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Abstract 

Background The Duchenne and Becker muscular dystrophies (DMD, BMD) are neuromuscular disorders commonly 
associated with diverse cognitive and behavioral comorbidities. Genotype–phenotype studies suggest that severity 
and risk of central defects in DMD patients increase with cumulative loss of different dystrophins produced in CNS 
from independent promoters of the DMD gene. Mutations affecting all dystrophins are nevertheless rare and there‑
fore the clinical evidence on the contribution of the shortest Dp71 isoform to cognitive and behavioral dysfunctions 
is limited. In this study, we evaluated social, emotional and locomotor functions, and fear‑related learning in the Dp71‑
null mouse model specifically lacking this short dystrophin. 

Results We demonstrate the presence of abnormal social behavior and ultrasonic vocalization in Dp71‑null mice, 
accompanied by slight changes in exploratory activity and anxiety‑related behaviors, in the absence of myopathy 
and alterations of learning and memory of aversive cue‑outcome associations.

Conclusions These results support the hypothesis that distal DMD gene mutations affecting Dp71 may contribute 
to the emergence of social and emotional problems that may relate to the autistic traits and executive dysfunctions 
reported in DMD. The present alterations in Dp71‑null mice may possibly add to the subtle social behavior problems 
previously associated with the loss of the Dp427 dystrophin, in line with the current hypothesis that risk and severity 
of behavioral problems in patients increase with cumulative loss of several brain dystrophin isoforms.
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Background
DMD is a common X-linked recessive neuromuscular 
disorder caused by mutations in the DMD gene that pre-
vent expression of dystrophin (Dp427, dystrophin protein 
of 427  kDa), a cytoskeletal protein normally expressed 
in both muscle and brain. This syndrome is associated 
with non-progressive cognitive and behavioral disabili-
ties that are independent from skeletal muscle impair-
ment and associated with the loss of brain dystrophin 
[52] for a review). Cognitive profile of DMD patients is 
however heterogeneous and includes deficits in language 
abilities, reading, visuospatial learning and in both short- 
and long-term memories [62] for a review). Boys with 
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DMD also exhibit important neurobehavioral comorbidi-
ties, including attention-deficit/hyperactivity disorder 
(ADHD), autism spectrum disorders (ASD), obsessive–
compulsive disorder, anxiety, and intellectual disability 
(ID) [3, 62]. Individual differences in the mutation pro-
files within the DMD gene might explain this heteroge-
neity, as they may lead to the cumulative loss of shorter 
brain dystrophins derived from independent alternative 
promoters, such as Dp140 and Dp71 [44, 52, 55] (Fig. 1).

The cellular role of the distinct brain isoforms is not yet 
fully understood. Nevertheless lack of brain dystrophins 
has been proved to impact the structural and functional 
brain organization affecting critical aspects of synaptic 
transmission and plasticity in cognitive-relevant areas 
such as hippocampus, amygdala, cortex and cerebellum 
[11, 28, 42, 52]. In particular, mice with a selective loss 
of Dp71 (Dp71-null mice), which do not show muscle 
histopathology or a motor phenotype [20], display altera-
tions of spatial learning, working memory and behavio-
ral flexibility, reduced exploratory and novelty-seeking 
behaviors, which have been associated with altered glial-
vascular functions, water homeostasis, abnormal glu-
tamatergic synapse organization, enhanced central 
excitation and impaired synaptic plasticity [4, 11, 20, 29, 
42].

Many lines of evidence from genotype–phenotype 
studies suggest that severity and risk of cognitive deficits 
in DMD patients increases with distal mutations lead-
ing to the cumulative loss of different dystrophins (e.g., 
[3, 18, 22, 55, 64]). For instance, ADHD and ID in DMD 
patients are closely related to distal mutations affecting 
expression of Dp140 and Dp71, with Dp71 loss being a 
major aggravating factor [19, 47, 50, 64]. However, no 
clear genotype–phenotype relationship was reported 
hitherto for other common neurobehavioral disturbances 
such as social disturbances, associated to or reminiscent 

of ASD [32–34, 46, 50]. The sole loss of Dp427 in one 
patient with DMD and autism suggested that the lack 
of Dp427 is sufficient to induce vulnerability to autism 
[23], which was also supported by our previous study in 
the Dp427-deficient mdx mouse model revealing pres-
ence of context-dependent changes in their social behav-
ior and socially-induced vocalizations [43]. Two cohort 
studies of DMD patients reported that the patients diag-
nosed with ASD frequently (> 60%) had mutations dis-
rupting Dp140 expression [3, 71]. However, in a cohort 
of 87 DMD patients the prevalence of ASD associated 
with disrupted Dp427 (4/26, 15%; upstream of exon 30) 
and Dp140 (11/54; 20%; exon 31–62) was comparable, 
while a higher percent of cases with ASD was observed 
when mutations disrupted Dp71. Although this was cal-
culated from a rather small sample size (3/7; 43%; down-
stream of exon 63) [55], a putative increase in the risk for 
social behavior deficits with mutations affecting Dp71 
was hypothesized. However, mutations downstream exon 
63 affecting expression of all dystrophins including Dp71 
are rarely observed ([44] for a review), and these results 
should therefore be interpreted cautiously and confirmed 
in future meta-analysis studies.

The etiology of social disturbances in DMD is still 
unknown, but it might be influenced in part by the 
enhanced emotional reactivity observed across mutation 
profiles in both patients [55] and DMD mouse models 
[56, 66]. In this regard, the Dp71-null mouse model selec-
tively lacking Dp71 might be useful to isolate the specific 
contribution of this isoform to the emergence and/or 
aggravation of cognitive, emotional and social deficits.

In this study, we undertook a large-scale behavioral 
study of Dp71-null mice using a variety of tests to charac-
terize, for the first time in this model, social behavior and 
associated ultrasonic vocalizations, emotional reactiv-
ity and aversive cue-outcome associative processes. We 

Fig. 1 DMD gene and dystrophin isoforms. A Diagram showing the DMD gene (79 exons) and its internal promoters (angled arrows) that give 
rise to several dystrophin proteins expressed in different tissues/regions: The full‑length dystrophin Dp427 that exists as 3 isoforms is expressed 
in muscle, brain and cerebellar Purkinje cells, Dp260 in retina, Dp140 in brain and kidney, Dp116 in peripheral nerves and Dp71 in brain, retina 
and liver. The dystrophins expressed in brain are represented as hatched bars. The thick vertical arrows and dotted lines indicate the three main 
regions where disease‑causing mutations lead to the unique loss of Dp427 (a), or a deficiency in Dp427, Dp260 and Dp140 (b), or a deficiency in all 
dystrophins (c). B Table showing the expression pattern of dystrophins in DMD mouse models. The mouse model analyzed in the present study 
is highlighted in grey. +: normal expression; − deficient
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show that the absence of Dp71 is associated with selec-
tive alterations of social behavior and socially-induced 
vocalizations, as well as with a moderate increase in anxi-
ety-related behaviors, supporting the hypothesis that dis-
tal mutations affecting expression of Dp71 may increase 
the risk for social and affective comorbidities in DMD.

Methods
Animals
Dp71-null mice were a kind gift from Prof. David Yaffe 
and Uri Nudel (Weizmann Institute of Science, Rehovot, 
Israel), who originally generated these transgenic mice 
by homologous recombination 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 protein. This specifically 
abolished the expression of Dp71 without interfering with 
the expression of other dmd-gene products [57]. Breed-
ers were initially used to establish colonies of Dp71-null 
and mdx3cv mice in the laboratory of Dr. Alvaro Ren-
don (Institut de la Vision, Paris, France), who then kindly 
transferred new breeders to our laboratory. Both lines 
were backcrossed for > 10 generations to C57BL/6JRj 
mice (Janvier Labs, France) in CDTA (Orléans, France). 
Production and maintenance of the distinct mutant lines 
was undertaken in our animal facility by crossing in each 
case heterozygous females with C57BL/6JRj mice to gen-
erate either Dp71-null or mdx3cv and their respective lit-
termate controls (WT) for experiments. Genotypes were 
determined by PCR analyses of tail DNA.

