ABSTRACT: Within 5 weeks, denervated extensor digitorum longus (EDL)
muscles of rats lose 66% of mass, 91% of force, and 76% of fiber cross-
sectional area (CSA). We previously determined the parameters of electrical
stimulation for denervated rat EDL muscles to generate tetanic contractions
sufficient to maintain mass and force close to control values. Using these
parameters, we tested the hypothesis that a range exists for number of
contractions per day, below and above which values for mass, maximum
force, and fiber CSA are lower than values for innervated control muscles.
For 5 weeks, denervated EDL muscles were stimulated to generate between
25 and 5000 contractions daily with contractions separated by constant
intervals of rest, repeated 24 h per day. Force was not maintained with fewer
than 200 or more than 800 contractions daily, whereas mass and fiber CSA
were not maintained with fewer than 50 contractions daily. Protocols of
stimulation that maintain muscle mass and force during prolonged periods of
denervation may minimize problems clinically associated with denervation

atrophy.
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Denervated skeletal muscles show a dramatic loss of
maximum force and mass, smaller fiber cross-sec-
tional areas (CSA),'*2 larger twitch/tetanus ratios
(P:P,), as well as prolonged time-to-peak tensions
(TPT) and half-relaxation times (HRT) compared to
normal muscles.??-31 Electrical stimulation at least
partially rectifies these impairments.212:31.3% The at-
rophy and weakness that result from prolonged mus-
cle denervation are correlated with a decline in the
ability of the muscle to become reinnervated and
thus limit the potential for the restoration of motor
function following prolonged periods of denerva-
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muscle; EDL, extensor digitorum longus muscle; HRT, half-relaxation time; Ly,
muscle fiber length; L, optimal muscle length; PBS, phosphate-buffered
saline; P, maximum isometric tetanic force, maximum force; P;, maximum
isometric twitch force; Py:P,, twitch-tetanus ratio; TPT, time-to-peak tension
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Stimulation of Denervated Muscles

tion 58152234 We reported that an implantable, pro-
grammable stimulator and stimulation protocol
maintain both muscle mass and maximum force of
denervated and stimulated extensor digitorum lon-
gus (EDL) muscles of rats at values close to those for
innervated, contralateral control muscles.!?

The specific values of the stimulation variables
affect the maintenance of mass and force.!-10:12.16.33
For denervated EDL muscles of rats, stimulation pro-
tocols that differ in the frequency of pulses,!12:16:33
number of pulses per contraction,!-10:12.16.33 or num-
ber of tetanic contractions per day' result in differ-
ent values for mass and force. In many studies,
several stimulation variables were altered simulta-
neously. Consequently, identification of the effects
of a specific stimulation variable, such as the number
of contractions per day, is not possible.1.12:16:33 A
balance may occur in the muscle tissue between the
positive impact of the generated level of contractile
activity and the negative impact of the transfer of
electric energy from electrodes into the tissue, as
evidenced by damage to muscle tissue following in-
tense protocols of electrical stimulation.26-%¢ Our
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purpose was to determine a range in the number of
contractions per day that balanced the positive and
negative impacts of either too little or too much
electrical stimulation and optimally maintained mus-
cle mass and maximum force. Based on prior work
in stimulation for denervated EDL muscles of rats,10
we have systematically varied the number of tetanic
contractions generated each day (C,), and evaluated
the muscle properties after 5 weeks of stimulation.
We have tested the hypothesis that a range exists for
number of contractions per day, below and above
which values for mass, maximum force, and fiber
CSA are lower than values for innervated control
muscles.

MATERIALS AND METHODS

Animal Care. The experiment utilized 79 adult
male WI/HicksCar rats (Harlan, Indianapolis, Indi-
ana). The animals were housed individually and pro-
vided with rat chow and water ad libitum in a re-
stricted access, specific-pathogen—free animal care
facility at the University of Michigan. All procedures
were conducted in accordance with the guidelines
established in the United States Public Health Ser-
vice Guide for the Care of Laboratory Animals (NIH
Publication 85-23) and with the approval of the Uni-
versity Committee on the Use and Care of Animals.
For operative procedures, rats were anesthetized
with an initial intraperitoneal injection of pentobar-
bital sodium (60 mg/kg) followed by supplementary
doses to maintain a deep state of general anesthesia.
All operative procedures were performed using asep-
tic techniques.

