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Abstract
In the Duchenne muscular dystrophy (DMD) syndrome, mutations affecting expression of Dp71, the main dystrophin isoform of
the multipromoter dmd gene in brain, have been associated with intellectual disability and neuropsychiatric disturbances.
Patients’ profile suggests alterations in prefrontal cortex-dependent executive processes, but the specific dysfunctions due to
Dp71 deficiency are unclear. Dp71 is involved in brain ion homeostasis, and its deficiency is expected to increase neuronal
excitability, which might compromise the integrity of neuronal networks undertaking high-order cognitive functions. Here, we
used electrophysiological (patch clamp) and behavioral techniques in a transgenicmouse that display a selective loss of Dp71 and
no muscular dystrophy, to identify changes in prefrontal cortex excitatory/inhibitory (E/I) balance and putative executive
dysfunctions. We found prefrontal cortex E/I balance is shifted toward enhanced excitation in Dp71-null mice. This is associated
with a selective alteration of AMPA receptor-mediated glutamatergic transmission and reduced synaptic plasticity, while inhib-
itory transmission is unaffected. Moreover, Dp71-null mice display deficits in cognitive processes that depend on prefrontal
cortex integrity, such as cognitive flexibility and sensitivity of spatial workingmemory to proactive interference. Our data suggest
that impaired cortical E/I balance and executive dysfunctions contribute to the intellectual and behavioral disturbances associated
with Dp71 deficiency in DMD, in line with current neurobehavioral models considering these functions as key pathophysiolog-
ical factors in various neurodevelopmental disorders. These new insights in DMD neurobiology also suggest new directions for
therapeutic developments targeting excitatory neurotransmission, as well as for guidance of academic environment in severely
affected DMD children.

Keywords Glia .Mouse models . Intellectual disability . Cortical network plasticity .Workingmemory . Cognitive flexibility

Introduction

Cognitive deficits and comorbid diagnosis of neuropsychi-
atric disorders are well-recognized features of the
Duchenne muscular dystrophy (DMD) syndrome, a com-
mon X-linked neuromuscular disorder caused by mutations

in the dystrophin gene. The severity of central dysfunc-
tions increases with mutations at the 3′ end of the gene,
which lead to cumulative loss of several dystrophin-gene
products (Dp260, Dp140, Dp116, and Dp71) encoded by
distinct internal promoters and normally expressed in the
nervous system in a cell-specific manner [1–4]. Although
the molecular basis of the cognitive impairment is still
poorly understood, phenotype-genotype relationships sug-
gest that genetic loss of all dystrophin products is associ-
ated with severe intellectual disability (ID) and that Dp71
loss is a pivotal aggravating factor for cognitive status [5,
6]. This has been further supported by identification of the
first mutation that selectively alters Dp71 function and re-
sults in ID without muscular dystrophy [7]. However, the
respective roles of brain dystrophins in distinct cognitive
functions and the core endophenotypes and neural mecha-
nisms that lead to ID in DMD patients are still unclear.

While a range of cognitive and behavioral disturbances
has been reported in heterogeneous cohorts of DMD
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patients ([8] for a review), dysfunction of high-order cog-
nitive and executive processing, such as working memory,
inhibition, and problem solving, is a general finding likely
central for their general intellectual functioning [8, 9]. A
recent study suggested that mutations affecting Dp71 in a
subset of patients are preferentially associated with work-
ing memory deficits and presence of neuropsychiatric dis-
orders as compared to more proximal mutations in the
dmd gene [10]. The prefrontal cortex is a key brain struc-
ture involved in undertaking executive functions in mam-
mals [11, 12]. Accordingly, neurodevelopmental disorders
such as autism, schizophrenia, and intellectual disability,
which frequently come along with working memory, ex-
ecutive function, and social deficits, have been associated
with prefrontal cortex dysfunction with altered tuning of
cortical excitatory/inhibitory (E/I) balance [13–15].
However, no study had specifically addressed such pre-
frontal cortex functions in animal models of DMD.

Dp71 is the shortest but most abundantly expressed
dystrophin-gene product in the brain [16]. In common with
the other non-muscle dystrophins, Dp71 contains the cyste-
ine rich and carboxy-terminus domains of dystrophin, which
are required for binding to transmembrane dystroglycan and
adapter-protein syntrophin involved in the membrane clus-
tering of various ion channels and receptors [17]. Dp71 is
enriched in perivascular-astrocyte endfeet throughout the
brain, where it is required for proper localization of AQP4
and Kir4.1 channels [18]. It has been hypothesized that
Dp71 loss might thus alter both water and potassium homeo-
stasis and perhaps enhance neuronal excitability [19]. A pool
of Dp71 is also expressed in postsynaptic densities, and we
previously showed that Dp71 loss in mice induces learning
and memory deficits and a disorganization of postsynaptic
molecular scaffolds in glutamatergic synapses [20, 21].
Therefore, both glial and neuronal changes due to Dp71 loss
have the potential to alter the E/I balance in neuronal net-
works involved in undertaking high-order cognitive and ex-
ecutive functions.

To address this hypothesis, we characterized the neuro-
physiological mechanisms and behavioral processes asso-
ciated with executive functioning in Dp71-null mice,
which have a selective inactivation of the Dp71 promoter
and do not display muscular dystrophy. We used patch-
clamp techniques in acute medial prefrontal cortex
(mPFC) slices to show that key brain mechanisms in-
volved in prefrontal cortex functions, such the basal set-
point value of E/I balance, glutamatergic transmission,
and synaptic plasticity, are drastically altered in Dp71-
null mice. By means of specific behavioral paradigms,
we further show that executive functions that rely on in-
tegrity of prefrontal cortex, such as spatial working mem-
ory and cognitive flexibility, are also compromised in
these mice.

Materials and Methods

Animals

Dp71-null mice were originally generated by homologous re-
combination by replacing most of the first and unique exon
and a small part of the first intron of Dp71 by the promoter-
less gene encoding a β-gal-neomycin resistance chimeric pro-
tein, which specifically abolishes the transcription of Dp71
mRNAwithout interfering with the expression of other dmd-
gene products [22]. Transgenic mice were backcrossed for >
ten generations to C57BL/6JRj mice (Janvier Labs, France) in
CDTA (Orléans, France), and breeders were kindly provided
by Dr. Alvaro Rendon (Institut de la Vision, Paris, France).
Production and maintenance of the transgenic line were un-
dertaken in our animal facility by crossing heterozygous fe-
males with C57BL/6JRj males to generate Dp71 null and
littermate control (WT) male mice. Genotype was determined
by detecting presence of the gene encoding β-gal in PCR
analyses of tail DNA. Animals were kept under a 12-h light-
dark cycle (light on 7 a.m.) with food and water ad libitum.
Independent groups of 10–16 weeks male siblings were used
for behavioral testing; test mice were placed in individual
caging for at least 8 days before testing, and most protocols
were conducted as previously described [23]. Studies were
conducted blind to the genotype.

