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Abstract

Skeletal muscle atrophy can occur as a consequence of immobilization and/or starvation in the majority of vertebrates
studied. In contrast, hibernating mammals are protected against the loss of muscle mass despite long periods of inactivity
and lack of food intake. Resident muscle-specific stem cells (satellite cells) are known to be activated by muscle injury and
their activation contributes to the regeneration of muscle, but whether satellite cells play a role in hibernation is unknown.
In the hibernating 13-lined ground squirrel we show that muscles ablated of satellite cells were still protected against
atrophy, demonstrating that satellite cells are not involved in the maintenance of skeletal muscle during hibernation.
Additionally, hibernating skeletal muscle showed extremely slow regeneration in response to injury, due to repression of
satellite cell activation and myoblast differentiation caused by a fine-tuned interplay of p21, myostatin, MAPK, and Wnt
signaling pathways. Interestingly, despite long periods of inflammation and lack of efficient regeneration, injured skeletal
muscle from hibernating animals did not develop fibrosis and was capable of complete recovery when animals emerged
naturally from hibernation. We propose that hibernating squirrels represent a new model system that permits evaluation of
impaired skeletal muscle remodeling in the absence of formation of tissue fibrosis.
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Introduction

Skeletal muscle atrophy can occur as a consequence of

immobilization and/or starvation in the majority of vertebrates

studied. The resulting loss of muscle mass in these conditions

involves a general acceleration of proteolysis and a decrease in

protein synthesis [1]. Loss of skeletal muscle mass increases

morbidity, mortality, and the incidence of pathologic fractures and

hospitalization [2,3,4]. Interestingly, hibernating mammals are

protected against the loss of muscle mass despite long-term

inactivity and anorexia during their winter dormant period (torpor

and interbout arousals; see materials and methods section for

specific terminology of hibernation) [5,6,7,8,9]. Therefore, hiber-

nating animals are a natural model system to study protective

mechanisms against skeletal muscle atrophy after extended periods

of inactivity and starvation.

Skeletal muscle is a highly plastic tissue with remarkable

regenerative capacity after injury. Muscle regeneration depends on

resident skeletal muscle stem cells called satellite cells, located

between the sarcolemma and basement membrane of muscle

fibers [10]. After skeletal muscle damage occurs, cytokines and

growth factors are released from the injured blood vessels and

from infiltrating inflammatory cells [11]. The cytokines promote

not only the migration of the inflammatory cells to the site of

injury, but also mediate proliferation and cell survival of several

cell types. The inflammatory cells are responsible for the

phagocytosis of cell debris [12]. As a result of these coordinated

events, satellite cells are activated and undergo extensive

proliferation upon activation. Activated satellite cells will differen-

tiate into myotubes and fuse together with either damaged

myofibers or form new myofibers, while some will undergo self-

renewal to restore the satellite cell pool (Fig. 1) [13]. Efficient
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muscle repair also requires the migration and proliferation of

fibroblasts in order to produce additional extracellular matrix

(ECM) components, which will act as a scaffold for the new

myofibers. Finally, a new vascular network is established and

maturation of the newly formed muscle fibers occurs. However, if

inflammatory cell infiltration and fibroblast activation persist, an

aberrant tissue repair response will produce a non-functional mass

of fibrotic tissue. Understanding the mechanisms involved in

abnormal muscle repair is necessary to develop strategies to

combat the decline evident in a variety of neuromuscular

conditions such as aging muscle (sarcopenia) and progression of

numerous muscular dystrophies. Therefore, multiple studies have

focused on identifying ECM proteins, cytokines, growth factors

and the downstream signaling pathways involved in aberrant

muscle regeneration and fibrotic tissue formation [14,15,16].

The role of satellite cells in the protection against atrophy, or

the regeneration process in hibernating animals has not been

studied to date. Here we show that satellite cells are not a major

contributing factor in the maintenance of skeletal muscle mass

after the extended periods of inactivity that occur during

hibernation. However, we demonstrate that satellite cells are, in

fact, necessary for skeletal muscle regeneration after cardiotoxin

injection in hibernating 13-lined ground squirrels. Despite slow

skeletal muscle regeneration during hibernation, the damaged

tissue does not degenerate irreversibly to fibrotic tissue and is

capable of complete recovery when animals arouse from torpor in

spring. Our data provide evidence that hibernating squirrels

represent an animal model to study the preservation of skeletal

muscle in the context of impaired muscle remodeling without the

formation of fibrosis.

Results

Satellite cells are not involved in protection against
skeletal muscle atrophy during hibernation

Our laboratory and others have shown that hibernating

mammals are protected from muscle atrophy despite prolonged

periods of immobilization and starvation [5,7,17,18]. To study the

role of satellite cells (SC) in skeletal muscle homeostasis during

hibernation, we exposed the right hind-limb from hibernating

torpid 13-lined ground squirrels to 25 Gy of radiation to inactivate

the SC population of quadriceps muscle [19]. Animals continued

in torpor after the irradiation, and were sacrificed 5 weeks after the

procedure. Morphological and morphometric analyses showed no

differences between irradiated and non-irradiated quadriceps

(Fig. 2). These data demonstrate that SC are not actively involved

in maintenance of skeletal muscle mass during hibernation.

Lack of fibrosis development despite impaired active
muscle regeneration during hibernation

To determine whether squirrels maintain the ability to actively

regenerate muscle during hibernation, we injured the gastrocne-

mius muscle by intramuscular administration of the snake venom

cardiotoxin (CTX) [20]. Injury during torpor did not interrupt the

normal hibernation pattern nor trigger arousal in any of the torpid

Figure 1. Schematic diagram of myogenic and fibrosis regulatory pathways in mammals. After skeletal muscle damage occurs, cytokines
and growth factors are released from the injured blood vessels and from infiltrating inflammatory cells. As a result of these coordinated events,
satellite cells undergo extensive proliferation upon activation. Activated satellite cells (also called MCPs or myoblasts) will differentiate into myotubes
and fuse together with either damaged myofibers or form new myofibers, while some will undergo self-renewal to restore the satellite cell pool. If
inflammatory cell infiltration and fibroblast activation persist, the aberrant tissue repair response will produce a non-functional mass of fibrotic tissue.
Myogenic regulatory pathways and factors are indicated. In hibernating squirrels, activation of Wnt signaling pathway (Wnt) does not favor fibrosis
formation as has been shown in other mammals (in red).
doi:10.1371/journal.pone.0048884.g001
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squirrels. Both seasonally aroused (summer) and hibernating

squirrels were sacrificed at 4 days (d), and 1, 2, 3, 6, 8 and 10

weeks (w) after CTX injection. Histological analyses of the

gastrocnemius muscle 4 d after injury showed clear signs of

muscle injury including macrophage infiltration and degenerating

fibers in both summer and hibernating animals (Fig. 3C and

Fig. 3D). Regenerating fibers (stained for developmental myosin a

marker for regenerating muscle cells) were not present 4 d after

injury either in summer (Fig. S1B) or in hibernating animals (data

not shown), indicating that regeneration in 13-lined ground

squirrels is slower than in other rodents studied [21]. Two to three

weeks post-injection, only non-hibernating summer animals

showed remodeling, as determined by morphology (Fig. 3E vs.