Experimental Groups. Prior studies on denervation
or stimulation—denervation of muscle have utilized
the unoperated contralateral muscles as con-
trols.>-7-10 Utilization of contralateral control mus-
cles has the advantage of minimizing differences in
muscle properties due to animal age, body mass, or
general state of health but has the disadvantage of
not detecting compensatory changes that may have
occurred in the contralateral muscles. Consequently,
a separate group of control rats was included for this
study. Individual animals (rats) were randomly as-
signed to one of the following four groups: control,
sham-wire, denervated, or stimulated-denervated.
By including contralateral muscles as an additional
control group, the EDL muscles from each animal
were divided into five final experimental groups: (1)
control, (2) sham-wire, (3) denervated, (4) stimu-
lated—denervated, and (5) contralateral control. For
the control group (n = 6 rats; final age, 5.7 = 0.1
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months; weight, 375 *£7 g), the EDL muscles re-
mained innervated and had no operative procedure
prior to evaluation. For the sham-wire group (n = 6
rats; final age, 6.4 = 0.4 months; weight, 392 * 6 g)
both EDL muscles remained innervated, and elec-
trode wires not connected to a stimulator were im-
planted 5 weeks prior to final evaluation. For stimu-
lated and sham-wire muscles, the electrode wires
looped around the EDL muscles as diagrammed in
Figure 1B. For the denervated rats (n = 5 rats; final
age, 6.1 = 0.3 months; weight, 373 = 10 g) or the
stimulated—denervated rats (n = 53 rats; final age,
6.8 £ 0.2 months; weight, 386 * 3 g), an initial
surgery permanently denervated the right EDL mus-
cle. Immediately following, rats in the stimulated—
denervated group had a stimulator and electrode
wires (Fig. 1A) implanted.!® After a 5-week (36.2 =
0.3 days) period of recovery following the initial
surgery, the denervated or stimulated—denervated
muscles were evaluated. For the denervated and
stimulated—denervated groups, the left EDL muscle
remained innervated, had no operative procedure,
and served as a contralateral control muscle.

A

Stimuiator =

Electrode
Loop

~ Insulated Wire

FIGURE 1. Diagram of stimulation system implanted within rat.
(A) Placement of implanted stimulator and insulated wires within
rat. (B) Electrodes looped around the denervated EDL muscle.
Electrodes made by stripping insulation off the ends of the wires.
(lNustrations by Megumi Hayashida.)
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Denervation. The EDL muscles in both the dener-
vated and stimulated—denervated groups were de-
nervated according to the procedure described by
Carlson and Faulkner.>7 Briefly, after the rat was
anesthetized the sciatic nerve was exposed in the
thigh and doubly ligated (5 to 10 mm apart) just
distal to the sciatic notch. The intervening segment
of sciatic nerve was then resected. The ligated prox-
imal and distal nerve stumps were implanted into
separate muscular tissue as far away from each other
as possible. This method of denervation has been
shown to prevent autoreinnervation of the EDL mus-
cles of rats for at least 22 months.” Sciatic nerve
transection has been utilized to denervate the EDL
muscle in numerous denervation and stimulation—
denervation studies.??-10,12,16,18,25.52

Stimulator and Electrode Implantation. Stimulators
were built, programmed with the desired stimulation
protocol, encapsulated, tested and set to sleep mode
to prevent stimulator output until activated.®!® For
each rat in the stimulated—denervated group, a stim-
ulator (mass of device, 19 g) was implanted into a
subcutaneous pocket on the back of the rat (Fig.
1A). The insulated wires (Teflon-coated stainless
steel, 36 AWG; AS633, Cooner Wire, Chatsworth,
California) passed subcutaneously from the im-
planted stimulator to the EDL muscle in the anterior
compartment of the hindlimb. Electrodes were
made by stripping insulation off the end of the wires
and looping them around the belly of the EDL mus-
cle, maintaining a distance of at least 10 mm be-
tween the two electrode wires (Fig. 1B). The most
proximal electrode was placed on the EDL muscle
adjacent to the site of the nerve input that extended
distally from the site of the transection in the sciatic
nerve described above. In the sham-wire experimen-
tal group, for both EDL muscles of each rat the
muscles were exposed, electrode wires were stripped
of insulation and looped around the muscle, and the
insulated ends of the electrode wires extended sub-
cutaneously to the hip region. Only electrode wires
were implanted into the sham-wire rats; no stimula-
tor was implanted.

Stimulation Protocol. The stimulator generated a se-
ries of pulses and passed current between the pair of
electrode wires to depolarize the muscle fibers and
generate a tetanic contraction in the denervated
EDL muscle.!’® The values of the fixed stimulation
variables used in the current study were based on the
natural pattern of activity of innervated EDL muscles
of rats!® and on protocols obtained from stimula-
tion—denervation studies that have been shown to
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maintain high levels of mass and force in EDL mus-
cles of rats.10-12.16 Fach muscle contraction was gen-
erated by a train of 20 bipolar pulses at 100 Hz with
an amplitude of 8 = 1 V and 0.4-ms pulse width. To
clarify the pulse definition, the voltage between the
two electrode wires during the first 0.2 ms of the
bipolar pulse was +8 V and the voltage during the
final 0.2 ms was —8 V.19 The bipolar pulses were
balance and symmetric to prevent net ion flow that
would be toxic to the tissue.?® These stimulation
variables and the physical configuration of the im-
planted electrodes resulted in a measured current of
6-12 mA between the electrodes during each half of
the bipolar pulse.

