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Cardiac lesions in Duchenne muscular dystrophy model rats with
out-of-frame Dmd gene mutation mediated by CRISPR/Cas9 system
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Abstract: Duchenne muscular dystrophy (DMD) is a progressive muscular disorder caused by X-chromosomal DMD gene mutations.
Recently, a new CRISPR/Cas9-mediated DMD rat model (cDMDR) was established and is expected to show cardiac lesions similar to
those in humans. We therefore investigated the pathological and pathophysiological features of the cardiac lesions and their progression
in cDMDR. For our cDMDR, Dmd-mutated rats (W-Dmdem/Kvkn) were obtained. Dmd heterozygous-deficient females and wild-type
(WT) males were mated, and male offspring including WT as controls were used. (1) Hearts were collected at 3, 5, and 10 months of
age, and HE- and Masson’s trichrome-stained specimens were observed. (2) Electrocardiogram (ECG) recordings were made and ana-
lyzed at 3, 5, and 8 months of age. (3) Echocardiography was performed at 9 months of age. In cDMDR rats, (1) degeneration/necrosis
of cardiomyocytes and myocardial fibrosis prominent in the right ventricular wall and the outer layer of the left ventricular wall were
observed. Fibrosis became more prominent with aging. (2) Lower P wave amplitudes and greater R wave amplitudes were detected.
PR intervals tended to be shorter. QT intervals were longer at 3 months but tended to be shorter at 8 months. Sinus irregularity and
premature ventricular contraction were observed at 8 months. (3) Echocardiography indicated myocardial sclerosis and a tendency of
systolic dysfunction. Pathological and pathophysiological changes occurred in cDMDR rat hearts and progressed with aging, which is,
to some extent, similar to what occurs in humans. Thus, cDMDR could be a valuable model for studying cardiology of human DMD.
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Introduction

Muscular dystrophy is a group of diseases character-
ized by degeneration and necrosis of skeletal muscles, re-
sulting in progressive weakness and loss of muscular tis-
sue. Its causes are mutations in the genes responsible for the
structure and the functioning of the patients’ muscles. It is
known that there are various types of muscular dystrophy:
autosomal gene mutation types such as limb-girdle muscu-
lar dystrophy and facioscapulohumeral muscular dystrophy,
and X chromosome gene mutation types such as Duchenne
muscular dystrophy (DMD) and Becker muscular dystrophy.
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Among them, DMD is a severe type of muscular dystrophy
that occurs in about 1 in 3,500 boys!. Dystrophin, a rod-
like protein encoded by the DMD gene on the X chromo-
some, has very important roles in structural stabilization of
the membrane in myocytes and providing resistance against
mechanical stress by linking contact of the cytoskeleton to
the basement membrane?. Full-length dystrophin molecules
cannot be synthesized in DMD patients because of muta-
tions in the DMD gene, and dystrophin deficiency causes
membrane weakness in skeletal myocytes and myocardial
cells that leads to cardiorespiratory issues and eventually
death. One of the most common causes of muscular dystro-
phy-related deaths is currently heart failure brought on by
myocardial damage instead of respiratory failure3.

So far, animal models have been established using
mice and dogs to elucidate the pathogenesis of DMD and to
develop therapeutic methods. It has become apparent, how-
ever, that these animal models have certain disadvantages in
terms of human DMD studies#-¢. The canine X-linked mus-
cular dystrophy (CXMD) model shows similar pathological
findings as in human DMD patients, but phenotypes can
vary between individuals and laborious efforts are required
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for breeding and to maintain this models. Meanwhile, X-
linked muscular dystrophy (mdx) mice can be easily bred
and maintained as a model, but their pathological changes
are milder than those in human DMD patients’-9.

