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Abstract

Duchenne muscular dystrophy (DMD) is a fatal muscle-wasting disorder caused by mutations in the Dystrophin gene
and for which there is currently no cure. To bridge the gap between preclinical and therapeutic evaluation studies,
we have generated a rat model for DMD that carries an exon 52 deletion (R-DMDdel52) causing a complete lack of
dystrophin protein. Here we show that R-DMDdel52 animals recapitulated human DMD pathophysiological trajectory
more faithfully than the mdx mouse model. We report that R-DMDdel52 rats displayed progressive and severe skeletal
muscle loss associated with fibrotic deposition, fat infiltration and fibre type switch. Early fibrosis was also apparent in
the cardiac muscle. These histological modifications led to severe muscle, respiratory and cardiac functional impair-
ments leading to premature death around 1 year. Moreover, DMD muscle exhibited systemic inflammation with a
mixed M1/M2 phenotype. A comparative single cell RNAseq analysis of the diaphragm muscle was performed, reveal-
ing cellular populations alteration and molecular modifications in all muscle cell types. We show that DMD fibroadi-
pogenic progenitors produced elevated levels of cartilage oligomeric matrix protein, a glycoprotein responsible for
modulating homeostasis of extracellular matrix, and whose increased concentration correlated with muscle fibrosis
both in R-DMDdel52 rats and human patients. Fibrosis is a component of tissue remodelling impacting the whole
musculature of DMD patients, at the tissue level but most importantly at the functional level. We therefore propose
that this specific biomarker can optimize the prognostic monitoring of functional improvement of patients included
in clinical trials.
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Introduction

Duchenne muscular dystrophy (DMD) is a progres-
sive severe disease affecting skeletal muscles. The major
symptoms are muscles wasting and weakness associated
with cardiac and respiratory defects, ultimately lead-
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DMD mutations are clustered in hot spots with deletions
occurring mainly in the area spanning exon 45 to 55 [5].
DYSTROPHIN is a myofibre structural protein, part of
a protein complex that connects the cytoskeleton to the
extracellular matrix, thus strengthening muscle fibres
and protecting them from contraction-induced damage
[19]. In addition, the dystrophin complex has also a sig-
nalling transduction role, by functioning as an anchor for
different signalling molecules [11].

Although mouse models exhibit only a mild DMD
pathological phenotype and partially recapitulate the
severity of the DMD human disease, most early pre-
clinical works were conducted in dystrophin-deficient
mice. To bridge the translational gap between mice and
humans, larger animal models of DMD have been identi-
fied or generated, including pig, dog and rhesus monkey
models [35, 58]. More recently, DMD rat models have
been genetically generated targeting the genomic region
that spans exons 3-26 [29, 36, 46]. Surprisingly, none of
these DMD rat models carry mutations in the major hot
spot area of exons 45-55. Because the currently available
rat models for DMD cover a limited mutational pattern,
their use in translational research is limited, especially
for the preclinical evaluation of therapeutic approaches
that specifically target the mutation (e.g., exon-skipping
antisense oligonucleotides). We thus generated a new
DMD rat model with a deletion mutation in the exon 52
of the rat Dmd gene, and named this line R-DMDdel52.
Unlike the mdx mouse model that does not exhibit
severe clinical symptoms or life span reduction [8, 9],
R-DMDdel52 rats display premature lethality between 10
and 14 months of age, following a process of severe dys-
trophic remodelling of the entire striated musculature,
including the heart and diaphragm.

In this report, we provide a comprehensive set of
data on the full characterisation of R-DMDdel52 rats
over their lifetime, including clinical, histological, func-
tional, and molecular observations collected during
this comprehensive longitudinal analysis. We show that
R-DMDdel52 rats exhibited most of the major clinical
signs observed in DMD patients, recapitulating the exac-
erbation of the pathology with the age progression. This
included progressive muscle fibrosis and inflammation,
as well as replacement of muscles tissue by fat. Moreo-
ver, R-DMDdel52 rats displayed severely reduced skeletal
muscle force and cardio-respiratory disease progression.
Additionally, to decipher the contribution of each cell
type to the molecular mechanisms of DMD pathogenesis
of one of the most affected and survival-critical muscle
for patient, the diaphragm, we performed a transcrip-
tomic analysis using single-cell RNAseq (scRNAseq).
We identified broad muscle cellular and molecular
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modifications and a new pathogenic marker of fibrosis,
which is one of the major histological hallmarks of DMD,
accompanying deleterious clinical progression. Indeed,
we found that activated fibroadipogenic progenitors
(FAPs) produced increased levels of Comp/Thrombos-
pondin5 transcripts, leading to elevated COMP deposi-
tion in fibrotic areas of DMD muscles as well as elevated
COMP levels in the bloodstream. Cartilage oligomeric
matrix protein (COMP) is a multidomain calcium bind-
ing protein characterized in fibrotic tissues of tendons,
lung, skin and liver [4, 16, 24, 59], where it plays a role
in extracellular matrix remodelling and in maintaining
the integrity of collagen network [2, 22, 57]. In differ-
ent pathological conditions COMP levels are associated
with degrees of fibrosis and has been proposed as prog-
nostic indicator for disease severity and treatment effi-
cacy [25, 63, 66]. Moreover, endomysial fibrosis has been
shown as the major muscle modification correlated with
motor outcome in DMD patients [12]. Here, we identify
COMP as a relevant and significant biomarker of DMD
in R-DMDdel52 rats and human samples.

Material and methods

Rat line

The R-DMDdel52 rat model was generated by produc-
ing a 188 bp -deletion with a premature stop codon gen-
eration into the exon 52 of the Dystrophin (Dmd) gene.
Rat exon 52 sequence (ENSRNOE00000518152) were
selected and BWA algorithm was used to identify guide
RNA sequences (sgRNAs) for CRISPR mediated genome
editing. Exon 52 was deleted using a two sgRNA pairs
approach. The sgRNA sequences are: 5'sgRNAs: ATA
TGAATCTGCAGTTTGCA (gR61) and CCTTTATGC
TGCATAAAAGG (gR69) and 3’'sgRNAs: ACCGAA
GTAAGTCTCTTAAT (gR84) and TTGTGTTTTTCG
TGACGGTA (gR93). The sgRNA number refers to the
MIT specificity score (http://crispor.tefor.net/crispor.
py). Two hundred and forty-six fertilized oocytes from
the Sprague Dawley strain (RjHan:SD provided by Jan-
vier Labs, France) were microinjected with a mix of the
four sgRNAs (12 ng/pl of each) and spCas9 mRNA (25 g/
pl). FO animals were screened by genotyping by junction
PCR. Genotyping is performed on DNA extracted from
tail or ear biopsies. PCR mix was prepared with Dream
Taq 10X buffer (ThermoFisher Scientific, Cat#B65),
0.25 mM dNTP (10 mM), 0.3 pM of forward primer (5'-
CTAACGCATTTAAAATATGCTGTCA-3), 0.3 puM
reverse primer (5-GTTGGCTTAGCTCAACAACCA
AGAT-3'), 0.03 U/pl DreamTaq and around 150 ng of
DNA. The PCR was performed using the Thermal Cycler
2720 with the following thermic program: initial denatur-
ation at 95 °C for 5 min, 40 cycles with denaturation step
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at 95 °C for 10 s, annealing at 60 °C for 30 s and exten-
sion at 72 °C for 45 s, and the final extension at 72 °C for
5 min. Deletion of the exon 52 was detected on a 2% aga-
rose gel.

Rats were housed in a pathogen-free facility with 12-h
light and 12-h dark cycles in accordance with European
Directive 2010/63/EU. Only male rats were used for the
experiments. Both wild type (WT) and DMD rats were
born from the same litter. All the procedures including
animal handling were validated by the ethic committee of
the French ministry (APAFIS#25606-202005311746599).

Age of death

On average, the general condition of the DMD rats started
to deteriorate from the age of 6 months, and we helped the
weakest animals to feed by putting the food pellets on the
floor. When this help was no longer sufficient and the ani-
mals were losing weight excessively with an expression of
apathy, we considered that they had reached the decided
humane limit point and euthanised them.

Sample collection

All rats were anaesthetized and intraperitoneally injected
with 0.1 ml/100 g of undiluted pentobarbital and then
killed by cardiac puncture. Muscles (heart, diaphragm, and
tibialis anterior) were dissected and collected for histology.
For each of them, one end was placed in the gum (traga-
canth gum, Sigma Aldrich) on a flat piece of cork so that
the long axis is perpendicular to the cork and a major part
of the muscle extends above the gum. All muscles were
dipped in a cup of isopentane maintained at -140 °C by liq-
uid nitrogen for 1 min then placed on dry ice before their
transport in a -80 °C freezer until processed. Transversal
muscle cuts of 7 pm of thickness were obtained using a
cryostat (Leica) and used for histological analysis.

Haematoxylin and Eosin

The samples were stained with 0.1% Mayers hematoxylin
(Sigma Aldrich) for 10 min and then dipped in 0.5% eosin
(Sigma Aldrich). The sections were washed in distilled
water and then rinsed in 50%, 70%, 95% and then 100%
ethanol before being incubated in xylene and mounted in
Eurokitt.

Picro Sirius red
Frozen tissue sections were rinsed in distilled water
before the incubation in Picro Sirius red solution (Sigma
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Aldrich) for 25 min. Then, sections were washed in dis-
tilled water and dehydrated in 100% ethanol for 30 s
before the mounting in Eurokitt.

Immunohistochemistry

The samples were fixed in PFA 4% (Invitrogen) and
permeabilized for 12 min with 0.05% Triton (Sigma
Aldrich) in PBS 1X before the blocking in 10% BSA
(Bovine Serum Albumin) for blocking for 45 min at
room temperature (RT). Then the slides were incu-
bated with primary antibodies: Laminin (Sigma Aldrich
L9393, RRID:AB_477163), Dystrophin (Leica, NCL-
DYS1, RRID:AB_442080), [-dystroglycan (Leica,
B-DG, RRID:AB_442043), PDGFRa (Invitrogen, PA5-
16571, RRID:AB_10981626), CD45 (BD Biosciences,
554875, RRID:AB_395568), Isolectin B4 (ThermoFisher,
121412, RRID:AB_2314664), M-cadherin (RD sys-
tem biotech, AF4096, RRID:AB_10641849), CD68
(Abcam, ab31630, RRID:AB_1141557), CD206 (Abcam,
ab125028, RRID:AB_10973022), COMP (Novus bio-
logicals, NBP2-92758, RRID:AB_577733), MHC-Ila
(DSHB, SC71, RRID:AB_2147165), MHC-IIb (DSHB,
BFF3, RRID:AB_2266724), MHC-I (DSHB, BADS5,
RRID:AB_2235587) and conjugated Laminin 647
(Novus biologicals, NB-144AF647, RRID:AB_2891039).
All antibodies were diluted in 0.1% BSA and incubated
overnight (o/n) at 4 °C. The slides were then exposed
to Alexa Fluor secondary antibodies for 45 min at RT.
After rinsing, nuclei were stained with Hoechst (Sigma-
Aldrich) followed by mounting slides with Fluoro-
mount-G Mounting Medium (Invitrogen). Photos were
acquired using a fluorescent microscope (ZEISS Axio
Imager 2 and LSM800 confocal).