The stimulated—denervated muscles were subdi-
vided into 10 different groups. Each group received
a different protocol of stimulation that consisted of a
different number of otherwise identical contractions
each day. To determine the effective range of the
number of contractions per day to maintain mass
and force, the stimulators were programmed to gen-
erate C4 of 25, 50, 100, 200, 300, 500, 800, 1200,
2000, or 5000 contractions each day. Each stimulator
generated the predetermined number of contrac-
tions per day (C,), separated by constant intervals of
rest. For example, the C; of 25 protocol separated
each contraction by 57.6 min of rest, and the Cg4 of
5000 protocol separated each contraction by only
17.3 s of rest. Table 1 lists the period of rest between
contractions for each stimulation protocol. This pat-
tern of each contraction followed by a constant in-
terval of rest that was repeated 24 h per day was also
reported in prior stimulation—denervation stud-
ies.210,12,16,23 The stimulation continued for a dura-
tion of 5 weeks from 1 day following the denervation
and implantation surgery until the final evaluation
of the muscle properties.

Monitoring the Rat and Electrically Stimulated Limb.
The day after implantation, the health and activity of
each rat were verified, and then the stimulator was
activated by passing a magnet over the implanted
stimulator.!® Once activated, the stimulator continu-
ously generated a preprogrammed number of con-
tractions per day. The behavior of the rat was mon-
itored to ensure that the electrical stimulation did
not evoke signs of pain during the contractions. The
function of the stimulator and the health of the rat
were monitored at least once each week while the rat
was awake and unrestrained. The function of the
stimulator was checked by generating a test muscle
contraction.!? Lack of any resulting movement in the
foot or toes of the stimulated—denervated hindlimb
during this test contraction was interpreted as indi-
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Table 1. Outcome of experimental groups of EDL muscles.

Cy* Rest! (min) n* Muscle mass (mg) P, (MN) sp P (kPa) PP, TPT (ms) HRT (ms)
Control (unoperated animals)

0 NA 12 177 £ 4 2550 = 60 196 = 10 0.37 = 0.01 245+ 0.6 248+ 1.0
Contralateral control

0 NA 55 173+ 2 2500 = 40 212 = 3 0.37 = 0.01 25.7 £ 0.3 26.3 = 0.8
Sham-wire

0 NA 11 197 + 8% 2410 = 110 180 = 6 0.33 = 0.01 234+ 04 25.8 + 0.9
Denervated

0 NA 5 61 =18 230 = 608 55 = 15% 0.72 = 0.09% 49.9 * 4.6% 78.5 + 4.8%
Stimulated-denervated

25 57.6 4 138 + 98 1340 * 2108 142 + 158 0.47 = 0.02 273+ 1.5 35.8 + 3.5%
50 28.8 5 162 £ 8 1810 = 90% 168 =3 0.39 = 0.01 24.7 = 0.3 30.7 1.6
100 14.4 6 163 £ 5 2020 + 1108 186 = 8 0.37 £ 0.02 252 +0.5 276 +1.2
200 7.2 4 168 = 4 2060 = 70 184 =7 0.33 = 0.01 243+ 1.3 25,7 =19
300 4.8 9 172 =7 2320 = 110 199 £ 5 0.35 = 0.01 22.6 = 0.4 26.0+ 14
500 2.9 3 179 = 20 2050 *= 60 170 = 11 0.32 = 0.01 20.1 =1.0 235+ 2.0
800 1.8 3 172 = 11 2050 * 40 173+ 6 0.30 + 0.01 23.7 £ 0.5 278 +28
1200 1.2 3 184 = 15 1910 = 60 161 =17 0.33 = 0.03 244 +12 279+ 1.7
2000 0.72 3 166 = 10 1830 + 1608 161 = 11 0.28 = 0.01 26.2 = 0.6 29.1+1.2
5000 0.29 3 153+ 6 1680 * 808 165 + 12 0.27 = 0.00 235+ 1.7 31.0 + 3.6

*Number of tetanic contractions generated each day.

fNumber of minutes separating each contraction, repeated 24 h per day.
*Number of EDL muscles evaluated for that group.

SDifference from values of control muscles.

Values reported as mean + SE.

cating a defective stimulator. Data recorded from
stimulated—denervated muscles having a defective
stimulator were excluded from further analysis.

