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Dystrophin, the cytoskeletal protein whose defect is 
responsible for Duchenne muscular dystrophy (DMD), is 
normally expressed in both muscles and brain. Genetic 
loss of brain dystrophin in the mdx mouse model of 
DMD reduces the capacity for type A γ-aminobutyric 
acid (GABAA)-receptor clustering in central inhibitory 
synapses, which is thought to be a main molecular 
defect leading to brain and cognitive alterations in this 
syndrome. U7 small nuclear RNAs modified to encode 
antisense sequences and expressed from recombinant 
adeno-associated viral (rAAV) vectors have proven effi-
cient after intramuscular injection to induce skipping 
of the mutated exon 23 and rescue expression of a 
functional dystrophin-like product in muscle tissues of 
mdx mice in vivo. Here, we report that intrahippocam-
pal injection of a single dose of rAAV2/1-U7 can res-
cue substantial levels of brain dystrophin expression 
(15–25%) in mdx mice for months. This is sufficient to 
completely restore GABAA-receptor clustering in pyra-
midal and dendritic layers of CA1 hippocampus, sug-
gesting exon-skipping strategies offer the prospect to 
investigate and correct both brain and muscle altera-
tions in DMD. This provides new evidence that in the 
adult brain dystrophin is critical for the control of 
GABAA-receptor clustering, which may have an impor-
tant role in activity-dependent synaptic plasticity in 
hippocampal circuits.
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Introduction
Duchenne muscular dystrophy (DMD) is an X-linked recessive 
disorder caused by mutations in the dystrophin gene that prevent 
expression of this membrane-bound cytoskeleton-associated 
protein normally expressed in both muscle and brain. Brain dys-
trophin is detected in the postsynaptic densities of pyramidal 

neurons at inhibitory synapses in brain structures involved 
in cognitive functions, such as hippocampus, neocortex, and 
cerebellum. Specific cognitive deficits have been characterized in 
all DMD patients, suggesting an important contribution of full-
length dystrophin loss,1 whereas the severe mental retardation 
described in a sub-population of patients likely implies additional 
inactivation of other DMD-gene products derived from distinct 
internal promoters, such as Dp71 and Dp140.2 Dystrophin role in 
critical brain functions is supported by studies in the dystrophin-
deficient mdx mouse reporting a range of brain alterations,3,4 
including changes in hippocampal synaptic plasticity,5 altered 
density and morphology of hippocampal synapses,6 associated 
with behavioral and cognitive deficits.5,7 Several reports suggest 
that a 40–70% reduction in the number of type A γ-aminobutyric 
acid (GABAA) receptor clusters is a primary brain defect associ-
ated with genetic loss of dystrophin in hippocampus,8 cerebellum,9 
and amygdala,10 suggesting dystrophin may stabilize these recep-
tors at inhibitory synapses, perhaps by limiting their lateral diffu-
sion outside the synapse.11,12 Yet, compelling evidence for direct 
or indirect interaction between dystrophin and GABAA receptors 
is still missing.

Dystrophin is a large (427 kd) protein expressed from a 2.5-Mb 
gene with 79 exons encoding a 14-kb mRNA transcript. The pro-
tein contains an N-terminal domain with an actin-binding site, 
a central rod domain with 24 triple-helical spectrin-like repeats, 
and cystein-rich and C-terminal domains interacting with several 
membrane-bound and cytosolic proteins. Whereas out-of-frame 
mutations in the DMD gene result in the absence of dystrophin 
expression, mutations that maintain the reading frame are asso-
ciated with the milder Becker muscular dystrophy and produce 
dystrophin proteins that only miss some of the repeats of the cen-
tral rod domain and retain some functional activity.13 Cognitive 
deficits are less frequent in Becker muscular dystrophy and likely 
result from mutations specifically affecting the C-terminal domain 
of dystrophin.14 Antisense oligonucleotides have been recently 
used to redirect splicing of the dystrophin pre-mRNA and induce 
skipping of the mutated exon 23 that contains a stop codon in mdx 
mice, thus generating a transcript of smaller size with restored open 
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reading frame.4,15 We have shown in mdx mice that intramuscular 
injections of a single dose of recombinant adenovirus-associated 
vector (rAAV2/1 serotype) expressing antisense sequences linked 
to a modified U7 small nuclear RNA can skip exon 23, drive sus-
tained therapeutic levels of rescued dystrophin-like protein and 
correct muscular dystrophy.16

