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Nonstandard Abbreviations 

AD-CNM – autosomal dominant centronuclear myopathy 

CTX – cardiotoxin  

dMyHC – developmental myosin heavy chain 

EI – electric induced 

SC – satellite cell  
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Abstract 

 Dynamin 2 (DNM2) is a ubiquitously expressed protein involved in many functions related to 

trafficking and remodeling of membranes and cytoskeleton dynamics. Mutations in the DNM2 gene 

cause the autosomal dominant centronuclear myopathy (AD-CNM), characterized mainly by muscle 

weakness and central nuclei. Several defects have been identified in the KI-Dnm2R465W/+ mouse model 

of the disease to explain the muscle phenotype, including reduction of satellite cells pool in muscle, but 

the functional consequences of this depletion have not been characterized until now. Satellite cells (SC) 

are the main source for muscle growth and regeneration of mature tissue. Here, we investigated muscle 

regeneration in the KI-Dnm2R465W/+ mouse model for AD-CNM. We found a reduced number of Pax7-

positive SCs, which were also less activated after induced muscle injury. The muscles of the KI-

Dnm2R465W/+ mouse regenerated more slowly and less efficiently than wild-type ones, formed fewer new 

myofibers, and did not recover its normal mass 15 days after injury. Altogether, our data provide evidence 

that the muscle regeneration is impaired in the KI-Dnm2R465W/+ mouse and contribute with one more 

layer to the comprehension of the disease, by identifying a new pathomechanism linked to DNM2 

mutations which may be involved in the muscle-specific impact occurring in AD-CNM.  
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Introduction 

Centronuclear myopathies (CNM) form a group of rare congenital myopathies, clinically and 

genetically heterogeneous, characterized mainly by muscle weakness. Mutations in several genes have 

been identified as the cause of X-linked, autosomal recessive, and autosomal dominant forms of 

inheritance, but mutations in MTM1, BIN1, and DNM2 genes represent most of the reported cases (1–3). 

Clinical signals in CNMs vary from severe hypotonia in newborns to milder muscle weakness in patients 

with early-adulthood onset. The main histological feature is the high incidence of centrally positioned 

nuclei in muscle fibers (4). 

The autosomal dominant centronuclear myopathy (AD-CNM) is due to mutations in the dynamin 

2 gene (DNM2) (1), leading to a wide clinical spectrum. Neonatal cases are characterized by severe 

hypotonia, generalized weakness, facial weakness, ptosis, and ophthalmoplegia (5). Late-childhood or 

adult-onset patients present delayed motor milestones, diffuse muscle weakness mainly affecting limbs 

and face, accompanied by ptosis and ophthalmoplegia (6, 7). In the majority of adult cases, the disease 

progresses slowly, with normal cardiac and respiratory functions (6). Histologically, AD-CNM is 

characterized by predominance and atrophy of type I fibers, centralized nuclei, and radiating 

sarcoplasmic strands (8). More than 20 different DNM2 mutations have been found as causative of AD-

CNM (9), and some specific mutations are also associated with Charcot-Marie-Tooth neuropathy (10) 

and hereditary spastic paraplegia (11). 

The ubiquitously expressed dynamin 2 belongs to the family of large GTPases (12) that 

participates in various membrane-remodeling processes throughout the cell and trafficking events, 

including clathrin-independent and dependent endocytosis, intracellular membrane trafficking, 

microtubule and actin networks dynamics (12, 13). In membrane trafficking events, DNM2 oligomers 

form a helical structure around the neck of the nascent vesicle, and GTP hydrolysis leads to vesicle 

release in the cytoplasm (14). Dynamin 2 mRNA and protein expression are normally expressed in AD-

CNM patients (1, 15), while protein localization may be altered, with cytosolic accumulation in DNM2 

mutant models (16, 17). The most frequent DNM2 mutation (p.R465W), found in 30% of patients, was 

used to develop the knock-in mouse model KI-Dnm2R465W/+. This model develops a phenotype similar to 

human patients, characterized by a progressive myopathy with impairment of contractile properties, 

muscle atrophy, and structural disorganization but without nuclear centralization. This model has helped 

to reveal many mechanisms behind AD-CNM. Heterozygous (HTZ) mice present impaired actin-

dependent trafficking (18), alterations in calcium homeostasis (19), perturbation of excitation-contraction 
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coupling (20), and desmin network disorganization (21), which can explain the contractile properties 

alterations. Atrophy may develop as a result of impairment of autophagy and the recent finding of a low 

number and altered distribution of nuclei in the muscle fibers (22). Recently, a reduced number of satellite 

cells was demonstrated in the tibialis anterior muscle from KI-Dnm2R465W/+ mice (22). Among other 

functions, satellite cells (SC) are resident stem cells of muscle providing a source for nuclei during adult 

muscle regeneration (23). Here, we aim at investigating the regenerative capacity of an adult and non-

atrophied muscle from KI-Dnm2R465W/+ mice.  