Electrophysiological Evaluation. The contractile
properties of the EDL muscles were evaluated in
vitro according to the procedure of Faulkner et
al.,>710.13 described briefly here. After each rat was
anesthetized, each EDL muscle was exposed, sutures
were placed around the distal and proximal tendons,
and the tendons were severed. The muscle was re-
moved from the rat and placed in an oxygenated
tissue bath with a Krebs—-Ringer bicarbonate solu-
tion. In the bath, one tendon of the muscle was
secured to a fixed post and the other to a force
transducer (model BG-1000; Kulite Semiconductor
Products Inc., Leonia, New Jersey). Platinum elec-
trode plates were immersed in the bath on either
side of the muscle, and the muscle was electrically
stimulated by square-wave pulses having a duration
of 0.2 ms. The voltage and muscle length were ad-
justed to determine the maximum isometric twitch
force (P,). At these settings for voltage and muscle
length that generated P, values for this optimal mus-
cle length (L), as well as P, TPT, and HRT were
recorded. Muscle fiber length (L;) was calculated as
being equal to 0.40 * L, using the value of 0.40 for
the Ly/L, ratio of EDL muscles of WI/HicksCar
rats.® Maximum force (P,) was determined for te-
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tanic, isometric contractions as previously re-
ported.>710.13 The twitch/tetanus ratio, P:P,, was
calculated by dividing the value of P, by the value of
P,. Specific force was calculated as equal to P /
CSA,,, where CSA,, is the physiological CSA of the
muscle. The CSA,, was calculated as m * cos 6/(p *
L), where m is the muscle mass in mg, 0 is the
pennation angle (approximated as 180°), and p is
the density of mammalian skeletal muscle (1.06 mg/
mm?). After both EDL muscles had been removed,
the rats were administered an overdose of anesthesia
and the thoracic cavity was opened to ensure that the
rats were euthanized.

Preparation of Muscle Tissue. After measurement of
contractile properties, the muscle was removed from
the bath, tendons were trimmed, and the muscle was
blotted and weighed. Muscles were placed into Tis-
sue Freezing Medium (Triangle Biomedical Sci-
ences, Durham, North Carolina), quickly frozen by
immersion in isopentane cooled by dry ice, and then
stored at —70°C.

Postexplant Evaluation of Stimulator. At the time of
euthanasia, the electrical stimulators were removed,
washed, and evaluated for proper functioning. A
digital oscilloscope was used to verify stimulator out-
put. A stimulator was considered defective if the
waveform exhibited any of the following conditions:
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monopolar instead of bipolar pulses, pulse width
longer than 0.6 ms, or amplitude less than 5 V. In the
event that a defective stimulator unit was identified,
the corresponding data and muscle tissues were dis-
carded without further analysis.

Laminin Labeling of Sections. To clearly visualize in-
dividual muscle fibers, laminin staining was em-
ployed. Transverse frozen sections (9.0-um thick-
ness) were obtained from the middle portion of the
EDL muscle with a cryostat, mounted on glass slides,
and placed in a freezer at —70°C for storage. Before
immunohistochemical staining, sections were
washed in double-distilled water and fixed in cooled
100% methanol. Slides were allowed to air dry and
were then rehydrated in phosphate-buffered saline
(PBS). Labeling with antilaminin (mouse monoclo-
nal antirat laminin B2 clone D18; DSHB, University
of Iowa, Iowa City) primary antibody was carried out
at room temperature for 3 h. After incubation, sec-
tions were washed in PBS and stained with secondary
antibody, FITC-conjugated goat antimouse, at room
temperature for 45 min. Sections were then rinsed in
PBS and mounted in Vectashield mounting medium
(Vector Laboratories, Burlingame, California). Ob-
servation and photography of the sections were
made with a Zeiss Axiophot-2 Universal Microscope
(Carl Zeiss Inc., Hallbergmoos, Germany).

Evaluation of Fiber CSA. Transverse frozen sections
(10-50 wm in thickness) of each muscle were cut
with a cryostat through the middle portion of the
muscle. The sections were stained with hematoxylin
and eosin and examined by light microscopy (Leitz
Laborlux; Leica, Wetzlar, Germany). A video camera
(Diagnostic Instruments, Sterling Heights, Michi-
gan) and image analysis software (Bioquant Imaging
System, RM Biometrics, Nashville, Tennessee) run-
ning on a personal computer were utilized to system-
atically capture images at 25X magnifications in a
row-by-row fashion that would constitute a photo-
montage of the entire cross section of the muscle. A
4 X 4 grid was superimposed on each image. All cells
whose area was at least 50% within the innermost
four boxes of the grid were selected and the CSA of
each fiber in the sample was manually determined
using the Bioquant software. For each muscle in
which fiber CSAs were to be determined, the CSA of
at least 500 fibers were determined and were in-
cluded in the analysis.

