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Sensory or motor “baby-sitting” has been proposed as
a clinical strategy to preserve muscle integrity if motionspecific axons must regenerate over a long distance to
reach denervated target muscles. Denervated muscles
are innervated temporarily by using axons from nearby
sensory or motor nerves. After motion specific motor
axons have reached the target, the baby-sitter nerve is
severed and motion-specific axons are directed to the
target. Although this strategy minimizes denervation
time, the requisite second episode of denervation and
reinnervation might be deleterious to muscle contractile function. This study was designed to test the hypothesis that two sequential episodes of skeletal muscle
denervation and reinnervation result in greater force
and power deficits than a single peripheral nerve injury
and repair. Adult Lewis rats underwent either transection and epineurial repair or sham exposure of the left
peroneal nerve. After a 4-month recovery period, the
contractile properties of the extensor digitorum longus
muscle of the sham exposure group (control, n ⫽ 9)
and one of the nerve division and repair groups (repair
group 1, n ⫽ 9) were evaluated with measurements of
the maximum tetanic isometric force, peak power, and
maximal sustained power. A third group of rats underwent a second cycle of nerve division and repair (repair
group 2, n ⫽ 9) at this same time point. Four months
postoperatively, contractile properties of the extensor
digitorum longus muscles were evaluated. Maximum
tetanic isometric force and peak power were significantly reduced in repair group 2 rats as compared with
repair group 1 and control rats. Maximal sustained
power was not significantly different between the
groups. These data support our working hypothesis that
skeletal muscle contractile function is adversely affected by two cycles of denervation and reinnervation as
compared with a single episode of nerve division and
repair. (Plast. Reconstr. Surg. 109: 212, 2002.)

Peripheral nerve injuries and repair can result
in profound skeletal muscle atrophy and functional impairments.1,2 Despite modern microsurgical techniques for nerve repair and technologic
advances in equipment, clinicians have been unable to significantly affect this loss in muscle
mass, force production, and power output. To
this end, the “baby-sitter” procedure has been
introduced to provide temporary motor innervation during periods of prolonged denervation.3– 6
Motor nerve baby-sitting was originally described
in the treatment of unilateral facial paralysis; temporary innervation of the facial muscles was
achieved and maintained through an ipsilateral
nerve transfer until axons from a cross-facial
nerve graft could be used to reinnervate the paralyzed face. Sensory nerve protection has also
been utilized to preserve muscle mass. Transient
innervation of muscles is preserved through sensory nerve axons until axons from the transected
and repaired motor nerve reach the target muscle.7–9 Unfortunately, the innervated muscle will
not become reinnervated by the native motor
nerve as long as it is innervated by the baby-sitter
or the sensory nerve.10 –13 Thus, for both motor
nerve baby-sitting and sensory protection, a second episode of denervation and reinnervation is
required to permit successful reinnervation by
the intended motor nerve. On the basis of the
available data, it is exceedingly likely that two
episodes of denervation and reinnervation are
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deleterious to the recovery of skeletal muscle
contractile function.
Many studies have evaluated the contractile
function of skeletal muscle following peripheral nerve injury and repair and have focused
largely on isometric force measurement.14 –17
However, determination of whole muscle
power production has great clinical relevance,
particularly in regards to activities such as running, jumping, cycling, and rowing.18 Power
development is greatest during a single contraction, decreases rapidly with repeated maximal contractions, and then decreases more
gradually with time because of a decreasing
ability to maintain an adequate energy balance.19,20 Previous experiments from this laboratory have demonstrated that both force production and power output during a single
contraction are impaired in skeletal muscle
subjected to one cycle of denervation and reinnervation.21 It is not known whether additional cycles of denervation and reinnervation
further harm the recovery of muscle contractile function. By using an animal model to
create a peripheral nerve injury and repair, this
experiment was designed to measure differences in whole muscle force and power output
after denervation and reinnervation. Our
working hypothesis was that skeletal muscle
contractile function worsens in muscles that
have undergone two cycles of denervation and
reinnervation as compared with a single cycle.
MATERIALS

