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Spiny mice are primed but fail to regenerate <«

volumetric skeletal muscle loss injuries
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Abstract

Background In recent years, the African spiny mouse Acomys cahirinus has been shown to regenerate a remarkable
array of severe internal and external injuries in the absence of a fibrotic response, including the ability to regenerate
full-thickness skin excisions, ear punches, severe kidney injuries, and complete transection of the spinal cord. While
skeletal muscle is highly regenerative in adult mammals, Acomys displays superior muscle regeneration properties
compared with standard laboratory mice following several injuries, including serial cardiotoxin injections of skeletal
muscle and volumetric muscle loss (VML) of the panniculus carnosus muscle following full-thickness excision injuries.
VML is an extreme muscle injury defined as the irrecoverable ablation of muscle mass, most commonly resulting
from combat injuries or surgical debridement. Barriers to the treatment of VML injury include early and prolonged
inflammatory responses that promote fibrotic repair and the loss of structural and mechanical cues that promote
muscle regeneration. While the regeneration of the panniculus carnosus in Acomys is impressive, its direct relevance
to the study of VML in patients is less clear as this muscle has largely been lost in humans, and, while striated, is not a
true skeletal muscle. We therefore sought to test the ability of Acomys to regenerate a skeletal muscle more com-
monly used in VML injury models.

Methods We performed two different VML injuries of the Acomys tibialis anterior muscle and compared the regen-
erative response to a standard laboratory mouse strain, Mus C57BL6/J.

Results Neither Acomys nor Mus recovered lost muscle mass or myofiber number within three months follow-

ing VML injury, and Acomys also failed to recover force production better than Mus. In contrast, Acomys continued
to express eMHC within the injured area even three months following injury, whereas Mus ceased expressing eMHC
less than one-month post-injury, suggesting that Acomys muscle was primed, but failed, to regenerate.

Conclusions While the panniculus carnosus muscle in Acomys regenerates following VML injury in the context
of full-thickness skin excision, this regenerative ability does not translate to regenerative repair of a skeletal muscle.
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Background

Skeletal muscle, through the function of resident muscle
stem cells or satellite cells (SCs), is a highly regenerative
tissue which undergoes perpetual regeneration through-
out life in response to injury [1-3]. Early in the response
to injury following necrosis of the damaged tissue, signals
from the innate immune system lead to satellite cell acti-
vation. From their normally quiescent state adjacent to
the myofiber membrane, SCs undergo asymmetric divi-
sion to generate differentiating myogenic precursors, or
myoblasts, as well as to replenish the SC pool. In coor-
dination with other resident cell populations to promote
remodeling and repair, myoblasts fuse with each other or
existing myofiber membranes to restore the muscle to its
pre-injury state [1-3]. However, certain injuries, such as
volumetric muscle loss (VML) due to ablation of signifi-
cant muscle tissue, exceed the endogenous regenerative
capabilities of muscle [3, 4]. This type of injury typically
results in loss of muscle mass with frequent fibrotic and
fatty replacement of the muscle tissue leading to severely
compromised function.

There are few treatment options for VML injuries and
most research into improving patient outcomes remains
at the preclinical stage. The leading hypothesis for regen-
erative failure following VML injury is that loss of SCs,
extracellular matrix (ECM), and connective tissue results
in loss of the structural and mechanical cues for proper
regeneration [4, 5]. This is evidenced by the remarkable
recovery and regeneration of muscle following myotoxin
injury in which the muscle fibers are destroyed while the
ECM remains intact, in contrast to VML injuries where
the ECM is lost and minimal regeneration occurs [4].
Most research efforts for VML have thus focused on
the development of biomaterials and scaffolds with and
without cell transplantation to promote muscle restora-
tion [5, 6]. Unfortunately, these methods still result in
functional deficits and incomplete recovery of muscle
mass, especially when transitioned to larger animal mod-
els. There are also translational feasibility concerns with
these approaches regarding the expense and complexity
of manufacturing [5].

In contrast to engineering approaches to regenerate
or repair skeletal muscle, another strategy is to investi-
gate the molecular mechanisms promoting regeneration
in other species with greater regenerative abilities than
humans. For example, the MRL/Mpj mouse strain regen-
erates 2 mm ear punch wounds [7, 8]. Since this origi-
nal observation, MRL/Mpj has demonstrated improved
healing in a handful of other injuries [9], although it still
produces a fibrotic scar in response to skin wounds [10,
11]. MRL/Mpj displays greater myofiber regeneration
and reduced fibrosis compared to DBA/2] in a model
of limb girdle muscular dystrophy [12]; however, the
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DBA/2] background intensifies the muscular dystrophy
phenotypes compared to the C57BL/6, CD1, and 129/
SVEMS + /] backgrounds [13]. The same is also true of
DBA/2] compared to C57BL/10 in the Duchenne mus-
cular dystrophy mouse model, mdx [14-18]. Recently
Norris et al. reported an in-depth analysis compar-
ing multiple mouse strains and different injury models,
which highlighted regenerative differences in skeletal
muscle both in response to injury type and strain back-
ground [19]. Thus, mouse strains fall along a continuum
of regenerative ability, possibly with MRL/Mpj as the
peak. However, following VML injury, MRL/Mpj devel-
ops more adipocytes, similar amounts of fibrosis, and no
improved grip strength compared to C57BL/6 [20].