Western blot

Cryosections of soleus and diaphragms of 16-week-old
WT and R-DMDdel52 rat were homogenized in 50 mM
Tris—HCI, pH 7.4, 100 mM NacCl, 0,5% NP40 and Halt
Protease inhibitor cocktail (Pierce). Protein extracted
were centrifugated and denatured in Laemmli buffer
for 30 min at RT. Proteins were quantified by Bradford
assay (Pierce) and separated by electrophoresis (Nu-
PAGE 4-12% Bis—Tris gel; Life Technologies) before
being transferred to nitrocellulose membranes (GE
Healthcare). Next, membranes were blocked with 5%
milk for 1 h at RT and primary antibodies (dystrophin,
Leica Dys2 RRID:AB_442081; and b-tubulin, Sigma
RRID:AB_477576) were applied for o/n incubation at
4 °C. Next day, following washes, secondary antibod-
ies conjugated with horseradish peroxidase were added
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and membranes were incubated for 1 h at RT. Follow-
ing the 10 min incubation with substrate, images were
acquired using Chemidoc MP (Biorad).

RNA extraction and RT-qPCR

Quadriceps muscle samples were lyzed in Trizol (Ther-
moFisher) and chloroform (Sigma Aldrich) was added
to recover the aqueous phase enriched of RNA. After
precipitation in isopropanol, washes in 75% ethanol,
the RNA pellets were air-dried and resuspended in
RNA-free water. 1 pg of RNA was reverse transcribed
(Transcriptase inverse SuperScript, Invitrogen) follow-
ing the manufacturer’s instructions. cDNA was diluted
10 times and 2 pL was used per 10 pL of qPCR reac-
tion. Each qPCR reaction contained 100 nM of primers
and 5 puL of SYBR Green Mix (4472908, Thermo Fisher).
The sequences of primers are the following: Tgfb1 (For:
AGAGAAGAACTGCTGTGTACGG, Rev: AAGTTG
GCATGGTAGCCCTT, Il6 (For: GACTTCCAGCCA
GTTGCCTT, Rev: AAGTCTCCTCTCCGGACTTGT),
Ccl2 (For: GTTAATGCCCCACTCACCTG, Rev: AGT
TCTCCAGCCGACTCATTG), Comp (For: CCGTCG
CGCTCCAAAATAC, Rev: AACACTTCTGCCCCG
ACG), Actb (For: TGTCACCAACTGGGACGATA,
Rev: GGGGTGTTGAAGGTCTCAAA). Fluorescence
was quantitated using the Applied Biosystems, StepOne
Plus Real-Time PCR (Thermo Fisher Scientific). Actb
was used as internal housekeeping gene to normalize
the data.

scRNAseq

Bulk scRNAseq was performed on diaphragm tissues iso-
lated from WT and R-DMDdel52 rats aged 12 months
after enzymatic and mechanic digestions at 37 °C in agi-
tation with 0.5 U/ml Collagenase A (Roche) and 3 U/ml
Dispase II (Roche). Cell resuspensions were filtered, and
vital cells were isolated by fluorescence-activated cell
sorting (FACS) as DAPI-negative. Gel beads emulsions
were obtained using Chromium Single Cell 3’ kit and
clean-up cDNAs were used to prepare next-generation
sequencing libraries. Sequencing was performed using
Nextseq550 of Illumina. Data were analysed using Cell
Ranger software and visualized via Loupe Cell Brower.

Grip test

Forelimb grip strength was assessed using a grip strength
meter (BIO-GS3, Bioseb). Animals were subjected to
grasp the grid with their forelimbs, then gentle pulled
back up to grip was released. The measurements were
repeated 5 times with at least 10 min of rest on a flat
surface between each. Maximum value was taken as
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an index of the strength. To correct for individual vari-
ation in strength due to growth variation, values were
then normalized on the average tibial length per group,
divided by the tibial length of each individual rat.

Treadmill

Locomotion was assessed using a treadmill (LE87 10RTS,
Pan lab Harvard apparatus). Belt slope was set at 5
degrees inclination and electrical shock intensity of the
resting pad was set at 0.2 mA. Rats were pre-acclimated
to the treadmill for 2 weeks before performing the final
test. During the first day, rats were subjected to stay on
the treadmill for 10 min and then rats were walking for
10 min every day at a constant speed of 5 cm/s. Dur-
ing the second week of training, the rats were run every
two days with increasing speed and rest for two days
before the final test. For test, rats ran with a start speed
of 5 cm/s with acceleration of 2 cm/s every 2 min. The
assay was finished when the animal stopped for 3 times in
arow on the rest pad.

Plethysmography

Respiratory functions were measured by whole body ple-
thysmograph (Emka Technologies) on unanaesthetised
rats. Individual rats were placed in a calibrated cylindri-
cal chamber at RT. Following 5 min of acclimatization,
data were recorded for 15 min and then analysed with
10X2 software.

Electrocardiography (ECG) analyses

Electrocardiograms were performed on unsedated and
unanaesthetised vigile rats using non-invasive telem-
etry system with two electrode cables worn in a jacket
(rodentPACK, Emka Technologies). After a period of
habituation of the animals to the electrodes, data was
acquired during 10 to 20 min, corresponding to ~6000
heart revolutions. Data were further analysed by the
"Averaged beats analysis" plugin of the ECGavg software
(v1.0.1.4) that we codeveloped with EMKA. The soft-
ware produced a graph of heart rate trends over time.
For each rat, we selected the lowest heart rate value,
considering that this corresponded to a resting cardiac
activity devoid of the confounding impact of the hyper-
activated sympathetic nervous system during the acute
stress response. To this baseline value we added 10% and
analysed all cardiac revolutions between the two values
(in the above example, between 400 and 440 bpm). A
total number of 540 to 1934 revolutions were analysed.
The ECGavg software then produced an average elec-
trocardiogram which we annotated and used as a basis
for quantifying the intervals and segments (expressed in



Taglietti et al. Acta Neuropathologica Communications (2022) 10:60

milliseconds, ms) which we then analysed using Graph-
Pad (version 9.3.1, Prism). By analogy with the QTc inter-
val that was difficult to obtain for some rats because of
the fluctuating isoelectric line, the heart rate corrected
QTpc value corresponded to the interval between the
beginning of Q and the peak of the T wave, corrected
with the Bazett’s formula normalized to the average rat
RR (QTpc=QTp(eak) / (RR / £)1/2, f=150 ms) [34].

Rat COMP/THROMBOSPONDIN-5 ELISA Kit

Concentrations of circulating COMP were quantified
using a commercial enzyme-linked immunosorbent assay
(ELISA) kit (Novus biologicals, NBP2-82,142). Recombi-
nant COMP standards ranging from 1.56—100 ng/ml, and
serum samples were pipetted into wells precoated with
specific antibody to COMP. After incubation, detection
antibody solution was dispensed, and absorbance was read
after treatment of the samples with the substrate solution.
The optical density is clearly proportionate to the quantity
of COMP in the samples and the COMP concentration
were extrapolated from the standard curve reference.

Human muscle samples

DMD was confirmed in all patients by genetic analyses
and absence of dystrophin on immunoblots and cryosec-
tions. The possibility to use material for research purposes
was obtained from parents or legal representatives who
gave their written informed consent for the participation
of the children to the study. Ethical issues were in accord-
ance with current French legislation and hospital research
ethics committee (Approval #12-009 at CPP Ile-de-France
IX). For each DMD patient, 7 pum cryostat cross-sections
from deltoid muscle samples were processed. Immuno-
fluorescence experiments were performed following the
same procedure for the rat sections and described above.

Results

Premature death, absence of dystrophin expression

and muscle atrophy in R-DMDdel52 rats

We generated a DMD rat model by injecting the Cas9/
sgRNA constructs in Sprague Dawley zygotes, to delete
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exon 52 of the Dmd gene (R-DMDdel52). This 188 bp-
deletion is predicted to disrupt the coding frame and
produce a loss-of-function allele. Exon 52 deletion con-
firmed by PCR amplification with primers spanning the
deletion site was used to genotype the animals (Fig. 1a).
The rats were observed daily and showed increasing loco-
motor weakness and muscle atrophy, particularly visible
in the face starting from 6 months of age (Fig. 1b). Most
of the animals experienced a worsening of their body
condition between 10 and 13 months of age, and not a
single R-DMDdel52 rat survived beyond 14 months of
age (Fig. 1c). We analyzed dystrophin protein expres-
sion on transverse tibialis anterior (TA) sections by
immunofluorescence. In parallel, we also performed an
immunostaining of B-dystroglycan, as component of
the dystrophin-associated protein complex. Both dys-
trophin and p-dystroglycan proteins were nearly absent
in R-DMDdel52 muscles, which however displayed rare
revertant fibres (Fig. 1d). We quantified the percentage of
revertant fibres from 3 weeks until 12 months, the old-
est age beyond which the number of surviving animals
was insufficient to obtain statistically analysable data.
During the lifespan of R-DMDdel52 rats, we observed
an increased percentage of revertant fibres by immu-
nostaining (Fig. 1d, e). Despite these, western blot analy-
sis could not detect any dystrophin protein in soleus and
diaphragm of R-DMDdel52 rats, compared to their wild-
type (WT) counterparts (Fig. 1f). Next, we measured
the serum levels of creatinine kinase (CK), a protein bio-
marker of fibre damage (Fig. 1g). CK levels (U/l) were ele-
vated in serum of R-DMDdel52 rats at early time points
and then they sharply decreased with age as the muscle
mass was substituted by fibrotic and fat tissue. We also
recorded rat body weight from 21 days of age until the
death of the animals. With this panel of rats, we observed
no significant differences in body weight between geno-
types between 21 and 42 days; however, starting from
2 months of age, the body weight was significantly
decreased in R-DMDdel52 rats compared to controls,
with a marked drop after 6 months of age (Fig. 1h,
Table 1). Of note, there was no significant difference in

(See figure on next page.)