Semi-Quantitative Immunofluorescence and Confocal
Image Analyses

Brains dissected out following cervical dislocation were fresh
frozen in powdered dry ice and stored at −80 °C. Coronal
brains sections (30 μm thick) including the mPFC were cut
at −12 °C in a cryostat and collected on Superfrost Plus glass
slides (Roth, France). For immunochemistry, slides were
thawed for 1 min at RT, immersed in acetone/methanol (1:1)
for 5 min at −20 °C, washed three times in 0.1 M phosphate-
buffered saline (PBS), incubated in a blocking solution for
45 min (10% normal goat serum, 0.3% Triton X-100, 1%
bovine serum albumin) and then overnight at 4 °C with a
primary polyclonal antibody directed against the postsynaptic
density protein PSD-95 (1:500, Invitrogen). Sections were
then washed and incubated with a goat anti-rabbit secondary
antibody conjugated to Cy3 (Jackson ImmunoResearch,
USA) diluted 1:500 in PBS 0.1 M with 5% NGS and 1%
BSA for 1 h at RT. Slides were then washed and coverslipped
using a mounting medium containing an instant-blue nuclear
probe fluorescing (455 nm) compound (DAPI Fluoromount-
G, Clinisciences, France). No staining was observed in sec-
tions processed from control sections from both genotypes,
when primary antibody was omitted.

A laser scanning confocal microscope LSM700 (Zeiss) was
used to sequentially collect Cy3 immunoreactivity at 555 nm
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and DAPI staining at 405 nm. Confocal images of mPFC were
imported using an EC Plan-Neofluar 40x/1.30 Oil M27 at a
resolution of 156 nm/pixel. All images were randomly taken in
layers 2/3 at same exposure times and equivalent stereotaxic
coordinates (bregma 2.8 mm to 2.46 mm; mouse brain atlas;
[24]). Images were processed for quantification using the
WCIF ImageJ imaging system as follows: the punctate IR
representing presumptive protein clusters, with a minimal size
of clusters arbitrarily set to three adjacent pixels (0.05 μm2)
and a maximal size of 1 μm2, corresponding to more than 99%
of the counted clusters. A threshold segmentation algorithm
was used for automatic detection of clusters [25]. The number
and size of the clusters were analyzed within a total tissue
surface of 43,200 μm2 per genotype derived from four brain
sections per animal. The Kolmogorov-Smirnov test (KS-test)
was used to compare the distribution of protein cluster sizes.

Electrophysiology

Whole-Cell Patch-Clamp Recordings

Coronal brain slices (250 μm thick) including the mPFC were
obtained at postnatal days 21–28 (P21-P28) and maintained at
33 °C in an oxygenated (95% O2–5% CO2) artificial cerebro-
spinal extracellular solution (ACSF) containing (in mM): 126
NaCl, 26 NaHCO3, 10Glucose, 2 CaCl2, 1.5 KCl, 1.5MgSO4,
and 1.25 KH2PO4 (pH 7.5, 310–330 mOsm). Somatic whole-
cell voltage-clamp and current-clamp recordings were obtain-
ed with a MultiClamp 700B amplifier (Axon Instruments,
USA) from layer 5 pyramidal neurons identified from the
shape of their soma and primary dendrites using video-
enhanced DIC (Hamamatsu Photonics, Japan) and from their
current-induced firing profile. The borosilicate glass pipettes
(3–5 MΩ) were filled with (in mM) 140 K-gluconate, 10
HEPES, 4 ATP, 2 MgCl2, 0.4 GTP, and 0.5 EGTA (pH 7.3
adjusted with KOH, 270–290 mOsm). Signals were filtered at
2 kHz by a low-pass Bessel filter and sampled at 4 kHz using a
National Instruments BNC-2090A acquisition board. Voltage
data were corrected off-line for a measured liquid junction
potential of − 10 mV. The membrane time constant (τ) of each
cell was determined from a voltage response induced by 50 pA
hyperpolarizing steps (200 ms; repeated 12 times). Only cells
with a resting potential of ≤ − 60 mVand an access resistance
of < 25 MΩ were kept for analysis. The access resistance was
compensated off-line in voltage-clamp mode, and neurons
exhibiting more than 10% of the access resistance during the
experiment were rejected. Electrical stimulations (1–10 μA,
0.2 ms) were delivered within layers 2/3 of mPFC using a
1 MΩ impedance bipolar tungsten stimulating electrode
(TST33A10KT, WPI, Hertfordshire, England). The stimula-
tion intensity was adjusted in current-clamp conditions to in-
duce a subthreshold postsynaptic response reflecting
coactivation of excitatory and inhibitory circuits without

recruiting dominant non-linear processes such as those induced
by NMDA receptor (NMDAr) activation. Control experiments
with the NMDAr blocker D-AP5 did not reveal any variation
of the recorded responses. Responses with antidromic spikes
were discarded. In voltage-clamp conditions, the frequency of
stimulation was 0.05 Hz, and five to eight responses were
averaged for each holding potential. Control recordings were
made after 15 min of patch-clamp equilibration at 0.05 Hz at
5–7 holding potentials around neuron resting potential and
after 20 min of continuous drug perfusion. NBQX and D-
AP5 were obtained from Ascent Scientific (Bristol, UK),
spermine tetrahydrochloride, QX314, picrotoxin, and TTX
from Tocris (R&D Systems, France). All other drugs and
chemicals were obtained from Sigma-Aldrich (Lyon, France).

Data were analyzed off-line with a specialized software
(Elphy™) developed by Sadoc G. at the Biologic UNIC–
CNRS (Gif-sur-Yvette, France). The method is based on the
continuous measurement of conductance dynamics during
stimulus-evoked synaptic response, as primary described in
vivo in the cat cortex [26, 27] and further validated in the rat
visual cortex [28] and mouse mPFC [29, 30]. Evoked synaptic
currents measured and averaged at a given holding potential
were used to construct I-V curves. The holding potential value
(Vh) was corrected (Vhc) to account for the resistance drop
due to current leakage through resistance series (Rs) by the
equation: Vhc(t) = Vh(t)–I(t) x Rs. An average estimate of the
cell input conductance waveformwas calculated from the best
linear fit (mean least square criterion) of the I-V curve for each
delay (t) following stimulation onset. Cells showing a Pearson
correlation > 0.95with the I-V linear regression slope between
− 90 and − 40 mV were used to calculate the conductance
change in the recorded pyramidal neuron from the slope of
the linear regression.