In contrast to mice and other mammals, many amphib-
ians are capable of complete regeneration of many tissues
including following autotomy of the tail, while the axo-
lotl Ambystoma mexicanum stands perhaps as the most
well-recognized example of regenerative capacity in the
animal kingdom, capable of regenerating whole limbs fol-
lowing surgical amputation [21]. Notably, axolotls have
also been shown to regenerate muscle following VML
injuries, although they fall short of regenerating the total
excision of a single muscle potentially due to failure to
recognize the injury [22]. Such regenerative capacity was
long thought absent from adult mammals until the dis-
covery of several species of African spiny mouse (Acomys
kempi, Acomys percivali, and Acomys cahirinus) [23]. In
recent years, much research has focused on the improved
regenerative capabilities of Acomys cahirinus (hereaf-
ter referred to as Acomys). Acomys has been shown to
regenerate full thickness skin excision injuries [23-25]
and burns [26], ear punches [23, 27-29], hemi-crush [30]
and complete transection spinal cord injuries [31], myo-
cardial infarctions [32-34], and severe obstructive and
ischemic kidney injuries [35]. In addition to the remark-
able regeneration of these internal and external injuries,
Acomys is characterized by superior skeletal muscle
regeneration compared to Mus following serial rounds
of myotoxin injection, whereby Mus eventually develop
fatty infiltration of the muscle while Acomys continue to
regenerate their muscles with high fidelity [36]. Perhaps
the most relevant injury to the study of VML, however,
is the full thickness skin excision injury, where in addi-
tion to the scarless regeneration of the epidermis, dermis,
hair follicles, erector pili smooth muscles, and sebaceous
glands, the thin layer of striated muscle under the skin,
the panniculus carnosus (PC), has also been shown to
regenerate [24, 25]. While the regeneration of this injury
is impressive and can be compared to VML as a muscle
ablation injury, the direct comparison to VML injury in
humans or other common animal models of VML injury
is less clear. This is at least partially due to the PC not
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being a true skeletal muscle as it is not attached to the
skeleton. Also, while the PC exists in many mammals and
functions in skin twitching, it is thought to have been
largely lost and is vestigial in humans, still present at only
a few anatomical locations in the body [37]. We thereby
sought to test the ability of Acomys to regenerate VML
injuries in a limb skeletal muscle that is preserved across
species, the tibialis anterior (TA) muscle.

Methods

Animals

Male and female C57BL6/] (Jackson Labs) 14-week-
old mice and 16-18-week-old male and female Acomys
cahirinus, obtained from the breeding colony housed at
the University of Florida, were used for all studies.

Experimental procedures

All procedures involving experimental animals were
approved by the Institutional Animal Care and Use Com-
mittee at the University of Florida (protocol number
202107707 for Acomys cahirinus and 20203677 for M.
musculus). For tibialis anterior (TA) VML experiments,
animals were anaesthetized with isoflurane, admin-
istered Buprenorphine SR (1 mg/kg) subcutaneously,
the left hindleg shaved and a small incision made in the
skin over the superior surface of the lower hindlimb to
expose the TA body, and the fascia overlying the TA was
dissected away. For biopsy punch VML injuries, a small
metal spatula was inserted under the TA muscle and
a 3 mm (C57BL6/] females), 3.5 mm (C57BL6/] males),
or 4 mm (Acomys cahirinus) biopsy punch was used to
create a uniform injury in the TA midbelly followed by
skin suturing. For VML trough injuries, a sterile scalpel
was used to make parallel ~ 2 mm deep cuts ~2 mm apart
and ~5-6 mm long creating 20-30% ablation of the TA
muscle and incisions were also sutured. The wet weight
of the excised muscle was measured: C57BL6/] female
9.6 £1.5 mg, C57BL6/] male 13.1 + 1.5 mg, Acomys cahiri-
nus 17.7 +2.2 mg. Animals with injuries smaller than 20%
or larger than 30%, calculated based on additive weight
of the excised and remaining TA upon collection or com-
pared to the uninjured TA, were excluded from analysis.

Histology

Muscles were embedded in OCT, frozen in liquid nitro-
gen cooled isopentane, and stored at -80 °C until further
analysis. 10 um thick sections were stained for hematoxy-
lin (Polysciences 24,244) and eosin (Polysciences 09859)
(H&E). For picrosirius red staining, slides were fixed in
4% PFA for 45 min before following standard protocols.
Picrosirius Red Solution contained 0.1% Direct Red 80 in
saturated Picric Acid. Slides were scanned at 20X using
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a Motic Slide scanner and .tif files exported using Leica
Aperio ImageScope software.

Immunofluorescence

Slides were blocked for 45 min in 5% donkey serum and
0.3% TritonX-100 in PBS. For mouse primary antibodies
donkey anti-mouse Fab fragments (Jackson Immunore-
search # 715—-007-003) were added to the blocking buffer
(1:50). Primary antibodies were incubated for 3 h at room
temperature in blocking solution, followed by 3 washes
with PBS-T, and 1 h incubations in secondary anti-
body. Slides were mounted with FluorSave. Antibodies:
Laminin (Sigma L9393, 1:1000), eMHC/MYH3 (DSHB
F1.652, 1:40), Perilipin (Cell Signaling 9349S, 1:1000),
Phalloidin (Invitrogen A12380, 1:250), PDGFRa (R&D
AF1062, 1:250), CD206/MMR (R&D AF2535, 1:40), Ki67
(Invitrogen SolA15 14-5698-82, 1:1000), Pax7 (DSHB,
1:40), MyoD (ActiveMotif 5F11 39992, 1:200), DAPI
(Sigma D9542, 1:25,000). Images were acquired with
either a Zeiss Axioscan 7 or Echo Revolution automated
microscope.

Image quantification

For total myofiber number quantification and myofiber
size distribution analysis, whole TA cross-section images
were segmented by Cellpose [38] using the modified
GoogleColab script written by Ariel Waisman followed
by myofiber identification using the FIJI plugin Label-
stoROIs [39]. Misidentified myofibers were manually
corrected. Centralized nuclei and eMHC +fibers were
counted manually for one cross-section per TA and rep-
resented as a percent of the total myofibers per TA cross-
section. Adipocytes were also counted manually and
due to the high variation in number of adipocytes per
section, at least 3 sections>100 um apart were counted
and averaged. FAPs were quantified by percent area
PDGFRa +using color segmentation within a 1355pum?
region of injured area of one cross-section per TA. Fibro-
sis was quantified by %red / (%red + %yellow) picrosirius
red staining using the PSR_quantify.ijm macro for FIJI
[40, 41].

Muscle functional assessment

Invivo torque

Mice were anaesthetized with isoflurane, then transferred
to a heated platform while maintaining isoflurane inhala-
tion by nose cone. The foot was strapped onto a footplate
in series with a torque transducer using surgical tape. The
knee was stabilized by a clamp on the platform. The dor-
siflexor muscles were stimulated via the peroneal nerve
with bipolar transcutaneous electrodes. Twitches elicited
by single 0.2 ms pulses were used to optimize electrode
placement, current amplitude, and the optimal tibiotarsal
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angle for the dorsiflexors (typically 110° of plantarflex-
ion). Next, 150 Hz pulses within a 500 ms pulse train
were used to determine optimal torque.

