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Aims A reduction in both dystrophin and neuronal nitric oxide synthase (NOS1) secondary to microRNA-31 (miR-31) up-regulation contri
butes to the atrial electrical remodelling that underpins human and experimental atrial fibrillation (AF). In contrast, patients with Duchenne 
muscular dystrophy (DMD), who lack dystrophin and NOS1 and, at least in the skeletal muscle, have raised miR-31 expression, do not 
have increase susceptibility to AF in the absence of left ventricular (LV) dysfunction. Here, we investigated whether dystrophin deficiency is 
also associated with atrial up-regulation of miR-31, loss of NOS1 protein, and increased AF susceptibility in young mdx mice.

Methods 
and results

Echocardiography showed normal cardiac structure and function in 12–13 weeks mdx mice, with no indication by assay of hydro
xyproline that atrial fibrosis had developed. The absence of dystrophin in mdx mice was accompanied by an overall reduction in 
syntrophin and a lower NOS1 protein content in the skeletal muscle and in the left atrial and ventricular myocardium, with the 
latter occurring alongside reduced Nos1 transcript levels (exons 1–2 by quantitative polymerase chain reaction) and an increase 
in NOS1 polyubiquitination [assessed using tandem polyubiquitination pulldowns; P < 0.05 vs. wild type (WT)]. Neither the up- 
regulation of miR-31 nor the substantial reduction in NOS activity observed in the skeletal muscle was present in the atrial tissue 
of mdx mice. At difference with the skeletal muscle, the mdx atrial myocardium showed a reduction in the constitutive NOS 
inhibitor, caveolin-1, coupled with an increase in NOS3 serine1177 phosphorylation, in the absence of differences in the protein 
content of other NOS isoforms or in the relative expression NOS1 splice variants. In line with these findings, transoesophageal 
atrial burst pacing revealed no difference in AF susceptibility between mdx mice and their WT littermates.

Conclusion Dystrophin depletion is not associated with atrial miR-31 up-regulation, reduced NOS activity, or increased AF susceptibility in the 
mdx mouse. Compared with the skeletal muscle, the milder atrial biochemical phenotype may explain why patients with DMD do 
not exhibit a higher prevalence of atrial arrhythmias despite a reduction in NOS1 content.
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1. Introduction
Duchenne muscular dystrophy (DMD) is an inherited X-linked neuromus
cular disorder, with an estimated prevalence of 1 in 5000 births.1 DMD is 
the result of an out-of-frame mutation in the Xq21 chromosome locus of 
the DMD gene, which causes a deficiency of the 427 kDa rod-shaped pro
tein, dystrophin. Although the disorder is primarily known to affect skeletal 

muscle, cardiac complications, including left ventricular (LV) dysfunction 
and dilatation, are a common late manifestation of DMD.

The neuronal isoform of nitric oxide synthase (NOS1) is closely asso
ciated with dystrophin2 and is nearly absent in the skeletal muscle of 
DMD patients.3 Deficiency in NOS1-derived nitric oxide (NO) exacer
bates the DMD phenotype by impairing skeletal muscle perfusion and con
tractile function.4–6
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We have previously reported that microRNA-31 (miR-31) 
up-regulation in the atrial myocardium of patients and animal models 
with atrial fibrillation (AF) leads to translational repression of dystrophin 
and accelerated decay of NOS1’s mRNA and that the resulting reduction 
in NOS1-derived NO contributes to the AF-induced atrial electrical 
remodelling that promotes the maintenance of the arrhythmia.7 In agree
ment with these findings, NOS1−/− mice show atrial hallmark features of 
AF-induced electrical remodelling as well as an increased propensity to de
velop AF in response to atrial burst pacing.7

In contrast, the prevalence of AF in DMD patients is relatively low, even 
after they develop overt cardiomyopathy,8 suggesting that absence of dys
trophin may not result in miR-31 up-regulation or a significant reduction in 
NO availability in the atrial myocardium. To test this hypothesis, we inves
tigated miR-31 expression, NOS1 mRNA and protein content, and NO 
synthesis in the atrial and ventricular myocardium of mdx mice and exam
ined whether dystrophin deficiency leads to an increased propensity to de
velop atrial arrhythmias in this model.

2. Methods
2.1 Animals
Male C57BL/10ScSn-Dmdmdx/J (mdx) mice were crossed with female 
C57/Bl10Snj mice to generate F1 heterozygous female and wild-type 
(WT) male mice. F1 heterozygous females were then crossed with WT 
males to generate WT, mdx, and heterozygous littermate mice. Male 
mdx mice and their WT littermates aged 12–13 weeks were used in all ex
periments. Genotyping was confirmed by following a protocol outlined by 
Shin et al.9 (see Supplementary material online, Figure S1). All animal studies 
were approved by the local regulatory authority and conducted in accord
ance with the guidelines from the UK Home Office Guidance on the 
Operation of Animals (Scientific Procedures) Act 1986 and Directive 
2010/63/EU.