  

Materials and Methods 

Animals 

The knock-in Dnm2R465W/+ mouse line (hereafter referred to as KI-Dnm2 or HTZ) was established 

as previously described (16). Animals were housed under controlled light and temperature conditions, 

with water and food ad libitum. Five heterozygous (HTZ) and five wild-type (WT) littermates were used 

as uninjured controls. Eight HTZ (corresponding to n=8 independent samples) and eight WT individuals 

were included in electrical-induced injury experiments per time point, except for time points 5-days and 

15-days in which seven HTZ and WT were used. Three animals per group were used for the cardiotoxin 

injection experiment. All animals were three-month-old to investigate regeneration in an adult muscle 

and males to avoid sex-related responses. All procedures were performed under isoflurane anesthesia, 

according to French guidelines. Animal studies conform to the French laws and regulations concerning 

the use of animals for research and were approved by an external Ethical committee (approval no. 

00351.02 delivered by the French Ministry of Higher Education and Scientific Research). 

 

Muscle injury 

To induce muscle degeneration, we used two different techniques. The first one is based on the 

methodology for electroporation of the muscle, using an electrical shock-induced injury protocol (24). 

Briefly, the hairs from the calves were removed and the electrodes pads were positioned perpendicularly 

to muscle fibers orientation, in the center of the muscles, at equal distances from the knee and the ankle. 

The muscles were injured by applying eight electrical pulses at an intensity of 100 Volts, during 20 

milliseconds each pulse, separated by a 0.5-second interval delivered using an electroporation device 
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(ECM830, Electro Square Porator, Harvard Apparatus, Holliston, MA, USA). The second injury 

procedure was done by cardiotoxin injection (25). We injected 150 μL of 10 μM cardiotoxin solution 

percutaneously (Cardiotoxin, Naja pallida, 217503, Merck, Molsheim, Alsace, France) in both 

gastrocnemius muscles, in the center of the muscles, at equal distances from the knee and the ankle. 

Animals were euthanized by cervical dislocation three, five, ten, and fifteen days post-lesion. For each 

mouse, one muscle was used for histological analysis, and the contralateral muscle was used for 

molecular analysis. 

 

Histopathology 

Gastrocnemius muscles were harvested and immediately frozen in liquid nitrogen-cooled 

isopentane. The muscles were cut in 6 µm cryosections in the portion at equal distance between the knee 

and the ankle, where the electrodes were positioned and the cardiotoxin was injected. To evaluate 

histological alterations, the sections were stained with hematoxylin-eosin (HE) as follows: staining for 

10 minutes in hematoxylin solution, rinsing in running tap water for 10 minutes, followed by staining in 

eosin solution for three minutes, and rinsing in running tap water. The muscle sections were fixed in 

acetic acid and dehydrated in ethanol and xylol. Sirius red staining was performed to quantify collagen 

deposition. First, slides were fixed in Bouin solution for 20 minutes and rinsed in tap water. Next, the 

sections were stained in Sirius red solution (0.2 g Sirius red in 100 mL aqueous picric acid) for one hour, 

followed by dehydration in ethanol and xylol. HE and Sirius red slides were mounted with mounting 

medium. Slides were visualized on a conventional upright microscope (Axio Imager.Z1, Carl Zeiss, 

Oberkochen, Germany), with a Zeiss EC Plan-Neofluar 40X/0.5 ∞/0.17 objective, without polarized 

light. Images were captured with an AxioCam HRm camera and Axion Vision Software (Carl Zeiss). HE 

images were adjusted for color balance. The presence of necrosis, degeneration, infiltrating cells, and 

centronucleation was qualitatively described. The percentages indicated in Table 1 refer to the whole 

sections of each muscle observed. Quantification of Sirius red staining was done on five different random 

fields of muscle section using ImageJ software. 

