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Reversal of neurobehavioral social deficits in dystrophic mice
using inhibitors of phosphodiesterases PDE5A and PDE9A
MS Alexander1,2,3,9, MJ Gasperini1, PT Tsai4,10, DE Gibbs1, JM Spinazzola1,2, JL Marshall1,11, MJ Feyder1, MT Pletcher5,12, ELP Chekler5,13,
CA Morris5,14, M Sahin4, JF Harms6, CJ Schmidt6, RJ Kleiman4 and LM Kunkel1,2,3,7,8

Duchenne muscular dystrophy is caused by mutations in the DYSTROPHIN gene. Although primarily associated with muscle
wasting, a significant portion of patients (approximately 25%) are also diagnosed with autism spectrum disorder. We describe social
behavioral deficits in dystrophin-deficient mice and present evidence of cerebellar deficits in cGMP production. We demonstrate
therapeutic potential for selective inhibitors of the cGMP-specific PDE5A and PDE9A enzymes to restore social behaviors in
dystrophin-deficient mice.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) affects approximately
1:5000 live male births, and is caused by pathogenic mutations
in the DYSTROPHIN gene.1,2 DMD patients experience skeletal
muscle degeneration, particularly in the diaphragm muscles, and
severe cardiac arrhythmias that often lead to death in early
adulthood. Consistent with the clinical range of symptoms of
DMD, dystrophin is highly expressed in skeletal muscle, cardiac
muscle and restricted regions of the brain including the cerebellar
Purkinje and cortical neurons.3,4 A significant number of DMD
patients also have significantly reduced intelligent quotient scores,
deficits in responses to bright-light stimuli and electroretinogram
measurements,5–9 and meet the diagnostic criteria for autism
spectrum disorder (ASD).6,10–12 Historical characterization of DMD
by Guillaume Duchenne included reports of significant mental
deficits in subsets of patients afflicted with the disorder.13 Further
study of DMD boys carried out in the 1970's found a significant
portion of the affected population performed poorly on school
exams, had difficulty reading, exhibited emotional disturbances
and overall decreased verbal communication skills14 consistent
with classical studies that characterized lower intelligence scores
from DMD boys compared with their aged-match peer cohorts.15

Historical studies of DMD diagnosed this affected population of
boys solely under the classification of intellectual disability,16

however, standardized refinement of the ASD diagnosis via the
Diagnostic and Statistical Manual of Mental Disorders guidelines17

has contributed to a greater appreciation for the specificity of
many cognitive deficits within social domains18 19 now ascribed to

the autism spectrum. Recent work has shown that DMD boys had
significant immediate memory and reading comprehension
deficits that translated to lower academic achievement and lower
test scores when compared with their peer groups.20–22 In most
rigorous comparisons, DMD boys score at least one full standard
deviation below the mean Full Scale Intelligent Quotient (score of
80) of aged-match peer cohorts (score of 100).23 Boys with the
milder Becker muscular dystrophy (BMD) produce variable
amounts of a partially functional, truncated dystrophin protein,
and some develop significant learning difficulties and behavioral
problems, albeit with a much less homogeneous cognitive
phenotype, consistent with variability in the amounts of
dystrophin protein produced.24

Modern diagnostic criteria for defining the ASD scale have
revealed a significant fraction (20–30%) of DMD boys exhibit
comorbid ASD neurobehavioral deficits.10 Significantly, when
evaluating children with ASDs for commonly associated comorbid
disorders, the generalized category of 'muscular dystrophies' is the
second most comorbid set of diagnoses with children diagnosed
with ASDs.25 These results strongly support the hypothesis that
the dystrophin protein in the brain is essential for normal
cognitive function in humans.26 The dystrophin protein and the
dystrophin-associated protein complex has been detected at the
synapses of the hippocampus and regions of the cerebellum of
dystrophin-deficient mice3,4,27,28 and patients,29 where it is
hypothesized to regulate the postsynaptic anchoring of GABA
receptors required for normal inhibitory synaptic transmission.30

Evidence of decreased postsynaptic GABA receptors on Purkinje
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cells of dystrophin-deficient mice have been observed using
whole-cell patch clamp recordings.31 Loss of the Dp140 dystro-
phin protein isoform owing to pathogenic DMD mutations has
been implicated in the correlation between patients with DMD
and cognitive impairment.26,32,33 Nevertheless, a direct link
between the loss of expression of the Dp140 dystrophin protein
isoform as the direct cause of ASD in DMD patients has not been
fully established.
Most pharmacological treatments for DMD focus on blocking

the associated inflammation and maintaining muscle strength via
the use of glucocorticoids,34 with no attention paid to potential
treatments that may improve cognitive or autism-related symp-
toms. Our lab has previously demonstrated that chronic treatment
with the selective PDE5A inhibitor sildenafil can improve
phenotypes of muscle structure, performance and overall lifespan
in the dystrophin-deficient (sapje) mutant zebrafish.35 Parallel
studies in the mdx (dystrophin exon 23 mutation) mutant mice
treated with sildenafil resulted in dystrophic mice with reduced
dystrophic symptoms of diaphragm muscle weakness and
reduced overall muscle fibrosis.36 Similarly, mdx mice given the
longer-acting tadalafil (Cialis) had a switch towards slower, more
oxidative muscle fibers, alteration of lipid metabolism and an
overall amelioration of dystrophin-deficient clinical signs.37 A
recent study in DMD boys given either sildenafil or tadalafil
demonstrated that DMD patients had reduced muscle ischemia
compared with untreated patients.38 These findings are consistent
with an earlier clinical study in patients with BMD who showed
improvements in a reduction of muscle ischemia via a NO-cGMP-
dependent mechanism.39

Very little is known about the functional role of dystrophin in
the brain, however, animal models of DMD exhibit a wide range of
Purkinje cell deficits in excitability and plasticity, consistent with
the high expression of dystrophin in this cell population.4