Animals were kept under a 12-h light–dark cycle (light 
on 7.00 a.m.) with food and water ad  libitum. Stud-
ies were conducted blind to the genotype and following 
guidelines of our local mouse facility in compliance with 
European Communities Council Directive (CEE 86/609) 
for animal care and experimentation, EU Directive 
2010/63/EU and French National Committee (87/848).

Experimental groups
Independent cohorts of 10–16 weeks male siblings were 
used for ultrasonic recordings and behavioral tests. For 
social interactions, test mice were placed in individual 
caging at least 8  days before testing and protocols con-
ducted as previously described [12, 43, 66]. Two cohorts 
were used for recordings of socially-elicited ultrasonic 
vocalizations during interaction with anesthetized and 
freely-moving females (12 WT and 15 Dp71-null mice, 
12–14  weeks old) and for interactions with males (23 
WT and 15 Dp71-null mice12-14 weeks old). Sociability 
and preference for social novelty were assessed in a third 
cohort of 10 WT and 13 Dp71-null mice submitted to 
the three-chamber test. Agonistic behaviors were studied 
using resident-intruder paradigm in a fourth cohort of 

mice (WT = 9, Dp71-null = 8, 14–16 weeks old). Anxiety-
related behavior was evaluated in a fifth cohort of mice 
(WT = 12; Dp71-null = 12; 10  weeks old) successively 
submitted to the light–dark choice test, the elevated 
plus-maze test and to the exploration of an open field, 
with a 72 h delay between tests. A sixth cohort (WT = 7, 
Dp71-null = 10; 12 weeks old) was used to evaluate audi-
tory brainstem responses (ABRs). Associative learning 
and fear memories were assessed using three additional 
cohorts of mice submitted to delayed cued fear condi-
tioning under two different acquisition protocols: stand-
ard acquisition (WT = 20; Dp71-null = 18) and short 
acquisition (WT = 9; Dp71-null = 8); and trace fear con-
ditioning (WT = 13; Dp71-null = 13; 12  weeks old). For 
unconditioned fear response a cohort of 9-months old 
Dp71-null (n = 9), mdx3cv (n = 5) and WT (B6) (n = 11) 
mice were used.

Ultrasonic vocalizations (USVs)
Mouse ultrasonic calls were recorded and analyzed as 
previously described [43]. Socially elicited ultrasonic 
vocalizations (USVs) were recorded in adult male mice 
confronted with anesthetized or freely-moving awake 
females, and with other unfamiliar males (see behavio-
ral testing section. USVs were recorded with a condenser 
ultrasound microphone (Avisoft Bioacoustics, Germany; 
CMPA-P48/CM16, frequency response ± 3 dB within the 
range 10–180 kHz suspended 15 cm above the cage and 
connected to a TASCAM HD-P2 digital recorder. Vocali-
zations were sampled at 192 kHz with a 16-bit dynamic. 
Recordings were analyzed with the Avisoft SASLab Pro 
(v4.40) signal processing software. Spectrograms were 
generated (FFT-length of 1024 points, overlap of 75%, 
100% Frame, Hamming window) to follow the frequency 
modulation. A high-pass FFT filter (cut-off frequency of 
25 kHz) was applied to reduce the background noise. A 
call was defined as a unit of sound separated by silence 
from other sound units that may consist of one or more 
’notes’ or continuous markings on a sonogram [36]. A 
sequence was defined as a succession of at least 2 calls 
separated by silent intervals less than 200  ms. Number 
and mean duration of calls and sequences of calls were 
quantified and the total time spent calling was computed 
by summing durations of each call. The peak frequency 
(Pfreq) was defined as the frequency of maximum ampli-
tude in the spectrum, while the peak amplitude (Pamp) 
corresponded to the amplitude at peak frequencies at the 
start- and endpoints of each call.

Ultrasonic calls (N = 38,412) were qualitatively clas-
sified using our previously described semi-automatic 
method [43]. Each call was assigned to one of the fol-
lowing categories [43]: Upward: continuous frequency 
increase of at least 1.5 Hz per 10-ms bins, with eventually 
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flat steps; Downward: continuous frequency decrease 
of at least 1.5  Hz per 10  ms bins, with eventually flat 
steps; Peak: frequency-modulated call showing con-
tinuous increase in frequency followed by a continuous 
decrease; U-shape: frequency-modulated call showing 
continuous decrease in frequency followed by a continu-
ous increase; Flat: constant frequency with no modula-
tion > 1.5  Hz per 10  ms bins; Short: Duration < 10  ms; 
Sinusoidal: two or more directional changes in frequency 
in distinct directions; Frequency jump: two or more com-
ponents displaying discontinuous frequency steps on the 
sonographic representation but without gap on the time 
scale; Unstructured: without main sound component and 
frequency shape that could be assimilated to any of the 
other categories.

Behavioral testing
Social motivation in a three‑chamber test
Apparatus and paradigm have been previously described 
[43]. The apparatus was a rectangular three-cham-
bered box fabricated from clear polycarbonate. Divid-
ing walls with manual retractable doorways (width: 
10 cm, height: 20 cm) enabled access into each chamber 
(20 × 40 × 22 cm). The box was cleaned with alcohol and 
fresh bedding (1  cm high; Lignocel Prime-s, Genestil, 
France) was added between trials. The middle cham-
ber was used to confine test mice at the beginning/end 
of test trials, while each of the two side chambers were 
used to place transparent polycarbonate tubes (8  cm in 
diameter) serving as confinement tubes for social stimuli 
(stranger mice) or remaining empty as nonsocial stimuli. 
These confinement tubes were drilled with holes (1  cm 
diameter; 2-cm spaced) to allow limited contact with 
the confined stimulus. Control male mice used as social 
stimuli (strangers, same age as test mice) were familiar-
ized to the confinement tubes during four days (30 min 
per day) before the start of the experiment. Then, test-
ing consisted of 3 trials: For trial 1 (habituation), the test 
mouse was placed in the middle chamber for 2 min, the 
doorways were then opened and the mice could freely 
explore the test box without confinement tubes for 
10 min. For trial 2 (sociability) test mice were given the 
choice to explore an empty confinement tube versus an 
unknown mouse (stranger 1) enclosed in a second con-
finement tube located in an opposite side chamber. Loca-
tion of stranger 1 in the left or right-side chamber was 
balanced across subjects. For trial 3 (preference for social 
novelty), a second novel unfamiliar mouse (stranger 2) 
was enclosed in the empty tube. The test mice were then 
given the possibility to interact with both stranger 1 and 
stranger 2 for 10 min. Behavior was videotracked during 
all trials (Any-maze software; Stoelting, USA) to analyze 
general activity (distance travelled, rearing and leanings, 

self-grooming, periods of activity and inactivity). Social 
behavior was reflected by the % time spent and number 
of entries in the side chambers containing the confined 
stimuli, as well as by the frequency and duration (% time) 
of sniffing episodes directed against the confinement 
tubes.

Agonistic behavior in resident‑intruder test
The protocol was adapted from previously described 
methods [58]. At 8 weeks of age, test mice of both gen-
otypes (Dp71-null and WT littermates) were changed 
to individual caging (20 × 30  cm cages) and thus main-
tained for 2  months without bedding change (1–2  cm 
high bedding; Lignocel Prime-s, Genestil, France). Resi-
dent test mice were confronted once with unknown 
C57BL/6JRj male mice aged 4  months acting as intrud-
ers. After 30-min acclimatization of residents to testing 
room, an intruder was placed in the resident’s home cage 
and behavior was video recorded for 6 min. The follow-
ing behaviors initiated by residents were coded manually 
using event-recorder keys (Any-maze software;  Stoelt-
ing, USA): Sniffing, fights, pursuits (the mouse walking 
directly in the path of the other mouse that is also in 
motion, at a distance smaller than the mean body length), 
dominant behavior (putting a paw on the body of the 
other mouse and/or mounting).

