
Ⅰ　Introduction

　IQ motif and Sec7 domain 2 (IQSEC2, aka BRAG1) 
is a guanine nucleotide exchange factor for ADP ri
bosylation factors (GEF-Arfs), constituting a IQSEC 
protein family together with IQSEC1 and IQSEC3. 
IQSEC2 has been reported to activate Arf6 specifi
cally by exchanging its guanosine diphosphate (GDP) 

Reductions of Parvalbumin Positive Interneurons and 
Adult Hippocampal Neurogenesis were Observed in 

the Genetically Mimicked Mouse Models for IQSEC2-related Disorders

Mengyun Zhou1）, Qi Guo1）, Emi Kouyama-Suzuki1）

Katsuhiko Tabuchi1）2）＊ and Takuma Mori1）2）＊

1）　Department of Molecular and Cellular Physiology, Shinshu University School of Medicine
2）　Department of Neuroinnovation, Institute for Biomedical Sciences, 　　　　　　　　　　

　　　　　Interdisciplinary Cluster for Cutting Edge Research, Shinshu University　　　　　　　 　　　

Background : IQSEC2-related disorders are a genetic syndrome characterized by intellectual disability and various 
neurodevelopmental disorders. We previously generated Iqsec2 knockout mice and conducted electrophysiological 
and behavioral assays to study their phenotypic manifestations. However, histological features observed in other 
mouse models of neurodevelopmental disorders have never been examined. We focused on the adult neurogenesis 
and interneuropathy as features of neurodevelopmental disorders and investigated them with the Iqsec2 knock
out mouse.
Methods : Four-month-old Iqsec2 knockout male mice were injected with bromodeoxyuridine (BrdU) to label newly 
born hippocampal neurons. We estimated the number of the adult-born neurons in the hippocampus by immu
nohistochemistry with antibodies against BrdU and NeuN, a neuronal marker. We also quantified parvalbumin-
positive neurons, a dominant subtype of GABAergic interneurons by immunohistochemistry.
Results : We observed that the number of parvalbumin interneurons decreased in the medial prefrontal cortex 
and the dentate gyrus of the ventral part of the hippocampus. The number of the BrdU positive neurons in the 
dentate gyrus of the hippocampus decreased in Iqsec2 knockout mice. The reduction of BrdU positive neurons 
was observed both in the dorsal and ventral parts of the hippocampus.
Conclusion : A decrease in parvalbumin-positive neurons, occurred in the medial prefrontal cortex and the hip
pocampus, which indicates that a mechanism of IQSEC2-related disorders may involve a deficit of interneurons. 
Considering that adult neurogenesis seems important for cognitive brain functions, a reduction of adult-born 
neurons in the hippocampus may be related to some of the phenotypes of IQSEC2-related disorders, such as 
intellectual disability. Shinshu Med J 72 : 385―396, 2024

(Received for publication August 8, 2024 ; accepted in revised form August 23, 2024)　

Key words : IQSEC2-related disorders, adult neurogenesis, interneuron, neurodevelopmental disorders

Abbreviations : PV neuron, parvalbumin positive neuron ; BrdU, Bromodeoxyuridine ; VPA, valproic acid ; PNE, 
prenatal nicotine exposure ; IQSEC2, IQ motif and Sec7 domain 2 ; ASD, autism spectrum disorders ; GABA, 
gamma amino butyric acid ; PBS, phosphate buffered saline ; AAV, adeno-associated virus 

＊ Corresponding author :  Katsuhiko Tabuchi and Takuma Mori
 Department of Molecular and Cellular Physiology, 
 Shinshu University School of Medicine, 3-1-1 Asahi, 
 Matsumoto, Nagano 390-8621, Japan
 Department of Neuroinnovation, Institute for Biomedical 

Sciences, Interdisciplinary Cluster for Cutting Edge 
Research, Shinshu University, 3-1-1 Asahi, Matsumoto, 
Nagano 390-8621, Japan