The rAAV2/1 serotype that drives long-term dystrophin 
expression with low immunogenicity in muscle tissues also dis-
plays good neuronal tropism and transduction efficiency in 
rodent brain tissue in vivo, suggesting it may also have therapeutic 
efficacy in the dystrophin-deficient brain.17,18 Our goal here was to 
examine whether stable and widespread protein expression can 
be obtained in the mature brain of mdx mice after a single intra
hippocampal injection of the rAAV2/1-U7 system, and to deter-
mine whether this may restore the clustering of GABAA receptors 
in hippocampus.

Results
A single dose of the U7-SD23/BP22 rAAV2/1 vector16 was 
administered to mdx mice by bilateral intrahippocampal micro-
injections, and brains were analyzed after 4 months to examine 
rescue of the skipped dystrophin mRNA and protein. Reverse 
transcription-PCR using primers in exons 20 and 26 of the dystro-
phin mRNA yielded a 901-bp product corresponding to the native 
mRNA species and a 688-bp product corresponding to exon 23 
skipping (Figure 1a,b). The profile of the PCR products in mdx 
mice injected with AAV vectors (mdx-AAV) was similar to that 
found in injected skeletal muscle,16 with intermediate-sized bands 
reflecting the formation of heteroduplex between the native and 
exon 23-skipped products (Figure  1a,c,e), as demonstrated by 
DNA sequencing showing a mixture of sequences with and with-
out the skipped exon.19 The amount of the 688-bp product and its 
distribution away from the injection site was variable among mdx-
AAV mice. Yet, skipping events could be detected bidirectionally 
(rostro-caudally) >1 mm away from the injection site (Figure 1c). 
Therefore, a single AAV2/1 injection resulted in exon 23 skipping 
2–3 mm alongside the dorsal hippocampus for at least 4 months. 
A dystrophin-like protein was also consistently detected in hip-
pocampus of the treated mice by the DYS1 antibody both by 
western blotting (Figure 1d) and immunofluorescence (Figures 
1f and 2a). The rescued protein was detected ~1 mm away from 
the injection site, thus confirming vector diffusion estimated from 
RNA analysis. In addition, both the skipped mRNA (Figure 1e) 
and the dystrophin-like protein (Figure 1f) could be detected in 
the entorhinal cortex, consistent with retrograde axonal trans-
port of rAAV2/1 particles to this hippocampal afferent struc-
ture.18 Dystrophin immunoreactivity (IR) was also present in 
the amygdalopiriform transition area, an extensive region of the 
temporal lobe that lies at the junction of piriform and entorhinal 
cortices. Although amygdalopiriform transition area and entorhi-
nal cortex are interconnected, amygdalopiriform transition area 
also provides inputs to the ventral subiculum and hippocampal 
CA1,20 suggesting that dystrophin expression in this area also 
results from retrograde transport from hippocampus.

In brain sections, immunohistochemical staining with the 
DYS1 antibody revealed a typical pattern of dystrophin-IR in the 
hippocampus, characterized in wild-type (WT) mice by intensely 

stained puncta along the somatic membrane and in the proximal 
dendritic layer of the CA1/CA3 pyramidal-cell layers, but not in 
dentate gyrus, whereas as expected there was no staining in CA1 
from mdx mice8,21 (Figures 1f and 2a). Sections taken <1 mm 