2.2 Quantitative real-time polymerase chain 
reaction
Total mRNA was isolated from murine atrial and ventricular tissues using the 
mirVana miRNA isolation kit (Applied Biosystems), according to manufac
turer’s instructions. Template RNA (0.5 µg) was used to reverse-transcribe 
into cDNA using the QuantiTect Reverse Transcription Kit (Qiagen). 
TaqMan PreAmp Master Mix (Applied Biosystems) was used on 10 ng/µL 
cDNA from atrial and ventricular samples to amplify cDNA content in these 
sample sets using a TaqMan Assay pool of the following probes as per the 
manufacturer’s instructions. Quantitative polymerase chain reaction (qPCR) 
was performed in duplicate with QuantStudio Flex 7, TaqMan Master Mix 
(both Applied Biosystems), and TaqMan primers (ThermoFisher Scientific) 
for the following target mouse mRNA transcripts: hypoxanthine 
phosphoribosyltransferase 1 (HPRT1; Mm01545399_m1), peptidylprolyl 
isomerase A (PPIA; Mm02342430_g1), glyceraldehyde 3-phosphate dehydro
genase (GAPDH; Mm99999915_g1), myosin heavy chain 6 (Myh6; 
Mm00440359_m1), tropomyosin 1 (Tpm1; Mm00445895_g1), NOS1 exons 
26–27 (targets all NOS1 splice variants; Mm01208059_m1), NOS1 exons 1–2 
(targets NOS1-α, -µ, and -2; Mm00435171_m1), NOS1 exons 3–4 (targets all 
NOS1 excluding NOS1-γ; Mm00435173_m1), NOS1 exons 8–9 (targets all 
NOS1 excluding NOS1-2; Mm00435177_m1), NOS1 exons 16–17 (targets 
all NOS1 excluding NOS1-µ; Mm01208055_m1), and Dmd (i.e. gene that en
codes dystrophin protein) at the rod domain (Mm00464475_m1), 3ʹ untrans
lated region (UTR; Mm00464533_m1), and 5ʹ UTR (Mm01216931_m1). 
Total mRNA expression was quantified using the comparative cycle threshold 
(2−ΔΔCT) method, normalized to a housekeeping gene (HPRT or PPIA) or a 
cardiomyocyte marker (Myh6 or Tpm1), and a reference control group. 
The proportion of NOS1 splice variant mRNA expression between WT 
and mdx mice was calculated from the ΔCT values of each NOS1 targeted 
exon probe relative to total NOS1 (exons 26–27), each of which was normal
ized to the most stable housekeeping gene for the respective tissue type 
(HPRT or GAPDH).

2.3 Immunoblotting
The protein content of dystrophin and NOS isoforms in murine atrial and 
ventricular homogenates was evaluated by immunoblotting (IB). Protein 
was extracted in homogenizing buffer (RIPA buffer; Cell Signalling 
Technology), cOmplete protease, and PhosSTOP phosphatase inhibitors 
(Roche), separated on a 3–8% Tris-Acetate NuPAGE gel (Invitrogen) or 
4–15% Mini-PROTEAN TGX stain-free gels (Bio-Rad) and transferred 
onto a 0.2 µm nitrocellulose membrane (Bio-Rad). The membrane was 
blocked in 5% skim milk/PBST and incubated overnight (at 4°C) with the 
following primary antibodies: antimouse N-terminus NOS1 (Santa Cruz 
Biotechnology, A11 Clone; 1:1000), antimouse dystrophin rod domain 
(NCL-DYS1; 1:2000), antimouse dystrophin C-terminal domain 
(NCL-DYS2, Leica Biosystems; 1:2000), antimouse syntrophin (Abcam; 
1:2000), antimouse NOS3 (BD Transduction Laboratories; 1:3000), 
antimouse phosphorylated-NOS3-serine1177 (p-NOS3-ser1177, BD 
Transduction Laboratories; 1:1000), antimouse p-NOS3-threonine495 

(p-NOS3-thr495, BD Transduction Laboratories; 1:1000), antimouse NOS2 
(Abcam; 1:1000), antimouse caveolin-1 (BD Transduction Laboratories; 
1:1000), antirabbit caveolin-1 (Abcam; 1:1000), antimouse caveolin-3 
(Cav-3) (Santa Cruz; 1:1000), antirabbit connexin-43 (Cx-43, Sigma; 
1:1000), antimouse heat shock protein 90 (Hsp90, Enzo; 1:500), antimouse 
NOS1AP (Santa Cruz; 1:1000), antirabbit sarcomeric alpha-actinin (Abcam; 
1:5000), and GAPDH (Millipore; 1:50000) or horseradish peroxidase 
(HRP)-conjugated GAPDH (GAPDH-HRP, Promega; 1:25 000). With the 
exception of GAPDH-HRP, the membrane was incubated with the relevant 
HRP-conjugated secondary antibodies (all from Promega). Protein bands 
were detected by enhanced chemiluminescence and visualized on 
ChemiDoc and Image Lab (v5.1, Bio-Rad).

