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A B S T R A C T   

Epileptic seizures are distinct but frequent comorbidities in children with autism spectrum disorder (ASD). The 
hyperexcitability of cortical and subcortical neurons appears to be involved in both phenotypes. However, little 
information is available concerning which genes are involved and how they regulate the excitability of the 
thalamocortical network. In this study, we investigate whether an ASD-associated gene, SH3 and multiple ankyrin 
repeat domains 3 (Shank3), plays a unique role in the postnatal development of thalamocortical neurons. We 
herein report that Shank3a/b, the splicing isoforms of mouse Shank3, were uniquely expressed in the thalamic 
nuclei, peaking from two to four weeks after birth. Shank3a/b-knockout mice showed lower parvalbumin signals 
in the thalamic nuclei. Consistently, Shank3a/b-knockout mice were more susceptible to generalized seizures 
than wild-type mice after kainic acid treatments. Together, these data indicate that NT-Ank domain of Shank3a/b 
regulates molecular pathways that protect thalamocortical neurons from hyperexcitability during the early 
postnatal period of mice.   

1. Introduction 

Autism spectrum disorder (ASD) is an increasingly recognized group 
of neurodevelopmental diseases characterized by restricted interests and 
deficits in social skills (Sasayama et al., 2021). Ten to 20% of children 
with ASD develop epileptic seizures that need medication (Liu et al., 
2021). The high comorbidity rate of epilepsy with ASD suggests com-
mon mechanisms underlying the two phenotypes (Lee et al., 2015). 

Epileptic seizures in patients with ASD are typically characterized as 
a tonic-clonic pattern or as a focal-onset, secondarily generalized forms 
(Jeste and Tuchman, 2015). The nosology suggests that seizures in ASD 
involve thalamic neurons and dysfunctions of gamma aminobutyric acid 

(GABA)-producing interneurons in thalamocortical circuits (Caciagli 
et al., 2020). Little is known, however, about which genes are involved 
or how they regulate the postnatal development of thalamic in-
terneurons and thalamocortical connectivity. 

Among the genes located at 22q13.3, the deletion of SH3 and multiple 
ankyrin repeat domains 3 (SHANK3) is critical for the neuro-
developmental phenotypes of Phelan-McDermid syndrome (PMS) 
(Monteiro and Feng, 2017). Because SHANK3 plays an essential role in 
the synaptic development (Monteiro and Feng, 2017; Naisbitt et al., 
1999), dissecting the molecular functions of SHANK3 in the developing 
brain provides a clue to understand the pathogenic mechanisms of 
neurobehavioral problems in affected children (Monteiro and Feng, 
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2017). Notably, the mouse brain expresses multiple isoforms of Shank3 
(Shank3a-f) via alternative splicing (Wang et al., 2014), although their 
distinct roles remain to be defined. 

The two isoforms of murine Shank3 containing the ankyrin repeat 
domain (Ank) are designated Shank3a/b (Bucher et al., 2021; Cai et al., 
2020, 2021; Monteiro and Feng, 2017; Sakai et al., 2022; Salomaa et al., 
2021). In the present study, we investigated whether or not the Shan-
k3a/b isoforms play indispensable roles in the development of the 
thalamic function in the early postnatal life of humans and mice. We 
found that Shank3a/b was highly expressed in the thalamic nuclei of 
mice at two to four weeks old. In agreement with this finding, 
Shank3a/b-knockout (KO) mice showed lower parvalbumin (Pvalb) 
signals in the thalamic nuclei than wild-type mice and greater suscep-
tibility to kainic acid-induced seizures. Our data thus indicate that 
Shank3a/b plays an essential role in organizing the excitation-inhibition 
(EI) balance of thalamocortical circuits during the early postnatal 
period. 

2. Materials and methods 

2.1. Ethics 

Animal experiments were performed in accordance with the ARRIVE 
guidelines. Specific protocols and were approved by the Institutional 
Animal Care and Use Committee (#A21–422–0 and A21–189–1), which 
is associated with the National Research Council’s Guide for the Care 
and Use of Laboratory Animals. 