 Email : ktabuchi@shinshu-u.ac.jp, mori@shinshu-u.ac.jp

385No. 6, 2024

Shinshu Med J, 72⑹：385～396, 2024

050_４Ｃ-原著-Mengyun Zhou et al.（信州医誌_Vol.72 No.6）.indd   385050_４Ｃ-原著-Mengyun Zhou et al.（信州医誌_Vol.72 No.6）.indd   385 2024/11/07   15:47:582024/11/07   15:47:58



to guanosine triphosphate (GTP)1）. Recent studies 
have highlighted the significance of Arf6 in the de
velopment and maturation of synapses. Arf6 activated 
by IQSEC2 is involved in the trafficking of synaptic 
vesicles, the formation of dendritic spines, and the reg
ulation of receptor recycling, processes that are criti
cal for the proper functioning of synapses2）. IQSEC2 
is localized at excitatory glutamatergic synapses to
gether with postsynaptic molecules such as NMDA 
and AMPA receptors, and PSD-953）-5）.
　The IQSEC2 gene is located on Xp11.22 in human 
and mutations in IQSEC2 have been linked to a spec
trum of neurodevelopmental disorders, including non-
syndromic X-linked intellectual disability and Autism 
Spectrum Disorder (ASD)6）. The inheritance pattern 
of the IQSEC2-related disorders (#MIM 309530) is 
complex because the IQSEC2 gene is known to es
cape X chromosome inactivation7）. Epilepsy is a com
mon phenotype and 70 ％ of females and 90 ％ of males 
were affected by IQSEC2-encephalopathy and the 
prevalence of the IQSEC2-encephalopathy was esti
mated to be 0.00007/100,000 in an Italian population8）. 
The authors reported more than 70 ％ of patients 
showed a severe degree of intellectual disability in 
both sexes and ASD-like features such as the impair
ment of social interaction and restrictive and repeti
tive behaviors. A brain MRI study reported abnor
mal findings including white matter changes, thin 
corpus callosum, and cortical atrophy9）.
　These pathogenic variants can lead to either loss 
of function or gain of function, disrupting normal syn
aptic signaling and plasticity, which are critical for 
cognitive processes such as learning and memory10）. 
There have been several mouse models of IQSEC2-
related disorders developed and investigated the patho
logical phenotypes11）-14）. One of these four Iqsec2 mu
tant mice carries a missense pathogenic variant of 
Iqsec2 gene, A350V, which was identified in a patient 
caused by IQSEC2-related disorders13） and the other 
three lines are Iqsec2 knockout mice. These Iqsec2 
knockout mice shared common phenotypes, such as 
the hyperactivity during the open field test11）12）14）, and 
the reduction of social interactions evaluated by three 
chamber test11） or ultrasonic vocalization test12）. 

　While the genetic and environmental factors con
tributing to neurodevelopmental disorders are com
plex, recent research has identified specific neural 
circuits and cell types that play pivotal roles in their 
pathogenesis15）. Among these, parvalbumin positive 
(PV) neurons, a subtype of GABAergic interneurons, 
have garnered significant attention due to their crucial 
role in maintaining the balance of excitation and inhi
bition in the brain16）. PV neurons are characterized 
by their expression of the calcium-binding protein 
parvalbumin and are predominantly found in the cor
tex and hippocampus17）. These fast-spiking interneu
rons are essential for the synchronization of neuronal 
networks and the generation of gamma oscillations, 
which are critical for cognitive processes such as per
ception, attention, and memory18）. Disruption in the 
function or development of PV neurons has been im
plicated in various neurodevelopmental disorders, sug
gesting that these neurons are key players in the 
pathophysiology of these conditions. Alterations in 
inhibitory interneuron function have been reported in 
Iqsec2 knockout mice, including an increase in inhibi
tory neurotransmission and in the number of PV neu
rons in the hippocampus12）. In contrast, we previously 
observed a decrease in inhibitory neurotransmission 
in the neocortex11）, but we did not examine the dis
tribution of PV neurons in the mouse brain.
　Adult neurogenesis, the process by which new 
neurons are generated in the adult brain, occurs pri
marily in two regions :  the subgranular zone of the 
hippocampal dentate gyrus and the subventricular 
zone lining the lateral ventricles. Dysregulation of 
adult neurogenesis has been implicated in a variety 
of neurodevelopmental disorders, suggesting that 
this process is crucial for maintaining normal brain 
function19）20）. For example, pathogenic variants in 
genes involved in neural stem cell proliferation and 
differentiation, such as DISC1 (Disrupted in Schizo
phrenia 1) and FMR1 (Fragile X Mental Retardation 
1), can impair adult neurogenesis and contribute to 
the pathology of schizophrenia and Fragile X syn
drome, respectively21）-23）. To date, adult neurogenesis 
has never been investigated in any of Iqsec2 mutant 
mice.
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　We previously generated an Iqsec2 knockout mouse 
and identified altered neurophysiological and behav
ioral functions11）. The mouse model exhibited the 
reduction of excitatory glutamatergic and inhibitory 
GABAergic neurotransmissions and the impairments 
of social behaviors, indicating that the Iqsec2 knock
out mouse can be an animal model of IQSEC2-related 
disorders. The histological features observed in other 
ASD models, such as PV and adult-born neurons, have 
never been examined in this Iqsec2 knockout mouse. 
In the current study, we assessed the distribution of 
PV neurons and adult-born neurons in the brain of 
Iqsec2 knockout mice and found that the numbers of 
PV neurons in the medial prefrontal cortex and adult-
born neurons in the hippocampus decreased in the 
Iqsec2 knockout mouse. These results indicate that 
the deficiency of Iqsec2 gene in the mouse causes an 
alteration of the neuronal structure.