2.4 Polyubiquitinated protein pulldown using 
tandem ubiquitin-binding entities
Atrial or skeletal muscle tissues were homogenized in CelLytic buffer 
(Sigma), 100 mM N-ethylmalemide (Sigma), 50 µM PR-619 (pan- 
deubiquitinase inhibitor; Sigma), and cOmplete protease inhibitors and 
centrifuged at 13 000 × g (4°C) for 10 min to collect the homogenate. 
High-affinity pulldowns of polyubiquitin conjugates were performed using 
Agarose-tandem ubiquitin-binding entities (TUBEs) (LifeSensors) accord
ing to the manufacturer’s protocol. Due to the low NOS1 protein content 
in mdx mice, a 2.5-5 fold increase in total protein input was used to normal
ize the NOS1 pulldown amount between genotypes. Polyubiquitinated 
proteins were eluted in 2× LDS and 10× reducing agent sample, separated 
on 3–8% Tris-Acetate NuPAGE gels and immunoblotted for antimouse 
NOS1. Pooled left (two per sample) and right (three per sample) atrial 
samples were homogenized to obtain high atrial concentrations sufficient 
for polyubiquitinated protein pulldowns.

2.5 Immunofluorescence staining
The localization of NOS1 and dystrophin was examined by immunofluores
cence staining in isolated adult cardiomyocytes from both WT and mdx mice 
(isolation protocol as described by Zhang et al.10). Cells were fixed in 4% 
paraformaldehyde for 10 min and permeabilized in 0.2% Triton for 5 min, 
followed by blocking in 5% donkey serum in 0.1% Triton/PBS. Cells 
were incubated overnight (4°C) with the following primary antibodies: anti
mouse dystrophin rod domain (NCL-DYS1; 1:100), antirabbit NOS1 
(ThermoFisher Scientific; 1:100), or antimouse Cav-3 (Santa Cruz; 1:300) 
and then the relevant Alexa Fluor secondary antibodies at room tempera
ture. Cells were incubated with NucBlue (nuclei stain; ThermoFisher 
Scientific) and mounted with ProLong Diamond Antifade (Invitrogen) and 
visualized under a microscope (Leica) at ×63 magnification.

2.6 NOS activity measurement
Atrial and ventricular NOS activity was examined by measuring the 
conversion of [14C]L-arginine (Amersham) to citrulline, in the presence 
of an arginase inhibitor (Nω-hydroxy-nor-Arginine; Calbiochem), by high- 
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performance liquid chromatography (HPLC), as described previously.11

Four left (LA) or right atria (RA) of the same genotype were pooled together 
to obtain 300 µg of protein, which was used for each measurement. Likewise, 
two right ventricles (RV) of the same genotype were pooled together to 
achieve 600 µg of RV protein. Six hundred µg of protein from one LV was 
used to measure NOS activity. NOS activity is reported as the N 
omega-nitro-L-arginine methyl ester hydrochloride (L-NAME)-inhibitable 
fraction of arginine-to-citrulline conversion.

2.7 Echocardiography
Echocardiography was performed in anaesthetized mice (4% and 2% iso
flurane in O2 at induction and maintenance, respectively) using the Vevo 
2100 Imaging Platform and a MS550D transducer (VisualSonics). B-mode 
loops of the short- and long-axis parasternal views of the LV were ob
tained. A four-chamber view of the heart was obtained to assess LV diastol
ic function by pulsed wave Doppler.

2.8 Transoesophageal atrial burst pacing
AF or atrial flutter induction was assessed by transoesophageal atrial burst pa
cing, as previously described.7 Briefly, mice were anaesthetized with isoflur
ane (4% and 2% in O2 at induction and maintenance, respectively) and 
placed over a temperature-controlled pad. Intradermal electrodes were 
inserted, and surface electrocardiogram (ECG) was recorded using a 
bio-amplifier (iso-DAM8A; World Precision Instruments) and Power1401 
data acquisition system (Cambridge Electronic Design). To induce atrial ta
chyarrhythmias, a 1.7-French octapolar electrode catheter (NuMed) was in
serted into the oesophagus to deliver electrical stimuli to the atria via a DS3 
isolated current stimulator (Digitimer). Three sequences of 26 pacing bursts 
were applied, commencing at a cycle length of 60 ms, with successive 2 ms 
decreases in cycle length until a cycle length of 10 ms was reached. Each pa
cing burst delivers 40 electrical stimuli at twice the threshold for atrial capture. 
Once induced, we waited for spontaneous termination of an arrhythmic epi
sode for a maximum of 20 min before reinitiating the next pacing sequence. 
Above 20 min, overdrive pacing was used to reestablish sinus rhythm (SR) be
fore reinitiation of burst pacing. All mice were successfully reestablished into 
SR during the study. All ECG signals were recorded and analysed on Spike2 
(v7.09, Cambridge Electronic Design). For quantification of pacing-induced 
AF, we defined an episode of AF/atrial flutter as lasting more than 2 s.

2.9 Collagen assay
Collagen content in WT and mdx atria was measured using the QuickZyme 
Sensitive Tissue Collagen Assay (QuickZyme Biosciences) according to the 
manufacturer’s protocol.