In situ force

Mice were anaesthetized with isoflurane, then the dis-
tal tendons of one tibialis anterior (TA) muscle at a time
were dissected free from surrounding tissue and individ-
ually tied with 5.0 braided surgical silk and subsequently
cut at their most distal ends. The sciatic nerve was
exposed and all its branches cut except for the common
peroneal nerve (CPN), which innervates the TA muscle.
The mouse was then placed on a heating pad to main-
tain body temperature at 37 °C. The foot was secured to
a platform and the knee immobilized using a clamp. The
TA tendon was attached to a force transducer (Aurora
Scientific) to record muscle twitch forces. Isometric
twitch contractions were elicited by stimulating the dis-
tal part of the nerve via bipolar stainless steel electrodes
using square wave pulses of 0.02 ms. The stimulation
voltage and subsequently the length of the muscle were
adjusted to produce the maximum isometric twitch force.
The stimulus amplitude was then set to 0 V and manually
increased over a range of 10 V, which results in discrete
increments in twitch force due to the successive recruit-
ment of motor units. This procedure was repeated until
there was no further increase in force, indicating that all
motor units were recruited. Force output was recorded
using an analogue to digital converter interfaced with a
computer running the appropriate software (Dynamic
Muscle Control version 5.5).

Results

Compared to Mus, the Acomys TA is larger and muscle size
is more consistent between the sexes

While many comparisons of skeletal muscle between
Acomys and Mus have already been reported, includ-
ing weight differences in the EDL, soleus, and TA mus-
cles, myofiber number and length differences in the
EDL and soleus, and fiber type differences in the EDL,
soleus, and TA [36], we sought to further character-
ize differences in the TA muscles between the species
so we could best determine how to consistently create
muscle injuries in the two species. Additionally, it is well
known that female Mus are smaller and have respec-
tively smaller muscles compared to male Mus. This has
not previously been clear for Acomys, and due to chal-
lenges in Acomys breeding (smaller litter size, longer ges-
tation, longer time to sexual maturity), we sought to use
both sexes for our studies. We determined that on aver-
age, female Acomys are not significantly smaller by body
weight than male Acomys at ~ 4 months of age, compared
to female C57BL6/] (Mus) mice which are significantly
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smaller than their male counterparts at 14 weeks of age
(Fig. 1A). Similarly, while the TA muscles of female Aco-
mys are statistically smaller than the TA muscles of male
Acomys, the average difference in mass is less than 10%.
This is compared to Mus where female TA muscles are
30% smaller than males (Fig. 1B). Furthermore, the total
number of myofibers and the minFeret diameter of TA
myofibers were not different between male and female
Acomys, as opposed to Mus where females have a simi-
lar number but smaller myofibers compared to males
(Figure S1A-F). We do not observe overt differences in
ECM or fat content to explain the<10% weight differ-
ence in male and female Acomys TAs. We therefore com-
bined data from male and female Acomys for our studies.
Acomys are, however, ~35% bigger by body weight than
male Mus and ~50% bigger than female Mus, and their
TAs are 25%—40% heavier, respectively (Fig. 1A, B). As
has been reported for the EDL and soleus, we determined
that the size difference in Mus and Acomys TA muscles is
due to a greater number of myofibers in the Acomys TA
(Fig. 1C), while myofiber size is similar between the spe-
cies (Fig. 1D, E). Acomys myofiber size distribution falls
in between that of male and female Mus (Figure SI1F).
The Acomys TA is also longer than the Mus TA.

One common model of volumetric muscle loss injury
in rodents is a biopsy punch of the TA muscle (Fig. 1F).
To create similar size injuries between the species, we
tested a variety of biopsy punch sizes in the TA of each
species and determined that a 3.5 mm punch in male
Mus, a 3.0 mm punch in female Mus, and 4.0 mm punch
in both sexes of Acomys removed 20-25% of the TA mus-
cle (Fig. 1G).

Acomys and Mus respond similarly to VML biopsy punch
injuries but eMHC expression remains elevated in Acomys
We initially assessed multiple timepoints following
injury to determine if Mus and Acomys displayed simi-
lar wound healing trajectories. H&E staining and picro-
sirius red staining to assess fibrosis of biopsy punch VML
injuries 5-, 10-, and 28-days post injury (DPI) indicated
similar progression between the species (Fig. 2A, B, S2A-
C). Both species appeared to have early inflammatory
and fibrotic responses to injury. Immunofluorescence
of CD206+ macrophages indicated similar inflamma-
tory profiles between the species at all timepoints where
macrophages were abundant both within the injured area
and throughout the interstitial spaces of the injured mus-
cle (Figure S3). Neither species recovered mass of the
injured TA by 28DPI (Fig. 2C, D). Similarly, both species
showed a similar decrease in myofiber number 28DPI
(Fig. 2E), with a shift toward smaller myofibers (Fig. 2F,
G). Both species also developed a similar percentage of
centronucleated myofibers (Fig. 3A, B). In contrast, fibers
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<« Fig. 1 Modeling VML injuries across species. A Body weight (g)
differences between male and female C57BL6/J Mus and Acomys
(error bars+SEM: *, p <0.05, Student’s t-test). n=20 male Mus,
n=17 female Mus, n=13 male Acomys, n=11 female Acomys. B TA
weight (mg) differences between male and female C57BL6/J Mus
and Acomys (error bars+SEM: *, p <0.05, Student’s t-test). C Total
number of myofibers per TA cross-section in Mus and Acomys (error
bars+SEM: ¥, p <0.05, Student’s t-test). n=12 Mus, n=9 Acomys.

D Average MinFeret diameter of myofibers per TA cross-section

in Mus and Acomys (error bars + SEM: *, p < 0.05, Student’s t-test).
n=12 Mus, n=9 Acomys. E Myofiber size distribution by MinFeret
diameter in Mus and Acomys (error bars + SEM). Bars are overlapping.
F Model diagram of biopsy punch injury in TA. G Mean % muscle
removed by wet mass of Mus and Acomys TA muscles using indicated
biopsy punch sizes (error bars +SD: *, p < 0.05, One-way ANOVA

with Tukey’s multiple comparisons test)

positive for eMHC were abundant within the center of
the wounded area in Acomys, while only a few sporadic
eMHC +fibers were present in Mus TA 28DPI (Fig. 3A,
C, S4). This is despite an initially greater increase in
eMHC+myofibers in Mus at 5DPI which dramatically
decreased by 10DPI (Figure S5A-C). The percentage of
myofibers expressing eMHC did not differ significantly
between 5 and 10DPI in Acomys. Since Acomys muscle
appeared to have a more persistent regenerative response,
we asked whether the number of fibroadipogenic progen-
itors (FAPs), another cell type critical for muscle regen-
eration [42-44], differed between the species. However,
we did not detect a difference in FAPs between Mus and
Acomys 28DPI (Fig. 3D, E, S6), nor did we detect fewer
adipocytes in Acomys as we hypothesized based on pub-
lished serial cardiotoxin injuries (Fig. 3F, G, S7) [36]. Of
note, there was considerable variability among animals of
both species in the number of adipocytes observed fol-
lowing injury (Figure S7).