Male–female and male‑male dyadic social interactions
Mice were acclimatized to the test cage (transparent Plex-
iglas box, 20 × 30 × 14 cm) for 30 min; then an unknown 
control female or male (same age as test mice) was intro-
duced to trigger social interaction for 3 min. Emission of 
USVs by resident males were recorded as described, and 
behavioral responses were video recorded. The sniffing 
or snout contacts elicited by resident males were quan-
tified manually using event-recorder keys in Any-maze 
software (Stoelting, USA). We quantified the latency of 
first contact, mounting attempts, frequency and dura-
tion of contacts, number of dominant acts, number and 
duration of rearings (vertical activity), time spent rearing, 
grooming and making pursuit (mouse walking directly 
in the path of the other mouse that is also in motion, at 
a distance smaller than the mean body length) towards 
intruder. Contacts were classified as oro-facial (directed 
towards the head/neck/mouth area), oro-genital (towards 
the anogenital area) or directed towards other body parts 
(flank area).

Male exposure to anesthetized female
Following acclimatization to the test cage as above, the 
test mice were confronted for 3  min to an anesthetized 
control female (anesthesia: I.P. injections of 100  mg/
kg ketamin and 12  mg/kg xylazin). The frequency and 
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duration of contacts performed by the test mice were 
manually quantified using event-recorder keys in Any-
maze (Stoelting, USA).

Open field exploratory activity
The test box was a square open field (50 × 50 × 50  cm) 
with black walls and a floor covered with sawdust (1 cm 
high; Lignocel Prime-s, Genestil, France). Experiments 
were undertaken under constant room temperature (22–
23 °C) and homogeneous dim illumination (50  lx). Each 
mouse was released near the wall and video-tracked for 
30  min using the Any-maze software  (Stoelting, USA). 
Recorded xy positions were used to generate tracking 
plot of the exploration paths, and to calculate the dis-
tance travelled, speed and time spent in the whole appa-
ratus, as well as in distinct virtual zones of the box: The 
central area (30 × 30 × 30  cm) to estimate anxiety and a 
virtual corridor along walls (width: 10  cm) to estimate 
thigmotaxis. The percentage of time spent and distance 
traveled in the center zone were used as relative measures 
of anxiety. The number of rearings and leanings, referred 
to as vertical activity, were counted manually by the 
experimenter from saved videos. Thigmotaxis was fur-
ther evaluated by counting the number of complete and 
unbroken revolutions along the virtual corridor around 
the open field.

Light‑dark choice anxiety test
In the light–dark box test, mice had the choice to explore 
a brightly lit anxiogenic compartment or to stay in a more 
secure dark compartment. The apparatus had 20 cm-high 
Plexiglas walls and consisted of a brightly lit white com-
partment (40 × 15 cm; illumination: 600 lx) connected by 
a trap door (6 × 6 cm) to a dark compartment (15 × 15 cm; 
illumination < 10 lx), as previously described [56]. Each 
mouse was placed in the dark compartment for 10 s, the 
trap door was then opened and mice allowed to freely 
explore the whole apparatus for 5  min. Step through 
latency, number of entries and total time spent in the lit 
compartment were scored.

Elevated plus‑maze anxiety test
The maze had two facing arms enclosed with high walls 
(20 × 8 × 25 cm), two open arms (20 × 8 cm) and a central 
area (8 × 8 cm) forming a plus sign 65 cm above the floor. 
Illumination was 150  lx in open and 30  lx in enclosed 
arms. Mice were individually placed at the center of the 
maze with the head facing an open arm. The number of 
entries and time spent in open or enclosed arms were 
recorded for 5 min. Head-dipping over sides of open arms 
(transiently putting the head outside open-arm bounda-
ries to look down to the void) were counted and classified 
as protected head dips when the rest of the mouse’s body 

remained in a closed arm, and as unprotected head dips 
when the whole mouse’s body was located in the open 
arm.

Restraint‑induced unconditioned fear
The mouse was restrained by grasping the scruff and back 
skin as previously described [66]. After 15  s, the mouse 
was released to a novel cage (24 × 19 cm, with 12-cm high 
walls) containing clean sawdust (1  cm high, Lignocel 
Prime-s, Genestil, France) and was then video-tracked 
for 5 min using the Any-maze software (Stoelting, USA). 
Unconditioned fear responses induced by this short acute 
stress were characterized by periods of tonic immobil-
ity (freezing) and quantified during a 5-min recording 
period. Complete immobilization of the mouse, except 
for respiration, was regarded as a freezing response [51]. 
The percent time spent freezing was calculated for group 
comparisons.

Auditory brainstem responses
ABRs were collected under deep anesthesia (95  mg/kg 
ketamine, 24 mg/kg xylazine, I.P.) by presenting acoustic 
stimuli presented monaurally using an insert earphone 
(Etymotic Research ER-1, USA). ABRs were recorded 
during 40–50 min by a Centor-USB interface (DeltaMed, 
France) connected to two subcutaneous electrodes 
(SC25, Neuro-Services, France) inserted just above the 
tympanic bulla and on the skull dorsal midline with one 
ground electrode placed in the thigh. Click presentations 
(100  μs; 2–32  kHz) were followed by pure tone bursts 
(10 ms; rise-fall time: 2 ms; frequencies: 8, 2, 16, 24, 4, & 
32 kHz) and the session ended with click presentations to 
control the presence of any acoustic trauma. Stimuli were 
presented at 15  Hz across decreasing stimulus intensi-
ties (70, 50, 40, 30, 20, 10, 5 & 0 dB SPL; decibel in sound 
pressure level). Artifacts (potentially coming from myo-
graphic activity) with amplitudes > 40 µV were automati-
cally discarded. The signal was filtered at 0.2–3.2  kHz 
with a 100-kHz sampling rate and 500–1000 waveforms 
were averaged per intensity.

Fear conditioning
Experiments were conducted using the StartFear Sys-
tem apparatus (Panlab, Spain) with continuous back-
ground white noise delivery (60  dB). Freezing behavior 
was detected by the piezoelectric accelerometer. For 
delay cued fear conditioning paradigm, a 2-min acclima-
tization period was followed by either 5 (strong acquisi-
tion) or 3 (weak acquisition) CS–US pairs delivered at 
variable random intervals of 60 to 180  s (acquisition). 
The US (0.4  mA, 2  s) was delivered immediately after 
the end of the CS (80 dB, 10 kHz, 30 s). During the next 
two days (retention sessions 1 and 2), mice were placed 
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in the new context and 16 CS were delivered alone (no 
electrical footshock) at intervals of 60 to 150  s. For the 
trace fear conditioning paradigm, mice were first allowed 
to freely explore the conditioning chamber for 5 min. On 
the next day acquisition started with a 3-min acclimatiza-
tion period, followed by delivery of 6 CS-US pairs sepa-
rated by pseudo-random intervals of 120, 180 or 240  s. 
The footshock (US, 0.4 mA, 2 s) was delivered 30 s (trace) 
after the end of the CS (80-dB tone, 10  kHz, 15  s). On 
the third day (retention), mice were placed in a new con-
text (white metal walls and flat floor) and three CS were 
delivered alone with a 60-s interval between CS. At least 
three hours later, mice were placed back in the initial 
acquisition context for 5 min to evaluate contextual fear 
memory.

Statistics
Data are presented as mean ± S.E.M. Two-tailed para-
metric statistics were performed using GraphPad Prism7 
(San Diego, California, USA), SPSS (IBM, USA) and Sig-
mastat (San Jose, California, USA). Repeated measures 
were analyzed using two-way ANOVAs with genotype 
as the between-group factor followed by Tukey post-
hoc tests. Independent measures were analyzed using 
unpaired or paired t-tests. Correlations were evaluated 
using Pearson’s coefficients and their significance using 
the r to z Fischer’s test.