2.10 Statistical analysis
All data were tested for normality using the Shapiro–Wilks test. Normally 
distributed data were compared using the one-way ANOVA or two-way 
ANOVA with Bonferroni’s correction for multiple comparisons, Student’s 
unpaired t-test, or Fisher’s exact test, as appropriate, and displayed as 
mean ± standard deviation (SD). Nonnormally distributed data were com
pared using the Kruskal–Wallis test or the Mann–Whitney U test, as appro
priate, and displayed as median ± interquartile range (IQR). A P value <  
0.05 was considered statistically significant.

3. Results
3.1 Absence of dystrophin is associated with 
a moderate reduction in myocardial NOS1 
without changes in miR-31 expression
The mdx mouse carries a nonsense point mutation in exon 23 of the Dmd gene 
that aborts full-length dystrophin expression. Accordingly, atrial (see 
Supplementary material online, Figure S2B), ventricular (see Supplementary 
material online, Figure S2C), and skeletal muscle (see Supplementary material 

online, Figure S2A) Dmd mRNA levels encoding for this region were significantly 
reduced in mdx mice. Likewise, expression of 5ʹ UTR and 3ʹ UTR Dmd mRNA, 
which encode the N- and C-terminal domains of dystrophin, was markedly re
duced in mdx atria (see Supplementary material online, Figure S2E and H), ven
tricles (see Supplementary material online, Figure S2F and I), and skeletal muscle 
(see Supplementary material online, Figure S2D and G). Western blotting using 
antibodies directed against the dystrophin rod domain and C-terminus 
showed complete absence of dystrophin protein in all mdx muscle tissue types 
examined (see Supplementary material online, Figure S2J–R).

miR-31 is up-regulated in the skeletal muscle of mdx mice, and miR-31 
inhibition enhances dystrophin mRNA translation in human DMD 
myoblasts when dystrophin synthesis is rescued through exon skipping.12

In patients with AF, atrial-specific up-regulation of miR-31 also leads to dys
trophin mRNA translational repression and, independently, it accelerates 
the NOS1 mRNA decay.7 We examined whether miR-31 expression 
was also increased in the myocardium of mdx mice and if NOS1 expression 
was altered by consequence. In keeping with previous reports,12 we ob
served a >100-fold up-regulation of miR-31 in mdx skeletal muscle, relative 
to WT (Figure 1A). In contrast, we found no evidence of atrial or ventricular 
miR-31 up-regulation in dystrophin-deficient hearts (Figure 1B and C ). 
There was also no difference in miR-31 expression between left and right 
cardiac chambers in either genotype (Figure 1B and C).

Nos1 mRNA levels were examined using two different TaqMan probes: 
one that targets Nos1 exons 26–27 and amplified all Nos1 splice variants 
(total Nos1) and one that targeted exons 1–2 and amplified only Nos1 splice 
variants that contained the PDZ domain important for anchoring NOS1 
protein to the dystrophin complex (Nos1-α, -µ, and -2).3 In both WT and 
mdx mice, gene expression of total and PDZ domain-containing Nos1 iso
forms was significantly lower in the RA compared with the LA (Figure 1E 
and H ). Total atrial Nos1 transcript levels did not differ significantly between 
genotypes (Figure 1E), whereas Nos1 splice variants (Nos1-α, -µ, and -2) en
coding the PDZ domain were significantly reduced in the LA of mdx mice 
compared with WT (Figure 1H). These chamber-specific differences and 
the trends between genotypes were conserved when Nos1 transcripts 
were normalized to cardiomyocyte-specific markers (Tpm1 and Myh6; 
see Supplementary material online, Figure S3A–D), the expression of which 
did not differ between genotypes or chambers.

Chamber differences in Nos1 expression were also found in the ventri
cles of WT mice, with Nos1 content greater in the LV compared with RV, 
whereas mdx mice showed a reduction in LV total and PDZ domain- 
containing Nos1 isoforms sufficient to abolish the difference between heart 
chambers (Figure 1F and I ). Similar to the LV myocardium, the skeletal mus
cle of mdx mice showed a significant reduction in total and PDZ domain 
Nos1 mRNA (Figure 1D and G).

NOS1 protein content mirrored the expression patterns found at the 
transcript level, with mdx mice showing reduced LA, LV, and skeletal mus
cle NOS1 content compared with WT mice, as well as higher NOS1 pro
tein level in the WT left chambers (atrium and ventricle) compared with 
the right where NOS1 did not differ between genotypes (Figure 1J–L).

As expected, immunofluorescence staining confirmed loss of dystrophin 
protein in both atrial and LV adult cardiomyocytes of mdx mice (see 
Supplementary material online, Figure S4A–C). NOS1 protein was detected 
at the sarcolemma membrane in the atria and LV from WT mice 
(Figure 2A–C), and while its presence was still observed in mdx cardiomyo
cytes, its expression was markedly reduced (Figure 2A–C).

