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ABSTRACT: Introduction: The effects of locomotor training
(LT) on skeletal muscle after peripheral nerve injury and acetyl-
cholinesterase deficiency are not well documented. Methods:
We determined the effects of LT on mouse soleus muscle per-
formance after sciatic nerve transection with excision (full and
permanent denervation), nerve transection (partial functional
reinnervation), nerve crush (full denervation with full functional
reinnervation), and acetylcholinesterase deficiency (alteration in
neuromuscular junction functioning). Results: We found no sig-
nificant effect of LT on the recovery of soleus muscle weight,
maximal force in response to muscle stimulation, and fatigue re-
sistance after nerve transection with or without excision. How-
ever, LT significantly increased soleus muscle fatigue resistance
after nerve crush and acetylcholinesterase deficiency. More-
over, hindlimb immobilization significantly aggravated the deficit
in soleus muscle maximal force production and atrophy after
nerve crush. Conclusions: LT is beneficial, and reduced muscle
use is detrimental for intrinsic muscle performance in the con-
text of disturbed nerve–muscle communication.

Muscle Nerve 45: 567–577, 2012

Peripheral nerve injury induces skeletal muscle
inactivity by disrupting nerve–muscle communica-
tion. It leads to muscle atrophy and reduction in
maximal force production in response to both
nerve and muscle stimulation,1–3 because maximal
force is roughly proportional to muscle size.
Although damaged axons of motoneurons are ca-
pable of regeneration, muscle fiber reinnervation
is often suboptimal, leading to muscle weakness.

Consequently, different strategies have been used
to improve or accelerate nerve regeneration and
muscle reinnervation after nerve injury. Increased
neuromuscular activity via physical exercise, such
as locomotor training (LT) and electrostimulation,
have been shown to improve nerve regeneration
and muscle reinnervation, as assessed using histo-
logical measures4–9 and analysis of coordinated
and complex motor functions, namely toe-spread-
ing reflex and locomotion.6,10 Together these ear-
lier studies suggested that increased neuromuscu-
lar activity may improve the full recovery of muscle
performance after nerve injury, such as maximal
force production.

Various diseases that affect the neuromuscular
junction (NMJ) also alter nerve–muscle communi-
cation, such as congenital myasthenic syndromes.
Absence or reduced level of acetylcholinesterase
(AChE) at the neuromuscular junction impairs
neuromuscular functioning, because AChE hydro-
lyzes acetylcholine (ACh) and prevents ACh accu-
mulation with desensitization of ACh receptors.11

Accordingly, muscles from knockout (KO) AChE
mice are unable to maintain force production in
response to repetitive nerve stimulation, regardless
of frequency.11,12 Perlecan mutant mice were
recently generated by introducing a missense
mutation into the Hspg2 gene that encodes perle-
can.13 Perlecan mutant mice with an 80% reduc-
tion of synaptic AChE are still able to maintain
force production but not at lower frequencies
(12.5 and 25 HZ) of nerve stimulation.13 This
severe neuromuscular fatigability11,13,14 would
markedly reduce the normal level of muscle activ-
ity of a postural and motor muscle such as the sol-
eus muscle. Therefore, it is not surprising that ab-
sence of AChE causes muscle atrophy and
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reduction in maximal force,14 as it does in dener-
vation15 and physical inactivity.16 To reduce the
muscle weakness induced by AChE deficiency, it is
of interest to determine whether increased neuro-
muscular activity would have a beneficial effect on
muscle performance.

To examine the effect of increased neuromus-
cular activity on intrinsic muscle performance after
peripheral nerve injury, we investigated the effects
of regular locomotor training on muscle maximal
force production in response to muscle stimula-
tion, fatigue resistance, and weight in normal mice
after nerve injury. We studied recovery of the sol-
eus muscle after sciatic nerve injury because it is
an antigravity muscle that is heavily recruited dur-
ing locomotion. Our first hypothesis was that LT
would improve muscle performance after nerve
injuries that allow muscle reinnervation (nerve
transection alone or crush), because muscle inac-
tivity reduces contractility15,16 and increased neuro-
muscular activity improves or accelerates nerve
regeneration and muscle reinnervation.4–10 Sec-
ond, we examined whether LT would improve the
performance of the permanently denervated soleus
muscle (nerve transection with excision), as it was
recently demonstrated that mechanical signals
coming from passive stretch could reduce atrophy
of denervated muscle17 and thus, possibly, the defi-
cit in maximal force production. Moreover, we
studied the effect of LT on soleus muscle contrac-
tility of mice that exhibit permanent disturbed
neuromuscular junction functioning due to AChE
deficiency at the neuromuscular junction. Our
third hypothesis was that LT would improve soleus
muscle performance of AChE-deficient mice exhib-
iting severe neuromuscular fatigability,11,13,14