AND

METHODS

Animal Model

Experiments were performed using 4-monthold Lewis rats (Charles River Laboratories, Wilmington, Mass.) with body masses ranging from
400 to 500 g. Rats were individually housed in a
pathogen-free animal facility at the University of
Michigan. For all surgical procedures, rats were
anesthetized with an initial intraperitoneal injection of sodium pentobarbital (60 mg/kg); supplementary doses were administered as needed
to maintain a deep state of anesthesia. Surgical
procedures were conducted under aseptic conditions. All animal care and operative procedures
were performed in accordance with the United
States Public Health Service Guide for the Care of
Laboratory Animals (National Institutes of Health
Publication Number 85-23) and approved by the
University Committee on the Use and Care of
Animals.

213

Experimental Design

A total of 27 animals were randomly allocated into one of three experimental groups.
Animals in the control group underwent exposure and isolation of the peroneal nerve with
care taken to avoid injury to the nerve or extensor digitorum longus muscle. The animals
then convalesced for 4 months before the measurement of contractile function. Animals in
the other two experimental groups underwent
sharp division of the left peroneal nerve 5 mm
proximal to the extensor digitorum longus
muscle and immediate microsurgical repair
with interrupted 10-0 nylon epineurial sutures.
The wound was closed with simple interrupted
4-0 chromic sutures. All animals recovered for
4 months postoperatively. Animals in repair
group 1 then underwent measurement of contractile properties, whereas animals in repair
group 2 underwent a second peroneal nerve
division and then an immediate epineurial repair. Four months after the second episode of
denervation, these animals underwent an operation to determine the contractile function
of the extensor digitorum longus muscle.
Measurement of Muscle Contractile Properties

Contractile properties of the extensor digitorum longus muscle were measured in situ in
a manner similar to that previously described.19,22,23 After each rat was anesthetized,
the left extensor digitorum longus muscle was
isolated with careful preservation of the neurovascular pedicle. The extensor digitorum longus muscle was dissected free of surrounding
tissue, and its distal tendons were identified,
transected, and folded to create a tendon loop.
The loop was secured at the musculotendinous
junction with a 4-0 silk suture. To avoid motion
artifact from adjacent muscle groups, the peroneus, gastrocnemius, soleus, plantaris, and
tibialis anterior muscles were divided and reflected. The sciatic nerve was exposed throughout its entire course from the sciatic notch to
the knee. The tibial and sural branches were
divided proximal to the knee. The peroneal
nerve to the extensor digitorum longus muscle
was preserved, whereas all other visualized
branches of the peroneal nerve were divided.
The animal was placed on a platform maintained at 35°C with a temperature-controlled
water circulator. The left femoral condyle and
foot were fastened to the platform to stabilize
the lower extremity during force and power
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measurements. The extensor digitorum longus
tendon loop was secured to a force transducer
attached to a servomotor lever arm (Cambridge Technology Inc., Model 305B, Cambridge, Mass.). The extensor digitorum longus
muscle and peroneal nerve were regularly
bathed with warm mineral oil (36°C) throughout the testing. Muscle temperature was monitored regularly and maintained between 35°C
and 36°C.
Force Measurements