3F) and positive staining of fibers for developmental myosin (Fig. 4

and Fig. S1D). Muscle of summer squirrels was completely

repaired and inflammation and macrophage infiltration was

completely resolved by 6 w after CTX injection (Fig. 3I and

Fig. 4C). In contrast, the first regenerating fibers appeared 6 w

after CTX in the muscle of injured hibernating squirrels (Fig. S1A,

and Fig. 4D); and muscle remodeling did not occur until 8 w (Fig.

S1A and Fig. S1C). In addition to delayed muscle remodeling,

hibernating animals also exhibited large areas of inflammation,

edema, macrophage infiltration and fatty degeneration (infiltration

of adipocytes) that continued 6–10 w after injury (Fig. S1A). In

order to visualize the extent of fibrosis, we performed Masson’s

trichrome staining, which showed absence of connective tissue in

hibernating animals 6 w after injury (Fig. 5A). In addition, we

found decreased levels of TGF-b1 (transforming growth factor

beta 1), a major growth factor related to the formation of fibrosis

in skeletal muscle [22][23][24], and proinflammatory cytokines

TNF-a (tumor necrosis factor-alpha) and IL-6 (interleukin-6), in

torpor animals 3–6 w after treatment with CTX. Remarkably, our

results showed that unlike any other mammals studied to date,

injured skeletal muscle did not form fibrotic scar tissue during

hibernation, despite long periods of inflammation and lack of

remodeling and decreased TGF-b1 levels may contribute to the

protection against formation of fibrotic tissue (Fig. 5, Fig. 3H, and

Fig. S1A).

Given the observed delay in muscle remodelling during

hibernation, we next examined muscle from squirrels that

remained in hibernation for 6–10 weeks after CTX injury and

then emerged naturally from hibernation. These squirrels were

Figure 2. Satellite cells are not involved in maintenance of skeletal muscle during hibernation. Irradiation was used to ablate satellite
cells from one quadriceps muscle of hibernating squirrels. A: Hematoxylin-eosin (H&E) staining revealed no morphological differences between
untreated control (left) and irradiated (right) quadriceps. B: Dystrophin immunolabeling outlined myofiber sarcolemmas enabling determination of
percentage distribution of minimal Feret’s diameter and revealed no effect of satellite cell ablation (scale bar 100 mm). C: Mean minimal Feret’s
diameter (mm) was not significantly different between control and irradiated quadriceps during hibernation (n = 3).
doi:10.1371/journal.pone.0048884.g002
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sacrificed 4 weeks after emergence of torpor and showed complete

recovery from the injury without fibrosis (Fig. 3J and Fig. S1E).

Taken together, these data suggest that while active muscle

regeneration does not occur during hibernation, injured skeletal

muscle is maintained in a non-fibrotic state permissive for muscle

regeneration and recovery upon arousal from hibernation, even

after longstanding muscle damage.

Impaired muscle regeneration in hibernation is caused
by inhibition of satellite cell activation and myoblast
differentiation

In order to elucidate the possible molecular mechanisms

underlying the atypical progression of squirrel muscle injury

response, we next examined signaling pathways that have

previously been shown to play a critical role in muscle

regeneration and remodeling in other mammals (Fig. 1).

Muscle regeneration in non-hibernating mammals is character-

ized by the activation of SC, which leads to proliferation of

myogenic precursor cells (MCPs, also called myoblasts) that

express Myf5 and MyoD, both of which are required for myogenic

determination [25,26]. Cyclin-dependent kinase inhibitor 1 (p21)

and myogenin are then essential for coordination of cell cycle exit

and differentiation into myocytes [27,28]. Lastly, the terminal

differentiation process involving fusion of the myocytes to generate

myofibers requires Desmin and Myf6 (or MRF4) [29,30,31,32].

Myostatin is a negative regulator of SC activation, regeneration,

and muscle growth [33,34]. In addition, it has been reported that

absence of myostatin decreases fibrosis during regeneration

[35,36]. MAPK signaling plays an important role in the regulation

of various steps of muscle regeneration. Specifically, ERK

signaling has been shown to repress myoblast differentiation

[37]. Another critical signaling pathway important for regulating

muscle regeneration and fibrotic tissue formation is Wnt signaling

[38,39,40] (Fig. 1).

We compared protein levels of some of these key mediators

from the CTX-injured gastrocnemius from both summer and

hibernating squirrels (Fig. 6). The contralateral gastrocnemius was

not injected with CTX and so served as an undamaged negative

control. These control samples exhibited no significant differences

in protein levels between summer and hibernating muscle (Fig.

S2A–S2D). Representative samples of the control Westerns blots

from non-injected gastrocnemius are included in Fig. 6 for

comparison (labeled as C = Control).

Our histological data showed that summer squirrels exhibited a

normal regeneration process nearly completed by 3 w. As

expected by previous analyses of these pathway components in

other rodents (Fig. 1), we saw a decrease of p21 at 4 d, which is

important for regulation of the proliferative capacity of MCPs [27]

(Fig. 6A). Then, at 3 w, p21 is expressed at higher levels, which is

necessary for initiating differentiation of myoblasts to myocytes.

