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Abstract

The use of electrical muscle stimulation to treat denervated muscle prior to delayed reinnervation
has been widely debated. There is evidence showing both positive and negative results following
different protocols of electrical stimulation. In this study we investigated the role electrical
stimulation has on muscle reinnervation following immediate and delayed nerve repair using
motor unit estimation techniques. Rat gastrocnemius muscle was denervated and repaired using
the peroneal nerve either immediately or following three-months with and without electrical
stimulation. Motor unit counts, average motor unit sizes, and maximum compound action
potentials were measured three-months following peroneal nerve repair. Motor unit counts in
animals that were denervated and stimulated were significantly higher than those that were
denervated and not stimulated. Both average motor unit sizes and maximum compound action
potentials showed no significant differences between denervated and denervated-stimulated
animals. These results provide evidence that electrical stimulation prior to delayed nerve repair
increases muscle receptivity to regenerating axons and may be a worthwhile treatment for
peripheral nerve injuries.

l. INTRODUCTION

Despite the ability for peripheral nerves to regenerate following injury, complete functional
recovery is rare [1]-[3]. The best case scenario for treating nerve injuries is immediate
surgical repair; however, this is not always possible [1]-[4]. As soon as a nerve is injured or
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transected, the muscle has lost its functional connection to the nervous system and is termed
denervated. As the length of time of muscle denervation increases, the chance for complete
functional recovery significantly diminishes. Progressive muscle atrophy usually follows
long-term denervation with a loss of muscle mass, muscle spindles, force, motor function
and an increase in collagenization and fibrosis of the tissue [2], [3], [5]. Other important
factors contributing to poor recovery are incomplete or inappropriate muscle reinnervation
and decreased receptivity of muscle to reinnervation [5], [6]. One of the potential
maintenance treatments for denervated muscle is electrical stimulation (ES) following injury.
The issue with this treatment is that it is not widely accepted due to a lack of standards and
questions of efficacy [7]. Many studies have shown both positive and negative results. Some
beneficial effects include an increase in muscle fiber area, maintenance of fatiguability
properties, and increases in muscle force [8]-[10]. Some negative effects include reduced
intramuscular axonal sprouting [11], [12] and compromised reinnervation [7]. Others have
shown no benefits for the use of ES prior to delayed nerve repair [13]. Because of the wide
range of positive and negative effects there is still no consensus regarding the optimal
electrical muscle stimulation protocol. Some studies have utilized a 24-hour paradigm
employing implanted stimulators [14], [15], while others have shown that short term (20
minutes to 5 hours daily) stimulation provides just as much benefit [8]. Recently, our group
has shown that a 1 hour per day stimulation protocol was effective at significantly increasing
muscle weight, force, and fiber area in one month denervated rat gastrocnemius muscle [16].
In a second more comprehensive study we have looked at the longer term effects of
electrical stimulation in both three month denervated and immediately repaired muscle. This
paper specifically addresses the issue of ES and reinnervation using motor nerve stimulation
and motor unit number estimation.

Il. METHODS

A. Animals and Surgical Procedures

The experiments were performed on male Lewis rats (Charles River, Quebec, Canada)
weighing between 200-250g. This strain was chosen as it shows the least self-mutilation
following surgery [17]. All housing, surgical procedures, analgesia and assessments were
performed according to the Canadian Council on Animal Care Guidelines, using protocols
approved by the Animal Care Committee at McMaster University. Thirty-two animals were
randomly assigned to one of four groups: immediate repair (IR), immediate repair with
electrical stimulation (IR+ES), denervated (DEN), or denervated with electrical stimulation
(DEN+ES). Each group had the right gastrocnemius muscle denervated, as described
previously [2], by cutting the tibial nerve approximately 13 mm from its entry point into the
gastrocnemius muscle (Fig. 1). The free distal stump was ligated to minimize extraneous
innervation from other axons, and the proximal stump of the nerve was inserted and sutured
into the biceps femoris muscle to avoid reinnervation from proximal tibial nerve axons [2].
Teflon coated, stainless steel (Cooner Wire, AS 631) stimulating electrodes with ends bared
of insulation were implanted into the belly of the right gastrocnemius muscle in all groups
using an electrode suture complex to minimize electrode migration [18]. For both the IR and
IR+ES groups the peroneal nerve was transected and connected directly to the distal tibial
stump. For DEN and DEN+ES groups, the peroneal to tibial union was delayed by three
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months after the initial denervation. Following the peroneal to tibial repair, the muscles were
allowed to recover for three months before final motor unit assessments were made.