because reduced muscle activity leads to muscle
weakness.15,16 All these experiments were aimed to
provide information on the potential beneficial
effect of exercise on muscle weakness observed in
the case of neuromuscular diseases affecting
nerve–muscle communication.

METHODS

Animals. All procedures were performed in ac-
cordance with national and European legislation
on animal experimentation. Bilateral nerve transec-
tion or nerve crush were performed in adult male
wild-type (WT) CD1 mice. Nerve transection with-
out possible repair (NTWR) was done by removal
of up to 10 mm of the sciatic nerve, to prevent
reinnervation after axotomy. In the case of transec-
tion with possible nerve repair [nerve transaction
(NT)], the sciatic nerves were cut, and the cut
ends of the nerve were aligned and glued. The gap
between the two cut ends did not exceed 2 mm.
Sciatic nerves were crushed (NC) 5 mm proximal

to their bifurcation twice for 5 s each with a fine
forceps. Mice were analyzed at different time-
points after NTWR, NT, and NC at 4.5 months of
age. Age-matched WT mice were used as inner-
vated/intact (nerve uninjured) mice. In addition,
the right and left hindlimbs of some WT mice
were immobilized 2 days after NC. The ankle joints
were immobilized in maximal plantarflexion to
shorten the soleus, as described elsewhere.18,19 We
also studied male adult (3–4-month-old) perlecan
mutant mice13 and KO AChE12,14 mice exhibiting
AChE deficiency at the neuromuscular junction
compared with littermate WT mice. No body
weight difference was found between groups.

Locomotor Training (Exercise). Transected and
crushed WT mice that received locomotor training
(LT) were trained 5 days/week, starting on postop-
erative day 2. They were trained on a motorized
treadmill (walking and running). The duration of
the training session was increased from 45 to 120
min during 1 month, while the speed was
increased from 5 to 15 cm/s. Due to hip motility,
WT mice continue to use the hindlimb after nerve
transection or crush. Perlecan mutant mice ran up
to 1 h/day (5 days per week) during 1 month at a
speed that was increased from 10 to 30 cm/s. The
beginning of each training session consisted of a
warm-up (15 min at 5 cm/s for the transected and
crushed WT mice or 15 min at 5–15 cm/s for the
perlecan mutant mice).

Muscle Performance and Functional Innervation. The
isometric contractile properties of soleus muscles
were studied in vitro as previously described.14,15

Mice were euthanized after removal of soleus
muscles. Muscles were soaked in an oxygenated
Krebs solution (95% O2 and 5% CO2) containing
58.5 mM NaCl, 24 mM NaHCO3, 5.4 mM KCl, 1.2
mM KH2PO4, 1.8 mM CaCl2, 1 mM MgSO4, and
10 mM glucose (pH 7.4), and maintained at a tem-
perature of 22�C. One of the muscle tendons was
attached to a force transducer (Harvard). After
equilibration (30 min), electrical stimulation was
delivered through electrodes running parallel to
the muscle. One-millisecond pulses were generated
by a high-power stimulator (701B; Aurora Scien-
tific). Maximal isometric force (P0) was measured
during isometric contractions in response to elec-
trical stimulation (frequency of 50–125 HZ, train of
stimulation of 1500 ms). All measurements were
made at optimal muscle length (L0, length at
which P0 was obtained). Fatigue resistance was
determined after a 5-min rest period. The muscles
were stimulated at 75 HZ during 500 ms every 1.6 s
for 3 min. The time taken for initial force to fall
by 30% (FR) was determined. The soleus muscles
were weighed, and specific maximal force (sP0)
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was calculated by dividing P0 by the estimated
cross-sectional area (CSA) of the muscle. Assuming
muscles have a cylindrical shape and a density of
1.06 mg/mm3, the CSA corresponds to the volume
of the muscle divided by fiber length (Lf). The Lf