Fig. 1 Premature death, absence of dystrophin expression and muscle atrophy in R-DMDdel52 rats. a Scheme of CRISPR-mediated gene deletion

in rats and genotyping data from WT and R-DMDdel52 animals. Position of WT and deletion (del52) bands is indicated. b Pictures of R-DMDdel52
rats (left) and a WT littermate (right) aged 12 months, showing a marked facial muscle atrophy that modifies the appearance of the animal. ¢ Kaplan
Meier Curve for the frequency of WT (black curve) and R-DMDdel52 (red curve) rat survival. d Representative immunofluorescence for DYSTROPHIN
(orange) and BDYSTROGLYCAN (red) in tibialis anterior sections of 3-month-old (left panels) and 12-month-old (right panels) WT and R-DMDdel52
rats. Scale bar 20 um. e Quantification of the percentage of dystrophin-positive fibres in WT and R-DMDdel52 TA at 3 weeks, 3, 6, 12 months of age. f
Western blot analysis of WT and R-DMDdel52 proteins extracted from soleus and diaphragm tissues. The amount of loaded proteins was normalized
on B-TUBULIN levels. g CK levels of WT and R-DMDdel52 rats aged 3 weeks, 3 months, 6 months and 12 months. h Weight curve showing that
R-DMDdel52 rats exhibited a progressive loss of weight compared to their healthy littermates (WT). i) Graph showing the body and tibial length in
centimetres of R-DMDdel52 and WT rats. j) Pictures of R-DMDdel52 muscles at 12 months of age: tibialis anterior, extensor digitorum longus, soleus,
and heart. k) Graph showing the weight in grams of different skeletal muscles from R-DMDdel52 rats and WT aged 12 months
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body and tibial length in the R-DMDdel52 cohort com-
pared to WT at 12 months of age (Fig. 1i), emphasizing,
that the reduced body weight was not due to a growth
defect but rather reflected the severe muscle atrophy
visually observed in dystrophic rats. To confirm this at

the muscle level, we sampled muscles in R-DMDdel52
rats aged 12 months. Tibialis anterior (TA), extensor digi-
torum longus (EDL) and soleus of DMD rats appeared
smaller than those of the WT littermates (Fig. 1j) and we
quantified a significant reduction of their weight (Fig. 1k,
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Table 1 Body weights, body mass index, body length and muscle weights
Parameter 3 weeks 6 months 12 months
WT DMD WT DMD WT DMD
Body weight (g) 96.9+214 76034 62134384 5472 +£60.0* 731.1£63.3 337.7 £88.9***
Body Mass Index (g/cm?) 0.3940.03 0.34£0.03 0.70£0.06 0.63£0.04 0.74£0.04 0.34£0.22**
Body length (cm) 157412 149406 29.141.0 29.0+13 305+ 29.6+£0.7
Tibialis anterior (g) 0.164+0.03 0.1240.01 1214034 0974022 1.1540.05 0.554+0.21**
Heart (g) 047 40.06 047 40.05 1.774£0.10 1.844+048 1.86+0.11 220£0458
Soleus (g) 0.05440.03 0.03540.02 0.3940.03 0.25+0.13 0.35+0.10 0.1540.06*
p value are calculated refered to WT
*p<0.05
*p<0.01
#%p < 0,001
$p=0.07
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Table 1). Altogether, these data confirmed that R-DMD
rats suffered from a severe progressive skeletal muscle
atrophy, sufficient to cause a substantial decrease in their
body mass by the age of 2 months. Conversely, the hearts
of R-DMDdel52 rats aged 12 months appeared slightly
bigger than those from WT (Fig. 1j) with a tendency
towards an increased weight at this age (Fig. 1k).

Muscle functional evaluations in R-DMDdel52 rats

To assess skeletal muscle performance in vivo, we per-
formed both grip assay and treadmill exhaustion test. The
grip test was used to measure muscular strength in WT
and R-DMDdel52 rats aged 3 weeks, 3, 6 and 12 months,
showing a statistically significant decrease in the maxi-
mum force applied by R-DMDdel52 forelimbs compared
to WT, at all the analysed time points (Fig. 2a). In addi-
tion, we used the treadmill test to determine endurance
and fatigue, with the animals running until exhaustion
with a gradually increasing speed. During this exercise,
R-DMDdel52 rats became exhausted significantly earlier
than WT rats (Fig. 2b). Indeed, both at 3 and 6 months,
R-DMDdel52 rats ran a reduced distance (Fig. 2c) at a
lower speed (Fig. 2d), and during a shorter time (Fig. 2e)
compared to aged-matched WT animals, confirming a
severe functional impairment in their mobility.

Diaphragm and respiratory evaluations in R-DMDdel52
rats

Respiratory functions were assessed by non-invasive
whole-body plethysmography in R-DMDdel52 and
WT rats aged 6 months. At this age, R-DMDdel52
rats showed a significant shorter exhalation time dur-
ing a normal breath (Fig. 3a—c), a lower tidal volume
measured at each ventilation (Fig. 3d) and a compensa-
tory increased respiratory rate (Fig. 3e) that eventually
resulted in a similar minute ventilation between WT and
R-DMDdel52 (Fig. 3f). These data highlighted a severe
muscular phenotype in skeletal muscle performance of
R-DMDdel52 rats. In artificial living conditions charac-
terised by limited movement in an animal cage, the lack
of air exchange volume through reduced amplitude ven-
tilation is compensated by the corrective mechanism of
increased rate, which ensures sufficient haematosis.

We performed histological analysis by hematoxylin
and eosin (H&E) and Picro Sirius red staining on sec-
tions of diaphragm from WT and R-DMDdel52 rats aged
3 weeks, 3, 6 and 12 months. R-DMDdel52 diaphragm
were already severely affected at 3 weeks of age, show-
ing an altered fibre morphology with invading inflam-
matory cells and fibrotic deposition (Fig. 3g). Fibrosis
worsened with disease progression (Fig. 3h, j, k). Indeed,
we quantified the extent of fibrosis by measuring the per-
centage of area occupied by connective tissue, marked by

Page 8 of 19

fluorescent Picro Sirius red, and showed statistically sig-
nificant differences between WT and R-DMDdel52 dia-
phragm at all the time points, culminating at 6 months
(Fig. 3j) when the fibrotic deposition reached its maxi-
mal levels (Fig. 31). Next, we characterized changes in
diaphragm cross-sectional area and the percentage of
fibres at 3 weeks and 3, 6, 12 months in R-DMDdel52
and WT rats (Additional file 1: Fig. S1a-d). We observed
a strong myofibre atrophy with decreased fibre calibres
in R-DMDdel52 diaphragm at all the time points. Finally,
we confirmed the severity of the DMD phenotype in a
limb muscle, the TA, in terms of muscle morphology,
inflammatory infiltration, myofibre heterogeneity and
most importantly muscle fibrosis (Additional file 1: Fig.
Sle-j).

These data further demonstrated that R-DMDdel52
rats display a severe dystrophic phenotype, with skeletal
muscles being compromised and the morphological and
functional level, due to the substitution of myofibres with
fibrotic tissue.

Cardiac functional and histological assessment

in R-DMDdel52 rats

Heart failure following a dystrophic process pathognomonic
of the described disorder in skeletal muscle is one of the
major causes of death in DMD children [48, 69]. Early elec-
trocardiogram (ECG) abnormalities, preceding functional
failure, are commonly reported in patients [41, 56, 62]. We
thus characterized the cardiac phenotype of R-DMDdel52
rats and performed ECG on animals, analysed in a time
window corresponding to animals at rest based on both
their quiet behaviour and a similarly low heart rate (e.g.
at 3 months, heart rate=458+20 s.e.m bpm in R-DMD-
del52 rats and 488+6 s.e.m. bpm in their WT littermates,
p=0.133), reflecting the absence of a stress-activated sympa-
thetic system stimulation. Between 4 weeks and 12 months
of age and whatever the genotype, all the animals analysed
had a regular sinus rhythm. Remarkably, regardless of age,
we observed a modified ECG pattern in all DMD rats, char-
acterised by a bifid shape of the junction between the QRS
and the T wave, the apex of which was shifted to the right
(Fig. 4a). Thus, the quantification of the interval between the
Q wave and the T wave peak, finely corrected for each indi-
vidual by the heart rate (QTpc), was significantly increased in
DMD rats compared to their WT littermates (Fig. 4b). The
prolonged QTpc interval in R-DMD rats, pointed to an acti-
vation or repolarization defect (Fig. 4a), possibly induced by
intramyocardial fibrosis [18]. We stained sections of hearts
with hematoxylin and eosin and Picro Sirius red, sampled
from R-DMDdel52 rats and their WT littermates aged
3 weeks, 3, 6 and 12 months (Fig. 4c—h). At 3 weeks of age,
no clear sign of fibrotic deposition and the invading inflam-
matory cells routinely seen in dystrophic skeletal muscles
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panels) staining of diaphragm of 3-week-old (g) and 3-month-old (h) WT and R-DMDdel52 rats (scale bar 50 um). i Percentage of Sirius red area in

diaphragm of 3-week-old and 3-month-old WT and DMDdel52 rats. j, k Hematoxylin and eosin (upper panels) and Picro Sirius red (lower panels)

staining of diaphragm at 6 months (j) and 12 months (k) of age of both WT and R-DMDdel52 rats (scale bar 50 um). I Percentage of Sirius red area in
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were seen in the heart (Fig. 4c). In contrast, marked signs  the R-DMDdel52 rats. It is most likely a consequence of the
of cardiac muscle degeneration and fibrosis were present at  replacement of normal heart tissue by fibrosis, for which the
3 months of age (Fig. 4d, e), and were exacerbated at 6 and ~ QTpc value appears to be predictive, in addition to be highly