Dystrophin is highly expressed in cerebellar Purkinje neurons in
addition to being expressed in other areas of the central and
peripheral nervous systems3 (Supplementary Figure 1). Several
compelling lines of evidence now suggest that neurodevelop-
mental cerebellar dysfunction contributes to social deficits in
ASD.40–42 Cerebellar circuitry is highly conserved across mammals
and plasticity in this circuitry is critically dependent upon cGMP-
dependent postsynaptic long-term depression in Purkinje neu-
rons, which is enhanced by cGMP PDE inhibitors.43 Furthermore,
the PDE5A and PDE9A enzymes are highly enriched in cerebellar
Purkinje neurons.44,45 We hypothesized that dystrophin-deficient
mouse models with reported evidence of Purkinje cell dysfunction
will exhibit behavioral symptoms of impaired social approach
behavior that are often associated with defects in the develop-
ment of cerebellar circuitry. We further hypothesized that
inhibitors of cGMP phosphodiesterases PDE5A and PDE9A will
increase cerebellar cGMP and provide a therapeutic benefit for
social approach behavior in dystrophin-deficient mouse models.

MATERIALS AND METHODS
Mice
Wild-type (C57BL/6 J; stock number 000664) and mdx5cv (stock number
002379) mice were originally obtained from the Jackson Laboratory (Bar
Harbor, ME, USA) and housed under sterile, pathogen-free conditions.
Additional mdx mice (stock number 001801) and wild-type control
C57BL10/ScSn (stock number 000476) mice were also purchased from
the Jackson Laboratory used to obtain the cGMP data. All animal studies
were approved by the Boston Children’s Hospital Animal Resources at
Children’s Hospital (ARCH) Review Board (protocol number 12-10-2287 R).

PDE compound preparation and administration
PDE5A inhibitor (sildenafil citrate/Viagra) and PDE9A inhibitor (PF-
-04749982; clinical candidate 19)46 were obtained from Pfizer as a
powdered compound. The compound was reconstituted in mouse

drinking acidified water (pH= 3.0) and prepared fresh for each week of
treatment. Sildenafil was administered to wild-type or mdx5cv mice at
400 mg ml− 1 via ad libitum inclusion in the drinking water, and the PDE9A
inhibitor was included at 200 mg l− 1 starting at 4 weeks after birth for
eight continuous weeks adapted from a previously described dosing
regimen.36,47 The mice were evaluated for neurobehavioral performance at
the end of the experiment at 12 weeks of age.

Social approach
For non-drug-treated cohorts, the mice (adult males, 5 and 8 weeks old)
were placed in the automated three-chamber assay system (Ethiovision XT
software; Noldus, Leesburg, VA, USA). This experiment determines whether
the test mouse shows a preference to a novel mouse or novel object (these
are in chambers 1 and 3 and are switched from each chamber between
each trial, and are enclosed in a see-through plastic cage with bars). This
assay has been validated by several mouse models (Tsc1/2 Purkinje cell KO,
BTBR, others) and the protocol has been described in detail.48–50 During
the first trial, the test mouse (mdx5cv or wild-type age-matched control
male mice), is placed in the center chamber (referred to as chamber 2) in
which two plastic barrier doors block access to the other two chambers
(nothing is placed in chambers 1 or 2 in the initialization phase). The
barriers are removed at the same time, and the mouse is monitored for a
10 min period in his movement between the three chambers. Afterwards,
the mouse is placed in chamber 2, whereas the novel mouse or object (a
round piece of PVC pipe) are placed either in chamber 1 or 3. The test
mouse undergoes the trial in which the doors are removed, and the mouse
will chose between chambers 1 or 3 (movement in the center chamber is
also detected). The mouse is monitored over a 10 min interval, and its total
movement, velocity, time spent in close interaction with the novel mouse
or object, and other movement factors are measured. The experiment is
conducted with 10 mice per genotype cohort to gain significant numbers.
We quantified the amount of time each test mouse spent interacting with
a novel object or a novel mouse. The experimenter was double-blinded to
treatment group and genotype of the mice in each cage cohort.48

Social novelty
We performed the social novelty three-chamber experiment similar to the
social approach experiment and as previously described.48,50 The test
mouse was placed in the middle chamber (chamber 2) with barriers to the
other chambers (chamber 1, familiar mouse) or the novel mouse (chamber
3, novel mouse). The familiar mouse was a littermate mouse, whereas the
novel mouse was an age-, gender- and strain-matched mouse. The mouse
is monitored over a 10 min interval, and its total movement, velocity, time
spent in close interaction with the novel mouse or object, and other
movement factors are measured. The experiment is conducted with 10
mice used per genotype cohort. We quantified the amount of time each
test mouse spent interacting with a familiar mouse or a novel mouse. The
experimenter was double-blinded to treatment group and genotype of the
mice in each cage cohort following a previously described protocol.48

cGMP measures
Malemdxmice and age-matched wild-type (C57BL10/ScSn) ranging from 6
to 7 weeks of age were ordered from Jackson Laboratories and acclimated
for 1 week before the study (N=8 animals per group). Brain tissue
measures of cGMP accumulation following drug administration were
carried out as previously described.51 WT (C57BL10/ScSn strain), mdx
(C57BL10/ScSn), WT (C57BL/6 J) and mdx5cv (C57BL/6 J) mice were killed by
focused microwave irradiation of the brain. The regions of interest were
isolated and homogenized in 0.5 N HCl followed by centrifugation. The
supernatant concentrations of cyclic nucleotides were measured using
enzyme immunoassay kits (Cayman Chemical, Ann Arbor, MI, USA). The
data were analyzed using a two-way analysis of variance followed by
Bonferroni correction with the criterion for significance set at Po0.05.