Isometric contractions of the extensor digitorum longus muscle were obtained with supramaximal pulses (0.2-msec pulse duration, 2
to 6 volts) generated by a Grass S88 Stimulator
(Grass Instrument Co., Quincy, Mass.) and delivered with a shielded bipolar silver-wire electrode (Harvard Apparatus, South Natick,
Mass.) to the proximal peroneal nerve. Force
production of the extensor digitorum longus
muscle was transduced using the servomotor
and displayed on a storage oscilloscope (Gould
Inc., Romulus, Mich.). A microcomputer (Dell
Computer Corp., Austin, Texas) equipped with
a digital-to-analogue converter (Data Translation, Marlboro, Mass.) and custom software
(Asyst Software Technologies, Inc., Rochester,
N.Y.) controlled the position of the servomotor
lever arm. During maximum tetanic isometric
force measurements, the lever arm remained
stationary. The microcomputer sampled force
data during contractions by means of analogue-to-digital channels on the Data Translation board. Muscle length was adjusted to give
maximum twitch force. The optimal muscle
length for force development (Lo) was held
constant for all subsequent isometric force
measurements. Lo was measured using a caliper as the total muscle length, not including
the tendons of origin and insertion. Peak
twitch force (Ft) was measured during singletwitch contractions. Maximum isometric tetanic force (Fo) was measured by stimulating
the extensor digitorum longus muscle for 250
msec at incrementally increasing frequencies
from 30 to 350 Hz until a force plateau was
reached. Two minutes elapsed between tetanic
contractions to permit muscle recovery.
Power Measurements during a Single Contraction

Measurements of power during a single contraction, or peak power, were made in a manner previously described. 19,22,24 Force and
power output were determined during isove-
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locity-shortening contractions. An extensive investigation of the Lewis rat extensor digitorum
longus muscle fiber length and architecture
has been previously described.21 On the basis
of this previous work, the ratio of average fiber
length to muscle belly length (Lf/Lm ratio) for
the extensor digitorum longus muscles of adult
Lewis rats is known to be 0.35 ⫾ 0.03.21 To
permit muscle shortening as close to Lo as possible, the servomotor lever arm was programmed to displace the muscle through 12
percent of Lf. The muscles were prestretched
to 106 percent of Lf and then shortened to 94
percent of Lf. The peroneal nerve was stimulated simultaneously with the initiation of the
shortening ramp and throughout its entire duration. The average force (Fc) generated during a single concentric contraction was determined through calculations of the area
underneath the force curve. The power during
a single contraction was the product of Fc and
the velocity of shortening. The velocity of
shortening was increased incrementally until
peak power (Pmax) was achieved; further velocity increases resulted in lower power. The optimal shortening velocity (Vopt) for the generation of power was determined for a range of
stimulation frequencies up to 500 Hz. The
peak power during a single contraction was
plotted against the stimulation frequency to
construct a power-frequency curve; Pmax was
defined as the maximum power measured at
Vopt.
Power Measurements during Repeated Contractions

Sustained power (Ps), the power generated
during repeated contractions, was evaluated
using a series of isovelocity-shortening contractions with increasing duty cycles (Cd). The duty
cycle is the segment of time during the workrest cycle in which the muscle performs
work.25,26 The stimulation frequency (range,
120 to 150 Hz) that produced approximately
85 percent Fo was used to determine Ps. The
velocity of shortening selected was that which
produced maximal power at the previously defined stimulation frequency. The time of each
contraction remained constant, but the train
rate was raised, thereby increasing the duty
cycle. Muscles were stimulated repetitively at
increasing duty cycles until the power output
during each stimulation train had stabilized,
usually lasting 3 to 5 minutes. The final contraction of each stimulation interval was used
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for the calculation of sustained power, which
was as follows:

P s ⫽ 共Fc兲共Cd兲共Vopt兲
Where Ps is the sustained power, Fc is the average force generated during a single concentric
contraction, Vopt is the optimal velocity of shortening for the generation of power, and Cd is
the duty cycle.
Beginning at a work-rest ratio of 0.01, the
duty cycle was increased at predetermined increments until the maximal sustained power
was determined. After the completion of force
and power measurements, the animals were
killed with a lethal injection of sodium
pentobarbital.
Data Analysis