Ⅱ　Materials and Methods

Ａ　Ethics
　All procedures of the animal experiments were re
viewed by the Committee for Animal Experiments of 
Shinshu University and approved by the president of 
Shinshu University (Approved number #021045). Mice 
were group-housed under environmentally controlled 
conditions (12 : 12 light/dark cycle, 22±2 ℃, and 55
±10 ％ relative humidity) with food and water ad 
libitum. 
Ｂ　Iqsec2 knockout mice
　Iqsec2 knockout mice were generated previously 
using CRISPR/Cas9-based genome-editing via elec
troporation11）. Briefly, a ribonucleoprotein complex of 
single-guide RNA (aka crRNA) targeting exon 3 of 
Iqsec2 gene, tracrRNA, and Cas9 protein were elec
troporated into fertilized eggs of C57BL/6JmsSlc 
mice (Japan SLC) by using a NEPA21 electroporator 
(Nepa Gene). The electroporated embryos were trans
ferred to the oviduct of a surrogate mother of ICR 
strain (Japan SLC). We screened a mouse with 17- 
bp-deletion in exon 3 of Iqsec2 gene by Sanger se
quencing, resulting in D255X nonsense pathogenic 
variant of Iqsec2 gene (Fig. 1A). The mice were main
tained on a hybrid background of C57BL/6JmsSlc 

and 129＋TerSvJcl. The mice used in this study 
were genotyped using two pairs of primers to dis
tinguish between wild-type and knockout mice. 
For wild-type mice, the primers used were 5’-  
TTGAGTGAATGAACCGTGTAG-3’ and 5’-  
ATCAACCGCTGTGCTCAGGTC-3’. For Iqsec2 
knockout mice , the pr imers used were 5 ’ -  
TTGAGTGAATGAACCGTGTAG-3’ and 5’-  
CCAGGACTATCAACTGCCTG-3’. All the experi
menters were blinded either to the genotype or phe
notype of the mice throughout the study.
Ｃ　Prediction of the structure of IQSEC2
　The structure of IQSEC2 protein was predicted 
using AlphaFold3 algorithm24） on the AlphaFold  
server beta (https://alphafoldserver.com). We provid
ed a FASTA sequence (NP_001108136.1) to the Al
phaFold server as an input and analyzed the model_0 
on PyMOL software (Retrieved from http://www.
pymol.org/pymol). pLDDT of the predicted structure 
of IQSEC2 protein was colored using a PyMOL plugin 
(https://github.com/YoshitakaMo/pymol-psico). 
Ｄ　Immunohistochemistry for PV neurons
　Histological procedures were followed according to 
our previous protocols25）26）. The mice were approxi
mately 4-month-old, when the neurological issues like 
seizure and sudden death were reported to be sta
blized in knockout mice14）. The mice were deeply anes
thetized with an anesthesia cocktail including dexme
detomidine hydrochloride (0.3 mg/kg BW), midazolam 
(4 mg/kg) and butorphanol tartrate (5.0 mg/kg) and 
perfused with ice-cold phosphate buffered saline (PBS) 
followed by 4 ％ paraformaldehyde in PBS. The brain 
was sampled and postfixed in 4 ％ PFA in PBS over
night and put in 30 ％ sucrose in PBS until it sank. 
The brains were cut into thin slices of forty μm thick
ness. The brain slices were kept in Cryoprotectant 
(30 ％ sucrose, 1 ％ polyvinyl-pyrrolidone-40, 30 ％ 
ethylene glycol in 0.1M phosphate buffer, pH 7.4) 
at -20 ℃. The brain slices were pre-washed in PBS 
and incubated in blocking buffer (0.25 ％ Triton X-100 
and 10 ％ normal donkey serum) for 1 hour at room 
temperature. After blocking, the brain slices were 
washed in PBS containing 0.005 ％ Tween-20 (PBST) 
and incubated with mouse anti-parvalbumin mono
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clonal antibody (PV-19, Sigma-Aldrich, 1 : 1000 dilu
tion) at 4 ℃ overnight. After washing in PBST, the 
brain slices were incubated with a secondary donkey-
antibody against mouse IgG conjugated with Alexa 
594 (Thermo Fisher, 1 : 1000 dilution). After further 
washing, the brain slices were counterstained with 
DAPI and mounted on slides and coverslipped. Fluo
rescence imaging was conducted using a fluorescent 
microscope (BZ-X800, Keyence) and a confocal laser-
scanning microscope (TCS SP8, Leica Microsystems). 
For each brain region analyzed, an average of 3 brain 
slices per mouse were examined, with six animals 
analyzed per group. Regions of interest were delin
eated using clearly visible landmarks and predefined 
boundaries according to the Allen Brain Atlas. 
Ｅ 　BrdU injection and visualization of adult-born 

