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Abstract:

 

Stimulation protocols for denervated muscles
distribute the generated contractions either within treat-
ment sessions followed by hours of rest, or repeated 24 h
per day with each contraction followed by a constant
interval of rest. Our purpose was to directly compare the
effects of the same number of identically generated con-
tractions having different temporal daily distributions. For
5 weeks in denervated extensor digitorum longus muscles
of rats, between 100 and 800 contractions were generated
daily, distributed either within worksets that alternated

periods of activity and rest, or separated by constant
intervals of rest. Most of the tested protocols maintained
muscle mass and maximum force near values of innervated
controls. Although 100 contractions daily generated at
constant intervals were sufficient to maintain mass and
force, 100 contractions during a 4-h treatment session
followed by 20 h of rest were not sufficient, and mass and
force were not different from values of denervated
muscles.
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The contractile and cellular properties of skeletal
muscles are influenced by the amount and pattern of
contractile activity (1). Denervated muscles undergo
no contractile activity, and rapidly lose muscle mass,
maximum force, and even specific force that is nor-
malized for the physiological cross-sectional area
(CSA) of the muscle (2). We have developed an
implantable stimulator (3) and a protocol of electri-
cal stimulation for denervated extensor digitorum
longus (EDL) muscles of rats that maintains muscle
mass, maximum force, specific force, and mean fiber
CSAs at values close to those for control muscles
after 5 weeks of stimulation (4). This protocol gener-
ates short, tetanic contractions separated by a con-
stant interval of rest, repeated 24 h per day. In this
earlier study, the effect of the distribution of the gen-
erated contractions and periods of rest was not
studied.

Mammals have periods of more or less intense
muscular activity related to the 24-h circadian cycle.
Exercise training alters contractile activity and is

accomplished within the 24-h cycle that includes
long periods of rest. In resistance training, the tim-
ing of the periods of rest between contractions or
sets of contractions affects fat-free mass, maximum
force, and power output (5). For training of muscles
in paraplegics with electrical stimulation, muscle
force was affected by the length of the treatment
session, the ratio of work to rest periods within the
treatment session, and the number of treatment
sessions per week (6). The timing of the periods of
rest between contractions or sets of contractions
may also affect electrically stimulated denervated
muscles. Certain stimulation–denervation studies
grouped all electrically generated contractions for
one day into one or more treatment sessions, and
those sessions were repeated a number of times per
week (7,8). Other studies separated each contrac-
tion by a constant interval of rest, repeated 24 h per
day, 7 days per week (3,4,9). Our purpose was to
directly compare the effects of the same daily num-
ber of identically generated contractions that had
different temporal distributions of the rest periods
between contractions.

 

MATERIALS AND METHODS

 

The experiment utilized 63 adult male WI/
HicksCar rats (Harlan, Indianapolis, IN, U.S.A.). All
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procedures were conducted in accordance with the
guidelines established in the US Public Health Ser-
vice Guide for the Care of Laboratory Animals and
with the approval of the University Committee on
the Use and Care of Animals.

Rats were assigned to one of the following three
groups (1): denervated (

 

n

 

, 5; final age, 6.1 

 

±

 

 0.3
month; weight, 373 

 

±

 

 10 g), (2) constant intervals
stimulated–denervated (

 

n

 

, 31; final age, 6.8 

 

±

 

 0.1
month; weight, 382 

 

±

 

 4 g), or (3) workset intervals
stimulated–denervated (

 

n

 

, 28; final age, 7.2 

 

±

 

 0.4
month; weight, 381 

 

±

 

 5 g). The EDL muscle of the
right hindlimb of each rat underwent the experimen-
tal interventions involving denervation and stimula-
tion. The left EDL muscle of each rat remained
unoperated and innervated, received no stimulation
prior to final evaluation, and acted as a control mus-
cle (4). An initial surgery permanently denervated
the right EDL muscle in each rat by resection of the
sciatic nerve. Immediately following, rats in either of
the stimulated–denervated groups had a stimulator
(3) and electrode wires (Teflon-coated stainless steel,
36 AWG; AS633, Cooner Wire, Chatsworth, CA,
U.S.A.) implanted as shown in Fig. 1 according to the
procedure of Dow et al. (4). After a 5-week period
following the initial surgery, the denervated or
stimulated–denervated muscles were removed and
evaluated.

To generate each tetanic contraction, the
implanted stimulator generated 20 bipolar pulses
(balanced square-wave, 0.2 ms pulse width for each
half pulse) at 100 Hz, with 8 V pulse amplitude that
generated a current of 6–12 mA during each half-
pulse (3,4). The number of contractions generated
each day (

 

C

 

d

 

) was set at a value between 100 and 800.