Immunofluorescent staining of mouse cerebellum
Adult (2 months old) male wild-type (C57Bl6/J) and mdx5cv aged-matched
male mice were perfusion fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA, USA). Each mouse cerebellum was then
placed in a 30% sucrose/1 × phosphate-buffered saline solution overnight.
Fifteen micron sagittal brain cross-sections from wild-type and mdx5cv
mice were rinsed in phosphate-buffered saline and blocked in 5% normal
goat serum (Sigma-Aldrich, St. Louis, MO, USA, catalog G9023) 0.1% Triton
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X-100 for 2 h at room temperature. A calbindin mouse monoclonal
antibody (Sigma-Aldrich, C9848) and dystrophin antibody (6-10; rabbit
polyclonal previously generated by our laboratory3) were applied in
blocking solution at 1:500 and 1:100 dilutions, respectively, overnight at 4 °
C. Secondary antibodies (Life Technologies, Carlsbad, CA, USA; catalog
A11019, A11008) raised against rabbit and mouse IgG that were
conjugated to fluorochromes were applied in blocking solution at 1:500
for 2 h at room temperature. The slides were mounted with Vectashield
with DAPI (Vector Laboratories, Burlingame, CA, USA, H-1200). The images
were acquired using a Nikon II microscope (Nikon Instruments, Melville, NY,
USA) using OpenLab software version 3.1.5 (Improvision/PerkinElmer,
Waltham, MA, USA). The images were later modified using Adobe
Photoshop CC (Adobe Systems; 2015 version, San Jose, CA, USA).

Statistics
Unless otherwise stated, one- or two-way analysis of variance (with
Bonferroni correction) was used to determine significance (P-values)
among each of the cohorts. The calculations of significance and statistical
tests were done using freely available GraphPad software (www.graphpad.
com; GraphPad Software, La Jolla, CA, USA). For all neurobehavioral
experiments, the experimenter was double-blinded to the drug compound
(or vehicle control) given and to the genotypes of the cages of mice. The
double-blind experiments were decoded following completion and
independent analysis of the data in cooperation with the Boston Children’s
Hospital IDDRCH Neurodevelopment Behavioral Core (NBC) staff.

RESULTS
We tested normal (wild-type) and mdx5cv (dystrophin exon 10
mutation52) male mice at 5 weeks of age (juvenile stage of
development) to determine whether there were any neurobeha-
vioral deficits associated with dystrophin deficiency. We used the
three-chambered assay to measure the social approach behavior
of the test mouse as previously described50 (Figures 1a and b). The
wild-type mice spent more time interacting with the novel mouse
compared with the novel object. Conversely, the mdx5cv mice
spent equal time interacting with the novel object and novel
mouse (Figures 1c and d). These differences were still evident in a
repeated testing of the same cohorts of mice at the 8-week time
point (young adult), where again the mdx5cv mice showed the
same apparent lack of preference for the novel mouse over the
novel object (Figures 1e and f). We observed similar social
approach deficits in 8-week-old mdx mutant mice (Supplementary
Figure 2), confirming this phenotype in two different dystrophin-
deficient mouse lines. Thus, neurobehavioral social behavioral
deficits are present in juvenile dystrophic mice and persist into
adulthood, suggesting that these mice may provide a suitable
preclinical model for testing pharmacological therapeutic inter-
ventions that would treat ASD social behavior symptoms
associated with DMD. In addition, we observed muscle perfor-
mance (increased treadmill running time to exhaustion) and
overall functional improvement in the mdx5cv mice given the
PDE5A inhibitor as previously described in a similar study
involving mdx mice36 (data not shown); however, no significant
improvement in muscle performance was observed in the mdx5cv

mice treated with the PDE9A inhibitor.
Purkinje cells act as the primary projection neuron from the

cerebellum to carry integrated sensory information back to the
frontal cortex by way of the ventral tegmental area or thalamus.53

Electrophysiological analysis of Purkinje neurons from 3-month-
old dystrophin-deficient mdx mice show reduced postsynaptic
long-term depression.54 To better understand the relationship
between reports of defective long-term depression and cGMP
signaling in the cerebellum of dystrophin-deficient mice, we
measured the cGMP content across the brain regions of mdx mice
(Table 1). We found that although cGMP levels across most brain
regions were not significantly affected by the genotype of the
animals, the cerebellum of mdx mice displayed a pronounced
deficit in cGMP production as compared with wild-type animals

(Table 1). We performed a similar analysis on the WT (C57BL/6 J
strain) and mdx5cv (C57BL/6 J strain) backgrounds, and observed a
similar decrease in cerebellum region of mdx5cv mice (Table 1).
These findings suggest that basal cerebellar cGMP production is
dependent upon normal dystrophin production to function in a
physiological range.
We examined whether the social behavior deficits in the mdx5cv

mice could be rescued via treatment with selective inhibitors of
the cGMP-specific phosphodiesterases PDE5A and PDE9A, which
are both highly concentrated in the cerebellar Purkinje cells.44 We
selected a previously characterized selective and brain penetrant
PDE9A inhibitor46 and the PDE5A inhibitor sildenafil55 for
preclinical therapeutic trials in the mdx5cv mouse model. Sildenafil
was administered to wild-type or mdx5cv mice at 400 mg ml− 1 via
ad libitum inclusion in the drinking water, and the PDE9A inhibitor
was included at 200 mg l− 1 starting at 4 weeks after birth for eight
continuous weeks and was adapted from a previously described
dosing regimen.47 Significantly, treatment of the mdx5cv mice with
either cGMP-specific PDE inhibitor demonstrated rescue of the
social approach deficits following 1 month of treatment in all drug
concentration groups. (Figures 2a and b). Furthermore, we
observed no significant hindrance in any of the mouse, drug, or
strain cohorts in their ability to move between chambers
(Supplementary Figure 4), suggesting that any muscular deficits
resulting from dystrophin deficiency did not impact on the social
neurobehavioral findings between normal and mdx5cv mouse
strains.
The social novelty paradigm represents another three-chamber