neurons
　BrdU was administered to approximately 4 month-
old eight wild-type and six Iqsec2 knockout mice fol
lowing a previously established protocol27）. Mice re
ceived intraperitoneal injections of BrdU (150 mg/kg) 
three times daily for five consecutive days. Serial cor
onal sections (40 μm thickness) were cut using a freez
ing microtome. Sections were initially washed in PBS 
for 15 minutes. For BrdU detection, DNA was dena
tured by incubating sections in 1M HCl for 30 minutes 
at 37 ℃, followed by neutralization in PBS (5 minutes, 
three times). Sections were then incubated in a block
ing solution containing 10 ％ donkey serum and 0.3 
％ Triton X-100 in PBS for 1 hour at room tempera
ture. Primary antibodies, mouse anti-NeuN (1 : 1000, 
MAB377, Roche) and rat anti-BrdU (1 : 200, ab6326, 
Abcam), were applied overnight at 4 ℃. After wash
ing in PBS (5 minutes, three times), sections were 
incubated with secondary antibodies (Alexa-488-
conjugated donkey anti-mouse IgG and Alexa-594-
conjugated donkey anti-rat IgG, both at 1 : 400, Ther
mo) for 2-3 hours at room temperature in the dark. 
Sections were counterstained with DAPI, mounted 
and coverslipped.
　Mice were perfused two weeks after the last BrdU 
administration in the same method described above. 
Coronal brain sections were imaged using a confocal 
microscope (SP8, Leica) or a fluorescent microscope 

(BZ-X800, Keyence) equipped with a 10× objective 
lens. Images were stitched using Keyence Image An
alyzer software (v. 1.1.2.4). To cover the entire hippo
campal formation, every sixth section was selected. 
Sections located anterior to bregma -2.80 mm were 
categorized as the dorsal DG, while sections posteri
or to this point were categorized as the ventral DG. 
Newborn neurons were identified as cells positive for 
both NeuN and BrdU. The total number of these 
double-positive cells was counted within the dentate 
gyrus. To estimate the total number of newborn 
neurons, the average number of double-positive cells 
per section (total counted cells divided by the num
ber of sections counted) was multiplied by the total 
number of sections encompassing the hippocampal 
region (approximately 36 sections for the dorsal and 
36 for the ventral DG).
Ｆ　Estimation of the hippocampal volume
　The hippocampus and its subfields (CA1 and the 
dentate gyrus) were identified and outlined from the 
micrographs and their areas were measured using 
ImageJ 2.14.0. This measurement was performed for 
each slice of the brain. The volume of the hippocam
pus was estimated using the formula :