12 months (Fig. 4f—h). We conclude from these data that the  predictive of the genotype of animals.
early and quantifiable ECG abnormality is highly specific to
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Fat replacement of muscle tissue and inflammation

in R-DMDdel52 muscles

Another hallmark of DMD is the replacement of myofi-
bres by fat tissue. The accumulation of adipocytes within
the skeletal muscle was firstly appreciated by haema-
toxylin and eosin, with clear fatty infiltrate adipocyte
present in skeletal muscles at 12 months of age (Fig. 5a).
The quantification of fat deposition was performed using
staining with Bodipy, a standard lipid dye [60], on trans-
versal sections of TA isolated from R-DMDdel52 and
WT rats aged 3 weeks, 3, 6 and 12 months (Fig. 5b, c).
From 3 months of age, the lipid content was elevated in
intramuscular spaces of R-DMDdel52 muscles com-
pared with WT samples. In addition, adipose infiltra-
tion increased with disease progression, reaching a peak
at 12 months (Fig. 5c). Since dystrophin deficiency in
striated muscles causes a degenerative process coupled
with the invasion of inflammatory cells into the mus-
cle, we decided to quantify the number of macrophages

infiltrating the skeletal muscles of R-DMDdel52 animals
and their WT littermates. We immunolabelled mac-
rophages on sections of TA sampled from R-DMDdel52
and WT rats aged 3 weeks, 3, 6 and 12 months (Fig. 5d—
f). From 3 months of age, R-DMDdel52 muscles showed
an increased number of both M1 (CD681:CD206~) and
M2 (CD68":CD206%) macrophages (Fig. 5e). Moreo-
ver, we noticed a higher number of cells expressing only
CD206 (CD68:CD206™) in R-DMDdel52 muscles, indi-
cating a persistent presence of immature dendritic cells
or macrophages without the expression of the cell surface
marker CD68 (Fig. 5f). To better evaluate the inflamma-
tory status of R-DMDdel52 muscles, we also performed
qPCR detection of inflammatory cytokines (7gfb, Il6,
Ccl2) on cDNAs obtained from quadriceps of R-DMD-
del52 rats and their WT littermates (Additional file 1: Fig.
S2a-d). At 3 weeks, 3, 6 and 12 months of age, the expres-
sion levels of the three cytokines were significantly higher
in R-DMDdel52 muscles, except for I/6 that was found



Taglietti et al. Acta Neuropathologica Communications

(2022) 10:60

Page 12 of 19

a b c
- it [ Cluster 1: Erythrocytes .E:Q\EI)VV\IID Diaphragm wt DMD
- Cluster 2: FAPs Pdgfrate , Dentow Fibroblasts/FAPs 6.9% 30%
Schwann ﬁ"ms B Cluster 3: Endothelial Endothelial cells | 69.4% 40.5%
- B Cluster 4: FAPs Pdgfraish , Dention
MuSCs %’:;as‘s B Cluster 5: Smooth muscle Smooth muscle cells  9.3%  10.4%
1% B Cluster 6: Macrophages Macrophages 23% 6.6%
n:ne Cluster 7: MuSCs - L MUSCS 5% 5 5%
B Cluster 8: Myoblasts 5 :
Cluster 9: TCD8 - B cells % Myoblasts 5.8% 5%
oote “ TCDS — B cells 13% 2%
d
wT DMD WT DMD WT DMD
Dcn || Actaz "' Ccl6 N
| o i
. - . - .
Ccdh5 Myh4 C1qa e
] - ™
Y Y
Pax7 | 4~ Ptprc ) Mrc1 .
(CD45) 2§ (CD206)
. o - -
e wWT DMD f
\“\ ¢ $=0,00008 5 25
E E-1
@ £ 20
8 g p=036
+ ?"‘) 15
['4 o
§ 210
* os
WT DMD 2 0.0
WT DMD
i J k WT |
Et
£
2
o
WT DMD WT DMD
/ 4 AN —¥ — f \\ + \ ,
Fig. 6 scRNAseq on 12-month-old R-DMDdel52 diaphragm compared to WT. a T-SNE clustering of rat muscle single-cell into nine populations.
b Clustering overlay of WT and DMD muscle single-cells. ¢ Proportion of major cell time of rat WT and DMD muscle cells. d Profiles of known
markers in each cell population cluster (Dcn, Cdh5, Pax7, Acta2, Myh4, Ptprc, Cclé, C1ga, Mrc). e Representative immunofluorescence for PDGFRa
(red) and LAMININ (green) in WT and DMD diaphragms at 12 months of age. Nuclei are counterstained with Hoechst (blue) (scale bar=10 um).
f Quantification of the number of PDGFRa-positive cells per mm? in WT and DMD diaphragms at 12 months of age. g Representative staining
for ISOLECTIN B4 (red) and nuclei (blue) in diaphragms isolated from WT and DMD rats aged 12 months (scale bar= 20 um). h Quantification
of ISOLECTIN B4-positive vessels per fibre in TA of WT and DMD rats aged 12 months. i Representative immunofluorescence for CD45 (red)
and LAMININ (green) in WT and DMD diaphragms at 12 months of age. Nuclei are counterstained with Hoechst (blue) (scale bar=10 pm). j
Quantifications of CD45-positive cells per mm? in WT and DMD diaphragms at 12 months of age. k Representative immunofluorescence for
MCADHERIN (purple) and LAMININ (green) in WT and DMD diaphragms at 12 months of age. Nuclei are counterstained with Hoechst (blue) (scale
bar=10 um). I Quantifications of the number of MCADHERIN-positive satellite cells per fibre in diaphragms isolated from WT and DMD rats at
12 months




Taglietti et al. Acta Neuropathologica Communications (2022) 10:60

unchanged in the R-DMDdel52 quadriceps at 12 months
(Additional file 1: Fig. S2d). All these data indicate that
R-DMDdel52 muscles are characterized by severe and
persistent chronic inflammation consistent with an exac-
erbation of the pathological phenotype. Finally, because it
has been reported that fast-twitch glycolytic fibres (Type
IIb) are preferentially affected by the disease whereas oxi-
dative slow-twitching fibres (Type I) are mostly spared
[67, 71], we characterized the fibre type distribution in
the fast-twitching EDL muscle. We confirmed that in the
R-DMDdel52 model, type IIb fibres were mainly affected
and were progressively lost, in contrast with type I fibres
that we found mostly preserved. Hence, R-DMDdel52
muscles contained a higher percentage of type I fibres
at 12 months, compared to WT (Additional file 1: Fig.
S2e-f).

Comparative transcriptomic signature of single cells
(scRNAseq) in the diaphragm

Using RNAseq, we assayed the transcriptomic profile
of diaphragms at the single-cell resolution (scRNAseq),
both in R-DMDdel52 rats aged 12 months and their WT
littermates (Fig. 6a—c; Table 2). scRNA sequencing was
performed on a 10X Genomics Chromium platform with
unbiased clustering, and cell identity was attributed by
the expression of known cell type markers [51]. A first
global analysis revealed massive changes in cell popula-
tions of the diaphragm of R-DMDdel52 rats. Notably,
we found a marked increase in the relative numbers of
FAPs and inflammatory cells (macrophages, CD8' T
cells and B cells) (Fig. 6b). Differences in cell type abun-
dancy between R-DMDdel52 and WT were confirmed by
a tSNE plot based on canonical cell markers (FAPs, Dcn;
endothelial cells, Cdh5; muscle stem cell, Pax7; smooth
muscle cells, Acta2; myoblasts, Myh4; inflammatory cells,
Ptprc) (Fig. 6d). To validate the increased number of FAPs
in DMD skeletal muscles, we quantified the number of
PDGFRa-positive cells on transverse sections of muscle
sampled from R-DMDdel52 and WT rats at the age of
12 months, and confirmed in situ the dramatic increase
in the number of PDGFRa + cells (Fig. 6e, f). Of note and
in contrast with a putative decreased number of endothe-
lial cells suggested by scRNA-seq data (Fig. 6c), we
found an unchanged number of capillaries per myofibre
at the same age (Fig. 6g, h), suggesting that the vascular

Table 2 10X Genomics scRNAseq parameters
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endothelium was underrepresented in the scRNAseq
analysis due to impaired digestion of muscle interstitium
under dystrophic remodelling conditions. The presence
of inflammatory cells in R-DMDdel52 and W'T muscles
was evaluated by immunostaining for CD45, a pan-leu-
kocyte marker (Fig. 6i). The quantifications of the num-
ber of CD45-positive cells revealed a stronger presence
of immune cells in 12-month-old R-DMDdel52 muscles
compared to WT, confirming the results of scRNAseq
(Fig. 6j). Finally, we validated that the number of satellite
muscle stem cells (MuSCs, m-Cadherin+) did not vary
between DMD and WT rats (Fig. 6k, 1).

COMP expression in the fibrotic deposition of rat

and human DMD samples

Since FAPs mediate muscle fibrosis, we further inves-
tigated their transcriptomic profile. First, we identified
FAP populations in WT and R-DMDdel52 samples by the
expression of PDGFRa (Fig. 7a). Then, we compared the
transcriptional landscapes of WT and R-DMDdel52 FAP
cell clusters showing similar level of expression of known
fibroblast markers as Pdgfra, Decorin (Dcn), Vimentin
(Vim) and S100a4. Overall, FAPs isolated from dystrophic
samples displayed higher level of Collagen8al (Col8al),
and fatty acid-binding protein 4 (Fabp4) (Fig. 7b). Inter-
estingly, FAPs from R-DMDdel52 muscles also expressed
higher levels of Cartilage Oligomeric Matrix Protein
(Comp), also known as Thrombospondin-5, coding for an
extracellular glycoprotein mainly found in bone, cartilage
tissues and in fibrotic depositions [1, 45, 61] (Fig. 7c, d).
The increased expression level of Comp in dystrophic rat
tissues was confirmed in the quadriceps by a compara-
tive qPCR analysis performed in R-DMDdel52 and WT
rats aged 12 months (Fig. 7e), followed by immunohisto-
chemistry on TA of the same rats that confirmed elevated
COMP levels, specifically within the increased endomy-
sial molecular layer (Fig. 7f, g). We also noticed COMP
accumulation in fibrosis area of heart and diaphragm of
R-DMDdel52 rats at the age of 12 months (Additional
file 1: Fig. S3a-c). Notably, WT samples were negative for
COMP, suggesting that it is a specific marker of DMD
fibrotic deposition across different muscles. To assess the
potential of COMP as a circulating biomarker, we evalu-
ated its concentration in the serum of DMD and WT rats
aged 6 and 12 months. At both ages, the serum COMP

Estimated number Mean reads per cell Median genes Number of reads Valid barcodes Sequencing
of cells per cell saturation
WT 2930 169,425 752 496,416 307 98% 91.3%
DMD 4812 74,686 1374 359,387 049 97.3% 88.7%
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concentration was significantly increased in DMD
rats, confirming the diagnostic value of this biomarker
(Fig. 7h). In order to assess the translational potential of
this novel profibrotic remodelling biomarker in DMD, we
immunodetected COMP in muscle sections from DMD
patients and controls, confirming the exclusive presence
of a high number of COMP-positive cells in the muscle
of patients, compared to an almost undetectable level in
controls (Fig. 7i—k). COMP expression is therefore an
unambiguous biomarker of DMD fibrotic remodelling,
with a potential translation value.