Yamanouchi and his colleagues recently established a
DMD rat model using the CRISPR/Cas9 system!0. It is re-
ported that this rat model lacks dystrophin. Fibrosis of the
diaphragm and the tibialis muscle becomes significantly
more prominent from the age of 3 months and progresses
thereafter. In addition, progressive weight loss and kyphosis
are seen from approximately 6 months of age. Although the
lifespan of these rats has not been fully evaluated yet, by the
time they reach 10 months of age, body weight loss becomes
apparent, and they are no longer suitable for breeding. It has
been confirmed by histopathological analysis using Mas-
son’s trichrome stain that these rats show ventricular fibrosis
with infiltration of inflammatory cells at 3 months of age;
however, no reports on the progression of such heart lesions
have been made yet.

In human DMD patients, various cardiac changes have
been reported and characterized, including supraventricular
tachycardia, ventricular tachycardia, premature ventricular
contraction, atrioventricular block, heart rate increase, QT
interval prolongation, QRS duration prolongation, PR inter-
val shortening, increase in R wave amplitude, myocardial
fibrosis, and dilated cardiomyopathy!!-15. It is also reported
that parasympathetic nervous function is reduced in human
DMD patients!6. However, whether these pathophysiologi-
cal changes and disease/lesion progression seen in human
DMD patients also take place in this DMD rat model re-
mains largely unknown.

In this study, the progression of cardiac lesions over
time in the novel DMD rat model was evaluated through
histopathological and electrocardiological methods. In ad-
dition, cardiac function was analyzed using echocardiog-
raphy, in order to understand pathological and pathophysi-
ological features of this DMD rat model.

Materials and Methods

Ethics

All experiments using rats were conducted in accor-
dance with the Animal Experimentation Guidelines of the
University of Tokyo and were approved by the Institutional
Animal Care and Use Committee of the Graduate School of
Agricultural and Life Sciences at the University of Tokyo.

Animals

Rats with gene mutations induced by the clustered
regularly interspaced short palindromic repeats (CRISPR)
system, an RNA-based genomic targeting tool, were used.
Colonies of CRISPR/Cas9-mediated Dmd-mutated rats!0
(W-Dmdemi&vkn; cDMDR) and their wild type (WT) were
established and maintained by the Department of Veteri-
nary Physiology, Graduate School of Agricultural and Life
Sciences, The University of Tokyo, and our lab obtained
several rats for breeding. cDMDR have out-of-frame muta-

tions in Dmd gene exons (329 bases deficiency in exon 3 to
intron 3, exon 16: 5’-GCACAt*A(AT)#GG-3’, *: 1 base in-
sertion, #: 2 bases substitution), which result in the absence
of dystrophin expression. It is known that the average life
expectancy of many DMD patients is around 26 years, with
the aid of a ventilator because of respiratory and heart fail-
ure, but some can live into middle age and possibly longer
with a help of gene therapies!”. Therefore, in this study, we
focused on the rats from 3 to 8/10 months of age, which can
be relevant to human age from young adult to middle age,
respectively!s. Male offspring bred in our laboratory were
used in this study. They were housed in plastic cages in a
controlled environment (light-dark cycle 12/12 h, tempera-
ture 23 + 3°C) with ad libitum access to laboratory basal
feed and tap water.

Evaluation of histopathological changes

3-, 5-, or 10-month-old cDMDR (n = 3/each age group),
and 10-month-old WT (n = 2) rats were anesthetized with
isoflurane and necropsy was performed. After exsanguina-
tion, their hearts were removed and immediately fixed in
10% neutral phosphate-buffered formalin. The fixed hearts
were cross-sectioned at three planes through the ventricles
and embedded in paraffin before being sectioned to obtain
4 pm-thick specimens. The specimens were stained with
hematoxylin and eosin (HE) or Masson’s trichrome. For
immunohistochemical staining, an anti-dystrophin mouse
monoclonal antibody (clone: 6D3, Merck Millipore, MA,
USA) was used, followed by a horseradish peroxidase-la-
beled secondary antibody, and staining results were visu-
alized with 3.3’-diaminobenzidine. Observation of these
specimens was performed using a light microscope. In ad-
dition, the fibrosis area was calculated for all the three Mas-
son’s trichrome-stained ventricular slides using an image
processing program (ImagelJ, National Institute of Health,
MD, USA).