Excitatory/Inhibitory (E/I) Balance

Somatic recordings do not provide rigorous estimates of the
synaptic events in distal dendrites and the conductance esti-
mates are ratios of the overall excitatory and inhibitory drive
contained in the stimulated local network [31]. However, rel-
ative changes in conductance magnitude reflect the cumula-
tive contributions of excitation and inhibition that converge at
proximal portions of the neuron and define a narrow window
over which input integration and spike output can occur [32].
Therefore, we estimated the E/I balance through the decom-
position of synaptic conductance changes as described
[27–30]. The evoked synaptic global conductance term gT(t)
was first calculated by subtracting the resting conductance (g-
rest) from input conductance. The apparent reversal potential
of the synaptic conductance at the soma (Esyn(t)) was taken as
the voltage abscissa of the intersection point between the I-V
curve obtained at a given time (t) and that determined at rest.
Assuming that the evoked somatic conductance change
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reflects the composite synaptic input reaching the soma,
Esyn(t) characterizes the stimulation-locked dynamics of the
excitation/inhibition balance.

To decompose the global evoked synaptic conductance
(gT(t)) into excitatory and inhibitory components (gE(t) and
gI(t)), each was associated with known and fixed reversal
potentials. The following simplification was used: Isyn(t) =
gE(t) (Esyn(t)–Eexc) + gI(t) (Esyn(t)–Einh) and gT(t) =
gE(t) + gI(t), where Isyn(t) is the total synaptic current,
Esyn(t) is the apparent reversal potential at the soma, gE(t)
and gI(t) are excitatory and inhibitory conductances respec-
tively, and Eexc and Einh are the reversal potentials for exci-
tation and inhibition currents (program written by C. Monier,
CNRS UNIC, France). The I-V curve in layer 5 of the mPFC
was linear between − 80 to + 10 mV with a reversal potential
equal to − 80 mV in the presence of excitatory transmission
blockers (CNQX, D-AP5) and to 0 mV in the presence of the
bicuculline blocker of inhibitory inputs [30]. Esyn(t) was ex-
trapolated from I-V curves in which it took any intermediate
values between − 80 mVand − 40 mV ([30] in supplementary
data), i.e., within the limits of the voltage range (− 90 to −
40 mV) corresponding to the linear part of I-V curves. Esyn(t)
was also within the limits of Einh and Eexc values, in order to
fulfill mathematical conditions for simplification of the gI(t)
and gE(t) calculation. Synaptic conductance changes were
quantified as integrals (int) within a 200 ms time window, to
reach a better reproducibility than with direct measurement of
peak conductance. The contribution of each component of the
E/I balance was expressed by the ratio of its integral values
(IntgE or IntgI) and the global conductance change (IntgT).

Synaptic Transmission

Synaptic efficacy was first evaluated by means of input/
output (I/O) curves generated using a range of stimulus in-
tensities from 0 to 40 V. Four responses were averaged at
each intensity. NMDAr-mediated synaptic responses were
isolated in the presence of a GABAA receptor antagonist
(picrotoxin, 50 μM) and an AMPA receptor antagonist
NBQX, 10 μM) at a holding potential of − 40 mV. NMDAr
activation was confirmed by applying an NMDAr antagonist
(D-AP5, 50 μM). To estimate the NMDA/AMPA ratio, the
recording pipettes were fil led with (in mM) 115
NaCH3CsSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2ATP,
0.4 NaGTP, 10 Na-p-creatinine, 0.6 EGTA, 0.1 spermine tet-
rahydrochloride, and 5 QX314 (280–300 mOsm, pH 7.3 ad-
justed with CsCL OH). Pyramidal neurons in layer 5 were
clamped at − 75 mV and AMPAr-mediated EPSCs were re-
corded in response to single pulses delivered at 0.05 Hz in
layer 2/3. NBQX (10 μM) was then applied to ACSF and the
holding potential changed to + 40 mV to isolate NMDAr-
mediated EPSCs. Picrotoxin (50 μM) was present to block
GABAA receptor-mediated currents.

Spontaneous miniature excitatory postsynaptic currents
(mEPSC) were recorded at − 75 mV in whole-cell configura-
tion in the presence of bath-applied sodium channel blocker
tetrodotoxin (TTX, 1 μM), D-AP5 (50 μM), and picrotoxin
(50 μM). NBQX (10 μM) suppressed mEPSCs thus
confirming their dependence on AMPAr activation.
Spontaneous miniature inhibitory postsynaptic currents
(mIPSC) were recorded at a holding potential of − 75 mV
and a Cl− reversal potential around − 35 mV, in the presence
of bath-applied TTX (1 μM), NBQX (10 μM), and D-AP5
(50 μM). Picrotoxin (50 μM) suppressed mIPSCs thus
confirming their dependence on GABAAr activation. The am-
plitude and frequency of at least 300 mEPSCs and 300
mIPSCs were analyzed with the Elphy software.

Synaptic Plasticity

Paired-pulse facilitation (PPF) of evoked EPSCs was examined
at varying interstimulus intervals (ISI from 50 to 700ms), using
a stimulation intensity corresponding to one third of the inten-
sity necessary to elicit an action potential. Four responses were
averaged for each ISI. Long-term synaptic plasticity was in-
duced in prefrontal cortical layer 2/3 by high-frequency stimu-
lation (HFS) using a theta burst protocol (three trains of 13
bursts at 5 Hz, each burst comprising four pulses at 100 Hz;
2 min total duration), while layer 5 neurons being under current
clamp (I = 0) [33]. Data were recorded 15, 30, 45, and 60 min
after HFS and compared to baseline recordings. Synaptic plas-
ticity was considered when the induced changes in synaptic
strength were larger than 20% of baseline recordings.

Behavioral Studies

Auditory Gating

The conditioning chamber (19 × 25 × 19 cm) was placed in-
side a sound-attenuating box (67 × 53 × 55 cm, StartFear
System, Panlab, Spain) and was composed of black methac-
rylate walls, a transparent front door, a roof speaker, and a grid
floor (StartFear System, Panlab). Mice were placed on the grid
floor in a small non-restraining plexiglas cylinder (5 × 10 ×
3.5 cm) during 5 min prior to testing (acclimation period). A
background white noise (BWN, 65 dB) was present through-
out testing. The acoustic startle reflex (ASR) was induced by a
high-intensity startling tone (pulse; 55 dB above background
noise, 10 kHz, 40ms), and its amplitude wasmodulated by the
presentation of non-startling low-intensity prepulses (0–12 dB
above background noise, 10 kHz, 20 ms) to evaluate auditory
gating. Startle responses were detected by a piezoelectric ac-
celerometer plugged to the grid floor. The startle reflex was
first evaluated by exposing mice to four blocks of nine pulses
(5, 15, 25, 30, 35, 40, 45, 50, 55 dB above BWN) presented in
a pseudorandom order with intertrial intervals (ITIs) of 10, 15,
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or 20 s. On the next day, the capacity of a prepulse to reduce
the amplitude of the startle reflex (prepulse inhibition of ASR,
or PPI) was evaluated by exposing mice to six blocks of five
pairs of stimuli, each composed of one prepulse (0, 3, 6, 9, or
12 dB above BWN) delivered 100 ms before a startling pulse
of 120 dB (55 dB above BWN).