Figure 2 contrasts the two types of distributions of
contractions and rest periods over each 24-h period.
In the constant-intervals distribution, each individual
contraction was separated by an equal period of rest
(

 

t

 

c

 

), and this was repeated 24 h per day (Fig. 2A). The
value of 

 

t

 

c

 

 was determined by the desired value of 

 

C

 

d

 

,
and ranged from 14.4 min for 

 

C

 

d

 

 of 100 to 1.8 min for

 

C

 

d

 

 of 800 contractions daily.
In the workset-intervals distribution, the gener-

ated contractions were distributed into layered sets
of work and rest. Five contractions, each separated
by 30 s of rest, were generated during a set (Fig. 2B).
Then, a longer period of rest (

 

t

 

w

 

) was allowed before
the next set began (Fig. 2B, Table 1). These sets of
five contractions followed by 

 

t

 

w

 

 minutes of rest were
repeated throughout a 4-h period called a workout.
Each 4-h workout was followed by 2 h of rest during
which no contractions were generated. This allowed
a maximum of 4 workouts per day. Figure 3A shows
a protocol having 4 workouts per day, designated
WWW. Figure 3B shows a protocol, designated
WRRR, having only 1 workout per day with rest over
the remaining 20 h. Table 1 lists the values for 

 

C

 

d

 

, 

 

t

 

w

 

,
pattern of workouts, and maximum period of contin-
uous rest between contractions during each 24-h day.

 

FIG. 1.

 

Placement of the battery powered stimulator implanted
under the skin of the rat and electrodes looped around the den-
ervated EDL muscle (Illustration by Megumi Hayashida).

 

FIG. 2.

 

Distribution of the periods of rest between muscle con-
tractions for protocols of (A) constant intervals or (B) workset
intervals. Each down-arrow symbol represents a train of 20
pulses at 100 Hz to generate one tetanic contraction. In constant
intervals (A), each contraction was separated by exactly the same
period of rest (

 

t

 

c

 

) throughout each period of 24 h. In each set of
workset intervals (B), 5 contractions were separated by 30 s of
rest, followed by a longer period of rest (

 

t

 

w

 

). These worksets of 5
contractions followed by 

 

t

 

w

 

 of rest were repeated for a 4-h period
designated a workout.

 

TABLE 1.

 

Protocols of workset intervals

 

C

 

d

 

t

 

w

 

Pattern Max rest (h)

100 10.0 WRRR 20
200 10.0 WRWR 8
300 10.0 WWWR 8
400 10.0 WWWW 2
600 4.0 WWWR 8
800 4.0 WWWW 2

Notes: 

 

C

 

d

 

 is the number of tetanic contractions generated each
day, 

 

t

 

w

 

 is defined in Fig. 2B, and Pattern is shown in Fig. 3.
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Following the 5-week treatment period, each rat
was anesthetized and the stimulator was checked
with use of an oscilloscope for proper functioning. A
stimulator was considered defective if the pulses
were mono-polar, if the pulse width was longer than
0.6 ms, if the voltage amplitude was less than 5 V, or
if the current was less than 1 mA. Physiological data
recorded from a muscle with a defective stimulator
were discarded without further analysis. After check-
ing the stimulator, the EDL muscles were removed
and evaluated according to the procedure of
Faulkner et al. (2,3) to determine muscle mass and
maximum force for isometric, tetanic contractions.
Specific force was normalized for the physiological
CSA of the muscle.

Statistical analysis was performed using SPSS soft-
ware (SPSS Inc., Chicago, IL, U.S.A.). For the depen-
dent variables of muscle mass, maximum force, and
specific force, a one-way ANOVA was used to com-
pare differences between the different experimental
groups. When a significant main effect was found,
the Bonferroni 

 

t

 

-test was used for post hoc analysis
and the 0.05 level of probability was used to signify
statistical significance. All data are presented as
means 

 

±

 

 standard error (SE).

 

RESULTS

 

Of the 63 rats utilized for this experiment, data
were discarded for the right EDL muscles from 5 of
the 30 rats with constant intervals and 5 of the 28 rats
with workset intervals because the stimulator had
become defective as determined by the procedure
described above. Data were also discarded for 3 of
the 63 left control EDL muscles because the muscle
evaluation procedure was inadvertently not com-
pleted correctly. Of the 53 implanted stimulators,
17% became defective prior to final evaluation.