Evaluation of electrocardiogram (ECG)

ECG waveforms were analyzed in accordance with
our previous report with some modifications!®. At 3, 5 or
8 months of age (sample size provided in Fig. 5), rats were
anesthetized with isoflurane and placed in a prone position
after measuring body weight. Needle electrodes were then
placed on each limb in order to record limb lead ECG. The
electrodes were connected to an ECG processor (EP95U,
Softron, Tokyo, Japan) via transducer amplification equip-
ment (Nippon Denki San-ei, Tokyo, Japan), and electric
potential was sampled every 1 ms. All ECG data analysis
was performed using ECG analyzing software (SRV2W and
SP-2000U, Softron, Tokyo, Japan).

Evaluation of cardiac function

At 9 months of age (n =5 for the cDMDR group and n
= 2 for the WT group), body weight was measured. Under
isoflurane anesthesia, echocardiography was recorded using
a preclinical imaging system (Vevo®3100, FUJIFILM Visu-
alSonics, Toronto, Canada) in accordance with our previous
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report with some modifications20. Left-ventricular short-
axis-waveforms and left-ventricular inflow-waveforms were
analyzed, and heart rate, left ventricular mass, stroke vol-
ume, ventricular wall thickness (left anterior wall [LVAW],
and left posterior wall [LVPW]), mitral valve early diastolic
filling velocity [E wave]/atrial filling velocity [A wave] (MV
E/A), ejection fraction, fractional shortening, and cardiac
output were calculated using analysis software (Vevo LAB,
FUJIFILM VisualSonics, Toronto, ON, Canada).

Statistics

Differences in fibrosis area among the three age groups
of cDMDR rats were analyzed using one-way ANOVA fol-
lowed by Tukey’s test. Differences in ECG components
between WT and cDMDR were analyzed using two-way
ANOVA followed by Student’s #-tests. Results were con-
sidered statistically significant when p<0.05. All statistical
analyses were performed with Excel 2019 (Microsoft Corp.,
Redmond, WA, USA) and EZR2! (Saitama Medical Center,
Jichi Medical University, Saitama, Japan), which is a graph-
ical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria).

Results

Evaluation of histopathological changes in cDMDR

At 3, 5, and 10 months of age, cDMDR hearts were
negative for dystrophin (Fig. 1) and showed degeneration/
necrosis of myocardial cells, infiltration of mononuclear
cells, and fibrosis (Fig. 2). These myocardial lesions were
prominent in the right ventricular wall and the outer layer of
the left ventricular wall. While the combination of observed
findings was similar between age groups, fibrosis signifi-
cantly advanced with aging (Fig. 3). Histopathological find-
ings indicative of hypertrophic cardiomyopathy or dilated
cardiomyopathy, which are seen in human DMD, were not
apparent.

Evaluation of ECG

The typical ECG waveforms of arrhythmias observed
in cDMDR are shown in Fig. 4. Sinus irregularities and pre-
mature ventricular contraction were observed in cDMDR,
whereas these arrhythmias were not detected in WT ani-
mals (Table 1).

Although statistical detection sensitivity differed be-
tween age groups because the number of samples per age
group varied, ECG waveform analysis did show some sig-
nificant differences among them (Fig. 5). P wave amplitudes
tended to be smaller at 8 months of age in the cDMDR
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group. R wave amplitudes were significantly larger, while
PR intervals tended to be shorter at 3 and 8 months of age in
the cDMDR group. At 3 months of age, QT intervals in cD-
MDR rats were significantly longer but tended to be shorter
at 8 months of age.

Evaluation of cardiac function

In B-mode images of left ventricles of cDMDR rats,
some high brightness lesions suggesting sclerosis were
observed in the sub-epicardium and the papillary muscle
(Fig. 6). Left ventricular mass and left ventricular wall
thickness did not clearly differ between cDMDR and WT
groups (Fig. 7B, D, and E). However, systolic parameters
such as stroke volume, ejection fraction, fractional short-
ening, and cardiac output tended to be reduced in cDMDR
animals (Fig. 7C, G, H, and I). Moreover, MV E/A tended
to be higher in cDMDR rats (Fig. 7F). The change in MV
E/A could be a result of systolic failure because the early
diastolic filling velocity (E-wave) increases when the left
ventricle sclerosis and contractility decreases.