Discussion

In this study we analysed the phenotype of a new DMD
preclinical rat model. R-DMDdel52 animals were gen-
erated by inducing an out-of-frame deletion in exon 52
of the Dmd gene. As a result, no expression of dystro-
phin was detected in striated muscles, except for rare
revertant fibers. Loss of dystrophin was associated with
the release of an elevated level of creatine kinase in the
bloodstream. This model displayed severe histopatho-
logical and progressive aggravated signs of the disease.
Indeed, R-DMDdel52 rats showed a progressive dete-
rioration of skeletal muscles with replacement of muscle
fibres by noncontractile, connective and adipose tissue,
eventually leading to loss of muscle force and mass. The
initial reduction in muscle growth, and later in mus-
cle maintenance, could be associated with a reduction
in the body mass from the age of 2 months and further
prolonged by a marked drop in the body mass curve at
6 months of age, which coincided with fatal deterioration
in the general condition of the animals. In R-DMDdel52
rats, CK serum concentration was high in juvenile life,
then peaked at 3 months and decreased from 6 months.
These results are consistent with the CK levels measured
in DMD patients, reported to be the highest at 3-5 years
of age followed by a decrease with age and clinical pro-
gression [13]. At the histological level, the accumula-
tion and persistence of revertant fibres slightly increased
with age, consistent with routine descriptions in human
patients, mdx mice and dog models [14, 15, 39, 49]. We
also showed a significant loss of type IIb fibres with spar-
ing of type I slow-twitching fibres, similarly to observa-
tions in DMD patients and a canine model [67, 71]. This
demonstrates that the R-DMDdel52 rat model ranks
among those that finely reflect the human condition,
characterized by a privileged involvement of glycolytic
fibres. Although there is a consensus in the literature
on the transition within DMD muscle from fast to slow
fibres, an opposite transition has recently been demon-
strated in the extensor carpi ulnaris muscle of a DMD
canine model [21], suggesting that additional analyses on
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a large panel of muscles are required. The R-DMDdel52
rat model is most appropriate to implement them.

Here we confirm that a preclinical DMD rat model
fills a gap between the mildly affected mdx mouse and
large animal models, allowing to better character-
ize at the cellular and molecular levels some insuffi-
ciently understood pathogenic mechanisms, as well as
to identify those that are still unknown. In addition, our
functional analysis focusing on minimally invasive func-
tional parameters, directly comparable to those used
in patients, demonstrated that R-DMDdel52 animals
provide a highly predictive model of intermediate size,
ready for use in preclinical trials. Notably, respiratory
capacities of R-DMDdel52 and WT rats by whole-body
plethysmography demonstrated functional respiratory
defects with a reduced tidal volume at 6 months of age,
compensated by and increased respiratory rate. Inter-
estingly, these parameters are significantly impaired in
DMD patients starting around 18 years of age [38], and
have been associated with diaphragm insufficiency com-
bined with impairment of the abdominal and thoracic
accessory skeletal muscles of ventilation, which is exac-
erbated by scoliosis. In addition to respiratory assess-
ments, we show that grip strength and treadmill walking/
running trials yielded reliable, reproducible, and highly
significant values that allowed robust discrimination
between weaker R-DMDdel52 rats and their healthy WT
littermates. The first drop in forelimb muscle strength
was detected as soon as 3 weeks of age, confirming an
early onset of the dystrophic disease. The assessment of
a more integrated motor function was performed using a
treadmill test that proved to be also highly discriminant,
with performance or endurance values reduced by 50% to
75%, respectively for 3 and 6 months of age. Despite the
robustness of the series of values obtained with this test,
we chose to no longer use it in routine preclinical evalua-
tion. Indeed, some rats died during the habituation phase
of the test, characterized by a very low speed of rotation
of the treadmill (2 cm/s). Post-mortem analysis revealed
plasma hyperkalaemia, indicating acute rhabdomyoly-
sis with release of intracellular potassium, which likely
caused a fatal cardiac arrhythmia. This suggests that any
effort, even mild, imposed on DMD rats can be fatal and
highlights the extreme spontaneous fragility of these ani-
mals. As an alternative to the treadmill test, we are devel-
oping quantified observation of the rats filmed during
their spontaneous movements. Indeed, DMD rats spon-
taneously cope very well with the level of exercise they
can perform, adjusted to their instant capacities. In other
words, they are no longer forced to undertake specific
tasks, but cooperate in the collection of relevant biomed-
ical data, in a positive interaction with the investigators.
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Cardiac remodelling and failure are main causes of
death in Duchenne muscular dystrophy patients [40, 48,
69]. More than 75% of patients with DMD display ECG
abnormalities that reveal conduction defects or arrhyth-
mias [41, 62]. Of note, ECG abnormalities are rather
easy and inexpensive to characterize, they are otherwise
detected at an early age, and they precede the functional
decline of the myocardium [30]. They are thus a predic-
tive diagnostic marker for heart failure. They can also be
used as a prognostic marker to monitor the capacity of
a therapeutic strategy to prevent, slow down or reverse
the cardiac remodeling mechanism. Hence, DMD ani-
mal models with early presymptomatic ECG outcomes
are relevant to assess the efficacy of candidate thera-
pies. Herein, we show that all R-DMDdel52 rats show an
abnormal bifid and elongated wave following the QRS,
quantifiable via the QTpc parameter that was increased
by about 50%. This increased QTpc value is very spe-
cific to R-DMDdel52 rats, making QTpc the best func-
tional discriminating criterion, equivalent in reliability
to genotyping. Similar modifications, quantified here
with neither sedative nor anesthetic molecules known
to interfere with ECG values [47], have previously been
identified in DMD patients [7, 41, 53, 70]. The prolonged
QTpc interval with normal P waves points to a ventricu-
lar de- or repolarization defect, likely caused by the pro-
gressive cardiac fibrosis observed in DMD rats. Fibrosis
is a predictor of adverse outcomes for patients that suffer
from cardiomyopathies [23, 27, 54, 68]. On the contrary,
a decrease in fibrosis may be a marker of the efficacy of
treatments prescribed to restore myocardial contractile
function in DMD patients [3]. Further complementary
assessment of R-DMDdel52 heart will be useful in the
future to more precisely characterize the histological and
functional consequences causing, or resulting from, the
elevated QTpc. This could include echocardiography,
strain rate, and strain analysis using magnetic resonance
imaging, as performed in human patients [55].

Although the primary cellular cause of DMD is myone-
crosis caused by rupture of the sarcolemma, it becomes
more and more obvious that other cell types largely con-
tribute to disease severity and progression, such as mac-
rophages [37, 42, 52, 65] and FAPs [26, 32, 44, 64]. To
identify the skeletal muscle cellular and transcriptional
modification in DMD, we performed a comparative scR-
NAseq analysis on diaphragms of R-DMDdel52 and their
WT littermates aged 12 months. Adipose tissue and
fibrosis deposition within the DMD skeletal muscles are
major hallmarks of the pathology, with a prominent role
played by FAPs [6, 31, 64]. We thus decided to focus our
analysis on this cell population that we found overrepre-
sented in DMD muscles compared to WT. In compari-
son, such a large increase in cell number has never been
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observed in the mdx mouse model, in which the FAP
number was reported to be only slightly increased [20].
Next, we targeted the scRNAseq analysis by focusing on
the transcriptomic changes between WT and R-DMD-
del52 samples, and identified COMP as a crucial extra-
cellular matrix protein that could be used as a specific
biomarker of muscle fibrosis, as previously done for liver,
lung, and skin diseases follow-up [4, 17, 66]. Given that
COMP induces collagen secretion and network ECM
assembly [22, 57], our data suggests that COMP overex-
pression could be used as a relevant diagnostic marker
of early tissue fibrosis, remodelling, and disease progres-
sion. Importantly, we also demonstrated that COMP lev-
els were elevated within the remodelled human DMD
muscle, highlighting its translation potential.

To link the remodelling process, including fibrosis, with
chronic inflammation that is a known activator, we char-
acterized resident macrophages in skeletal muscles of
healthy and R-DMDdel52 rats, and quantified differences
in skeletal muscle local inflammation. R-DMDdel52
skeletal muscles contained increased levels of numerous
cytokines, with a peak inflammatory phase at 3 months of
age that correlates with an increased number of both M1,
M2 macrophages, accompanied by a higher number of
CD687:CD206™ cells. We speculate that CD68:CD206™
cells are immature dendritic cells, or macrophages
that lost the expression of the surface marker CD68, as
recently described in the utrn*mdx DMD mouse model
[28]. Interestingly, cytokines levels reached the high-
est level at 3 months of age, correlating with the peak of
both M1 and M2 macrophage presence in DMD muscles.
These data support the idea that the peak inflammatory
phase in R-DMDdel52 rats is occurring between 3 weeks
and 3 months of age with a dampening as disease pro-
gresses. Because of the tight correlation between inflam-
mation and fibrosis, linked to poor clinical outcomes for
DMD patients [10, 33, 50], further analysis to thoroughly
characterize R-DMDdel52 myeloid cells would be rel-
evant. In addition, a thorough analysis of blood vessel
morphology, blood flow, vessel biomechanical properties,
and 3D microvascular network organization would be
required to assess whether capillary density, unchanged
in a DMD rat muscle section, has indeed no functional
impact on muscle perfusion in DMD condition.

To summarize, we demonstrated that the R-DMDdel52
rat model is a model that provides significant added
value in translational medicine. The R-DMDdel52 model
reproduces the early severity of the disease on all com-
ponents of the striated musculature, more faithfully than
any other existing rodent model. In this model, we have
demonstrated highly discriminating functional, blood,
and histological parameters throughout the progression
of the disease, thus providing reliable and robust output
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parameters for evaluating the efficacy of innovative treat-
ments, some of which are already under investigation.
Compared to other DMD preclinical animals, this model
is part of a preclinical continuum that allows the rat to be
used as a first line for validating the most effective strat-
egies among a growing number of proposed candidate
compounds. Then, in a second line, the most efficient
selected strategies could be tested on a limited number
of larger DMD models, which are genetically more het-
erogeneous and share many environmental factors with
humans, making them more suitable to address phar-
macokinetics, immune response or precision medicine
issues.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540478-022-01355-2.