B. Electrical Muscle Stimulation

The stimulation paradigm featured a 1 hour session per day using 400 ms of 100 Hz
frequency, 200 s per phase biphasic pulses followed by 6 seconds of rest. Stimulus
amplitudes were adjusted to maintain a strong visual contraction. The paradigm was
delivered using a custom designed stimulator capable of stimulating five rats simultaneously
using the protocol mentioned above. Details of the stimulator design and stimulation
paradigm are discussed elsewhere [16]. Animals in the IR+ES group received one month of
electrical stimulation following the initial surgery. The rationale for this is that following
peroneal to tibial union the muscle is without any functional connections for approximately
one month. This is the estimated time it takes for regenerating motor axons from the
peroneal nerve to reach the muscle and form functional connections. Animals in the DEN
+ES group received three months of stimulation following the initial denervation surgery
and one month following the peroneal to tibial repair surgery.

C. Motor Unit Number Estimation (MUNE)

Motor unit estimation was performed on all animals following the three-month recovery
period after peroneal to tibial repair. Two needle recording electrodes were placed in the
gastrocnemius muscle and two stimulating hook electrodes on the proximal peroneal nerve.
Stimulation pulses of 50 45 duration were delivered using an isolated stimulator and a
custom designed EMG amplifier was used to record M-wave responses at a sampling rate of
8 Khz. A custom written LabVIEW program was used to trigger, record, and analyze the
results. M-wave pattern recognition for template formation in this technique was
accomplished using a 3-level wavelet decomposition classification scheme [20]. Maximum
compound muscle action potentials (CMAP) were first recorded and then twenty templates
were recorded for each leg in the animal by gradually increasing the stimulus amplitude
from threshold. Motor unit numbers were then estimated using the incremental method [19].
This involved dividing the area of the maximum CMAP by the average motor unit action
potential contribution. The stimulating electrode was then moved a few millimeters
proximally and the procedure repeated. Motor unit counts were averaged over these two
trials. Fig. 2 shows a typical result of the properly characterized templates using wavelet
pattern recognition.

Average motor unit action potential (MUAP) size was found by taking the largest template
peak to peak value and dividing it by the number of steps required to reach that value. To
ensure that there were no contributions to the motor unit count from the previously cut tibial
nerve, stimulating electrodes were placed proximal to the level of the initial denervation and
50 s stimulus pulses were delivered. The acquisition of an M-wave by the recording
electrodes would suggest ectopic innervation and hence that animal’s results would be
discarded.
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D. Statistical Methods

To determine any significant differences between the groups a one-way ANOVA was
performed followed by a Tukey post hoc test. Significance was defined as p<0.05.

lll. RESULTS

Two animals died during the initial surgery and three animals had noticeable ectopic
innervation upon proximal tibial nerve stimulation. The latter three animals were excluded
from any analysis.

Fig. 3 shows the motor unit estimates from all the groups. One month of stimulation in the
IR+ES group provided no additional increases in motor unit numbers when compared to the
unstimulated group (IR). Interestingly, three months of electrical stimulation in the DEN+ES
group resulted in motor unit numbers not significantly different from either IR group. Most
importantly, all three groups had values significantly greater than the DEN group, p<0.05.
The fully innervated control group (CNTRL), which is the untreated contralateral limb in
each animal, is shown for comparison.

Fig. 4 shows the average MUAP size. The post hoc test found no significant differences
between the groups because of the large variability in each group’s results. However, there is
clearly a trend in that both the DEN and DEN+ES groups have smaller average values than
both IR groups.

The last measure to be evaluated was the maximum peak-to-peak amplitude of the
compound muscle action potential (Fig 5). There was no significant difference between both
IR groups; however, both of these were significantly greater than both the DEN and DEN
+ES groups (p<0.05). There was also no statistical difference between the DEN and DEN
+ES groups although the mean values for the stimulated group were approximately 30%
greater than for the unstimulated.

