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A B S T R A C T   

Duchenne muscular dystrophy (DMD) is a muscle disorder caused by DMD mutations and is characterized by 
neurobehavioural comorbidities due to dystrophin deficiency in the brain. The lack of Dp140, a dystrophin short 
isoform, is clinically associated with intellectual disability and autism spectrum disorders (ASDs), but its post
natal functional role is not well understood. To investigate synaptic function in the presence or absence of brain 
Dp140, we utilized two DMD mouse models, mdx23 and mdx52 mice, in which Dp140 is preserved or lacking, 
respectively. ASD-like behaviours were observed in pups and 8-week-old mdx52 mice lacking Dp140. Paired- 
pulse ratio of excitatory postsynaptic currents, glutamatergic vesicle number in basolateral amygdala neurons, 
and glutamatergic transmission in medial prefrontal cortex-basolateral amygdala projections were significantly 
reduced in mdx52 mice compared to those in wild-type and mdx23 mice. ASD-like behaviour and electrophys
iological findings in mdx52 mice were ameliorated by restoration of Dp140 following intra-cerebroventricular 
injection of antisense oligonucleotide drug-induced exon 53 skipping or intra-basolateral amygdala adminis
tration of Dp140 mRNA-based drug. Our results implicate Dp140 in ASD-like behaviour via altered glutamatergic 
transmission in the basolateral amygdala of mdx52 mice.   

Abbreviations: DMD, Duchenne muscular dystrophy; Dp-, -kDa dystrophin protein; ASDs, autism spectrum disorders; ADHD, attention-deficit/hyperactivity 
disorder; WT, wild-type; BLA, basolateral amygdala; mPFC, medial prefrontal cortex; E-I balance, excitatory-inhibitory balance; EPSC, excitatory postsynaptic 
current; IPSC, inhibitory postsynaptic current; mEPSCs, miniature excitatory postsynaptic currents; mIPSCs, miniature inhibitory postsynaptic currents; AAV5- 
CaMKIIa-ChR2-EYFP, Serotype 5 adeno-associated virus expression of channelrhodopsin-2 fused to an enhanced yellow fluorescent protein driven by alpha-Calcium/ 
calmodulin-dependent kinase II promoter; VGLUT, vesicular glutamate transporters; PSD, postsynaptic density; ASO, antisense oligonucleotide. 
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1. Introduction 

Duchenne muscular dystrophy (DMD) is an X-linked disorder caused 
by nonsense and frameshift mutations in the DMD gene (Hoffman et al., 
1987). DMD is characterized by cognitive impairments and behavioural 
problems alongside skeletal muscle disorder in approximately 30 % of 
DMD patients (Bresolin et al., 1994; Motulsky, 1987; Wicksell et al., 
2004). The incidence of psychiatric symptoms such as intellectual 
disability, autism spectrum disorder (ASD) (Fujino et al., 2018; Hinton 
et al., 2009; Komoto et al., 1984), attention-deficit/hyperactivity dis
order (ADHD) (Hendriksen and Vles, 2008; Pane et al., 2012), and 
anxiety disorder (Filippo et al., 2012; Roccella et al., 2003) is higher in 
DMD patients. Further, emotional responses such as fear and stress are 
associated with the DMD gene (Frésard et al., 2012; Nonneman et al., 
2012; Razzoli et al., 2020). 

The DMD gene is highly expressed in the adult human amygdala and 
hippocampus (Doorenweerd et al., 2017). Tissue-specific promoters of 
the DMD and the Dmd gene give rise to different dystrophin protein 
isoforms. Each dystrophin isoform, including full-length dystrophin 
protein Dp427, brain-specific Dp140, and ubiquitous Dp71, is regulated 
by independent promoters in the human and murine brain (Supple
mentary Fig. 1A) (Lidov et al., 1990; Muntoni et al., 2003). Dp427 forms 
a dystrophin-glycoprotein complex at GABAergic postsynapses of py
ramidal neurons and regulates GABAA receptor clustering (Knuesel 
et al., 1999; Waite et al., 2012), whereas Dp140 is highly expressed 
throughout the central nervous system, including the amygdala, from 
the foetal period to infancy. Based on gene ontology analysis, Dp140 is 
associated with genes involved in early neurodevelopment (Door
enweerd et al., 2017). Notably, exacerbation of cognitive impairments in 
human DMD is linked to distal DMD mutations affecting brain-specific 
Dp140 expression, which derives from a brain-specific promoter 
located in intron 44, with its translation start site in exon 51, and a 
5’UTR composed of the Dp427 exons 45–50 in the DMD gene (Bardoni 
et al., 2000a, 2000b; Chamova et al., 2013; Felisari et al., 2000). 
Regarding neurobehavioural comorbidities, we previously reported that 
compared with DMD patients affecting only the Dp427, those with 
mutations also affecting the shorter dystrophin isoform were more than 
twice as likely to have a clustering of psychiatric symptoms (Ricotti 
et al., 2016). 

We previously reported that in the mdx mice lacking Dp427 in the 
muscle and the brain, the GABAA receptor subunit cluster number in the 
basolateral amygdala (BLA) was reduced, resulting in impaired amyg
dala GABAergic transmission and enhanced defensive behaviour (Seki
guchi et al., 2009). However, the detailed molecular functions of Dp140 
in the murine amygdala are not well understood, and Dp140-specific 
knockout mouse does not exist. Here, we utilized two different dystro
phic mouse models, namely the commonly studied mdx (referred to as 
mdx23 in our study) and mdx52 mice, to clarify brain-specific molecular 
functions of Dp140. The mdx23 mouse line has a nonsense mutation in 
Dmd exon 23, resulting in a lack of Dp427. In contrast, the mdx52 mouse 
line has a deletion of Dmd exon 52 (Araki et al., 1997a, 1997b), resulting 
in a lack of both Dp140 and Dp427 (Supplementary Fig. 1A-C). There
fore, we hypothesized that the lack of Dp140 in addition to Dp427 might 
exacerbate ASD-like behaviours and alter GABAergic and glutamatergic 
transmission in mdx52 mice compared with mdx23 mice. 

2. Methods and materials 

2.1. Animals 

As the Dmd gene is located on chromosome X in the mouse, male 
mdx23 mice, mdx52 mice (Araki et al., 1997a, 1997b), and their 
wild-type (WT) littermates were obtained by mating a dystrophin het
erozygote female (+/-) with a male WT mouse (C57BL/6 J) (genotype at 
random). C57BL/6-background mdx23 mice were generously given by 
Dr. Sasaoka (Niigata University) and maintained in our animal facility 

(Nogami et al., 2021). The heterozygote female used was obtained by 
mating three pairs of male WT mice and homozygote female mdx23 or 
mdx52 (C57BL/6 J mdx23 or mdx52) mice, both of which were main
tained in our facility. Littermate pairs were used in behavioural tests. A 
tail sample was excised for genotyping after behavioural tests. Geno
typing was performed using previously described PCR methods. Thus, 
experimenters were blind to genotype in behavioural tests. Throughout 
experiments, including examination of developmental changes in the 
sensitivity to restraint, each male mouse was used for one test only, and 
repetitive uses in other tests were avoided. Animal care was provided by 
the Animal Center in the National Center of Neurology and Psychiatry. 
These mice were housed four or five per cage (15 ×22 x 12 cm) under 
controlled conditions of temperature (25 ± 1 ℃), reared in normal 
lighting conditions (12-h light/dark cycle), and provided with food and 
water ad libitum. All behavioural experiments were performed between 
9 am and 3 pm in strict accordance with the regulations of the National 
Institute of Neuroscience and the National Center of Neurology and 
Psychiatry (Japan) for animal experiments and were approved by the 
Animal Investigation Committee of the Institute (Approval number: 
2019012). All efforts were made to minimize both suffering and the 
number of animals used. 