M 0 1 2 3 4 5 6

AA A A A A AAA A A AA A A AAAAA A A AAA AT T TT T T TT T TGG GG G C C C C C CC CG GGG G G GG

Exon 22 Exon 24

M10 2 3 4

1 2 3 4 5 6 7 8

M0 1 2 3 4 5 6 7 8 9

a f

b

c

d

e

Figure 1 C haracterization of the exon 23-skipped brain dystrophin. 
(a) Detection of exon 23-skipped dystrophin mRNA. RNA samples were 
taken from WT hippocampus, cortex, and whole brain (lanes 1, 2, 4), from 
mdx whole brain (lane 5), from AAV-treated mdx hippocampus (lane 3) 
and from skeletal muscle of another mdx mouse injected intramuscu-
larly with the same AAV vector (lane 6). The 901-bp fragment amplified 
from the native dystrophin mRNA (*) detected in WT and mdx mice was 
largely replaced by the 688-bp fragment from the dystrophin transcript 
lacking exon 23 (**) in AAV-treated mdx mice. (b) DNA sequence of the 
688-bp band demonstrating loss of exon 23. (c) Expression of dystrophin 
transcripts analyzed by nested RT-PCR alongside the dorsal hippocampus 
in two AAV-treated mdx mice (lanes 1–4; 5–8) and in the whole hip-
pocampus of one saline mdx mouse (lane 9). Sections in AAV-treated 
mice are from various distances from injection site: −1 to −1.8 mm rostral 
(lanes 1, 5), −0.5 to −1 mm rostral (lanes 2, 6), −0.5 rostral to +0.5 mm 
caudal (lanes 3, 7), 0.5–0.85 mm caudal (lanes 4, 8). The 901-bp frag-
ment (*) was only detected in the saline mdx mouse (lane 9) and in distal 
tissue samples in AAV-treated mdx mice (lanes 1, 5, and 6). The 688-bp 
band corresponding to exon 23-skipped mRNA (**) was found at various 
distances from the injection site in AAV-treated mutants (lanes 2, 3, 4, 7, 
and 8). (d) Western blot of total protein extracted from hippocampus 
of mdx (lane 1, protein load 300 µg), mdx-AAV (lanes 2: −0.5 to −1 mm 
rostral; lane 3: +0.5 to 0.85 mm caudal from injection site; protein load 
300 µg) and WT mice (lanes 4–8; incremental protein loads: 10, 25, 50, 
75, and 100 µg) stained with DYS1 antibody. The arrow indicates full-
length 427-kd dystrophin. In this mdx-AAV mouse, hippocampal expres-
sion of rescued dystrophin was estimated 10% of WT. (e) Expression of 
the 688-bp fragment (**) in mdx-AAV mouse hippocampus (lane 3) and 
entorhinal cortex (lane 4). Only the full-length 901-bp fragment (*) was 
found in entorhinal cortex of WT (lane 1) and saline mdx mice (lane 2). M: 
marker, 0: H2O control. (f) Dystrophin immunoreactivity (IR) in CA1 hip-
pocampus (CA1), lateral entorhinal cortex (l-Ent), and amygdalopiriform 
transition area (APir), as detected 4 months after single intrahippocampal 
injection of rAAV2/1 vector in the mdx mouse. Dystrophin-IR, typically 
characterized by intensely stained fluorescent puncta in WT mice, were 
absent in sections from saline-treated mdx mice. Each panel represents 
the projection of stacks of five images. Bar = 40 µm. rAAV, recombinant 
adeno-associated virus; WT, wild type.
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away from the injection site in mdx-AAV mice were clearly 
positive for dystrophin-IR in CA1–CA3 hippocampal subfields, 
but not in the dentate gyrus, indicating that the skipping process 
induced dystrophin expression in the same hippocampal layers 
as in WT mice. However, the number of immunopositive puncta 
was lower in mdx-AAV mice. To estimate the expression level of 
dystrophin in mdx-AAV mice, we quantified dystrophin-IR in 
CA1 (WT, n = 6; mdx, n = 5; mdx-AAV, n = 5) using semiquan-
titative imaging procedures.22 Whereas mdx mice showed com-
plete absence of dystrophin-IR except for minimal background 
staining (<2% of WT levels), mdx-AAV mice displayed signifi-
cant levels of dystrophin-IR in both stratum pyramidale (SP) 
(10.23 ± 2.6% of WT levels, range 3–20%, P < 0.001, Figure 2b) 
and stratum radiatum (SR) (27.74 ± 7.09%, range 5–60%, P < 
0.01, Figure 2c) of the dorsal hippocampus, as assessed by quan-
tification of the total area covered by dystrophin-IR within a total 
tissue surface of 10,000 µm2 (Figure 2b,c). Hence, the number of 
dystrophin-positive puncta was substantial in both layers in mdx-
AAV mice (SP: 14.15 ± 2.6% of WT, P < 0.0001, range 3–27%; SR: 
25.71 ± 4.8%, range 13–41%, P < 0.001). The relative area covered 
by dystrophin-IR in the SR (% of total SP + SR, Figure 2d) was 
42.44 ± 10.97% in mdx-AAV mice against 16.24 ± 1.21% in WT 
mice (P < 0.03), suggesting that a larger fraction of dystrophin 
proteins was targeted to dendritic processes in AAV-treated mdx 
mice compared to WT mice.