In cardiac tissue, NOS1 anchoring to the dystrophin–glycoprotein com
plex has been shown to depend on α-syntrophin binding.13 As such, we ex
amined whether myocardial syntrophin protein levels were reduced in mdx 
mice and found this to be the case in both the atria (Figure 2E) and the LV 
(Figure 2F), although in contrast with NOS1, there was no evidence for 
chamber-specific differences. In line with previous reports,14 we also found 
a reduction in skeletal muscle syntrophin levels in mdx mice as compared 
with their WT littermates (Figure 2D). In addition, NOS1 was found to 
be highly polyubiquitinated in the mdx skeletal muscle and LA (Figure 3), 
suggesting that, along with the reduction in Nos1 mRNA, increased protea
somal degradation of membrane-displaced NOS1 may account for the 
lower NOS1 protein content observed.
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densitometry analysis of syntrophin and α-actinin in WT and mdx skeletal muscle, LA, RA, LV, and RV. α-actinin was used as housekeeping control for all im
munoblots. N = 12 (D) and N = 6 (E and F ) per group. Data are expressed as mean ± SD. P values were determined by Student’s unpaired t-test (D) or two- 
way ANOVA with Bonferroni’s multiple comparison (E and F ). *P < 0.05, **P < 0.01, ***P < 0.001.
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Overall, these findings indicate that while dystrophin depletion in the 
skeletal muscle of mdx mice is associated with up-regulation of miR-31 
and decreased Nos1 expression, this association is not maintained in myo
cardial tissue. Instead, atria and ventricles from mdx hearts show unper
turbed miR-31 expression, despite clear evidence for disassembly of the 
dystrophin–glycoprotein complex and reduced Nos1 mRNA level and pro
tein content in the LA and LV chambers.

3.2 Dystrophin and NOS1 protein depletion 
does not increase AF vulnerability
We then investigated whether dystrophin deficiency and the resultant de
pletion of NOS1 at the sarcolemma was sufficient to increase atrial ar
rhythmia susceptibility in mdx mice, despite the absence of miR-31 
up-regulation.
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We first confirmed by echocardiography that the young adult mdx mice 
(which we used in all protocols) showed no evidence of the cardiomyop
athy they develop later in life.15 mdx mice aged 12–13 weeks showed no 
evidence of cardiac remodelling or LV systolic dysfunction on echocardiog
raphy (Table 1 and see Supplementary material online, Figure S5). LV dia
stolic function was also preserved in mdx mice (Table 1). Atrial collagen 
content was significantly higher in the right chambers compared with the 
left but not significantly different between genotypes (see Supplementary 
material online, Figure S6). There were no differences noted across ECG 
parameters between genotypes (see Supplementary material online, 
Table S1) and no incidence of sudden death in mdx mice during the study 
period.

Transoesophageal burst pacing was used to assess the susceptibility to 
atrial arrhythmias in WT and mdx mice (Figure 4A). As shown in 
Figure 4B, there were no significant differences in AF/atrial flutter inducibil
ity between genotypes, although there was a trend for mdx mice to have a 
lower rate of pacing-induced atrial arrhythmias. Similarly, mdx mice were 
less likely to have atrial arrhythmias lasting more than 2 s (P = 0.09; 
Figure 4C) and more likely to have a shorter atrial arrhythmias duration 
overall (P = 0.05; Figure 4D). There were no differences in the maximal dur
ation of AF between genotypes (Figure 4E).

Together, these results show that absence of dystrophin and the accom
panying reduction in NOS1 protein content in the LA, in the absence of 
changes in cardiac miR-31 expression, are not sufficient to increase ar
rhythmia susceptibility in mdx mice.

3.3 Despite the depletion of LA NOS1 in 
dystrophin-deficient hearts, NOS activity 
remains unchanged
AF is associated with a significant reduction in both NOS1 protein and total 
NOS activity in both atria.7 In contrast, a previous report has suggested that 
NOS1 depletion in the myocardium of young mdx mice may be 

compensated for by an increase in the activity or expression of other 
NOS isoforms resulting in preserved NO synthesis.16

Relative to WT, the mdx skeletal muscle showed an 81% reduction (P <  
0.002) in NO synthesis, as measured by the L-NAME-inhibitable fraction of 
the L-arginine-to-citrulline conversion (Figure 5A). In contrast, despite the 
difference in NOS1 protein level between sides and genotypes, atrial and 
ventricular NOS activity did not differ significantly between WT and mdx 
mice nor did we find differences in NOS activity between LA and RA or 
LV and RV chambers in either genotype (Figure 5B and C ).

We then investigated whether compensatory up-regulation of other NOS 
isoforms or relative changes in Nos1 splice variant expression accounted for 
the preservation of myocardial NOS activity in mdx mice. Protein content of 
the inducible NOS isoform (NOS2) was negligible in atrial and ventricular 
chambers of WT and mdx mice (Figure 5D and E and see Supplementary 
material online, Figure S7A and B). There were also no chamber- or genotype- 
dependent differences in myocardial protein content of the endothelial NOS 
isoform (NOS3; Figure 5F and see Supplementary material online, Figure S7C). 
Since phosphorylation of NOS3 is known to regulate its enzymatic activity,17

myocardial NOS3 serine 1177 phosphorylation (p-NOS3-ser1177) was com
pared between genotypes and found to be significantly higher in the RA than 
in the LA of both genotypes and in the RA of mdx mice compared with WT 
littermates (Figure 5G and H ). However, this was not the case in the mdx LA 
or LV (see Supplementary material online, Figure S7D and E). In contrast, 
NOS3 phosphorylation at threonine 495 (p-NOS3-thr495) was not different 
in mdx atria or ventricles relative to side or genotype (Figure 5I and see 
Supplementary material online, Figure S7F).