2.2. Behavioural test-1 "social behaviour" 

Social interaction test was applied to the previous apparatus 
(Makinodan et al., 2012) in 8-week-old male mice. Two metallic 
perforated boxes (7 ×7 x 11 cm), one of which contained a male WT 
mouse at 8 weeks of age, were placed in the open field arena (50 ×50 x 
40 cm, O’Hara & Co., Ltd., Tokyo, Japan) after the open field test as 
indicated by Behavioural test-4 as habituation to the test apparatus. The 
experimental mouse at 8 weeks of age was placed in the arena and 
allowed to freely explore the field and the two boxes for 10 min. The 
interaction time was recorded when the nose of the subjected mouse was 
directly contacted (sniffing and touching) to each of the boxes. 

2.3. Behavioural test-2 "ultrasonic vocalizations for communications" 

The male pups (P7) were individually housed with an Ultra
SoundGate system (Avisoft bioacoustics, Glienicke, Germany) composed 
of a CM16/CMPA condenser microphone, Avisoft-UltraSoundGate 116 
H computer interface, and Avisoft Recorder software with a sampling 
rate of 400 kHz as described previously (Hori et al., 2020). A micro
phone was hung 16 cm above the floor of a soundproof box. On the day 
of the study, the pups with their mother were moved to the experimental 
room at least 30 min before the initiation of the study. After habituation, 
each pup was removed from its mother and placed on a 9 cm dish in the 
soundproof box. After the number of vocalizations was measured for 3 
min, the pups were returned to their mother. Vocal signals recorded in 
wav files were automatically detected by MATLAB-based software 
USVSEG with modification to mouse USVs (Tachibana et al., 2014). This 
software segments each syllable and exports it as individual jpeg files. 
The number of USVs and the duration of each call are automatically 
detected. By observing jpeg files, experimenters manually excluded the 
files of vocalizations that include only click-like sounds without any 
tone-like signals, or that could not be classified into any call types as 
noises (false positive). 

2.4. Behavioural test-3 "freezing response" 

Restraint-induced and electrical foot-shock-induced freezing tests 
were performed as described previously (Sekiguchi et al., 2009), and the 
detail is described in Supplementary Information. 

2.5. Behavioural test-4 "anxiety-like and self-grooming behaviours" 

Open-field tests were performed in an arena (50 ×50 x 40 cm, 
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O’Hara & Co., Ltd., Tokyo, Japan) that was placed in the same sound
proof box as described previously (Kuniishi et al., 2020). Eight-week-old 
male mice were placed at the periphery of the arena, and the behaviour 
of mice for 10 min was recorded by a software-driven automated system 
(TimeOFCR1, O’Hara & Co., Ltd). The light intensity was 80 lx at the 
center of the arena. Their time in the center area (30 ×30 cm), their 
walking speeds, and their total distances were quantitated using a 
software-driven automated system (TimeOFCR1, O’Hara & Co., Ltd). 
The self-grooming behaviour during this test was examined. The appa
ratus was cleaned with 70 % ethanol before each test. 

2.6. Electrophysiology 

Each 8-week-old male mouse was anesthetized with halothane, and 
the brain was removed quickly in less than 1 min without damaging the 
cerebral base using fine super-cut scissors and round-tip forceps. Whole- 
cell patch-clamp recording from pyramidal neurons in the basolateral 
amygdala was performed as previously described (Sekiguchi et al., 
2009). Brain slices (300 µm thick) containing the amygdala were pre
pared in artificial cerebrospinal fluid (ACSF; containing [in mM] 125 
NaCl, 4.4 KCl, 1.5 MgSO4, 1.0 NaH2PO4, 26 NaHCO3, 10 glucose, 2.5 
CaCl2), pH 7.4, 290–300 mOsm /L) using a vibratome (Vibratome 
3000). The slices were maintained for at least 30 min at room temper
ature in ACSF and continuously bubbled with 95 % O2 /5 % CO2. Brain 
slices were perfused (3.0 ml/min, gravity flow) with ACSF maintained at 
28–32 ◦C with an in-line heater and an automatic temperature controller 
(Warner Instruments, Hamden, CT, USA). Patch electrodes (resistance 
4–7 MΩ) were filled with a solution containing the following: (in mM) 
100 CsMeSO4, 15.5 CsCl, 10 HEPES, 0.25 EGTA, 10 glucose, 0.3 
Na3GTP, 2 MgATP, 3 QX-314, 48.5 Sucrose, pH 7.25 with NaOH, 
280–290 mOsM. The electrophysiological signal was amplified and 
filtered at 5 kHz using a MultiClamp 700B patch-clamp amplifier (Axon 
Instruments, Union City, CA, USA). Data were digitized at 50 kHz and 
acquired using Clampex software (version10.6, Axon Instruments). The 
access resistance, which was frequently checked during recording, was 
between 10 and 25 MΩ. Cells with large drifts ( ± 20%) in resistance 
were excluded from the analysis. Patch-clamp recordings were taken 
from pyramidal-shaped principal neurons. Between 1 and 4 basolateral 
amygdala (BLA) pyramidal neurons were assessed in each brain slice, 3 
brain slices were obtained from a mouse, and 4–6 mice per group were 
used. Synaptic responses obtained by electrical stimulation were elicited 
with a stimulating bipolar electrode (CBABD50, FHC, Bowdoin, ME, 
USA), which was placed within the BLA. For the recording of EPSC/IPSC 
amplitude ratio in BLA pyramidal neurons, evoked EPSC amplitude was 
set at − 150 to − 200 pA at − 60 mV, and evoked IPSC amplitude was set 
at 50–200 pA at + 15 mV. The EPSC/IPSC ratio was calculated as the 
maximum EPSC amplitude divided by the IPSC amplitude. For the 
recording of miniature EPSC (mEPSC), BLA pyramidal neurons were 
held at − 60 mV in the presence of sodium channel blocker (1 μM 
tetrodotoxin) and GABAA receptor antagonist (100 μM picrotoxin) in the 
bath solution. For the recording of miniature IPSC (mIPSC), BLA pyra
midal neurons were held at + 15 mV in the presence of excitatory 
transmission blockers (50 μM D-AP5 and 10 μM CNQX) in the bath so
lution. To record the paired-pulse ratio of EPSC amplitudes, BLA pyra
midal neurons were held at − 60 mV and evoked by the local electrical 
stimulation of the BLA in the presence of 100 μM picrotoxin included in 
the bath solution. 

2.7. Stereotaxic surgery and optogenetics in acute brain slice 

Four-week-old mice were anaesthetized by intraperitoneal injection 
of ketamine (100 mg/kg) and xylazine (20 mg/kg) and positioned using 
a stereotaxic instrument (Narishige, Tokyo, Japan). Eyes were protected 
against drying by applying ointment (Tarivid ophthalmic ointment, 
Santen, Osaka, Japan). A small segment of the skull above the medial 
prefrontal cortex (mPFC) (1.98 mm anterior to bregma and 0.2 mm 

lateral to the midline) was removed. Virus solutions (AAV5-CaMKIIa- 
ChR2-EYFP purchased from the University of North Carolina Vector 
Core) were pressure-injected into the mPFC (− 1.2 mm from the dura, 
volume: 300 nl, infusion rate: 100 nl/ min) using a 10 μL Hamilton sy
ringe driven by an infusion pump (UMP-3, World precision instruments, 
FL, USA). After injection, the needle was left in place for 10 min and then 
slowly retracted. The exposed cortex was covered with a gelatine sponge 
(Spongel, Astellas Pharma Inc., Tokyo, Japan), and the scalp was sutured 
closed. 

For optogenetic examination of mPFC-BLA synaptic response, 4 
weeks after viral injection, brain slices containing amygdala (300 µm) 
were prepared at a 35◦ tilt from horizontal from injected mice as 
described previously (Kuniishi et al., 2020). Patch-clamp recordings 
were taken from pyramidal-shaped principal neurons surrounded by 
ChR2-EYFP positive fibers in the BLA. To activate ChR2, blue light (465 
nm) was delivered to the recorded cell through a 63x objective lens 
(duration = 0.1–3 ms, 1.8–70.7 ×10–7 J under the objective lens), using 
an LED lamp and its driver (LEX-2B, BrainVision, Tokyo, Japan). To 
record the paired-pulse ratio, picrotoxin (100 μM) was included in the 
ACSF. The amplitude of EPSC was measured at − 60 mV after exposure 
to blue light. 