Results
Sociability and preference for social novelty
During habituation (trial 1), both genotypes spent more 
time exploring the side chambers than the central zone 
(Chamber effect, F(2,42) = 13.160, p < 0.001; side vs cen-
tral chambers, p < 0.05, post-hoc tests), showing no place 
preference or bias for any side chamber. Sociability (trial 
2) was optimal and comparable between genotypes, as 
both Dp71-null and WT littermates spent more time 
sniffing the social stimulus than the non-social object 
(WT, t = 3.180; Dp71-null, t = 3.395; p < 0.05; Fig.  2A). 
This preference for social vs non-social stimuli was 
observed in 80% of WT mice and in 84.62% of Dp71-
null mice (criterion: individuals exploring social stimu-
lus > 50% of their time).

In trial 3, WT mice spent more time (%) sniffing the 
novel than the familiar mouse (t = 2.376, p < 0.05) con-
firming typical preference for social novelty in WT 
controls. In contrast, Dp71-null spent comparable per-
cent times sniffing the familiar and novel social stimuli 
(t = 1.202, p > 0.05, NS), with a trend for reversed pref-
erence for familiar over novel stimuli (NS). Dp71-null 
mice sniffed the familiar mouse significantly more time 
(%) (t = 2.580, p < 0.05) and the novel one significantly 
less time (%) as compared to controls (t = 2.580, p < 0.05) 

(Fig.  2B). Preference for social novelty was observed in 
80% of WT mice but only in 53.85% of Dp71-null mice.

Agonistic interactions in the resident‑intruder paradigm
Forced encounters with male intruders were performed 
in the resident’s (test mouse) home cage to assess agonis-
tic approaches and aggressiveness. Fights were absent in 
both genotypes except for one Dp71-null mouse showing 
a total of seven attacks. The absence of fights allowed reli-
able recording of social contacts. No differences between 
genotypes were observed in the number of sniffing, dom-
inance and pursuit episodes (F(1,30) = 0.0428, p > 0.05, 
NS; Fig.  2C) or in the duration of sniffing episodes and 
pursuits (F(1,15) = 0.0003, p > 0.05, NS; Additional file 1). 
The scarce number of dominant acts and pursuits’ epi-
sodes and duration initiated by WT and Dp71-null resi-
dents revealed a low aggressiveness, comparable between 
genotypes (all p > 0.05, NS; Additional File 1).

Dyadic social interactions with females and males
Here, social interactions were analyzed in a more neu-
tral territory, as the test mice were only familiarized with 
the test cage for 30 min. During encounters with females 
and males, as well as during exposure to anesthetized 
females, no differences were observed in the number of 
episodes and time spent rearing and grooming, nor in the 
time spent making pursuits (with freely-moving males 
and females) (all, p > 0.05, NS; Additional file  2). This 
indicates unaffected vertical activity, agonistic behaviors 
and stress-induced grooming in Dp71-null mice. Moreo-
ver, there were no significant genotype differences in the 
number of social contacts and time spent sniffing anes-
thetized females or awake and freely-moving females and 
males (all p > 0.05, NS; Fig. 2D–F and Additional file 2). 
However, analyses of sniffing behavior as a function of 
time (Fig.  2G–I) revealed that Dp71-null mice spent 
significantly more time than WT sniffing anesthetized 
females during the first 120 s of the 3-min trial (Genotype 
x time interaction: F(2,50) = 3.549, p < 0.05; Fig.  2H). In 
contrast, this was not observed during interactions with 
the awake and freely-moving females and males, likely 
due to the active influence of intruders’ behavior. Besides, 
no significant differences were observed between geno-
types in the number and duration of contacts classified 
as a function of the body parts involved (i.e., oro-facial, 
oro-genital, other body parts) (all p > 0.05, NS; Additional 
file 3).

Ultrasonic vocalization during social interactions 
with females and males
Emission of ultrasonic vocalizations was abnormally 
enhanced in Dp71-null mice compared with WT mice, 
as shown by the increased percent time spent vocalizing 
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in distinct contexts (Fig. 3A–C; Additional file 4). While 
this was only a tendency during interactions with awake 
females (t = 1.974; p < 0.05, NS; Fig. 3A), Dp71-null mice 
spent significantly more time vocalizing (%) in the pres-
ence of anesthetized females (t = 2.260, p < 0.05; Fig. 3B) 
and freely-moving males (t = 2.081, p < 0.05; Fig.  3C) 
compared to WT mice. USV production during interac-
tions was further analyzed as a function of time (Fig. 3D–
F). This revealed that the genotype difference in the % 

time vocalizing was homogenously expressed during the 
period of interaction, yet it was statistically significant 
during the first 60-s period during encounters with males 
(Genotype x time interaction: F(2,28) = 4.288, p < 0.05; 
post-hoc test: p < 0.05; Fig. 3F). The latency of the first call 
was significantly shorter in Dp71-null mice compared 
to WT during encounters with freely-moving females 
(t = 2.260, p < 0.05; Additional file 4). The mean call dura-
tion (ms) also showed slight increases in Dp71-null mice 

Fig. 2 Social motivation and social interactions. A, B Histograms represent exploratory behavior expressed as percent time spent sniffing the tubes 
containing either a mouse (black bars) or an object (white bars) during the sociability trial (A), and percent time spent sniffing towards the familiar 
(black bars) and novel mouse (white bars) during the trial assessing their preference for social novelty (B). C Number of sniffing episodes, dominant 
acts and pursuits initiated by WT and Dp71‑null resident mice in the resident‑intruder paradigm. D–F Total time spent by WT and Dp71‑null male 
residents sniffing awake females (D), anesthetized females (E) and males (F). G–I Temporal evolution of social exploration initiated by residents 
exposed to awake females (G), anesthetized females (H) and males (I) across three 60‑s time bins. The time spent sniffing the anesthetized females 
was significantly higher in Dp71‑null than in WT mice during the first 120 s of the trial (*p < 0.05). White points represent individual data points 
for each mouse
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compared to WT mice (Fig. 4A–C), but this was only sig-
nificant during interactions with males (t = 2.934, p < 0.05; 
Fig. 4C). To better detail this parameter, we analyzed the 
distribution of call durations (Fig.  4D–F). This revealed 
that Dp71-null mice emitted a greater proportion of 
longer calls as compared to controls in all test condi-
tions (KS-Tests, p < 0.001), a result consistent with the 
increased percent time spent vocalizing observed in this 
transgenic model. The rate (number per min) and dura-
tion of sequences as well as the number of calls emitted 
per sequence were selectively and significantly higher in 
Dp71-null mice as compared to controls in the presence 
of male encounters (all t > 2.2, p < 0.05; Additional file 4). 
Call peak frequencies and amplitudes were globally unaf-
fected (p > 0.05, NS), indicating absence of genotype 
effects on the call bandwidth and intensity (Additional 
file 4).

Analysis of the correlations between behavioral and 
acoustic parameters first revealed in both genotypes 
a significant correlation between the call rate and 
the time spent in social contact with freely-moving 
females (p < 0.05; Additional file 5), suggesting that the 

ultrasonic vocalizations were related to social inter-
action regardless of the genotype. However, this was 
not observed for the contacts made with anesthetized 
females (Additional file  6) or the interactions with 
freely-moving males (Additional file  7) (p > 0.05, NS), 
suggesting context-specific differences in the stimuli 
triggering vocalizations.