Persistent eMHC expression in Acomys following a less
severe VML trough injury

Because we did not detect overt differences in the TA
muscle’s ability to regenerate biopsy punch VML wounds
between Mus and Acomys at 28DPI, we tested a less severe
VML injury. The biopsy punch sizes previously described
create an initial injury which removes 20-25% of the TA
muscle, but in Mus these defects result in 55.8% +2.5%
and 45.4%+10.4% muscle remaining at 5 and 10 DP],
respectively (Fig. 2C). To produce a less severe injury,
a scalpel was used to create a trough-like VML injury in
the TA muscle which created 20-30% deficit, but which
resulted in less immediate myofiber loss as the myofibers
were not severed all the way through the TA (Fig. 4A, B).
At 7 DPI, the muscle mass remaining was 64.8%+7.7%
(data not shown). We also examined the TA muscles fol-
lowing this injury at 90DPI (~12 weeks or~3 months)
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DPIl'in Mus and Acomys (error bars +SEM: *, p < 0.05, 2-way ANOVA). F, G Myofiber size distribution by MinFeret diameter 28 DPI in (F) Mus and (G)

Acomys (error bars + SEM). Bars are overlapping

instead of 28DPI to allow Acomys more time to regener-
ate given the observed persistent eMHC expression at
28DPI following biopsy punch. At 90DPI, neither species
recovered mass of the TA (Fig. 4C, D) and both species
still appeared overtly injured (Fig. 4E, S8). Neither species
recovered the number of myofibers, and both species still
had a greater percentage of smaller myofibers, although
the size distribution of myofibers had returned to a more
normal distribution in Acomys compared to Mus (Fig. 4F-
H). As with the biopsy punch injury, Acomys TA muscles

still displayed persistent expression of eMHC + myofib-
ers even three months following injury, while Mus lacked
elevated eMHC expression (Fig. 5A-B, S9). The percent of
centronucleated myofibers (Fig. 5C), as well as the num-
ber of FAPs (Fig. 5D, E, S10) and adipocytes remained
similar between the species (Fig. 5F, G, S11). To deter-
mine if the eMHC+ myofibers in Acomys at 90DPI were
associated with activated or proliferating satellite cells, TA
sections were stained with Pax7, MyoD, and Ki67; how-
ever, no increase in Pax7+/MyoD+cells was observed
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Fig. 3 eMHC expression persists in Acomys 28 days following VML biopsy punch. A Immunofluorescence of eMHC, Laminin, and DAPI 28

DPIl'in Mus and Acomys. Scale bar= 100 uM. *Indicates centrally nucleated myofibers. B Quantification of percent myofibers with centralized
nuclei per cross-Sect. 28 DPI in Mus and Acomys (error bars+SEM: *, p <0.05, 2-way ANOVA). C Quantification of percent eMHC + myofibers

per cross-Sect. 28 DPIin Mus and Acomys (error bars + SEM: *, p <0.05, 2-way ANOVA). D Immunofluorescence of PDGFRa, Laminin, and DAPI 28
DPI in Mus and Acomys. Scale bar= 100 uM. E Quantification of FAPs by percent area PDGFRa+within a 1355 um.? area of the wound center (error
bars+SEM: *, p <0.05, 2-way ANOVA). F Immunofluorescence of Phalloidin, Perilipin, and DAPI 28 DPI in Mus and Acomys. Scale bar=100 uM.

G Average number of adipocytes per TA cross-Sect. 28 DPIin Mus and Acomys (error bars +SEM: *, p <0.05, 2-way ANOVA)

compared to uninjured muscle (data not shown). Only
one animal (25%) from the Acomys group showed an
increase in the number of Ki67 + cells compared to Mus at
90DPI (Figure S12).

Acomys muscle function does not fully recover

following VML injury

To assess whether Acomys might recover force produc-
tion post-VML as well as assess if there was any improve-
ment over time, we performed a series of in vivo torque

measurements before and following trough VML injury
(Fig. 6A). As expected, there was a strong decrease
in both maximum twitch (85%+5.0%) and maxi-
mum tetanic (79%+7.3%) force 2 DPI (Fig. 6B, C). At
28DPI, Acomys maximum twitch force had improved to
52% +24.9% compared to baseline, and maximum tetanic
force had improved to 63% +28.5% compared to baseline.
While some individual animals continued to improve at
56- and 84-DPI, force production largely plateaued after
28DPI. By 84DPI, Acomys had recovered 69% +23.9%
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maximum twitch force compared to baseline and
79% + 27.0% maximum tetanic force (Fig. 6B, C). Of note,
in vivo torque measurements measure the maximal force
of dorsiflexion, and thus in addition to force produced by
the TA, also measure some force input from the EDL and
EHL. To measure only the force produced by the TA as
well as compare the Acomys response in force recovery
to Mus, we performed in situ mechanics on the TA mus-
cles of both species ~90 DPI (3 months). Mus and Aco-
mys showed similar deficits in force production 90DPI by
both maximum twitch and maximum tetanic force, with
Mus recovering an average of 68.4% maximum twitch
and 72.7% maximum tetanic force and Acomys recover-
ing 75.4% maximum twitch and 77.0% maximum tetanic
force on average (Fig. 6D-G). When these forces are nor-
malized to the muscle remaining, Acomys fairs slightly
better than Mus producing on average 109.9% +18.6%

normalized tetanic force compared to their contralateral
control limb with 71% of animals generating normal-
ized forces in their injured limb equal to or greater than
their contralateral control limb. This is compared to Mus
which generates an average 93.1%+26.5% normalized
tetanic force compared to their contralateral control limb
with only 50% of animals generating normalized forces
in their injured limb equal to or greater than their con-
tralateral control (Fig. 6H, I). However, these differences
do not reach statistical significance (p=0.09, student’s
t-test).