2.8. Immunohistochemistry 

Frozen samples were sectioned at 20 µm, and the detail is described 
in Supplementary Information. Sections were treated with 0.1 % Triton 
X-100 in PBS (10 min). After incubation with 1 % H2O2 in PBS (60 min), 
sections were incubated with PBS solution containing 10 % goat serum 
for 60 min. Sections were then incubated with rabbit anti-VGLUT1 
(1:1000, ab227805, Abcam) in PBS solution containing 10 % goat 
serum overnight at 4 ◦C, washed with PBS, and incubated with sec
ondary antibody Alexa Fluor 568 goat anti-rabbit IgG (H+L; 1:500, 
Invitrogen). The density of VGLUT1-positive synaptic puncta was 
quantified using a BZ-H4XI image cytometry software (KEYENCE). 
Stained sections were analyzed using a confocal laser-scanning micro
scope (SPF5, Leica). 

2.9. Electron microscopy 

Eight-week-old male mice were deeply anesthetized with somno
pentyl and transcardially perfused with 2 % glutaraldehyde and 2 % 
paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4). Brains were 
removed and future fixed overnight. Coronal sections with 100 µm thick 
were prepared by vibratome (VT1000S; Leica). The basolateral amyg
dala was dissected from the coronal sections. The tissues were treated 
with 1 % osmium tetroxide in 0.1 M cacodylate buffer (pH 7.4) for 1 h 
and then stained with 3 % uranyl acetate for 1 h. Samples were dehy
drated and embedded in Epon812 (TAAB). After polymerization of the 
resin, each tissue sample was cut into 70 nm ultrathin sections by an 
ultramicrotome (Leica EM UC6; Leica). Ultrathin sections were observed 
under an electron microscope (Tecnai Spirit; Thermo Fisher Scientific- 
FEI) at 120 V. The measurements of synaptic vesicle number and pre
synaptic PSD area were performed using ImageJ (NIH, Bethesda, 
Maryland). The number of synaptic vesicles was normalized by the 
presynaptic area. 

2.10. Dystrophin isoforms restoration experiments 

For intracerebroventricular microinjection of sense or antisense 
(ASO) morpholino oligonucleotides (Sense: 5’-GAAACCAAGGT
TAGTGTCAAGCATA-3’, ASO: 5’-TATGCTTGACACTAACCTTGGTTTC- 
3’), 30 mg/kg/single dose was administered to each mouse twice weekly 
for 4 weeks with a guide cannula (Eicom, Kyoto, Japan). Guide cannulas 
of plastic products were implanted into the lateral ventricle (0.1 mm 
posterior to bregma and 1.0 mm lateral to the midline, − 1.5 mm from 
the dura, unilaterally) in 3-week-old male mdx52 or WT mice. After 
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surgery, these mice were housed together. ASO dissolved in saline was 
administered to mdx52 mice. Mdx52 mice treated with sense oligonu
cleotides and WT mice treated with saline were used as control. 
Behavioural tests were performed at 8 weeks of age, and then mouse 
tissues were harvested within 3 days from the end of each experiment. 

The amygdala, cerebral cortex, hippocampus, and cerebellum were 
harvested using a vibratome (VT1200, Leica), and total RNA was 
extracted using the RNeasy kit (Qiagen, Hilden, Germany). Aliquots of 
200 ng of total RNA were used as a template for RT-PCR with comple
mentary DNA reverse transcription kits (Applied Biosystems, Warring
ton, UK). For one RT-PCR reaction, 1 μL of cDNA template was mixed 
with 14.3 μL of water, 0.5 μL of 10 μM forward primer, 0.5 μL of 10 μM 
reverse primer, 1.6 μL of 2.5 mM dNTPs, 2 μL of 10 ×Ex Taq Buffer, and 
0.1 μL Ex Taq HS from the Ex Taq Hot Start Version kit (Takara Bio, 
Shiga, Japan), using the external primers flanking the Dp427 and Dp140 
sequence encoded from exon 49 forward (5’-AAACCAAGCACTCAGC
CAGT-3’) to exon 54 reverse (5’-CAGCAGAATAGTCCCGAAGAA-3’). For 
the Dp427 and Dp140 sequence, the cycling conditions were 95 ◦C for 3 
min, 35 cycles of 94 ◦C for 1 min, 58 ◦C for 1 min, 72 ◦C for 1 min, and 
finally 72 ◦C for 7 min. PCR products were analyzed on 2 % agarose gels 
or on MultiNA, a microchip electrophoresis system (Shimadzu, Kyoto, 
Japan). Skipping efficiency was calculated as (exon 53-skipped tran
script molarity)/(native+exon 53-skipped transcript molarity) × 100 % 
using MultiNA. The resulting PCR bands were extracted using a gel 
extraction kit (Qiagen), and direct sequencing of the PCR products was 
performed by the Eurofins (Tokyo, Japan). 

2.11. Subcellular fractionation and Western blot 

Male wild-type, mdx23, mdx52 and Sense, ASO-, or mRNA-treated 
mdx52 mice at 8 weeks of age were anesthetized with isoflurane, and 
brains were isolated. Basolateral amygdala was taken from these brains 
using a vibratome (VT1200, Leica), homogenized, and centrifuged to 
synaptosomal fractions (P2) with isolation buffer containing 320 mM 
sucrose, 4 mM HEPES-NaOH buffer (pH 7.3) for 30 min at 12,500 x g (De 
Camilli et al., 1983; Dunah and Standaert, 2001). P2 fractions were then 
resuspended with buffered sucrose, added by 9 volumes of H2O, ho
mogenized, and adjusted to 7.5 mM HEPES-NaOH (pH 7.4) on ice for 30 
min. It was then centrifuged to synaptosomal membrane fractions (LP1) 
and a lysate supernatant (LS1) for 20 min at 25,000 x g. LS1 was 
centrifuged to obtain synaptic vesicle-enriched fractions (LP2) for 2 hrs 
at 165,000 x g, and LP2 was resuspended with 40 mM sucrose. LP1 was 
mixed with the same volume of 2 % Triton X-100, 50 µM CaCl2 and 40 
mM Tris-HCl (pH 7.4) and was collected by centrifugation and resus
pended with 1 % Triton X-100, 50 µM CaCl2 and 20 mM Tris-HCl (pH 
7.4). The Pellets were collected by centrifugation and subjected to 
Western blotting as postsynaptic density (PSD) fractions. All procedures 
were performed at 4 ◦C. 

The P2 fraction was used for Dp71, the PSD fraction was used for 
AMPA, NMDA and Dp427, and the LP2 fraction was used for VGLUT1 
and Dp140. These fractions were determined by employing a BCA pro
tein assay kit (Thermo Fisher Scientific). After mixing with NuPAGE LDS 
Sample Buffer (Thermo Fisher Scientific), cell lysates were denatured at 
70 ◦C for 10 min, electrophoresed utilizing a NuPAGE Novex Tris- 
acetate gel 3–8% (Invitrogen) at 150 V for 70 min or Tris-glycine gel 
4–20 % (Bio-Rad) at 150 V for 45 min, and then transferred to PVDF 
membranes. Following three times washes in PBS-T, the membranes 
were incubated with ECL western blot substrate (GE Healthcare Life 
Sciences). The membranes were incubated with primary antibodies, 
followed by incubation with a secondary antibody. 

Antibodies used in Western blotting were the following: anti- 
dystrophin (1:50, MAB1692, Chemicon for Dp427 or 1:2000, P34a 
from NCNP (Mizuno et al., 1993) for Dp140 or 1:100, MANDRA1 from 
Wolfson Centre for Inherited Neuromuscular Disease in UK or 1:500, 
ab15277, Abcam for Dp71), anti-AMPA1 (1:1000, ab31232, Abcam), 
anti-AMPA2 (1:2000, ab206293, Abcam), anti-AMPA3 (1:1000, 

ab232887, Abcam), anti-NMDA1 (1:1000, D65B7, Cell Signaling), 
anti-NMDA2A (1:200, ab174636, Abcam), anti-NMDA2B (1:1000, 
ab93610, Abcam), anti-PSD-95 (1:500, GTX133091, Gene Tex), 
anti-VGLUT1 (1:1000, ab227805, Abcam), anti-beta-actin (A5316, 
1:2000, Sigma-Aldrich) and anti-GAPDH (1:100, MAB374, 
Sigma-Aldrich) antibodies overnight at 4 ◦C. Secondary antibodies 
(1:5000) of anti-mouse or anti-rabbit IgG horseradish peroxidase (HRP) 
linked F(ab’)2 fragment (Cytiva) for 60 min at room temperature. The 
data were analyzed with Image Lab 6.0 (Bio-Rad). We quantified dys
trophin protein by chemiluminescent western blotting using a standard 
curve. We repeated an experiment three times, and the average value 
was calculated. 