 

Immunohistochemistry 
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Muscle cryosections were labeled with primary antibodies including rabbit anti-laminin (1:300 

dilution, Z0097, Dako), mouse anti-developmental myosin heavy chain (dMyHC) (1:30, NCL-MHCd, 

NovoCastra, Buffalo Grove, IL, USA), anti-Ki67 (1:200, ab5580, Abcam, Cambridge, MA) and mouse 

anti-PAX7 (1:20, concentrate, Developmental Studies Hybridoma Bank, Iowa, IA, USA), overnight at 

4°C. Secondary antibodies were anti-rabbit AlexaFluor® 488 (1:100, A-11008, Thermo Fisher Scientific, 

Waltham, MA, USA), anti-mouse Cy3 (1:100, C2181, Sigma Aldrich, St. Louis, MO, USA) or 

AlexaFluor® 568 (1:100, A-11004, Thermo Fisher Scientific). Secondary antibodies were incubated 1 

hour and sections were counterstained with DAPI diluted in mounting medium Vectashield® (Vector 

Laboratories, Burlingame, CA, USA). The sections were visualized on a Carl Zeiss (LSM800) confocal 

microscope with a Zeiss EC Plan-Neofluar 20X/0.5 ∞/0.17 objective, and images captured with LSM800 

MA-Pmt2 device and ZenBlue software, and on conventional fluorescence microscope Axion Imager.Z1 

with Axion Vision Software (Carl Zeiss). For PAX7 and Ki67 staining, muscle sections were submitted 

to antigen retrieval with hot citric acid and blocked with mouse IgG Fab fragment (1:100, Jackson 

Immuno Research, West Grove, PA, USA) before immunostaining. Whole muscle sections imaging was 

performed in the Nikon Eclipse Ti2 microscope, with a Nikon Plan Apo 20X/0.75 ∞/0.17 objective. 

Counting of dMyHC-positive fibers, Ki67-positive, and PAX7-positive nuclei were done manually, 

using the plugin Cell Counter of ImageJ software. dMyHC-positive fibers were counted in muscle 

sections of eight EI-injured animals per genotype, and three CTX-injured animals per genotype. We 

counted from five to eight different fields randomly selected. Ki67-positive nuclei were counted in 30 

random fields of muscle sections of five individuals per genotype, five days after EI. PAX7-positive 

nuclei were counted in whole muscle sections of five non-injured animals of each genotype. The total 

number of fibers was calculated in a semi-automated fashion in QuPath software (26). Fiber’s diameter 

was measured on laminin stained sections, using ImageJ software, according to Treat-NMD guidelines 

(SOP DMD_M.1.2.001).  

 

RNA extraction, cDNA synthesis, and qPCR 

Total RNA was extracted from whole muscle using the RNeasy Microarray Tissue Mini Kit 

(Qiagen, Germantown, MD, USA) following the manufacturer's instructions. Quantity and quality of 

RNA were assessed with Nanodrop 8000 Spectrophotometer (Thermo Fisher Scientific) and 1% agarose 

gel electrophoresis to verify the integrity of 18S and 28S bands. We used only samples with an 
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A260/A280 ratio between 1.7 and 2.1. To obtain cDNA, 1 µg of RNA was reverse transcribed using 

SuperScript VILO Mastermix (Thermo Fisher Scientific) according to the manufacturer's instructions.  

For qPCR, specific primers were designed for each gene of interest, and Tbp was used as the 

endogenous control. Primers sequences: Myf5 Fw-CTG TCT GGT CCC GAA GAA C, Rv- GAC GTG 

ATC CGA TCC ACA ATG; Myod Fw-TAC AGT GGC GAC TCA GAT GC, Rv-TAG TAG GCG GTG 

TCG TAG CC; Myog Fw-CTG CAC TCC CTT ACG TCC AT, Rv-CCC AGC CTG ACA GAC AAT 

CT; Pax7 Fw-GAG TTC GAT TAG CCG AGT GC, Rv-GTG TTT GGC TTT CTT CTC GC; Spry1 Fw-

GGT CAT AGG TCA GAT CGG GTC, Rv-CTT GCC ACA CTG  TTC GCA G; Tbp Fw-TGC ACA 

GGA GCC AAG AGT GAA, Rv-CAC ATC ACA GCT CCC CAC CA. Amplification was done with 

SybrGreen Master Mix (Roche, Basel, Switzerland). The run was performed in 7500 Applied Biosystems 

thermocycler. Results were analyzed with 7500 Software v2.0.6. Relative expression of the target genes 

was calculated as mean values of 2-ΔΔCT. 

