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Control of Contractile Properties Within Adaptive Ranges by Patterns

of Impulse Activity in the Rat

Rolf H. Westgaard® and Terje Lamo

Institute of Neurophysiology, University of Oslo, 0162 Oslo 1, Norway

These experiments explore the relationship between pat-
terned impulse activity and contractile properties of skeletal
muscies. Soleus (SOL) and extensor digitorum longus (EDL)
muscles of adult rats were denervated and stimulated di-
rectly from 4 to 15 weeks with the same number of pulse
trains at different intratrain pulse frequencies (1-500 Hz),
with different numbers of pulse trains (864-4,320,000 pulses/
d) at the same intratrain pulse frequencies, or with different
combinations of pulse trains at 10 and 100 Hz.

Chronic stimulation of the denervated SOL resulted in twitch
times-to-peak and half-relaxation times that varied in a grad-
ed manner between values longer than those in the normat
SOL to values as fast as those in the normal EDL, depending
upon the pattern used. Increasing pulse frequencies (con-
stant number) resulted in faster twitches, lower twitch/tet-
anus ratios, increasing post-tetanic potentiations, and larger
tetanic tensions. Increasing pulse numbers (constant fre-
quencies) resulted in slower twitches, lower twitch/tetanus
ratios, post-tetanic depressions, and higher fatigue indices.
The effect of varying the pulse number on twitch parameters
was greater at low frequencies (10-20 Hz) than at high fre-
quencies (100 Hz). SOL muscles receiving pulse trains at
both 10 and 100 Hz became much faster than muscles re-
ceiving pulse trains at 10 Hz only, even in the experiments
where the stimulation pattern contained 9 times as many
pulses at 10 as at 100 Hz.

Chronic stimulation of both the denervated and the inner-
vated EDL with large numbers of pulses at 10 or 15 Hz
resulted in twitches that were only half as slow as those
induced in the SOL by the same “slow’ patterns. In addition,
these patterns led to a marked decrease in maximum tetanic
tension and a marked increase in twitch/tetanus ratio. During
stimulation with a small number of pulses at 150 Hz, on the
other hand, twitch speed, twitch/tetanus ratio, and maximum
tetanic tension remained normal or almost normal.

We conclude that the isometric twitch and related prop-
erties of the rat SOL muscle can be graded within wide
“adaptive ranges” by varying either the number or the fre-
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quency of pulses. In the EDL, the corresponding adaptive
ranges appear much narrower, suggesting that the EDL and
the SOL contain intrinsically different muscle fibers.

In recent years it has become increasingly clear that impulse
activity along neural pathways has long-term effects that are
essential for normal development and functioning in the ner-
vous system and the skeletal muscles that it innervates. These
effects raise some questions that can be addressed by studying
the neuromuscular system. First, does a certain effect depend
on the frequency of impulses during activity, the amount of
activity over time, or other characteristics of patterned activity?
For example, motoneurons to fast and slow twitch muscles of
the rat generate trains of impulses at high and low frequencies,
respectively (Fischbach and Robbins, 1969; Hennig and Lemo,
1985). When fast-twitch muscles are stimulated chronically with
low-frequency patterns, they become slowly contracting (Salm-
ons and Vrbova, 1969; Pette et al., 1973; Salmons and Sréter,
1976). Conversely, when slow-twitch muscles are stimulated
with a high-frequency pattern, they become rapidly contracting
(Lemo et al., 1974, 1980; Smith, 1978; Hennig and Lemo,
1987a), suggesting that impulse frequency may play an impor-
tant role in regulating contractile speed (Lemo, 1976). Others,
however, find no evidence for pulse rate-specific effects on con-
traction speed and suggest that other characteristics, such as the
daily amount or distribution of activity (Kernell et al., 1987) or
the time allowed between contractions (Al-Amood and Lewis,
1987) are important. In this work, therefore, we extend our
earlier analysis by stimulating rat soleus (SOL) muscles either
with constant numbers of pulses at different frequencies (range,
1-500 Hz), or with different numbers of pulses per day (range,
864-4,320,000) at constant frequency, and then measure the
effects on isometric twitch speed and other parameters.

A second question concerns the possibility that impulse ac-
tivity regulates cellular properties in different ways in different
cells, owing to tissue-specific differences between the cells. Evi-
dence for such differences between skeletal muscles has recently
been obtained (Izumo et al., 1986; Hoh et al., in press). There-
fore, we have activated extensor digitorum longus (EDL) and
SOL muscles of the rat with identical stimulation patterns, ex-
pecting similar contractile speeds if their intrinsic properties are
similar.