2.12. Preparation of mRNA 

Direct sequencing of the Dp140 was performed by the Eurofins 
(Tokyo, Japan) (Supplementary Table 1). Dp140 and Luc (Negative 
control) mRNA-based drug was prepared through in vitro transcription 
(IVT) as described previously (Uchida et al., 2013). DNA templates for 
IVT were constructed by inserting a codon-optimized Dp140-expressing 
fragment (GenScript Japan, Tokyo, Japan), or the coding region of 
pGL4.13 vector (Promega Corporation, Madison, WI, USA), respectively 
into the pSP73 vector (Promega Corporation, Madison, WI, USA) that 
included a T7 promoter. Prior to the insertion, a 120-bp poly A/T 
sequence was cloned into the pSP73 vector downstream of the 
protein-coding sequence, so that mRNA possessing a 120 adenine poly 
(A) tail at the 3’ terminal end could be obtained by a simple procedure of 
IVT from the pSP73-poly(A) vector. IVT was performed using mMES
SAGE mMACINE T7 ULTRA Transcription Kit (Thermo Fisher Scientific, 
Wilmington, DE, USA). IVT prepared mRNA was purified using the spin 
column-based RNeasy Mini Kit (Qiagen, Hildon, Germany). RNA was 
quantified by absorbance spectrophotometry using a Nanodrop 2000 
(Thermo Fisher Scientific, Wilmington, DE, USA). RNA quality was 
assessed using the Agilent 2100 Bioanalyzer chip-based capillary elec
trophoresis system (Agilent Technologies, Santa Clara, CA, USA). 

Cos-7 cells were transfected with 36 µg of mRNA using Lipofect
amine MessengerMAX (Thermo Fisher Scientific, Wilmington, DE, USA) 
and Opti-MEM medium (Thermo Fisher Scientific, Wilmington, DE, 
USA) in 10 cm dish and allowed to express for 48 h. Cos-7 cells were 
treated with Luc mRNA as a control (Fukushima et al., 2021). Treated 
cells were harvested with RIPA Buffer (Thermo Fisher Scientific, Wil
mington, DE, USA). 

2.13. mRNA-loaded polyplex nanomicelles injected into the BLA 

The PEG-PAsp(DET) block copolymer was synthesized according to a 
previous report (Kanayama et al., 2006), and Polyplex nanomicelles 
were prepared as described previously (Fukushima et al., 2021). The 
molecular weight of PEG was 43,000 g/mol, and the polymerization 
degree of the PAsp(DET) portion was determined to be 63 by 1H NMR 
analyses. Briefly, PEG-PAsp(DET) block copolymer and mRNA were 
dissolved in 10 mM Hepes buffer separately. The concentration of mRNA 
was adjusted to 300 μg/ml, and that of PEG-PAsp(DET) was adjusted in a 
way to obtain the ratio of 3 of the total amines in the polymers to total 
phosphates in mRNA (N/P ratio). The solutions of mRNA and PEG-PAsp 
(DET) block copolymer were mixed in a ratio of 2:1 to form the polyplex 
nanomicelle solution. The final mRNA concentration was 200 μg/ml. 

Polyplex nanomicelle Dp140 and Luc mRNA-based drugs complexes 
were pressure-injected into the BLA (1.4 mm anterior to bregma, 3.0 mm 
lateral to the midline, and − 3.65 mm from the dura, volume: 2 μL) of 3- 
week-old male mdx52 mice using a 10 μL Hamilton syringe driven by an 
infusion pump (UMP-3, World precision instruments, FL, USA). After 
injection, the needle was left in place for 10 min and then slowly 
retracted. 
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2.14. Statistical analysis 

GraphPad Prism 8 (GraphPad Sofware, Inc., La Jolla, CA) was used to 
perform data analysis using unpaired two-tailed Student t-test, two- 
tailed Mann–Whitney test, one-way or two-way ANOVA analysis fol
lowed by post hoc test indicated in figure legends. 

3. Results 

3.1. Mdx52 mice exhibit abnormal social interaction 

To clarify the hypothesis that lack of Dp140 impacts the neuro
behavioural comorbidities of mice, we thus evaluated social interaction 
(Makinodan et al., 2012; Yizhar et al., 2011) in 8-week-old mdx52 mice 
and vocal communication in mdx52 pups on a postnatal day 7. 
Compared to wild-type (WT) and mdx23 mice, mdx52 mice exhibited a 
longer interaction time with a stranger mouse (Fig. 1A). To evaluate 
genetic and neural mechanisms underpinning social communication 
(Berg et al., 2018; Miranda et al., 2015), we examined ultrasonic vo
calizations in pups to assess mother-pup interactions. Consistent with 
social interaction test results in adult mdx52 mice, mdx52 pups dis
played more frequent and longer isolation calls during mother-pup 
separation when compared to WT and mdx23 pups (Fig. 1B). No 

significant differences were observed between WT and mdx23 pups 
(Fig. 1B), suggesting no difference in their social behaviours. These re
sults indicated that mdx52 mice displayed abnormal social behaviours, 
characteristic of ASD model mice, in adult- and infant-hood due to the 
lack of Dp140. 

Previous studies have reported that restraint- and electrical foot- 
shock-induced freezing (Sekiguchi et al., 2009; Yamamoto et al., 
2010) and anxiety-like behaviour in a novel environment (Vaillend and 
Chaussenot, 2017) are enhanced in mdx23 mice. We, therefore, specu
lated that the lack of Dp140 would also be associated with and could 
enhance these pathological behaviours. Compared to WT mice, mdx23 
and mdx52 mice displayed more remarkable freezing behaviour and 
restricted movements within the edge area in the open field test (Sup
plementary Fig. 2A-C). However, no significant differences were 
observed between mdx23 and mdx52 mice (Supplementary Fig. 2A-C). 
Average walking speed and total distance travelled were lower for 
mdx23 and mdx52 mice than WT mice, with no significant differences 
between the two dystrophic models (Supplementary Fig. 2D-E). In 
addition, we examined self-grooming behaviour, characteristic of ASD 
model mice (Peça et al., 2011). No significant differences were observed 
between mdx23 and mdx52 mice (Supplementary Fig. 2F). At least for 
the tests used in our study, these results indicated that fear/anxiety-like 
behaviours are similar between these two DMD mouse models, sug
gesting they are caused mainly by the lack of Dp427. 

3.2. Excitatory-inhibitory (E-I) balance in BLA pyramidal neurons is 
decreased in mdx52 mice 

Previous studies have reported Dp427 and Dp140 expression from 
each promoter of the DMD in the human BLA (Doorenweerd et al., 
2017), while the dystrophin expression in brain was much lower than 
that in muscle (Chelly et al., 1988). Further, abnormal neurotransmis
sion in the BLA is implicated in social behaviour and ASD pathophysi
ology (Amaral et al., 2008a, 2008b; Felix-Ortiz et al., 2016), and E-I 
imbalance in the BLA is associated with social behaviour in ASD model 
mice (Olmos-Serrano et al., 2010; Rubenstein and Merzenich, 2003). We 
hypothesized that synaptic dysfunction underpinned abnormal social 
communication in mdx52 mice. To examine synaptic transmission in the 
BLA, we performed whole-cell patch-clamp recordings of BLA pyramidal 
neurons in acute brain slices from 8-week-old mice. We examined the 
excitatory postsynaptic current (EPSC) to inhibitory postsynaptic cur
rent (IPSC) ratio (EPSC/IPSC ratio) evoked by local electrical stimula
tion of the BLA. The EPSC/IPSC ratio was significantly reduced in BLA 
pyramidal neurons of mdx52 mice compared to WT and mdx23 mice 
(p = 0.001), whereas no significant differences were observed between 
WT and mdx23 mice (Fig. 2A). 