V＝t×∑Ai

where V is the total volume, t is the thickness of each 
slice, n is the total number of slices, and Ai is the area 
of the hippocampus in the i-th slice. The volumes of 
each subfield and the whole dorsal hippocampus were 
then calculated. All measurements were performed 
bilaterally, and the total hippocampal volume for each 
brain was obtained by summing the volumes of all 
slices.
Ｇ　Statistical analysis
　Sample sizes were determined based on established 
practice and on our previous experience in respective 
assays. All values represent the average of indepen
dent experiments ± SEM. The variance among ana
lyzed samples was similar. Statistical significance was 
determined by Student’s t-test. Statistical analysis 
was performed using GraphPad Prism 8 and custom-
written R scripts. Statistical significance was indicated 
by asterisks (＊p＜0.05, ＊＊p＜0.01). All data were ex
pressed as means ± SEM.

n

i－1
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Ⅲ　Results

Ａ　Genomic and protein structures of mouse Iqsec2

　We previously generated the Iqsec2 knockout mice 
using CRISPR/Cas9-based genome editing11） and found 
the mouse expresses a truncated Iqsec2 (Fig. 1A,  
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Fig. 1: Protein Structure of IQSEC2 in wild-type and knockout mice
Panel A, two major isoforms of the mouse IQSEC2 protein. The target side used in this study was shown by a 
dashed line. Rectangles indicate exons of IQSEC2 gene. Panel B, a predicted protein structure of mouse 
IQSEC2 by AlphaFold3. Four functional domains were colored differently from other part of IQSEC2 protein. 
Panel C, truncated IQSEC2 protein in our Iqsec2 knockout mouse, Panel D, pLDDT scores of predicted 
IQSEC2 protein, indicating local structure of functional domains were predicted with a high accuracy. Panel E, 
microscopic view of the IQSEC2 functional domains, indicated by a rectangle in the Panel B. Panel F, the 
thickness of  cortical layers of the somatosensory cortex. No difference was observed between wild-type 
(grey) and Iqsec2 knockout (red) mice. Panel G, the volume of the hippocampal formation of the mice. The 
volume decreased in Iqsec2 knockout in comparison with the wild-type mouse. HF, hippocampal formation. 
Asterisks indicate a statistically signiÞcant difference by studentÕs t-test (*p < 0.05).
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Fig. 1　Protein Structure of IQSEC2 in wild-type and knockout mice
　Panel A, two major isoforms of the mouse IQSEC2 protein. The target side used in this study was shown by a 
dashed line. Rectangles indicate exons of IQSEC2 gene. Panel B, a predicted protein structure of mouse IQSEC2 by 
AlphaFold3. Four functional domains were colored differently from other part of IQSEC2 protein. Panel C, truncated 
IQSEC2 protein in our Iqsec2 knockout mouse, Panel D, pLDDT scores of predicted IQSEC2 protein, indicating local 
structure of functional domains were predicted with a high accuracy. Panel E, microscopic view of the IQSEC2 func
tional domains, indicated by a rectangle in the Panel B. Panel F, the thickness of  cortical layers of the somatosensory 
cortex. No difference was observed between wild-type (grey) and Iqsec2 knockout (red) mice. Panel G, the volume of 
the hippocampal formation of the mice. The volume decreased in Iqsec2 knockout in comparison with the wild-type 
mouse. HF, hippocampal formation. Asterisks indicate a statistically significant difference by student’s t-test (＊p＜0.05).
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D255X nonsense pathogenic variant). We used Al
phaFold3 to predict the structure of Iqsec2 (Fig. 1B) 
and confirmed our previous result that the part re
mained by the truncation contained only coiled-coil 
domain but no other functional domains such as IQ-
motif and Sec7 domain (Fig. 1C). The four primary 
functional domains of Iqsec2 protein were predicted 
with relatively high confidence (pLDDT＞70) by Al
phaFold3 (Fig. 1D). These four domains were pre
dicted to be located close to each other, indicating that 
these domains could work in cooperation in wild-
type animals (Fig. 1E).
　Additionally, we evaluated the overall brain mor
phology in the knockout mice. Quantitative analysis 
of the neocortex showed no significant changes in the 
thickness of the somatosensory cortex layers (Fig. 1F). 
However, volumetric measurements revealed a sig
nificant reduction in the hippocampal formation and 
its subregions, including CA1 and the dentate gyrus, 
in Iqsec2 knockout mice compared to wild-type con
trols (Fig. 1G).
Ｂ 　Distribution of PV neurons between wild-type 