Discussion

VML injuries result in loss of recoverable muscle mass,
fibrosis, and severe functional impairment. Acomys was
recently shown to regenerate full-thickness skin excision
and thermal burn injuries [24—-26], which are relevant to
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the study of VML as the panniculus carnosus (PC) mus-
cle under the skin regenerates. Therefore, we tested if
Acomys could also regenerate VML injuries of a skeletal
muscle commonly used to model VML injury in rodents.
Despite the remarkable regeneration of the PC mus-
cle following full-thickness skin excision or burn injury
in Acomys, the TA muscle of Acomys did not regener-
ate significantly better than the Mus TA following either
of two VML injury models. Neither species recovered
muscle mass, myofiber number, nor function following

VML, and both species developed similar fibrotic and
fatty infiltration of the muscle. While it might not be sur-
prising that an adult mammal cannot regenerate a VML
injury, it is quite surprising from an Acomys centric view-
point since Acomys has been shown to regenerate acute
obstructive and ischemic kidney injuries, fully regenerat-
ing nephron structure and organ function [35]; myocar-
dial structure and cardiac function following acute and
permanent left anterior descending coronary artery liga-
tion [32-34]; and hemi-crush and complete transection
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spinal cord injuries, regenerating axons of multiple tracts,
recovering bladder voiding, and regaining weight bearing
support, plantar stepping, and limb coordination [30, 31].

The leading hypotheses regarding how highly regen-
erative skeletal muscle fails to regenerate following VML
injury center around prolonged inflammatory responses,
the deposition of a fibrotic zone within the wound that
prevents the formation of new myofibers, and loss of
the structural and mechanical cues for proper regenera-
tion [3, 45, 46]. As a result, many studies have attempted
to improve VML outcomes by modulating immune and
fibrotic signaling [47-51]. Critically, almost every injury

reported in which Acomys has an improved ability to
regenerate has noted a lack of fibrotic response in this
species and an altered, dampened inflammatory response
[24-26, 28-35, 52—55]. This is one of the leading hypoth-
eses for how Acomys regenerates many traditionally
‘non-regenerative’ injuries. We had thus hypothesized
that Acomys would also not mount a fibrotic response
to VML but were surprised to find similar amounts of
fibrosis within the Acomys wounds compared to the
Mus wounds using both VML models. We also observed
similar inflammatory profiles of CD206+ macrophages
across multiple timepoints following biopsy punch
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injury, indicating that the dampened immune response
typical following injury in Acomys may not apply to VML
wounds of the TA; however, CD206+ macrophages do
not represent the total inflammatory response, and addi-
tional markers would need to be evaluated to definitively
state this.

Despite the fibrotic response, Acomys was able to
form new eMHC+ myofibers within the injured fibrotic
regions, surpassing one barrier to VML regeneration that
Mus cannot. We did not observe eMHC+ myofibers in
the fibrotic regions of the Mus injuries at 28 or 90DPI,
which concurs with previous reports of the absence of
SCs from the defect zone of Mus VML injuries [56]. It is
important to note that Mus does exhibit eMHC + myofib-
ers at early timepoints following VML injury which
quickly disappear, and both species develop centrally
nucleated myofibers, suggesting that both species ini-
tially attempt to regenerate the injury but perhaps Mus
fails faster. Myofiber size distribution also appeared more
normal in Acomys 90DPI than Mus despite the increased
number of eMHC+myofibers. The eMHC+ myofib-
ers present at 90DPI were smaller fibers as is expected
of new or regenerating myofibers, suggesting that the
myofibers that had returned to normal size had shut off
eMHC expression. The explanation for the persistent
decrease in myofiber size without the presence of newly
regenerating myofibers in Mus is less clear but perhaps
represents the injured state of the muscle and a lack of
remaining satellite cells to promote hypertrophy of exist-
ing or damaged fibers. The presence of eMHC + myofib-
ers in the Acomys wounds unfortunately did not lead to
improved functional recovery compared to Mus, high-
lighting new challenges facing the VML field, as perhaps
the formation of new myofibers within the wounded area
is insufficient for recovery. Perhaps, the eMHC + myofib-
ers persisting in the Acomys wounds indicate that Acomys
is primed to regenerate but requires further molecular
cues to complete the regenerative process.

There are several potential caveats to our findings.
First, the injuries performed in this study were unilat-
eral, and while the animals generally begin ambulating
immediately following cessation of anesthesia, they may
have favored the injured limb, subjecting it to insuffi-
cient force or exercise. We chose to perform unilateral
injuries so that we could control for TA size differences
between animals and have intra-animal controls given
notable inter-animal variability, but there is a concern
that the uninjured limb may compensate, and thus bilat-
eral injuries may prove insightful. This is relevant as it
has been reported that bilateral VML injuries exhibit
reduced functional deficits compared to unilateral inju-
ries in rats [57]. Second, exercise such as voluntary wheel
or treadmill running has been reported as beneficial for

Page 11 of 13

functional recovery following VML in other rodent mod-
els [58-60], and thus exercise might provide a further cue
to trigger additional regeneration in Acomys which might
exceed that in Mus. Although, Acomys generally exhibit
increased cage behavior such as chasing, running, and
jumping compared to Mus, and the feasibility of tradi-
tional rodent exercise regimens in Acomys remains to be
determined.

The regeneration of large skin injuries in Acomys com-
prising the PC initially suggested that Acomys might not
require the same structural and mechanical cues for suc-
cessful muscle regeneration as other mammals. How-
ever, the PC is not injured in isolation in these injuries,
and the epidermis and dermis regenerate before the PC
thus potentially providing the structural and mechanical
cues necessary for PC muscle regeneration which are not
present in the TA VML injury. This raises the question of
whether Acomys might better regenerate an open wound,
prompting skin contracture and regeneration and thus
the potential release of paracrine factors which might
stimulate muscle regeneration. However, this scenario is
unlikely for the TA since it is not intimately connected to
the skin the way that the PC is. It is also possible that the
general properties of the PC simply allow for complete
regeneration. While the fiber type profile of the PC is
actually quite similar to the TA [61], it does not attach to
the skeleton and thus its function and the forces exerted
on it are completely different. It has been suggested even
in Mus that the PC is more regenerative than other adult
muscles, maintaining a higher number of centrally nucle-
ated myofibers and incorporating a high percentage
of bone marrow derived cells (BMDCs) [61, 62]. Simi-
lar numbers of satellite cells per myonuclei have been
reported between the TAs of Mus and Acomys [36], but
little is known about the satellite cells of the PC in Aco-
mys. The satellite cells of the PC in Mus have been shown
to originate from the same Myf5+, Pax3/Pax7 + progeni-
tors as skeletal muscle satellite cells [63], and the same
is assumed of Acomys. Additionally, BMDCs in Mus can
repopulate the satellite cell niche within the PC, but they
fail to contribute to myogenic differentiation in vitro
[63]. It would thus be interesting to see whether there
are differences in satellite cell activation in the Acomys
PC or whether BMDCs contribute to the PC of Acomys
as well and whether they have greater myogenic poten-
tial. Finally, the PC is an extremely thin layer of muscle,
and there may be an injury threshold that the PC does
not meet but TA VML injuries exceed. There have been
several studies showing such a threshold effect of VML
injury in more common rodent models, where rodents
can regenerate small VML injuries up to a certain thresh-
old beyond which fibrotic repair replaces the regenera-
tive response [49, 50, 64].
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Conclusions