to L0 ratio of 0.70 was used to calculate Lf.
The isometric contractile properties of tibialis

anterior (TA) muscles were also studied in situ as
previously described.12 The knee and foot were
fixed using clamps and pins. The distal tendons of
the TA muscles were attached to a force trans-
ducer (Harvard). P0 was measured during isomet-
ric contractions in response to electrical stimula-
tion (frequency of 75–150 HZ, train of stimulation
of 500 ms). The sciatic nerve (proximally crushed)
was stimulated by a bipolar silver electrode using a
supramaximal square-wave pulse of 0.1-ms dura-
tion. Then, muscles were directly stimulated using
supramaximal current. The comparison of the
nerve and muscle responses allows us to evaluate
functional muscle innervation, a marker of muscle
reinnervation after nerve injury. TA muscles were
weighed, and specific force (sP0) was calculated by
dividing P0 by muscle weight.

Histology. Transverse serial sections of muscles (8
lm) were obtained using a cryostat in the mid-
belly region. The muscles were sectioned at differ-
ent intervals to determine the maximal muscle
CSA, and the corresponding sections were studied.
Some of the sections were processed for hematoxy-
lin–eosin and succinate dehydrogenase (SDH)
staining, according to standard protocols. Quantifi-
cation of SDH staining was performed using image
analysis of staining intensity of the muscle cross-
section. Other sections were used for immunohis-
tochemistry, as previously described.15,20 For deter-
mination of muscle fiber type, frozen unfixed sec-
tions were blocked for 1 h in a blocking solution
(bovine serum albumin 4%, IgG free) and incu-
bated overnight with a mouse monoclonal anti-
body directed against myosin heavy chain type 1
(MHC-1; 1/50; Hybridoma Bank). After washes in
phosphate-buffered saline (PBS), sections were
incubated for 1 h with secondary Alexa Fluor–con-
jugated anti-mouse IgG (1/400; Molecular Probes).
After washes in PBS, slides were finally mounted in
Fluoromont (Dako). To quantify capillary density,
endothelial cells were immunostained with anti-
CD31 antibody (1/50; Clone MEC13.3; BD Phar-
mingen). Serial sections of muscles were captured
using a digital camera (Hamamatsu ORCA-AG)
attached to a motorized fluorescence microscope
(AxioImager.Z1; Zeiss). For fiber type analysis, cap-
illary density, and SDH staining quantifications, all
of the muscle fibers of the muscle section were
measured.

Statistical Analysis. Groups were compared using
one-way analysis of variance. P < 0.05 was consid-
ered significant. Subsequent post hoc analysis was
performed when required. Data are expressed as
mean 6 SEM.

RESULTS

Nerve Transection without Possible Repair. We first
determined whether LT would improve muscle
performance after nerve transection without possi-
ble repair (NTWR), that is, permanent denerva-
tion, in adult WT mice. Sciatic nerves were trans-
ected with removal of around 10 mm of the sciatic
nerves. The mice were trained on a motorized
treadmill over 1 month before measurements of
soleus muscle performance were made. NTWR
resulted in marked decreases in both absolute
(�84%, P < 0.05) and specific (�59%, P < 0.05)
maximal force production in response to soleus
muscle stimulation (Fig. 1A). The muscle was also
atrophic, because muscle weight was reduced
(�65%, P < 0.05; Fig. 1B). The TA was less
affected by NTWR than the soleus, an antigravity
muscle. In fact, the TA exhibited a smaller reduc-
tion in absolute maximal force (�56%, P < 0.05)
and weight (�26%, P < 0.05) after NTWR than
the soleus (data not shown). With regard to the
effect of LT, we found that it did not significantly
reduce the loss of soleus maximal force and weight
induced by NTWR, as there was no significant dif-
ference between trained and untrained NTWR
mice (Fig. 1A and B). These results indicate that

FIGURE 1. Absolute (P0) and specific (sP0) maximal forces

(A) and weight (B) of soleus muscles 1 month after nerve

transection without possible repair. Values are mean 6 SEM.