Finally, we also detailed the ultrasonic vocal reper-
toire in response to social stimuli, which revealed sig-
nificant differences between genotypes (Additional 
file 8). As shown in Fig. 5A–C, the proportion of peak 
calls emitted by Dp71-null mice was significantly 
higher as compared to WT controls in all experimen-
tal conditions (Male–Female (t = 2.779), Male-Anes-
thetized Female (t = 3.365), Male-Male (t = 2.390) (all, 
p < 0.05). Furthermore, Dp71-null mice also emitted a 
higher proportion of sinusoidal calls during investiga-
tion of anesthetized females (t = 2.392, p < 0.05; Fig. 5B) 
and of U-shape calls during the interaction with freely-
moving males (t = 2.745, p < 0.05; Fig. 5C). Overall, this 
shows variation in Dp71-null mice of the frequency of 
use of specific vocalizations in distinct social contexts.

Fig. 3 Time spent vocalizing during social interactions. A–C Mean percent time vocalizing during interaction with awake females (A), anesthetized 
females (B) and awake males (C) (t‑test, *p < 0.05). D–F Percent time spent vocalizing across 60‑s time bins during interaction with awake females 
(D), anesthetized females (E) and awake males (F). Time spent sniffing (%) was significantly longer in Dp71‑null than in WT mice across all time bins 
during interaction with anesthetized females (p < 0.05) and awake males (Significant during the first 60 s; Tukey posthoc test; *p < 0.05). White points 
represent individual data points for each mouse
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Anxiety and unconditioned fear behavior
Because it has been proposed that changes in the quan-
tity of USVs might reflect emotional states in mice [61], 
we evaluated the presence of anxiety-related responses 

of Dp71-null and WT mice in three different stand-
ard anxiety tests. In the open field test, locomotion and 
exploration of a novel environment was not affected 
in Dp71-null mice. Indeed, total distance travelled 

Fig. 4 Call duration and distribution of call durations. A–C Mean duration of calls emitted during interactions with awake females (A), anesthetized 
females (B) and awake males (C). The mean call duration of Dp71‑null mice was particularly increased during interactions with males (*p < 0.05). 
White points represent individual data points for each mouse. D–F Frequency distribution (%) of ultrasonic vocalizations as a function of the call 
duration (ms) during exposure to freely‑moving females (D), anesthetized females (E) and freely‑moving males (F). Dp71‑null mice emitted a greater 
proportion of longer calls as compared to controls in all test conditions (KS‑Tests; all p < 0.001)
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was comparable between genotypes (Genotype effect: 
F(1,22) = 0.855, p > 0.05, NS, Fig. 6A), and its diminution 
across time (Time effect: F(5,110) = 13.7, p < 0.001) indi-
cated a typical habituation to the apparatus in both geno-
types (Genotype x Time interaction: F(5,110) = 0.685, 
p > 0.05, NS). Vertical activity and grooming behavior 
were also unaffected in the transgenic mice that showed 
comparable number of rearing and durations of groom-
ing episodes compared with WT (t = 0.78 and t = 0.71, 
p > 0.05, NS). However, the percent distance travelled in 
the central area of the open field, typically considered as 
an anxiety-related behavioral parameter, was significantly 
reduced in Dp71-null mice as compared to WT (Geno-
type effect: F(1,22) = 10.655, p < 0.01). This was associated 
with a reduced number of entries into this zone (t = 2.753, 
p < 0.05) and an increased time spent running along the 
walls, where they completed a large number of unbroken 
revolutions along the virtual corridor (i.e., thigmotaxis) 
(t = 2.236, p < 0.05; Fig. 6A). This result was a first indica-
tion of a higher level of anxiety in Dp71-null mice.

In the light–dark box test (Fig.  6B), however, the 
number of entries and time spent in the anxiogenic lit 
compartment were comparable between genotypes 
(t = −  1.269 and t = −  0.05; all, p > 0.05, NS). In contrast 
the number of head dips from the dark compartment 
towards the lit one (hesitations) was significantly smaller 
in Dp71-null than in WT mice (t = − 3.433, p < 0.01), sug-
gesting a slight alteration of risk assessment behavior in 
the mutants.

In the elevated plus-maze test (Fig.  6C), in which 
anxiety results from the fear of heights in elevated open 
arms, the mean number of visits (entries in both open 
and closed arms) was lower in Dp71-null than in WT 
mice (F(1,22) = 13.389, p < 0.01), suggesting hypoactivity 
in Dp71-null mice. The percent time spent in the open 
areas (central area and open arms) tended to be shorter 
in Dp71-null mice as compared to controls but this was 
not significant (t = 1.181, p > 0.05, NS). Finally, the num-
ber of head dips towards the central area and open arms 
was smaller in Dp71-null mice t = 2.293, p < 0.05), which, 
again, suggested reduced risk assessment in this mouse 
model.

We then tested the unconditioned fear response 
induced by a brief manual scruff restraint, which is a 
robust phenotype reflecting enhanced stress reactivity in 
other DMD mouse models (mdx, mdx52) lacking Dp427 
and Dp140 dystrophins [56, 66]. Here we compared the 
fear response in WT, Dp71-null mice and mdx3cv mice 
lacking all dystrophins. Mdx3cv mice reproduced the 
strong phenotype consistently observed in other DMD 
mouse models, showing a large (> 90%) increase in tonic 
immobility (freezing) following the short scruff restraint 
(Genotype effect: F(2,24) = 207.557, p < 0.001). In marked 

Fig. 5 Repertoire of socially‑induced ultrasonic vocalizations. A–C 
Relative proportion of distinct call shapes emitted during interactions 
with awake females (A), anesthetized females (B) and awake 
males (C). Note that Dp71‑null mice emitted a larger proportion 
of peak calls compared to WT mice in all experimental conditions 
(*t‑tests, p < 0.05), while they produced a significantly higher 
proportion of other specific calls in distinct social contexts, i.e., more 
sinusoidal calls during the investigation of anesthetized females 
(B) (*t‑test, p < 0.05) and more U‑shape calls during the interaction 
with freely‑moving males (*t‑test, p < 0.05). White points represent 
individual data points for each mouse
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contrast, however, the percent time spent freezing in 
Dp71-null mice was comparable to that of WT mice 
(p > 0.05, NS), indicating that the unique loss of Dp71 
does not induce unconditioned fear responses (Fig. 6D).

We next investigated the expression of conditioned 
fear responses, as this type of responses are also affected 
in other mouse models lacking distinct dystrophins. 
Because several fear-conditioning paradigms involve 
auditory tones as conditioned stimuli, we first compared 
audition of the two genotypes.

Auditory brainstem responses
The ABR thresholds (expressed in dB SPL) at presenta-
tion of clicks and pure tones are displayed in Fig.  7A. 
ABRs thresholds were comparable between genotypes in 
response to the click delivered at start (p > 0.2, NS) and 
end of the experimental session (p > 0.1, NS). The start 
and end threshold were comparable, indicating that the 
protocol did not induce any hearing loss in any geno-
type. ABRs threshold in response to pure tones exhibited 
a typical V − shape curve (Frequency effect: p < 0.0001) 
with an optimal threshold detected at 8 kHz [10, 12, 69]. 

No difference was found between genotypes (Genotype 
effect: p > 0.7, NS, genotype × frequency interaction: 
p > 0.8, NS). We further undertook a detailed analysis of 
the latencies of the first four waves composing the ABR 
triggered by the click at variable intensities (Fig. 7B), and 
of the amplitudes of the largest negative (I’) and positive 
(III) waves that reflect the response of the auditory nerve 
fibers and the superior olivary complex, respectively. 
Both latencies and amplitudes were comparable between 
genotypes across stimulus intensities (all parameters, 
p > 0.05; Additional file 9).