While spiny mice regenerate a remarkable array of
severe injuries, there are limits to their regenerative
success. Acomys displays superior muscle regenerative
capacity compared to Mus following biopsy punch of
the ear pinna, full-thickness skin excision injury, and
TA cardiotoxin injury, and regenerates most injuries
in the absence of a fibrotic scar. However, we show
here that a fibrotic response occurs in Acomys follow-
ing two different VML injuries. While the Acomys TA
appears primed to regenerate following VML injury, it
ultimately fails, highlighting the severity of this injury
and the complications faced when trying to develop
therapeutic strategies to treat VML.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513395-024-00358-y.

[ Supplementary Material 1. }

Acknowledgements
We thank J. Mauser and J. Varholick for technical support and discussion.

Authors’ contributions

M.LD., MM, and M.S.S designed the project; M.L.D performed surgeries;
MLD., AF, KN.A, CSH-B, and ERB. generated and analyzed data; M.L.D wrote
the manuscript. All authors read and approved the final manuscript.

Funding

This study was supported by grants from the NIH (P50 NS048843 to M.S.S.), and
a Myotonic Dystrophy Foundation postdoctoral fellowship (M.L.D.) The Physi-
ological Assessment Core is supported by a grant from the NIH (P50 AR052646).

Data availability
All data generated or analyzed during this study are included in this published
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate

All animal procedures were conducted in accordance with National Institutes
of Health Guidelines and approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Florida (protocol numbers 202107707
for A. cahirinus studies and 20203677 for M. musculus studies).

Consent for publication
Not applicable.

Competing interests
M.S.S. is a Scientific Advisory Board member for Skyhawk Therapeutics and
Tacit Therapeutics.

Author details

'Department of Molecular Genetics and Microbiology, University of Florida,
College of Medicine, Gainesville, FL 32610, USA. “Center for NeuroGenet-

ics, University of Florida, Gainesville, FL 32610, USA. 3UF Genetics Institute,
University of Florida, Gainesville, FL 32610, USA. “Department of Biology,
University of Florida, Gainesville, FL 32611, USA. >Department of Applied
Physiology and Kinesiology, College of Health and Human Performance, Uni-
versity of Florida, Gainesville, FL, USA. °Myology Institute, University of Florida,
Gainesville, FL, USA.

Page 12 of 13

Received: 10 July 2024 Accepted: 20 October 2024
Published online: 29 October 2024

References

1. Chargé SBP, Rudnicki MA. Cellular and molecular regulation of muscle
regeneration. Physiol Rev. 2004,84:209-38.

2. Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem cell niche.
Physiol Rev. 2013;93:23-67.

3. Bursac N, Juhas M, Rando TA. Synergizing engineering and biology to
treat and model skeletal muscle injury and disease. Annu Rev Biomed
Eng. 2015;17:217-42.

4. Sicherer ST, Venkatarama RS, Grasman JM. Recent trends in injury models
to study skeletal muscle regeneration and repair. Bioengineering (Basel).
2020;7:76.

5. Saunders D, Rose L. Regenerative rehabilitation of catastrophic extremity
injury in military conflicts and a review of recent developmental efforts.
Connect Tissue Res. 2021;62:83-98.

6. Eugenis |, Wu D, Rando TA. Cells, scaffolds, and bioactive factors:
Engineering strategies for improving regeneration following volumetric
muscle loss. Biomaterials. 2021;278:121173.

7. Clark LD, Clark RK, Heber-Katz E. A new murine model for mamma-
lian wound repair and regeneration. Clin Immunol Immunopathol.
1998;88:35-45.

8. Kench JA, Russell DM, Fadok VA, Young SK, Worthen GS, Jones-Carson
J, et al. Aberrant Wound Healing and TGF-{3 Production in the Autoim-
mune-Prone MRL/+ Mouse. Clin Immunol. 1999;92:300-10.

9. Heydemann A.The super super-healing MRL mouse strain. Front Biol
(Beijing). 2012;7:522-38.

10. Colwell AS, Krummel TM, Kong W, Longaker MT, Lorenz HP. Skin
wounds in the MRL/MPJ mouse heal with scar. Wound Repair Regen.
2006;14:81-90.

11. Davis TA, Amare M, Naik S, Kovalchuk AL, Tadaki D. Differential cutaneous
wound healing in thermally injured MRL/MPJ mice. Wound Repair Regen.
2007;15:577-88.

12. O'Brien JG, Willis AB, Long AM, Kwon J, Lee G, Li FW, et al. The super-heal-
ing MRL strain promotes muscle growth in muscular dystrophy through a
regenerative extracellular matrix. JCI Insight. 2024;9(3):e173246.

13. Heydemann A, Huber JM, Demonbreun A, Hadhazy M, McNally EM.
Genetic background influences muscular dystrophy. Neuromuscul
Disord. 2005;15:601-9.

14. Coley WD, Bogdanik L, Vila MC, Yu Q, Van Der Meulen JH, Rayavarapu S,
et al. Effect of genetic background on the dystrophic phenotype in mdx
mice. Hum Mol Genet. 2016;25:130-45.

15. Fukada S, Morikawa D, Yamamoto Y, Yoshida T, Sumie N, Yamaguchi M,
et al. Genetic background affects properties of satellite cells and mdx
phenotypes. Am J Pathol. 2010;176:2414-24.

16. Mazala DAG, Novak JS, Hogarth MW, Nearing M, Adusumalli P, Tully CB,
et al. TGF-B—driven muscle degeneration and failed regeneration underlie
disease onset in a DMD mouse model. JCl Insight. 2020;5(6):e135703.