and Iqsec2 knockout mice
　Given our previous finding of reduced inhibitory 
GABAergic neurotransmission in the medial prefron
tal and somatosensory cortices11), we further investi
gated the potential histological alterations in these 
regions by examining the distribution of PV neurons, 
which consist of a major subtype of GABAergic in
hibitory interneurons in the neocortex. We examined 
the cell density of PV neurons in the medial prefron
tal cortex (Fig. 2A, B) and the somatosensory cortex 
(Fig. 2C, D). We separated the medial prefrontal 
cortex into three sub-regions, the cingulate area 1 
(Cg1), the prelimbic (PrL), and the infralimbic (IL) 
based on the Allen Brain Atlas and we found that 
the cell-density of PV neurons decreased in PrL and 
the IL of Iqsec2 knockout mice. The cell density of 
PV neurons in the medial prefrontal cortex (Fig. 2A) 
was decreased significantly in prelimbic and infralim
bic regions (Fig. 2B). We also investigated the cell 
density of PV neurons in the somatosensory cortex 
of Iqsec2 knockout mice (Fig. 2C). The cell density of 
PV neurons, on the other hand, did not decrease in 

the somatosensory cortex (Fig. 2D). We next exam
ined the cell density of PV neurons in the hippocam
pus (Fig. 3A, B). We found a reduction of PV neu
rons in the dentate gyrus of the ventral part, but not 
the dorsal part, of the hippocampus (Fig. 3C). The 
cell density of PV neurons was not altered in the 
CA1 region of the hippocampus (Fig. 3D). 
Ｃ 　Adult neurogenesis decreased in the hippocam-

pus of Iqsec2 knockout mice
　Recent researchers have shown that adult neuro
genesis in the hippocampus is associated with cogni
tive functions such as learning and spatial memory, as 
well as emotional behaviors28）. We previously demon
strated that adult neurogenesis was decreased in pre
natal nicotine exposure (PNE) mice, a model of neuro
developmental disorders27）. We investigated the number 
of the adult-born neurons, which are defined as double 
positive cells for BrdU and neuronal nuclear protein 
(NeuN), in the Iqsec2 knockout mice (Fig. 4A). We 
separated the hippocampus into two sub divisions, 
dorsal and ventral parts, which are related to spatial 
and emotional behaviors, respectively29）. We observed 
that the number of adult-born neurons decreased in 
Iqsec2 knockout mice than in wild-type neurons by 
approximately 40 ％ (Fig. 4B). The reduction in adult-
born neurons was observed not only in the ventral 
part of the hippocampus but also in the dorsal part , 
which is different from the finding in PNE mice we 
reported previously27）. 

Ⅳ　Discussion

　In the present study, we assessed the distribution 
of PV neurons and adult-born neurons in Iqsec2 knock
out mice and found that PV neurons and adult-born 
neurons decreased in Iqsec2 knockout mice. 
　We previously examined electrophysiological and 
behavioral characteristics of Iqsec2 knockout mice, 
which showed alterations of synaptic neurotransmis
sion and social behaviors11）. In the study, we demon
strated that the reduction of GABAergic inhibitory 
neurotransmissions on the pyramidal neurons in the 
neocortex. The findings in the current study support 
the previous physiological data, considering that PV 
neurons is a major subpopulation of GABAergic in
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hibitory interneurons. In addition to our knockout 
mouse, Iqsec2 knockout mice were established and 
examined by Sah et al.12）. They reported there was 
no alteration in glutamatergic excitatory neurotrans
mission but an increase in GABAergic inhibitory neu
rotransmission in the hippocampal neuron culture. 
They also observed that the number of PV neurons 
increased in the hippocampus, which support their 

electrophysiological findings. There are possible rea
sons to cause these differences. One of the possible 
reasons is the difference of the animal strain used to 
establish Iqsec2 knockout mice. We used a hybrid 
background of C57BL/6JmsSlc and 129＋TerSvJcl 
because they have a better maternal care for pups, 
whereas they used the C3HeB/FeJ and C57BL/6NJ 
strains for the same reason. It is known that the back

