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Abstract Denervation causes muscle atrophy and inca-

pacity in humans. Although electrical stimulation (ES) and

stretching (St) are commonly used in rehabilitation, it is still

unclear whether they stimulate or impair muscle recovery

and reinnervation. The purpose of this study was to evaluate

the effects of ES and St, alone and combined (ES ? St), on

the expression of genes that regulate muscle mass (MyoD,

Runx1, atrogin-1, MuRF1 and myostatin), on muscle fibre

cross-sectional area and excitability, and on the expression

of the neural cell adhesion molecule (N-CAM) in dener-

vated rat muscle. ES, St and ES ? St reduced the accu-

mulation of MyoD, atrogin-1 and MuRF1 and maintained

Runx1 and myostatin expressions at normal levels in

denervated muscles. None of the physical interventions

prevented muscle fibre atrophy or N-CAM expression in

denervated muscles. In conclusion, although ES, St and

ES ? St changed gene expression, they were insufficient to

avoid muscle fibre atrophy due to denervation.
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Abbreviations

CSA Cross-sectional area

ES Electrical stimulation

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

MRFs Myogenic regulatory factors

mRNA Messenger ribonucleic acid

MuRF1 Muscle-specific RING Finger protein-1

MyoD Myogenic differentiation-1

N-CAM Neural cell adhesion molecule

PCR Polymerase chain reaction

Runx1 Runt-related transcription factor 1

St Stretching

TB Toluidine blue/1% borax

Introduction

The rehabilitation of denervated muscles still remains a

clinical challenge (Sheffler and Chae 2007; Ashley et al.

2008) because muscle recovery after denervation is a very

slow and often incomplete process. Muscle denervation is

caused mainly by degenerative modifications in the skeletal

muscle and leads to functional limitations during daily

activities, including muscle fibre atrophy (Bodine et al.

2001; Dow et al. 2004; Russo et al. 2007) and the loss of

muscle force generation capacity (Dow et al. 2004).

Adult muscle maintenance is strongly linked to an

orchestrated process of molecular regulation between

protein synthesis and degradation (Glass 2005; Lagirand-

Cantaloube et al. 2008). The process of denervation

decreases or ceases muscle activity, which leads to severe

consequences, such as higher rates of protein breakdown

compared to protein synthesis and muscle atrophy (Glass

2003; Jones et al. 2004; Liu et al. 2007). Several genes,

such as myogenic regulatory factors (MRFs), are directly

involved in this process, and myogenic differentiation 1
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(MyoD) plays an important role in it. MyoD has been

shown to be highly sensitive to both increased and reduced

mechanical stress and to the absence or presence of elec-

trical activity (Legerlotz and Smith 2008). An increase in

MyoD expression could also be considered an attempt by

the muscle to regain sensitivity to neural activity, given

the increased expression of acetylcholine receptors after

denervation (Buonanno et al. 1992).

The atrophy observed in denervated muscles involves a

common proteolytic program via activation of the ubiqui-

tin-proteasome pathway (Bodine et al. 2001; Jackman and

Kandarian 2004). In this program, there are two important

enzymes responsible for identifying the proteins which will

be degraded by the proteasome: atrogin-1 (Gomes et al.

2001) also known as muscle atrophy F-Box (MAFbx;

Bodine et al. 2001) and muscle-specific RING finger pro-

tein-1 (MuRF1; Bodine et al. 2001). Atrogin-1 contains an

F-box domain, a characteristic motif found in a family of

E3 ubiquitin ligases called SCF (skp1-Cul1-F-box; Glass

2003). MuRF1 has a RING domain at its amino-terminal

end, as well as two coiled-coil domains in its central region

(Cao et al. 2005).

In multiple models of skeletal muscle atrophy, including

denervation (Bodine et al. 2001), atrogin-1 and MuRF1 are

up-regulated, and they are essential to accelerated muscle

protein loss, regulating muscle size via protein breakdown

(Bodine et al. 2001; Gomes et al. 2001). Another important

process responsible for the maintenance of cellular

homeostasis is autophagy; this is a tightly regulated path-

way for the degradation and recycling of proteins trans-

ported to lysosomes (Malicdan et al. 2009). Runt-related

transcription factor 1 (Runx-1) is involved in this pathway.

Runx-1 expression in innervated muscle is minimal, and it

occurs in the absence of electrical activity as in the case of

denervation (Zhu et al. 1994). Furthermore, it has been

demonstrated that the expression of Runx-1 is required for

the maintenance of denervated myofibre structure, pre-

venting autophagy and wasting of skeletal muscle (Wang

et al. 2005). Therefore, it is important to investigate Runx-

1 expression in denervated muscle under therapeutic

modalities of intervention.

Myostatin is also relevant in muscle mass control. It is a

member of the transforming growth factor-beta (TGF-b)

family, and it has been shown to be a strong negative

regulator of muscle growth (Sharma et al. 2001). Its role in

denervated muscles seems to inhibit hypertrophy of skel-

etal muscle rather than to induce atrophy (Wehling et al.

2000; Zhang et al. 2006).

Regarding the functional recovery of denervated mus-

cles, two important strategies are used in human rehabili-

tation: electrical stimulation (ES) and stretching (St).

Previous studies reported that ES is able to prevent muscle

fibre atrophy (Dow et al. 2004, 2005) and control

molecular modifications (Kostrominova et al. 2005; Russo

et al. 2007) inherent to denervation. It appears that the total

number of contractions per day is the most important

aspect of avoiding degenerative modifications in dener-

vated muscles (Dow et al. 2004; Kostrominova et al. 2005).