Markers of differentiation, Myogenin, MyoD, and Myf6, are

expressed at 4 d and 3 w (Fig. 6A), suggesting that the cell

machinery is ready to complete the regeneration process at very

early time points in summer squirrels. Interestingly, we did not see

an increase of desmin levels at 4 d and 3 w after injury in summer

squirrels. Because the regeneration process is almost complete at

3 w, we speculate that an increase of desmin may have occurred at

an intermediate time-point between 4 d and 3 w. Conversely, in

our histological data torpor squirrels showed the first evidence of

muscle regeneration at 6 w and muscle remodeling did not occur

until 8 weeks after CTX injury. In hibernating gastrocnemius

injected with CTX, p21 levels started to decrease at 3 w after

injury with a more pronounced decrease at 6–8 w after injury

(Fig. 6A). In addition, we detected low levels of Myf5 at 4 d and

Figure 3. Skeletal muscle regeneration is impaired during
hibernation. H&E staining revealed the time course of degeneration,
regeneration, and recovery in cardiotoxin-injected gastrocnemius
muscles of summer (left) and hibernating (right) squirrels (n = 22; scale
bars 50 mm). A–B: Uninjured control gastrocnemius from summer (left)
and hibernating (right) squirrel illustrating normal myofiber morphol-
ogy. C–D: 4 days after CTX injury, damage and inflammation was
evident in both groups. E–F: 2 weeks after CTX injury, remodeling was
underway in summer, but not hibernating, muscle. G–H: 3 weeks after
CTX injury, recovery in hibernating muscle still lagged well behind that
of summer muscle but displayed no fibrosis. I: 6 weeks after CTX injury,
summer muscle was fully recovered. J: 4 weeks after arousal (following
6–10 weeks of hibernation after CTX injury), muscle achieved full
recovery without fibrosis.
doi:10.1371/journal.pone.0048884.g003
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Figure 4. Regenerating fibers do not appear until 6 weeks after cardiotoxin injection in hibernating squirrels. Developmental myosin
immunofluorescence in summer (left) and torpid squirrels (right) sacrificed 3 and 6 weeks (w) after the injury. Summer (A) but not hibernating
squirrels (B) have regenerating skeletal muscle fibers 3 weeks after cardiotoxin (CTX) injection. C: Muscle of summer squirrels was completely
repaired by 6 w after CTX injection. D: First regenerating fibers in torpid animals appeared at 6 weeks after the injury (scale bar 100 mm).
doi:10.1371/journal.pone.0048884.g004

Figure 5. Lack of fibrosis and suppression of inflammatory markers during hibernation. A: Masson’s trichrome staining showing collagen
in blue, from summer and hibernating squirrels 6 weeks after cardiotoxin injury. B: Western blots of gastrocnemius muscle injected with cardiotoxin
from summer active (S) and hibernating (H) squirrels using antibodies against fibrosis and inflammatory factors. d = days; w = weeks. Bars represent
20 mm.
doi:10.1371/journal.pone.0048884.g005
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3 w followed by an increase at 6–8 w after injury. Taken together,

these data suggest that activation of SC in hibernating animals is

inhibited at 4 d and at 3 w, and proliferation of MCPs is finally

possible at 6–8 w after CTX treatment. In addition, we detected

low levels of the differentiation markers, Myogenin, MyoD, and

Myf6, 3 w after CTX injection in hibernating animals (Fig. 6A).

Late markers of regeneration, Desmin and Myf6, were notably

induced at 6–8 w. These results suggest that the muscle

differentiation process is also inhibited in hibernating squirrels

until 6–8 weeks after injury.

In summer animals, there is a decrease of myostatin levels at

4 d, coinciding with proliferation of MCPs, and then expression

recovers when regeneration is nearly completed at 3 w. Interest-

ingly, hibernating squirrels maintained low levels of myostatin for

prolonged periods of time (Fig. 6B), suggesting that decreased

myostatin signaling may contribute to the protection against

formation of fibrotic tissue. Similar to summer squirrels, the lowest

levels of myostatin in hibernating animals (6–8 w) overlapped with

the proliferation of myoblasts.

In order to determine whether MAPK signaling plays a role in

the regulation of muscle regeneration in squirrels, we analyzed

ERK signaling pathway, which has been shown to repress

myoblast differentiation. Regenerating summer squirrels exhibited

evidence for inhibition of ERK signaling, which is necessary for

muscle differentiation at 3 w, while no inhibition of ERK signaling

was detected until 6–8 w in hibernating squirrels (Fig. 6C). Our

results suggest that regulation of ERK signaling activation is one of

the molecular mechanisms involved in the delay of muscle

regeneration in hibernating animals.

When Wnt ligands are absent, GSK-3b phosphorylates b-

catenin, which allow rapid degradation of b-catenin by the

proteasome. Upon Wnt activation, GSK-3b is inhibited, allowing

non-phosphorylated b-catenin to accumulate and activate target

genes involved in the regulation of proliferation and differentiation

[41,42,43]. Summer squirrels did not reveal evidence for increased

canonical Wnt signaling (an increase in the ratio of non-

phosphorylated b-catenin to total b-catenin) at any of the observed

time points (Fig. 6D). Interestingly, in hibernating squirrels, we

detected a clear activation of Wnt signaling at 3 w and 6–8 w after

CTX injection that was not mediated by Wnt3A or Wnt16,

ligands which have been previously been shown to be involved in

muscle proliferation, differentiation and regeneration (Fig. 6D)

[38][39][44][45]. These data suggest, that in hibernating animals

Wnt signaling activation may regulate the activation of satellite

cells and the late differentiation process, as has been shown before

in other rodents studied. In summer animals we do not see that

regulation, but we cannot rule out that such activation occurs at

time points not analyzed.

In summary, our results demonstrate that myogenic regulatory

pathways and factors in non-hibernating squirrels behave similarly

as described before in other non-hibernating mammals. In

contrast, hibernating animals displayed a significant delay in the

regeneration process when compared to summer squirrels. This

delay can be explained by the inhibition of the satellite cell

activation and muscle differentiation, which is regulated by the

interplay of p21, myostatin, MAPK, and Wnt signaling pathways.

Discussion

Prolonged periods of immobilization in humans result in skeletal

muscle atrophy, which has a deleterious impact on muscle

function and promotes fractures and institutionalization [2,3,4].