2.2. Animals 

Shank3tm1a(KOMP)Wtsi mice were purchased from KOMP (Bozdagi 
et al., 2010). Mice were maintained in a specific-pathogen-free envi-
ronment. Tissue sampling was conducted under deep anesthesia with 
inhalation of sevoflurane. Four-week-old male WT, Shank3a/b-KO and 
heterozygous littermates were subjected to quantitative PCR, Western 
blotting and immunofluorescence studies unless otherwise stated. 

2.3. Quantitative PCR 

The relative gene expression was calculated by the ddCt method 
(Akamine et al., 2020). Mouse Actb was used as an internal control. PCR 
primers used in this study are listed in Table S1. 

2.4. Kainic acid treatment 

Four-week-old male littermates were used for this study. Mice were 
injected intraperitoneally with either saline (vehicle) or kainic acid (KA) 
(Wako, Osaka, Japan) dissolved in saline. KA was administered at a dose 
of 10 mg/kg for the experiment. To assess the onset and severity of 
seizures, we recorded the seizure score for 1 hr after KA treatments using 
the standard scale: 0, no reaction; 1, arrest of motion; 2, myoclonic jerks 
of the head and neck, with brief twitching movements; 3, unilateral 
clonic activity; 4, bilateral forelimb tonic and clonic activity; and 5, 
generalized tonic-clonic activity with loss of postural tone including 
death from continuous convulsion, according to the previously 
described criteria (Yang et al., 1997). 

2.5. Immunofluorescence 

Standard methods were used as previously described (Akamine et al., 
2020; Matsushita et al., 2016). Antibodies are listed in Table 1. Confocal 
images were obtained with A1 HD25 (Nikon Corporation, Tokyo, 
Japan). Image processing and digital stitching were performed with the 
NIS-elements AR software program (Nikon Corporation). BZ-X800 
(Keyence, Osaka, Japan) equipped with the analytical software pro-
gram BZ-X analyzer (Keyence) was used for the quantitative analysis. 

The ImageJ software program (https://imagej.nih.gov/ij/) was used for 
the quantitative measurement of fluorescence signals. 

2.6. Western blotting 

Standard methods were used (Akamine et al., 2020; Matsushita et al., 
2016). A 4–15% polyacrylamide electrophoresis gel (Mini-PROTEAN 
TGX Gels; BioRad Laboratories, Hercules, CA, USA) was loaded with 
20–50 μg protein per lane. Ponceau S staining (A40000279; Thermo 
Fisher Scientific) was used for testing the condition of electro-transfer. 
Antibodies are listed in Table 1. 

2.7. Statistical analysis 

All statistical analyses were performed using R (https://cran.r-proj-
ect.org/) and the JMP software program (SAS Institute, Cary, NC, USA). 
The collected data are presented as the mean ± standard deviation 
(SDM) unless otherwise stated. P values of < 0.05 (*) were considered 
significant (**p < 0.01; and ***p < 0.001). 

3. Results 

3.1. Expression of Shank3 isoforms in the postnatal brain 

To investigate whether Shank3a plays a distinct role from other 
isoforms in the developing brain, we used Shank3flox ex4–9/flox ex4–9 mice 
(Fig. 1A) (Bozdagi et al., 2010). The Shank3flox ex4–9 (knockout, KO) 
allele disrupted the expression of Shank3a (180 kDa) while it allowed 
the downstream promoters and alternative exons to express the smaller 
(c-f) isoforms (118–150 kDa, Fig. 1B, C). We used the mouse monoclonal 
anti-Shank3 antibody (C-4), which detects the amino acid 1431–1590, a 
conserved region among Shank3a-f isoforms (Fig. 1B). We ensured that 
Shank3a/b-KO mice, but not the wild-type (WT) mice, expressed 
β-galactosidase (β-Gal) in the postnatal brain at 4 weeks of age (Fig. 1D). 
Because the presence of β-Gal signals reflected tissues that lacked the 
endogenous expression of Shank3a/b, the immunofluorescence data 
suggested that Shank3a/b was strongly expressed in the thalamus, ce-
rebral cortex and hippocampus (Fig. 1E). 