Discussion

Dystrophin contributes to the stabilization of the plas-
ma membrane structure by connecting the myocyte cyto-
skeleton to the basement membrane. It is considered that
the cell membrane of the cardiomyocyte becomes weak
because of dysfunctional dystrophin, consequently leading
to the degeneration and necrosis of the cardiomyocyte. The
pathological myocardial changes in cDMDR were broadly
distributed but particularly prominent in the right ventricu-
lar wall and the outer layer of the left ventricular wall. It is
widely known that progressive cardio-myopathy (PCM) oc-
curs in many strains of rats and mice, and its typical distri-
bution, namely the predilection for the left ventricle, suben-
docardial regions, and the apex of the heart, has supported a
hypothesis on pathogenesis related to ischemia and vascular
diseases?2. However, the lesions in cDMDR were distributed
in the right ventricular wall and the outer layer of the left
ventricular wall. This pattern of lesion distribution implies
that the lesions were different from PCM and were not in-
duced of ischemic (vascular) origins but were of myocardial
cellular origin22.

In an earlier study, a TALEN-mediated DMD rat (tDM-
DR) model was created?3. Although Larcher et al. reported
that degeneration/necrosis of myocardial cells, infiltration
of mononuclear cells, and fibrosis were detected in tDMDR,
the lesion distribution in tDMDR hearts has not been re-
ported in detail to date. In the current study, it was revealed

Table 1. Arrhythmia Incidences in Anesthetized Rats at Different Ages

age 3 months 5 months 8 months

type WT cDMDR WT cDMDR WT cDMDR
sinus irregularity 0/8 0/9 0/5 0/4 0/4 2/3
premature ventricular contraction 0/8 0/9 0/5 1/4 0/4 1/3
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Fig. 1. Immunohistochemical staining of hearts (left ventricles) with anti-dystrophin mouse monoclonal antibody. Dystrophin staining is clearly
found especially in the membrane of cardiomyocytes of wild type rats (A, C and E) while there is no staining in the hearts at any age of
cDMDR rats (B, D, and F). A: WT at 3 months of age. B: cDMDR at 3 months of age. C: WT at 5 months of age. D: cDMDR at 5 months
of age. E: WT at 10 months of age. F: cDMDR at 10 months of age.

that the lesion distribution pattern for cDMDR hearts was
mostly the same as that observed in human DMD?24. In ad-
dition, pathological findings in cDMDR were almost in con-
formity with those in human DMD!2-14. 24. 25, Furthermore,
a tendency of systolic dysfunction in the hearts of cDMDR
rats could be detected in this study, which was not reported
in tDMDR23,

Pathological myocardial lesions do not seem to be obvi-
ous in DMD model mice’. For example, Torres and Duchen
did not detect pathological changes in heart muscle samples
from mdx mice?6, and Megeney et al. reported that mdx mice
rarely display histological changes in cardiac tissues?’. Al-
though mdx mice at 10—12 months of age exhibited necrosis

and fibrosis of the cardiac muscle’, these lesions seem to be
milder than those seen in cDMDR in the present study. From
these aspects, cDMDR has a number of characteristics in
common with human DMD, which were not present in the
mouse or other rat models, and the model may be considered
as a valuable animal model that could mimic DMD disease
states closer to humans.