Number per group ¼ 10–12. NTWR, nerve transection without

possible repair. aSignificantly different from intact (P < 0.05).
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1-month LT had no effect on the performance of
permanently denervated muscle.

Nerve Transection. We then asked whether LT
had a beneficial impact on muscle performance af-
ter nerve transection with possible repair (NT).
The cut ends of the sciatic nerves were aligned
and glued, and the mice were trained on a motor-
ized treadmill during 2 months. We confirmed
that partial muscle reinnervation did occur,
because there was substantial force production in
response to nerve stimulation. Indeed, functional
muscle innervation reached 69.0 6 4.0% (P <
0.05) in untrained and 67.2 6 5.1% (P < 0.05) in
trained NT mice as compared with 102.2 6 2.3%
in intact mice, with no significant difference
between trained and untrained NT mice. Func-
tional muscle innervation is the maximal force pro-
duction in response to nerve stimulation expressed
as percentage of the force production in response
to muscle stimulation (stimulation bypassing
nerve–muscle communication). For the determina-

tion of functional muscle innervation, we studied
only the TA, because soleus forces obtained in
response to nerve and muscle stimulations were
too low to be recorded in situ.

At 2 months after NT, the soleus showed reduced
absolute maximal force (�47%, P < 0.05; Fig. 2A)
and muscle weight (�41%, P < 0.05; Fig. 2C), but
no significant change in specific maximal force (P >
0.05; Fig. 2A). Fatigue resistance was increased by
NT (þ16%, P < 0.05; Fig. 2B). LT did not improve
muscle characteristics after NT. In fact, muscle
weight, absolute and specific maximal forces, and fa-
tigue resistance did not differ significantly between
trained and untrained NT mice (Fig. 2A–C). In addi-
tion, no beneficial LT effect was obtained for the TA
after NT. The deficits of absolute (�55% and
�57%; P < 0.05) and specific (�29% and �16%, P
< 0.05) maximal force production in response to
muscle stimulation of the TA were not significantly
different in untrained and trained NT mice (Fig.
3A). Moreover, TA atrophy was significantly
increased by LT in NT mice (untrained �50%,
trained �60%, P < 0.05; Fig. 3B).

Nerve Crush. In the following experiments, we
first determined whether LT would improve mus-
cle performance after nerve crush injury (NC) in
WT mice. NC allowed a greater recovery of nerve–
muscle communication compared with NT,
because functional muscle innervation recoveredFIGURE 2. Absolute (P0) and specific (sP0) maximal forces

(A), fatigue resistance (B), and weight (C) of soleus muscles 2

months after nerve transection. Values are mean 6 SEM. Num-

ber per group ¼ 12–18. NT, nerve transection. aSignificantly dif-

ferent from intact (P < 0.05).

FIGURE 3. Absolute (P0) and specific (sP0) maximal forces

(A) and weight (B) of TA muscles 2 months after nerve transec-

tion. Values are mean 6 SEM. Number per group ¼ 12–18.

NT, nerve transection. aSignificantly different from intact (P <

0.05); bsignificantly different from NT (P < 0.05).
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fully at 1 month after NC (Fig. 4). Of note, there
was no effect of LT on functional muscle innerva-
tion (Fig. 4).

By 2 weeks after NC, reduction in absolute
(�30% and �33%, P < 0.05) and specific (�17%
and �16%, P < 0.05) soleus maximal force in
response to muscle stimulation (Fig. 5A),
decreased fatigue resistance (�22% and �21%,
P < 0.05; Fig. 5B), and atrophy (�27% and �33%,
P < 0.05; Fig. 5C) were observed, but there was no
significant difference between untrained and
trained NC mice. In addition, we also found no
beneficial effect of LT on the TA at 2 weeks after
NC. The deficit of absolute (�30% and �23%,
P < 0.05) maximal force production in response
to muscle stimulation of the TA was also not signif-
icantly different in trained and untrained NC mice
(Fig. 6A). The decrease in specific maximal force
(untrained �17%, trained �7%, P < 0.05; Fig. 6A)
was significantly reduced by LT because muscle at-
rophy was increased (untrained �11% vs. trained
�21%, P < 0.05) in NC mice (Fig. 6B).