Nos1 can be alternatively spliced at exons within its open reading frame, giv
ing rise to five distinct splice variants—three N-terminal PDZ domain- 
containing variants (Nos1-α, -µ, and -2) and a Nos1-β and -γ variant—which 
differ in their intracellular localization, enzymatic activity, and expression le
vels.18 Since Nos1 splice variant qPCR probes are not commercially available, 
we examined the mRNA expression of the known Nos1 splice variants using 
TaqMan probes, which target unique exons within the Nos1 sequence that 
are absent in each of the Nos1 splice variants (see Supplementary material 
online, Figure S8A), and used this method to calculate the proportional expres
sion of each variant relative to total Nos1 expression within the atria and skel
etal muscle. Therefore, despite overall reductions in total Nos1 mRNA levels 
in the mdx LA and skeletal muscle (Figure 1D, E, G, and H ), we determined 
whether any differences exist in the composition of splice variants in the re
maining total Nos1, which could account for the conserved myocardial NOS 
activity. For all five splice variants, there were no changes in the proportion of 
Nos1 expression at the transcript level between WT and mdx mice, in either 
the LA or RA (see Supplementary material online, Figure S8B–K). In contrast, 
the relative proportion of Nos1-α transcript was increased in the mdx skeletal 
muscle, with a concomitant reduction in the mRNA expression level of both 
Nos1-µ and Nos1–2 (see Supplementary material online, Figure S8L–N). The 
proportion of Nos1-γ or Nos1-β mRNA expression did not differ significantly 
between genotypes, although the latter was marginally higher (P = 0.0643) in 
mdx mice (see Supplementary material online, Figure S8O and P). Further, we 
evaluated whether changes in the expression of NOS1 or NOS3 binding part
ners could play a role in the maintenance of NOS activity in the mdx heart. 
While Cav-3, Cx43, NOS1AP, and Hsp90 were increased in the mdx skeletal 
muscle compared with WT (see Supplementary material online, Figure S9A, D, 
G, and J), there was no change in the content of these proteins in the atria of 
mdx mice (see Supplementary material online, Figure S9B, E, H, and K). 
Likewise, with the exception of a reduction in Cav-3 and an increase in 
NOS1AP in the mdx RV, there were no significant differences in the expres
sion of these NOS binding partners in the ventricles (see Supplementary 
material online, Figure S9F, I, and L). We also determined the protein expres
sion of caveolin-1, which binds to and inhibits both NOS1 and NOS319,20; 
thus, its reduction could lead to an increase in constitutive NOS activity. In 
the atria, caveolin-1 content was validated using two different caveolin-1 anti
bodies, both of which were directed against the C-terminal region of 
caveolin-1 and therefore detected both the alpha and beta isoforms. 
Caveolin-1 content was lower in the RA than the LA of WT mice and signifi
cantly reduced in LA of the mdx mice (observed with both antibodies; 
Figure 6B and see Supplementary material online, Figure S10). In contrast, 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Echocardiographic parameters in wild-type and mdx mice

WT mdx P value

N 10 12

Age (weeks) 12.41 ± 0.31 12.20 ± 0.21 0.08
Systolic function

Heart rate (b.p.m.) 480.90 ± 23.62 480.00 ± 40.77 0.95

LVESV (µL) 13.33 ± 3.55 13.24 ± 6.19 0.97
LVEDV (µL) 51.31 ± 8.37 49.74 ± 9.28 0.68

LVIDs (mm) 2.02 ± 0.21 1.99 ± 0.37 0.77

LVIDd (mm) 3.50 ± 0.24 3.45 ± 0.27 0.65
LVPWs (mm) 1.44 ± 0.24 1.50 ± 0.18 0.45

LVPWd (mm) 0.94 ± 0.15 0.94 ± 0.14 0.88

EF (%) 79.78 ± 6.64 74.21 ± 9.34 0.90
FS (%) 42.16 ± 5.83 42.82 ± 7.69 0.83

Diastolic function

Heart rate (b.p.m.) 341.00 ± 22.83 360.40 ± 41.91 0.21
E/A ratio 1.60 ± 0.19 1.58 ± 0.24 0.82

E/E′ ratio 32.99 ± 3.52 34.55 ± 8.03 0.57

IVRT (ms) 16.15 ± 4.980 17.24 ± 4.993 0.61
Deceleration time (ms) 28.25 ± 5.94 29.68 ± 4.18 0.50

Data presented as mean ± SD. P values determined by Student’s unpaired t-test. 
µL, microlitre; EF, ejection fraction; FS, fractional shortening; IVRT, isovolumic relaxation 
time; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic 
volume; LVIDd, left ventricular internal dimension at diastole; LVIDs, left ventricular 
internal dimension at systole; LVPWd, left ventricular posterior wall at diastole; LVPWs, 
left ventricular posterior wall at systole; ms, milliseconds.
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caveolin-1 was unchanged in the skeletal muscle and ventricles of mdx mice 
(Figure 6A and C).