Associative learning and fear memories
Cued-fear conditioning was first performed using five 
CS-US pairings for acquisition (Fig.  8A). Dp71-null 
and WT mice presented low and comparable freezing 
responses during acclimatization (t = 1.729, p > 0.05, NS). 
Both groups then showed a progressive acquisition of 
associative fear learning, as reflected by increases in the 
percent time spent expressing a fear response (% freezing; 
CS effect: F(4,144) = 78.913, p < 0.001) during delivery 
of the five 30  s conditioning auditory stimuli (CS). The 

Fig. 6 Anxiety and unconditioned fear. A Open‑field test. From left to right are shown the total distance travelled and percent distance travelled 
in central area as a function of time, then the mean number of entries in central area and time spent expressing thigmotaxis. B Light–dark test. 
Plots show the number of head dips towards the light compartment (left) and time spent in light compartment (right). C Plus‑maze test. The plots 
show the number of visits to open and closed arms as a function of time (left), the percent time spent in open arms and central area (middle), 
and the number of head dips into the central area and open arms (right). D Unconditioned fear‑related tonic immobility. Percent freezing in 5 min 
following brief scruff restraint. *p < 0.05. White points in bar plots represent individual data points for each mouse
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lack of differences between genotypes in the amount of 
freezing indicated a preserved acquisition of fear learn-
ing in Dp71-null mice (Genotype effect: F(1,36) = 0.0591, 
p > 0.05, NS; Genotype x CS interaction: F(4,144) = 0,361, 
p > 0.05, NS) (Fig. 8A). In contrast with the first session, 
the freezing response was abnormally enhanced in Dp71-
null mice during the acclimatization period preceding the 
two retention sessions performed in a different context, a 
genotype effect that was significant in session 2 (t = 3,159, 
p < 0.01) (Fig.  8A). This might suggest some enhance-
ment of a contextual memory of the experimental condi-
tions. However, both genotypes showed similar freezing 
responses during CS presentation in both retention ses-
sions (Retention 1: Genotype effect: F(1,36) = 2.684, 
p > 0.05, NS; Genotype x CS: F(3,108) = 0.974, p > 0.05 NS; 
Retention 2: Genotype effect: F(1,36) = 0.157, p > 0.05, 
NS; Genotype x CS: F(3,108) = 1.326, p > 0.05, NS), 
indicating unaffected memory retention of the CS-US 
association.

A distinct group of mice was submitted to an abbrevi-
ated protocol of cued-fear conditioning, by reducing the 
number of CS-US pairings during acquisition to dimin-
ish the strength of conditioning (Fig.  8B). Again, per-
formance was comparable in both genotypes during the 
whole acquisition session (Acclimatization: t = 0.053, 
p > 0.05, NS; CS 1–3, Genotype effect: F(1,15) = 2.864, 
p > 0.05, NS; CS effect: F(2,30) = 57.019, p < 0.001; Geno-
type x CS interaction: F(2,30) = 0.968, p > 0.05, NS). Like-
wise, performance was comparable between genotypes 
during the two successive retention sessions: retention 
1 (Acclimatization, t = 0.0172, p > 0.05, NS; CS 4–19, 
Genotype effect: F(1,15) = 1.212, p > 0.05, NS; Genotype 
x CS interaction: F(3,45) = 0.688, p > 0.05, NS) and reten-
tion 2 (Acclimatization: t = 0.159, p > 0.05, NS; CS 4–19, 
Genotype effect: F(1,15) = 0.949, p > 0.05, NS; Genotype 

x CS interaction: F(3,45) = 0.320, p > 0.05, NS), suggest-
ing preserved cued fear learning and memory retention 
in Dp71-null even following weaker acquisition training.

In the trace fear conditioning paradigm (Fig.  8C), 
freezing was slightly higher in Dp71-null mice than in 
WT during habituation (H) (Freezing duration: 3.9% for 
Dp71-null, 1.4% for WT mice, t = 2.559, p < 0.05), as well 
as during acclimatization (A) on the next day (Freez-
ing duration: 9.7% for Dp71-null, 4.7% for WT mice, 
t = 2.323, p < 0.05). Nevertheless the amount of freez-
ing expressed in response to the six CS-US pairings 
was comparable between genotypes (Genotype effect: 
F(1,24) = 0.165, p > 0.05, NS; Genotype × CS-US inter-
action: F(5,120) = 0.678, p > 0.05, NS). During the cued 
trace-fear retention session performed 24 h later, Dp71-
null mice exhibited no deficit in performance during 
acclimatization (t = 1.246, p > 0.05, NS) and presentation 
of CS (Genotype effect: F(1,24) = 0.024, p > 0.05, NS; Gen-
otype × CS: F(2,48) = 2.436, p > 0.05, NS). Contextual fear 
memory was then evaluated by placing mice in the same 
context as during acquisition. Performance was compa-
rable between genotypes reflecting normal retention of 
contextual fear memory in Dp71-null mice (t = 0.003: 
p > 0.05, NS).

Discussion
This study provides the first evidence of abnormal 
social behavior and socially-induced ultrasonic vocali-
zations in the Dp71-null transgenic mouse model that 
selectively lacks the shortest dystrophin-gene product, 
Dp71. These alterations of social behavior are accompa-
nied by a moderate increase in anxiety-related behav-
iors, while learning and memory of emotional stimuli 
are preserved. Thus, the Dp71-null mouse displays a 

Fig. 7 Auditory brainstem responses (ABR). A ABR thresholds for clicks and pure tone frequencies demonstrate normal hearing in Dp71‑null 
mice. B Sample ABR to a click at 70 dB, showing the successive waves labeled I to IV (positive peaks) and I’ to IV’ (negative peaks). Wave I arises 
from the auditory nerve and waves II to IV reflect evoked activity at different relays of the auditory brainstem. Gray arrow: click presentation
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specific profile of behavioral alterations that differs 
from DMD mouse models lacking other brain dystro-
phin isoforms (Table 1). The present results support the 
hypothesis that distal DMD gene mutations affecting 
the expression of Dp71 protein may contribute to the 
emergence of autistic and emotional traits in DMD.

Altered social behavior and socially‑induced ultrasonic 
vocalizations
Deficits in social interaction are cardinal markers for 
autism risk, reproduced in diverse mouse models car-
rying mutations in candidate genes for autism (e.g., [16, 
17, 24, 37, 39, 41, 65, 70], for a review). Context-specific 
changes in social behavior have been previously observed 

Fig. 8 Associative fear learning and memory. A, B Delayed cued fear conditioning. Performance is expressed as the percent time spent freezing 
during acclimatization periods (A), and in response to the CS during the acquisition session, consisting in five (A) or three (B) CS‑US pairings, 
and in response to CS during the two retention sessions in a distinct context (blocks of four CS alone presentations) performed at 24 h intervals. 
C Trace Fear conditioning. Performance is expressed as the percent time spent freezing to the CS during the acquisition session, consisting in six 
CS‑US pairings, and the two retention sessions (cued and contextual). Cued‑retention session was performed 24 h post‑acquisition by presenting 
CS alone in a different context. Contextual‑retention session was performed by placing the animal in the same context without CS presentation 3 h 
after the cued‑retention. H: habituation to apparatus before acquisition. A: Pre‑session acclimatization. C: Contextual retention
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in the mdx mouse model, suggesting a link between the 
loss of the full-length dystrophin (Dp427) and the emer-
gence of social behavior disturbances or autistic traits in 
DMD [43]. However, some genotype–phenotype studies 
in DMD patients suggested that the prevalence of ASD 
increases with distal mutations [55, 71], suggesting that 
the lack of Dp71 dystrophin might increase the risk for 
social behavior deficits. In the present study, we found 
alterations in Dp71-null mice social behavior that differ 
in nature to those previously reported in mdx mice lack-
ing Dp427. This is in agreement with the hypothesis that 
the loss of Dp71, and its cumulative loss with other dys-
trophins due to distal mutations in the DMD gene, might 
play a role in the emergence and/or aggravation of social 
problems in DMD patients.