Previous data have proposed that a few contractions (20

contractions every 48 h) were able to reduce the accumu-

lation of MyoD and atrogin-1 mRNA in denervated mus-

cles of rats, but failed to prevent muscle fibre atrophy

(Russo et al. 2007). In contrast, Dow et al. showed that 200

muscle contractions applied daily are sufficient to prevent

muscle fibre atrophy and degeneration in denervated

extensor digitorum longus muscles of rats indicating a

protective effect of ES (Dow et al. 2004).

Nevertheless, ES remains a controversial tool for the

treatment of denervated muscles (Eberstein and Eberstein

1996). Some studies have shown that ES can have an

ambiguous effect on nerves, either stimulating or impairing

recovery according to the electrical parameters used (Lu

et al. 2008). Therefore, it would be interesting to analyse

the molecular markers involved in this process, e.g.

N-CAM, to determine whether ES hinders reinnervation. In

innervated muscles, N-CAM expression is low and basi-

cally restricted to the neuromuscular junction (Covault and

Sanes 1986) or to marking N-CAM? satellite cells (Ishido

et al. 2006), while in denervated muscles, the N-CAM

expression is increased around and inside atrophic fibres

(Gosztonyi et al. 2001).

Stretching is well described as a potent stimulus

capable of inducing protein synthesis (Goldspink 1999;

Goldspink et al. 2002; Salvini et al. 2006) and maintaining

range of motion and flexibility in skeletal muscle (Feland

et al. 2001; Batista et al. 2008). It is largely recommended

in physical activities and rehabilitation, however few

studies have evaluated its effects on denervated muscle

adaptation. Loughna and Morgan showed that stretching

could modulate myosin heavy chain (MyHC) gene

expression through the tension generated by the mechan-

ical signal, independently of innervation, but in a muscle-

specific manner (Loughna and Morgan 1999). Sakakima

and Yoshida observed that stretching applied 40 min a

day, six times a week, reduced atrophy in slow-twitch

fibres only during the first 2 weeks in the denervated

soleus muscle of rats (Sakakima and Yoshida 2003).

However, these protocols do not reflect the usual recom-

mendations for the rehabilitation of denervated muscles in

humans, e.g. long periods of immobilization in the stret-

ched position. Others (Peviani et al. 2007) have proposed,

instead, short bouts of stretching maintained only for a few

minutes.

Another therapeutic strategy to improve muscle mass is

the combination of ES and St (Williams et al. 1986).

Together they promote a potent hypertrophic effect,
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inducing a dramatic increase in protein synthesis in

innervated muscles. This increase in protein content occurs

due to a load increment on the muscles and because ES

induces muscle shortening while maintaining a lengthened

position due to St (Williams et al. 1986).

Thus, the purpose of the present study was to investigate

the effects of ES, St and their combination on gene

expression regulation, muscle fibre cross-sectional area

(CSA), and N-CAM expression in denervated rat muscles.

This study brings new information on how physical inter-

ventions that are widely used in peripheral nerve rehabili-

tation act in denervated skeletal muscles.

Materials and methods

Animal care and experimental groups

Thirty male 3-month-old Wistar rats (265.8 ± 17.6 g) were

used. The animals were housed in plastic cages in a room

with controlled environmental conditions and had free

access to water and standard food. The University’s Ethics

Committee approved the experimental procedures, and the

study was conducted in accordance with the National Guide

for Care and Use of Laboratory Animals.

The animals were randomly divided into five groups: (1)

normal (N; n = 6), in which the animals received no

intervention and remained free in the cage for 7 days; (2)

denervated tibialis anterior (TA) muscle (D; n = 6), in

which the animals were submitted to two electrical excit-

ability evaluations (pre-denervation and on the sixth day);

(3) denervated TA muscle submitted to both electrical

excitability evaluation and ES daily (D ? ES, n = 6); (4)

denervated TA muscle submitted to daily St (D ? St,

n = 6) and two electrical excitability evaluations (pre-

denervation and on the sixth day); (5) denervated TA

muscle submitted to electrical excitability evaluation and

to ES plus St daily (D ? ES ? St, n = 6). The contralat-

eral muscles were also investigated and considered as an

internal control of each group. The TA muscle was chosen

because it is a superficial muscle that allows the identifi-

cation of minimal visible contractions and the application

of ES directly to the overlying skin (selective electrical

treatment) using surface electrodes.

The rats were anaesthetised with an intraperitoneal

injection of xylazine (12 mg/kg) and ketamine (95 mg/kg)

for the surgical and denervation processes, electrical

parameter evaluations, ES, St, ES ? St interventions, and

muscle removal. The rats were euthanised with an overdose

of anaesthetic on the seventh day of the experimental

procedures. This period of denervation was chosen because

the atrophy of rat skeletal muscles is high during the first

weeks after denervation (Bodine et al. 2001).

Denervation process

The denervation process consisted of a sciatic nerve axon-

otmesis conducted as previously described (Jungnickel

et al. 2006; Seo et al. 2006). Shortly after the rat was

anaesthetised, a small incision was made through the skin

and fascia near the right trochanter between the gluteus

maximus and biceps femoris muscles to expose the sciatic

nerve. Next, a flat-tipped watchmaker’s tweezer number

five (D.L. Micof) was used to crush the sciatic nerve twice

for 10 s with a 5 s interval between crushes. After that, the

fascia and skin were sutured, distal to proximal, with silk

thread. This procedure promoted distal hind-limb muscle

denervation, including the TA muscle. The same researcher

performed the crush to ensure that the damage was inflicted

on the same area and with comparable duration and pressure

in all animals of the denervated groups. This model of nerve

injury is characterised by axonal degeneration and no sign

of muscle reinnervation during the first 10 days after the

nerve injury (Carmignoto et al. 1983; Carter et al. 1998).