17. Rodrigues M, Echigoya Y, Maruyama R, Lim KRQ, Fukada S-I, Yokota T.
Impaired regenerative capacity and lower revertant fibre expansion
in dystrophin-deficient mdx muscles on DBA/2 background. Sci Rep.
2016;6:38371.

18. Hammers DW, Hart CC, Matheny MK, Wright LA, Armellini M, Barton ER, et al.
The D2.mdx mouse as a preclinical model of the skeletal muscle pathology
associated with Duchenne muscular dystrophy. Sci Rep. 2020;10:14070.

19. Norris AM, Fierman KE, Campbell J, Pitale R, Shahraj M, Kopinke D. Study-
ing intramuscular fat deposition and muscle regeneration: insights from a
comparative analysis of mouse strains, injury models, and sex differences.
Skelet Muscle. 2024;14:12.

20. NgoTB, Josyula A, DeStefano S, Fertil D, Faust M, Lokwani R, et al. Intersec-
tion of Immunity, Metabolism, and Muscle Regeneration in an Autoim-
mune-Prone MRL Mouse Model. Adv Sci (Weinh). 2024;11:22306961.

21, Wells KM, Kelley K, Baumel M, Vieira WA, McCusker CD. Neural control of
growth and size in the axolotl limb regenerate. Life. 2021;10:68584.

22. Ohashi A, Terai S, Furukawa S, Yamamoto S, Kashimoto R, Satoh A. Tenascin-
C-enriched regeneration-specific extracellular matrix guarantees superior
muscle regeneration in Ambystoma mexicanum. Dev Biol. 2023;504:98-112.


https://doi.org/10.1186/s13395-024-00358-y
https://doi.org/10.1186/s13395-024-00358-y

Davenport et al. Skeletal Muscle (2024) 14:26

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

Seifert AW, Kiama SG, Seifert MG, Goheen JR, Palmer TM, Maden M. Skin
shedding and tissue regeneration in African spiny mice (Acomys). Nature.
2012;489:561-5.

Brant JO, Yoon JH, Polvadore T, Barbazuk WB, Maden M. Cellular events dur-
ing scar-free skin regeneration in the spiny mouse. Acomys Wound Repair
Regen. 2016,24:75-88.

Brant JO, Boatwright JL, Davenport R, Sandoval AGW, Maden M, Barbazuk
WB. Comparative transcriptomic analysis of dermal wound healing reveals
de novo skeletal muscle regeneration in Acomys cahirinus. PLoS ONE.
2019;14:20216228.

Maden M. Optimal skin regeneration after full thickness thermal burn injury
in the spiny mouse. Acomys cahirinus Burns. 2018;44:1509-20.
Gawriluk TR, Simkin J, Thompson KL, Biswas SK, Clare-Salzler Z, Kimani JM,
et al. Comparative analysis of ear-hole closure identifies epimorphic regen-
eration as a discrete trait in mammals. Nat Commun. 2016;7:11164.

Matias Santos D, Rita AM, Casanellas |, Brito Ova A, Araujo IM, Power D, et al.
Ear wound regeneration in the African spiny mouse Acomys cahirinus.
Regeneration. 2016;3:52-61.

Brewer CM, Nelson BR, Wakenight P, Collins SJ, Okamura DM, Dong XR, et al.
Adaptations in Hippo-Yap signaling and myofibroblast fate underlie scar-free
ear appendage wound healing in spiny mice. Dev Cell. 2021,56:2722-2740.e6.
Streeter KA, Sunshine MD, Brant JO, Sandoval AGW, Maden M, Fuller DD.
Molecular and histologic outcomes following spinal cord injury in spiny
mice. Acomys cahirinus J Comp Neurol. 2020;528:1535-47.
Nogueira-Rodrigues J, Leite SC, Pinto-Costa R, Sousa SC, Luz LL, Sintra MA,
et al. Rewired glycosylation activity promotes scarless regeneration and
functional recovery in spiny mice after complete spinal cord transection.
Dev Cell. 2022;57:440-450.€7.

QiY, Dasa O, Maden M, Vohra R, Batra A, Walter G, et al. Functional

heart recovery in an adult mammal, the spiny mouse. Int J Cardiol.
2021;338:196-203.

Peng H, Shindo K, Donahue RR, Gao E, Ahern BM, Levitan BM, et al. Adult
spiny mice (Acomys) exhibit endogenous cardiac recovery in response to
myocardial infarction. NPJ Regen Med. 2021,6:74.

Koopmans T, van Beijnum H, Roovers EF, Tomasso A, Malhotra D, Boeter J,
et al. Ischemic tolerance and cardiac repair in the spiny mouse (Aco-

mys). NPJ Regen Med. 2021,6:78.

Okamura DM, Brewer CM, Wakenight P, Bahrami N, Bernardi K, Tran A,

et al. Spiny mice activate unique transcriptional programs after severe
kidney injury regenerating organ function without fibrosis. Science.
2021,24:103269.

Maden M, Brant JO, Rubiano A, Sandoval AGW, Simmons C, Mitchell R, et al.
Perfect chronic skeletal muscle regeneration in adult spiny mice. Acomys
cahirinus Sci Rep. 2018,8:8920.

Naldaiz-Gastesi N, Bahri OA, Lopez de Munain A, McCullagh KJA, Izeta A. The
panniculus carnosus muscle: an evolutionary enigma at the intersection of
distinct research fields. J Anat. 2018;233:275-88.

Stringer C, Wang T, Michaelos M, Pachitariu M. Cellpose: a generalist algo-
rithm for cellular segmentation. Nat Methods. 2021;18:100-6.

Waisman A, Norris AM, Elias Costa M, Kopinke D. Automatic and unbiased
segmentation and quantification of myofibers in skeletal muscle. Sci Rep.
2021;11:11793.

Hildyard J. Histological image quantification of picrosirius red stained skel-
etal muscle sections v1. Protocols.io 2022. https://doi.org/10.17504/proto
colsio.81wgb6jTolpk/v1.

Hildyard JCW, Foster EMA, Wells DJ, Piercy RJ. Rapid histological quantifica-
tion of muscle fibrosis and lysosomal activity using the HSB colour space.
BioRxiv. 2022. https://doi.org/10.1101/2022.08.02.502489.

Joe AWB, YiL, Natarajan A, Le Grand F, So L, Wang J, et al. Muscle injury
activates resident fibro/adipogenic progenitors that facilitate myogenesis.
Nat Cell Biol. 2010;12:153-63.

Wosczyna MN, Konishi CT, Perez Carbajal EE, Wang TT, Walsh RA, Gan Q, et al.