In contrast, hibernating mammals are naturally protected against

skeletal muscle atrophy caused by inactivity and starvation

[5,6,7,8,9]. Our laboratory and others have studied the protective

mechanisms against disuse and starvation atrophy in skeletal

muscle of hibernating animals [5,9,46,47,48,49,50,51]. However,

whether satellite cells play a role in the maintenance of muscle

homeostasis during hibernation is unknown. Here we inactivated

the satellite cell population by irradiation [19] and found no

associated muscle atrophy, suggesting that preservation of skeletal

Figure 6. Delayed differentiation of myocytes during regeneration in hibernating squirrels. A–D: Western blots of gastrocnemius muscle
injected with cardiotoxin from summer active (S) and hibernating (H) squirrels using antibodies against the proteins indicated. For comparison, a
representative sample from the contralateral non-injected gastrocnemius is shown (C = Control). P = Phospho; d = days; w = weeks.
doi:10.1371/journal.pone.0048884.g006
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muscle mass during hibernation is not primarily due to active

muscle cell turnover regulated by satellite cells.

Adult skeletal muscle has the remarkable ability to regenerate

and remodel in response to various physiologic and non-

physiologic stimuli, a process largely attributed to satellite cells

[10]. In adult muscle, satellite cells are quiescent under normal

physiologic conditions. However, in response to activation signals

resulting from various challenges including exercise, injury, and

myopathic disorders, satellite cells are activated to repair muscle

injury. Efficient muscle regeneration is also thought to play a role

in preventing the formation of fibrotic tissue. A subset of these

activated cells differentiate into mature muscle cells, while other

cells return to the quiescent state during the process of self-renewal

[10]. Here we demonstrate that hibernating 13-lined ground

squirrels do not actively repair CTX-induced muscle damage, and

muscle remodeling is delayed in hibernation compared to

remodeling in muscles of euthermic summer animals. In contrast

to other mammals and humans where lack of muscle repair is

accompanied by fibrosis just after only 2 weeks without proper

regeneration [52,53], hibernating squirrels maintain an afibrotic

state that is permissive for muscle regeneration and recovery when

the animals arouse from hibernation. These findings are of

particular significance as they demonstrate for the first time that

delay or absent muscle remodeling does not necessarily proceed

toward the fibrotic tissue formation. Understanding the mecha-

nisms by which injured muscle of hibernating squirrels is protected

against fibrosis and ultimately achieves full recovery may lead to

novel strategies to combat fibrosis associated with impaired muscle

regeneration in sarcopenia, muscle injuries and progression of

various forms of muscular dystrophy.

In order to gain insights into the underlying molecular

mechanisms responsible for these observations, we analyzed

markers of inflammation, myogenesis, proliferation and differen-

tiation, and pathways involved in the formation of fibrosis in

skeletal muscle. A balanced inflammatory response plays an

important role during the process of muscle healing and involves

TGF-b1, and cytokines IL-6 and TNF-a particularly during the

early inflammatory response [11][54]. IL-6 and TNF-a have been

shown to increase the proliferation of myoblasts but not muscle

differentiation [55][56][57]. However, persistent presence of pro-

inflammatory factors and pro-fibrotic growth factors such as TGF-

b1 can lead to aberrant tissue repair resulting in fibrosis

[16][22][23][24]. We found low levels of TGF-b1, TNF-a, and

IL-6 in torpor animals 3–6 w after treatment with CTX but high

presence of macrophages at the same time points. The expression

levels of these proteins starts decreasing at 4 d and recovering at

8 w after injury in hibernating animals. Thus, we hypothesize that

maintenance of low levels of TGF-b1, TNF-a, and IL-6

contributes to the delayed regeneration response but at the same

time protects hibernating skeletal muscle from the formation of

tissue fibrosis.

We showed that delayed regeneration in hibernating muscle is

caused by inhibition of satellite cells activation and myoblast

differentiation, which is regulated by a fine-tuned interplay of p21,

myostatin, MAPK, and Wnt signaling pathways. In more detail,

we observed delayed p21 decrease and ERK signaling inhibition,

activation of Wnt signaling pathway and maintained low levels of

myostatin in hibernating animals treated with CTX compared to

summer squirrels. p21 is known to be critical for regulation of the

proliferative capacity of satellite cells and differentiation of

myoblasts into myocytes [27]. ERK signaling has previously been

shown to play a role in regulating cell growth and repressing

myoblast differentiation [37,58,59]. In addition, activation of ERK

signaling may also have some beneficial effects on early stages of

muscle regeneration [60] and in wound repair [61,62]. Myostatin

is a negative regulator of satellite cell activation, regeneration, and

muscle growth [33,34,63,64]. In addition, it has been reported

that myostatin inhibition decreases fibrosis after muscle injury, and

in genetic models of muscular dystrophy [35,36,65,66,67,68]. The

effect of myostatin may be due to stimulation of proliferation of

myofibroblasts [36]. Based on our results, we propose that down-

regulation of myostatin, TGF-b1 and pro-inflammatory cytokines

plays a role in the lack of fibrotic tissue formation in injured

hibernating squirrel muscle.

Additionally, we showed a clear activation of Wnt signaling at 3

and 6–8 weeks after CTX injury of muscles of hibernating

squirrels, while no increase in canonical Wnt signaling was

observed in injured muscles of summer animals. Previous analyses

have shown that upregulation of Wnt signaling is important for

later stages of muscle regeneration, whereas its downregulation is

necessary in early stages of the muscle regeneration response.

Furthermore, the lack of early inhibition of Wnt signaling can lead

to fibrosis [38,39,40]. In contrast, other reports have shown that

Wnt signaling enhances satellite cell proliferation [44,69]. Inter-

estingly, activation of the Wnt signaling pathway does not seem to

promote fibrosis formation in regenerating hibernating animals.

We speculate that Wnt signaling likely contributes to induction of

proliferation of MPCs and differentiation of a sub-population of

myocytes at later stages of differentiation.

In summary, our data demonstrate that active tissue turnover

orchestrated by satellite cells does not likely contribute to the

preservation of muscle mass during hibernation. Furthermore,

despite evidence for a marked delay in muscle remodeling after

infliction of injury, hibernating squirrels, unlike any other

mammals, do not form fibrotic tissue and eventually repair muscle

damage after emerging from hibernation. The molecular mech-

anisms underlying these observations represent a regulated

interplay of inflammatory factors, p21, myostatin, MAPK and

Wnt signaling. Therefore, we propose that hibernating squirrels

are an interesting model system to study delayed muscle

regeneration in the absence of fibrotic tissue formation that can

be used to evaluate novel and existing therapeutic targets for

preventing fibrosis and improving muscle regeneration during

various stages of muscle injury.