neurobehavioral assay in which the test mouse must chose to
enter a chamber containing either a familiar mouse or a novel
mouse (Supplementary Figures 3A and B). The wild-type and
mdx5cv vehicle-treated control cohorts of mice showed an
expected slight preference for the novel mouse over the familiar
mouse (Supplementary Figures 3C and D). Interestingly, this
preference shifted towards no preference for either mouse in the
PDE inhibitor-treated mdx5cv mouse cohorts (Supplementary
Figures 3C and D). It is unclear why the PDE inhibitor-treated
mdx5cv mouse cohorts showed a shift in mouse preference;
however, given that the mdx5cv mice only slowed a slight
preference for the novel mouse, it is possible that the social
novelty experiment is not robust enough to detect neurobeha-
vioral deficits in dystrophin-deficient mice. Indeed, the C57BL6/J
strain (same strain as the mdx5cv mice used) has demonstrated
significant variability and failed mouse preference in the social
novelty assay on this strain background.56

DISCUSSION
The aggregate results from our study imply that treatment of
neurobehavioral symptoms associated with developmental dis-
turbances stemming from dystrophin deficiency and impaired
cGMP signaling in the cerebellum may be improved by using
either a PDE9A specific inhibitor or a PDE5A inhibitor. This
therapeutic strategy may provide a potential benefit for human
patients with symptoms on the autism spectrum. Ongoing clinical
trials (ClinicalTrials.gov Identifier: NCT01865084; Note: while this
manuscript was in revision, this trial was halted in Phase 3 owing
to a failure to meet therapeutically defined end points) will test
the effect of the PDE5A inhibitor tadalafil on muscle function and
muscle oxygenation in DMD boys. Future trials for PDE5A and
PDE9A in DMD may consider selecting subsets of DMD patients
with ASD symptoms for treatment during critical periods of
cerebellar circuit refinement with the inclusion of standard
measures of cerebellar circuit function, such as conditioned
eyeblink, as well as social behavior. Although PDE inhibitors show
efficacy in the amelioration of skeletal muscle pathologies in DMD
animal models and patients, it is important to note that PDE
inhibitors showed no therapeutic benefits in improving
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Figure 1. Dystrophic mice have significant neurobehavioral social deficits from juvenile to adult stages. (a and b) Schematic showing the
layout of the social approach experiment in which the mouse is placed in the center chamber (2) and will move towards the novel mouse or
novel object. (c–f) Social approach data at 5-week-old (c and d) and 8-week-old (e and f) wild-type (WT; open bars) and mdx5cv (red bars) male
mice show persistent neurobehavioral deficits in the dystrophin mice when compared with age-matched wild-type controls. The social
approach F-value of time spent in each chamber for WT mice at 5 weeks of age was F1,8= 12.834 and at 8 weeks of age was F1,8= 23.491. The
social approach F-value of time spent in each chamber for mdx5cv mice at 5 weeks of age was F1,8= 1.398 and at 8 weeks of age was F1,8= 1.09.
(c and e) The left bar in the figure represents chamber 1 (novel mouse), the middle bar chamber 2 (center point) and right bar chamber 3
(novel object). (d and f) The left bar in the figure represents chamber 1 (familiar mouse) and the right bar chamber 3 (novel object). The time
investigating F-value for WT mice at 5 weeks of age was F1,8= 20.134 and 8 weeks of age was F1,8= 39.175. The time investigating F-value for
mdx5cv mice at 5 weeks of age was F1,8= 4.44 and 8 weeks of age was F1,8= 3.54. For all the panels, *P-value o0.05 and NS, no significance.
Eight mice per cohort were used for each social approach experiment. We used a 95% confidence interval for significance (Po0.05) with eight
degrees of freedom.

Table 1. Dystrophic mice have reduced cGMP levels in their cerebellum

Cohort Cerebellum Striatum Hippocampus Frontal cortex

(A) Mean (pmol mg− 1 of tissue ± s.e.m.)
WT (mixed) 0.709± 0.063 0.080± 0.008 0.136± 0.007 0.150± 0.011
mdx 0.392± 0.033* 0.100± 0.006 0.107± 0.004 0.130± 0.009
WT (C57BL/6J) 0.398± 0.097 0.123± 0.020 0.104± 0.008 0.173± 0.032
mdx5cv 0.200± 0.036* 0.114± 0.014 0.092± 0.006 0.159± 0.024

(B) Average % normalized
WT (mixed) 100 100 100 100
mdx 55 126 79 87
WT (C57BL/6J) 100 100 100 100
mdx5cv 50 93 89 92

*Po0.05. (A) Mean amount of cGMP levels in four regions of the brain (cerebellum, striatum, hippocampus and frontal cortex) in wild-type (WT; mixed C57BL/
10ScSn strain) and mdx (mixed C57BL/10ScSn strain) mice. A second comparison of mean cGMP levels in the same four brain regions was performed between
WT (C57BL/6 J) and mdx5cv (C57BL/6 J strain). The cGMP levels are measured as pmol per mg of tissue with ± s.e.m. shown next to the cGMP value. (B) Average
percent (%) values (normalized to WT at 100%) of mdx mice cGMP levels. Seven mice were used (N= 8) from each cohort, and a Student’s t-test (paired, two-
tailed) was used to determine the significance between the WT (mixed) and mdx cohorts.
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cardiomyopathies in DMD and BMD patients.57 It is possible that
the beneficial effects observed in DMD and BMD patients treated
with PDE inhibitors may be resulting from the increased blood
flow in their skeletal muscles.58 Patients with significant arterial
blockages, who were treated with sildenafil, showed significant
increases in NO-mediated signaling and increased oxygenation in
their skeletal muscles with vasculature remodeling.59 The effects
of PDE inhibitor administration on the vasculature system in DMD
and BMD boys is further warranted.
During the submission of our manuscript, two additional studies

also identified neurobehavioral social deficits in mdx mice.60,61

Although there were some variations in our findings on the
severity of these defects, these may be attributed to differences in
methods used to evaluate neurobehavior and age of examined
mice used in each study. Our current findings enhance previous
findings that PDE9A inhibitors elevate cGMP62 and enhance
synaptic plasticity and cognitive function in rodents.62–66 PDE9A
inhibitors are currently being pursued for the treatment of mild
cognitive impairment and early-stage Alzheimer’s disease by
several pharmaceutical companies. Our data suggest that PDE9A
inhibitors may additionally be considered for treating DMD-
associated autism as well as other cerebellum defined subsets of
ASD. These findings pave the way to evaluate these therapeutic
approaches in other subsets of ASD with developmental cerebellar
dysfunction.