We first addressed sociability and preference for social 
novelty using the three-chamber test, in which social 
motivation is evaluated from indirect social approaches. 
The original Dp427-deficient mdx mouse does not show 
any deficit in this test [43]. Here, Dp71-null mice showed 
unaltered sociability, initially suggesting unaffected 
social motivation. Nevertheless, Dp71-null mice showed 
impaired preference for social novelty that, as previously 
suggested by other authors, might reflect the presence 
of alterations in social recognition [6]. This social phe-
notype is considered less straightforward than a lack of 
sociability (i.e., preference for a new social stimulus over 
an inanimate object) to interpret a relationship with 

ASD-related behavior. However, it fits with models con-
sidering that qualitative changes in social interactions 
are central components in ASD individuals, who tend 
to avoid unfamiliar social partners and show diminished 
interest in novelty [1]. Moreover, a similar phenotype 
characterized by normal sociability and impaired pref-
erence for social novelty has been observed in diverse 
mouse models lacking ASD-related genes [8, 13, 15, 35, 
63].

A putative deficit in novelty-seeking behavior that 
could relate to present results has been previously sug-
gested in Dp71-null mice after observing a decrease in 
object investigation when mice were exposed to new 
sets of objects on successive sessions in an object rec-
ognition task [20]. Here, since Dp71-null mice showed 
normal preference for social versus inanimate stimuli 
and no alteration in the level of interaction when con-
fronted with unfamiliar freely-moving females and males, 
it is unlikely that the impairment in social novelty could 
be only attributed to a deficiency in general interest for 
novelty. Besides, the total number and duration of sniff-
ing episodes directed to novel and unfamiliar mice were 
comparable between genotypes suggesting no obvious 
deficiency in social-approach behavior and no overall 
restricted interest in specific stimuli. Alternatively, we 
cannot rule out that this deficit in preference for social 
novelty might be associated with altered executive func-
tions and decision-making processes, in line with the 

Table 1 Emotional and social phenotypes in DMD mouse models

The table focuses on the phenotypes addressed in the present study. The mouse model analyzed in the present study is highlighted in grey. (1) [66], (2) [56], (3) [60], 
(4) [67], (5) [43], (6) [28], *The present study
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impaired function of the prefrontal cortex reflected 
through the cortical E/I unbalance previously observed in 
this mouse model [11].

Qualitative alterations in social behavior of Dp71-null 
mice are further evidenced by their unusually high inter-
est in unresponsive (anesthetized) females. This behavior 
may be related to their tendency to persistently inves-
tigate familiar mice over new ones in the social novelty 
test. Despite the different nature of these situations, the 
behaviors displayed could reflect a perseverative trait, 
a difficulty in disengaging, and/or a lack of flexibility. A 
similar phenotype has been observed in other ASD- and/
or ID-relevant mouse models, such as in the euchroma-
tin histone methyltransferase 1 knockout mice, that dem-
onstrate a prolonged sociability response and delayed or 
absent preference for social novelty in a variation of the 
three-chamber test. This was interpreted as social behav-
ior disturbances reminiscent of autistic features [2]. Inter-
estingly, in this latter model the social phenotype was 
also associated with increased anxiety, suggesting possi-
ble relationships between processing of emotional stimuli 
and qualitative changes in social behavior. Here, the pro-
longed social approaches in Dp71-null mice might reflect 
some difficulty in adaptive disengaging behavior and/or 
some problem to integrate feedback information emitted 
by social counterparts. Conversely, and in line with the 
unaffected sociability of Dp71-null mice, their unaltered 
aggressiveness and/or agonistic reactivity during direct 
forced encounters with conspecific male intruders, com-
parable to that of WT mice, suggests that other remain-
ing domains of social cognition such as hierarchy, seem 
unaffected in Dp71-null mice.

Analyses of USV emissions by Dp71-null mice revealed 
both quantitative and qualitative alterations, which 
further supports the presence of alterations in social 
behavior in this model. First, Dp71-null mice showed 
an abnormal increase in the time spent vocalizing dur-
ing forced social interactions, accompanied by the emis-
sion of a larger proportion of calls of longer duration 
with males as well as freely-moving and anesthetized 
females, suggesting that these alterations in USV produc-
tion are not likely to be driven by specific sexual factors. 
Rate of vocalizations and call duration have been previ-
ously associated with social behaviors reflecting the level 
of social motivation [9, 49]. Accordingly, the significant 
increase in the time spent vocalizing by Dp71-null mice 
might be consistent with their longer social interactions 
and apparent difficulty to disengage and adapt their 
behavior, as also interpreted regarding their behavior 
towards unresponsive females.

Interestingly, this increased production of socially-
induced USVs in Dp71-null mice, was not observed in 
Dp427-deficient mdx mice, which, in marked contrast, 

rather showed reduced interaction with females accom-
panied by decreased rate of vocalizations [43]. Secondly, 
Dp71-null mice showed an abnormal vocal repertoire 
with an increased emission of peak calls in all tested 
situations, of sinusoidal calls in presence anesthetized 
females and of U-shape calls in the presence of males. 
Again, this represents an opposite phenotype to mdx 
mice where we previously documented a significant 
reduction in the production of peak and sinusoidal calls 
upon interaction with anesthetized females and other 
mdx males [43]. The composition of an adult mouse rep-
ertoire normally depends on the context and previous 
social experience [59]. Short and composite calls (i.e., two 
or more components emitted simultaneously) are consid-
ered as ‘basic’ calls found in many behavioral contexts, 
whereas upward, frequency jump, U-shape, flat and peak 
calls are predominately found in social situations and 
therefore considered as more ‘informative’ of the behav-
ioral, emotional or motivational content of these spe-
cific situations [9]. We therefore interpret the abnormal 
vocal repertoire observed in Dp71-null mice as reflect-
ing an altered neural control of call production and/or an 
abnormal processing of relevant stimuli involved in the 
modulation of social responses/behavior.

In conclusion, the lack of Dp71 is not perturbing all 
domains of social cognition but rather inducing subtle 
qualitative alterations of specific social behaviors under 
particular situations that could in part be reminiscent 
of autistic traits and considered in line with the specific 
social problems described in DMD boys (e.g., clinging to 
adults, preference to play with younger children and poor 
facial affect recognition), regardless of meeting all criteria 
for an ASD diagnosis [33, 34]. We further suggest that the 
observed social phenotype in Dp71-null mice may relates 
to the executive deficits demonstrated in this model [11] 
and/or to the moderate emotional disturbances also iden-
tified in the present study, which might as well influence 
social motivation and/or behavior.

Disturbances in emotional behavior
Emotional disturbances, encompassing internalizing and 
externalizing problems, is a common phenotype in DMD 
that could contribute to social behavior disturbances in 
patients. A role for brain dystrophin in controlling emo-
tional processes has been previously suggested since 
abnormal stress-induced unconditioned fear responses 
can be significantly reduced in mdx mice by rescuing 
brain dystrophin expression with intracerebral admin-
istration of exon-skipping oligomers [26, 54, 60, 66]. 
Since then, enhanced anxiety and stress reactivity were 
also reported in mdx52 mice lacking Dp427 and Dp140 
brain dystrophins [56]. Interestingly, such emotional dis-
turbances were also associated with increases in social 
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approaches in adult mdx52 mice and increased USV pro-
duction in mdx52 pups [28]. Overall, this suggest that in 
various models lacking brain dystrophins, the enhance-
ment of specific social behaviors and socially-induced 
vocalizations may coexist with emotional problems. 
Moreover, anxiety is a common comorbidity in ASD [53] 
and a frequent trait in DMD patients [55].