Statistics. Statistical analysis was performed using

SPSS software (SPSS Inc., Chicago, Illinois), includ-
ing calculations of mean and standard error (SE).

Stimulation of Denervated Muscles

For the dependent variables of muscle mass, maxi-
mum force, specific force, TPT, HRT, L;, and PP,
a one-way analysis of variance (ANOVA) was used to
compare differences between the different experi-
mental groups. When a significant main effect was
found, the Tukey test was used for post hoc analysis
and the 0.05 level of probability was used to signify
statistical significance. For analysis of the fiber CSAs,
as the values did not have a normal distribution,
nonparametric analysis was performed using the
Kruksal-Wallis test to determine whether differences
existed between the groups (0.05 significance level).
If differences existed, each of the possible 15 pairs of
six groups was tested for difference using the Mann—
Whitney test. A Bonferroni correction was used to
adjust the criterion level, such that 0.05/15 equals
0.0033 was used as the significance level for the
Mann-Whitney U tests.

RESULTS

Inclusion of Data. Data were recorded for EDL mus-
cles from each of the five experimental groups of
EDL muscles: control (innervated muscles from un-
operated rats), sham-wire (innervated with passive
electrodes), denervated, stimulated—denervated,
and contralateral control (unoperated leg contralat-
eral of denervated or stimulated—denervated mus-
cles). Of the 79 rats that were involved in the exper-
iment, 8 rats did not survive the initial surgery, 1 rat
was euthanized after the stimulator became defec-
tive, and 70 rats completed the study having their
right and left EDL muscles evaluated. Of the 70 left
EDL muscles, data for 1 sham-wire and 3 contralat-
eral control EDL muscles were discarded because
the evaluation procedure was not correctly com-
pleted. Of the 70 right EDL muscles, data from 10 of
the 53 stimulated—denervated EDL muscles were dis-
carded. Of the 10 muscles discarded, 8 had a defec-
tive stimulator, 1 rat had an ulcer on the heel of the
denervated hindlimb, and 1 muscle had an unsuc-
cessful evaluation procedure. Including the defec-
tive stimulator of the rat that was euthanized prior to
muscle evaluation, 17% (9 of 54) of the stimulators
used in the study became defective. For each exper-
imental group, only data from muscles that were not
discarded, as discussed above, were analyzed (Tables
1 and 2; Figs. 2 and 3).

Whole-Muscle Properties. Values for control mus-
cles (unoperated animals) and contralateral control
muscles were not different from one another for
muscle mass, maximum force, specific force, PP,
TPT, or HRT (Table 1). Any compensatory changes
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Table 2. Muscle fiber CSA.

No. of No. of fibers per
Cq* muscles muscle Fiber CSA (um?)
Contralateral control
0 7 700 = 31 2790 = 90
Denervated
0 5 901 = 85 670 = 60"
Stimulated—denervated
25 4 1021 + 74 1680 + 180"
50 4 813 + 83 2510 + 190"
300 4 787 = 85 3270 + 310"
5000 3 695 + 47 2750 + 220

*Number of contractions per day generated by the electrical stimulation.

" Difference with values for contralateral control muscles.

Values are given with SE. The values for each group listed in the table were
different from the values for all other groups, except that contralateral
control and stimulated-denervated with C, of 5000 had values that were
not different from one another.

in these properties that may have occurred in the
innervated muscles contralateral to the denervated
or stimulated—denervated muscles were not large
enough to allow detection in the current study. Com-
pared with control muscles, the presence of the pas-
sive electrode wires on innervated muscles of the
sham-wire group did not affect the maximum force,
specific force, P:P,, TPT, HRT or fiber length. The
larger mass of the sham-wire muscles (Table 1) may
be due to additional connective tissue that encapsu-
lated the electrode wires.