Partial colocalization of dystrophin clusters with a subset of 
α2 subunit-containing GABAA-receptor clusters has been dem-
onstrated in hippocampal area CA1.8 In our own study, α2 sub-
unit-IR typically appeared as discrete and intensely labeled clusters 
around somata and proximal dendritic layer in CA1–CA3, which 
paralleled the pattern of expression of dystrophin (Figure 3a,b). 
As expected, double-labeling experiments revealed partial juxta-
position and sometimes colocalization of dystrophin clusters with 
the α2 subunit-containing GABAA-receptor clusters (Figure 3a). 
Perfect overlap between dystrophin-IR and α2 subunit-IR in SP 

was estimated only 3.73 ± 1.36% in WT mice, whereas it raised 
to 28.36 ± 3.91% of total dystrophin expression in mdx-AAV 
mice (P < 0.001). A larger ratio in mdx-AAV than in WT mice 
was also observed in the SR (13.36 versus 3.18%). As shown in 
Figure 3a, this in fact reflects comparable amounts of dystrophin 
proteins colocalized with α2 subunit-IR in the two groups of mice, 
despite the lower level of dystrophin in the AAV-treated mdx 
mice. Indeed, a comparable fraction of GABAA-receptor clusters 
colocalized with dystrophin-IR in the two groups in both hippo
campal layers (SP: WT, 10.27 ± 3.1%; mdx-AAV, 15.96 ± 4.59%, 
NS; SR: WT, 1.43 ±.62%; mdx-AAV, 2.6 ± 2.26%, NS). As a func-
tional readout, we therefore examined whether moderate levels of 
dystrophin-like protein expression in mdx-AAV mice were suffi-
cient to impinge on the expression of GABAA-receptor clusters. A 
reduction in GABAA-receptor clustering, characterized by a 40% 
decrease in the number of α2 subunit-containing clusters and 
total area covered by α2 subunit-IR, has been initially described 
in area CA1 of mdx mice.8 We confirmed this in phosphate-
buffered saline-treated mdx mice, showing a significant reduc-
tion in the number of clusters and area covered by α2 subunit-IR 
in both CA1 SP and SR layers (P < 0.05, compared to WT mice; 
Figure 3b–d). In striking contrast, the number of clusters and area 
covered by α2 subunit-IR were significantly larger in AAV-treated 
mdx mice compared to mdx mice (P < 0.05), reaching a level that 
was no longer different from that of WT mice (Figure 3b–d). As 
previously reported,8 the size of α2 subunit clusters was slightly 
reduced in area CA1 of mdx mice (86.4% of WT). However, 
the size of clusters in mdx-AAV mice was strictly comparable 
to that of WT mice (100.99% of WT, P = 0.9) and significantly 
larger than in control mdx mice (P < 0.05). In all, our quantitative 
analysis of α2 subunit-IR therefore revealed comparable expres-
sion levels of α2 subunit-containing GABAA-receptor clusters in 
WT and AAV-treated mdx mice, suggesting complete recovery of 
GABAA-receptor clustering after exon skipping-mediated partial 
restoration of dystrophin expression.
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Figure 2  Immunoreactivity of the rescued dystrophin in CA1 hippocampus. (a) Dystrophin-IR in stratum pyramidale (SP) and proximal stratum 
radiatum (SR) of CA1 hippocampus in WT and mdx mice injected with PBS and in AAV-treated mdx mice. Each panel represents projection of five-
image stacks. Arrows: pyramidal-cell bodies in SP. Bar = 20 µm. (b) Area covered by dystrophin-IR in SP as % of WT. (c) Area covered by dystrophin-IR 
in SR as % of WT. (d) Fraction area covered by dystrophin-IR in the SR (% of total SP + SR). *P < 0.05; **P < 0.001. AAV, adeno-associated virus; 
IR, immunoreactivity; PBS, phosphate-buffered saline; WT, wild type.
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Discussion
AAV vectors have recently emerged as powerful tools for gene 
transfer into the brain for both functional explorations and 
therapeutic purposes.23 In this study, we have used an AAV 