Compared to human DMD patients and DMD dog
models, myocardial lesions were considered to be milder in
cDMDR because severe cardiomyopathy such as hypertro-
phic or dilated cardiomyopathy, which are seen in human
DMD patients and DMD dog models, were not apparent
from pathological and echocardiographic studies. Whereas



Miyamoto, Tochinai, Sekizawa ef al. 231

Fig. 2. Histopathological changes in cDMDR hearts. Cardiomyocyte degeneration and necrosis, mononuclear cell infiltration, and fibrosis are
observed in all age groups. These changes are found diffusely in the ventricular wall and papillary muscle, and especially prominent in
the right ventricular wall and the outer layer of the left ventricular wall. There are, to some degree, differences in the lesions between
c¢DMDR of the same age, but histopathological findings are similar for all cDMDR. There are no apparent histopathological findings in-
dicative of hypertrophic cardiomyopathy or dilated cardiomyopathy. A, B: Left ventricle of cDMDR at 3 months of age. Arrows indicate
necrosis of cardiomyocytes. C, D: Left ventricle of cDMDR at 5 months of age. Arrows indicate necrosis of cardiomyocytes. E, F: Left
ventricle of cDMDR at 10 months of age. Arrows indicate necrosis of cardiomyocytes. A—F: HE stain.

the degree of the heart and muscular lesions of DMD dog
models can vary between individuals, cDMDR lesions
showed less pathological variations between individuals
(Fig. 3), which would be a great advantage for DMD re-
search. Overall, it seems that cDMDR might serve a good
model for DMD research, especially for initial and/or low-
grade disease stages with similar lesions to human DMD
patients, even though the cDMDR may have some limita-
tions for studying the precise mechanisms of human DMD.

The following factors are presumed to be involved in

the ECG changes in cDMDR rats. Figure 3 shows an in-
crease in fibrosis area in cDMDR hearts with aging, while
several ECG parameters did not change age-dependently.
ECG parameters other than P wave amplitude may therefore
not be an index of DMD disease progression. Changes in
these two parameters may indicate severity of myocardial
lesions in the atrium and the ventricle, respectively. Unfor-
tunately, changes in these two ECG parameters were not
consistent with changes observed in human DMD patients,
but it is possible that some of the ECG parameters could
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Fig. 3. Progression of fibrosis with aging in cDMDR rats. Masson’s-trichrome stain of the heart indicates progression of fibrosis from 3 to 5
and 10 months of age in cDMDR rats (A-C, respectively) but minimal changes in 10-month-old WT rats (D). The percentage of fibrosis
area in the overall cross-sectional area of the heart increased with aging (E). Bars indicate Mean = SE of cDMDR (n = 3/group). X-marks

indicate individual values of WT rats at 10 months of age (n = 2). *: p<0.05 (the difference among three age groups of cDMDR). Post-hoc
Tukey’s test following one-way ANOVA.

+ sinus irregularity

MM ISiRe

* premature ventricular contraction 0.1 msec

1 mV

0.1 msec

Fig. 4. Electrocardiographic waveforms of arrhythmias observed in cDMDR
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Fig. 5. Body weight and electrocardiographic waveform components in cDMDR and WT rats at different ages. Greater R-wave amplitudes and
shorter PR-intervals in cDMDR rats can be seen, albeit with differences in statistical detection sensitivity between age group caused by
the difference in the number of samples per age group. A prolonged QT interval at 3 months of age but a trend toward shorter QT interval
at 8 months of age are observed, and a trend toward lower P wave amplitudes at 8 months of age is detected in cDMDR. Mean + SE, *:

p<0.05. Post-hoc Student’s #-test following two-way ANOVA.

serve as biomarkers for new therapeutic strategies such
as oligonucleotide-mediated exon skipping therapy using
eteplirsen and golodirsen, both approved by United States
Food and Drug Administration28. 29,

Degeneration/necrosis of cardiomyocytes and fibrosis
contribute to the deterioration of sinus functions, the car-
diac conduction system, and the conduction between ven-
tricular cardiomyocytes. Reduced sinus function leads to
bradycardia, decreased P wave amplitude, and abnormal si-
nus rhythm (sinus irregularity). Conduction system disorder

leads to PR interval prolongation, and conduction abnormal-
ity between cardiomyocytes in the ventricle leads to QRS
duration prolongation, QT interval prolongation, and pre-
mature ventricular contraction. Tissue changes of the heart
seemed to reduce cardiac function. In fact, changes in the
parameters of cardiac function in cDMDR suggested sys-
tolic dysfunction. Therefore, it can be considered that com-
pensatory changes to reduce cardiac function might cause
increases in sympathetic nervous activity. In human DMD
patients, it is also known that sympathetic nervous activity
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Fig. 6. Left ventricular long-axis cross-sectional imaging (B-Mode) from cDMDR and WT at 9 months of age. Very bright echoed areas (ar-
rows) in the subadventitia and near the papillary muscles indicate tissue sclerosis in cDMDR.