Navigation and Reversal Learning in the Water Maze

The maze was a circular tank (150 cm in diameter) filled with
water (21–22 °C) to 7 cm below the top of the sidewall, made
opaque by addition of a white non-toxic paint (Opacifier 631,
Morton SA, France). A circular escape platform (11 cm in
diameter) was placed in the center of the maze during
pretraining or in the center of a quadrant (40 cm from the wall)
during training. The platform placed 0.5 cm below, the water
surface was not visible. The maze was placed in a well-lit room
(380 lx) containing several extramaze cues. A video camera
mounted on the ceiling was connected to a computer in an
adjacent room, and data were recorded using the AnyMaze
Video Tracking System (Stoelting, USA). One day before train-
ing, the mice underwent four trials during which they were
trained to find and stay on the escape platform for 60 s
(pretraining). Then, the training phase lasted 9 days and
consisted of four successive trials during which the platform
was always located in the same quadrant for a given mouse. In
each trial, the mouse was introduced in the water maze from
three different starting points in the quadrants that did not con-
tain the platform and was allowed to swim freely until it
reached the platform. Mice failing to find the platform after
90 s were gently guided to it by hand, and a maximum escape
latency of 90 s was recorded. Mice remained 60 s on the plat-
form before the start of the next trial. After the training phase,
the platform was moved in the opposite quadrant and mice
were given five additional days of training to learn the new
platform position (reversal). Individual swim paths were re-
corded to calculate swim speed, distance swum, and time spent
in various virtual areas of the maze: The four quadrants, the
four platform annuli representing putative platform positions,
four extended annuli (48 cm in diameter) surrounding platform
positions, and a virtual corridor 19 cm in width set along the
wall to quantify thigmotaxis. Path efficiency was defined as an
index of the path taken by the animal to get from its start
position to the platform, with a score of 1 indicating perfect
efficiency (straight-line trajectory).

Reversal Learning and Working Memory in the Radial Maze

The automated radial maze (Ugo Basile, Italy) had a central
platform (16 cm in diameter) and eight arms (5.5 × 35 cm) with
low-profile walls (height, 1 cm; initial step from door, 8 × 7-cm
length) to optimize visibility of extramaze cues for allocentric
spatial orientation. A guillotine-like mechanism enabled to

quickly but silently open and close individual sliding doors at
the entrance of each arm. Independent groups of mice of both
genotypes were submitted either to a win-stay learning para-
digm to test reversal learning or to a win-shift paradigm to
evaluate spatial working memory performance. Mice were first
placed under a water restriction regimen with daily access to
0.2 ml of the solution to be used as the reward during training
(reversal testing, 0.1% saccharine solution; DNMTP, sweetened
condensedmilk diluted 1:1 in water) followed by access to 1ml
of water. Mice were maintained at 85–90% of their initial
weight throughout the experiment. Mice were given 1ml drink-
ing water in their home cage after each session.

For reversal testing, mice were first allowed to freely ex-
plore the maze with all doors opened for 2 days, during which
they could retrieve three (on day 1) or one (on day 2) 15-μl
drops of the reward solution in each arm (pretraining).
Training then consisted in a 10-day training phase, during
which mice had to retrieve one reward placed in a small cup
at the end of one single baited arm, in six consecutive trials per
day. Each trial started by placing mice on the central platform
for 15 s before opening all doors and ended when the mouse
reached the end of the baited arm and returned to the central
platform after consuming the reinforcement, or after a maxi-
mum duration of 300 s. The baited arm was the same through-
out this initial discrimination task for a given mouse. On day
11, the reward was moved to a new baited arm located 135°
anticlockwise from the previously baited arm, and the mice
had to learn the new rewarded position for 4 days (reversal
learning). Mice were returned to their home cage for 60 s
between each trial. Reference memory errors were defined
as first visits into non-baited arms and working memory errors
as revisits of non-baited arms within the same trial.

For working memory, we first used a low-interference par-
adigm. Training lasted 7 days and consisted of two trials per
day (online resource; Fig. S5 a). Each trial started by placing
the mouse on the central platform before door opening.
During a presentation phase, only three doors were opened
to provide access to only three baited arms. Mice were then
maintained on the central platform for 15 s before start of a
choice phase during which six doors were simultaneously
opened, giving access to the three previously baited arms
and to three novel arms. Only the three novel arms were baited
during the choice phase. On day 8, working memory perfor-
mance was challenged by increasing the delay between the
presentation and choice phases to 30 s instead of 15 s.

In a second experiment, we analyzed working memory
performance using a high-interference delayed non-matching
to place task, or DNMTP. Testing started with a pretraining
phase lasting 4 days during which the mice were given se-
quential access to each baited arm until the entire maze was
visited within a single session. Then, DNMTP consisted of
eight trials per day for 14 days. In each trial, the mouse could
first sequentially visit two different baited arms (study phase).
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After entering the last arm and returning to the central plat-
form for 5 s, it was then submitted to a choice phase consisting
in two trials (two choice pairs) during which it had the choice
to visit a new arm, or an arm previously visited during the
study phase. Only the new arm was baited, and a visit to this
arm was counted as a correct choice. For each choice pair,
once the mouse had made a choice, the door of the other open
arm was closed. The mouse first had simultaneous access to
the first arm previously visited during the study phase and a
new adjacent baited arm (first choice). Then, it was given
access to the second arm previously visited during the presen-
tation phase and a new adjacent baited arm (second choice).
The sequences of presented arms during the study and choice
phases were pseudorandomly selected [34]. In each trial, the
mouse was given a score equal to 100% if it only visited new
baited arms during the choice phase, 50% if it visited one of
the two new baited arms, and 0% if incorrect choices were
made in both trials.

Statistical Analysis

For data expressed as means ± standard errors of the mean
(SEMs), genotype differences were evaluated using one or
two-way ANOVAs depending on the presence of a within-
subject repeated measure (intensity, time, training session); p
values < 0.05 were considered statistically significant. The
Kolmogorov-Smirnov (K-S) test was used to analyze the cumu-
lative distributions of frequency and amplitude of miniature cur-
rents in the patch-clamp study and of protein cluster size in
confocal image analyses; p values < 0.005 were considered sta-
tistically significant.

Results

Neurophysiology of Prefrontal Cortex Pyramidal
Neurons

Intrinsic Membrane Properties

Stable patch clamp of pyramidal neurons was obtained in
layer 5 of medial prefrontal cortex (mPFC) in juvenile male
mice of both genotypes (online resource; Fig. S1). Recordings
displayed the typical intrinsic properties and firing patterns of
regular spiking pyramidal neurons [35, 36]. As shown in on-
line resource (Table S1), passive membrane properties char-
acterized by membrane resting potential (Vm), input resis-
tance (Ri), and time constant (τm) were statistically compara-
ble between genotypes (all three parameters, p > 0.1, NS). The
action potential (AP) threshold was slightly higher in Dp71-
null mice compared to WT (≈ + 2 mV; p < 0.05), but this was
not associated with significant changes in AP half width, dV
ratio, and firing rate.