Electrical evaluation and electrical stimulation

procedures

The ES was performed as previously described by Russo

et al. (2004, 2007, 2008). In brief, the rat skin was shaved,

cleaned, and covered with a layer of conductive gel, where

two electrodes were positioned: an indifferent electrode

(5 cm round self-adhesive electrode) on the animal’s back,

and an active electrode (3 mm round metallic electrode)

small enough to stimulate only the TA muscle. During the

ES procedure, this electrode was in contact with the skin

overlying the TA muscle and perpendicular to the muscle

fibres.

The electrical parameters (rheobase, chronaxie and

accommodation indexes) were evaluated before each ES

treatment and also as presented in experimental group

descriptions (Russo et al. 2007). Briefly, rheobase is the

minimal electrical stimulus intensity necessary to produce

a muscle contraction (rectangular phasic current; pulse

interval, 1 s; interpulse interval, 2 s). Chronaxie is the

minimal pulse duration necessary to induce a muscle

contraction (rectangular phasic current; interpulse interval,

2 s; amplitude, twice the rheobase value). Accommodation

is the muscle’s ability not to respond to slowly incre-

menting electrical pulses (exponential phasic current; pulse

interval, 1 s; interpulse interval, 2 s). The values identified

during the electrical evaluation were used to determine the

ES parameters for each session, as previously described

(Russo et al. 2004, 2007). For chronaxie [ 1 ms, an

exponential phasic current was used (frequency, 50 Hz;

pulse duration, twice the chronaxie value; time ON = 1 s

and OFF = 3 s). Briefly, the D and D ? St groups were
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submitted to muscular excitability evaluations pre-dener-

vation and on the day before euthanasia (sixth day). In

contrast, the D ? ES and D ? ES ? St groups were sub-

mitted to a total of seven daily muscular excitability

evaluations from pre-denervation until the sixth day.

After the muscle excitability evaluation, the amplitude

necessary to induce a maximal contraction of the TA

muscle (maximal full flexion of the right ankle) was

identified. The ES sessions were applied daily for 6 days,

beginning 24 h after denervation, and produced 200 max-

imal contractions of the TA muscle. These maximal con-

tractions were divided into four sets of 50 contractions,

with a duration of 3.2 min per set and 10 min rest (without

ES) between sets to minimise muscle fatigue (Cummings

1990). The ES protocol can be seen in the diagram (Fig. 1).

It has been previously demonstrated that 200 muscle con-

tractions are effective to maintain muscle mass and

strength (Dow et al. 2004) and to reduce the gene expres-

sion generally increased during denervation (Kostrominova

et al. 2005).

Stretching procedures

After the rat was anaesthetised, the right ankle was held

with tape in full plantar flexion to stretch the right TA

modified from Gomes et al. (2006). Each St session was

performed once a day and consisted of four sets of 3.2 min

each, with a 10 min rest between sets. The set duration

(3.2 min) was chosen to mimic the period of time used in

the ES protocol and to allow subsequent comparisons

between ES, St and their combination (ES ? St).

Combined ES and St

To verify the possible effects of combined ES and St in one

of the groups, the right TA muscle was submitted con-

comitantly to both stimuli (D ? ES ? St). Thus, the TA

muscle was held in the full-stretched position with a piece

of tape as described above and submitted to ES as previ-

ously mentioned (4 sets of 3.2 min with a 10 min rest;

Fig. 1). The piece of tape was removed during the rest

interval.

Muscle and nerve biopsies

The animals were weighed, and the right TA muscle and

the sciatic nerve were carefully dissected and removed.

Sciatic nerve histology

To confirm the injury, nerve histology was performed. The

stump of sciatic nerve was prepared for light microscopy.

Samples were fixed in 10% formalin for 3 h and then

washed in phosphate buffered saline (PBS) until embed-

ded. The specimens were dehydrated and embedded in

paraffin and cut at 7 lm, perpendicular to the main nerve

axis. Sections were stained with Masson’s Trichrome fol-

lowing manufacturer instructions, and observed under a

light microscope (Axiolab, Carl Zeiss, Jena, Germany)

equipped with a Carl Zeiss AxioCam HRc camera.

Muscle evaluation

The muscles were divided in half at the middle of the belly.

The distal fragment was used for the histological and

morphometric measurements. The proximal fragment was

immediately frozen in liquid nitrogen and stored at -80�C

(Forma Scientific, Marietta, OH) for the mRNA analysis.

Morphometric analysis

The histological cross-sections (10 lm) from the middle

belly of each TA muscle (n = 6 per group) were obtained

in a cryostat (Micron HE 505, Jena, Germany), stained with

Toluidine Blue/1% Borax (TB) and viewed under light

microscopy (Axiolab, Carl Zeiss, Jena, Germany) to

Fig. 1 Schematic

representation of the electrical

stimulation of the tibialis

anterior (TA) muscle including

electrical evaluation (EE). a EE

was performed at the initial

moment followed by 4 sets of

ES lasting 3.2 min each with a

10 min rest interval between

sets. b Fifty muscle contractions

were electrically induced

throughout a 3.2 min set. The

TA remained in contraction for

1 s and in relaxation for 3 s
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evaluate general muscle morphology and the total number

of muscle fibres. Images from five different regions were

obtained using a light microscope equipped with a digital

camera (Sony DSC S75, Tokyo, Japan) to view the muscle

fibre CSA. The CSA of 70 randomly chosen fibres from

each image was measured using the Axiovision 3.0.6 SP4

software (Carl Zeiss, Jena, Germany) with a total of 350

muscle fibres per animal. Furthermore, one image of all

muscle cross-sections was acquired at low magnification,

and all muscle fibres were counted using the UTHSCSA

Image Tool 3.0 software (developed by the University of

Texas Health Science Center at San Antonio and available

on the website http://ddsdx.uthscsa.edu/dig/itdesc.html).