 

Statistical analysis 

Graphs and statistical analyses were done in GraphPad Prism software version 5.00. Data are 

presented as the mean ± standard deviation (SD). Differences between any two groups were assessed 

using Mann-Whitney test. Differences between multiple groups were tested with Kruskal-Wallis test 

followed by Dunn’s multiple comparison test. Only significant differences are shown in the graphs. A 

value of p<0.05 was considered statistically significant.  

  

Results  

Pax7 expression and Pax7-positive cells number are reduced in gastrocnemius of HTZ mice 

In order to identify whether there is a reduction of satellite cells content in the adult and non-

atrophied muscles from HTZ KI-Dnm2 mice, we first analyzed the expression of Pax7 mRNA in the 

gastrocnemius muscle of three-month-old animals. We found a decrease of 70% in Pax7 expression 

(p=0.0079) as compared to the WT control by quantitative real-time PCR (Figure 1A). Next, we 

immunostained muscle sections for Pax7 (Figure 1C) and counted the number of Pax7-positive (Pax7+) 

nuclei in relation to the total number of fibers (Figure 1B). The counting revealed a value of 16 satellite 
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cells per 100 fibers in WT gastrocnemius muscle which is reduced by 50% in HTZ muscle in the same 

range that decreased Pax7 expression. This confirms recent findings gained in Tibialis anterior muscle 

(22) and establishes gastrocnemius muscle from HTZ mice as a proper model for investigating the 

regenerative capacity of adult muscle in this AD-CNM mouse model. 

 

Muscle mass of HTZ mice did not recover after acute lesion 

To assess muscle regeneration in a CNM context, we provoked muscle injury in WT and HTZ 

mice by electrical shock (electric-induced, EI) as recently validated for gastrocnemius (27) and 

cardiotoxin (CTX) injection. We then measured the absolute mass of gastrocnemius and relative mass 

by total body weight after three, five, ten, and fifteen days. Although the Feret’s diameter of uninjured 

muscles from HTZ is slightly reduced in comparison to WT, WT and HTZ showed no significant 

differences in the gastrocnemius mass or gastrocnemius/body weight ratio (Figure 2A-D), indicating that 

the muscle phenotype was initiated, but not to the extent to impact the muscle mass. After EI lesion, the 

gastrocnemius mass of WT animals decreased slightly, with a significant reduction after 5 and 10 days, 

but it returned to normal levels after 15 days. For HTZ the reduction was substantial and muscle mass 

did not recover after 15 days (Figure 2A). After CTX injury, the same pattern of muscle mass reduction 

was detected (Figure 2B). 

The fiber size, quantified through measurement of the minimal Feret’s diameter, was smaller at 

day 15 after EI and CTX injuries in WT gastrocnemius muscle (Figure 2E and 2F) reflecting that normal 

size was not fully restored 15 days post-injury. Consequently, the fiber density (number of fibers per 

area) increased in WT muscle after EI and CTX (Figure 2G and 2H). In HTZ muscle, a similar decrease 

in fiber size occurred after injury (Figure 2E and 2F) but without an increase in fiber density (Figure 2G 

and 2H) suggesting a defect in the number of the newly formed fibers and/or an increased area of 

interstitial tissue. HTZ fibers had their diameter already reduced compared to WT before lesion (Figure 

2E and 2F) whereas muscle mass was similar to WT (0d in Figure 2A-D) and the mean size is still smaller 

in HTZ mice (28.9 μm) than in WT (33.2 μm) after EI and CTX injury (Figure 2E and 2F). Altogether 

these results showed that the p.R465W-DNM2 mutation alters the regenerative capacity of muscle 

leading to reduced muscle mass recovery 15 days post-injury.  
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Histopathology following muscle injury 

H&E staining was performed at each time point to follow the course of the regeneration in HTZ 

and WT muscle (Figure 3). Regardless of the injury method, regeneration occurred in similar ways in 

WT mice, featured by a peak of necrosis and degeneration, identified by a pale color in HE staining, and 

infiltration of inflammatory cells invading muscle followed by restoration by new fibers formation 

appearing at day 3 (Figure 3 and Table 1). After 15 days, WT muscles regenerated completely evidenced 

by fibers of normal appearance containing centrally positioned nuclei. HTZ muscles presented the same 

features but with a still ongoing degenerative process, with the presence of many infiltrating cells after 5 

days. At this point, we noted the first regenerating fibers in HTZ muscles.  Ten days post-injury, HTZ 

muscles had some remaining necrotic areas, especially in CTX injury. After 15 days, HTZ muscles were 

regenerated, but the new fibers appeared smaller with larger central nuclei. 