Excitatory Synapse Organization and Glutamatergic
Transmission

Synaptic expression of the postsynaptic density protein, PSD-
95, was characterized as punctate immunofluorescent dots of
different sizes (clusters) scattered in dendritic areas of princi-
pal cells in mPFC cortical layers (Fig. 1a). There was a right-
ward shift of the distribution curves of PSD-95 cluster sizes in
Dp71-null mice compared to WT mice (K-S test, p < 0.005),
indicating a higher proportion of large protein clusters in
Dp71-null mice.

Synaptic transmission in layer 5 neurons of mPFCwas first
evaluated by constructing input/output curves reflecting the
proportional increase in the evoked EPSC amplitude with in-
creasing stimulus intensity (Fig. 1b). EPSC amplitude was
abnormally enhanced in Dp71-null mice at all stimulus inten-
sities (7 cells; 4 mice) compared to WT littermate mice (10
cells; 4 mice) (p = 0.024). The genotype difference was readily
observable from the lowest stimulation intensity, suggesting a
main involvement of AMPA receptor-dependent transmis-
sion. To test this hypothesis, we further investigated the two
main components of glutamatergic neurotransmission mediat-
ed by the AMPA/kaïnate and NMDA receptors (AMPAr,
NMDAr) (Fig. 1c). Clamping the cell voltage at − 75 mV in
the presence of the GABAA-receptor antagonist picrotoxin
(50 μM) enabled isolation of the fast AMPAr-mediated in-
ward current, which could be abolished by the AMPAr antag-
onist NBQX (10 μM). Then, depolarizing the same cell to +
40 mV in the presence of picrotoxin and NBQX revealed a
slower outward current that was blocked by the NMDAr an-
tagonist D-AP5 (50 μM), which therefore corresponded to the
NMDAr-mediated component of neurotransmission. The ratio
of NMDAr and AMPAr-dependent peak amplitudes (NMDA/
AMPA ratio) was significantly reduced in Dp71-null mice
compared to WT mice (Dp71-null, 0.39 ± 0.05, n = 14 cells,
5 mice; WT, 0.63 ± 0.05, n = 34 cells, 8 mice; p = 0.0135;
Fig. 1c). As shown in Fig. 1d, in a subgroup of cells in which
NMDAr-mediated current amplitudes were closely compara-
ble between genotypes, the AMPAr-mediated currents were
significantly increased in cells from Dp71-null mice (702.8 ±
105 pA; n = 5 cells, 4 mice) compared to WT mice (385.45 ±
50.88 pA; n = 11 cells, 4 mice) (p < 0.008).

Presynaptic and Postsynaptic Components
of Neurotransmission

Spontaneous miniature postsynaptic currents were studied to
decipher putative alterations of presynaptic and postsynaptic
mechanisms involved in quantal neurotransmission and to as-
sess a possible reduction in inhibitory (GABAergic) transmis-
sion. The distribution of interevent intervals (frequency) and
peak amplitudes of miniature EPSCs (mEPSCs; first 300
events; n = 11 cells per genotype) and mIPSCs (first 300
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events; n = 25 cells in Dp71-null mice and 20 cells in WT
mice) were analyzed as cumulative plots normalized to max-
imal values (Fig. 2). The frequency of miniature events ac-
counts for presynaptic mechanisms, while their amplitude re-
flects postsynaptic parameters. For mEPSCs frequency
(Fig. 2b), there was a leftward shift of the cumulative plot
toward smaller frequencies in Dp71-null mice (p < 0.0001),
reflecting a lower probability of glutamate release in this trans-
genic model. However, there was a shift toward larger values
in the distribution of peak amplitudes in Dp71-null mice (p <
0.0001; Fig. 2c), suggesting an increase in the sensitivity of
their postsynaptic glutamate receptors. While the time to peak
of mEPSCs was comparable between genotypes (WT: τon =
2.47 ± 0.09 ms; Dp71-null, τon = 2.59 ± 0.05 ms; n > 100
events in 6 cells in both genotypes; p = 0.3133), the decay
time constant was significantly smaller in Dp71-null mice
(WT: τoff = 6.69 ± 0.15 ms; Dp71-null, τoff = 5.6 ± 0.16 ms,
p < 0.0001) (online resource; Fig. S2), suggesting a change
in AMPAr properties and/or subunit composition. In contrast,

the frequency and amplitude of mIPSCs were strictly compa-
rable between genotypes (Fig. 2d-f), as well as mIPSCs kinet-
ics (p > 0.05), thus indicating that GABAergic neurotransmis-
sion was unaltered in Dp71-null mice.

Excitatory/Inhibitory (E/I) Balance

The relative contribution of excitatory and inhibitory currents
to cortical synaptic balance was extracted through decompo-
sition of the composite synaptic response recorded in layer 5
pyramidal neurons, which enables better evaluation of evoked
inputs reaching the soma of neurons. We first performed ex-
traction of the evoked total input synaptic conductance gT
(online resource; Fig. S3) followed by its decomposition to
determine somatic excitatory gE and inhibitory gI input con-
ductances (Fig. 3a-b).

Typically, electric stimulations in layer 2/3 produced a fast
excitatory conductance followed by a long-lasting inhibitory
conductance. Integrals of gE (IntgE) and gI (IntgI) calculated

Fig. 1 Excitatory synapse organization and neurotransmission. a
Immunoreactivity of PSD-95 in dendritic areas of mPFC. Cluster sizes
were analyzed in a cumulative frequency curve. Inserts show raw sample
confocal images of protein clusters (red) and neuron nuclei (blue) in each
genotype. Scale bar, 10 μm. The distribution of PSD-95 clusters (0.05 to
1 μm2) showed a rightward shift in Dp71-null mice (arrow), with 80% of
clusters ≤ 0.24 μm2 in WT mice (n = 4 mice) versus 80% ≤ 0.32 μm2 in
Dp71-null mice (n = 5mice). b Input-output curve showing the amplitude
of EPSCs recorded at a − 75 mV holding potential in layer 5 mPFC
neurons following low-frequency subthreshold electrical stimulation in

layer 2/3 at various intensities (7 cells in Dp71-null and 10 cells in WT
mice). c Reduced NMDA/AMPA current ratio in Dp71-null mice (14
cells in Dp71-null and 34 cells in WT mice). Sample traces show
AMPAr-mediated (downward trace) and NMDAr-mediated (upward
trace) synaptic currents averaged from a series of 10 consecutive
evoked EPSCs. d In a subset of neurons in which the NMDAr
component of EPSCs was comparable between genotypes (5 cells in
Dp71-null and 11 cells in WT mice), the amplitude of AMPAr-
mediated currents was increased in Dp71-null mice compared to WT
mice. *p < 0.05, **p < 0.01, genotype effect
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were then expressed as percentage of the total conductance
integral (IntgT) to represent the E/I balance. The E/I ratio
was significantly altered in Dp71-null mice (n = 33 cells in
12 mice) compared to WT littermate mice (n = 29 cells in 12
animals). The WT mice exhibited 18% excitation and 82%
inhibition; whereas, the E/I balance was clearly skewed to-
ward enhanced excitation in Dp71-null mice (26%/74%)
(p = 0.031; Fig. 3c). The E/I ratio was therefore significantly
increased in Dp71-null mice (ratio = 0.33) compared to WT
mice (ratio = 0.225) (p = 0.0042; Fig. 3d).