CONFLICT OF INTEREST
LMK is a consultant for Pfizer, Summit Corporation PLC and Sarepta Therapeutics for
muscle disease drug therapies. MTP, CAM, all hold equity in Pfizer. MTP is a current
employee of Autism Speaks. RJK is a consultant for Ironwood Pharmaceuticals. CJS,
JFH and ELPC are employees of Pfizer. MS is on the Scientific Advisory Board of Sage
Therapeutics and has received research support from Novartis and Shire. The
remaining authors declare no conflict of interest.

ACKNOWLEDGMENTS
Funding for this work was generously provided by the Bernard F. and Alva B. Gimbel
Foundation (to LMK). Research reported in this publication was supported by the
National Institute of Arthritis and Musculoskeletal and Skin Diseases of the NIH under
award number R01AR064300 (awarded to LMK). LMK is also supported by a grant
from the Boston Children’s Hospital Translational Neuroscience Center. MSA is
supported by an MDA development grant (MDA255059). Experiments supported by a
grant from Pfizer (LMK). PTT is supported by a grant from the National Institute of
Neurological Disorders and Stroke (NINDS) K08 award number NS083733. All
neurobehavioral experiments were performed with equipment provided by the

Boston Children’s Hospital Intellectual and Developmental Disabilities Research
Center (IDDRC) Neurodevelopmental Behavioral Core facilities, which is supported by
an NIH grant (BCH IDDRC P30-HD18655). MS is supported by the Nancy Lurie Marks
Family Foundation and the Boston Children’s Hospital Translational Research
Program. We thank D Yuan and E Troiano for their help with the experiments. We
also thank N Andrews, G Gunner and M Fagiolini for assistance with the
neurobehavioral assay analysis.

AUTHOR CONTRIBUTIONS
MSA, RJK and LMK designed the experiments and analyzed the data. MSA, MJG,

PTT, DEG, JMS, JLM, MJF, CJS, JFH all performed the experiments and helped in

the analysis of the data. MTP, ELPC and CAM contributed the PDE inhibitor

compounds. MSA, RJK and LMK edited the manuscript, analyzed all the data

and wrote the manuscript. All the authors have read and approved of the

manuscript before submission.

REFERENCES
1 Monaco AP, Neve RL, Colletti-Feener C, Bertelson CJ, Kurnit DM, Kunkel LM. Iso-

lation of candidate cDNAs for portions of the Duchenne muscular
dystrophy gene. Nature 1986; 323: 646–650.

2 Hoffman EP, Brown RH, Kunkel LM. Dystrophin: the protein product of the
Duchenne muscular dystrophy locus. Cell 1987; 51: 919–928.

3 Lidov HGW, Byers TJ, Watkins SC, Kunkel LM. Localization of dystrophin to
postsynaptic regions of central nervous system cortical neurons. Nature 1990;
348: 725–728.

4 Lidov HGW, Byers TJ, Kunkel LM. The distribution of dystrophin in the murine
central nervous system: an immunocytochemical study. Neuroscience 1993; 54:
167–187.

5 Pane M, Lombardo ME, Alfieri P, D'Amico A, Bianco F, Vasco G et al. Attention
deficit hyperactivity disorder and cognitive function in Duchenne muscular dys-
trophy: phenotype-genotype correlation. J Pediatr 2012; 161: 705–9.e1.

6 Banihani R, Smile S, Yoon G, Dupuis A, Mosleh M, Snider A et al. Cognitive and
neurobehavioral profile in boys with Duchenne muscular dystrophy. J Child Neurol
2015; 30: 1472–1482.

7 Ricotti V, Jagle H, Theodorou M, Moore AT, Muntoni F, Thompson DA. Ocular and
neurodevelopmental features of Duchenne muscular dystrophy: a signature of
dystrophin function in the central nervous system. Eur J Hum Genet 2015; 24:
562–568.

8 Sigesmund DA, Weleber RG, Pillers D-AM, Westall CA, Panton CM, Powell BR et al.
Characterization of the ocular phenotype of Duchenne and Becker muscular
dystrophy. Ophthalmology 1994; 101: 856–865.

9 Tremblay F, Laroche RG, De Becker I. The electroretinographic diagnosis of the
incomplete form of congenital stationary night blindness. Vision Res 1995; 35:
2383–2393.

a b

0

200

400

600

WT vehicle mdx5cv vehicle mdx5cv PDE5A inh mdx5cv PDE9A inh

D
ur

at
io

n 
in

 C
ha

m
be

r (
s)

Time Spent in Each Chamber: Social Approach

* NS *
*

0

100

200

300

WT vehicle mdx5cv vehicle mdx5cv PDE5A inh mdx5cv PDE9A inh

Ti
m

e 
Sp

en
t i

n 
C

lo
se

 In
te

ra
ct

io
n

(s
)