Next, we assessed the transient deposition of interstitial tissue during regeneration as an index of 

proper regenerative process using collagens staining by Sirius Red. We observed that interstitial tissue 

was slightly increased 15 days post-injury in WT muscle (Figure 4) (~+30%). HTZ muscles exhibited a 

higher collagen content compared to WT in basal conditions (~+20%) and the increase induced by injury 

was exacerbated (~+40%). Overall, time course and post-lesion histopathological features argue for a 

slower and less efficient regeneration in muscle harboring a Dnm2 mutation.  

 

Decreased formation of new myofibers 

We next sought to precisely evaluate the time course of formation of new fibers by the expression 

of developmental myosin heavy chain, because it is a myosin isoform transiently expressed by recently 

formed and immature fibers during muscle regeneration (Figure 5) (28). For EI and CTX induced injury, 

the first dMyHC-positive fibers were observed after three days and the last dMyHC-positive fibers 

disappeared before 10 days post-injury in WT muscle with a peak at day 5 (Figure 5). The time course 

of dMyHC expression was similar after EI for the HTZ muscle although around 5% of fibers were still 

positive after 10 days (Figure 5B and 5C) suggestive of a slowed down regenerative process. Muscles 

injected with cardiotoxin revealed a shift between WT and HTZ muscles (Figure 5D and 5E). At three 

days post-CTX, only 1% of fiber was found positive for dMyHC, and 5% of HTZ fibers maintained 

positive staining after 10 days. Besides, the number of newly formed fibers at the peak was significantly 

reduced (only 30% for HTZ compared to 70% for WT, p=0.1 using a Mann-Whitney test). Overall, this 
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analysis suggests that regeneration is delayed in HTZ muscles which are forming fewer new myofibers 

to repair the lesion. 

 

HTZ mice have less activated satellite cells after injury 

 After activation in response to an injury, SCs proliferate intensely to repair the tissue. Hence, we 

sought to assess whether SC proliferation may be also affected in KI-Dnm2 mice. A well-known marker 

of the proliferative activity is Ki67 (29). Thus, we labeled EI-injured muscles with Ki67 and PAX7 

antibodies to identify the actively proliferating SCs (Figure 6A). Compared to data from figure 1 in 

uninjured muscle, EI induced an increase in the total number of Pax7+ cells in WT muscle, reaching 

around 60 Pax7+ cells per 100 fibers (Figure 6C). Among this pool of cells, 40% were positive for Ki67 

(Figure 6B). In regenerated HTZ muscle, the number of Pax7+ cells remained lower compared to WT 

(Figure 6C) and only 25% of this reduced pool of Pax7+ cells were also positive for Ki67 (Figure 6B). 

Altogether, our data show that Dnm2 mutation affects the two main characteristics of SC required for 

proper regeneration, i.e. their number in steady-state and after regeneration and their proliferative 

capacity in response to muscle injury. 

 

Overall downregulation of myogenic regulatory factors  

Because of the satellite cell deficiency and impaired regeneration in HTZ muscles, we analyzed 

the activation of genes related to the regeneration pathway by measuring expression of myogenic 

regulatory factors (MRFs) and genes important for SC regulation before and after lesion (30) to obtain 

an indirect measurement of satellite cell population dynamics during regeneration. In WT muscle 

submitted to EI and CTX injury, expression of Pax7, Myf5, Myod, and Myog transiently increased during 

regeneration with a peak at day 3 for Myod and at day 5 for Pax7, Myf5, and Myog (Figure 7). Inversely, 

Spry1 expression transiently decreased during regeneration in WT muscle with a minimum reached at 

day 3 as expected (31). Under uninjured condition (day 0), HTZ muscle showed significant down 

expression of Pax7 and Myf5, overexpression of Myog and Spry1, and similar expression of Myod when 

compared to WT uninjured muscle showing that gene expression was not only determined by reduction 

of the number of satellite cells. In HTZ mice, Pax7, Myf5, Myod, and Myog also activated after injury 

but at lower levels when compared to WT muscles at a same time point. Spry1 expression was reduced 
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three days after injury and a subsequent increase occurred as the regeneration proceeded, like in WT 

muscle, but reaching lower expression level compared to WT in spite of a higher baseline a day 0. In 

summary, we detected alterations in the expression of myogenic factors not strictly correlated to the 

reduced number of SC suggesting that the genetic program of the SCs may be compromised in HTZ 

mice. 