By 1 month after NC, there was a reduction in
absolute maximal force (�24%, P < 0.05) in
response to muscle stimulation (Fig. 7A), with
modest soleus atrophy (�11%, P < 0.05; Fig. 7C).
Specific maximal force (Fig. 7A) and fatigue resist-
ance (Fig. 7B) were not significantly reduced 1
month after NC. Moreover, the extent of loss of
absolute maximal force (Fig. 7A) and soleus

FIGURE 4. Functional muscle innervation 2 days, 1 week, 2

weeks, and 1 month after nerve crush. TA muscle force produc-

tion in response to nerve stimulation is expressed relative to

force production in response to muscle stimulation. Number per

group ¼ 6–18. NC, nerve crush. aSignificantly different from

intact (P < 0.05).

FIGURE 5. Absolute (P0) and specific (sP0) maximal forces

(A), fatigue resistance (B), and weight (C) of soleus muscles 2

weeks after nerve crush. Values are mean 6 SEM. Number

per group ¼ 10–18. NC, nerve crush. aSignificantly different

from intact (P < 0.05); bsignificantly different from NC (P <

0.05); csignificantly different from NC þ exercise (P < 0.05).
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muscle atrophy (Fig. 7C) were not significantly dif-
ferent between trained and untrained NC mice.
However, 1-month LT increased fatigue resistance
by 54% in NC mice (P < 0.05; Fig. 7B). Because it
is well established that slow/oxidative fibers are
more fatigue-resistant than fast/glycolytic fibers,21

we performed muscle fiber type analysis. We found
that the increased fatigue resistance was not associ-
ated with a change in SDH staining (Fig. 8A and
B), a marker of oxidative metabolism, with a
higher percentage of fibers expressing MHC-1
(slow fibers; Fig. 8A and B) or increased capillary
density (Fig. 8C) in trained NC mice as compared
with untrained NC mice. In addition, there was no
difference in absolute or specific maximal force
responses to muscle stimulation and weight of the
TA muscle between untrained, trained, and intact
NC mice (data not shown).

Finally, we sought to determine whether a nor-
mal level of physical activity is essential for muscle
performance recovery after NC in WT mice. Dur-
ing recovery after NC, hindlimbs were immobilized
using plaster casts in WT mice. Immobilization was
performed during the first 2 weeks after NC, dur-
ing which we found no effect of LT. At 2 weeks af-
ter NC, hindlimb immobilization significantly wors-
ened the deficit in soleus muscle absolute (�70%)
and specific (�50%) maximal forces (Fig. 5A) in
response to muscle stimulation, and muscle atro-
phy (�55%; Fig. 5C). Similarly, it increased
the deficit in absolute maximal force (P < 0.05;
Fig. 6A) in response to muscle stimulation and

weight (P < 0.05; Fig. 6B) of TA muscle from NC
mice. Interestingly, we found that these detrimen-
tal changes induced by hindlimb immobilization
were not significantly associated with changes in
functional muscle innervation (Fig. 4).

AChE Deficiency. We aimed to determine whether
LT would ameliorate the soleus muscle perform-
ance observed in congenital conditions with

FIGURE 6. Absolute (P0) and specific (sP0) maximal forces

(A) and weight (B) of TA muscles 2 weeks after nerve crush.

Values are mean 6 SEM. Number per group ¼ 10–18. NC,

nerve crush. aSignificantly different from intact (P < 0.05);
bsignificantly different from NC (P < 0.05); csignificantly differ-

ent from NC þ exercise (P < 0.05).

FIGURE 7. Absolute (P0) and specific (sP0) maximal forces

(A), fatigue resistance (B), and weight (C) of soleus muscles 1

month after nerve crush. Values are mean 6 SEM. Number per

group ¼ 10–16. NC, nerve crush. aSignificantly different from

intact (P < 0.05); bsignificantly different from NC (P < 0.05).
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altered neuromuscular transmission and neuro-
muscular fatigability (tetanic fade).11–13 For this
purpose, we investigated two murine models with
synaptic AChE deficiency: AChE KO and perlecan
mutant mice. In a previous study we showed that
there was soleus muscle weakness in AChE KO
mice (data not shown).14 In the present study, we
found that soleus muscle from perlecan mutant
mice also exhibited reduced muscle performance.
In 3.5-month-old perlecan mutant mice, there
were deficits in soleus absolute (�29%) and spe-
cific (�19%) maximal force production in
response to muscle stimulation, weight (�18%; P
< 0.05; Fig. 9) and fatigue resistance (�40%; P <
0.05; Fig. 10) when compared with littermate WT
mice. The muscle deficit was confirmed in older
perlecan mutant mice, as absolute maximal forces
were 145.0 6 8.0 mN and 241.9 6 12.7 mN
(�40%, P < 0.05) in 23-month-old perlecan mu-
tant and WT mice, respectively.