Fig. 2　Parvalbumin distribution in the neocortical regions of wild-type and Iqsec2 knockout mice
　Panel A, histochemical images of parvalbumin (PV) immune-positive neurons (red) in the medial prefrontal cortex. 
The structure of the brain was visualized by the counter-staining with DAPI (blue). Scale bar indicates 100 μm. Panel 
B, quantitative analysis of the cell density of PV cells in sub-regions of the medial prefrontal cortex. The subregions 
are cingulate area 1 (Cg1), prelimbic area (PrL), and infralimbic area (IL). Data from wild-type (grey bars) and Iqsec2 
knockout (red) mice, and data from each animal indicate with dots. Panel C, images of PV cells in the somatosensory 
cortex of wild-type and Iqsec2 knockout mice. Panel D, quantitative analysis of PV cell density on the somatosensory 
cortex is shown. Asterisks indicate statistically significant difference detected by Student’s t-test (＊p＜0.05).
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Fig. 2: Parvalbumin distribution in the neocortical regions of wild-type and Iqsec2 knockout mice.
Panel A, histochemical images of parvalbumin (PV) immune-positive neurons (red) in the medial prefrontal cortex. The structure of the 
brain was visualized by the counter-staining with DAPI (blue). Scale bar indicates 100 μm. Panel B, quantitative analysis of the cell density 
of PV cells in sub-regions of the medial prefrontal cortex. The subregions are cingulate area 1 (Cg1), prelimbic area (PrL), and infralimbic 
area (IL). Data from wild-type (grey bars) and Iqsec2 knockout (red) mice, and data from each animal indicate with dots. Panel C, images 
of PV cells in the somatosensory cortex of wild-type and Iqsec2 knockout mice. Panel D, quantitative analysis of PV cell density on the 
somatosensory cortex is shown. Asterisks indicate statistically signiÞcant difference detected by StudentÕs t-test (* p < 0.05).
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Fig. 3　Parvalbumin distribution in the hippocampus of wild-type and Iqsec2 knockout mice
　Panel A, histochemical images of parvalbumin (PV) immune-positive neurons (red) in the hippocampus, 
counter-stained with DAPI (blue). Scale bar indicates 100 μm. Panel B, quantitative analysis of the cell 
density of PV cells in the dentate gyrus of the hippocampus. Data from wild-type (grey bars) and Iqsec2 
knockout (red) mice, and data from each animal indicate with dots. Panel C, images of PV cells in CA1 of 
the hippocampus of wild-type and Iqsec2 knockout mice. Asterisk indicates statistically significant 
difference detected by Student’s t-test (＊p＜0.05).
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Fig. 3: Parvalbumin distribution in the hippocampus of wild-type and Iqsec2 knockout mice.
Panel A, histochemical images of parvalbumin (PV) immune-positive neurons (red) in the hippocampus, 
counter-stained with DAPI (blue). Scale bar indicates 100 μm. Panel B, quantitative analysis of the cell 
density of PV cells in the dentate gyrus of the hippocampus. Data from wild-type (grey bars) and Iqsec2 
knockout (red) mice, and data from each animal indicate with dots. Panel C, images of PV cells in CA1 of the 
hippocampus of wild-type and Iqsec2 knockout mice. Asterisk indicates statistically signiÞcant difference 
detected by Student’s t-test (* p < 0.05).
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Fig. 3: Parvalbumin distribution in the hippocampus of wild-type and Iqsec2 knockout mice.
Panel A, histochemical images of parvalbumin (PV) immune-positive neurons (red) in the hippocampus, 
counter-stained with DAPI (blue). Scale bar indicates 100 μm. Panel B, quantitative analysis of the cell 
density of PV cells in the dentate gyrus of the hippocampus. Data from wild-type (grey bars) and Iqsec2 
knockout (red) mice, and data from each animal indicate with dots. Panel C, images of PV cells in CA1 of the 
hippocampus of wild-type and Iqsec2 knockout mice. Asterisk indicates statistically signiÞcant difference 
detected by Student’s t-test (* p < 0.05).
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ground strains of the mouse affect the neural and 
biological characteristics. For example, our mice sur
vive more than one year, but the other Iqsec2 knock