The EDL muscle of rats maintained only 36% of
muscle mass, 9% of maximum force (

 

P

 

o

 

), and 25%
of specific force (

 

sP

 

o

 

) after 5 weeks of denervation
(Fig. 4). Denervation not only induced atrophy in the
muscle, but the remaining muscle tissue was weaker,
generating lower values of force, even when normal-
ized by the smaller CSA of the atrophied muscle
(Fig. 4A). In contrast, if stimulated with either of the
protocols having 

 

C

 

d

 

 of between 200 and 800 contrac-
tions daily, values for these properties were main-
tained close to those for control muscles, such that
mass was above 90%, and both 

 

P

 

o

 

 and 

 

sP

 

o

 

 were
above 75% (Fig. 4). For the tested protocols having

 

C

 

d

 

 of 200–800, mass, 

 

P

 

o

 

, or 

 

sP

 

o

 

 were not different
whether the contractions were separated by constant
intervals or workset intervals (Fig. 4). In contrast, at

 

C

 

d

 

 of 100 the constant intervals maintained 95% of
mass, 80% of 

 

P

 

o

 

, and 85% of 

 

sP

 

o

 

, but the workset
intervals maintained only 53% of mass, 11% of 

 

P

 

o

 

,
and 18% of 

 

sP

 

o

 

. These low values for the workset
intervals (

 

C

 

d

 

, 100) were not different than values for

 

FIG. 3.

 

Examples of workout patterns. Depending on the proto-
col of workset intervals, each 6-h period of the 24-h day may
have had either a workout lasting 4 h followed by 2 h of rest
(designated W), or a full 6 h of rest (designated R). (A) shows a
WWWW pattern, where each 6-h period contained a 4-h workout
(W), each followed by 2 h of no stimulation. (B) shows a WRRR
pattern, where the first 6-h period contained a 4-h workout (W)
followed by 2 h of no stimulation, and the other three 6-h periods
contained no workouts, only rest (R), resulting in a daily rest
period of 20 h having no contractions.

 

FIG. 4.

 

Specific force (A), maximum force (B), and muscle mass
(C) following 5 weeks of denervation and stimulation for different
numbers (

 

C

 

d

 

) and distributions (constant intervals or worksets)
of contractions generated daily. A 

 

C

 

d

 

 of 0 plots the outcome of
denervated muscles that received no stimulation. Error bars are
SE. The * indicates difference with values of control muscles
(

 

P

 

 

 

<

 

 0.05). For the workset intervals, the † indicates difference
with values of the constant intervals having equal 

 

C

 

d

 

 contractions
daily (

 

P

 

 

 

<

 

 0.05).
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denervated muscles that had received no electrical
stimulation (Fig. 4).

 

DISCUSSION

 

The maintenance of mass and force were influ-
enced not only by the number of electrically gener-
ated contractions, but also by the distribution of
these contractions throughout the day (Fig. 4). One
difference between the protocols that did maintain
mass and force, and the protocol that did not was the
maximum continuous period of rest between con-
tractions during each 24-h day. Of the protocols that
did maintain mass and force, the constant intervals
at 

 

C

 

d

 

 of 100 had a maximum rest of 0.24 h, the work-
set intervals at 

 

C

 

d

 

 of 400 and 800 had maximum rest
of 2 h, and the workset intervals at 

 

C

 

d

 

 of 200, 300,
and 600 had maximum rest of 8 h (Table 1). The
workset intervals at 

 

C

 

d

 

 of 100 that failed to maintain
mass and force had a maximum period of continuous
rest each day of 20 h (Table 1, Figs. 3 and 4). Gener-
ation of 100 contractions per day was sufficient to
maintain mass and force, but a daily distribution hav-
ing an excessively long period of rest (20 h) each day
made the protocol insufficient to maintain mass and
force.

An overly long period of rest between contractions
may be enough to initiate changes in the regulation
of gene and protein expression that leads to dener-
vation atrophy in skeletal muscle. Action potentials
and the resulting contractions are key regulators of
denervation atrophy (9,10). Following the onset of
denervation, action potentials from the nerve and
resulting contractions cease, and Eftimie et al. have
shown that the expression of specific molecular sig-
nals changes within hours: myogenin mRNA is up-
regulated within 8 h and MyoD within 16 h (11).
Thereafter, myogenin is down-regulated within 4 h of
the onset of electrical stimulation (12). An exces-
sively long period of rest between contractions may
initiate the cascade of changes in mRNA and protein
expression levels that initiates the processes of den-
ervation atrophy. Further research will be required

to determine the maximum period of rest during
each 24-h period that would not hinder maintenance
of muscle mass and force.
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