Additional file 1. Fig. S1 Myofibre CSA of the diaphragm and morpho-
logical evaluation of TA muscle. Fig. S2 Inflammatory cytokine evaluation
and fibre type switching in R-DMDdel52 rats. Fig. S3 COMP expression in
heart and diaphragm

Acknowledgements

We thank the Institut Clinique de la Souris—PHENOMIN for establishment of
the R-DMDdel52 rat mutant line and the Team of the EP3 Créteil for taking
good care of animals. We are grateful to Jean-Michel Barreau and Frédéric
Gagnon (EMKA biotechnologies) for their involvement in the development
of an improved version of the software ECGavg, and the Institut Frangais

de Bioinformatique for providing computing and storage resources for the
preprocessing of the scRNAseq data.

Author contributions

Conceptualisation: FR, PL, LT and VT. Methodology: VT, KK, IB-B, BM, MR, NC, FC,
BP, CG, MG, F-JA, FP-R, EM and LT. Writing—original draft preparation: VT. Writ-
ing—review and editing: FR, LT and VT. Funding acquisition: F-JA, EM, PL, LT, VT
and FR. Resources: PL, LT, and FR. Supervision: PL, LT, and FR.

Funding

This work was supported by funding to FR from: Association Francaise contre
les Myopathies (AFM) via TRANSLAMUSCLE (Projects #19507 and #22946), Fon-
dation pour la Recherche Médicale (FRM) (Grant Number: EQU20200301021
and SPF20170938733) and the Agence Nationale pour la Recherche (ANR)
grant Satnet (ANR-15-CE13-0011-01), RHU CARMMA (ANR-15-RHUS-0003),
ANR SenoMuscle (ANR-21-CE13-0006-02) and Labex REVIVE (ANR-10-LABX-73).

Availability of data and materials

Data generated or analyzed during this study are included in this published
article and its additional files. scRNAseq sequencings have been deposited
in the NCBI Gene Expression Omnibus database with the accession code
GSE198237.

Declarations

Competing interests

The authors have no relevant financial or non-financial interests to disclose
and no competing interests to declare that are relevant to the content of this
article. All the procedures including animal handling were validated by the
ethic committee of the French ministry (APAFIS#25606-202005311746599)
and all the DMD patients and controls gave their informed consent after the
explanation of the research studies.

Page 17 of 19

Author details

'Univ Paris-Est Créteil, INSERM, U955 IMRB, “Biology of the Neuromuscular
System”Team, 94010 Créteil, France. “Ecole Nationale Vétérinaire d’Alfort, IMRB,
94700 Maisons-Alfort, France. >AP-HP, Hépital Mondor, FHU SENEC, Service de
Pathologie, 94010 Créteil, France. *Sorbonne Université, INSERM, UMRS974,
Center for Research in Myology, 75013 Paris, France. °EFS, IMRB, 94010 Créteil,
France.

Received: 8 February 2022 Accepted: 25 March 2022
Published online: 25 April 2022

References

1. Acharya C, Yik JH, Kishore A, Van Dinh V, Di Cesare PE, Haudenschild DR
(2014) Cartilage oligomeric matrix protein and its binding partners in the
cartilage extracellular matrix: interaction, regulation and role in chondro-
genesis. Matrix Biol 37:102-111. https://doi.org/10.1016/j.matbio.2014.06.
001

2. Agarwal P, Zwolanek D, Keene DR, Schulz JN, Blumbach K, Heinegard D,
Zaucke F, Paulsson M, Krieg T, Koch M et al (2012) Collagen Xl and XIV,
new partners of cartilage oligomeric matrix protein in the skin extracel-
lular matrix suprastructure. J Biol Chem 287:22549-22559. https://doi.
org/10.1074/jbc.M111.335935

3. Aikawa T, Takeda A, Oyama-Manabe N, Naya M, Yamazawa H, Koyana-
gawa K, Ito YM, Anzai T (2019) Progressive left ventricular dysfunction
and myocardial fibrosis in Duchenne and Becker muscular dystrophy: a
longitudinal cardiovascular magnetic resonance study. Pediatr Cardiol
40:384-392. https://doi.org/10.1007/500246-018-2046-x

4. Andreasson K, Jonsson G, Hesselstrand R, Norrgren H (2019) Persistent
elevation of fibrosis biomarker cartilage oligomeric matrix protein follow-
ing hepatitis C virus eradication. World J Hepatol 11:330-334. https://doi.
0rg/10.4254/wjh.v11.i3.330

5. Ankala A, Kohn JN, Hegde A, Meka A, Ephrem CL, Askree SH, Bhide
S, Hegde MR (2012) Aberrant firing of replication origins potentially
explains intragenic nonrecurrent rearrangements within genes, including
the human DMD gene. Genome Res 22:25-34. https://doi.org/10.1101/
gr.123463.111

6. Arrighi N, Moratal C, Clement N, Giorgetti-Peraldi S, Peraldi P, Loubat A,
Kurzenne JY, Dani C, Chopard A, Dechesne CA (2015) Characterization of
adipocytes derived from fibro/adipogenic progenitors resident in human
skeletal muscle. Cell Death Dis 6:1733. https://doi.org/10.1038/cddis.
2015.79

7. Bhattacharyya KB, Basu N, Ray TN, Maity B (1997) Profile of electrocardio-
graphic changes in Duchenne muscular dystrophy. J Indian Med Assoc
95(40-42):47

8. Bulfield G, Siller WG, Wight PA, Moore KJ (1984) X chromosome-linked
muscular dystrophy (mdx) in the mouse. Proc Natl Acad Sci USA
81:1189-1192. https://doi.org/10.1073/pnas.81.4.1189

9. Chamberlain JS, Metzger J, Reyes M, Townsend D, Faulkner JA (2007)
Dystrophin-deficient mdx mice display a reduced life span and are
susceptible to spontaneous rhabdomyosarcoma. FASEB J 21:2195-2204.
https://doi.org/10.1096/f.06-7353com

10. Chen YW, Nagaraju K, Bakay M, McIntyre O, Rawat R, Shi R, Hoffman EP
(2005) Early onset of inflammation and later involvement of TGFbeta in
Duchenne muscular dystrophy. Neurology 65:826-834. https://doi.org/
10.1212/01.wnl.0000173836.09176.c4

11. Constantin B (2014) Dystrophin complex functions as a scaffold for
signalling proteins. Biochim Biophys Acta 1838:635-642. https://doi.org/
10.1016/j.bbamem.2013.08.023

12. Desguerre |, Mayer M, Leturcq F, Barbet JP, Gherardi RK, Christov C (2009)
Endomysial fibrosis in Duchenne muscular dystrophy: a marker of poor
outcome associated with macrophage alternative activation. J Neuro-
pathol Exp Neurol 68:762-773. https://doi.org/10.1097/NEN.Ob013e3181
aa3lc2

13. Dioszeghy P Mechler F (1988) Determination of serum creatine kinase
and myoglobin in neuromuscular diseases. Orv Hetil 129:1047-1050

14. Fanin M, Danieli GA, Cadaldini M, Miorin M, Vitiello L, Angelini C (1995)
Dystrophin-positive fibers in Duchenne dystrophy: origin and correlation
to clinical course. Muscle Nerve 18:1115-1120. https://doi.org/10.1002/
mus.880181007


https://doi.org/10.1186/s40478-022-01355-2
https://doi.org/10.1186/s40478-022-01355-2
https://doi.org/10.1016/j.matbio.2014.06.001
https://doi.org/10.1016/j.matbio.2014.06.001
https://doi.org/10.1074/jbc.M111.335935
https://doi.org/10.1074/jbc.M111.335935
https://doi.org/10.1007/s00246-018-2046-x
https://doi.org/10.4254/wjh.v11.i3.330
https://doi.org/10.4254/wjh.v11.i3.330
https://doi.org/10.1101/gr.123463.111
https://doi.org/10.1101/gr.123463.111
https://doi.org/10.1038/cddis.2015.79
https://doi.org/10.1038/cddis.2015.79
https://doi.org/10.1073/pnas.81.4.1189
https://doi.org/10.1096/fj.06-7353com
https://doi.org/10.1212/01.wnl.0000173836.09176.c4
https://doi.org/10.1212/01.wnl.0000173836.09176.c4
https://doi.org/10.1016/j.bbamem.2013.08.023
https://doi.org/10.1016/j.bbamem.2013.08.023
https://doi.org/10.1097/NEN.0b013e3181aa31c2
https://doi.org/10.1097/NEN.0b013e3181aa31c2
https://doi.org/10.1002/mus.880181007
https://doi.org/10.1002/mus.880181007

Taglietti et al. Acta Neuropathologica Communications

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33

(2022) 10:60

Fanin M, Danieli GA, Vitiello L, Senter L, Angelini C (1992) Prevalence of
dystrophin-positive fibers in 85 Duchenne muscular dystrophy patients.
Neuromuscul Disord 2:41-45. https://doi.org/10.1016/0960-8966(92)
90025-2

Farina G, Lemaire R, Korn JH, Widom RL (2006) Cartilage oligomeric matrix
protein is overexpressed by scleroderma dermal fibroblasts. Matrix Biol
25:213-222. https://doi.org/10.1016/j.matbio.2006.01.007

Farina G, Lemaire R, Pancari P, Bayle J, Widom RL, Lafyatis R (2009) Carti-
lage oligomeric matrix protein expression in systemic sclerosis reveals
heterogeneity of dermal fibroblast responses to transforming growth fac-
tor beta. Ann Rheum Dis 68:435-441. https://doi.org/10.1136/ard.2007.
086850

Finsterer J, Stollberger C (2003) The heart in human dystrophinopathies.
Cardiology 99:1-19. https://doi.org/10.1159/000068446

Gao QQ, McNally EM (2015) The Dystrophin complex: structure, function,
and implications for therapy. Compr Physiol 5:1223-1239. https://doi.org/
10.1002/cphy.c140048

Giuliani G, Vumbaca S, Fuoco C, Gargioli C, Giorda E, Massacci G, Palma A,
Reggio A, Riccio F, Rosina M et al (2021) SCA-1 micro-heterogeneity in the
fate decision of dystrophic fibro/adipogenic progenitors. Cell Death Dis
12:122. https://doi.org/10.1038/541419-021-03408-1

Hakim CH, Yang HT, Burke MJ, Teixeira J, Jenkins GJ, Yang NN, Yao G, Duan
D (2021) Extensor carpi ulnaris muscle shows unexpected slow-to-fast
fiber-type switch in Duchenne muscular dystrophy dogs. Dis Model
Mech. https://doi.org/10.1242/dmm.049006