Immunostaining

The primary antibody used for immunostaining was rabbit

anti-neural cell adhesion molecule (N-CAM) affinity-

purified PAb (1:100 dilution, catalogue no. AB5032;

Chemicon International, Temecula, CA), and the secondary

antibody was rhodamine red goat anti-rabbit IgG (1:150

dilution, catalog no. Rb394; Molecular Probes, Eugene,

OR). The muscle cross-sections used for immunostaining

against the N-CAM were fixed with 4% paraformaldehyde

in 0.2 M phosphate buffer (PB) for 10 min at room tem-

perature, blocked with 0.1 M glycine in PBS for 5 min, and

permeabilized in 0.2% Triton X-100-PBS for 10 min. The

slides were incubated with a solution containing the pri-

mary antibody, 3% normal goat serum, and 0.3% Triton

X-100—0.1 M PB overnight in a moisture chamber (4�C).

After washing the slides with 0.1 M PB (3 times for

10 min each), we added a solution containing the second-

ary antibody and 0.3% Triton X-100-0.1 M PB for 2 h in a

dark room. The slides were washed in 0.1 M PB (3 times

for 10 min each). The slides were mounted with Vectashield

mounting medium for fluorescence with 4,6-diamidino-2-

phenylindole (catalogue no. H-1200; Vector Laboratories)

applied to the coverslips. Analyses were performed by

obtaining photomicrographs of the stained sections using

a fluorescence microscope (Axiolab, Carl Zeiss, Jena,

Germany) equipped with a rhodamine filter. Both 209 and

409 magnification was used.

RNA isolation and analysis

One frozen fragment from each muscle was homogenised,

and the total RNA was isolated using Trizol reagent

(Invitrogen, Carlsbad, CA) according to the manufacturer’s

instructions. The extracted RNA was dissolved in tris–HCl

and ethylene-diaminetetracetic acid (TE) pH 7.6 and

quantified spectrophotometrically. The purity was assessed

by determining the ratio of the absorbance at 260 nm to the

absorbance at 280 nm. All samples had ratios above 2.2.

The integrity of the RNA was then confirmed by analysis

of the 18S and 28S ribosomal RNA, stained with ethidium

bromide (Invitrogen, Carlsbad, CA), under violet ultra

light.

Reverse transcription

We reverse transcribed 1 lg of RNA to synthesise cDNA. A

reverse transcription (RT) reaction mixture containing 1 lg

of cellular RNA, 59 reverse transcription buffer, a dNTP

(Promega, Madison, WI) mixture containing 0.2 mmol L-1

each of dATP, dCTP, dGTP and 0.1 mol L-1 of dTTP, 1 ll

of oligo (dT) primer (Invitrogen, Carlsbad, CA) and 200 U of

M-MLV RT enzyme (Promega, Madison, WI) was incu-

bated at 70�C for 10 min, 42�C for 60 min and finally heated

at 95�C for 10 min before quick chilling on ice.

Oligonucleotide primers

Oligonucleotide primers were designed for GAPDH

(GenBank, AF106860) using the Primer Express Software

2.0 (Applied Biosystems, Foster City, CA). Primers have

been previously described for MyoD, atrogin-1 and myo-

statin (Peviani et al. 2007) and for GAPDH (Russo et al.

2008). Both the MuRF1 and Runx1 sequences are descri-

bed by Durigan et al. (2009) and Smith et al. (2005),

respectively. All of the sequences were synthesised using

Imprint (Campinas, São Paulo, Brazil).

Analyses by real-time polymerase chain reactions

The RNA transcript levels for the different experimental

and control muscles were analysed simultaneously, and the

reactions were carried out in duplicate in the Lightcycler

(Rotor Gene 3000, Cobertt Research, San Francisco, USA)

using fluorescent dye SYBR green detection (Applied

Biosystems, Foster City, CA) and 180 nM of each primer

in a final volume of 50 ll. Thermal cycling conditions to

target genes have been previously described (Peviani et al.

2007; Russo et al. 2008). For each gene, all samples were

amplified simultaneously in duplicate in one assay run.

Data were analysed using the comparative cycle threshold

(Ct) method. The target gene expression was normalised to

GAPDH because this gene is not affected by denervation

(Russo et al. 2007, 2008; Lima et al. 2009). In addition, the

negative controls contained RNA but no M-MLV RT,

ensuring that the PCR product was not a result of amplified

genomic DNA. A blank was also performed with no

template sample, only water, primers and SYBR green

(Durigan et al. 2008).
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Statistics

Shapiro–Wilk’s W and Levene’s test were applied to

evaluate the normality and homogeneity of the results,

respectively. One-way ANOVA was used to identify pos-

sible differences between groups. When differences were

observed, the Tukey test was performed. For all tests, the

significance level was set at 5% (P B 0.05).

Results

Nerve morphology

Figure 2 shows light imaging of the sciatic nerve of the N

group (Fig. 2a). Bundles of normal fibres with well-defined

axons and myelin can be observed (Fig. 2a). All dener-

vated groups showed a similar pattern of nerve degenera-

tion. Figure 2b was obtained from the D ? St group and

represents all of the injured nerve groups. Many myelin

digestion chambers are noted in the endoneurium, indi-

cating axonal degeneration (Fig. 2b). Furthermore, the

myelinated fibres are undergoing myelin breakdown, con-

firming the degeneration (Fig. 2b). None of the physical

agents seem to accelerate or retard axonal degeneration.