We previously suggested that Dp71 may have a role 
in anxiety-related behaviors, since Dp71-null mice dis-
played a reduced number of entries and shorter distance 
travelled in the central area upon exploration of a hole 
board, a behavior reflecting increased levels of anxiety 
[29]. Anxiety is a complex phenomenon that cannot be 
described in a single test, and several studies demon-
strated that the effects of anxiolytic compounds may vary 
depending on the targeted neurotransmission system, 
mouse genetic background and experimental conditions 
[14, 27]. Here we therefore extended behavioral testing of 
this trait submitting Dp71-null mice to a larger battery of 
anxiety tests. Consistent with our previous observations, 
Dp71-null mice showed comparable locomotor activity to 
that of WT mice, but increased thigmotaxis and reduced 
exploration of the central zone of an open field. Similarly, 
in the elevated-plus maze test Dp71-null mice spent pro-
portionally less time in the center and open arms, which 
correspond to the most anxiogenic zones of the appara-
tus. Dp71-null mice also displayed a general hypoactivity, 
but this cannot be attributed to a locomotor deficit, since 
this was not observed in the open field test that more 
accurately evaluates locomotion. The reduced number of 
arm entries in elevated plus maze might rather be consid-
ered as a consequence of the enhanced emotional anxiety 
of Dp71-null mice. In contrast, however, in the light–
dark choice test the time spent in the anxiogenic lit com-
partment was comparable in both genotypes, suggesting 
a normal emotional response of Dp71-null in this spe-
cific situation. The cause of these discrepancies observed 
among distinct anxiety tests remains unclear. At variance 
with previous results in mdx mice [66], here enhanced 
anxiety-related responses were observed in higher-motor 
demand tests (open-field exploration, elevated-plus 
maze test), but not in the light–dark choice test involv-
ing a low-motor demand. Since Dp71-null mice do not 
have myopathy and do not present a motor phenotype, 
it is unlikely that this variability among tests relates on 
the task motor demand. Alternatively, as suggested for 
mdx mice [66], the nature or strength of the anxiogenic 
stimulus could be a possible factor modulating emotional 
reactivity in Dp71-null mice. Different novelty-seeking 
motivation and attention states associated with distinct 
experimental situations, factors that together with the 
targeted neurotransmission system and mouse genetic 
background have been shown to influence the effects of 

anxiolytic compounds, could also be involved [14]. Inter-
estingly, enhanced anxiety in Dp71-null mice was associ-
ated with reduced risk assessment behaviors, as detected 
here in elevated-plus maze and light–dark choice tests. 
Risk assessment represent a defensive behavior that is 
thought to facilitate information gathering concerning 
potential threat, and is particularly sensitive to anxiolytic 
and anxiogenic drugs [7, 68].

To further explore if the altered emotional reactiv-
ity of Dp71-null could be associated with altered defen-
sive behaviors, we also submitted the mice to a different 
threatening situation consisting in a mild and brief scruff 
restraint stress. This is typically associated with a pro-
nounced enhancement of defensive freezing responses 
in other DMD mouse models lacking Dp427 (mdx) or 
Dp427 and Dp140 (mdx52), and an enhancement of 
unconditioned fear responses have also been recently 
reported in DMD patients [40]. In the case of Dp71-null 
mice, however, the freezing response after restraint was 
very low and comparable to that of WT mice, while it 
was markedly expressed in the mdx3cv model lacking all 
dystrophins, similarly to what was reported in mdx and 
mdx52 models. This strongly support that Dp71 is not 
involved in this phenotype that can be mainly attributed 
to the loss of Dp427.

Despite alterations in risk assessment and anxiety in 
Dp71-null mice, they did not display aggressive behav-
iors in the resident-intruder test. Aggression and anxiety 
are believed to be co-regulated, presumably based on the 
involvement of overlapping neurochemical and neuro-
anatomical pathways including prefronto-amygdaloid 
circuits. However, anxiolytic drugs can either reduce or 
potentiate aggressive behavior, specific strains of mice 
bred based on their aggressive behavior may present 
high or low levels of anxiety, and there are even trans-
genic mouse models in which aggression and anxiety can 
be altered independently [45]. Therefore altered anxiety 
and risk assessment in Dp71-null mice do not seem to be 
modulatory factors of their aggressive behavior.

In all, our results indicate that a selective loss of Dp71 
is associated with anxiety-related behaviors that may 
show differential expression depending on the experi-
mental context. It is therefore likely that a cumulative loss 
of several brain dystrophins may aggravate emotional 
disturbances in DMD.

Unaffected emotional learning in Dp71‑null mice
Brain activation studies related to risk assessment behav-
iors have shown involvement of a brain network includ-
ing different hypothalamic nuclei and their connections 
with amygdala nuclei, bed nucleus of stria terminalis, 
lateral septum, hippocampus, gray periaqueductal area 
and prefrontal cortex (reviewed in [7]). Some of these 
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centers, such as amygdalar nuclei, have also been impli-
cated in contextual and cued- fear conditioning [38]. 
Because enhanced anxiety in Dp71-null mice suggests 
putative alterations in the processing of emotional stim-
uli, we further assessed such mechanisms involved in 
associative emotional learning. However, no significant 
deficits in learning acquisition and memory retention 
were observed in Dp71-null mice in distinct paradigms 
involving the amygdala (cued fear conditioning) or func-
tional interactions between amygdala and hippocampus 
(contextual and trace fear conditioning) [5]. Interest-
ingly, Dp71-null mice only showed enhanced emotional 
responses during acclimatization periods that could 
reflect some potentiation of a contextual memory of the 
experimental conditions. However, depending on the 
experiment, this was observed before or after learning, 
suggesting a rather unspecific expression of their spon-
taneous enhanced anxiety. Accordingly, we can conclude 
that the lack of Dp71 enhances anxiety-related behav-
iors that cannot be attributed to major alterations of the 
cognitive processes involved during emotional learning. 
This is at variance with the phenotype of mdx and mdx52 
mice showing significant impairments in both acquisition 
and retention of fear conditioning [56, 66]. Such vari-
ability in behavioral outcomes between mouse models 
reflects that Dp71 is involved in distinct brain mecha-
nisms, which might explain the distinct phenotypes and 
variable severity of deficits that emerge after the cumula-
tive loss of several brain dystrophins.

Conclusions
Clinical heterogeneity in the cognitive, behavioral and 
neuropsychiatric profile of DMD patients is one of the 
main intriguing questions associated with this neuro-
muscular syndrome, which stimulates research on the 
different functions of the multiple brain dystrophins. 
The severity of the cognitive impairment and the risk 
for comorbid diagnosis of neuropsychiatric disorders 
increase when the site of mutation is distally located 
within the DMD gene and affects expression of shorter 
dystrophins such as Dp140 and Dp71. The behavioral 
profile of the mouse model lacking Dp71 seems in line 
with an increased risk of observing deficits in social 
behavior and ASD when mutations alter Dp71 expres-
sion [21, 55]. Although the presence of ASD in DMD 
patients could sometimes be associated with the sole 
loss of Dp427 [23, 43], our results indicate that the lack 
of Dp71 may also induce alterations in social behavior. 
This suggests that a cumulative loss of Dp427 and Dp71 
could lead to more severe alterations of social behavior 
compared to the unique loss of Dp427, which would be in 
line with the hypothesis of an increased risk and severity 
of the phenotype in patients with distal mutations. Such 

deficits in social behavior could be moreover associated 
with executive dysfunction and decision-making defi-
cits that could be induced by the previously documented 
alterations in prefrontal function of Dp71-null mice [11]. 
Similarly, our present data are consistent with recent 
clinical studies suggesting that emotional disturbances 
are common in DMD patients [3, 21, 55] and support 
the existence of a central component in the genesis of 
emotional and neuropsychiatric disturbances in this syn-
drome [3, 25, 48]. Again, the evidence of an abnormally 
enhanced emotional reactivity resulting from a selec-
tive loss of Dp71 suggest that mutations affecting Dp71 
could aggravate emotional disturbances in DMD, which 
was not so far supported by available clinical evidence 
[50]. Our present results also further highlight that the 
different dystrophin-gene products have distinct func-
tions in brain [52, 55]. Processing of emotional stimuli 
is a crucial aspect in mammalian cognition determining 
adaptation and problem solving in specific situation by 
adjusting behaviors relying on different neural systems. 
In this regard, the social behavior alterations described 
in Dp71-null mice could be influenced by their abnor-
mal emotional reactivity, suggesting that the phenotypes 
associated with the loss of brain dystrophins may depend 
on a complex interplay of multiple systems rather than to 
specific and independent neural networks.
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