vector expressing antisense sequences to modulate splicing of the 
dystrophin pre-mRNA in the brain of mdx mice. A major advan-
tage of this approach over the ectopic expression of a dystrophin 
complementary DNA is that physiological levels of functional 
mRNA can be restored, allowing a more relevant phenotypic 
analysis. However, exon skipping may only restore semifunctional 
dystrophin expression when mutations affect critical functional 
domains of the protein and it may not be applicable in cases of large 
genomic deletions.15 We show here that exon-skipping rescues 
stable expression (4 months postinjections) of a dystrophin-like 
protein to 15–25% of normal dystrophin levels in area CA1 of the 
hippocampus of mdx mice, and enables a complete recovery of 
α2 subunit-containing GABAA-receptor clustering in this brain 
region. This indicates that the synaptic molecular alteration asso-
ciated with dystrophin loss is reversible.

Several studies have shown that rAAV2/1 vectors target 
primarily neurons in the central nervous system and can support 
long-term and widespread distribution of transduction with mini-
mal or no toxicity.18 Our data confirm that rAAV2/1 can transduce 
CA1–CA3 hippocampal cells effectively and stably. The recovered 
expression of dystrophin in adjacent, afferent, cortical areas such 
as the entorhinal cortex likely reflects efficient retrograde trans-
port of rAAV2/1 after a single intrahippocampal injection. This 
indicates that rAAV2/1 has the potential to provide therapeutic 
effects to various brain regions involved in cortico-hippocampal 
circuits, including remote brain structures difficult to access from 
a single intracerebral injection site. The injection of a 3-µl volume 
of rAAV2/1 (corresponding to 6.3 × 109 vector genome) did not 
result in observable tissue lesions, but was able to rescue detect-
able levels of dystrophin-like protein in part of the hippocampus 
(~2–3 mm of dorsal hippocampus). Such a dose of AAV vector 
has been shown to diffuse efficiently in the mouse brain (e.g., see 
ref. 24), and the partial correction observed here is likely due 
to a minimum threshold of modified U7 small nuclear RNAs 
(U7-SmOPT) expression needed for efficient exon skipping. This 
could be improved by exploring other serotypes or improving U7 
cassettes for neuronal expression. Although we have no indica-
tion about a possible indirect interaction of the viral vector itself 
with GABAA receptors, it seems unlikely that this could explain 
the convergent changes of several specific markers commonly 
associated with dystrophin loss. Rather, our data suggest that the 
rescued expression of dystrophin-like proteins was preferentially 
targeted to inhibitory synapses and GABAA receptors, leading to 
comparable colocalization levels as in WT mice and to complete 
normalization of both the number and size of GABAA-receptor 
clusters. Functional studies are needed to determine whether the 
restored capacity for GABAA-receptor clustering in a limited por-
tion of hippocampus is sufficient to correct synaptic and cognitive 
dysfunctions in mdx mice. Interestingly, it has been shown that 
modest (~27%) but potentially widespread expression of such a 
dystrophin-like protein through chronic brain administration 
of morpholino antisense oligonucleotides can compensate for a 
noncognitive amygdala-dependent behavioral disturbance in 
mdx mice, enhanced defensive freezing responses after restraint. 
Because this behavioral deficit may rely on GABAergic alteration 
in the amygdala,10 to the extent that the two structures may be com-
parable it is possible that this result was also due to a mechanism 
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Figure 3  Immunoreactivity of GABAA-receptor α2-subunit in CA1 
hippocampus. (a) Partial colocalization of dystrophin-IR (green) with 
that of GABAA-receptor α2 subunits (red) in CA1 hippocampus. Left, rep-
resentative sample confocal laser scanning microscope image showing 
superimposition of two stack projections (five images for each fluoro-