At 5 weeks, the denervated muscles (Cg, 0)
showed dramatic declines in muscle mass to 34% of
control values and maximum force to 9% of control
values (Fig. 2; Table 1). Compared with the dener-
vated muscles (Cy, 0), each of the experimental
groups of stimulated—denervated muscles (Cy > 0;
Fig. 2) maintained higher values of both mass and
force. When Gy was set in the range of 200 to 800
contractions per day, mass and force were main-
tained at values not different from values for control
muscles (Fig. 2; Table 1). Therefore, the stimulation
protocols with C4 of 200 to 800, that maintained
mass and force, were designated as optimal protocols
for denervated EDL muscles of rats. In contrast, the
stimulation protocols with C4 < 200 or C4 > 800
were designated as suboptimal because the maxi-
mum force was lower than control values (Fig. 2;
Table 1). Mass was maintained at values not different
from control values for all stimulation—denervation
groups having G4 > 25. A suboptimal protocol, with
C, of 25, resulted in both muscle mass (80% of
control) and maximum force (54% of control) at
lower levels than the control muscles, though still
considerably higher than those of denervated mus-
cles (Fig. 2; Table 1).
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None of the experimental interventions had any
effect on muscle length (L,) or the calculated fiber
length (Lg). The twitch/tetanus ratio, PP, of the
denervated muscles were higher than those for con-
trol muscles, but each group of stimulated—dener-
vated muscles maintained P:P_ not different from
control values (Table 1). The durations of TPT and
HRT of the denervated muscles were about twofold
or threefold longer than the durations of control
muscles (Table 1). All the groups of stimulated—
denervated muscles had values of TPT and HRT not
different from control values, except that HRT was
higher for the muscles receiving the suboptimal pro-
tocol having the least number of contractions (Cg,
25; Table 1). No group of stimulated—denervated
muscles had values of TPT or HRT that differed
from values for any other stimulated—denervated
group (Table 1).

Morphology, Laminin-Labeled Sections, and Muscle Fi-
ber CSA. Fibers of denervated muscles (Figs. 3B
and 3F) had smaller CSAs than did fibers of con-
tralateral control muscles (Figs. 3A and 3E). The
stimulated—denervated muscles (Figs. 3C, 3D, 3G,
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FIGURE 2. Muscle mass and maximum force are plotted as
percent of control values (unoperated rats) for the EDL muscles
that had been stimulated—denervated for 5 weeks. The top hor-
izontal line, at 100%, indicates the level of mass and force of
control muscles (unoperated rats). The lower two, dashed, hori-
zontal lines indicate the level of mass (34%) and force (9%)
maintained by denervated muscles that received no electrical
stimulation. Error bars are standard error (SE) measure. The
asterisk indicates difference with values for control muscles (P <
0.05).
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FIGURE 3. A two-X-four arrangement of immunofluorescent photomicrographs showing the expression of laminin in contralateral control
(A, E), denervated (B, F), and stimulated—denervated (C, D, G, H) EDL muscles of rats. The laminin-stained fibers in the top row (A-D)
are at a lower original magnification (X20) than those in the second row (xX63) (E-H). For each column, a subregion visible in top row
(A-D) is displayed in the second row (E-H) at a higher magnification. Representative regions for each muscle type are shown. The third
column (C, G) shows a stimulated—denervated muscle (Cg4, 25) that was designated as having received a suboptimal protocol of
stimulation because mass and force were maintained at lower values than values for control muscles. The fourth column (D, H) shows
a stimulated—denervated muscle (C4, 300) that was designated as having received an optimal protocol. Note that images of the
stimulated—denervated muscles (C, D) have subregions of smaller fibers that appear similar to those in denervated muscles (B, F) and

subregions of larger fibers that appear similar to those in contralateral control muscles (A, E).

and 3H) contained some fibers with small CSAs that
were apparently similar to fibers of denervated mus-
cles (Figs. 3B and 3F) and contained fibers with large
CSAs that were apparently similar to fibers of control
muscles (Figs. 3A and 3E). The suboptimally stimu-
lated muscles (G4, 25; Figs. 3C and 3G) contained
larger regions that consisted mainly of smaller fibers
than the optimally stimulated muscles (Cg4, 300; Figs.
3D and 3H). Following 5 weeks of denervation, the
mean fiber CSA decreased to 24%. Each of our
protocols of electrical stimulation attenuated this
decrease (Table 2). For stimulation protocols up
through Gy of 300, an increase in the number of
contractions resulted in an increase in mean fiber
CSA. Fiber hypertrophy was observed at a G, of 300,
compared with fibers of contralateral control mus-
cles. In contrast, mean fiber hypertrophy was not
observed at the high end of the range of generated
contractions (Cgy, 5000; Table 2).

The frequency distribution of CSAs of fibers from
contralateral control muscles fell into a Gaussian
distribution (Fig. 4), with only a tiny fraction of
fibers (1-2%) having CSAs in either the smallest
(<1000 uwm?) or largest (>5000 wm?) range. In
contrast, denervated muscles had a large majority
(89%) of fibers within the smallest range (<1000
um?) with almost no fibers within the largest four
ranges (>2000 um?). All stimulated-denervated
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muscles had a population of fibers in the smallest
range and some in the larger ranges of CSAs. The
distributions of fibers of stimulated—denervated
muscles having C4 of 25, 50, or 300 were different
from the distributions of either contralateral control
or denervated muscles. Muscles stimulated by a sub-
optimal protocol (Cg4, 25) had many more fibers in
the smallest range (50%) compared with muscles
stimulated by an optimal protocol (Cy, 300; 16%).
Muscles from an optimal group (Cg4 300) had a
population of fibers in the largest range, indicating
some fiber hypertrophy compared with the control
muscles.