Electrical parameters

Pre-denervation measurements of the D, D ? ES, D ? St

and D ? ES ? St groups were obtained and considered as

the normal values of rheobase, chronaxie and accommo-

dation (Fig. 3). Denervation decreased rheobase values in

D ? ES and D ? ES ? St starting on the third and fifth

days, respectively, compared to pre-denervation (P \ 0.05,

Fig. 3a). After 6 days of denervation, all groups showed a

significant decline in rheobase (D: -50%; D ? ES: -43%;

D ? St: -39%; D ? ES ? St: -46%) compared to pre-

denervation (P \ 0.05), and there was no difference

between denervated groups (P [ 0.05; Fig. 3a).

Chronaxie values increased exponentially on the fourth

day in D ? ES and on the fifth day in D ? ES ? St

compared to pre-denervation (P \ 0.05; Fig. 3b). The

highest chronaxie values were reached by all groups on the

sixth day compared to pre-denervation values (D: 5.6

times; D ? ES: 7.6 times; D ? St: 5.4 times; D ?

ES ? St: 6.9 times). Also, no difference was found among

the groups on the sixth day (P [ 0.05, Fig. 3b).

Accommodation decreased its values on the first day

after denervation in D ? ES and D ? ES ? St compared

to pre-denervation (P \ 0.05; Fig. 3c), and it remained

steady until the sixth day. At the end, all groups showed a

significant reduction in accommodation values compared

to pre-denervation (D: -73%; D ? ES: -64%; D ? St:

-64%; D ? ES ? St: -51%), and no difference was

found among the groups (P [ 0.05, Fig. 3c).

Body and TA muscle weights

Only the N and D groups gained body weight during the

experimental period (Table 1), nevertheless no difference

was noted in the final body weight between the groups

(P [ 0.05). Denervation decreased TA muscle weight (D:

-25.6 ± 5%; D ? ES: -26.6 ± 4%; D ? St: -27.9 ±

2%; D ? ES ? St: -24 ± 2%) compared to the N group

(P \ 0.05, Table 1). No difference was found in TA

muscle weight among the denervated groups (P [ 0.05).

Muscle morphology

Figure 4 shows evident muscle fibre atrophy in all dener-

vated groups (Fig. 4b–e) compared to the N group

(Fig. 4a), which was confirmed by CSA measurements (D:

-32.3%; D ? ES: -40.9%; D ? St: -36.6%; D ?

ES ? St: -37.4%, P \ 0.05; Table 1). There was no dif-

ference in muscle fibre CSA among the denervated groups

(P [ 0.05, Table 1). The total number of muscle fibres was

investigated, and no difference was found among the

experimental groups (P [ 0.05, Table 1). Electrical

Fig. 2 Sciatic nerve sections

from N (a) and D ? St (b)

stained with Masson’s

Trichrome. White arrows
indicate normal nerve fibres.

Asterisks show empty spaces in

the endoneurium indicating

axonal degeneration. No

relevant difference was noted in

those groups submitted to crush

nerve injury with or without the

physical interventions
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stimulation similarly increased the number of central nuclei

in D ? ES and D ? ES ? St compared to the N group

(D ? ES: P = 0.0007; D ? ES ? St: P = 0.001; Table 1;

Fig. 4c, e, f), and also when compared to D and D ? St

(P \ 0.05). D and D ? St and N did not change the

number of central nuclei when these three groups were

compared (P [ 0.05, Table 1).

N-CAM immunostaining

The pattern of N-CAM expression in normal muscles was

slight and restricted to nerve terminations, vessels and to

the periphery of a few muscle fibres (Fig. 5a). In contrast,

all denervated groups showed an increase in N-CAM.

Groups D and D ? ES ? St are represented in Fig. 5b and

c, respectively. N-CAM could be observed around several

atrophic muscle fibres, and it was expressed in all dener-

vated groups without any marked difference among them.

MyoD, Runx1, atrogin-1, MuRF1 and myostatin gene

expressions by real-time RT-PCR

MyoD gene expression: MyoD expression was up-regulated

in all denervated groups (D, D ? ES, D ? St, and

D ? ES ? St) on the seventh day compared to N (Fig. 6a,

P \ 0.05). This increase was substantial in group D, where

MyoD reached the highest levels compared to D ? ES,

D ? St, and D ? ES ? St (Fig. 6a, P \ 0.05). However,

D ? ES had the lowest MyoD levels compared to D ? St and

D ? ES ? St (Fig. 6a, P \ 0.05). No difference was found

between D ? St and D ? ES ? St (Fig. 6a, P [ 0.05).

Runx1 gene expression: Runx1 increased its expression

in group D compared to the other groups (Fig. 6b;

P \ 0.05). This increment was 70 times greater compared

to normal values. ES, St and their combination maintained

Runx1 expression at normal levels (Fig. 6b; P [ 0.05).

Atrogin-1 gene expression: The atrogin-1 mRNA levels

increased in all denervated groups compared to N (Fig. 6c,

P \ 0.05). Nevertheless, group D had the highest values

of atrogin-1 compared to the other denervated groups

(P \ 0.05). The D ? ES group displayed the lowest levels

of atrogin-1 when compared to the other denervated groups

(almost three times lower than D; Fig. 6c, P \ 0.05). The

D ? St and D ? ES ? St groups reduced the atrogin-1

accumulation in almost half compared to group D (Fig. 6c,

P \ 0.05) with no difference between the stretched groups

(D ? St vs. D ? ES ? St, P [ 0.05).