To further characterize the alterations in glutamatergic and 
GABAergic transmission in mdx52 mice, we measured miniature EPSCs 
(mEPSCs) and IPSCs (mIPSCs) in BLA pyramidal neurons from the slices. 
The frequency of mEPSCs was significantly reduced in mdx52 mice 
compared to that in WT and mdx23 mice (Fig. 2B-C, p = 0.0228). The 
frequency of mIPSCs was significantly reduced in both mdx23 and 
mdx52 mice compared to that in WT mice, whereas no significant dif
ferences were observed in the mIPSC frequency and amplitude between 
mdx23 and mdx52 mice (Fig. 2D). To examine excitatory presynaptic 
function in mdx52 mice, we assessed the paired-pulse ratio in BLA py
ramidal neurons evoked by local electrical stimulation. The paired-pulse 
ratio of EPSCs at a 50 ms interval was significantly lower in mdx52 mice 
than in WT and mdx23 mice (Fig. 2E), suggesting that the presynaptic 
plasticity in the BLA excitatory synapses is changed in mdx52 mice, 
possibly due to the lack of Dp140. 

3.3. Presynaptic plasticity of the medial prefrontal cortex (mPFC)-BLA 
projections is disrupted in mdx52 mice 

The lack of Dp140 has been reported to underpin abnormal nervous 

Fig. 1. Lack of Dp140 displays different behaviour between mdx23 and mdx52 
mice in adult- and infant-hood. A. Increased social interaction in male mdx52 
mice at 8 weeks of age compared with male wild-type (WT) and mdx23 mice at 
the same age; n = 8 mice per group; two-way ANOVA, with Dunnett. B. 
Increased vocal communication in male mdx52 pups aged postnatal 7 days in 
the 3-min session; n = 11–12 pups per group; one-way ANOVA, with Dunnett. 
All data are presented as mean ± SEM. * * p < 0.005, 
* ** p < 0.001, * ** * p < 0.0001. 
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Fig. 2. Lack of Dp140 impairs excitatory-inhibitory (E-I) balance and glutamatergic transmission in the BLA pyramidal neurons. A. Excitatory postsynaptic current/ 
inhibitory postsynaptic current (EPSC/IPSC) amplitude ratio is significantly lower in BLA pyramidal neurons of male mdx52 mice at 8 weeks of age than in those of 
wild-type and mdx23 mice at the same age; n = 40 neurons from four mice per group; one-way ANOVA, with Dunnett. B. mIPSC and mEPSC traces from male wild- 
type, mdx23 and mdx52 mice at 8 weeks of age, during whole-cell patch-clamp recording at + 15 mV and − 60 mV. C. Reduced mEPSC frequency but not amplitude 
in BLA pyramidal neurons of male mdx52 compared with mdx23 mice at 8 weeks of age; n = 12 neurons from four mice per group; one-way ANOVA, with Dunnett. D. 
Frequency and amplitude of mIPSC were not different between male mdx23 and mdx52 mice at 8 weeks of age; n = 12 neurons from four mice per group; one-way 
ANOVA, with Dunnett. E. Paired-pulse ratio is significantly lower in male mdx52 mice at 8 weeks of age than in male wild-type and mdx23 mice at the same age; 
n = 12 neurons from four mice per group; two-way ANOVA, with Dunnett. All data are presented as mean ± SEM. * p < 0.05, * * p < 0.005, 
* ** * p < 0.0001, †††p < 0.001. 
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system tract morphology in human DMD patients (Doorenweerd et al., 
2014). We, therefore, hypothesized that abnormal excitatory neural 
networks underscored abnormal social communication in mdx52 mice. 
To evaluate pathway-specific glutamatergic responses in social brain 
circuits, we isolated excitatory synaptic transmission in the mPFC-BLA 
pathway, which has been implicated in social deficits in ASD model 
mice (Felix-Ortiz et al., 2016; Huang et al., 2016), using patch-clamp 
and optogenetic methods. Serotype 5 adeno-associated virus (AAV) 

expressing channelrhodopsin-2 (ChR2) fused to an enhanced yellow 
fluorescent protein (eYFP) was injected into the mPFC under the control 
of CaMKIIa promotor for targeting glutamatergic projection neurons. 
Afferent axon terminals from the mPFC were observed in the BLA 4 
weeks post-AAV injection (Fig. 3A and Supplementary Fig. 3A). We 
performed whole-cell patch-clamp recordings and examined blue 
light-evoked EPSCs reflecting excitatory presynaptic responses in BLA 
pyramidal neurons in these mice (Fig. 3B). The Paired-pulse ratios in 

Fig. 3. Lack of Dp140 impairs glutamate emission depleted at the presynaptic terminals projecting from the medial prefrontal cortex (mPFC). A. Optogenetic analysis 
of mPFC inputs to the BLA in male wild-type, mdx23 and mdx52 mice at 8 weeks of age. Experimental design for optogenetic activation of mPFC-BLA projections. 
Scale bar, 500 µm. To target glutamatergic projection neurons, the mPFC was transduced with Channelrhodopsin (ChR)2-eYFP under the control of the CaMKIIα 
promoter. ChR2, delivered by AAV5 vector injections in the mPFC, functions as a blue light-gated ion channel in the axon terminal. Glutamate is released from the 
axon terminals, and glutamatergic transmission is observed in the BLA pyramidal neuron under blue light irradiation. B. Paired-pulse ratio with optogenetics 
confirms a reduction of glutamate emission in male mdx52 BLA pyramidal neurons projected from the mPFC in response to blue light irradiation from a 63-objective 
lens (blue square), during whole-cell patch-clamp recording at − 60 mV. C. Paired-pulse ratio at 50-ms interval is significantly lower in male mdx52 mice at 8 weeks 
of age than in male wild-type and mdx23 mice at the same age in the mPFC-BLA pathway; n = 28–30 neurons from three mice per group; one-way ANOVA, with 
Dunnett. All data are presented as mean ± SEM. * ** * p < 0.0001. 
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mPFC-BLA projection in mdx52 mice were significantly lower than in 
WT and mdx23 mice (Fig. 3C), and those in mdx23 mice were also lower 
than those in WT mice (Fig. 3C). However, these differences were 
observed at only 50 ms pulse interval (Supplementary Fig. 3B). These 
results indicated that short-term presynaptic plasticity (Zucker and 
Regehr, 2002), which might be influenced by the factors such as the 
number of immediately releasable vesicles and the vesicle release 
probability of mPFC-BLA projections, is possibly disrupted due to the 
lack of Dp427 and is exacerbated by the additional lack of Dp140 in 
mdx52 mice. 

3.4. Vesicular glutamate transporter 1 (VGLUT1) protein levels in the 
BLA are lower in mdx52 mice than in mdx23 mice 

Reduced glutamate release has been implicated in ASD pathophysi
ology in murine models (Heise et al., 2016; Smith et al., 2011). The loss 
of VGLUT1, which accumulates glutamate into synaptic vesicles, ap
pears to have silenced the population of glutamate release sites in BLA 
and substantially reduced the frequency of mEPSCs (Fremeau et al., 
2004a, 2004b). We thus analyzed the expression of VGLUT1 and 
glutamate receptor subunits including AMPA and NMDA, using bio
chemically purified synaptic vesicle-enriched fractions (LP2) and post
synaptic density (PSD) fractions from the BLA of these mice. As shown in  
Fig. 4A, VGLUT1 expression in mdx52 was lower than that in mdx23, and 
these differences were statistically significant (Fig. 4A, p = 0.0333). 
Since Dp140 expression might differ between mdx23 and mdx52, we 
thought it was important to compare VGLUT1 expression levels between 
mdx23 and mdx52 for the evaluation of the effect of Dp140 expression 
on VGLUT1 levels. Additionally, VGLUT1 expression in WT was com
parable to that in mdx23, and it was lower in mdx52 than in WT but was 
non-significant (Fig. 4A). 