We then tested whether LT might improve this
phenotype in young adult AChE KO and perlecan
mutant mice. Unfortunately, it was not possible to
do locomotor training in adult AChE KO mice
more than 3 days before they refused to walk on
the motorized treadmill. This was confirmed by
the fact that the voluntary activity of the AChE KO
mice is insignificant compared with WT mice, as
measured during the 2-week period when the mice
were housed individually in cages equipped with
running wheels (data not shown). Therefore, we
only show data pertaining to perlecan mutant
mice. We found that 1-month LT had no signifi-
cant effect on the deficit in absolute and specific
maximal forces in response to muscle stimulation
(Fig. 9A) and muscle atrophy of soleus muscles
from 3.5-month-old perlecan mutant mice (Fig.
9B). However, as reported for WT mice with NC,
LT increased (þ223%) fatigue resistance (P <
0.05; Fig. 10A and B). This was not associated with
a difference between trained and untrained perle-
can mutant mice in SDH staining, and the

FIGURE 8. Histological analysis of soleus muscles 1 month af-

ter nerve crush. (A) Representative cross-sectional images are

shown: sections were stained with hematoxylin and eosin (HE)

or with succinate dehydrogenase (SDH) or for MHC-1 reactivity

(MHC-1). Bar ¼ 50 lm for HE and SDH staining; bar ¼ 40 lm
for MHC-1. (B) The percentage of fibers expressing MHC-1 and

SDH staining quantification are shown. Values are mean 6 SEM

(n ¼ 4). (C) Numbers of capillaries per square millimeter and per

1000 fibers are shown. Values are mean 6 SEM (n ¼ 4). [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 9. Absolute (P0) and specific (sP0) maximal forces

(A) and weight (B) of soleus muscles from perlecan mutant

mice. Values are mean 6 SEM. Number per group ¼ 8. aSigni-

ficantly different from wild-type (P < 0.05).
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percentage of fibers expressing MHC-1 (Fig. 11A
and B). However, the capillary density (capillary/
mm2) was increased by LT (P < 0.05), whereas the
capillary/fiber ratio was unchanged (Fig. 11C).

DISCUSSION

In this investigation we determined whether LT
would improve intrinsic muscle performance in
mouse models with alterations of nerve–muscle
communication. Although much attention has
been focused on neural and synaptic aspects, less
attention has been focused on the functional
aspects of the target skeletal muscle. We sought to
determine whether LT could be beneficial in these
pathological situations, as suggested by several
studies that addressed nerve regeneration and

muscle reinnervation or the effect of muscle
inactivity.

LT Had No Effect when Fully Functional Innervation

Did Not Occur. We found that NTWR, that is, per-
manent denervation, markedly impaired muscle
performance and reduced muscle weight. This is
in line with previous studies that examined soleus
and TA muscles in mice.15,22 The deficit in abso-
lute maximal force (�84%) was caused by both a
reduced specific maximal force and a lower soleus
muscle weight. We also observed that the effect of
denervation was more severe for the soleus than
the TA (�84% vs. �56% for absolute maximal
force), confirming previous studies.23 This differ-
ence may be explained by the fact that the soleus
contains both slow and fast fibers, whereas the TA
contains only fast fibers, with the assumption that

FIGURE 10. Fatigue resistance of soleus muscles from perle-

can mutant mice. (A) Representative force recordings. (B) Fa-

tigue resistance index. Values are mean 6 SEM. Number per

group ¼ 8. aSignificantly different from wild-type (P < 0.05);
bsignificantly different from perlecan mutant (P < 0.05).