Synaptic Plasticity

Short-term presynaptic facilitation of neurotransmission
[37, 38] was tested by stimulating at subthreshold intensi-
ties in layer 2/3 with paired pulses with variable interstim-
ulus intervals (ISI) (online resource; Fig. S4). Paired-pulse
facilitation (PPF) of EPSCs observed in both genotypes
was maximal at the shortest delay (50 ms) and decreased
to baseline at longer ISIs. There was no statistical differ-
ence between genotypes.

Long-term synaptic plasticity was induced by a theta burst
protocol (TBS) and expressed as the percentage change in the
integral total conductance (IntgT) compared to baseline. InWT
mice, TBS resulted in the induction of a long-term potentiation
of synaptic transmission (LTP) characterized by a strong and
lasting potentiation of the composite synaptic response

(Fig. 3e), with a comparable potentiation of both excitation
and inhibition (Fig. 3f, g, respectively). In Dp71-null mice,
the potentiation of the composite response was significantly
reduced compared to WT mice (Dp71-null, 43 ± 3.9%, n = 21
cells; WT, 67 ± 4.6%, n = 13 cells; p = 0.00046; Fig. 3d). This
was associated with a reduced potentiation of the excitatory
component (IntgE) in Dp71-null mice (only + 27%) compared
to WT mice (+ 68%) (p = 0.0006; Fig. 3g). In contrast, the
potentiation of the inhibitory component (IntgI) was compara-
ble between genotypes (p = 0.1, NS; Fig. 3f). When LTP was
induced after having pharmacologically isolated AMPAr-
mediated EPSCs (Fig. 3h), the expression of AMPAr-
mediated LTP was altered in the Dp71-null mice (genotype ×
time interaction, p < 0.003), with a reduced magnitude as com-
pared to WT mice 60 min after LTP induction (p < 0.04).

Sensory Processing and Executive Functions

Sensory Gating

The capacity to integrate and gate auditory stimuli was ad-
dressed using a paradigm based on inhibition of the startle re-
flex. We first quantified the amplitude of the startle reflex elic-
ited by increasing pulse intensities (Fig. 4a) and found no sig-
nificant difference between genotypes (genotype, p > 0.1, geno-
type × intensity interaction, p > 0.1). Latencies of startle re-
sponses were also unaffected (genotype, p > 0.7, genotype ×

Fig. 2 Spontaneous miniature excitatory and inhibitory currents. a
Representative traces of mEPSCs recorded at holding potential of −
75 mV in presence of TTX, D-AP5, and picrotoxin. b–c Cumulative
fraction plots of instantaneous frequencies and peak amplitudes of
mEPSCs (11 cells per genotype). Arrows show the leftward shift in

frequencies and rightward shift in amplitudes in Dp71-null mice. d
Representative traces of mIPSCs recorded at holding potential of −
75 mV in presence of TTX, D-AP5, and NBQX. e–f Cumulative
fraction plots of instantaneous frequencies and peak amplitudes of
mIPSCs (25 cells in Dp71-null and 20 cells in WT mice)
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intensity interaction, p > 0.7), confirming unimpaired startle re-
flex in Dp71-null mice. Moreover, the 120-dB pulses (55 dB
above background) presented at the beginning (priming) and
end (ending) of experiment elicited comparable responses in
both genotypes (p > 0.3; Fig. 4a), indicating that the maximal
startle response does not show notable variation over the course
of an experiment. In a second experiment, a non-startling
prepulse (3–12 dB above background noise) was delivered
100ms before the 120 dB startling pulse (Fig. 4b). This induced
a progressive decrease in startle amplitude as a function of
prepulse intensity (p < 0.001), i.e., a prepulse-induced inhibition
(PPI) of the startle response. PPI was comparable between ge-
notypes at all prepulse intensities (p > 0.8), showing that audi-
tory sensory gating was unimpaired in Dp71-null mice.

Spatial Cognitive Flexibility

Mice were first trained in a spatial reference memory task
followed by reversal learning in a water maze (Fig. 5a–b).
During the first 8 days of training, Dp71-null mice swam longer

distances (Fig. 5a) and displayed longer latencies to reach the
platform and escape from water compared to WT mice (both
parameters, p < 0.05). This was associated with reduced path
efficiency in Dp71-null mice (p < 0.05; Fig. 5b). However,
there was no main genotype effect on swim speed or thigmo-
taxis (both parameters, p > 0.1), suggesting that the altered
progression of learning performance in Dp71-null mice was
not influenced by non-cognitive factors. Upon reversal on day
10 (platform position change), WT mice showed a drop in
performance characterized by a longer distance swum to plat-
form and decreased path efficiency as compared to the last day
of training. During the next 3 days, there was a progressive
decrease in the distance swum to reach the new platform po-
sition (p < 0.02; Fig. 5a) and in the number of entries into the
quadrant that previously contained the platform (p < 0.01).
Within the 4 days of reversal the performance reflected by
these parameters returned to levels comparable with those
expressed at the end of initial training, showing that WT mice
flexibly learned the new platform position. However, a signif-
icant genotype x session interaction was detected during

Fig. 3 Excitatory/inhibitory (E/I) balance and synaptic plasticity in
mPFC neurons. The number of cells per genotype (n) is indicated in
figure parts showing quantitative values. a–b Sample traces from WT
(a) and Dp71-null mice (b) showing somatic excitatory (gE, red line)
and inhibitory (gI, dark blue line) input conductances extracted by
decomposition. c Percentage of excitation and inhibition diverged
between genotype, with a shift toward enhanced excitation in Dp71-
null mice. Synaptic conductance changes were evaluated by the ratio of
their integral values (IntgE or IntgI) to that of global conductance changes
(IntgT, online resource; Fig. S3). d Histogram showing the consequent

enhancement of the E/I ratio in Dp71-null mice. *p < 0.01, genotype
effect (same cells as in Fig. 3c). e–g Long-term potentiation (LTP) of
synaptic transmission was characterized by an increase in total
integrated conductance Intg T (e) with overt potentiation of both
inhibitory IntgI (f) and excitatory IntgE (g) components of this
composite total conductance. LTP of IntgT and IntgE was significantly
reduced in Dp71-null mice, while the level of potentiation of inhibitory
inputs was comparable between genotypes. h LTP of AMPAr-dependent
EPSCs was lower in Dp71-null mice
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reversal learning (distance swum, p < 0.03; entries in quadrant
previously containing platform, p = 0.05). This reflected a lack
of performance improvement in the Dp71-null mice (both pa-
rameters, p > 0.6, NS), suggesting inflexible use of non-spatial
navigation strategies.