Materials and Methods

13-Lined ground squirrels (Ictidomys tridecemlineatus)
Most species of ground squirrels (Rodentia; Sciuridae) are

capable of highly regulated hibernation in winter. Hibernation in

ground squirrels formally includes 1-several week periods of torpor

interspersed by 10–12 hour interbout arousals during which

animals sleep (i.e. remain essentially immobile). Hibernation in

mammals leads to profound reductions of blood flow, heart rate,

metabolism, respiratory rate, and, in small hibernators, core body

temperature [70]. These events do not represent a loss of

homeostasis, but instead are precisely controlled and spontaneously

reversible [71]. Hibernation enables some mammals to survive cold

winter conditions when food and water are scarce and the demand

for metabolic heat production is high. Although the energy savings

of torpor are as large as 95%, there is some requirement for

periodically exiting torpor (arousal) and resuming a high metabolic

rate for a short period of time before re-entry into torpor.

In spring, squirrels emerge naturally from torpor and they

return to high body temperatures (euthermia) and food and water

intake is restored.

All experimental procedures were approved by the Animal Care

and Use Committee of Johns Hopkins University School of

Skeletal Muscle Regeneration in Hibernation
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Medicine and by the relevant IACUC, and followed federal welfare

guidelines. Hibernation-naı̈ve euthermic weanlings of both sexes

were obtained from the captive breeding colony at the University of

Wisconsin Oshkosh [72]. Animals were supplied with food and

water ad libitum and monitored daily by animal cage inspection.

During November/December, when first torpor was observed, food

and water were removed and the squirrels were transferred to a dark

hibernaculum maintained at ,4uC for hibernation. ‘‘Hibernating’’

tissue samples were collected from torpid squirrels 3–4 months after

immergence into torpor (n = 11). In April/May, squirrels emerged

naturally from torpor and were returned to normal room

temperature; food and water were reinstated. ’’Summer’’ tissue

samples were collected from aroused squirrels 1–2 months after

emergence (n = 16). Euthanasia by decapitation was preceded by

either injection with ketamine or inhalation of isoflurane.

X-ray irradiation to remove resident stem cells
Squirrels were anesthetized with Ketamine and then confined in

a plastic rat tube. The right hind limb was extended through a

hole in the side of the tube and a single dose of 25.0 Gy 137Cs c
rays was administered using a J.L. Shepherd Mark I 137Cs

irradiator (Glendale, CA) [19]. The dose rate was 5.5 Gy/min.

The rest of the animal was shielded and protected by a secondary

lead attenuator.

Cardiotoxin treatment
To reproducibly create a skeletal muscle injury, 750 ml of

10 mM cardiotoxin (CTX) from Naja nigricollis (Calbiochem) were

injected into squirrel gastrocnemius muscle. Both summer and

hibernating squirrels were sacrificed at 4 days, 7 days, 2 weeks, 3

weeks, 6 weeks, 8 weeks and 10 weeks after CTX injection. Some

CTX-injected hibernating squirrels were allowed to complete 6–

10 weeks of hibernation and emerge naturally in spring; these were

sacrificed 4 weeks after emergence.

Histology and immunofluorescence
Muscle samples were rapidly processed by flash freezing and

subsequently mounted in OCT Compound (Tissue-Tek, Sakura

Finetek). For histology studies, embedded samples were sectioned

into 10 mm sections using a cryostat (Microm HM 550). They were

stained with hematoxylin and eosin or Masson’s trichrome method

following standard protocols [20]. For immunofluorescence studies,

sections were first blocked with 10% goat serum, 5% bovine serum

albumin, or 3% goat serum/5% bovine serum albumin for 1 hour

at room temperature. They were next incubated in primary

antibodies (anti-Dystrophin at 1:300 from Abcam or anti-develop-

mental myosin at 1:150 from VECTOR) overnight at 4uC. After

washing, they were incubated in secondary antibodies (Alexa Fluor

350, 488 and 594; 1:400; Invitrogen) for 1 h at room temperature.

After washing, sections were mounted on glass slides using

Fluoromount-G Mounting Media (SouthernBiotech). All images

were taken using a Nikon Eclipse 80i microscope.

Morphometry
Skeletal muscle morphometry was performed following stan-

dard methods [20,73] with some modifications. Fiber diameter

and the minimal Feret’s diameter were determined using Nikon’s

NIS elements BR3.0 software (Laboratory Imaging, Nikon) with a

minimum of 2,000 fibers per animal.

Immunoblot analysis
To determine protein expression, flash-frozen muscles were

lysed with ice-cold lysis buffer (Nonidet P-40 1%, glycerol 10%,

NaCl 137 mM, Tris-HCl pH 7.5 20 mM) containing protease

(Complete Mini, EDTA-free, Roche) and phosphatase inhibitors

(PhosSTOP, Roche). Then lysates were cleared by centrifugation

at 14,000 rpm for 15 min at 4uC. Protein concentrations were

determined with the Pierce BCA Protein Assay Kit (Thermo

Scientific). Twenty mg of protein lysates were electrophoresed in

Bis-Tris or Tris-glycine gels and transferred onto nitrocellulose

membranes via standard procedures. Staining of proteins

contained in membranes and polyacrylamide gels were carried

out with Ponceau S Red (Sigma) and a Colloidal Blue Staining kit

(Invitrogen), respectively. Membranes were incubated with

primary antibody diluted in blocking solution (5% milk or 5%

bovine serum albumin) overnight at 4uC. Primary antibodies used

were: anti-Vinculin, anti-Desmin (Sigma); anti-Myogenin, anti-

MyoD, anti-Myf5, anti-Myf6, anti-Myostatin (GDF-8/11 (F-13)),

anti-p21 (Santa Cruz Biotechnology); anti-Phospho-Erk1/2, anti-

Erk1/2, anti-Phospho-p38 MAPK, anti-p38 MAPK, anti-Phos-

pho-ß-Catenin, anti-ß-Catenin, anti-p21, anti-TNF-a (Cell Sig-

naling); anti-TGF beta 1, anti-IL6 (Abcam); anti Wnt-3a (R&D

Systems); anti-Wnt16 (Epitomics). Immunoreactive bands were

detected with HRP-conjugated secondary antibodies (Amersham)

and visualized with Supersignal West Dura or Supersignal West

Femto Substrates (Pierce).

Statistical analysis
All values are expressed as mean 6 s.e.m. Significance was

determined by unpaired Student’s t-tests. Significance was

established at p#0.05.