chrome taken simultaneously); yellow dots are overlaps between dys-
trophin and α2-subunit IR. Right, histograms showing quantification of 
total dystrophin IR (green) and fraction colocalized with α2-subunit IR 
(yellow), expressed as area covered by IR (µm2) in SP and SR. Note that 
despite lower dystrophin expression levels in mdx-AAV mice, compara-
ble amounts of proteins colocalized with α2 subunits were found in the 
two groups of mice. (b) Specific GABAA-receptor α2-subunit-IR in stra-
tum pyramidale (SP) and stratum radiatum (SR) of CA1 hippocampus. 
(c) Number of clusters and area covered by α2 subunit-IR in SP as % of 
WT. (d) Number and area covered by α2 subunit-IR in SR as % of WT. 
Bars = 10 µm in a, 20 µm in b. *P < 0.05. AAV, adeno-associated virus; 
GABAA, type A γ-aminobutyric acid; IR, immunoreactivity.
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of GABAA-receptor clustering rescue, as demonstrated here in the 
case of the hippocampus. Taken together, the current data suggest 
that improvement of both molecular and behavioral alterations 
associated with dystrophin loss can be achieved in mature tissues 
by vectorized antisense-mediated exon skipping. The etiology of 
the cognitive impairment in DMD is however complex and far 
from being fully elucidated, as it likely relies on cumulative effects 
of inactivation of several DMD-gene products involved in dis-
tinct cellular brain functions. Understanding the specific mecha-
nisms affected by loss or dysfunction of these distinct proteins is 
a prerequisite to direct appropriate therapeutic interventions and 
correct the brain alterations associated with DMD.4

Beyond the putative therapeutic outcomes, exon skipping-
mediated dystrophin recovery is a promising and powerful tool to 
locally manipulate protein expression and examine its physiologi-
cal role in synaptic function. The few studies addressing this ques-
tion revealed that the initial clustering of GABAA receptors and 
gephyrin at central inhibitory synapses is independent from that 
of dystrophin and associated protein complex.25,26 It is suggested 
that dystrophin is not involved in synaptogenesis but may have 
an important role in modulating the subsequent maintenance and 
stabilization of postsynaptic GABAA-receptor clusters.11 Our pres-
ent results provide new arguments to support this hypothesis. We 
report a relatively low level of colocalization between dystrophin 
and α2 subunit-containing GABAA receptors in the CA1 hippo
campal region (<5% in WT mice), in agreement with previous 
studies suggesting that dystrophin is only expressed in a subset 
of inhibitory synapses, juxtaposed rather than colocalized with 
GABAA-receptor subunits. A remaining dystrophin pool could be 
putatively involved in trafficking/targeting processes, expressed 
in “empty” synapses transiently devoid of GABAA receptors, 
or associated with other undefined partners in specific synapse 
subtypes.11,25 In AAV-treated mdx mice, however, a larger frac-
tion of the dystrophin-like protein colocalized with α2 subunit-IR 
(~28%). This in fact resulted in comparable net amounts of dys-
trophin/GABAA-receptor clusters colocalization in WT and 
AAV-treated mdx mice, which may explain why small amounts of 
re-expressed dystrophin-like protein were sufficient to completely 
restore GABAA-receptor clustering. Although dystrophin loss may 
affect different subunits of the GABAA receptor in distinct brain 
structures, e.g., α1 in cerebellum and α2 in hippocampus, the pres-
ent data place α2 subunit-containing GABAA-receptor clusters as 
a primary functional target when small amounts of dystrophin 
are re-expressed in the hippocampus. Moreover, a larger fraction 
of dystrophin-like protein was targeted to dendritic processes 
in AAV-treated mdx mice compared to WT mice. This supports 
ultrastructural and electrophysiological data suggesting that dys-
trophin and α2 subunit-containing GABAA-receptor clusters play 
a major role in dendritic signal integration and inhibitory drive 
rather than in somatic GABAergic inhibition.6