To further validate this finding, we evaluated the expression of 
Shank3a/b mRNA containing exons 7–9. WT and heterozygous mice 
expressed, but not Shank3a/b-KO mice did, Shank3a/b mRNA in cere-
bral cortices, hippocampi and thalami (Fig. S1, upper). In contrast, 
common splicing isoforms spanning exons 12 and 13 were present at 
similar levels in these tissues from WT, heterozygous and Shank3a/b-KO 
mice (Fig. S1, middle). Cerebral cortices, hippocampi and thalami from 
heterozygous and Shank3a/b-KO mice showed ≥ 1000-fold lacZ 
expression compared with WT mice (Fig. S1, lower). Thus, the lacZ 
mRNA expression was inversely correlated with the Shank3a/b expres-
sion, and β-Gal signals indicated the specific brain regions where WT 
mice expressed the Shank3a/b isoforms. 

Table 1 
Antibodies used in this study.  

Item Catalog # Vendor1 Experiment2 Dilution 

anti-β-actin ab49900 Ab WB 1:50,000 
anti-β-galactosidase ab9361 Ab IF 1:1000 
anti-Calbindin ab108404 Abcam WB 1:1000 
anti-Gad67 MAB5406 SA IF 1:1000 
anti-Homer sc-15321 SCB WB 1:1000 
anti-Pvalb MAB1572 SA IF 1:1000 
anti-Shank1 [N22/21] ab94576 Ab IF 1:100 
anti-Shank2 [B-4] sc-365121 SCB IF 1:100 
anti-Shank3 [C-4] sc-377088 SCB IF 

WB 
1:100 
1:1000 

anti-Shank3 [H-160] sc-30193 SCB IF 1:100 

Ab, Abcam; SA, Sigma-Aldrich; SCB, Santa Cruz Biotechnology 
IF, immunofluorescence; WB, Western blotting 
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We ensured that all three Shank family proteins appeared to be 
ubiquitously expressed in the cerebral cortex, hippocampus and thal-
amus at this age (Fig. S2A, B). However, only the mouse monoclonal 
anti-Shank3 (#C-4) antibody, but not the rabbit polyclonal anti-Shank3, 
detected regionally hyperintense signals of Shank3 in the thalamic 
nuclei (Fig. S3A, B). In contrast to WT mice, the laminar-gradient 
pattern of Shank3 signals was hardly observed in the cerebral cortex 
of Shank3a/b-heterozygous or KO mice (Fig. S4A, B). Shank3a/b- 
heterozygous or KO mice did not show hyperintense signals of Shank3 
in the thalamic nuclei, either (Fig. S4A, B). Regionally hyperintense 
signals of Shank3 were likely to reflect the biallelic expression of 
Shank3a/b in the thalamus at 4 weeks of age. Anti-Shank3 (#C-4) also 
detected the ubiquitously expressed signals of Shank3c-f isoforms, 
harboring the common epitope of PDZ, rather than the cross-reacting 
signals of the antibody with Shank1 and Shank2. 

We further ensured that the mouse monoclonal anti-Shank3 (C-4) 
clearly detected the 180-kD band of Shank3a in comparison with rabbit 
anti-Shank3a in Western blotting (Fig. S5). Thus, both in Western blot-
ting (Fig. 1C, S5) and immunofluorescence (Figs. 1D, E and 2A) studies, 
the antibody C-4 clarified the unique expression of Shank3a/b in the WT 
mouse brain. 

3.2. Expression of Shank3a/b in the postnatal brain 

To clarify the expression of Shank3a/b at an early postnatal age, we 

assessed the time course of β-Gal expression in heterozygous mice from 1 
to 16 weeks. The thalamic β-Gal signal was highest at two weeks of age 
and then gradually decreased with age (p = 5.3 ×10− 6, two-way 
ANOVA; Fig. 2A, B). The expression of Shank3 isoforms containing 
the common epitope was gradually increased during this period 
(Fig. 2A, B). In qPCR, the expression of Shank3a/b-encoding mRNA 
(exons 7–9) was elevated from 2 to 4 weeks after birth, whereas the 
expression of mRNA harboring common exons (exons 12–13) increased 
during the observation period (1–8 weeks of age) (p = 0.028, two-way 
ANOVA; Fig. 2C). Western blotting also showed that the expression of 
Shank3a (180 kDa) was gradually declined during postnatal weeks 2–8 
in the cerebral cortex of WT mice (Fig. 2D, left). In contrast, the higher 
expression ratio (Shank3a/e) was observed in the thalamus than in the 
cerebral cortex during that same period (Fig. 2D, right). Thus, the 
expression of Shank3a/b was differentially regulated from those of other 
isoforms in each brain region. 