To further confirm these results, we also measured the number of 
VGLUT1-labeled puncta in the BLA, and found that in mdx52, it was 
significantly less compared to WT and mdx23 mice (Fig. 4B and C). The 
difference in the number of VGLUT1 puncta between WT and mdx23 was 
smaller than that between WT and mdx52, showing a similar trend to the 
results in Fig. 4A. No significant differences were observed in gluta
matergic receptor expression (Supplementary Fig. 4). These results 
suggest a difference in VGLUT1 expression between mdx23 and mdx52 
mice and a less clear difference between WT and mdx23. 

3.5. Synaptic vesicle number in BLA neuronal presynaptic boutons is 
lower in mdx52 mice than in mdx23 mice 

Given that ASD model mice exhibit morphological defects and 
abnormal synaptic plasticity (Hansel, 2019), we examined the effects of 
the lack of Dp140 on neuronal morphological abnormalities underpin
ning altered glutamatergic neurotransmission in mdx52 mice. To assess 
histology, we performed haematoxylin and eosin, and Nissl staining. No 
histological differences were observed in the BLA between mdx23 and 
mdx52 mice (Supplementary Fig. 5A). To investigate neuronal 
morphology, we quantified the number of Golgi-stained BLA pyramidal 
neurons (n = 12–13 dendrites each BLA pyramidal neuron of three mice 
per group). The number of protrusions in the BLA and of mature 
mushroom spines in dendrites was significantly decreased to a similar 
extent in mdx23 and mdx52 mice compared to that in WT mice 
(p < 0.0001), while no significant differences were noted between 
mdx23 and mdx52 mice (Supplementary Fig. 5B-C). 

To analyze the number of glutamatergic synaptic vesicles including 
VGLUT1 at individual presynaptic terminals and excitatory synapse 
morphology in BLA neurons associated with a lack of Dp140, we 
investigated asymmetric (excitatory) synapses using electron micro
scopy (Fig. 4D). The number of docked vesicles less than 100 nm from 
the active zone, the region in the presynaptic bouton that mediates 
neurotransmitter release, and the number of vesicles in the reserve pools 
more than 100 nm away from the active zone were significantly lower in 

BLA neurons of mdx23 and mdx52 mice than WT mice (Fig. 4E, 
p < 0.0001). However, no significant difference was observed in the 
number of docked vesicles in BLA neurons between mdx23 and mdx52 
mice (data not shown). This reduction in the number of reserve vesicles 
is likely to have contributed to the observed altered optogenetic paired- 
pulse ratio of EPSCs at a 50 ms interval in mdx52 mice (Fig. 3C). Further, 
no significant differences were observed in the mean values of the pre
synaptic area, PSD length, and PSD width between WT, mdx23, and 
mdx52 mice (Supplementary Fig. 6A-B). These results suggest that the 
reserve pools of presynaptic vesicles including VGLUT1 in the BLA are 
reduced due to the lack of Dp140 in the mdx52 mice. 

3.6. Induction of exon 53 skipping and partial restoration of Dp140 
isoform expression ameliorate deficits in glutamatergic transmission and 
social behaviour in mdx52 mice 

To elucidate the effects of rescuing internally deleted Dp140 on so
cial behaviour, EPSC/IPSC ratio and paired-pulse ratio, antisense 
phosphorodiamidate morpholino oligonucleotide (ASO) was injected 
intracerebroventricularly to induce exon 53 skipping and promote par
tial recovery of both Dp427 and Dp140 expression (Alter et al., 2006a, 
2006b). Exon skipping treatment is a therapeutic approach using 
splice-switching oligonucleotides to effectively target the DMD gene and 
restore the reading frame of the DMD transcript. Restoration of inter
nally deleted Dp427 following exon skipping using ASO is reported to 
ameliorate physiological function in brain (Sekiguchi et al., 2009) and 
muscles (Aoki et al., 2010a, 2010b), by producing shortened dystrophin 
molecules similar to those produced in the milder Becker muscular 
dystrophy allelic variant of DMD. However, it remains unclear whether 
the partial restoration of internally deleted Dp140 following exon 53 
skipping using ASO ameliorates glutamatergic neurotransmission or 
improves social behaviour in mdx52 mice. ASO dissolved in saline was 
administered intracerebroventricularly with a guide cannula in 3-week-
old mdx52 mice twice a week for 4 weeks. Mdx52 mice treated with 
sense oligonucleotides (Sense) and WT mice treated with saline were 
used as control. WT mice were also using the same cannula as the Sense- 
and ASO-treated mdx52 mice. The brain was harvested 1 week after the 
final infusion (Fig. 5A). 

To confirm Dp140 expression, we performed RT-PCR and western 
blotting analysis of the BLA of ASO-treated mdx52 mice. As expected, 
ASO-treated bands were a lower molecular weight than those of native 
Dp427 and Dp140 mRNA in the BLA, indicating effective exon skipping 
was induced (Fig. 5B). We observed that ASO targeted the cryptic splice 
site of the 5′part of exon 53, indicating the absence of 78 bp in one 
transcript. Direct sequencing of the PCR product revealed the junction of 
exons 53 and 54, and the production of an in-frame DMD transcript, 
expected to result in partial restoration of internally deleted Dp140 
(Fig. 5B). We also assessed exon 53 skipping efficiency by RT-PCR using 
ASO-treated mdx52 mice of BLA, cerebral cortex, hippocampus and 
cerebellum (Fig. 5B and Supplementary Fig. 7A). The level of the exon 
53 skipping efficiency was 8.71 ± 1.73 % in the BLA, 10.15 ± 2.81 % in 
the cerebral cortex, 8.89 ± 2.52 % in the hippocampus and 10.51 
± 0.86% in the cerebellum of ASO-treated mdx52 mice (Fig. 5C and 
Supplementary Fig. 7B, mean ± SD). Additionally, we have conducted 
the western blot, and could observe 1.07 % levels of internally deleted 
Dp427 and 4.6 % levels of internally deleted Dp140 protein expression 
in the BLA of ASO-treated mdx52 mice compared with the normal 
control after calculation using the standard curve (Fig. 5D and Supple
mentary Fig. 8), suggesting that the expressions of dystrophin protein 
were consistent with RNA levels, and that ASO administration partially 
restored internally deleted Dp140 protein as well as internally deleted 
Dp427 protein. We could not perform protein expression analysis using 
all ASO-treated samples since the measurement of EPSC/IPSC ratio and 
paired-pulse ratio were required whole brain tissue to avoid damaging 
the neural circuits. However, all three ASO-treated brains clearly 
showed an increase of dystrophin expression (Fig. 5D). Therefore, the 
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Fig. 4. Lack of Dp140 impairs vesicular glutamate transporter 1 (VGLUT1) at the presynapse and affects the number of synaptic vesicles at glutamatergic presynaptic 
boutons in the BLA. A. The protein levels of VGLUT1 at the presynapse in the BLA are reduced in male mdx52 at 8 weeks of age compared to male mdx23 mice at the 
same age. The LP2 fractions were subjected to western blot analysis using anti-VGLUT1 and anti-β-actin antibodies (as an internal standard); n = 6 samples per group; 
one-way ANOVA, with Dunnett. B. Representative images in the BLA sections from male wild-type, mdx23 and mdx52 mice at 8 weeks of age stained with VGLUT1 
(red dots), for excitatory presynaptic markers. Scale bar, 5 µm. * Post-synapse soma. C. Quantification of the density of VGLUT1-positive synaptic puncta in the BLA 
using 60x objective equipped with a BZ-H4XI image cytometry software. n = 60 sections from three male mice at 8 weeks of age per group; one-way ANOVA, with 
Dunnett. D. Example of electron micrographs depicting the synaptic contact with presynaptic vesicles (arrowheads), presynaptic spine (blue area), and postsynaptic 
spine (yellow area) in the BLA of male wild-type, mdx23 and mdx52 mice at 8 weeks of age; scale bar, 200 nm. E. Quantification of the number of presynaptic vesicles 
in the BLA with an electron microscope. The number of docked vesicles (< 100 nm from the active zone) is significantly lower in male mdx52 and mdx23 mice at 8 
weeks of age than in male wild-type mice at the same age. The number of vesicles in the reserve pools (> 100 nm from the active zone) is significantly lower in male 
mdx52 mice at 8 weeks of age than in male wild-type and mdx23 mice at the same age. n = 100 glutamatergic synapses each BLA spines of 3 mice per group; one-way 
ANOVA, with Dunnett. All data are presented as mean ± SEM. * p < 0.05, * ** p < 0.001, * ** * p < 0.0001. 
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Fig. 5. Antisense morpholino oligonucleotide (ASO) induces internally deleted Dp140 expression in the brain of mdx52 mice, and glutamate emission in the mPFC- 
BLA pathway is increased in ASO-treated mdx52 mice. A. The administration of sense or antisense oligonucleotides via intracerebroventricular injection was started 
at 3 weeks of age and finished at 7 weeks of age. 30 mg/kg/single dose was administered with a guide cannula. B. Skipping efficiency of exon 53 is assessed by RT- 
PCR for Sense- or ASO-treated mdx52 mice at 8 weeks of age of the BLA. The sequence of exon 53 skipping in ASO-treated mdx52 mice at 8 weeks of age was 
confirmed. ASO targeted cryptic splice-site of the 5′ part of the exon 53, indicating the absence of 78 bp in one transcript (upper column). Sequencing of the product 
revealed the junction of exons 53 and 54 (lower column). C. The quantification of the exon 53 skipping levels of the BLA; n= 3 mice; two-tailed t-test. D. Western blot 
analysis showing the appearance of internally deleted Dp427, Dp140 and Dp71 bands of a similar size to native Dp140 in the BLA of ASO-treated mdx52 mice at 8 
weeks of age, using anti-dystrophin and anti-GAPDH antibodies (as an internal standard). E. EPSC/IPSC ratio was improved in ASO-treated mdx52 mice at 8 weeks of 
age; n=15–17 neurons from five mice per group; one-way ANOVA, with Dunnett. F. Paired-pulse ratio at 50-ms intervals in the BLA pyramidal neurons evoked by the 
local electrical stimulation is improved in ASO-treated mdx52 mice at 8 weeks of age; n=15–16 neurons from five mice per group; one-way ANOVA, with Dunnett. G. 
Optogenetic analysis of mPFC inputs to the BLA in Sense- or ASO-treated mdx52 mice at 8 weeks of age. AAV5-CaMKIIa-ChR2-eYFP were injected into the mPFC at 3 
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same tendency would be expectable in remained samples. 
To evaluate the effects of ASO treatment on synaptic dysfunction in 