The mean and SD of each variable measured
were computed for every group. To test for
statistically significant differences, data were
assessed by means of a single factor analysis of
variance. Post hoc comparison of individual
group means was performed only if the F ratio
for the overall analysis of variance was significant; appropriate Bonferroni corrections were
applied to all post hoc comparisons. Statistical
computations were performed using a microcomputer and appropriate statistical software
(Statistical Analysis System, SAS, Inc., Cary,
N.C.; Sigma Stat, SPSS Science, Chicago, Ill.).
The level of significance was set at p ⬍ 0.05.
RESULTS

A total of 27 animals were included in the
study (n ⫽ 9 for each group). One animal in
the control group failed to complete the protocol, leaving 26 animals for analysis. All remaining animals tolerated the surgical procedures well and demonstrated no significant
abnormalities. No statistically significant differences were observed among any of the groups
in measurements of body mass, muscle mass,
and muscle fiber length (Table I).

TABLE I
Isometric Force Measurements: A Comparison of Control,
Repair Group 1, and Repair Group 2a

Body mass (g)
Muscle mass (g)
Lf (mm)
Ft (mN)
Fo (mN)

Repair Group 1
(n ⫽ 9)

Repair Group 2
(n ⫽ 9)

447 ⫾ 23
191 ⫾ 12
14.9 ⫾ 0.5
684 ⫾ 73
4080 ⫾ 260

466 ⫾ 27
189 ⫾ 23
14.6 ⫾ 0.6
517 ⫾ 130*
3430 ⫾ 750*

476 ⫾ 34
177 ⫾ 27
15.0 ⫾ 1.0
497 ⫾ 49*
2780 ⫾ 580*†

a Data are displayed as mean ⫾ SD of mean. Muscle mass, given in wet muscle
mass; Lf, muscle fiber length; Ft, maximum isometric twitch force; Fo, maximum
isometric tetanic force.
* Statistically significant versus control group at p ⬍ 0.05.
† Statistically significant versus repair group 1 at p ⬍ 0.05.

Power Measurements

All power measurements are summarized in
Table II. Pmax during a single isovelocityshortening contraction increased as the stimulation frequency was incrementally raised from
100 to approximately 350 Hz. As the frequency
was increased beyond this, Pmax diminished.
For all groups, the power-frequency curves
were parallel. Pmax was significantly decreased
in both repair group 1 and repair group 2
compared with the control. Furthermore, Pmax
was significantly decreased in repair group 2 as
compared with repair group 1. This reduction
in Pmax (39.1 percent) exceeds the change observed in Fo (18.9 percent) and can be explained further by a reduction in the optimal
velocity of shortening (Vopt). No statistically significant differences in duty cycle (work-rest ratio) in which Pmax occurred were identified in
any of the experimental groups. Although a
reduction in Vopt was identified in muscles undergoing two episodes of denervation and reinnervation, these changes did not translate
into changes in sustained power (Ps).
TABLE II
Power Measurements: A Comparison of Control, Repair
Group 1, and Repair Group 2a

Force Measurements

Results are summarized in Table I. Maximum isometric tetanic force was significantly
reduced after a single episode of denervation
and reinnervation (repair group 1) as compared with the control. A second episode of
denervation and reinnervation (repair group
2) resulted in even greater force deficits compared with repair group 1 and control animals.

Control
(n ⫽ 8)

Vopt (Lf/sec)
Pmax (mW)
Cd
Ps (mW)

Control
(n ⫽ 8)

Repair Group 1
(n ⫽ 9)

Repair Group 2
(n ⫽ 9)

2.0 ⫾ 0.1
43.2 ⫾ 4.6
0.10 ⫾ 0.08
0.70 ⫾ 0.3

1.7 ⫾ 0.3
32.2 ⫾ 9.9*
0.07 ⫾ 0.05
1.06 ⫾ 0.6

1.6 ⫾ 0.3*
19.6 ⫾ 9.7*†
0.11 ⫾ 0.08
0.78 ⫾ 0.5

a Data are displayed as mean ⫾ SD of mean. V
opt, optimum velocity for
maximum power; Pmax, maximum power during isovelocity shortening contractions through 10 percent of Lf at optimum velocity; Cd, duty cycle (ratio of work
to rest); Ps, maximum power sustained during repeated isovelocity-shortening
contractions.
* Statistically significant versus control group at p ⬍ 0.05.
† Statistically significant versus repair group 1 at p ⬍ 0.05.
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DISCUSSION