MuRF1 gene expression: Following the same pattern

observed in atrogin-1 gene expression, MuRF1 increased

exponentially due to denervation (Fig. 6d). ES, St and their

combination decreased the MuRF1 expression in denervated

Fig. 3 Electrical variables of the tibialis anterior (TA) muscles

obtained from electrical evaluations (EE) throughout the 7 days of

denervation. Pre-denervation (PD) data obtained from all denervated

groups were considered as normal values of rheobase, chronaxie and

accommodation. The data are presented as mean ± standard devia-

tion. D—denervated TA muscle submitted to EE at PD and on the 6th

day; D ? ES—denervated TA muscle submitted to EE and to

electrical stimulation (ES) daily; D ? St—denervated TA muscle

submitted to electrical evaluation at PD and on the 6th day and

stretched daily; D ? ES ? St—denervated TA muscle submitted to

EE and to ES while stretched daily. a Rheobase values: *P \ 0.05

when D ? ES is compared to PD values; �P \ 0.05 when

D ? ES ? St is compared to PD values; rP \ 0.05 when all groups

are compared to themselves. b Chronaxie values: *P \ 0.05 when

D ? ES is compared to PD values; �P \ 0.05 when D ? ES ? St is

compared to PD values; §P \ 0.05 when D ? ES is compared to

D ? ES ? St; rP \ 0.05 when all groups are compared to them-

selves. c Accommodation values: �P \ 0.05 when both D ? ES and

D ? ES ? St are compared to PD values; rP \ 0.05 when all groups

are compared to themselves. Note that all groups reduced both

rheobase and accommodation values on the 6th day compared to PD.

Chronaxie increased in all denervated groups, and it was higher than

1 ms on the 6th day confirming that the TA muscles were denervated
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muscles compared to D (Fig. 6d, P \ 0.05). Interestingly,

D ? ES showed normal levels of MuRF1 expression

(D ? ES vs. N: P = 0.42).

Myostatin gene expression: Only group D increased

myostatin mRNA levels compared to N (Fig. 6e, P \ 0.05)

and to the other denervated groups (Fig. 6e, P \ 0.05).

Myostatin gene expression remained unchanged in the

D ? ES, D ? St, and D ? ES ? St groups which showed

similar levels to those found in the N group (Fig. 6e,

P [ 0.05).

Table 1 Groups’ description and tibialis anterior (TA) muscle evaluation

N D D ? ES D ? St D ? ES ? St

Initial body weight (g) 257.9 ± 36.4 254.3 ± 33.9 249.3 ± 35.6 247.7 ± 35.6 285.3 ± 41.4

Final body weight (g) 286.6 ± 39.3§ 274.7 ± 32.4§ 247.3 ± 27.7 247.5 ± 20.5 273.1 ± 32.3

TA muscle weight (g) 0.53 ± 0.05 0.41 ± 0.08* 0.34 ± 0.04* 0.33 ± 0.04* 0.39 ± 0.05*

CSA (lm2) 2,857.7 ± 650.2 1,933.1 ± 336.9* 1,688.4 ± 198.5* 1,812.8 ± 276.7* 1,788.3 ± 468.6*

Number of muscle fibres 8,287 ± 1,724 7,929 ± 1,535 7,772 ± 1,162 8,934 ± 517 7,446 ± 1,217

Percentage of central nuclei (%) 0.11 ± 0.02 0.09 ± 0.01 0.26 ± 0.04*� 0.12 ± 0.06 0.27 ± 0.07*�

N, normal TA muscle; D, denervated TA muscle; D ? ES, denervated TA muscle submitted to electrical stimulation (ES) daily; D ? St,

denervated TA muscle stretched daily; D ? ES ? St, denervated TA muscle submitted at the same time to ES and stretching (St). Data are

mean ± standard deviation
§ P \ 0.05 compared to initial body weight; * P \ 0.05 compared to N group; � P \ 0.05 compared to D and D ? St. Note that all denervated

groups decreased both muscle weight and muscle fibre cross-sectional area compared to N, with no difference amongst them. Denervated

muscles submitted to ES associated or not to stretching increased the percentage of total number of muscle cells with central nuclei

Fig. 4 Muscle-fibre cross-

sections of the tibialis anterior

(TA) muscle stained with

toluidine blue (TB). a N, normal

TA muscle; b D, denervated TA

muscle; c D ? ES, denervated

TA muscle submitted to

electrical stimulation (ES) daily;

d D ? St, denervated TA

muscle stretched daily;

e D ? ES ? St, denervated TA

muscle submitted to ES and

stretching (St) at the same time;

f Central nuclei observed in the

D ? ES ? St group at high

magnification (1009). White
arrows show central nuclei in

muscle fibres observed in both

electrically stimulated groups

(c and e). All denervated groups

(b–e) showed significant muscle

fibre atrophy compared to

normal muscles (a). Denervated

muscles submitted to ES

showed a few muscle fibres with

central nucleus (c, e–f). Bar:

100 lm
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Contralateral muscles

To evaluate the possible effect of repetitive anaesthesia in

experimental groups, the contralateral TA muscles were

compared among the groups and also to the ipsilateral of

the N group. No difference in any of the comparisons was

found (P [ 0.05, data not shown).