3.3. Decreased parvalbumin signals in Shank3a/b-KO mice 

Loss of Shank3 was reported to cause decrease in the expression of 
parvalbumin (Pvalb), but not the number of Pvalb+ neurons (Filice 
et al., 2016). Because Shank3a/b was highly expressed in thalamic 
nuclei (Fig. 1D, E), we rationalized that similar findings might be 
observed in this region with Shank3a/b-KO mice. Shank3a/b-KO mice 
showed lower Pvalb+ signals in the thalamic ventral posteromedial 

Fig. 1. The expression pattern of Shank3 isoforms. A schematic view of the mouse Shank3 gene. Arrows indicate the transcriptional initiation sites. The targeted 
allele has stop codon and lacZ sequence (red) between exons 8 and 9. Shank3a/b are translated from the WT mRNA, but not from the KO mRNA. NTD-Ank (blue 
columns) and other domains (white) are depicted. The KO allele expresses β-Gal. Green shade represents the epitope region of anti-Shank3, C-4. Western blotting for 
WT, heterozygous (het) and Shank3a/b-KO brain extracts. Homer1 and calbindin are tissue markers for the cerebellum and cortex, respectively. (D, E) Coronal (D) 
and sagittal (E) views of WT and Shank3a/b-KO mouse brain at 4 weeks of age. Anti-β-Gal (red) and Shank3 (green, mouse clone #C-4) were used. β-Gal signals are 
present in the cerebral cortex, hippocampus and thalamus of KO mice. 
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(VPM), posterior thalamic nuclei (PO) nuclei and hippocampal CA1 than 
WT mice at 4 weeks of age (p < 0.001, <0.001 and 0.028 respectively; 
Wilcoxon’s rank sum tests; Fig. 2E, F and S6A). Pvalb signals did not 
differ in the hippocampal the CA2, CA3 or dentate gyrus (DG) between 
the two mouse strains (Fig. S6B). Immunofluorescence signals of other 
GABAergic interneuron markers (Gad67) did not differ between 
Shank3a/b-KO and WT mice in VPM neurons (Fig. S6C). In PO neurons, 
higher signals of Gad were observed in WT than in KO mice 
(p = 0.0108). 

3.4. Exaggeration of kainic acid-induced seizures in Shank3a/b-KO mice 

Reduced Pvalb signals in Shank3a/b-KO mice suggested that they 
might show higher susceptibility to seizures than WT mice. To examine 
this, we employed a seizure model using KA, a potent inducer of focal 
and generalized seizures in mice (Kajitani et al., 2006). During the whole 
observation period (0–60 min), the seizure scores of Shank3a/b-KO 
mice were significantly higher than those of WT mice 
(p < 2.2 ×10− 16; repeated two-way ANOVA [time, genotype]; Fig. 3A). 

The heterozygous mice were also as susceptible to KA-induced seizures 
as Shank3a/b-KO mice (p = 4.1 ×10− 14; repeated two-way ANOVA; 
Fig. 3A), indicating the haploinsufficiency of Shank3a/b deletion. Dur-
ing the early phase, severe seizures (grade 3–5) were never observed in 
either WT, heterozygous or Shank3a/b-KO mice (Fig. 3B, 0–10 min). 
However, both Shank3a/b-heterozygous and KO mice developed severe 
seizures more frequently (29–51%) than WT mice (0–7.8%) during the 
late phase (p < 0.001, Tukey’ HSD; Fig. 3B, 50–60 min). 

4. Discussion 

This study first clarified that the expression of the NT-Ank-containing 
isoform Shank3a/b was temporally and spatially regulated during the 
postnatal period in mice. Knowing that Shank3a/b was highly expressed 
in the thalamic nuclei, we hypothesized that this isoform might play an 
important role in the development of neural circuits in the early post-
natal stage. 