FIGURE 11. Histological analysis of soleus muscles from perle-

can mice. (A) Representative cross-sectional images are

shown: sections were stained with hematoxylin and eosin (HE)

or with succinate dehydrogenase (SDH) or for MHC-1 reactivity

(MHC-1). Bar ¼ 50 lm for HE and SDH staining; bar ¼ 40 lm
for MHC-1. (B) The percentage of fibers expressing MHC-1 and

SDH staining quantification are shown. Values are mean 6
SEM (n ¼ 4). (C) Numbers of capillaries per square millimeter

and per 1000 fibers are shown. Values are mean 6 SEM (n ¼
4). aSignificantly different from wild-type (P < 0.05); bsignifi-

cantly different from perlecan mutant (P < 0.05). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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slow fibers are more sensitive to permanent dener-
vation than fast fibers. However, our previous study
reported that slow and fast soleus fibers had
equally reduced CSA in response to permanent de-
nervation (�47% and �37%).15 More likely, this
differential effect of denervation results from the
fact that the antigravity soleus muscle is more
active than the TA muscle,24 thus confirming that
analysis of the effect of LT on the soleus is
pertinent.

It was recently demonstrated that mechanical
signals coming from passive stretch could reduce
the atrophy of denervated muscle.17 In denervated
and atrophied muscle, passive stretching activates
Akt and downstream targets of mammalian target-
of-rapamycin (mTOR) involved in protein synthesis;
reduces the upregulation of atrogin-1 and muscle
RING-finger protein-1 (MuRF1), which are activa-
tors of protein degradation; and maintains the level
of runt-related transcription factor-1 (Runx1),
which controls autophagy.17,25 Moreover, constitu-
tively activated Akt prevents muscle atrophy caused
by denervation.26 Therefore, we hypothesized that
LT would attenuate muscle atrophy and thus weak-
ness induced by NTWR via activation of Akt/mTOR
signaling induced by repeated muscle stretching
during locomotor training, because maximal force
is roughly proportional to muscle size. However,
our results clearly indicate that LT did not improve
denervated soleus muscle function and atrophy af-
ter NTWR, confirming very recent studies that
examined only muscle atrophy.25,27 There is a possi-
bility is that LT in denervated hindlimb muscles did
not result in enough muscle stretching because of
the altered gait pattern, as assessed, for example, by
the sciatic functional index.28

Although muscle better recovered compared
with NTWR, we observed that there was still a mus-
cle deficit 2 months after NT for soleus and TA.
The explanation for the marked muscle deficit
(absolute maximal force is reduced by �47%) is
that functional innervation did not recover fully,
indicating that all muscle fibers were not reinner-
vated and/or that nerve–muscle communication
was not able to fully activate muscle. It should also
be noted that fatigue resistance was curiously
increased after NT. One possibility is that atrophy
ameliorates fiber wash-out, attenuating the metabo-
lite accumulation responsible for fatigue. With
regard to LT, our results show that it did not have
a beneficial effect on soleus and TA muscle per-
formance after NT. Therefore, our findings sug-
gest that the possible increased nerve regeneration
induced by LT or electrostimulation observed by
histological analysis4,8,9 has no major impact on
muscle weakness and functional innervation. Dis-
crepancies between nerve histology, motor function,

and electrophysiology measures have been
reported to occur during muscle reinnervation.29

LT Increased Fatigue Resistance but Immobilization

Was Detrimental after Nerve Crush Injury. One
month after NC, we found only a moderate soleus
muscle deficit (absolute maximal force is reduced
by �24%), which was much lower than that
observed after NT. This differential did not result
from a difference in acute denervation, because
nerve–muscle communication was similarly dis-
rupted 2 days after both nerve injuries. The expla-
nation for this is the greater recovery of functional
innervation after NC than after NT (100.5% vs.
69%). In contrast to NT, NC leaves the basal lam-
ina intact, allowing the axonal sprouts to grow
within the Schwann cell bands.28 Our results also
indicate that LT did not reduce the deficit of max-
imal force and muscle weight in soleus 1 month af-
ter NC. However, LT increased fatigue resistance,
and this effect was not caused by a greater func-
tional innervation in trained NC mice. Because the
increased fatigue resistance was not yet observed at
2 weeks after NC, it appears that LT had a signifi-
cant effect only in almost fully reinnervated fibers.
LT could increase fatigue resistance in NC muscle
via the activation of signaling pathways upregulat-
ing mitochondrial biogenesis, oxidative metabo-
lism, angiogenesis, and promotion of fast-to-slow
fiber transition as in intact muscle.30 However, our
data pertaining to SDH staining (a marker of oxi-
dative metabolism), the percentage of slow/fa-
tigue-resistant fibers, and capillary density do not
support this hypothesis.