These data support our working hypothesis.
Two cycles of denervation and reinnervation
result in significant deficits in maximal tetanic
isometric force production and peak power
output as compared with one cycle. Measurements of maximal sustained power did not
match these findings, with no differences observed among the three groups. These findings
indicate that two episodes of denervation and
reinnervation are deleterious to the recovery of
muscle contractile function and suggest that
treatment modalities utilizing strategies of motor nerve baby-sitting or sensory nerve protection should be used with caution.
Disruption of neuromuscular integrity leads
to dramatic alterations in muscle structure and
function.27–32 Previous work from this laboratory has demonstrated a reduction in force
production and power output in denervated
and reinnervated muscle.21 The mechanisms
responsible for these changes are not completely understood, but may include denervation atrophy, reduced axonal numbers, altered
axonal spatial organization, diminished muscle
oxidative capacity, motor unit remodeling, and
intrinsic alterations in skeletal muscle fibers
themselves.14,21,22,33–37 This study demonstrates
that two episodes of skeletal muscle denervation and reinnervation intensify the observed
deficit in whole-muscle isometric force production. Muscle and body mass did not significantly differ among the groups, suggesting that
denervation atrophy does not play a primary
role in the reduction of isometric tension.
Measurements of optimal velocity of shortening and peak power output have distinct
physiologic meaning. Activities such as lifting,
jumping, and sprinting require maximization
of power output, not of isometric force production.38 In skeletal muscle with heterogeneous
fiber types, measurements of the maximal velocity of shortening, rather than that of the
velocity that promotes optimal power output,
do not accurately reflect whole muscle function at higher loads and have a large margin of
error at lower loads.39,40 In this experiment, the
maximal power deficit in repair group 2 compared with both repair group 1 and the sham
control group (39.0 percent and 54.6 percent,
respectively) is, in part, explained by a reduced
optimal velocity of shortening. Thus, the reduction in power output seen after two cycles
of denervation and reinnervation is caused by
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mechanisms altering both the velocity of shortening and force production. Despite the reduction in peak power output seen in both experimental groups compared with the control
group, no significant differences were seen
among any of the groups in measurements of
sustained power. The ability to sustain power is
greatest in muscles having a large percentage
of fast-oxidative glycolytic muscle fibers, followed by slow-oxidative, and lastly by fastglycolytic fibers.24 Differences in the capacity to
sustain power therefore should be seen if reinnervated muscle experiences a reduction in
peak power output or a shift in fiber-type composition.19,35 Previous work has demonstrated
that, in this model, no significant changes in
fiber-type composition are observed after a single episode of denervation and reinnervation.21 Considering that, in this study, sustained
power production did not diminish despite a
fall in both the optimal velocity of shortening
and force production, it is possible that two
episodes of denervation could result in an increase in the relative numbers of fast-oxidative
glycolytic or slow-oxidative fibers in the extensor digitorum longus muscle. The differences
in isometric force and peak power observed
among all the groups, in contrast with the lack
of significant differences in sustained power
measurements, reinforces that the mechanisms
responsible for functional deficits in skeletal
muscle following denervation-reinnervation injury are heterogeneous. Although sustained
power output is preserved with two episodes of
denervation and reinnervation, the resulting
deficit in isometric force and peak power production could result in a significant clinical
disability.
This experimental model was chosen to specifically address the effects of two cycles of
denervation and reinnervation on skeletal
muscle contractile function. The peroneal
nerve was sharply transected and immediately
repaired in close proximity to the neuromuscular junction of the extensor digitorum longus muscle. This experimental model was chosen specifically to allow for extremely rapid
reinnervation of denervated extensor digitorum longus muscle fibers. In a similar experimental paradigm, muscle fibers have been observed to generate action potentials indicative
of reinnervation by day 11 after nerve injury.41
In addition, in the rabbit rectus femoris muscle, 60 days has been reported to be sufficient
to allow stabilization of muscle contractile
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properties after neurovascular muscle transfer.15,42 Previous data from our laboratory indicate that, in our hands, peroneal nerve transection and repair is rapidly followed by
reinnervation and functional recovery in the
extensor digitorum longus muscle.21,22 Therefore, after each episode of nerve transection
and repair, muscle fiber reinnervation time was
likely very short, and functional recovery was
stabilized before measurement of contractile
properties or the second cycle of denervation
and reinnervation was enacted. These data
make it very unlikely that the diminished contractile function observed in repair group 2 was
caused by prolonged denervation as a result of
the first nerve transection. Despite optimizing
experimental conditions to ensure maximal recovery, a substantial functional deficit exists
with two cycles of denervation and reinnervation that is significantly greater than deficits
observed after a single episode.
Of course, in the clinical setting, motor
nerve injury and repair rarely occur under
such ideal conditions, and extended atrophy
and fibrosis of the muscle, and crushing injuries to the motor nerve, possibly even requiring nerve grafting, certainly contribute
to even greater functional deficits. Procedures intended to prevent denervation atrophy, including those utilizing the principles
of motor nerve baby-sitting and sensory protection, may subject the target skeletal muscle to two episodes of denervation and reinnervation. In the true baby-sitter paradigm,
the second episode of muscle reinnervation
presumably comes from a nerve that has only
been axotomized once, differing from the
model used in this study. Although providing
optimal conditions for rapid reinnervation,
this study is unable to separate the effects of
two episodes of denervation and reinnervation from those of two cycles of axotomy and
axon regeneration. Prolonged denervation,
independent from prolonged axotomy, leads
to poor functional recovery of muscle secondary to the progressive deterioration of
intramuscular nerve sheaths. 43 In this instance, the primary cause of poor muscle
contractile function is a profound reduction
in the number of axons that successfully regenerate through the deteriorating intramuscular nerve sheaths, which is also seen
after prolonged axotomy. Muscle force capacity after denervation, regardless of the
duration of axotomy, is further compromised