Supporting Information

Figure S1 Delayed skeletal muscle regeneration during
hibernation. Hibernating squirrels were injected with CTX and

sacrificed at different time points after the injury. A: Represen-

tative pictures of H&E staining of gastrocnemius muscle from

hibernating animals 6, 8 and 10 weeks after CTX injections.

Hibernating animals exhibited delayed regeneration as compared

to summer animals, but interestingly had an absence of fibrotic

tissue even after 10 weeks without resolving inflammation. B–E:
Developmental myosin immunofluorescence in summer (left) and

torpid squirrels (right) revealed the time course of fiber

regeneration. C: 8 weeks after CTX injury, regenerating cells

are widespread in torpid animals. D: Summer squirrels displayed

the first regenerating skeletal muscle fibers 2 weeks after

cardiotoxin treatment, but not 4 d after injury (B). E: Regener-

ation is complete in muscle collected 4 weeks after CTX-injured

hibernating animals aroused from torpor. CTX = cardiotoxin;

d = days; w = weeks. N = 10. Bars represent 50 mm.

(EPS)

Figure S2 Western blots from gastrocnemius muscles
non-injected with cardiotoxin and integrity of the
protein samples used for these analyses. A–D: Western

blot analysis from non-injected contralateral gastrocnemius

muscles of summer and hibernating squirrels treated with

cardiotoxin, and using antibodies against the proteins indicated.

We did not see significant changes in the levels of the proteins

analyzed between summer and hibernating animals. Samples are

loaded in the same order for all blots. E: Staining with Colloidal

Blue of proteins used for western blot analysis showing the

integrity of the samples (see Methods S1). S: summer; H:

hibernating; P = Phospho; d = days; w = weeks.

(EPS)
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Methods S1 Proteins used for Western blot analysis
were stained both in gels and membranes in order to
verify their integrity.
(DOCX)

Acknowledgments

We would like to thank Dr. Raghothama Chaerkady for his help with the

staining of polyacrylamide gels, and Jessica L. Simmers and Elizabeth M.

MacDonald for their comments on the manuscript.

Author Contributions

Conceived and designed the experiments: RDC EAM R. Mejias.

Performed the experiments: EAM R. Mejias AS BML TNB R. Marx BL

YZ DLH. Analyzed the data: EAM R. Mejias RDC. Contributed

reagents/materials/analysis tools: RCZ TGM LAL DKM DLH. Wrote

the paper: R. Mejias EAM RDC.

References

1. Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E, et al. (2004) Foxo

transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and

cause skeletal muscle atrophy. Cell 117: 399–412.

2. Debigare R, Cote CH, Maltais F (2001) Peripheral muscle wasting in chronic

obstructive pulmonary disease. Clinical relevance and mechanisms. Am J Respir

Crit Care Med 164: 1712–1717.

3. Degens H, Alway SE (2006) Control of muscle size during disuse, disease, and

aging. Int J Sports Med 27: 94–99.

4. Jackman RW, Kandarian SC (2004) The molecular basis of skeletal muscle

atrophy. Am J Physiol Cell Physiol 287: C834–843.

5. Andres-Mateos E, Brinkmeier H, Burks TN, Mejias R, Files DC, et al. (2012)

Activation of Serum/Glucocorticoid-Induced Kinase (SGK) is Sufficient to

Maintain Skeletal Muscle Homeostasis and Prevent Atrophy. EMBO Mol Med.

In press.

6. Gao YF, Wang J, Wang HP, Feng B, Dang K, et al. (2012) Skeletal muscle is

protected from disuse in hibernating dauria ground squirrels. Comp Biochem

Physiol A Mol Integr Physiol 161: 296–300.

7. Cotton CJ, Harlow HJ (2010) Avoidance of skeletal muscle atrophy in

spontaneous and facultative hibernators. Physiol Biochem Zool 83: 551–560.

8. Lohuis TD, Harlow HJ, Beck TD, Iaizzo PA (2007) Hibernating bears conserve

muscle strength and maintain fatigue resistance. Physiol Biochem Zool 80: 257–

269.

9. Lee K, So H, Gwag T, Ju H, Lee JW, et al. (2010) Molecular mechanism

underlying muscle mass retention in hibernating bats: role of periodic arousal.

J Cell Physiol 222: 313–319.

10. Le Grand F, Rudnicki M (2007) Satellite and stem cells in muscle growth and

repair. Development 134: 3953–3957.

11. Tidball JG, Villalta SA (2010) Regulatory interactions between muscle and the

immune system during muscle regeneration. Am J Physiol Regul Integr Comp

Physiol 298: R1173–1187.

12. Chazaud B, Brigitte M, Yacoub-Youssef H, Arnold L, Gherardi R, et al. (2009)

Dual and beneficial roles of macrophages during skeletal muscle regeneration.

Exerc Sport Sci Rev 37: 18–22.

13. Kuang S, Gillespie MA, Rudnicki MA (2008) Niche regulation of muscle satellite

cell self-renewal and differentiation. Cell Stem Cell 2: 22–31.

14. Wynn TA (2008) Cellular and molecular mechanisms of fibrosis. J Pathol 214:

199–210.

15. Serrano AL, Munoz-Canoves P (2010) Regulation and dysregulation of fibrosis

in skeletal muscle. Exp Cell Res 316: 3050–3058.

16. Mann CJ, Perdiguero E, Kharraz Y, Aguilar S, Pessina P, et al. (2011) Aberrant

repair and fibrosis development in skeletal muscle. Skelet Muscle 1: 21.

17. Gao YF, Wang J, Wang HP, Feng B, Dang K, et al. (2011) Skeletal muscle is

protected from disuse in hibernating dauria ground squirrels. Comp Biochem

Physiol A Mol Integr Physiol 161(3): 296–300.

18. Hindle AG, Karimpour-Fard A, Epperson LE, Hunter LE, Martin SL (2011)

Skeletal muscle proteomics: carbohydrate metabolism oscillates with seasonal

and torpor-arousal physiology of hibernation. Am J Physiol Regul Integr Comp

Physiol 301: R1440–1452.

19. Cohn RD, Henry MD, Michele DE, Barresi R, Saito F, et al. (2002) Disruption

of DAG1 in differentiated skeletal muscle reveals a role for dystroglycan in

muscle regeneration. Cell 110: 639–648.