Despite the fact that LT had no effect during
the first 2 weeks after NC, we also showed that
hindlimb immobilization markedly increased the
deficit in maximal force and weight of soleus and
TA 2 weeks after NC. These results are in line with
previous data showing that reduced use (activity)
of the hindlimb decreases maximal force produc-
tion by rat gastrocnemius muscle after NC.3 It
should be also noted that immobilization did not
affect muscle functional innervation. Together,
our findings indicate that normal activity is
required for the recovery of muscle performance
after nerve injury, and reinnervated muscle can be
trained to improve its performance.

Beneficial Effect of LT on Fatigue Resistance in the

Case of AChE Deficiency. Finally, we tested
whether LT would improve muscle performance in
pathological conditions with abnormal neuromus-
cular transmission. Perlecan is a major component
of basement membranes and plays a critical role at
the neuromuscular junction by anchoring AChE to
the synaptic basement membrane.13,31 Perlecan
deficiency results in Schwartz–Jampel syndrome, a
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human recessive disorder with peripheral nerve
hyperexcitability.32,33 We recently demonstrated
abnormal neuromuscular transmission with muscle
fatigability (tetanic fade) at low frequency of nerve
stimulation in perlecan-deficient muscle.13 Here
we have shown that perlecan mutant soleus muscle
exhibits atrophy and lower muscle performance
(absolute and specific maximal forces, fatigue re-
sistance) than WT muscle. Similar muscle weakness
was observed in the soleus from KO AChE mice14;
for instance, absolute maximal forces are reduced
by �29% and �31% in the soleus in perlecan mu-
tant and KO AChE mice, respectively. The muscle
deficit induced by AChE deficiency is likely the
result of disturbed nerve–muscle communication
leading to extreme fatigability, whereas muscle
functional innervation is unchanged,12 in contrast
to NTWR, NT, and NC.

Similar to its effects after NC, LT increased the
fatigue resistance of perlecan mutant soleus muscle
without reducing the deficit in absolute maximal
force. The increased fatigue resistance induced by
LT is independent from the promotion of slow/
oxidative fibers in perlecan mutant mice. One pos-
sibility is that LT attenuated tetanic fade and
allowed the muscle to be more durably active and
to therefore be trained, such as with the almost
fully reinnervated muscle after NC (see earlier).
There is evidence that the NMJ adapts to increased
muscle use, such as LT, at least in wild-type
rodents.34,35 Exercise induces synaptic remodel-
ing35 that could contribute to a better diffusion of
ACh. Moreover, neuromuscular transmission in the
soleus from WT mice is enhanced by LT, via a
reduced rundown of endplate potential during
high-frequency continuous nerve stimulation,34 an
event that is exaggerated in AChE-deficient mice.36

It would be of interest in the future to confirm the
effect of LT using another animal model of per-
turbed neurotransmission.

In conclusion, we have shown that LT
enhanced fatigue resistance in reinnervated
muscles (1 month after nerve crush) and inner-
vated muscles with AChE deficiency (perlecan mu-
tant mice), but it had no effect when muscle was
even partially denervated (nerve transection with
excision, nerve transection alone, and 2 weeks af-
ter nerve crush). Of note, LT was not able to
reduce the deficit in muscle maximal force and at-
rophy observed after nerve injury or AChE defi-
ciency, possibly because the program of muscle
contractions resulting from LT is not appropri-
ate.37 We also observed that reduced muscle use
aggravated the muscle deficit in maximal force
and atrophy after nerve injury. Moreover, we found
that LT and muscle disuse did not change muscle
functional innervation. Taken together, our results

help to rationalize the choice of therapeutic
approaches, because they show that increased phys-
ical activity could be beneficial to muscle perform-
ance of patients with neuromuscular diseases
affecting nerve–muscle communication, and that
inactivity should be avoided.
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