In summary, a higher NOS3-ser1177 phosphorylated fraction (in the RA 
vs. LA of both genotypes and in mdx RA vs. WT RA) coupled with a reduc
tion in caveolin-1 (in RA vs. LA in both genotypes and in the mdx LA vs. WT 
LA) may contribute, at least in part, to equalizing atrial NOS activity be
tween atria and preserving it in the mdx, despite significant differences in 
NOS1 protein content.

4. Discussion
We have previously reported that up-regulation of miR-31 in the atrial 
myocardium of patients and goats with AF leads to translational repression 
of DYS and faster decay of NOS1 mRNA and demonstrated that the 

resulting reduction in NOS1 activity contributes to the atrial electrical re
modelling that sustains the arrhythmia.7 However, patients with DMD, 
who would be expected to have both atrial dystrophin and NOS1 deple
tion and who, at least in the skeletal muscle, have been reported to have an 
up-regulation of miR-31,12 are not at a higher risk of developing atrial ar
rhythmia.8 We compared NOS1 expression, protein level, and activity in 
each of the heart chambers in young mdx mice and their WT littermates. 
Our findings show a significant reduction in NOS1 protein content only in 
the LA and LV but, surprisingly, and at difference with the skeletal muscle, 
there were no differences in atrial or ventricular NOS activity between 
genotypes. Likewise, whereas we confirmed that miR-31 expression was 
130-fold higher in the skeletal muscle of mdx mice compared with their 
WT littermates, there was no evidence of miR-31 up-regulation in the 
mdx myocardium. Finally, and in line with data from patients with DMD,8

young mdx mice did not present ECG abnormalities or increased 
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propensity to develop atrial tachyarrhythmias at a stage where the cardio
myopathic phenotype had not yet developed.

These findings raise a number of questions. First, why is miR-31 up- 
regulation limited to the mdx skeletal muscle and, in its absence, what is 
causing the reduction in Nos1 mRNA and protein in the mdx hearts? 
miR-31 controls late muscle differentiation by inhibiting dystrophin trans
lation and is up-regulated in dystrophic skeletal muscles.12 The discrepancy 
between skeletal and myocardial miR-31 expression is unclear and poses 
the question of the potential cellular sources of miR-31 in human AF. In 
dystrophic skeletal muscle, miR-31 has preferential localization to satellite 
cells,12 where miR-31 directly contributes to the signalling pathways in
volved in satellite cell proliferation. Further, in situ hybridization staining 
of rejected cardiac allografts revealed preferential staining of miR-31 to 
interstitial cells,21 postulating the possibility that other atrial cellular 
sources, e.g. immune cells,22 may be responsible for the increased expres
sion of miR-31 in the presence of persistent AF.

Despite reduced NOS1 protein in the mdx myocardium, we do not ob
serve a compensatory increase in mRNA expression; in contrast, we see a 
reduction in Nos1 LA transcript level. It should be noted that we used two 
different TaqMan probes: one that targeted Nos1 exons 26–27 and amp
lified all Nos1 splice variants and one that targeted exons 1–2 and amplified 
only the Nos1 splice variants that contain the PDZ domain, which is re
quired for anchoring NOS1 protein to the dystrophin complex. 
Whereas total atrial Nos1 transcript levels differed significantly between 
sides but not between genotypes, the Nos1 splice variants encoding the 
PDZ domain were significantly reduced in the LA of mdx mice compared 
with WT, mirroring the patterns seen at the protein level. Since this loss of 
Nos1 mRNA occurs in the absence of an up-regulation of miR-31, other 
factors may be responsible for regulating Nos1 transcription in the mdx 
myocardium. Other miRNAs may influence Nos1 mRNA expression, and 
it has been reported that the expression of several miRNAs is altered in 
the mdx mouse and that the expression levels of some of these differ be
tween the skeletal muscle and heart.23 Furthermore, more complex regu
latory mechanisms are likely to exist, for example, in mdx skeletal muscle, 
NOS1 itself affects miRNA expression through S-nitrosylation of HDAC2, 
which directly associates with miRNA promoters.24

In addition to the reduction in Nos1 transcript levels, our data indicate 
that NOS1 depletion in mdx mice may arise from breakdown of the 
dystrophin–glycoprotein complex, destabilization of NOS1 protein, and in
creased polyubiquitin-mediated degradation of NOS1 by the proteasome. 
Our previous work in human atrial myocytes from patients with AF 
showed that preventing binding of miR-31 to dystrophin mRNA not 
only restored dystrophin protein content but partially recovered NOS1, 
in the absence of changes in NOS1 mRNA,7 indicating that dystrophin af
fects NOS1 protein stability as well as its subcellular localization. In vitro 
studies have reported that NOS1 undergoes proteasomal degradation, 
via ubiquitination of its calmodulin-binding site.25 As polyubiquitination 
preferentially occurs on the inactive, monomeric form of enzyme, this 
may constitute an important mechanism for removing unstable or non
functional NOS1 protein.25