out mice die before 187 days old12）. Pathogenic vari
ants we introduced and the age we analyzed were 
different from their studies. These may also cause 
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Fig. 4: Adult neurogenesis in the dentate gyrus of the hippocampus of wild-type and Iqsec2 knockout mice.
Panel A, adult-born neurons were visualized by BrdU (red) and brain sections were stained with anti-NeuN antibody 
(green) and DAPI (blue). Scale bar indicates 100 μm. Panel B, estimated number of adult-born neurons, BrdU and 
NeuN double positive cells, decreased in the dorsal and ventral parts of the hippocampus in Iqsec2 knockout mice. 
Asterisks indicate statistically signiÞcant differences between wild-type and Iqsec2 knockout mice (* p < 0.05; ** p < 
0.01, by student’s t-test).

Fig. 4　Adult neurogenesis in the dentate gyrus of the hippocampus of wild-type and Iqsec2 knockout mice
　Panel A, adult-born neurons were visualized by BrdU (red) and brain sections were stained with anti-NeuN 
antibody (green) and DAPI (blue). Scale bar indicates 100 μm. Panel B, estimated number of adult-born 
neurons, BrdU and NeuN double positive cells, decreased in the dorsal and ventral parts of the hippocampus 
in Iqsec2 knockout mice. Asterisks indicate statistically significant differences between wild-type and Iqsec2 
knockout mice (＊p＜0.05 ; ＊＊p＜0.01, by student’s t-test).
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the different results.
　We found that adult-born neurons in the hippo
campus decreased both in the dorsal and ventral hip
pocampus of the Iqsec2 knockout mice. The decrease 
in adult neurogenesis in the hippocampus has been 
reported in several lines of ASD models such as the 
PNE mice, which we reported previously27）. In the 
current study, however, we found the reduction of 
adult neurogenesis occurred in both the ventral and 
dorsal parts of the hippocampus, whereas the reduction 
occurred only in the ventral part of the hippocampus 
of the PNE mouse27）. In addition to our previous report, 
the reduction of the adult neurogenesis was found also 
in another mouse model of ASD with a missense patho
genic variant on Nlgn3 gene30）. There are several pos
sibilities that explain the discrepancy among these 
studies. We used approximately 4-month-old animals 
in this study, but 2-month-old animals were used in 
the previous studies. Adult neurogenesis is regulated 
not only by the genetic factors, but also by the age 
or the environmental conditions31） and the adult neu
rogenesis is known to decrease during aging. We 
found decreased number of adult-born neurons in 
the current study (～2,500 neurons) than the previ
ous study (～7,500 neurons), even in wild-type ani
mals. We used the same method to label adult-born 
neurons in the studies, indicating the reduction of 
adult neurogenesis may be caused by the ages of the 
animals. The severity of the phenotypes of these 
mouse models may also be the reason. The Iqsec2 
gene is known to cause different severe phenotypes 
in human by nonsense and missense pathogenic vari
ants32） and PNE cause milder phenotypes such as 
ADHD and ASD in most of the cases33）. More funda
mental effects may be caused by the deficiency of 
Iqsec2 gene than PNE. Therefore, the combinational 
effects of Iqsec2 pathogenic variant and the age of 
the animals may cause the difference. To answer the 
question whether the patterns of adult neurogenesis 
may be a common phenotype throughout neurode
velopmental disorders, more animal models must be 
examined in future studies.
　The electrophysiological and behavioral phenotypes 
of Iqsec2 knockout mice were rescued by the adeno-

associated virus (AAV)-mediated transfer of Iqsec2 
gene to the medial prefrontal cortex. The AAV-
mediated gene transfer has been examined and suc
ceeded to ameliorate the pathological phenotypes in 
model animals of Rett syndrome and FOXG1-related 
disorders34）35）. Since the differentiation and the local
ization of PV neurons were determined at early em
bryonic stages36）, the genetic transfer of Iqsec2 gene 
may not rescue the PV neurons. On the other hand, 
the reduction of adult neurogenesis may be recov
ered because adult neurogenesis is continuous event 
throughout the life. Adult neurogenesis has been re
ported to be rescued by the supplementation of some 
drugs, such as fluoxetine30）. Therefore, AAV-mediated 
transfer may ameliorate the alteration of adult neu
rogenesis. 
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