mdx52 mice, we examined the EPSC/IPSC and paired-pulse ratios and 
mEPSCs. EPSC/IPSC and paired-pulse ratios were recovered in ASO- 
treated mdx52 mice (Fig. 5E-F), although no significant difference was 
observed in mEPSC frequency between Sense- and ASO-treated mdx52 
mice (Supplementary Fig. 9A). Regarding the effects of ASO treatment 
on mPFC-BLA pathway-specific glutamatergic release (Fig. 5G), we 
found that the paired-pulse ratio in the mPFC-BLA pathway was 
partially recovered in ASO-treated mdx52 mice (Fig. 5H-I). In addition, 
VGLUT1 protein levels in the BLA were elevated in ASO-treated mdx52 
mice (Fig. 5J), possibly indicating altered glutamatergic release 
following the partial restoration of Dp140 in the BLA. We also assessed 

the effects of ASO treatment on abnormal behaviours in mdx52 mice 
with the behavioural tests that we previously demonstrated. Deficits in 
social behaviour were ameliorated in ASO-treated mdx52 mice (Fig. 5K, 
p < 0.0001). No significant differences were observed in fear responses, 
anxiety-like behaviour, and motor function between Sense- and ASO- 
treated mdx52 mice (Supplementary Fig. 9B-F). 

3.7. Dp140 overexpression in the BLA normalizes glutamatergic 
transmission and social behaviour in mdx52 mice 

We employed a different mRNA-based treatment to further examine 
whether amelioration of the glutamatergic transmission and social 
behaviour observed after ASO treatment was due to restoration of 

weeks of age. The administration of Sense or ASO via intracerebroventricular injection was started at 3 weeks of age and finished at 7 weeks of age. H. Paired-pulse 
ratio with optogenetics confirms the glutamate emission in the mice BLA pyramidal neuron projected from mPFC in response to blue light irradiation (blue square), 
during whole-cell patch-clamp recording at − 60 mV. I. Paired-pulse ratio at 50-ms interval with optogenetics in mPFC-BLA pathway was improved in ASO-treated 
mdx52 mice at 8 weeks of age; n = 9 neurons from three mice per group; one-way ANOVA, with Dunnett. J. Western blot showed the appearance of VGLUT1 bands in 
the BLA of the mice at 8 weeks of age. The LP2 fractions were subjected to western blot analysis using anti-VGLUT1 and anti-GAPDH antibodies (as an internal 
standard); n=4–6 mice per group; one-way ANOVA, with Dunnett. K. The social interaction was improved in ASO-treated mdx52 mice at 8 weeks of age; n=10 mice 
per group; two-way ANOVA, with Dunnett. All data are presented as mean ± SEM. * p < 0.05, * * p < 0.005, * ** p < 0.001, * ** * p < 0.0001. 

Fig. 5. (continued). 
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internally deleted Dp140 or Dp427 or both of the dystrophin isoforms in 
the BLA of mdx52 mice. Bioanalyzer analysis of full-length Dp140 and 
Luc mRNA-based drugs indicated that both mRNAs were produced, and 
protein expression in mRNA-transfected cells confirmed Dp140 expres
sion (Fig. 6A-B). 

To elucidate whether the lack of Dp140 underpinned excitatory 
synaptic dysfunction and abnormal social behaviour in mdx52 mice, 
Dp140 mRNA was injected into the BLA using polyplex nanomicelles to 
promote recovery of Dp140 expression (Fig. 6C). We could confirm that 
the Dp140 mRNA treatment restored 10.9 % levels of the Dp140 protein 
expression, but not Dp427 protein expression, after calculation using the 
standard curve (Fig. 6D and Supplementary Fig. 10). EPSC/IPSC, paired- 
pulse ratios in BLA pyramidal neurons and VGLUT1 protein levels in the 
BLA were elevated in Dp140 mRNA-treated mdx52 mice (Fig. 6E-G). We 
also observed normalization of social behaviour in Dp140 mRNA-treated 
mdx52 mice (Fig. 6H, p < 0.0001), whereas no significant differences 
were observed in fear response, anxiety-like behaviour, and motor 
function between Luc and Dp140 mRNA-treated mdx52 mice (Supple
mentary Fig. 11). These results suggest that restoration of Dp140 in the 
BLA is associated with glutamatergic transmission deficit and abnormal 
behaviour in 8-week-old mdx52 mice, equivalent to adolescent and 
young adult in humans. 

4. Discussion 

We utilized two DMD mouse models to examine synaptic function in 
the presence or absence of brain Dp140 isoforms. Our findings suggest 
for the first time that the lack of Dp140 is associated with abnormal 
social behaviours and decreased glutamatergic transmission in mdx52 
mice, which are implicated in ASD-like symptoms in human DMD 
lacking brain Dp140 isoform (Bardoni et al., 2000a, 2000b; Chamova 
et al., 2013; Felisari et al., 2000; Ricotti et al., 2016). Furthermore, we 
observed that ASD-like behaviours in mdx52 mice were improved by the 
partial restoration of Dp140 following both exon 53 skipping and the 
mRNA therapeutics-mediated Dp140 overexpression. 