Clinically, 27–70% of patients with PMS develop epilepsy (Holder 
and Quach, 2016). Of note, atypical absence seizure has been reported to 

Fig. 2. Shank3a/b expression during the postnatal period. Expression of β-Gal (red) and Shank3 (#C-4, green) at different ages. A serial immunofluorescence using 
the brains from heterozygous male mice. Dashed circles indicate PO+VPM. Arrowheads, high-intensity signals of Shank3 and their corresponding signals to β-Gal 
(lucent = cortex, white = hippocampus; Asterisks, reference regions (thalamic RT) for the quantitative measurement of Shank3 signals). Quantitative measurements 
of data in (A). Line plots show β-Gal and Shank3 signals per PO+VPM area (mean ± SDM, n = 3–7 at each age; reference: 2 weeks of age). Relative expression of 
mRNA containing Shank3a/b-specific exons 7–9 (blue) and common exons 12–13 (white). The qPCR data show data using the thalamus from WT mice (mean 
± SDM, n = 3 for each time point). Expression of Shank3a/b and c-e protein isoforms in the cerebral cortex and thalamus at the indicated age of WT mice. Ratio (a/e) 
represents the relative signal intensity of Shank3a to Shank3e at the indicated age of WT mice. -, uncalculated. Western blotting with 50 µg total protein/lane. 
Coronal sections of WT and Shank3a/b-KO thalami at 4 weeks of age. Note, Pvalb (magenta) signals in ventroposterior (VP) and posterior (PO) thalamic nuclei in KO 
mice are decreased. Sections are stained with DAPI and anti-Pvalb antibody. A quantitative analysis for immunofluorescence of Pvalb in panel E. (E; n = 20 from 3 
pairs of littermates). Each dot represents the signal intensity of Pvalb in an area-adjusted region of interest (10 areas in VP and PO from 1 section). Reticular nucleus 
(RT), reference region. 
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be the most prevalent form of epilepsy in patients with SHANK3 muta-
tions and PMS (Holder and Quach, 2016). Furthermore, 2 (8%) of 24 
patients with PMS developed Lennox-Gastaut syndrome, the most severe 
form of epileptic encephalopathy in childhood (Holder and Quach, 
2016). Because both absence seizure and Lennox-Gastaut syndrome 
involve thalamocortical dysfunction as an epileptogenic mechanism 
(Warren et al., 2017), susceptibility to seizures in patients with PMS may 
involve an increased excitability of thalamus and thalamocortical 
circuits. 

Several mouse lines have been established to disrupt or attenuate the 
physiological functions of Pvalb interneurons in the thalamic reticular 
nucleus (Abdelaal et al., 2022; Calin et al., 2021; Godoy et al., 2022; 
Leitch, 2022; Makinson et al., 2017; Panthi and Leitch, 2019). 
Dysfunction of thalamic Pvalb interneurons caused mice to develop 
spike-and-wave discharges and absence-like seizures. Of note, functional 
disruption of AMPA receptor subunit GluA4 led to selective impairment 
in feed-forward inhibition at corticothalamic (CT)-reticular thalamic 
nucleus (RTN) synapses, which underlies the epileptogenic discharges 
and absence seizure in mice (Leitch, 2022). Furthermore, 
hypo-functioning of mTORC1 and 4E-BP2-dependent translation in 
Pvalb interneurons critically increased susceptibility to both pentyle-
netetrazole (PTZ)- and kainic acid (KA)-induced seizures (Sharma et al., 
2021). In contrast, activation of Pvalb interneurons using an optogenetic 
system showed a suppressive effect on cortical and thalamic seizures 
(Chang et al., 2017). Thus, the reduced expression of Pvalb in the 
thalamic nuclei reasonably explained the epileptogenic phenotype of 
Shank3a/b-KO mice in this study. 

From a biochemical perspective, an increasing number of molecules 
have been reported to interact with the NT-Ank domain of Shank3. NT- 
Ank regulates multiple molecular pathways associated with cytoskeletal 
remodeling (F-actin, α-spectrin) (Bockers et al., 2001; Durand et al., 
2012; Han et al., 2013; Salomaa et al., 2021), β- and δ-catenin (Hassani 
Nia et al., 2020a, 2020b; Schmeisser et al., 2009) and Ras and Rap1 
GTP-binding proteins (Lilja et al., 2017; Salomaa et al., 2021). Our data 
suggested that these interactions may exert unique effects on the 
development of thalamocortical circuits in the postnatal period of mice 
and humans. 