* NS *

*

Time in Close Interaction: Social Approach

Figure 2. Treatment of dystrophic mice with PDE inhibitors rescues neurobehavioral social deficits. (a and b) Social approach data for wild-
type (WT; open bars) and dystrophic (mdx5cv; red bars) mice given either vehicle, PDE5A inhibitor (sildenafil citrate; 400 mg ml− 1) or the PDE9A
inhibitor (200 mg ml− 1). (a) The left bar in the figure represents chamber 1 (familiar mouse), the middle bar chamber 2 (center point) and right
bar chamber 3 (novel object). (b) The left bar in the figure represents chamber 1 (familiar mouse) and the right bar chamber 3 (novel object).
The data show that the mdx5cv mice show no preference for the novel mouse or object in the vehicle-treated mice; *P-value o0.05; NS, no
significance. Eight mice per cohort were used for each social approach experiment. The time spent in each chamber F-value for WT vehicle
mice was F1,8= 6.04 and the time in close interaction F-value was F1,8= 4.82. The time spent in each chamber F-value for mdx5cv vehicle-
treated mice was F1,8= 0.63 and the time in close interaction F-value was F1,8= 0.89. The time spent in each chamber F-value for mdx5cv PDE5A
inhibitor-treated mice was F1,8= 20.10 and the time in close interaction F-value was F1,8= 9.69. The time in close interaction F-value for mdx5cv

PDE9A inhibitor-treated mice was F1,8= 23.93 and the time in close interaction F-value was F1,8= 50.10. A 95% confidence interval for
significance (Po0.05) with eight degrees of freedom was used.

cGMP-specific PDE inhibition to treat autism spectrum disorders
MS Alexander et al

5

Translational Psychiatry (2016), 1 – 7



10 Hinton VJ, Cyrulnik SE, Fee RJ, Batchelder A, Kiefel JM, Goldstein EM et al. Asso-
ciation of autistic spectrum disorders with dystrophinopathies. Pediatr Neurol
2009; 41: 339–346.

11 Ricotti V, Mandy WPL, Scoto M, Pane M, Deconinck N, Messina S et al. Neuro-
developmental, emotional, and behavioural problems in Duchenne muscular
dystrophy in relation to underlying dystrophin gene mutations. Dev Med Child
Neurol 2015; 58: 77–84.

12 Hendriksen JGM, Vles JSH JSH. Neuropsychiatric disorders in males with Duch-
enne muscular dystrophy: frequency rate of attention-deficit hyperactivity dis-
order (ADHD), autism spectrum disorder, and obsessive-compulsive disorder. J
Child Neurol 2008; 23: 477–481.

13 Duchenne de Boulogne GB. Recherches sur la paralysie musculaire pseudo-
hypertrophiqueou paralysie myosclerosique. Arch Gen Med 1868; 11: 5–25.

14 Leibowitz D, Dubowitz V. Intellect and behaviour in Duchenne muscular dystro-
phy. Dev Med Child Neurol 1981; 23: 577–590.

15 Karagan NJ. Intellectual functioning in Duchenne muscular dystrophy: a review.
Psychol Bull 1979; 86: 250–259.

16 Kozicka A, Prot J, Wasilewski R. Mental retardation in patients with Duchenne
progressive muscular dystrophy. J Neurol Sci 1971; 14: 209–213.

17 American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders DSM-IV-TR (Text Revision). American Psychiatric Association, 2000;
https://www.psychiatry.org/psychiatrists/practice/dsm.

18 Hinton VJ, Nereo NE, Fee RJ, Cyrulnik SE. Social behavior problems in boys with
Duchenne muscular dystrophy. J Dev Behav Pediatr 2006; 27: 470–476.

19 Cyrulnik SE, Fee RJ, De Vivo DC, Goldstein E, Hinton VJ. Delayed developmental
language milestones in children with Duchenne's muscular dystrophy. J Pediatr
2007; 150: 474–478.

20 Hinton VJ, De Vivo DC, Fee R, Goldstein E, Stern Y. Investigation of poor academic
achievement in children with Duchenne muscular dystrophy. Learn Disabil Res
Pract 2004; 19: 146–154.

21 Hendriksen JGM, Vles JSH. Are males with Duchenne muscular dystrophy at risk
for reading disabilities? Pediatr Neurol 2006; 34: 296–300.

22 Hinton VJ, Fee RJ, Goldstein EM, De Vivo DC. Verbal and memory skills in males
with Duchenne muscular dystrophy. Dev Med Child Neurol 2007; 49: 123–128.

23 Carroll JE, Makari GS. Update on neuromuscular diseases of childhood. Curr Probl
Pediatr 1989; 19: 118–166.

24 Young HK, Barton BA, Waisbren S, Portales Dale L, Ryan MM, Webster RI et al.
Cognitive and psychological profile of males with Becker muscular dystrophy.
J Child Neurol 2008; 23: 155–162.

25 Kohane IS, McMurry A, Weber G, MacFadden D, Rappaport L, Kunkel L et al. The
co-morbidity burden of children and young adults with autism spectrum dis-
orders. PLoS One 2012; 7: e33224.

26 Wingeier K, Giger E, Strozzi S, Kreis R, Joncourt F, Conrad B et al. Neuropsycho-
logical impairments and the impact of dystrophin mutations on general cognitive
functioning of patients with Duchenne muscular dystrophy. J Clin Neurosci 2011;
18: 90–95.

27 Krasowska E, Zabłocki K, Górecki DC, Swinny JD. Aberrant location of inhibitory
synaptic marker proteins in the hippocampus of dystrophin-deficient mice:
implications for cognitive impairment in Duchenne muscular dystrophy. PLoS One
2014; 9: e108364.

28 Lepeta K, Lourenco MV, Schweitzer BC, Martino Adami PV, Banerjee P, Catuara-
Solarz S et al. Synaptopathies: synaptic dysfunction in neurological disorders. J
Neurochem; e-pub ahead of print 22 June 2016; doi: 10.1111/jnc.13713.

29 Kim TW, Wu K, Black IB. Deficiency of brain synaptic dystrophin in human
Duchenne muscular dystrophy. Ann Neurol 1995; 38: 446–449.