Discussion

The present study provided new information about the

effects of ES, St and their combination on denervated rat

muscles. The study showed that ES and St reduced the

accumulation of MyoD, atrogin-1 and MuRF1 in dener-

vated muscles and maintained Runx1 and myostatin gene

expressions at normal levels, affecting important pathways

of muscle regulation. Together, these results suggest that

both ES-induced muscle contraction and muscle stretching

are able to regulate MyoD, Runx1, atrogin-1, MuRF1 and

myostatin expressions in denervated muscles.

The increase in MyoD gene expression due to dener-

vation has already been reported (Eftimie et al. 1991; Hyatt

et al. 2003; Ishido et al. 2004; Russo et al. 2007). This

increment has been interpreted as an attempt to prevent

muscle atrophy, because the role of MyoD is closely

related to satellite cell activation and proliferation (for

review see Legerlotz and Smith 2008).

Atrogin-1, MuRF1 (Bodine et al. 2001) and myostatin

(Liu et al. 2007) gene expressions are also up-regulated in

rat denervated muscles. In several models of disuse, atro-

gin-1 and MuRF1 mRNA levels increased rapidly before

muscle weight loss was detectable and maintained a high

expression during the period when overall proteolysis was

accelerated, indicating that atrogin-1 and MuRF1 play an

important role in the initiation and maintenance of accel-

erated proteolysis (Bodine et al. 2001; Zhang et al. 2007).

Myostatin showed a direct relationship between atrophy

and its mRNA and protein levels in rat denervated muscles

7 days after the nerve crush injury (Liu et al. 2007). The

authors concluded that myostatin inhibited hypertrophy

rather than induced atrophy itself. This inhibitory mecha-

nism is probably related to the decrease in satellite cell

proliferation rates (Joulia-Ekaza and Cabello 2006).

The results of the present study indicate that both ES and

St regulate gene expression in denervated rat muscles.

There are a few mechanisms that could explain this regu-

lation, e.g. it has been proposed that MyoD and other MRFs

are tightly regulated by electrical activity and serve as

intermediaries between electrical activity and the expres-

sion of other muscle-specific genes, such as alpha

Fig. 5 Immunofluorescence analysis of neural cell adhesion mol-

ecule (N-CAM) performed in the tibialis anterior (TA) muscle.

N-CAM expression and localization in normal muscles (a), in

denervated muscles (b), and submitted to electrical stimulation and

stretching (c). N-CAM expression was restricted to the neuromus-

cular junction (a, white arrows). Denervation increased the N-CAM

expression around most muscle fibres (b and c). No significant

difference was found in N-CAM expression and localization among

denervated groups (data not shown). Bar: 100 lm
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acetylcholine receptors (a-AChR; Hyatt et al. 2003; Leg-

erlotz and Smith 2008). The present study showed clearly

that MyoD expression is down-regulated by ES in dener-

vated muscles. In addition, this study demonstrated for the

first time that MyoD expression is affected by intermittent

St in denervated muscles. Previous studies have already

showed that passive St can up-regulate MyoD gene

expression in innervated muscles (Gomes et al. 2006;

Peviani et al. 2007). Based on this information, it is rea-

sonable to assume that ES-induced contractions and St-

induced tension affect the hypertrophic pathways.

Interestingly, this study provides new information about

Runx1 expression in vivo. A 50–100-fold up-regulation in

Runx1 expression was reported after 5 days of denervation

(Zhu et al. 1994). Similar results were observed in our

experiments with a 73-fold up-regulation after 7 days of

denervation. It has been shown that this up-regulation is an

attempt to prevent the autophagy and to minimise muscle

wasting (Zhu et al. 1994; Wang et al. 2005). These incre-

ments in Runx1 expression occur in the absence of

electrical muscle activity (Wang et al. 2005). Furthermore,

Runx1 was recently presented as a transcription factor

target of MyoD, which corroborates our results given that

MyoD expression was elevated after denervation (Ishibashi

et al. 2005). It is worth noting that all therapy strategies

reduced Runx1 expression to normal values, which could

be attributed to muscle tension caused by St and ES.

Therefore, our results suggest that all physical stimuli

affected the autophagic pathway because it jeopardised

Runx1 expression. However, future studies are necessary to

understand the effect of these interventions in a long-term

protocol in the denervated muscle.

Considering that ES and St are both able to induce

protein synthesis through the IGF1 pathway (Williams

et al. 1986), it is possible to assume that muscle activity

could down-regulate atrogin-1 expression in a compensa-

tory way. It is well described that the IGF1/PI3K/Akt

pathway can regulate atrogin-1 and MuRF1 expression via

FoxO phosphorylation. Akt or protein kinase B inhibits

protein degradation in skeletal muscle by promoting the

Fig. 6 MyoD (a), Runx1 (b), atrogin-1 (c), MuRF1 (d) and myostatin

(e) mRNA levels in the tibialis anterior (TA) rat muscle. The data are

presented as mean ± standard deviation. Groups are described in the

legend of Fig. 4. *P \ 0.05 compared to N; §P \ 0.05 compared to

D; �P \ 0.05 compared to D ? St and D ? ES ? St. �P \ 0.05

compared to all groups. Note that group D had the highest values of

the target genes compared to the other groups. ES, St and their

combination reduced the accumulation of MyoD, atrogin-1 and

MuRF1 in denervated groups (a, c, d) and maintained Runx1 and

myostatin at normal levels (b and e). Electrical stimulation per se had

the lowest values of MyoD, atrogin-1 and MuRF1 gene expression

among the denervated groups (a, c, d)
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phosphorylation and inactivation of FoxO, changing its

subcellular localization and preventing the expression of

FoxO-dependent, atrophy-related genes such as atrogin-1

and MuRF1 (Stitt et al. 2004). Furthermore, MuRF1 has

been found in association with the myofibrillar component

titin, a giant protein present in the sarcomere from the

M- to the Z-line. At the M-line, it is a target component of

the myofibrillar apparatus for degradation in atrophying

muscle (Cao et al. 2005). Thus, it is reasonable to assume

that tension forces caused either by ES or St regulated the

MuRF1 family expression.