In humans, little information is available concerning the region- 
specific expression of SHANK3a-f isoforms (Maunakea et al., 2010). A 

molecular study showed that five CpG islands (CGI-1 to CGI-5) in 
SHANK3 were uniquely methylated in different brain regions (cere-
bellum vs. Broadman’s area 19) (Zhu et al., 2014). The postmortem 
brain from ASD patients showed hypermethylated conditions of 
SHANK3 (CGI-2, 3 and 4), which resulted in the lower expression of 
SHANK3c and e isoforms in the cerebellum than controls. Those authors 
further found that the increased methylation of CGI-2 and CGI-4 was 
associated with the reduced expression of SHANK3c in brain tissues and 
reduced promoter activity in cultured cells. These data suggested that 
the expression of human SHANK3 is epigenetically regulated through a 
complex mechanism. Thus far, however, no epigenetic studies have 
linked the intragenic methylation of SHANK3 (CGI-1) with the 
region-specific or age-dependent expression of SHANK3a/b isoforms, 
particularly in childhood. Given the high comorbidity rates of epilepsy 
and somatosensory disturbance in children with PMS, our study might 
provide insight into the functional role of SHANK3a/b in the postnatal 
development of the human brain. 

Dysfunction of Pvalb interneurons is also associated with neuro-
developmental and psychiatric conditions in multiple mouse models 
(Ruden et al., 2021). For example, knockout of the gene responsible for 
Rett syndrome, methyl CpG binding protein 2 (Mecp2), shows repetitive 
behaviors and stereotypies even if the gene is selectively removed from 
Pvalb interneurons (Ito-Ishida et al., 2015). Reduced numbers and/or 
immunoreactivity of Pvalb interneurons were reproducibly observed in 
mice with deletion of contactin associated protein 2 (Cntnap2) (Lauber 
et al., 2018; Penagarikano et al., 2011; Selimbeyoglu et al., 2017), 
conditional knockout of all three neurexins (Chen et al., 2017), and in 
Shank models (Filice et al., 2016; Lee et al., 2018; Mao et al., 2015). 
Unlike Shank3a/b-KO mice, however, conditional deletion of Shank2 in 
Pvalb interneurons did not augment seizure susceptibility or paroxysmal 
discharges in electroencephalography although they showed hyperac-
tivity and enhanced self-grooming behaviors (Lee et al., 2018). None-
theless, these studies postulated the concept that pathogenic 
mechanisms of neurodevelopmental and psychiatric diseases may 
converge at hypo-functioning Pvalb interneurons in mice and humans 
(Gandal et al., 2018, 2022). Thus, it is worth clarifying the specific roles 
of thalamic Pvalb interneurons during the early postnatal period. 

Several limitations remain in the present study. Video-monitoring 
electroencephalograms may detect nonconvulsive epileptic seizures, 

Fig. 3. Susceptibility of Shank3a/b-knockout mice to kainic acid-induced seizures. A.Time course of seizures (mean ± SEM values) after kainic acid (KA) injection 
for 4-week-old WT (black), Shank3a/b-KO (red) and heterozygous (blue) male mice. B.The average score of seizure events in the early phase (0–10 min, left) and the 
late phase (50–60 min, right) after KA treatment. 
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such as absence seizure, in addition to KA-induced seizures. We also 
need to test whether the striatal expression of Shank3 also plays a major 
role in the postnatal development of thalamocortical circuits (Peca et al., 
2011). Single-cell RNA sequencing for conditional Shank3a/b-knockout 
mice will clarify which neurons show aberrant molecular signaling and 
alternative splicing. 

In conclusion, we found that Shank3a/b, the NT-Ank containing 
isoforms of Shank3, were uniquely expressed in the thalamic nuclei 
during the early postnatal period. The developmental process of so-
matosensory and other thalamocortical circuits is a valuable target for 
identifying the neural bases of ASD. 
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