Mesenchymal stromal cells are required for regeneration and homeostatic
maintenance of skeletal muscle. Cell Rep. 2019;27:2029-2035.e5.

Molina T, Fabre P, Dumont NA. Fibro-adipogenic progenitors in skeletal
muscle homeostasis, regeneration and diseases. Open Biol. 2021;11:210110.
Greising SM, Rivera JC, Goldman SM, Watts A, Aguilar CA, Corona BT. Unwa-
vering pathobiology of volumetric muscle loss injury. Sci Rep. 2017,7:13179.
Aguilar CA, Greising SM, Watts A, Goldman SM, Peragallo C, Zook C, et al.
Multiscale analysis of a regenerative therapy for treatment of volumetric
muscle loss injury. Cell Death Discov. 2018:4:33.

Page 13 of 13

47. HuynhT, Reed C, Blackwell Z, Phelps P, Herrera LCP, Aimodovar J, et al. Local
IL-10 delivery modulates the immune response and enhances repair of
volumetric muscle loss muscle injury. Sci Rep. 2023;13:1983.

48. Corona BT, Rivera JC, Dalske KA, Wenke JC, Greising SM. Pharmacological
mitigation of fibrosis in a porcine model of volumetric muscle loss injury.
Tissue Eng Part A. 2020,26:636-46.

49. Castor-Macias JA, Larouche JA, Wallace EC, Spence BD, Eames A, Duran P,
et al. Maresin 1 repletion improves muscle regeneration after volumetric
muscle loss. Life. 2023;12:e86437.

50. Larouche JA, Fraczek PM, Kurpiers SJ, Yang BA, Davis C, Castor-Macias JA,
et al. Neutrophil and natural killer cell imbalances prevent muscle stem cell-
mediated regeneration following murine volumetric muscle loss. Proc Natl
Acad Sci USA. 2022;119:e2111445119.

51. Ibanez-Fonseca A, Santiago Maniega S, Gorbenko Del Blanco D, Catalan Ber-
nardos B, Vega Castrillo A, Alvarez Barcia AJ, et al. Elastin-Like Recombinamer
Hydrogels for Improved Skeletal Muscle Healing Through Modulation of
Macrophage Polarization. Front Bioeng Biotechnol. 2020;8:413.

52. Brant JO, Lopez M-C, Baker HV, Barbazuk WB, Maden M. A Comparative
Analysis of Gene Expression Profiles during Skin Regeneration in Mus and
Acomys. PLoS ONE. 2015;10:e0142931.

53. Simkin J, Aloysius A, Adam M, Safaee F, Donahue RR, Biswas S, et al. Tissue-
resident macrophages specifically express Lactotransferrin and Vegfc during
ear pinna regeneration in spiny mice. Dev Cell. 2024,59:496-516.e6.

54. Gawriluk TR, Simkin J, Hacker CK, Kimani JM, Kiama SG, Ezenwa VO,
et al. Complex tissue regeneration in mammals is associated with
reduced inflammatory cytokines and an influx of T cells. Front Immunol.
2020;11:1695.

55. Simkin J, Gawriluk TR, Gensel JC, Seifert AW. Macrophages are necessary for
epimorphic regeneration in African spiny mice. ELife. 2017;6:224623.

56. Larouche JA, Wallace EC, Spence BD, Buras E, Aguilar CA. Spatiotemporal
mapping of immune and stem cell dysregulation after volumetric muscle
loss. JCl Insight. 2023,8(7):e162835.

57. Dolan CP,Clark AR, Motherwell JM, Janakiram NB, Valerio MS, Dearth CL,
et al. The impact of bilateral injuries on the pathophysiology and functional
outcomes of volumetric muscle loss. NPJ Regen Med. 2022,7:59.

58. Schifino AG, Raymond-Pope CJ, Heo J, McFaline-Figueroa J, Call JA, Greis-
ing SM. Resistance wheel running improves contractile strength, but not
metabolic capacity, in a murine model of volumetric muscle loss injury. Exp
Physiol. 2023;108:1282-94.

59. Washington TA, Perry RA, Kim JT, Haynie WS, Greene NP, Wolchok JC. The
effect of autologous repair and voluntary wheel running on force recovery
in a rat model of volumetric muscle loss. Exp Physiol. 2021;106:994—-1004.

60. Quarta M, Cromie M, Chacon R, Blonigan J, Garcia V, Akimenko |, et al. Bioen-
gineered constructs combined with exercise enhance stem cell-mediated
treatment of volumetric muscle loss. Nat Commun. 2017,8:15613.

61. Bahri OA, Naldaiz-Gastesi N, Kennedy DC, Wheatley AM, Izeta A, McCullagh
KJA. The panniculus carnosus muscle: A novel model of striated muscle
regeneration that exhibits sex differences in the mdx mouse. Sci Rep.
2019;9:15964.

62. Brazelton TR, Nystrom M, Blau HM. Significant differences among skeletal
muscles in the incorporation of bone marrow-derived cells. Dev Biol.
2003,262:64-74.

63. Naldaiz-Gastesi N, Goicoechea M, Alonso-Martin S, Aiastui A, Lopez-
Mayorga M, Garcia-Belda P, et al. Identification and characterization of
the dermal panniculus carnosus muscle stem cells. Stem Cell Reports.
2016;7:411-24.

64. Anderson SE, Han WM, Srinivasa V, Mohiuddin M, Ruehle MA, Moon JY, et al.
Determination of a critical size threshold for volumetric muscle loss in the
mouse quadriceps. Tissue Eng Part C Methods. 2019;25:59-70.

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


https://doi.org/10.17504/protocols.io.81wgb6j1olpk/v1
https://doi.org/10.17504/protocols.io.81wgb6j1olpk/v1
https://doi.org/10.1101/2022.08.02.502489

	Spiny mice are primed but fail to regenerate volumetric skeletal muscle loss injuries
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animals
	Experimental procedures
	Histology
	Immunofluorescence
	Image quantification
	Muscle functional assessment
	In vivo torque
	In situ force


	Results
	Compared to Mus, the Acomys TA is larger and muscle size is more consistent between the sexes
	Acomys and Mus respond similarly to VML biopsy punch injuries but eMHC expression remains elevated in Acomys
	Persistent eMHC expression in Acomys following a less severe VML trough injury
	Acomys muscle function does not fully recover following VML injury

	Discussion
	Conclusions
	Acknowledgements
	References