30 Waite A, Tinsley CL, Locke M, Blake DJ. The neurobiology of the dystrophin-
associated glycoprotein complex. Ann Med 2009; 41: 344–359.

31 Kueh SL, Dempster J, Head SI, Morley JW. Reduced postsynaptic GABAA receptor
number and enhanced gaboxadol induced change in holding currents in Purkinje
cells of the dystrophin-deficient mdx mouse. Neurobiol Dis 2011; 43: 558–564.

32 Chamova T, Guergueltcheva V, Raycheva M, Todorov T, Genova J, Bichev S et al.
Association between loss of Dp140 and cognitive impairment in Duchenne and
Becker dystrophies. Balkan J Med Genet 2013; 16: 21–30.

33 Bardoni A, Felisari G, Sironi M, Comi G, Lai M, Robotti M et al. Loss of Dp140
regulatory sequences is associated with cognitive impairment in dystrophino-
pathies. Neuromuscul Disord 2000; 10: 194–199.

34 Connolly AM, Schierbecker J, Renna R, Florence J. High dose weekly oral pre-
dnisone improves strength in boys with Duchenne muscular dystrophy. Neuro-
muscul Disord 2002; 12: 917–925.

35 Kawahara G, Karpf JA, Myers JA, Alexander MS, Guyon JR, Kunkel LM. Drug
screening in a zebrafish model of Duchenne muscular dystrophy. Proc Natl Acad
Sci USA 2011; 108: 5331–5336.

36 Percival JM, Whitehead NP, Adams ME, Adamo CM, Beavo JA, Froehner SC. Sil-
denafil reduces respiratory muscle weakness and fibrosis in the mdx mouse
model of Duchenne muscular dystrophy. J Pathol 2012; 228: 77–87.

37 De Arcangelis V, Strimpakos G, Gabanella F, Corbi N, Luvisetto S, Magrelli A et al.
Pathways implicated in tadalafil amelioration of Duchenne muscular dystrophy. J
Cell Physiol 2016; 231: 224–232.

38 Nelson MD, Rader F, Tang X, Tavyev J, Nelson SF, Miceli MC et al. PDE5 inhibition
alleviates functional muscle ischemia in boys with Duchenne muscular dystrophy.
Neurology 2014; 82: 2085–2091.

39 Martin EA, Barresi R, Byrne BJ, Tsimerinov EI, Scott BL, Walker AE et al. Tadalafil
alleviates muscle ischemia in patients with Becker muscular dystrophy. Sci Transl
Med 2012; 4: 162ra155.

40 Rogers TD, McKimm E, Dickson PE, Goldowitz D, Blaha CD, Mittleman G. Is autism
a disease of the cerebellum? An integration of clinical and pre-clinical research.
Front Syst Neurosci 2013; 7: 15.

41 Shevelkin AV, Ihenatu C, Pletnikov MV. Pre-clinical models of neurodevelopmental
disorders: focus on the cerebellum. Rev Neurosci 2014; 25: 177–194.

42 Weber AM, Egelhoff JC, McKellop JM, Franz DN. Autism and the cerebellum:
evidence from tuberous sclerosis. J Autism Dev Disord 2000; 30: 511–517.

43 Hartell NA. Inhibition of cGMP breakdown promotes the induction of cerebellar
long-term depression. J Neurosci 1996; 16: 2881–2890.

44 Shimizu-Albergine M, Rybalkin SD, Rybalkina IG, Feil R, Wolfsgruber W, Hofmann F
et al. Individual cerebellar Purkinje cells express different cGMP phosphodies-
terases (PDEs): in vivo phosphorylation of cGMP-specific PDE (PDE5) as an indi-
cator of cGMP-dependent protein kinase (PKG) activation. J Neurosci 2003; 23:
6452–6459.

45 Miller BH, Zeier Z, Xi L, Lanz TA, Deng S, Strathmann J et al. MicroRNA-132
dysregulation in schizophrenia has implications for both neurodevelopment and
adult brain function. Proc Natl Acad Sci USA 2012; 109: 3125–3130.

46 Claffey MM, Helal CJ, Verhoest PR, Kang Z, Fors KS, Jung S et al. Application of
structure-based drug design and parallel chemistry to identify selective, brain
penetrant, in vivo active phosphodiesterase 9A inhibitors. J Med Chem 2012; 55:
9055–9068.

47 Adamo CM, Dai D-F, Percival JM, Minami E, Willis MS, Patrucco E et al. Sildenafil
reverses cardiac dysfunction in the mdx mouse model of Duchenne muscular
dystrophy. Proc Natl Acad Sci USA 2010; 107: 19079–19083.

48 Yang M, Silverman JL, Crawley JN. Automated three-chambered social approach
task for mice. Current Protocols in Neuroscience. John Wiley & Sons, 2011.

49 Silverman JL, Oliver CF, Karras MN, Gastrell PT, Crawley JN. AMPAKINE enhance-
ment of social interaction in the BTBR mouse model of autism. Neuropharma-
cology 2013; 64: 268–282.

50 Tsai PT, Hull C, Chu Y, Greene-Colozzi E, Sadowski AR, Leech JM et al. Autistic-like
behaviour and cerebellar dysfunction in Purkinje cell Tsc1 mutant mice. Nature
2012; 488: 647–651.

51 Schmidt CJ, Chapin DS, Cianfrogna J, Corman ML, Hajos M, Harms JF et al. Pre-
clinical characterization of selective phosphodiesterase 10 A inhibitors: a new
therapeutic approach to the treatment of schizophrenia. J Pharmacol Exp Ther
2008; 325: 681–690.

52 Chapman VM, Miller DR, Armstrong D, Caskey CT. Recovery of induced mutations
for X chromosome-linked muscular dystrophy in mice. Proc Natl Acad Sci USA
1989; 86: 1292–1296.