DISCUSSION

Our hypothesis was supported by the observations
that: (1) values for muscle mass, maximum force,
and fiber CSA were not lower than control values
(unoperated rats) for stimulated—denervated mus-
cles having G4 of 200 to 800 contractions per day; (2)
for C, < 200, mass, force, and fiber CSA were lower
than control values (specifically true for all three
measures at Cy of 25); and (3) for C; > 800, force
was lower than control values. Our hypothesis was
not supported by the observations that mass and
fiber CSA were not lower than control values for
Cq > 800 up through C,4 of 5000. Our understanding
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FIGURE 4. Frequency of distribution of muscle fibers having
CSAs within the specified ranges for control, denervated, and
stimulated—denervated at C4 of 25, 300, and 5000. For each
experimental group, the average percent of fibers having CSAs
within each listed range of CSAs was the average percent for
several muscles (Table 2). Error bars are standard error (SE)
measure.

is that stimulated—denervated muscles that had C, of
<200 did not have sufficient contractile activity to
prevent denervation atrophy. Except for the lower
values of force, C3 > 800 up to C4 of 5000 contrac-
tions per day did not generate excessive levels of
contractile activity or energy transfer from the elec-
trodes to inhibit the maintenance of mass and fiber
CSA. The effect of even higher numbers of contrac-
tions (C4 > 5000) was not determined in this study.

The observation that Cg in the range of 200 to
800 contractions per day maintained muscle mass
and maximum force at values not different from
control values improves upon our previous report
that tested only 100 and 300 contractions per day.!°
The numbers of contractions per day maintained
both mass and force at levels higher than those given
in previous reports of electrically stimulated—dener-
vation EDL muscles of rats.21216.1833 [n agreement
with Eken and Gundersen,!? the optimal protocol
also maintained P.:P_, TPT, and HRT at values not
different from control levels, suggesting that many
cellular mechanisms within muscle fibers are main-
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tained by electrically induced activity, even in the
absence of nerve-derived trophic factors.

Insufficient contractile activity has been cited as a
primary regulatory signal involved in the loss of
mass, force, and fiber size in denervated muscles
having less than the optimal range of the number of
generated tetanic contractions.*!21617.33 The con-
cept is supported by a wide range of protocols for
electrical stimulation that generate tetanic contrac-
tions in denervated muscles outside the optimal
range that still retards the loss of mass,!”
force?#.12.16.18.33.34 and fiber CSAs.273! Buffelli et al.*
reported that innervated but noncontracting (by
means of a nerve conduction block) muscles un-
dergo a decline in mass, force, and fiber size indis-
tinguishable from the declines in denervated mus-
cles. Our study has clarified that a relation exists in
denervated muscles between the number of gener-
ated tetanic contractions and the resulting mass,
force, and fiber size up to levels not lower than
values of control muscles. For the lower end of the
range of C,, our observations support a direct rela-
tion between the number of tetanic contractions and
the maintained level of mass (C, of 0, 25, 50), force
(Cq 0of 0, 25, 50, 100, 200), and fiber size (C, of 0, 25,
50, 300) for stimulated—denervated EDL muscles of
rats.

The mechanism by which too many electrically
generated contractions per day in stimulated-
denervated muscles failed to maintain maximum
force as high as protocols within the optimal range is
not clear. Greater contractile activity increases met-
abolic demand and induces smaller fibers and a
reduction in muscle force.!>33 Greater numbers of
contractions per day may also increase tissue damage
as a result of increased net ion flux caused by imper-
fectly balanced current flow during both halves of
each bipolar pulse.?® Stimulation protocols that
more closely resemble the normal contractile activity
of a muscle are more successful in maintaining mass
and force.!216:3% The optimum range for C; of 200 to
800 contractions per day falls near the lower end of
the typical range for contractile activity in EDL mus-
cles of rats.!® The observations may reflect a balance
between adequate activity level and negative factors
associated with electrical stimulation. Nevertheless,
Cq4 of 1000 to 5000 did maintain maximum force well
above values for denervated muscles and maintained
mass, fiber CSA, specific force, P:P,, TPT, and HRT
at values not lower than those for control muscles.