20. Cohn RD, van Erp C, Habashi JP, Soleimani AA, Klein EC, et al. (2007)

Angiotensin II type 1 receptor blockade attenuates TGF-beta-induced failure of

muscle regeneration in multiple myopathic states. Nat Med 13: 204–210.

21. d’Albis A, Couteaux R, Janmot C, Roulet A, Mira JC (1988) Regeneration after

cardiotoxin injury of innervated and denervated slow and fast muscles of

mammals. Myosin isoform analysis. Eur J Biochem 174: 103–110.

22. Border WA, Noble NA (1994) Transforming growth factor beta in tissue fibrosis.

N Engl J Med 331: 1286–1292.

23. Li Y, Foster W, Deasy BM, Chan Y, Prisk V, et al. (2004) Transforming growth

factor-beta1 induces the differentiation of myogenic cells into fibrotic cells in

injured skeletal muscle: a key event in muscle fibrogenesis. Am J Pathol 164:

1007–1019.

24. Bernasconi P, Di Blasi C, Mora M, Morandi L, Galbiati S, et al. (1999)

Transforming growth factor-beta1 and fibrosis in congenital muscular

dystrophies. Neuromuscul Disord 9: 28–33.

25. Cooper RN, Tajbakhsh S, Mouly V, Cossu G, Buckingham M, et al. (1999) In

vivo satellite cell activation via Myf5 and MyoD in regenerating mouse skeletal

muscle. J Cell Sci 112 (Pt 17): 2895–2901.

26. Yablonka-Reuveni Z, Rudnicki MA, Rivera AJ, Primig M, Anderson JE, et al.

(1999) The transition from proliferation to differentiation is delayed in satellite

cells from mice lacking MyoD. Dev Biol 210: 440–455.

27. Hawke TJ, Meeson AP, Jiang N, Graham S, Hutcheson K, et al. (2003) p21 is

essential for normal myogenic progenitor cell function in regenerating skeletal

muscle. Am J Physiol Cell Physiol 285: C1019–1027.

28. Jin Y, Murakami N, Saito Y, Goto Y, Koishi K, et al. (2000) Expression of

MyoD and myogenin in dystrophic mice, mdx and dy, during regeneration. Acta

Neuropathol 99: 619–627.

29. Smythe GM, Davies MJ, Paulin D, Grounds MD (2001) Absence of desmin

slightly prolongs myoblast proliferation and delays fusion in vivo in regenerating

grafts of skeletal muscle. Cell Tissue Res 304: 287–294.

30. Capetanaki Y, Milner DJ, Weitzer G (1997) Desmin in muscle formation and

maintenance: knockouts and consequences. Cell Struct Funct 22: 103–116.

31. Garry DJ, Meeson A, Elterman J, Zhao Y, Yang P, et al. (2000) Myogenic stem

cell function is impaired in mice lacking the forkhead/winged helix protein

MNF. Proc Natl Acad Sci U S A 97: 5416–5421.

32. Pavlath GK, Dominov JA, Kegley KM, Miller JB (2003) Regeneration of

transgenic skeletal muscles with altered timing of expression of the basic helix-

loop-helix muscle regulatory factor MRF4. Am J Pathol 162: 1685–1691.

33. McCroskery S, Thomas M, Maxwell L, Sharma M, Kambadur R (2003)

Myostatin negatively regulates satellite cell activation and self-renewal. J Cell

Biol 162: 1135–1147.

34. Whittemore LA, Song K, Li X, Aghajanian J, Davies M, et al. (2003) Inhibition

of myostatin in adult mice increases skeletal muscle mass and strength. Biochem

Biophys Res Commun 300: 965–971.

35. Zhu J, Li Y, Shen W, Qiao C, Ambrosio F, et al. (2007) Relationships between

transforming growth factor-beta1, myostatin, and decorin: implications for

skeletal muscle fibrosis. J Biol Chem 282: 25852–25863.

36. Li ZB, Kollias HD, Wagner KR (2008) Myostatin directly regulates skeletal

muscle fibrosis. J Biol Chem 283: 19371–19378.

37. Jones NC, Fedorov YV, Rosenthal RS, Olwin BB (2001) ERK1/2 is required for

myoblast proliferation but is dispensable for muscle gene expression and cell

fusion. J Cell Physiol 186: 104–115.

38. Brack AS, Conboy IM, Conboy MJ, Shen J, Rando TA (2008) A temporal

switch from notch to Wnt signaling in muscle stem cells is necessary for normal

adult myogenesis. Cell Stem Cell 2: 50–59.

39. Brack AS, Conboy MJ, Roy S, Lee M, Kuo CJ, et al. (2007) Increased Wnt

signaling during aging alters muscle stem cell fate and increases fibrosis. Science

317: 807–810.

40. Tanaka S, Terada K, Nohno T (2011) Canonical Wnt signaling is involved in

switching from cell proliferation to myogenic differentiation of mouse myoblast

cells. J Mol Signal 6: 12.

41. Petropoulos H, Skerjanc IS (2002) Beta-catenin is essential and sufficient for

skeletal myogenesis in P19 cells. J Biol Chem 277: 15393–15399.

42. Goichberg P, Shtutman M, Ben-Ze’ev A, Geiger B (2001) Recruitment of beta-

catenin to cadherin-mediated intercellular adhesions is involved in myogenic

induction. J Cell Sci 114: 1309–1319.

43. Lam AP, Gottardi CJ (2011) beta-catenin signaling: a novel mediator of fibrosis

and potential therapeutic target. Curr Opin Rheumatol 23: 562–567.

44. Otto A, Schmidt C, Luke G, Allen S, Valasek P, et al. (2008) Canonical Wnt

signalling induces satellite-cell proliferation during adult skeletal muscle

regeneration. J Cell Sci 121: 2939–2950.

45. Seow J, Jackson CJ, Hunyor S (2012) Wnt16 modification of cardiac stem cells

boosts repair capacity in ischemic heart. Journal of the American College of

Cardiology 59: E1387.

46. Vikhliantsev IM, Malyshev SL, Shenkman BS, Podlubnaia ZA (2004) [The

behavior of titin and the proteins of its family from skeletal muscles of ground

squirrel (Citellus undulatus) during hibernation and rats under conditions of

simulated microgravity]. Biofizika 49: 995–1002.

47. Rourke BC, Yokoyama Y, Milsom WK, Caiozzo VJ (2004) Myosin isoform

expression and MAFbx mRNA levels in hibernating golden-mantled ground

squirrels (Spermophilus lateralis). Physiol Biochem Zool 77: 582–593.