Halasz K, Kassner A, Morgelin M, Heinegard D (2007) COMP acts as a
catalyst in collagen fibrillogenesis. J Biol Chem 282:31166-31173. https://
doi.org/10.1074/jbc.M705735200

Herrmann S, Stork S, Niemann M, Lange V, Strotmann JM, Frantz S, Beer
M, Gattenlohner S, Voelker W, Ertl G et al (2011) Low-gradient aortic valve
stenosis myocardial fibrosis and its influence on function and outcome. J
Am Coll Cardiol 58:402-412. https://doi.org/10.1016/jjacc.2011.02.059
Hesselstrand R, Andreasson K, Wuttge DM, Bozovic G, Scheja A, Saxne
T(2012) Increased serum COMP predicts mortality in SSc: results from

a longitudinal study of interstitial lung disease. Rheumatology (Oxford)
51:915-920. https://doi.org/10.1093/rheumatology/ker442

Hesselstrand R, Kassner A, Heinegard D, Saxne T (2008) COMP: a candi-
date molecule in the pathogenesis of systemic sclerosis with a potential
as a disease marker. Ann Rheum Dis 67:1242-1248. https://doi.org/10.
1136/ard.2007.082099

Hinz B (2007) Formation and function of the myofibroblast during tissue
repair. J Invest Dermatol 127:526-537. https://doi.org/10.1038/s}.jid.57006
13

Hoffmann R, Altiok E, Friedman Z, Becker M, Frick M (2014) Myocardial
deformation imaging by two-dimensional speckle-tracking echocardiog-
raphy in comparison to late gadolinium enhancement cardiac magnetic
resonance for analysis of myocardial fibrosis in severe aortic stenosis. Am
J Cardiol 114:1083-1088. https://doi.org/10.1016/j.amjcard.2014.07.018
Howard ZM, Lowe J, Blatnik AJ 3rd, Roberts D, Burghes AHM, Bansal SS,
Rafael-Fortney JA (2021) Early inflammation in muscular dystrophy differs
between limb and respiratory muscles and increases with dystrophic
severity. Am J Pathol 191:730-747. https://doi.org/10.1016/j.ajpath.2021.
01.008

lyer SR, Xu S, Shah SB, Lovering RM (2020) Muscle phenotype of a rat
model of Duchenne muscular dystrophy. Muscle Nerve 62:757-761.
https://doi.org/10.1002/mus.27061

James J, Kinnett K, Wang Y, Ittenbach RF, Benson DW, Cripe L (2011)
Electrocardiographic abnormalities in very young Duchenne muscular
dystrophy patients precede the onset of cardiac dysfunction. Neuromus-
cul Disord 21:462-467. https://doi.org/10.1016/j.nmd.2011.04.005

Joe AW, Yi L, Natarajan A, Le Grand F, So L, Wang J, Rudnicki MA, Rossi FM
(2010) Muscle injury activates resident fibro/adipogenic progenitors that
facilitate myogenesis. Nat Cell Biol 12:153-163. https://doi.org/10.1038/
ncb2015

Kharraz Y, Guerra J, Pessina P, Serrano AL, Munoz-Canoves P (2014)
Understanding the process of fibrosis in Duchenne muscular dystrophy.
Biomed Res Int 2014:965631. https://doi.org/10.1155/2014/965631

Kim HK, Merrow AC, Shiraj S, Wong BL, Horn PS, Laor T (2013) Analysis

of fatty infiltration and inflammation of the pelvic and thigh muscles

in boys with Duchenne muscular dystrophy (DMD): grading of disease

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

Page 18 of 19

involvement on MR imaging and correlation with clinical assessments.
Pediatr Radiol 43:1327-1335. https://doi.org/10.1007/500247-013-2696-z
Kmecova J, Klimas J (2010) Heart rate correction of the QT duration in
rats. Eur J Pharmacol 641:187-192. https://doi.org/10.1016/j.ejphar.2010.
05.038

Kornegay JN (2017) The golden retriever model of Duchenne muscular
dystrophy. Skelet Muscle 7:9. https://doi.org/10.1186/513395-017-0124-z
LarcherT, Lafoux A, Tesson L, Remy S, Thepenier V, Francois V, Le Guiner C,
Goubin H, Dutilleul M, Guigand L et al (2014) Characterization of dystro-
phin deficient rats: a new model for Duchenne muscular dystrophy. PLoS
ONE 9:¢110371. https://doi.org/10.1371/journal.pone.0110371

Liang F, Giordano C, Shang D, Li Q, Petrof BJ (2018) The dual CCR2/CCR5
chemokine receptor antagonist Cenicriviroc reduces macrophage infiltra-
tion and disease severity in Duchenne muscular dystrophy (Dmdmdx-
4Cv) mice. PLoS ONE 13:e0194421. https://doi.org/10.1371/journal.pone.
0194421

LoMauro A, Romei M, Gandossini S, Pascuzzo R, Vantini S, D'Angelo MG,
Aliverti A (2018) Evolution of respiratory function in Duchenne muscular
dystrophy from childhood to adulthood. Eur Respir J. https://doi.org/10.
1183/13993003.01418-2017

Lu QL, Mann CJ, Lou F, Bou-Gharios G, Morris GE, Xue SA, Fletcher S, Par-
tridge TA, Wilton SD (2003) Functional amounts of dystrophin produced
by skipping the mutated exon in the mdx dystrophic mouse. Nat Med
9:1009-1014. https://doi.org/10.1038/nm897

Mavrogeni S, Markousis-Mavrogenis G, Papavasiliou A, Kolovou G (2015)
Cardiac involvement in Duchenne and Becker muscular dystrophy. World
J Cardiol 7:410-414. https://doi.org/10.4330/wjc.v7.i7.410

Mavrogeni SI, Markousis-Mavrogenis G, Papavasiliou A, Papadopoulos G,
Kolovou G (2018) Cardiac involvement in duchenne muscular dystrophy
and related dystrophinopathies. Methods Mol Biol 1687:31-42. https.//
doi.org/10.1007/978-1-4939-7374-3_3

Mojumdar K, Liang F, Giordano C, Lemaire C, Danialou G, Okazaki T,
Bourdon J, Rafei M, Galipeau J, Divangahi M et al (2014) Inflammatory
monocytes promote progression of Duchenne muscular dystrophy and
can be therapeutically targeted via CCR2. EMBO Mol Med 6:1476-1492.
https://doi.org/10.15252/emmm.201403967

Monaco AP, Neve RL, Colletti-Feener C, Bertelson CJ, Kurnit DM, Kunkel
LM (1986) Isolation of candidate cDNAs for portions of the Duchenne
muscular dystrophy gene. Nature 323:646-650. https://doi.org/10.1038/
323646a0

. Moratal C, Arrighi N, Dechesne CA, Dani C (2019) Control of muscle

fibro-adipogenic progenitors by myogenic lineage is altered in aging
and duchenne muscular dystrophy. Cell Physiol Biochem 53:1029-1045.
https://doi.org/10.33594/000000196

Muller G, Michel A, Altenburg E (1998) COMP (cartilage oligomeric matrix
protein) is synthesized in ligament, tendon, meniscus, and articular
cartilage. Connect Tissue Res 39:233-244. https://doi.org/10.3109/03008
209809021499

Nakamura K, Fujii W, Tsuboi M, Tanihata J, Teramoto N, Takeuchi S, Naito
K, Yamanouchi K, Nishihara M (2014) Generation of muscular dystrophy
model rats with a CRISPR/Cas system. Sci Rep 4:5635. https://doi.org/10.
1038/srep05635

Owczuk R, Wujtewicz MA, Zienciuk-Krajka A, tasi M, Piankowski A,
Wujtewicz M (2012) The influence of anesthesia on cardiac repolarization.
Minerva Anestesiol 78:13

Passamano L, Taglia A, Palladino A, Viggiano E, D’Ambrosio P, Scutifero M,
Rosaria Cecio M, Torre V, De Luca F, Picillo E et al (2012) Improvement of
survival in Duchenne muscular dystrophy: retrospective analysis of 835
patients. Acta Myol 31:121-125

Pigozzo SR, Da Re L, Romualdi C, Mazzara PG, Galletta E, Fletcher S, Wilton
SD, Vitiello L (2013) Revertant fibers in the mdx murine model of Duch-
enne muscular dystrophy: an age- and muscle-related reappraisal. PLoS
ONE 8:72147. https://doi.org/10.1371/journal.pone.0072147

Preusse C, von Moers A, Kolbel H, Pehl D, Goebel HH, Schara U, Stenzel W
(2019) Inflammation-induced fibrosis in skeletal muscle of female carriers
of Duchenne muscular dystrophy. Neuromuscul Disord 29:487-496.
https://doi.org/10.1016/j.nmd.2019.05.003

Rubenstein AB, Smith GR, Raue U, Begue G, Minchev K, Ruf-Zamojski F,
Nair VD, Wang X, Zhou L, Zaslavsky E et al (2020) Single-cell transcrip-
tional profiles in human skeletal muscle. Sci Rep 10:229. https://doi.org/
10.1038/541598-019-57110-6


https://doi.org/10.1016/0960-8966(92)90025-2
https://doi.org/10.1016/0960-8966(92)90025-2
https://doi.org/10.1016/j.matbio.2006.01.007
https://doi.org/10.1136/ard.2007.086850
https://doi.org/10.1136/ard.2007.086850
https://doi.org/10.1159/000068446
https://doi.org/10.1002/cphy.c140048
https://doi.org/10.1002/cphy.c140048
https://doi.org/10.1038/s41419-021-03408-1
https://doi.org/10.1242/dmm.049006
https://doi.org/10.1074/jbc.M705735200
https://doi.org/10.1074/jbc.M705735200
https://doi.org/10.1016/j.jacc.2011.02.059
https://doi.org/10.1093/rheumatology/ker442
https://doi.org/10.1136/ard.2007.082099
https://doi.org/10.1136/ard.2007.082099
https://doi.org/10.1038/sj.jid.5700613
https://doi.org/10.1038/sj.jid.5700613
https://doi.org/10.1016/j.amjcard.2014.07.018
https://doi.org/10.1016/j.ajpath.2021.01.008
https://doi.org/10.1016/j.ajpath.2021.01.008
https://doi.org/10.1002/mus.27061
https://doi.org/10.1016/j.nmd.2011.04.005
https://doi.org/10.1038/ncb2015
https://doi.org/10.1038/ncb2015
https://doi.org/10.1155/2014/965631
https://doi.org/10.1007/s00247-013-2696-z
https://doi.org/10.1016/j.ejphar.2010.05.038
https://doi.org/10.1016/j.ejphar.2010.05.038
https://doi.org/10.1186/s13395-017-0124-z
https://doi.org/10.1371/journal.pone.0110371
https://doi.org/10.1371/journal.pone.0194421
https://doi.org/10.1371/journal.pone.0194421
https://doi.org/10.1183/13993003.01418-2017
https://doi.org/10.1183/13993003.01418-2017
https://doi.org/10.1038/nm897
https://doi.org/10.4330/wjc.v7.i7.410
https://doi.org/10.1007/978-1-4939-7374-3_3
https://doi.org/10.1007/978-1-4939-7374-3_3
https://doi.org/10.15252/emmm.201403967
https://doi.org/10.1038/323646a0
https://doi.org/10.1038/323646a0
https://doi.org/10.33594/000000196
https://doi.org/10.3109/03008209809021499
https://doi.org/10.3109/03008209809021499
https://doi.org/10.1038/srep05635
https://doi.org/10.1038/srep05635
https://doi.org/10.1371/journal.pone.0072147
https://doi.org/10.1016/j.nmd.2019.05.003
https://doi.org/10.1038/s41598-019-57110-6
https://doi.org/10.1038/s41598-019-57110-6