Secondly, why—in contrast with our previous findings in the fibrillating 
human atrial myocardium—was NOS1 depletion in the left chambers of 
the mdx mouse not associated with a reduction in total NOS activity? In 
line with our findings, Bia et al. also reported preservation of total myocar
dial NOS activity in young mdx mice in the absence of significant up- 
regulation of other NOS isoforms.16 Whereas NOS3 Thr495 is a negative 
regulatory site, and its phosphorylation is associated with a reduction in en
zyme activity, Ser1177 phosphorylation stimulates the flux of electrons 
within the reductase domain and activates NOS3 by increasing the calcium 
sensitivity of the enzyme.26 The increase in NOS3 phosphorylation at this 
site in the RA myocardium of both genotypes and in the RA of mdx vs. WT 
could, at least in part, explain why the difference in NOS1 protein level be
tween atrial chambers and genotypes was not accompanied by a concord
ant variation in total NOS activity. Furthermore, the activity of NOS1 and 
NOS3 is inhibited by caveolin-1,19,20 with studies in mice showing that a 
loss of caveolin-1 increases NOS3 activity.27 Therefore, our findings of a 
reduction in caveolin-1 protein expression in the mdx LA suggest that 

loss of NOS inhibition by caveolin-1 may also contribute to the conserved 
NOS activity in the mdx atria. Further investigation into the mechanisms 
contributing to maintain NOS activity in the mdx myocardium could in
clude determining genotype differences in the abundance of NOS co- 
factors; in particular, expression and function of L-arginine transporters 
have been reported to be significantly increased in the mdx myocardium.28

While the other known binding partners of NOS1 and NOS3 were un
changed in the mdx atria, they were all up-regulated in the mdx skeletal 
muscle, as reported previously,29,30 indicating further tissue differences 
within the mdx mice. In particular, our findings indicate that in young 
mdx mice the biochemical phenotype in the skeletal muscle differs from 
that observed in the myocardium, in keeping with data from patients 
with DMD indicating a discrepancy between time course with severity of 
skeletal muscle phenotype and cardiac involvement.1

4.1 Limitations
Induction of atrial tachyarrhythmias by burst pacing in mice can only offer 
partial insights on the impact of a genetically modified atrial substrate on 
the natural history of AF, given the short duration of the arrhythmic epi
sodes. Nevertheless, we have previously shown that disruption of NO sig
nalling is similarly associated with proarrhythmic atrial electrical changes in 
mice and humans and with greater propensity to AF induction in response 
to transoesophageal burst pacing in nNOS−/− mice.7

We elected to study mdx mice at 12–13 weeks of age since the primary 
aim was to determine whether AF developed as a result of a reduced myo
cardial NO synthesis, prior to the development of overt cardiac dysfunc
tion and remodelling, as a cardiomyopathic phenotype of any aetiology 
would be expected to result in an increase in AF susceptibility. In contrast, 
we showed that the mdx myocardium, at difference with the skeletal mus
cle, does not exhibit an up-regulation of miR-31, a reduction in NO synthe
sis, or an increase propensity for atrial arrhythmias. Compared with the 
skeletal muscle, the milder biochemical phenotype of the mdx myocardium 
is in keeping with the low prevalence of AF in patients with DMD and may 
contribute to explain the delayed development of a cardiomyopathic 
phenotype in this condition. While we are not suggesting that NO is the 
sole determinant of the DMD phenotype, reduced NO synthesis leads 
to muscle ischaemia during exercise and accelerates the dystrophic pro
cess in patients with DMD.4–6

Investigating the mechanisms underlying differences in NOS1 and 
caveolin-1 protein content and NOS3 serine 1177 phosphorylation be
tween the left and right heart chambers was outside the scope of this 
work; however, these findings are not surprising if one considers the vari
ance in the expression of many other proteins between sides as well as the 
differences in loading conditions between the left and right heart. At least in 
the skeletal muscle, nNOS expression and protein content are regulated by 
load and removal of weight bearing from rat hindlimb muscles results in a 
rapid significant reduction in NOS1 protein and mRNA.31

We investigated the effects of dystrophin depletion on NOS1 protein 
expression and localization using an antibody targeted to the PDZ domain 
of NOS1 and, thus, focused solely on changes in some NOS1 variants 
(NOS1-α, -μ, and -2). We cannot, therefore, establish whether compensa
tory increases in the protein or activity of other NOS1 splice variants (i.e. 
NOS1-β and -γ) might explain the unaltered total NOS activity or the lack 
of AF phenotype, although their relatively low expression levels would sug
gest this is likely not the case.

5. Conclusions
In summary, our findings indicate that dystrophin depletion in the mdx 
mouse is associated with a moderate reduction in atrial NOS1 protein con
tent in the absence of changes in total NOS activity, miR-31 expression, or 
increased AF susceptibility. Compensatory changes in NOS3 phosphoryl
ation and caveolin-1 content may account for the biochemical phenotype 
of young mdx atria compared with skeletal muscle and explain why patients 
with DMD do not exhibit a higher prevalence of atrial arrhythmias despite 
a reduction in myocardial NOS1 content.
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