In line with the idea that dystrophin is not essential during 
early GABAergic synaptogenesis but rather modulates or confers 
specialized properties to a subset of inhibitory synapses at a later 
stage, we show that the mechanisms required for GABAA-receptor 
clustering can be modulated, perhaps promoted, by induction of 
dystrophin-like protein expression in the brain of mature mdx 
mice originally devoid of this protein since ontogeny. Whereas 

kainic acid injections in the adult hippocampus can modulate in 
parallel the number of GABAA-receptor and dystrophin clusters,22 
no clear direct or indirect interactions between dystrophin and 
GABAA-receptors have been demonstrated. Here, we provide new 
evidence to consider GABAA-receptor clustering as a dynamic 
process controlled by dystrophin expression in the adult brain, 
which may have an important, but yet undefined, role in activity-
dependent synaptic plasticity in hippocampal circuits.

Materials and Methods
Animals and microinjections. C57BL/10ScSn-Dmdmdx/J (mdx) dystrophin-
deficient and C57BL/10J littermate (WT) male mice were obtained by mat-
ing heterozygous mdx females with C57BL/10J males. Siblings were kept in 
the same cage (two to five per cage) under a 12-h light-dark cycle (light on: 
7.00 am) with food and water ad libitum. Intrahippocampal injections of 
the U7-SD23/BP22 AAV2 vector packaged into an AAV1 capsid (AAV2/1) 
were made in 8-week-old anesthetized mdx and WT littermate mice (ket-
amin, 95 mg/kg; xylazin, 24 mg/kg; intraperitoneal). Recombinant AAV2/1 
viral vector (rAAV2/1) or saline (phosphate-buffered saline, 0.1 mol/l) solu-
tions were injected bilaterally into SR of dorsal hippocampus (−2 mm from 
bregma; 1.5 mm lateral; −1.5 mm from dura). A total volume of 3 µl was 
infused in each site at a rate of 0.2 µl/minute, which corresponded to 6.3 
× 109 vector genome for AAV (vector titration: 2.1 × 1012 vector genome/
ml). Mice were given a 4-month recovery period before being sacrificed for 
mRNA and protein analyses. Mouse phenotype was verified by postmor-
tem histological analysis of quadriceps muscle.5

All experiments were conducted under appropriate biological 
containment in accordance with European Communities Council 
Directive (CEE 86/609) for animal care and experimentation, and were 
conducted following the guidelines of the animal facility in Orsay (France) 
approved by the national direction of veterinary services (Direction des 
Services Vétérinaires, France, agreement no. B91-471-104).

RNA and protein analyses. Brains were quickly excised after sacrifice 
by cervical dislocation and were frozen in powdered dry ice. Coronal 
20-µm thick cryostat sections were collected from fresh-frozen brains and 
mounted onto superfrost slides. Hippocampal and cortical tissue samples 
were excised from intermediate cryosections using a scalpel and then 
pooled for RNA and protein analyses.

RNA analyses. Total RNA extracts were isolated using TRIzol-reagent 
(Life Technologies, Carlsbad, CA) and 200 ng was used for nested reverse 
transcription-PCR using the Access Reverse Transcription-PCR system 
(Promega, Charbonnieres-Les-Bains, France) as previously described.16 
The first reaction was performed with one pair of primers in exons 20 
(Ex20ext) and 26 (Ex26ext) for 30 cycles (94 °C/30 seconds; 55 °C/1 min-
ute; 72 °C/2 minutes). Then 2 μl of the first reaction were amplified for 23 
cycles with a second pair of primers (Ex20int and Ex26int). PCR products 
were analyzed using 1%-agarose gel electrophoresis in Tris-acetate-EDTA; 
specific bands were purified using the QIAquick gel extraction kit protocol 
(Qiagen, Courtaboeuf, France) for sequence analysis.