Taglietti et al. Acta Neuropathologica Communications

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

(2022) 10:60

Saclier M, Ben Larbi S, My Ly H, Moulin E, Mounier R, Chazaud B, Juban G
(2021) Interplay between myofibers and pro-inflammatory macrophages
controls muscle damage in mdx mice. J Cell Sci. https://doi.org/10.1242/
jcs.258429

Sadek AA, Mahmoud SM, EI-Aal MA, Allam AA, El-Halim WIA (2017)
Evaluation of cardiac functions in children with Duchenne Muscular Dys-
trophy: a prospective case-control study. Electron Physician 9:5732-5739.
https://doi.org/10.19082/5732

Saito M, Okayama H, Yoshii T, Higashi H, Morioka H, Hiasa G, Sumimoto

T, Inaba S, Nishimura K, Inoue K et al (2012) Clinical significance of global
two-dimensional strain as a surrogate parameter of myocardial fibrosis
and cardiac events in patients with hypertrophic cardiomyopathy. Eur
Heart J Cardiovasc Imaging 13:617-623. https://doi.org/10.1093/ejech
ocard/jer318

Sanchez F, Weitz C, Gutierrez JM, Mestroni L, Hanneman K, Vargas D
(2021) Cardiac MR imaging of muscular dystrophies. Curr Probl Diagn
Radiol. https://doi.org/10.1067/j.cpradiol.2020.12.010

Santos MA, Costa Fde A, Travessa AF, Bombig MT, Fonseca FH, Luna

Filho B, Mussi A, Souza D, Oliveira A, Povoa R (2010) Duchenne muscular
dystrophy: electrocardiographic analysis of 131 patients. Arq Bras Cardiol
94:620-624. https://doi.org/10.1590/50066-782x2010005000024

Schulz N, Nuchel J, Niehoff A, Bloch W, Schonborn K, Hayashi S, Kamper
M, Brinckmann J, Plomann M, Paulsson M et al (2016) COMP-assisted col-
lagen secretion—a novel intracellular function required for fibrosis. J Cell
Sci 129:706-716. https://doi.org/10.1242/jcs.180216

Selsby JT, Ross JW, Nonneman D, Hollinger K (2015) Porcine models of
muscular dystrophy. ILAR J 56:116-126. https://doi.org/10.1093/ilar/ilv015
Smith RK, Gerard M, Dowling B, Dart AJ, Birch HL, Goodship AE (2002)
Correlation of cartilage oligomeric matrix protein (COMP) levels in
equine tendon with mechanical properties: a proposed role for COMP in
determining function-specific mechanical characteristics of locomotor
tendons. Equine Vet J Suppl. https://doi.org/10.1111/j.2042-3306.2002.
th05426.x

Spangenburg EE, Pratt SJP, Wohlers LM, Lovering RM (2011) Use of
BODIPY (493/503) to visualize intramuscular lipid droplets in skeletal
muscle. J Biomed Biotechnol 2011:598358. https://doi.org/10.1155/2011/
598358

Tan K, Lawler J (2009) The interaction of Thrombospondins with extracel-
lular matrix proteins. J Cell Commun Signal 3:177-187. https://doi.org/10.
1007/512079-009-0074-2

Thrush PT, Allen HD, Viollet L, Mendell JR (2009) Re-examination of the
electrocardiogram in boys with Duchenne muscular dystrophy and
correlation with its dilated cardiomyopathy. Am J Cardiol 103:262-265.
https://doi.org/10.1016/j.amjcard.2008.08.064

Udomsinprasert W, Angkathunyakul N, Jittikoon J, Chaikledkaew U,
Vejchapipat P, Poovorawan Y, Honsawek S (2021) Cartilage oligomeric
matrix protein as a marker of progressive liver fibrosis in biliary atresia. Sci
Rep 11:16695. https://doi.org/10.1038/541598-021-95805-x

Uezumi A, Fukada S, Yamamoto N, Takeda S, Tsuchida K (2010) Mesenchy-
mal progenitors distinct from satellite cells contribute to ectopic fat cell
formation in skeletal muscle. Nat Cell Biol 12:143-152. https://doi.org/10.
1038/ncb2014

Villalta SA, Nguyen HX, Deng B, Gotoh T, Tidball JG (2009) Shifts in mac-
rophage phenotypes and macrophage competition for arginine metabo-
lism affect the severity of muscle pathology in muscular dystrophy. Hum
Mol Genet 18:482-496. https://doi.org/10.1093/hmg/ddn376

Vuga U, Milosevic J, Pandit K, Ben-Yehudah A, Chu Y, Richards T, Sciurba J,
Myerburg M, Zhang Y, Parwani AV et al (2013) Cartilage oligomeric matrix
protein in idiopathic pulmonary fibrosis. PLoS ONE 8:e83120. https://doi.
0rg/10.1371/journal.pone.0083120

Webster C, Silberstein L, Hays AP, Blau HM (1988) Fast muscle fibers are
preferentially affected in Duchenne muscular dystrophy. Cell 52:503-513.
https://doi.org/10.1016/0092-8674(88)90463-1

Weidemann F, Herrmann S, Stork S, Niemann M, Frantz S, Lange V, Beer
M, Gattenlohner S, Voelker W, Ertl G et al (2009) Impact of myocardial
fibrosis in patients with symptomatic severe aortic stenosis. Circulation
120:577-584. https://doi.org/10.1161/CIRCULATIONAHA.108.847772
Weisenfeld S, Messinger WJ (1952) Cardiac involvement in progressive
muscular dystrophy. Am Heart J 43:170-187. https://doi.org/10.1016/
0002-8703(52)90209-3

70.

71

Page 19 of 19

Yoo WH, Cho M-J, Chun P, Kim KH, Lee JS, Shin YB (2017) The evolution
of electrocardiographic changes in patients with Duchenne muscular
dystrophies. Korean J Pediatr 60:196-201. https://doi.org/10.3345/kjp.
2017.60.6.196

Yuasa K, Nakamura A, Hijikata T, Takeda S (2008) Dystrophin deficiency
in canine X-linked muscular dystrophy in Japan (CXMDJ) alters myosin
heavy chain expression profiles in the diaphragm more markedly than
in the tibialis cranialis muscle. BMC Musculoskelet Disord 9:1. https://doi.
org/10.1186/1471-2474-9-1

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1242/jcs.258429
https://doi.org/10.1242/jcs.258429
https://doi.org/10.19082/5732
https://doi.org/10.1093/ejechocard/jer318
https://doi.org/10.1093/ejechocard/jer318
https://doi.org/10.1067/j.cpradiol.2020.12.010
https://doi.org/10.1590/s0066-782x2010005000024
https://doi.org/10.1242/jcs.180216
https://doi.org/10.1093/ilar/ilv015
https://doi.org/10.1111/j.2042-3306.2002.tb05426.x
https://doi.org/10.1111/j.2042-3306.2002.tb05426.x
https://doi.org/10.1155/2011/598358
https://doi.org/10.1155/2011/598358
https://doi.org/10.1007/s12079-009-0074-2
https://doi.org/10.1007/s12079-009-0074-2
https://doi.org/10.1016/j.amjcard.2008.08.064
https://doi.org/10.1038/s41598-021-95805-x
https://doi.org/10.1038/ncb2014
https://doi.org/10.1038/ncb2014
https://doi.org/10.1093/hmg/ddn376
https://doi.org/10.1371/journal.pone.0083120
https://doi.org/10.1371/journal.pone.0083120
https://doi.org/10.1016/0092-8674(88)90463-1
https://doi.org/10.1161/CIRCULATIONAHA.108.847772
https://doi.org/10.1016/0002-8703(52)90209-3
https://doi.org/10.1016/0002-8703(52)90209-3
https://doi.org/10.3345/kjp.2017.60.6.196
https://doi.org/10.3345/kjp.2017.60.6.196
https://doi.org/10.1186/1471-2474-9-1
https://doi.org/10.1186/1471-2474-9-1

	Duchenne muscular dystrophy trajectory in R-DMDdel52 preclinical rat model identifies COMP as biomarker of fibrosis
	Abstract 
	Introduction
	Material and methods
	Rat line
	Age of death
	Sample collection
	Haematoxylin and Eosin
	Picro Sirius red
	Immunohistochemistry
	Western blot
	RNA extraction and RT-qPCR
	scRNAseq
	Grip test
	Treadmill
	Plethysmography
	Electrocardiography (ECG) analyses
	Rat COMPTHROMBOSPONDIN-5 ELISA Kit
	Human muscle samples

	Results
	Premature death, absence of dystrophin expression and muscle atrophy in R-DMDdel52 rats
	Muscle functional evaluations in R-DMDdel52 rats
	Diaphragm and respiratory evaluations in R-DMDdel52 rats
	Cardiac functional and histological assessment in R-DMDdel52 rats
	Fat replacement of muscle tissue and inflammation in R-DMDdel52 muscles
	Comparative transcriptomic signature of single cells (scRNAseq) in the diaphragm
	COMP expression in the fibrotic deposition of rat and human DMD samples

	Discussion
	Acknowledgements
	References