Regarding the results of myostatin, it is possible that

mechanical stress could regulate myostatin expression.

Muscle changes in length stress are transmitted throughout

titin to a specific portion called titin-cap or telethonin

which can interfere with cellular signalling mechanisms

(Tskhovrebova and Trinick 2003). One of these mecha-

nisms involves the inactivation of myostatin by preventing

the latent complex formation and its secretion (Joulia-

Ekaza and Cabello 2006). Considering the results of the

present study, it is possible to suggest that both ES and St

increased mechanical stress in the muscle fibres, which

could down-regulate myostatin via titin-cap. Nevertheless,

further studies are necessary to assess these hypotheses.

Another interesting point is that the combination of St

and ES did not have a cumulative effect on the expression

of the examined genes. It seems that tension stimulus

provoked by stretching was enough to induce muscle

adaptation. However, studies that isolate the muscle fibres

are needed to investigate the sarcomere tension induced

by these stimuli.

The present study applied ES and St protocols as pre-

scribed in the rehabilitation of peripheral nerve injuries in

humans. Electrical stimulation was applied in single ses-

sions using surface electrodes and considering the muscle

excitability changes that guided the stimulation protocol.

The total of 200 contractions per day was used in the

present study because this amount of stimulation was

shown to cease muscle fibre atrophy (Dow et al. 2004) and

molecular changes (Kostrominova et al. 2005) in 2-month

denervated EDL muscles of rats. Nevertheless, it seems

that the rest interval between sessions is the main factor to

protect muscle mass in denervated muscles (Dow et al.

2005). Twenty-hour intervals between each session of 100

contractions were not able to stop muscle fibre atrophy

(Dow et al. 2005). The present data corroborate this pre-

mise because 200 contractions were also insufficient to

avoid muscle atrophy. Good results were found only when

a rest interval of 8 h between sets was applied (Dow et al.

2005), showing that long rest periods between contractions

may be sufficient to induce degenerative changes in

denervated muscles, and the short interval between con-

tractions is the key regulator of denervation atrophy.

In addition, St as applied in rehabilitation or as recom-

mended in sports activities can be performed intermittently

and not chronically as used in the literature (Goldspink

et al. 1991). It seems that the total amount of time the

muscles are maintained in the stretched position is also a

determining factor in avoiding muscular degenerative

modifications due to denervation. Forty minutes of St per

day delayed muscle atrophy in the first 2 weeks post-

denervation in rats (Sakakima and Yoshida 2003); in

contrast, protocols using short intervals of St stimulation

have not been previously investigated.

Future studies should investigate different sessions of

stimulation using surface electrodes throughout the day to

confirm the results found by Dow et al. (2005). Moreover,

alternative ES and St throughout the day could be a good

strategy to treat denervated muscles by distributing con-

tractile stimuli. Despite the protective effects on gene

expression regulation, all physical interventions failed to

stop muscle atrophy in the denervated muscles, which is

due to the decrease in muscle fibre CSA rather than the

number of muscle fibres.

In contrast, the accumulation of ubiquitin-ligases atro-

gin-1/MuRF1 and myostatin in group D did not cause more

muscle fibre atrophy. The same applies to the down-regu-

lation of these genes by ES, St and ES ? St. These data

suggest that low levels of these genes can induce muscle

fibre atrophy. In addition, it is possible to interpret the

down-regulation of MyoD, Runx1, atrogin-1, MuRF1 and

myostatin in denervated groups submitted to physical

interventions as a strategy to spare the gene machinery

during denervation, e.g., contractile stimuli alone could

affect the muscle homeostasis. However, other studies

focusing on long-term evaluations should be conducted to

verify these hypotheses.

An interesting finding was the presence of central nuclei

in muscle fibres from the groups submitted to ES with or

without St, showing that the regenerative machinery was

activated by ES. Moreover, the N-CAM localization

around the atrophic muscle fibres in all denervated groups

showed that, in spite of gene expression regulation, ES, St

and their combination, none of the physical interventions

impaired the expression of this neural adhesion factor,

which is essential to the muscle fibre reinnervation process

(Gosztonyi et al. 2001). Nerve histology also corroborated

these findings.

Another relevant clinical aspect reported in the present

study was the short-term change in muscle excitability.

Denervated muscles become hypoexcited after the sixth

day of denervation, and neither ES nor St changed muscle

excitability. Additionally, the increase in chronaxie values,

combined with the nerve histology, confirmed that all

muscles were denervated on the sixth day post-denervation.

This statement shows us that denervated muscles
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(chronaxie higher than 1 ms) do not respond to short-

duration electrical pulses. Excitability curves should be

performed in denervated muscles to find the best parame-

ters to produce contraction in this type of muscle (Russo

et al. 2004, 2007, 2008; Ashley et al. 2005).

In summary, the present study showed that clinical

protocols of ES and St were able to down-regulate MyoD,

Runx1, atrogin-1, MuRF1 and myostatin in rat denervated

muscles, however they failed to stop muscle fibre atrophy.

Electrical stimulation seems to stimulate the regenerative

process in denervated muscles. This study brought new

information about how ES, St and their combination

(applied as prescribed in the rehabilitation of denervated

muscles in humans) can regulate gene expression and

muscle mass, contributing to the design of new therapy

strategies.
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