The lower end of the optimal range has advan-
tages for battery-powered applications. All other pa-
rameters being held constant, the total energy cost
per day for the stimulator is approximately propor-
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tional to the number of generated pulses.®!0 Fewer
contractions generated per day translates to reduced
energy consumption, longer battery life, and lower
level of energy infused into the tissue that may result
in tissue damage.?%-3° For the other stimulation vari-
ables fixed as in this study, 200 contractions per day
would be a good design choice to maintain mass,
force, and fiber CSA while minimizing energy trans-
fer that may negatively affect the tissue and decrease
battery life.

For denervated muscles stimulated with an opti-
mal protocol, the mean muscle fiber CSA was higher
than CSAs in control muscles and a subpopulation of
fibers (~20%) had CSAs larger than those typically
found in control muscles. The observations provide
evidence for stimulation-induced hypertrophy of
some of the muscle fibers, even in the absence of
innervation. Nevertheless, the optimally stimulated—
denervated muscles still contained a subpopulation
(~16%) of smaller fibers having CSAs similar to
fibers that predominate in denervated muscles and
are rare in control muscles. The subpopulation of
fibers may not have experienced sufficient stimula-
tion to depolarize the fibers, generate tetanic con-
tractions, and maintain fiber CSAs. The nonuniform
distribution of fiber CSAs may be due to either a
nonuniform voltage field across the muscle fibers or
a higher threshold for individual muscle fiber excit-
ability.1! Further optimization of the electrode ge-
ometry and placement and stimulation pulse width
and amplitude may be necessary to reduce the num-
ber of insufficiently stimulated fibers.10:1!

Denervation and stimulation—denervation stud-
ies have used different types of muscles as the con-
trol group, including muscles from unoperated ani-
mals,® muscles in an unoperated leg contralateral to
the experimental muscle, 710121629 or variations of
sham-operated or sham-wire muscles. Utilization of
contralateral control muscles has the advantage of
minimizing differences in muscle properties due to
animal age, body mass, or general state of health but
also has the disadvantage of not detecting compen-
satory changes that may have occurred in the con-
tralateral muscles. For the EDL muscles of rats used
in stimulation—denervation studies similar to the
current one, the observations of no difference be-
tween values of muscle mass, maximum force, spe-
cific force, P:P,, TPT, or HRT support the utiliza-
tion of either contralateral muscles or muscles of
unoperated animals as a control for the stimulated-
denervated EDL muscles. A reason that EDL muscles
contralateral to denervated muscles did not show an
increase in mass may be that the EDL muscle is not
a weight-bearing muscle. The sham-wire muscles did
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have a higher mass than either the contralateral
control or control (unoperated animals) muscles in
the current study. A reason for this may be the
presence of connective tissue around the electrodes
adjacent to the muscle. It is possible that all of the
stimulated—denervated muscles have such an in-
crease in mass because of the presence of the
electrodes. Because contractile force would not be
enhanced by the presence of additional connec-
tive tissue on the muscle, measures of force may be
a better indicator of the state of the stimulated—
denervated muscles than muscle mass.

Protocols of stimulation that minimize the atro-
phy and weakness of denervated muscles may be
effective as a treatment to counter other negative
effects of denervation.21:243¢ Prolonged periods of
denervation prior to reinnervation decrease the abil-
ity of muscles to recover mass and maximum
force,>1%22 but electrical stimulation during the pe-
riod of denervation may enhance the recovery of
motor function following reinnervation.®1728:34 An-
other application is to prevent secondary complica-
tions related to disuse atrophy of paralyzed or de-
nervated muscles. Flaccid hemiparalysis following
stroke may lead to painful shoulder subluxation, and
treatments of electrical stimulation have increased
the thickness of adjacent muscles and reduced the
subluxation.?* The excitability of permanently de-
nervated muscles in humans decreases such that the
muscles were considered unsuitable for the restora-
tion of motor function by functional electrical stim-
ulation.® Electrical stimulation of denervated muscle
can maintain the excitability of denervated muscles
in rats.!! Treatments with electrical stimulation of
permanently denervated muscles in the legs of hu-
mans have restored excitability to the muscles such
that muscle hypertrophy, gain in strength, and abil-
ity to stand was demonstrated.20-21,27

In summary, the current study has determined
the range in the number of tetanic contractions
generated per day for denervated EDL muscles of
rats for 5 weeks of stimulation. The same protocol is
not expected to likewise maintain mass and force in
other muscles that have different fiber compositions
or architecture; nor would it be expected to be
effective in other species of animals. Previous studies
showed that a single protocol of stimulation applied
to different muscles resulted in different levels of
mass and force,1216183% and a single protocol ap-
plied to the same muscle in different species resulted
in different levels of mass and force.2? Nevertheless,
we have shown that appropriate protocols of electri-
cally induced tetanic contractions maintain mass,
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force, and fiber size in at least one muscle type, the
EDL muscle of rats.
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