Skeletal Muscle Regeneration in Hibernation

PLOS ONE | www.plosone.org 9 November 2012 | Volume 7 | Issue 11 | e48884



48. Wickler SJ, Hoyt DF, van Breukelen F (1991) Disuse atrophy in the hibernating

golden-mantled ground squirrel, Spermophilus lateralis. Am J Physiol 261:

R1214–1217.

49. Agostini B, De Martino L, Soltau B, Hasselbach W (1991) The modulation of

the calcium transport by skeletal muscle sarcoplasmic reticulum in the

hibernating European hamster. Z Naturforsch C 46: 1109–1126.

50. Tessier SN, Storey KB (2010) Expression of myocyte enhancer factor-2 and

downstream genes in ground squirrel skeletal muscle during hibernation. Mol

Cell Biochem 344: 151–162.

51. Malatesta M, Perdoni F, Battistelli S, Muller S, Zancanaro C (2009) The cell

nuclei of skeletal muscle cells are transcriptionally active in hibernating edible

dormice. BMC Cell Biol 10: 19.

52. Jarvinen TA, Jarvinen TL, Kaariainen M, Kalimo H, Jarvinen M (2005) Muscle

injuries: biology and treatment. Am J Sports Med 33: 745–764.

53. Lavasani M, Robinson AR, Lu A, Song M, Feduska JM, et al. (2012) Muscle-

derived stem/progenitor cell dysfunction limits healthspan and lifespan in a

murine progeria model. Nat Commun 3: 608.

54. Shen W, Li Y, Zhu J, Schwendener R, Huard J (2008) Interaction between

macrophages, TGF-beta1, and the COX-2 pathway during the inflammatory

phase of skeletal muscle healing after injury. J Cell Physiol 214: 405–412.

55. Li YP (2003) TNF-alpha is a mitogen in skeletal muscle. Am J Physiol Cell

Physiol 285: C370–376.

56. Wang X, Wu H, Zhang Z, Liu S, Yang J, et al. (2008) Effects of interleukin-6,

leukemia inhibitory factor, and ciliary neurotrophic factor on the proliferation

and differentiation of adult human myoblasts. Cell Mol Neurobiol 28: 113–124.

57. Langen RC, Van Der Velden JL, Schols AM, Kelders MC, Wouters EF, et al.

(2004) Tumor necrosis factor-alpha inhibits myogenic differentiation through

MyoD protein destabilization. FASEB J 18: 227–237.

58. Shefer G, Oron U, Irintchev A, Wernig A, Halevy O (2001) Skeletal muscle cell

activation by low-energy laser irradiation: a role for the MAPK/ERK pathway.

J Cell Physiol 187: 73–80.

59. Miyake T, Alli NS, Aziz A, Knudson J, Fernando P, et al. (2009) Cardiotrophin-

1 maintains the undifferentiated state in skeletal myoblasts. J Biol Chem 284:

19679–19693.

60. Stratos I, Richter N, Rotter R, Li Z, Zechner D, et al. (2012) Melatonin restores

muscle regeneration and enhances muscle function after crush injury in rats.

J Pineal Res 52: 62–70.

61. Yeow K, Cabane C, Turchi L, Ponzio G, Derijard B (2002) Increased MAPK

signaling during in vitro muscle wounding. Biochem Biophys Res Commun 293:
112–119.

62. Huh JE, Nam DW, Baek YH, Kang JW, Park DS, et al. (2011) Formononetin

accelerates wound repair by the regulation of early growth response factor-1
transcription factor through the phosphorylation of the ERK and p38 MAPK

pathways. Int Immunopharmacol 11: 46–54.
63. Glass DJ (2010) Signaling pathways perturbing muscle mass. Curr Opin Clin

Nutr Metab Care 13: 225–229.

64. Kollias HD, McDermott JC (2008) Transforming growth factor-beta and
myostatin signaling in skeletal muscle. J Appl Physiol 104: 579–587.

65. Bish LT, Sleeper MM, Forbes SC, Morine KJ, Reynolds C, et al. (2011) Long-
term systemic myostatin inhibition via liver-targeted gene transfer in golden

retriever muscular dystrophy. Hum Gene Ther 22: 1499–1509.
66. Zhu J, Li Y, Lu A, Gharaibeh B, Ma J, et al. (2011) Follistatin improves skeletal

muscle healing after injury and disease through an interaction with muscle

regeneration, angiogenesis, and fibrosis. Am J Pathol 179: 915–930.
67. Hamrick MW, Arounleut P, Kellum E, Cain M, Immel D, et al. (2010)

Recombinant myostatin (GDF-8) propeptide enhances the repair and regener-
ation of both muscle and bone in a model of deep penetrant musculoskeletal

injury. J Trauma 69: 579–583.

68. Dumonceaux J, Marie S, Beley C, Trollet C, Vignaud A, et al. (2010)
Combination of myostatin pathway interference and dystrophin rescue enhances

tetanic and specific force in dystrophic mdx mice. Mol Ther 18: 881–887.
69. Kim KI, Cho HJ, Hahn JY, Kim TY, Park KW, et al. (2006) Beta-catenin

overexpression augments angiogenesis and skeletal muscle regeneration through
dual mechanism of vascular endothelial growth factor-mediated endothelial cell

proliferation and progenitor cell mobilization. Arterioscler Thromb Vasc Biol

26: 91–98.
70. Boyer BB, Barnes BM (1999) Molecular and Metabolic Aspects of Mammalian

Hibernation. BioScience 49: 713–724.
71. Barnes BM (1989) Freeze avoidance in a mammal: body temperatures below 0

degree C in an Arctic hibernator. Science 244: 1593–1595.

72. Vaughan DK, Gruber AR, Michalski ML, Seidling J, Schlink S (2006) Capture,
care, and captive breeding of 13-lined ground squirrels, Spermophilus

tridecemlineatus. Lab Anim (NY) 35: 33–40.
73. Briguet A, Courdier-Fruh I, Foster M, Meier T, Magyar JP (2004) Histological

parameters for the quantitative assessment of muscular dystrophy in the mdx-
mouse. Neuromuscul Disord 14: 675–682.

Skeletal Muscle Regeneration in Hibernation

PLOS ONE | www.plosone.org 10 November 2012 | Volume 7 | Issue 11 | e48884