Western blotting. Proteins were first extracted by treating tissue samples 
with specific buffer (1% sodium dodecyl sulfate, 125 mmol/l Tris-HCl pH 
6.8, 4 mol/l urea, 1% β-mercaptoethanol, 1% glycerol, 0.001% bromophenol 
blue) and then an aliquot was precipitated using the Compat-Able Protein 
Assay Preparation Reagent Set and proteins quantified with the BCA Protein 
Assay kit (Pierce). Proteins were resolved on 4.4% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, electrotransferred to polyvinylidene flu-
oride membranes and probed with 1:50 dilution of NCL-DYS1 (monoclonal 
antibody to dystrophin R8 repeat; NovoCastra, Newcastle upon Tyne, UK) 
followed by incubation with a horseradish peroxidase-conjugated secondary 
antibody (1:3,000) and ECL Analysis System (Amersham, Saclay, France).
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Semiquantitative immunohistochemistry. Cryosections were processed 
and semiquantitative immunohistochemical analyses of GABAA-receptor 
clusters were performed as described elsewhere22,27,28 with some modifica-
tions. Slides were thawed for 5 minutes at room temperature, immersed 
in an acetone/methanol fixative solution (1:1) for 2 minutes at −20 °C, 
washed in three baths of phosphate-buffered saline, incubated first in a 
blocking solution for 40 minutes (2% normal goat serum, 0.3% Triton 
X-100, 1% bovine serum albumin), then overnight at 4 °C in a mixture 
of primary antibodies diluted in blocking solution (monoclonal anti-
dystrophin NCL-DYS1, diluted 1:5, NovoCastra; polyclonal anti-GABAA-
receptor α2 subunit, diluted 1:250; Sigma-Aldrich, St Louis, MO), washed 
and incubated with secondary antibody conjugated to Cy3 or Alexa 488 
(Jackson Immunoresearch, Suffolk, UK) diluted 1:500 for 1 hour at room 
temperature. Controls were prepared by omitting primary antibody; in 
these controls, no specific staining could be detected.

Images were collected using a laser scanning confocal microscope 
with simultaneous dual-channel recording of double-labeled sections. 
They were taken at equivalent locations and exposure times and the 
intensity of the excitation lines (488 and 568 nm) was adjusted to eliminate 
possible cross-excitation of the fluorochromes. Typically, stacks of 7–8 
images (512 × 512 pixels) spaced by 1 µm were recorded at a magnification 
of 225 nm/pixel. For quantification of GABAA-receptor and dystrophin 
clusters, digital images were processed with the WCIF ImageJ imaging 
system (http://www.uhnresearch.ca/facilities/wcif/imagej/) as follows: The 
punctate IR for GABAA receptors and dystrophin representing presumptive 
postsynaptic clusters was analyzed semiquantitatively in SP and SR of the 
CA1 subfield of dorsal hippocampus. Quantification of GABAA-receptor 
and dystrophin clusters was performed on single confocal images taken 
randomly along the CA1 layer (230 × 230 µm, resolution: 225 nm/pixel), 
with a minimal size of clusters arbitrarily set to 0.1 µm2, corresponding to 
two adjacent pixels at the magnification used. A threshold segmentation 
algorithm was used for automatic detection of clusters. The relative area 
covered by clusters, the number and size of the clusters were analyzed 
within a total tissue surface of 10,000 µm2 derived from 5–6 brain sections 
per animal, for both sampled hippocampal subregions. Clusters double-
labeled for dystrophin and the α2 GABAA-receptor subunit were identified 
using a colocalization algorithm based on Mander’s coefficient in the 
JACoP plug-in of ImageJ.28 Data are presented as means ± SEM. One-way 
analysis of variances were used for group comparisons. P values <0.05 were 
considered statistically significant.
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