Spatial cognitive flexibility was further assessed in a radial
maze using a win-stay paradigm in which only one arm was
baited during 10 days of training. Reversal learning was then
tested during 4 days during which the bait was moved to a
different arm. Mice of both genotypes showed comparable
performance during pretraining (latency to visit the first arm,
p > 0.7; number of arms visited, p > 0.8) and latencies of the
first visit remained stable throughout the experiment (p >
0.05) and comparable in the two genotypes (p > 0.4). During
training, both genotypes rapidly mastered the task and
displayed comparable reference and working memory perfor-
mance across sessions (p > 0.3, Fig. 5c-d). Upon reversal (day
11), the number of reference and working memory errors dras-
tically increased in both genotypes (genotype effect, p > 0.4).

However, the progression of reference memory performance
during reversal learning was significantly delayed in Dp71-
null mice compared to WT mice (genotype x session interac-
tion, p < 0.007). As shown in Fig. 5c, during the second day of
reversal learning, the transgenic mice made more reference
memory errors (p < 0.002) and more visits of the incorrect
arm (p < 0.02), suggesting altered spatial cognitive flexibility.

Spatial Working Memory

Working memory performance was first assessed in a low-
interference win-shift paradigm (online resource; Fig. S5).
During training (7 days, two trials per day), the number of
reentries into visited arms during the presentation phase (ac-
cess to three baited arms) was comparable between genotypes.
During the choice phase, the number of visits of non-baited
arms (i.e., arms previously explored during the presentation
phase) was also comparable between genotypes. When work-
ing memory performance was challenged by increasing the
delay between the presentation and choice phases to 30 s in-
stead of 15 s (delay test; day 8), no significant difference was
detected between genotypes.

In the high-interference delayed non-matching to place task
(DNMTP), mice were sequentially submitted to two choice
pairs between a recently visited arm and a new adjacent arm
(Fig. 5e). During each trial, only the visits to a new arm
allowed the mice to retrieve a reward (correct choices). As
shown in Fig. 5f, the percentage of correct choices increased
across daily sessions in both genotypes (session effect, p <
0.001; genotype x session interaction, p > 0.5, NS), thus
reflecting acquisition of the learning rule. However, the per-
centage of correct choices was constantly reduced in Dp71-
null mice throughout the learning period (genotype effect, p <
0.003), suggesting persistent impairment in working memory
performance. Figure 5g shows that this deficit was expressed
during each choice trial (Genotype effect, first choice, p <
0.006; second choice, p < 0.02).

Discussion

The major finding of this study is that a genetic loss of Dp71
dystrophin is associated with an excitatory/inhibitory (E/I)
imbalance toward enhanced excitation in medial prefrontal
cortex (mPFC) neuronal networks, associated with altered ex-
ecutive functions that depend on prefrontal cortex integrity. A
role for Dp71 dystrophin in neuronal excitability was
suspected because of its major role in clustering AQP4 water
channels and Kir4.1 potassium channels in retina and brain
perivascular glial endfeet, suggesting that its loss could alter
brain water homeostasis and increase extracellular potassium
concentration with a putative impact on neuronal firing pro-
cesses [18, 19, 39–48]. Recent studies support a role of AQP4

Fig. 4 Gating of auditory stimuli. a Startle reflex expressed in arbitrary
units as a function of auditory pulse intensity (from 5 to 55 dB above
BWN). b Prepulse inhibition (PPI) of the acoustic startle reflex expressed
as the amplitude of the startle in response to the startling pulse (55 dB)
when preceded by a prepulse of 3, 6, 9, or 12 dB above background. Data
are normalized to the maximal amplitude recorded in the absence of
prepulse. Priming and ending pulses (average of three pulses) were ap-
plied at 120 dB (55 dB above background) to verify stability of the
maximal startle response before and after application of the pulse ramp.
The number of mice per genotype is indicated in each figure part
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and Kir4.1 channels in synaptic plasticity and cognitive pro-
cesses and their implication in several neurodegenerative and
neurodevelopmental diseases [49–55], suggesting that glial
pathophysiological mechanisms could mainly underlie the
cognitive impairment associated with Dp71 loss. However,
Dp71 has also been detected in neurons [56, 57] and in post-
synaptic densities [20, 58], and an alternative transcript called
Dp40 has been proposed to play a role in presynaptic and/or
postsynaptic mechanisms in central excitatory synapses [59,
60]. In addition to its major role in glial mechanisms, Dp71

may thus directly contribute to synapse function and Dp71
loss may therefore induce complex and multifactorial brain
alterations. The present study suggests that altered E/I balance,
neurotransmission, and synaptic plasticity of cortical networks
involved in cognitive and executive processes are major dete-
riorated systems likely contributing to the genesis of intellec-
tual disability in DMD patients lacking Dp71.

Cortical synaptic E/I balance results from coordinated and
regulated activities of recurrent excitatory and inhibitory cortical
networks. The E/I balance is normally finely tuned to a 20–80%

Fig. 5 Spatial cognitive flexibility and working memory. a–b
Performance during spatial learning (days 1–9) and reversal (days 10–
14; platform moved to opposite quadrant as shown in insets) in the water
maze task, expressed as distance swum (m) to platform (a) and navigation
path efficiency (arbitrary unit, AU) (b). c–d Performance during spatial
learning (days 1–10) and reversal (days 11–14; baited arm moved 135°
anticlockwise as shown in insets) in the radial-arm maze, expressed as the
number of reference memory (c) and working memory errors (d). e–g
Delayed non-matching to place. The drawing in e shows the protocol
composed of a study phase during which mice have sequential access