53 Snow WM, Fry M, Anderson JE. Increased density of dystrophin protein in
the lateral versus the vermal mouse cerebellum. Cell Mol Neurobiol 2013; 33:
513–520.

54 Anderson JL, Head SI, Morley JW. Long-term depression is reduced in cerebellar
Purkinje cells of dystrophin-deficient mdx mice. Brain Res 2004; 1019: 289–292.

55 Boolell M, Allen MJ, Ballard SA, Gepi-Attee S, Muirhead GJ, Naylor AM et al. Sil-
denafil: an orally active type 5 cyclic GMP-specific phosphodiesterase inhibitor for
the treatment of penile erectile dysfunction. Int J Impot Res 1996; 8: 47–52.

56 Pearson BL, Defensor EB, Blanchard DC, Blanchard RJ. C57BL/6 J mice fail to
exhibit preference for social novelty in the three-chamber apparatus. Behav Brain
Res 2010; 213: 189–194.

57 Leung DG, Herzka DA, Thompson WR, He B, Bibat G, Tennekoon G et al. Sildenafil
does not improve cardiomyopathy in Duchenne/Becker muscular dystrophy. Ann
Neurol 2014; 76: 541–549.

58 Witting N, Kruuse C, Nyhuus B, Prahm KP, Citirak G, Lundgaard SJ et al. Effect of
sildenafil on skeletal and cardiac muscle in Becker muscular dystrophy. Ann
Neurol 2014; 76: 550–557.

59 Roseguini BT, Hirai DM, Alencar MC, Ramos RP, Silva BM, Wolosker N et al. Sil-
denafil improves skeletal muscle oxygenation during exercise in men with
intermittent claudication. Am J Physiol Regul Integr Comp Physiol 2014; 307:
R396–R404.

60 Miranda R, Nagapin F, Bozon B, Laroche S, Aubin T, Vaillend C. Altered social
behavior and ultrasonic communication in the dystrophin-deficient mdx mouse
model of Duchenne muscular dystrophy. Mol Autism 2015; 6: 60.

61 Remmelink E, Aartsma-Rus A, Smit AB, Verhage M, Loos M, van Putten M. Cog-
nitive flexibility deficits in a mouse model for the absence of full-length dystro-
phin. Genes Brain Behav 2016; 15: 558–567.

cGMP-specific PDE inhibition to treat autism spectrum disorders
MS Alexander et al

6

Translational Psychiatry (2016), 1 – 7

https://www.psychiatry.org/psychiatrists/practice/dsm


62 Kleiman RJ, Chapin DS, Christoffersen C, Freeman J, Fonseca KR, Geoghegan KF
et al. Phosphodiesterase 9 A regulates central cGMP and modulates responses to
cholinergic and monoaminergic perturbation in vivo. J Pharmacol Exp Ther 2012;
341: 396–409.

63 Hutson PH, Finger EN, Magliaro BC, Smith SM, Converso A, Sanderson PE et al. The
selective phosphodiesterase 9 (PDE9) inhibitor PF-04447943 (6-[(3 S,4 S)-4-
methyl-1-(pyrimidin-2-ylmethyl)pyrrolidin-3-yl]-1-(tetrahydro-2H-pyran-4-yl)-1,5-
dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-one) enhances synaptic plasticity and
cognitive function in rodents. Neuropharmacology 2011; 61: 665–676.

64 Kroker KS, Rast G, Giovannini R, Marti A, Dorner-Ciossek C, Rosenbrock H. Inhi-
bition of acetylcholinesterase and phosphodiesterase-9 A has differential effects
on hippocampal early and late LTP. Neuropharmacology 2012; 62: 1964–1974.

65 Kroker KS, Mathis C, Marti A, Cassel J-C, Rosenbrock H, Dorner-Ciossek C. PDE9 A
inhibition rescues amyloid beta-induced deficits in synaptic plasticity and cog-
nition. Neurobiol Aging 2014; 35: 2072–2078.

66 Vardigan JD, Converso A, Hutson PH, Uslaner JM. The selective phosphodiesterase
9 (PDE9) inhibitor PF-04447943 attenuates a scopolamine-induced deficit in a
novel rodent attention task. J Neurogenet 2011; 25: 120–126.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2016

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

cGMP-specific PDE inhibition to treat autism spectrum disorders
MS Alexander et al

7

Translational Psychiatry (2016), 1 – 7

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Reversal of neurobehavioral social deficits in dystrophic mice using inhibitors of phosphodiesterases PDE5A and�PDE9A
	Introduction
	Materials and methods
	Mice
	PDE compound preparation and administration
	Social approach
	Social novelty
	cGMP measures
	Immunofluorescent staining of mouse cerebellum
	Statistics

	Results
	Discussion
	Figure 1 Dystrophic mice have significant neurobehavioral social deficits from juvenile to adult stages.
	Table 1 Dystrophic mice have reduced cGMP levels in their cerebellum
	Funding for this work was generously provided by the Bernard F. and Alva B. Gimbel Foundation (to LMK). Research reported in this publication was supported by the National Institute of Arthritis and Musculoskeletal and Skin Diseases of the NIH under award
	Funding for this work was generously provided by the Bernard F. and Alva B. Gimbel Foundation (to LMK). Research reported in this publication was supported by the National Institute of Arthritis and Musculoskeletal and Skin Diseases of the NIH under award
	ACKNOWLEDGEMENTS
	Monaco AP, Neve RL, Colletti-Feener C, Bertelson CJ, Kurnit DM, Kunkel LM. Isolation of candidate cDNAs for portions of the Duchenne muscular dystrophy�gene. Nature 1986; 323: 646&#x02013;650.Hoffman EP, Brown RH, Kunkel LM. Dystrophin: the protein produc
	REFERENCES
	Figure 2 Treatment of dystrophic mice with PDE inhibitors rescues neurobehavioral social deficits.