 

Discussion 

Skeletal muscle has a remarkable regenerative capacity that relies mainly on the muscle-specific 

stem cells called satellite cells (32–34). In this work, we sought to investigate muscle regeneration in a 

mouse model of dynamin 2-linked dominant centronuclear myopathy. We found a significantly small 

number of SC in the gastrocnemius muscle of KI-Dnm2R465W mouse associated with an altered 

regeneration, evidenced by a reduced level of proliferating SCs and regenerating fibers, altered 

expression of genes related to the myogenic program, loss of mass of regenerated muscle, and interstitial 

tissue deposition. 

 

Steady-state in uninjured HTZ muscle 

Impairment in the SC population has been documented in various neuromuscular disorders as an 

important component of disease development (35–41). In particular, a reduced number of satellite cells 

have been previously identified in the X-linked form of centronuclear myopathy, also called Myotubular 

myopathy, due to mutation in myotubularin (42). We demonstrate a similar reduction in the number of 

SCs in the gastrocnemius muscle of an AD-CNM animal model, confirming the recent results gained in 

the tibialis anterior muscle of this model (22) and suggesting a potential common mechanism for the 

centronuclear myopathies. The cause of SC depletion is not clear in centronuclear myopathies. In 

diseases marked by chronic degeneration, SCs are constantly activated, leading to their depletion and 

impaired regeneration (40, 43). It seems not to be the case for AD-CNM regarding the absence of signs 

of chronic degeneration in muscle biopsies from patients (4) confirmed by absence of dMyHC-positive 

fibers and central nuclei in uninjured muscles from HTZ KI-Dnm2 mice. Reduction of Pax7 expression 

may trigger loss of SC as demonstrated in Pax7-/- knock out mice (44), probably through coordination of 

expression of genes related to cell proliferation, and repression of genes of terminal muscle 
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differentiation (45). The baseline of expression of other genes related to the regeneration pathway is also 

impaired in uninjured HTZ muscle. If the downregulation of Pax7 and Myf5 may be partially attributed 

to the depletion of the SC pool, overexpression of Myog and Spry1 may reflect deregulation of the genetic 

program related to SC regulation. In particular, the increased expression of Spry1, which is an important 

regulator of myoblast quiescence (31, 46), could impose a constraint to maintain quiescence, delaying 

SC activation when necessary. Altogether, reduction of SC pool and deregulation of gene expression 

associated with slight fibrotic deposition, also evidenced in uninjured HTZ muscle, may compose non-

permissive conditions to a proper injury-induced regeneration. 

 

Muscle regeneration in HTZ mice 

Different protocols of muscle injury are available that can be grouped according to the agent 

employed: physical, chemical, or toxins. Despite all these methods being able to provoke an acute muscle 

degeneration followed by regeneration, they are not completely identical and it is documented important 

differences among them (47). Such differences can mask or unveil important data, as shown in an 

investigation of the regeneration in Myf5-null mice, in which a specific role of Myf5 was only revealed 

by the freeze-injury method (48). In consequence, we sought to examine muscle regeneration in HTZ 

KI-Dnm2 mice using two distinct acute injury procedures provoked by either electrical shock or 

cardiotoxin injection.  

In WT mice, electrical shock or cardiotoxin injection are followed by muscle regeneration leading 

to rapid muscle mass recovery in 15 days post-injury. During this period, regeneration appears delayed 

or defective in HTZ KI-Dnm2 mice. Besides the reduction in the SC population, our main finding is the 

smaller proportion of Pax7-positive cells in active proliferation. It may hypothesize that synergy of these 

two defects results in an insufficient number of cells available for muscle repair explaining a slower or 

delayed regeneration, as evidenced by histological analysis and shift in the timing of emergence of 

dMyHC-positive fibers. This may also lead to reduced or absent transient injury-induced regulation of 

genes involved in SC regulation and defective regeneration suggested by the formation of fewer fibers 

and increased fibrotic deposition in the 15 days following injury and no recovery of muscle mass. After 

activation of SCs, Spry1 is downregulated in proliferating Pax7+ cells, and to be able to return to 

quiescence, a fraction of SCs resumes Spry1 expression after some rounds of division (31, 46). 

Consistently, we observed a downregulation of Spry1 following injury, and progressive upregulation 



14 
 

suggesting that the HTZ SCs do not have restrictions in returning to quiescence. However, an 

examination of the polarity of the dividing Pax7-positive satellite cells would be required to better 

characterize stem-cell renewal. Overall, our results strongly suggest that, although the regeneration is 

properly activated, a delayed and defective muscle regeneration occurs in the KI-Dnm2 mouse model. 