to two arms (light gray arms) with 5-s intervals between trials, followed
by a choice phase with sequential access to two sets of arms, including
one already visited during the study phase and a new baited arm (dark
gray arms). f Spatial working memory performance recorded during
14 days expressed as the percentage of correct choices (entering the
new baited arm). g Mean percentage of correct choices performed
during the first or second choice between sets of two arms. *p < 0.05,
**p < 0.01, genotype effect. The number of mice per genotype is
indicated in each figure part
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set point in rodents and small shifts may have important impact
on neuronal network activity [30, 61–63]. Here, we report an
8% increase in excitation in Dp71-null mice, corresponding to
46% increase of the E/I ratio. This is associated with a strong
enhancement of basal excitatory current amplitudes and signif-
icant reduction of the level of synaptic plasticity (LTP) in pre-
frontal cortical networks. This change could not be attributed to
any modification of neuron membrane passive properties. In
contrast, we found that Dp71 loss selectively alters the AMPA
receptor-mediated component of fast glutamatergic transmission
inmPFC;whereas, NMDA-receptor currents are not significant-
ly modified. Amplitude and frequency of spontaneousminiature
inhibitory currents were unaltered, indicating that the loss of
Dp71 has no major impact on GABA release mechanisms and
GABA receptor properties. The frequency of miniature excit-
atory events was reduced in Dp71-null mice. This suggests a
reduced probability of presynaptic glutamate release that may
result from a reduced number of functional glutamatergic syn-
apses and/or alterations in presynaptic ultrastructure and gluta-
mate release mechanisms as suggested earlier [20, 21, 59]. But
this cannot explain the enhanced excitation observed in these
mice. In contrast, we demonstrate here that the amplitude of
postsynaptic AMPA-receptor currents is significantly increased
in Dp71-null mice, as well as the amplitude of miniature excit-
atory currents. Thus, postsynaptic alterations, such as changes in
postsynaptic AMPA-receptor density, may likely contribute to
enhanced excitation in these mice. The decay time constant of
AMPAr-mediated mEPSC is reduced in Dp71-null mice, sug-
gesting changes in AMPA-receptor properties and/or subunit
composition [64, 65]. Presence of larger clusters of the postsyn-
aptic protein PSD-95 in confocal image analyses also favors a
main postsynaptic hypothesis [66].

Long-term potentiation (LTP) of mPFC synaptic transmis-
sion was significantly reduced in principal neurons of Dp71-
null mice. LTP of the AMPA-receptor component of neuro-
transmission was significantly reduced, while that of inhibito-
ry inputs was not significantly altered. In contrast, paired-
pulse facilitation, a short-lasting form of plasticity mediated
in part by presynaptic mechanisms [67], was unaffected. We
suggest that Dp71 loss-induced structural changes during neu-
ronal network development, such as abnormal architectural
structuring of synaptic connections within excitatory micro-
circuits and putative changes in excitatory synapse molecular
organization and morphology [20, 21], leading to enhanced
neuronal excitability and modification of the set point of the
balance between excitatory and inhibitory inputs. If the large
enhancement of excitatory transmission relies on altered
AMPA-receptor density, the reduced magnitude of LTP might
result from a reduced capacity for fast mobilization of a more
important number of these receptors to stabilize synaptic
strengthening during plasticity.

Synaptic plasticity and E/I balance are critical factors
for fine tuning of neuronal circuits, networks oscillations,

and homeostatic plasticity [68, 69], and an elevation of the
E/I ratio in mPFC was reported as a contributing patho-
physiological factor in neurodevelopmental disorders asso-
ciated with executive dysfunction [13–15]. We therefore
addressed whether the neurophysiological defects evi-
denced here in mPFC networks of Dp71-null mice could
be linked to executive processing disabilities. We first
showed that Dp71-null mice have no deficit when tested
for prepulse inhibition (PPI) of the acoustic startle reflex,
a translational paradigm frequently used to detect deficits
in gating sensorimotor inputs or early attentional control in
rodent models of neuropsychiatric disorders [70]. In con-
trast, we found that Dp71-null mice may display altered
executive functions such as spatial cognitive flexibility and
working memory: In a win-stay paradigm in an automated
radial maze with doors, initial learning, and reference
memory errors were unaffected, but their capacity to adapt
exploration strategies during reversal learning was delayed.
No such deficits were detected in Dp427-deficient mdx
mice [23], suggesting that impaired spatial cognitive flex-
ibility is selectively associated with genetic loss of the
Dp71 product of the dmd gene. We also investigated spa-
tial working memory performance in win-shift paradigms
in the radial maze, in which newly acquired information
needs to be updated on a moment-to-moment basis to
guide adapted behavior. In a simple low-interference task,
in which mice had to remember the spatial position of
three visited arms in order to avoid errors during a sub-
sequent choice trial, mice of both genotypes displayed
comparable performance, indicating that they were able
to learn the rule and integrate cues and contingencies re-
quired for spatial learning tasks. Increasing the delay be-
tween the presentation and choice phases did not alter
performance, suggesting that the two genotypes display
comparable capacity to retain information in short-term
memory storage to complete a directed task. In contrast,
Dp71-null mice displayed a persistent performance deficit
in the delayed non-matching to place paradigm. In this
high-interference task, intertrial delays were short (5 s),
but mice needed to maintain information in spite of com-
peting demand and task-relevant proactive and retroactive
interferences in a series of successive choice trials. In both
humans and rodents, general cognitive or intellectual abil-
ities are strongly associated with the processing component
of working memory, which requires resistance to interfer-
ence and depends on prefrontal cortex, while the capacity
for short-term maintenance of information is a poor pre-
dictor of cognitive level [12]. The selective deficit shown
by Dp71-null mice in the high-interference working mem-
ory task suggests alterations in the critical functions re-
quired to learn associations between temporally contingent
stimuli and to cope with changing environments. This is a
relevant phenotype analogous to the endophenotype
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thought to underlie individual differences in intellectual
abilities in the human condition.

Conclusions

Altered glutamatergic synapse function leading to enhanced ex-
citation appears as a main and reliable outcome in the Dp71-
deficient brain. The enhanced excitation and reduced synaptic
plasticity in mPFC neuronal network is associated with selective
impairments in the processing component of spatial working
memory and cognitive flexibility. Our results suggest that elevat-
ed cellular excitation in prefrontal networks perturbs executive
processes, which are viewed as critical for intellectual function-
ing in humans. This is also in line with neurobehavioral models
pointing to E/I imbalance and executive dysfunctions as key
pathophysiological factor in neurodevelopmental diseases with
comorbid diagnosis of intellectual disability and neuropsychiat-
ric disorders. Although intellectual disability in DMD may also
occur with the loss of other brain dystrophins, particularly
Dp140, it is noteworthy that a strong association was found
between Dp71 loss and the deterioration of working memory
in DMD patients with mutations downstream of exon 63 [10].
As such mutations at the 3′ end of the gene increase the risk for
comorbid diagnosis of neuropsychiatric disorders such as au-
tism, it will be important in future studies to determine whether
Dp71 loss favors social behavior deficits. A recent case study
reporting a selective dysfunction of Dp71 associated with intel-
lectual disability without myopathy [7] further supports the rel-
evance of the Dp71-null mouse to unravel the mechanisms of
intellectual disability in DMD. The present study provides new
insights on the neurophysiological mechanisms and cognitive
processes alteredwhenDp71 ismissing, whichmay also suggest
new directions for therapeutic developments targeting excitatory
neurotransmission, as well as for guidance of academic environ-
ment in this severely affected subpopulation of DMD children.
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