IV. DISCUSSION

This study provides clear evidence that electrical stimulation of denervated muscle plays a
positive role in functional recovery. Motor unit numbers were not significantly different than
the best-case scenario: immediate repair. Interestingly, one month of electrical muscle
stimulation provided no added benefit in the immediate repair case. This may be due to the
fact that the majority of motor axons found in the peroneal nerve create functional
connections with the muscle and there is little room for improvement. However, these values
were much less than the typical motor unit count in the gastrocnemius. Fully innervated and
untreated gastrocnemius muscles in our animals have motor unit counts approximately 2
times that of our IR and IR+ES groups (155432 vs. 82+20 and 80£20, respectively). This is
consistent with a study that showed the tibial nerve has about twice as many motor axons as
the peroneal nerve [21]. Our motor unit numbers in the control leg are also similar to those
published by other authors [22].

We expected that the average MUAP size for the DEN group would be smaller than that of
the DEN+ES group. Our rationale was that because of the severe fiber atrophy and fibrosis
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taking place over three months of denervation, the muscle would not be as receptive to
reinnervation. Consequently, motor axons that do make their way towards the muscle are
forming connections with a small number of extremely atrophied fibers. Our results from a
previous study [16] showed that after only one month the untreated denervated muscle had
significantly smaller average muscle fiber sizes compared to a denervated-stimulated and
fully innervated muscle. MUAPs from these motor units should then be smaller than
MUAPs from a motor unit containing the same number of muscle fibers but with a much
larger fiber area. Our results are not consistent with this hypothesis as both the DEN and
DEN+ES MUAPs were the same size.

Our results do, however, show that significantly fewer axons were able to form functional
connections with the denervated muscle fibers. One explanation for the larger than expected
average MUAP size for this group may be that, during the three month recovery period
following peroneal repair, those fewer motor axons that have made early functional
connections with the denervated muscle will have had additional time to sprout collateral
branches to the remaining denervated fibers and to further increase the size of the motor
unit. Indeed, preliminary histological observations of muscle fiber area from this study also
indicate that the DEN+ES group has a much larger fiber area than the DEN group. That is,
the denervated untreated MUAPs are larger than expected because these motor units have a
greater number of small muscle fibers. CMAP values provide an indication of the size of
muscle fibers and consequently the force output. The results were as expected with the DEN
+ES group being higher (although not significantly) than the DEN group. Control values for
CMAP were not statistically different than either of the immediate repair groups. However,
histological examination shows larger fiber areas in control muscles than in both IR and IR
+ES groups indicating larger force output. Indeed, preliminary measurements of tetanic
force confirm this result.

V. CONCLUSION

Contrary to what other studies have shown [13], electrical stimulation of denervated muscle
prior to nerve repair provides beneficial effects over a longer period of time with both
increased motor unit numbers and higher CMAP values. The data from this study may
provide clinicians with the information necessary to start investigating electrical stimulation
as supplementary treatment for peripheral nerve injuries.
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Surgical procedure and time points for experimental muscles. (a) immediate peroneal to

tibial repair followed by 3 months of recovery. (b) complete denervation followed by a

delayed (3 month) peroneal to tibial repair and a 3 month recovery period. At the end of the
recovery period functional measurements are taken. Both of these groups were duplicated

and included 1 month of electrical stimulation in the immediate repair case and 3 months of
electrical stimulation in the denervated case. Animals in all groups had electrodes implanted

into the belly of the muscle.
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Fig. 2.
A typical template set for a fully innervated rat gastrocnemius muscle
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Fig. 3.
An estimation of the number of motor units shown for the immediately repaired (IR),

immediately repaired with electrical stimulation (IR+ES), denervated (DEN), denervated
with electrical stimulation (DEN+ES), and unoperated gastrocnemius muscle from the
contralateral limb (CNTRL). Error bars represent standard deviation.
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Fig. 4.

Average peak-to-peak MUAP amplitude values. Error bars represent standard deviation.
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Fig. 5.
Maximum peak-to-peak amplitude values for the compound muscle action potentials. Error

bars represent standard deviation.
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