 

Implication for dominant centronuclear myopathy 

Several alterations in SCs behavior have been described in different forms of myopathies 

including the X-linked form of centronuclear myopathy in which a reduced number and delayed 

proliferation of satellite cells have been previously identified (42). In many cases, a reduction in the 

number of SCs, accompanied by defective proliferation, differentiation, and thus regeneration has been 

observed in patients with neuromuscular disorders. Such alterations in the number and function of SC 

are often considered as a consequence of the disease instead of a primary mechanism. Interestingly, a 

myopathy caused by a mutation in the PAX7 gene was recently described leading to SC exhaustion (38) 

similar to the phenotype of the Pax7 knock-out mouse model (44). The patients carrying biallelic PAX7 

variants present a clinical phenotype including hypotonia, ptosis, and muscular atrophy but without 

affecting muscle fiber stability, all features also present in patients affected by centronuclear myopathies. 

This suggests that, even though we cannot consider defective satellite cell population as a primary 

causative aspect of centronuclear myopathies, the clinical phenotype associated with SC dysfunction may 

participate in a significant part of phenotype encountering in CNM patients. Further investigation will be 

necessary to determine how DNM2 mutations impact SC number and function. It was shown that the 

GTPase activity of dynamin 2 is required in later stages of myoblasts membrane fusion (49). However, 

we recently excluded an impact on fusion during differentiation by showing normal fusion index in 

myoblasts cultured from KI-Dnm2 neonates compared to WT littermates (22). In order to better 

understand the impact of DNM2 mutation on muscle regeneration, investigation whether regenerated 

fibers are re-innervated normally at a single motor endplate region, or potential impact on other non-

myogenic tissues required for proper regeneration will be required. Nevertheless, our work highlights 

the importance to take into account SC impairments in the development of future therapies which will 

need to also target SC to optimize their efficiency.  

In conclusion, our study represents the first arguments for abnormal muscle regeneration which 

may results from the dysfunction of satellite cells in dominant centronuclear myopathy. Given that 



15 
 

satellite cells (SC) are also involved in muscle post-natal growth, exercise dependent muscle 

hypertrophy, and muscle maintenance during different life stages (50, 51), even in aging (52), the impact 

of SC function in AD-CNM may be much more diverse than the muscle regeneration. Taken together, 

our results suggest that albeit all the molecular pathways are activated for muscle regeneration, the overall 

outcome is compromised in HTZ animals and this is probably due to the reduction of the satellite cells 

pool in steady-state and a defect of their proliferative capacity upon injury. Overall, our results identify 

a new pathomechanism of Dynamin 2-linked CNM which may be involved in the muscle-specific impact 

of DNM2 mutations characterizing the disease. 
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Legends of Figures 

Figure 1. PAX7 deficiency in HTZ KI-Dnm2 muscle. A. Pax7 mRNA expression in HTZ and WT 

muscles. Relative expression was calculated by the 2-ΔΔCt method using WT average value as the 

normalizer sample. Mann-Whitney test, n=5 individuals per genotype, **p<0.01. B. Quantification of 

the number of satellite cells, presented in relation to total fiber number in transverse cross-sections. 

Mann-Whitney test, n= 6 – 7 transversal sections from 3 animals of each genotype, **p<0.01. C. 

Representative images of PAX7 staining in WT and HTZ muscle sections. Laminin staining (green) was 

used to delimit fiber membrane; PAX7 stain in red indicated by white arrows. Scale bars=50 µm.  

Figure 2. Muscle mass, fiber diameter, and density are reduced after injury. A and C. 

Gastrocnemius mass relative to total body weight and gastrocnemius mass, respectively, after EI. Mann-

Whitney test, n=5 mice per genotype at time point zero, n=8 mice per genotype at the other time points, 

except HTZ 5-days and WT 15-days, with n=7 each. B and D. Gastrocnemius mass relative to total body 

weight and gastrocnemius mass, respectively, after CTX. n=5 mice per genotype at time point zero, n=3 

mice per genotype at the other time points. E. Feret's diameter of myofibers before and after EI injury. 