In human, Dp427 and Dp140 are expressed in the amygdala (Door
enweerd et al., 2017), and their deficiency is associated with emotional 
and social behaviours linked to ASD symptoms (Baron-Cohen et al., 
2000a, 2000b). E-I imbalance in the BLA and mPFC-BLA pathway is 
involved in social deficits in ASD model mice (Chao et al., 2010; Huang 
et al., 2016; Yizhar et al., 2011). Further, mPFC-BLA projections are 
implicated in the processing of emotional valence and social information 
(Huang et al., 2020). In view of the central role of the human amygdala 
in several of neurobehavioural comorbidities and the dystrophin isoform 
expression in amygdala, we investigated the molecular functions of the 
murine amygdala. We previously reported that GABAA receptor subunit 
cluster number was reduced in the BLA of mdx23 mice, and the lack of 
Dp427 impaired amygdala GABAergic transmission and enhanced 
defensive behaviour (Sekiguchi et al., 2009). In this study, we confirmed 
abnormal postsynaptic GABAergic transmission in the BLA of mdx52 
mice, consistent with reduced GABAergic transmission modulated by 
the lack of Dp427 (Kueh et al., 2011; Sekiguchi et al., 2009). Further
more, we demonstrate abnormal presynaptic glutamatergic trans
mission modulated by the lack of Dp140 in the BLA of mdx52 mice for 
the first time. Notably, we observed that the presynaptic plasticity of 
mPFC-BLA pathway was disrupted, and the number of synaptic vesicles 
at glutamatergic presynapses decreased in the BLA mdx52 mice. The 
reduced reserve pools of synaptic vesicles in our study are consistent 
with previous results in VGLUT1 knockout mice (Fremeau et al., 2004a). 
As hypothesized, the reduced number of synaptic vesicles including 
VGLUT1 in mdx52 mice may underlie common pathophysiology in 
neurodevelopmental disorders such as ASD and ADHD (John et al., 
2020). We speculate that the reduced presynaptic glutamatergic trans
mission and postsynaptic GABAergic transmission associated with 
Dp140 and Dp427 may underpin abnormal neural networks in mdx52 
mice. 

Our study predominantly focused on abnormal glutamatergic release 
in BLA presynapses in mdx52 mice. It remains unclear how the lack of 
Dp140 contributes to the reduction in the reserve pools of synaptic 
vesicles including VGLUT1 at BLA presynapses. Immunohistochemical 
analyses have indicated that Dp140 is located in astrocytic processes in 
the neuropil, glial end-feet along blood vessels (Caudal et al., 2020; 
Lidov et al., 1995), neurons (Blake et al., 1998) and oligodendrocytes 
(Aranmolate et al., 2017a, 2017b). Dp140 is increased during astrocytic 
and neuronal differentiation (Romo-Yáñez et al., 2020). Dp140 in as
trocytes is thought to contribute to a glutamatergic release (Patel et al., 
2019), and genes co-expressed with Dp140 are enriched in GO-terms 
related to early neurodevelopment via regulation of neuronal projec
tion morphogenesis (Doorenweerd et al., 2017). Dystrophin short iso
forms in the brain, including Dp140 and Dp71, modulate 
dystrophin-associated proteins (Moukhles and Carbonetto, 2001; 
Waite et al., 2012), including alpha-dystrobrevin-1 (Blake et al., 1999; 
Greenberg et al., 1996), which directly binds to the C-terminus of dys
trophin short isoforms and dysbindin-1 (Benson et al., 2001). 
Dysbindin-1 has been implicated in glutamate release in the brains of 
schizophrenia patients and model mice (Saggu et al., 2013; Talbot et al., 
2006). In addition, Dp71 short isoform in astrocytes is also thought to 
play a role in glutamatergic release (Chaussenot et al., 2019; Miranda 
et al., 2011), and the Dp40 shortest isoform is also implicated in glu
tamatergic synaptic vesicle trafficking proteins at presynapses (Tozawa 
et al., 2012). We conjecture that the Dp140 in astrocytes and/or pre
synaptic neurons in the BLA modulates glutamatergic release by syn
aptic vesicles. Based on our current understanding of astrocyte-mediated 
presynaptic modulation of glutamatergic transmission, we propose that 
abnormal glutamate release is affected by the lack of Dp140 in neurons 
and potentially also in astrocytes. In this regard, VGLUT1-containing 
synaptic vesicles including glutamate represent sites for glutamatergic 
transmission from astrocytes to neurons (Bezzi et al., 2004). Moreover, it 
has been reported that astrocytes release distinct neurotransmitters such 
as glutamate and GABA; these glia-derived neurotransmitters may act on 
neurons to regulate synaptic transmission and plasticity via various 
mechanisms (Araque et al., 2014a, 2014b). Therefore, we speculate that 
the Dp140 and dystrophin-associated proteins may contribute to pre
synaptic inhibition, regulate glutamate recycling and release into syn
aptic vesicles, and modulate neuron-astrocyte interactions in the BLA. 

However, our study has several limitations for evaluating the func
tion of Dp140. First, developing specific anti-Dp140 antibodies is chal
lenging, given that the amino acid sequence of Dp140 is identical to that 
of Dp427 in mice. Second, since the expressions of Dp427 and Dp140 
were not clearly detected by immunohistostaining, we could not identify 
the localization of these proteins. In our experiments, dystrophin protein 
levels appeared consistent with the efficiencies of exon 53 skipping in 
the BLA (Fig. 5). However, since the expressions of both Dp140 and 
Dp427 protein were quite low (Fig. 5D), this might be insufficient to 
detect these proteins by immunohistostaining. The potential reasons 
were that the degree of dystrophin protein restoration in this study was 
much lower than that in previous studies (Sekiguchi et al., 2009). 
Therefore, we assumed that there was not sufficient dystrophin protein 
content to identify the correct signal by the immunohistochemical 
staining. We also interpreted the high background signal in the brain as 
a contributing factor to the failure of this immunostaining. Lastly, 
Dp140-specific knockout mice are currently unavailable, limiting 
further investigations of the molecular function of Dp140. Further work 
is needed to clarify how Dp140 regulates glutamatergic transmission in 
the BLA. 

In conclusion, the lack of Dp140 resulted in decreased glutamatergic 
transmission in the mPFC-BLA pathway and reduced VGLUT1 expres
sion at presynapses in the BLA of mdx52 mice. Restoration of Dp140 
rescued abnormal glutamatergic transmission and social behaviour 
observed in mdx52 mice. These results suggest that the restoration of 
Dp140 may provide a novel therapeutic option for DMD patients with 
ASD-like symptoms. This comorbidity affects approximately 30 % of 
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Fig. 6. Dp140 expression in the BLA of mdx52 mice rescues glutamatergic transmission and abnormal social interaction. A. Experimental model of Dp140 mRNA 
introduction into COS-7 cells; The cells were transfected with Dp140 mRNA or Luc mRNA (as a negative control)-based drugs on day 1 and harvested and processed 
for western blot analysis on day 3. B. Western blot analysis of Dp140 bands in the Dp140 mRNA-transfected COS-7 cells using anti-dystrophin (P34a) and anti-β-actin 
antibodies (as an internal standard). C. Experimental model of Luc or Dp140 mRNA-based drug administration into the male mdx52 BLA at 4 weeks of age. D. Western 
blot analysis shows the appearance of Dp427, Dp140 and Dp71 bands in BLA of Dp140 mRNA-treated mdx52 mice at 8 weeks of age, using anti-dystrophin and anti- 
GAPDH antibodies (as an internal standard). E. EPSC/IPSC ratio is improved in Dp140 mRNA-treated mdx52 mice at 8 weeks of age; n = 17 neurons from six mice per 
group; two-tailed t-test. F. Paired-pulse ratio at 50-ms intervals in the BLA pyramidal neurons evoked by the local electrical stimulation is improved in ASO-treated 
mdx52 mice at 8 weeks of age; n = 18 neurons from six mice per group; two-tailed t-test. G. Western blot showing the appearance of VGLUT1 bands in the BLA of the 
mice at 8 weeks of age; n = 5–6 mice per group; one-way ANOVA, with Dunnett. H. The social interaction is normalized in Dp140 mRNA-treated mdx52 mice at 8 
weeks of age; n = 9 mice per group; two-way ANOVA, with Bonferroni. All data are presented as mean ± SEM. * p < 0.05, * * p < 0.005, 
* ** p < 0.001, * ** * p < 0.0001. 
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DMD patients and significantly affects participation in life (Hendriksen 
and Vles, 2008; Ricotti et al., 2016). Our future research will test the 
effects of intrathecal injections of exon 53 skipping drugs, such as Vil
tolarsen (Clemens et al., 2020; Komaki et al., 2018) and Golodirsen 
(Frank et al., 2020; Scaglioni et al., 2021), on ASD-like symptoms in 
DMD. 
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