A
(bpm) Heart Rate
500
400
8 *
300
200 ¢
100
0
WT DMDR
[()mm) LVAW
4 @. ¢:systolic
O, <: diastolic
3 o
*
2 8 g
1 ? -
0
WT DMDR
g@ Ejection Fraction
80 -
® *
60
$
40
20
0
WT DMDR

B . C
(mg/g) LV Mass/Body Weight (1) Stroke Volume
4 400
*
3 . 300 s &
2 .
2 8 200 %
*
1 100 *
0 0
WT DMDR WT DMDR
(mm) LVPW MV E/A
4 @, &:systolic 3
0, < diastolic
3 ]
[ ] 2 *
2 s ¢
o 1
1
0 0
WT DMDR WT DMDR
(%) Fractional Shortening (I}JL /min) Cardiac Output
60 150
[ J
[ ]
[ J
el e & 100
‘ *
20 50 ‘
0 0
WT DMDR WT DMDR

Fig. 7. Individual data from echo images in cDMDR and WT rats. A: Heart rate; B: Left ventricular wall weight/body weight ratio; C: Stroke
volume; D: Left ventricular anterior wall thickness; E: Left ventricular posterior wall thickness; F: Ratio of left ventricular rapid inflow
velocity (E-wave) to atrial systolic inflow velocity (A-wave); G: Left ventricular ejection fraction; H: Left ventricular internal diameter
fractional shortening; I: Cardiac output. Note that tendency toward worsening of contractile indices (C, G, H, and I) as well as a tendency
toward worsening of diastolic function (F) are seen.
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becomes predominant compared to parasympathetic activ-
ity. The increase in sympathetic nervous activity seems to
induce the increase in heart rate and the decrease in PR in-
terval, QRS duration, and QT interval. Furthermore, weight
loss was observed in cDMDR, and as weight loss reduces
the electrical resistance of body tissues, surface ECG might
have shown increased amplitudes for P waves and Q waves.
Thus, it can be considered that ECG changes in cDMDR
are induced by the combination of organic changes and the
physiological events that follow. These changes also mimic
the disease state of human DMD.

In this study, no histopathological analysis was per-
formed in the atrium. In 3-month-old cDMDR, changes in P
wave morphology were not apparent. However, at 8 months
of age, a decrease in P wave amplitude and sinus irregulari-
ty were detected, and these ECG findings suggest functional
changes in the atrium: the decrease in the amplitude of the
action potential in atrial myocardial cells. Further studies
with histopathological analyses of the atrium will provide
us important information to understand the pathology and
pathophysiology of DMD.

Tissue sclerosis was clearly detected by echocardiog-
raphy in the sub-epicardium and the papillary muscle in
cDMDR at 9 months of age. This was consistent with our
histopathological observations such as degeneration/necro-
sis of cardiomyocytes and fibrosis of myocardium. As ex-
pected, stroke volume as well as cardiac output were consid-
erably suppressed in cDMDR. Although cardiac output was
significantly blunted in cDMDR, this does not necessarily
mean that these animals were hypoxic. The basal respirato-
ry function in cDMDR did not seem to be different from that
in WT, and therefore the whole body may be able to receive
enough oxygen to survive longer than 9 months of age, free
of critical incidents observed in human DMD patients30.

In conclusion, pathological and pathophysiological
changes in the heart common with those seen in human
DMD patients were detected in cDMDR. The disease sever-
ity progressed in an age-related manner, albeit milder than
that in human DMD, and cDMDR rats seem to have the po-
tential to become a useful model for human DMD research.
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