by the incomplete recovery of muscle fibers
from denervation atrophy.43 This suggests
that multiple axotomy is not the critical element behind the diminished function seen
in repair group 2. The data from this experiment indicate that two cycles of denervation
and reinnervation, even accounting for all
other factors, are, by themselves, harmful to
skeletal muscle contractile function.
The experimental model clearly has limitations in comparison with the clinical setting.
Motor nerve baby-sitting and sensory nerve
protection both are performed with the intent
of preventing denervation atrophy and the accompanying decrease in muscle contractile
function. In many instances, when the site and
mechanism of nerve injury are unfavorable,
these clinical interventions must be performed
on skeletal muscle that has been denervated
for several weeks to months. In this setting, the
efficacy of multiple attempts at reinnervation is
not known. In addition, the passage of time
after denervation injury worsens muscle atrophy and contractile function.1,44 – 47 It is not certain whether two cycles of denervation and
reinnervation actually lead to a worse outcome
than prolonged denervation followed by a solitary attempt at reinnervation. This is a matter
that warrants further investigation, as it will
dramatically affect the manner in which physicians address motor nerve injuries.
In summary, skeletal muscle undergoing two
cycles of denervation and reinnervation demonstrates significant deficits of force and power
production in comparison to muscle undergoing just one such episode. These findings have
direct clinical relevance in patients with nerve
injury, particularly when considering the use of
surgical procedures that rely on the principles
of motor nerve baby-sitting and sensory nerve
protection.
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