Kruskal-Wallis test followed by Dunn’s multiple comparison test; n=1278 fibers in WT 0d, n=1152 

fibers in HTZ 0d, n=2081 fibers in WT 15d and n=3291 fibers in HTZ 15d. F. Feret's diameter of 

myofibers before and after CTX injury. Kruskal-Wallis test followed by Dunn’s multiple comparison 

test; n=1278 fibers in WT 0d, n=1152 fibers in HTZ 0d, n=809 fibers in WT 15d and n=664 fibers in 

HTZ 15d. G. Number of fibers per area (fiber density) after EI lesion. Mann-Whitney-test, n= 6 – 8 

transversal sections from 3 animals of each genotype/time point. H. Number of fibers per area (fiber 

density) after CTX injection. Mann-Whitney-test, n= 6 transversal sections from 3 animals of each 

genotype/time point. Asterisks (*) denote differences in relation to WT at a similar time point, number 
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sign (#) in relation to HTZ at 0d.  * and # p<0.05, ** and ## p<0.01, *** and ### p<0.001, ns= non-

significant. 

Figure 3. Histopathology after EI and CTX lesion. Representative images of HE staining of muscles 

before and after injury. A. WT and HTZ muscles uninjured. B. Muscle necrosis is identified by pale 

fibers and infiltration of inflammatory cells. Regenerating fibers are visualized by five days post-lesion. 

At 15 days, muscle fibers are regenerated and have central nuclei. Scale bars= 100 µm in A, and 50 μm 

in B. 

Figure 4. Collagen staining and quantification in muscle from KI-Dnm2 mice after injury. A. 

Representative images of Sirius red staining in WT and HTZ muscles at days zero and 15. Scale bar=100 

µm. B. Quantification of Sirius red staining on muscles before (0d) and after (15d) EI. Mann-Whitney 

test, *p<0.05, **p<0.01, n=5 individuals for day zero, n=8 individuals for day 15. 

Figure 5. Formation of new myofibers during regeneration after injury. New myofibers express 

developmental myosin heavy chain (in red). Membranes were delimited with laminin antibody (in green), 

nuclei were stained with DAPI (in blue). Arrows indicate dMyHC-positive fibers. Scale bar= 50 μm. A. 

WT and HTZ uninjured muscles. B. Formation of new myofibers after EI injury. C. Quantification of 

dMyHC-positive fibers in relation to the total number of fibers after EI lesion. N=5 individuals per 

genotype at time point zero, n=8 individuals per genotype after lesion, except HTZ 5-days and WT 15-

days, with n=7 each. D. Formation of new myofibers after CTX injection. E. Quantification of dMyHC-

positive fibers in relation to the total number of fibers after CTX lesion. N=5 individuals per genotype at 

time point zero, n=3 individuals per genotype after lesion. In C and E, five to seven random fields were 

manually counted per animal.    

Figure 6. Proliferating satellite cells after 5 days of EI injury. A. Representative images of 

immunofluorescence staining of PAX7 (red) and Ki67 (green) proteins. Nuclei were stained with Dapi 

(blue). Scale bar= 50 μm. B. Percentage of Ki67+ and PAX7+ cells. C. Quantification of the number of 

satellite cells, presented in relation to total fiber number in transverse cross-sections. Mann-Whitney test, 

n=5 animals per genotype, more than 1000 fibers were counted for each individual. **p<0.01.  

Figure 7. Expression of myogenic regulatory genes in muscle from KI-Dnm2 mice after injury. 

Relative expression was measured by qRT-PCR before and during regeneration, and calculated by the 2-

ΔΔCt method. The values were normalized to WT uninjured. A. Expression of Pax7 mRNA after EI injury. 

B. Expression of Pax7 mRNA after CTX injury C. Expression of Myf5 mRNA after EI injury. D. 
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Expression of Myf5 mRNA after CTX injury. E. Expression of Myod mRNA after EI injury. F. 

Expression of Myod mRNA after CTX injury. G. Expression of Myog mRNA after EI injury. H. 

Expression of Myog mRNA after CTX injury. I. Expression of Spry1 mRNA measured after EI lesion. 

J. Expression of Spry1 mRNA measured after CTX injury. In A to J, statistical analysis was done using 

Mann-Whitney test. For EI groups: n=5 mice per genotype at time point zero, n=8 mice per genotype 

after lesion, except HTZ 5-days and WT 15-days, with n=7 each. For CTX groups: n=5 mice per 

genotype for day zero, n=3 mice per genotype after lesion. Asterisks (*) denote differences in relation to 

WT uninjured, number sign (#) in relation to HTZ uninjured.  * and # p<0.05, ** and ## p<0.01, *** and 

### p<0.001.  

Table 1. Histological findings in EI and CTX injured muscles over time. - not detected; + up to 20%; ++ 

between 20% and 50%; +++ between 50% and 70%; ++++ over 70%   
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