during some
“nonmotor” tasks (Stoodley et al., 2010, 2012), but not during
simple motor tasks (Desmond et al., 1997). Abnormal activation
of Crus I/II PCs may reflect the abnormal functional circuitry
between the nonmotor and motor areas that has been reported
in ASD (Khan et al., 2015).

In addition, alterations in the generation of PC action poten-
tials are considered responsible for cerebellar motor deficits and,
as well, for ASD-related symptoms (Tsai et al., 2012). Here we
found an enhanced intrinsic excitability of Crus I/II PCs and
increased excitatory input from PFs, which modulate the high-
frequency simple-spike activity of PCs (De Zeeuw et al., 2021).
Also, we observed a significant increase in the amplitude and fre-
quency of mEPSCs, but not mIPSCs, in Crus I/II PCs in
CSMD3�/� mice, suggesting an increase of excitatory rather than
inhibitory synaptic input to Crus I/II PCs. In the cerebellum,
fine-tuning of E–I balance plays an important role in cerebellar
development and motor coordination (Sathyanesan et al., 2019).
Alterations of any synaptic input to the PC leads to cerebellar
symptoms (Hoxha et al., 2018). We thus hypothesized that this
E–I imbalance of synaptic transmission in the cerebellum likely
results in cerebellar symptoms, which are manifested in the ASD.

Apart from aberrant intrinsic excitability of PCs and E–I
imbalance of synaptic transmission in the cerebellum, we also
found an impaired LTD at the PF–PC synapse in Crus I/II
lobules of the CSMD3�/� mice. It has previously been pointed
out that the molecular machinery for spine/synapse pruning is
almost identical to that for LTD (in particular in the cerebellum;
Piochon et al., 2016). Our observations of enhanced spine den-
sity as well as the increased proportion of immature spines indi-
cate an impaired spine/synapse pruning exhibited in Crus I/II
PCs, which may in part account for the impaired cerebellar
LTD observed in CSMD3�/� mice. LTD is considered to be
a cellular mechanism underlying motor learning (Ito et al.,
2014), and impaired LTD prevents proper motor learning
in cerebellum-dependent tasks (Alba et al., 1994; De Zeeuw
et al., 1998). The contribution of movements to social cog-
nition and cascade effects on social communication in indi-
viduals with autism have been reported (Cook, 2016;
Baranek et al., 2018), thereby raising a possibility that motor
disturbances, caused by impaired cerebellar LTD, may underlie
some of the behavioral core features in autism.

In conclusion, this study demonstrates that CSMD3
plays an important role in cerebellar PCs development. Loss
of CSMD3 results in abnormal PC morphology and dys-
function in cerebellar Crus I/II lobules, which may underlie
the pathogenesis of motor deficits and core autistic-like
symptoms in CSMD3�/� mice (Fig. 9). These results pro-
vide novel insight into the pathophysiological mechanisms
by which CSMD3 mutations cause impairments of cerebel-
lar function that may contribute to ASD.
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