Finally, we ask whether neurons control the properties of their
target cells primarily through the activity they evoke, or whether
trophic substances from nerve terminals are also required. The
answer to this question may be different in the nervous system,
where the target cells contain only one nucleus that directs the
rest of the cell through elaborate ortho- and retrograde transport
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Table 1. Stimulation patterns used in this work

Total
Train Interval stimulated

Pulse rate duration between trains time/24 hr Symbols
(Hz) Trains/min Pulses (sec) (sec) Puises/d (%) Pattern  used
1 (continuous) 86,400 1 ®
10 1 60 6.00 54.0 86,400 10.0 2 ®
20 1 60 3.00 57.0 86,400 5.0 3 ®
35 1 60 1.71 58.3 86,400 2.9 4 ®
50 1 60 1.20 58.8 86,400 2.0 5 ®
100 1 60 0.60 59.4 86,400 1.0 6 ®
300 1 60 0.20 59.8 86,400 0.3 7 ®
500 1 60 0.12 59.9 86,400 0.2 8 ®
10 1 540 54.00 6.0 777,600 90 9 0
15 4 150 10.00 5.0 864,000 67 10 e}
20 2 200 10.00 20.0 576,000 33 11 o]
100 50 60 0.60 0.6 4,320,000 50 12 (¢]
10 0.01 60 6.00 5994.0 864 0.10 13 O
100 0.01 60 0.60 5999.4 864 0.01 14 O
150 0.1 60 0.40 599.6 8640 0.07 15 ]
10 + 100 1+ 0.01 540 + 60 54 + 0.6 6 + 5994.4 777,600 + 864 90 + 0.01 16 [ |
10 + 100 1+1 540 + 60 54 + 0.6 6+ 59.4 777,600 + 86,400 90 + 1 17 A
10 + 100 1+1 60 + 60 6+6 6+6 86,400 + 86,400 1+1 18 v

All patterns except no. 15 were used for SOL. Only patterns 9, 10, and 15 were used for EDL. Pattern 16 = pattern 9 (10 Hz) + pattern 13 (100 Hz). Pattern 17 =
pattern 9 (10 Hz) + pattern 6 (100 Hz). Pattern 18 = pattern 2 (10 Hz) + pattern 6 (100 Hz).

systems, from in the skeletal muscles, where the target muscle
fibers contain a large number of nuclei and no comparable trans-
port systems have been demonstrated. Nevertheless, for many
years the neuromuscular preparation has been much used for
the study of neurotrophic control mechanisms. In these studies,
the muscles have often been stimulated with the innervation
intact. A consequence of this is that the muscles also receive
activity and chemical signals from the motoneurons that may
interfere with the effects of the stimulation. In this and other
works, we have therefore stimulated denervated muscles to ex-
clude all neural influences and to be able to determine precisely
the pattern of activity imposed on the muscle. It is, then, of
some interest to examine the extent to which certain stimulation
patterns can restore normal contractile properties in the muscle
and mimic the effects of reinnervation by different types of
nerves, as demonstrated, for example, in the experiments by
Close (1969) and Gutmann and Carlson (1975).

We conclude that in the SOL of the rat the twitch speed can
be graded within certain limits (the adaptive range) through
variations in either the amount or frequency of stimulation. In
the EDL the adaptive range is narrower, suggesting that this
muscle differs intrinsically from the SOL. Finally, appropriate
stimulation patterns restore several normal properties in the
denervated muscle and apparently completely mimic the effects
of reinnervation by fast and slow motoneurons, indicating that
motoneurons control the contractile properties of muscle pri-
marily through the activity they evoke in the muscle.

Materials and Methods

Denervation and chronic stimulation. Young adult male Wistar rats,
weighing 250-350 gm at the beginning of the experiment, were anes-
thetized with Equithesin (0.4 m1/100 gm body weight, i.p.). The sciatic
nerve was cut and reflected in the thigh on one or both sides to denervate

SOL and EDL for periods ranging from 28 to 106 days in SOL (mean,
55d, n=63)and 48-102 d in EDL (mean, 72 d; n = 9). Two multistrand-
ed, Teflon-coated, stainless steel wires (OD, 0.3 mm; AS 632, Cooner
Sales Wire Co., Chatsworth, CA) without insulation at the ends were
implanted into the right leg. The uninsulated end of one wire was placed
proximally and posteriorly and the uninsulated end of the other wire
distally and anteriorly across the SOL or the EDL. The wires were run
under the skin to the head and into a flexible silicon tube (OD, 6 mm)
that was fixed to the skull with screws and dental cement. The wires
and the protecting tube were connected to a rotating contact approxi-
mately 0.5 m above the rat, which could move freely in a large bucket.

Stimulation started 1 d after denervation. The following stimulation
patterns (see Table 1) were used: (1) patterns 1-8 (@) consisting of 60
pulses/60 sec (constant number) at frequencies ranging from 1 to 500
Hz; (2) patterns 9-12 (O) consisting of large numbers of pulses at 10,
15, 20, or 100 Hz; (3) patterns 13-15 (O) consisting of small numbers
of pulses at 10, 100, or 150 Hz; (4) patterns 16-18; consisting of 540
pulses at 10 Hz/60 sec plus 60 pulses at 100 Hz/6000 sec (M) or every
60 sec (), or 60 pulses at 10 Hz/60 sec alternating with 60 pulses at
100 Hz/60 sec (¥). Only some of these patterns (see Table 1) were used
for the EDL. In 3 rats the sciatic nerve was not cut and the common
fibular nerve stimulated through electrodes placed close to the nerve on
the lateral side of the knee. The stimulus was always bipolar, with a
duration of 0.2 msec and an intensity of 5-10 mA for the denervated
muscles or about 0.5 mA for the nerve. During the chronic stimulation
the rats did not seem to have pain and they slept, ate, and put on weight
apparently like rats without electrode implants.

Acute experiments. Under Equithesin anesthesia (0.4 m1/100 gm body
weight, i.p.), the SOL or the EDL muscle was dissected free from most
of the surrounding tissue, leaving the main blood supply intact. The
muscles were not reinnervated, since electrical stimuli evoked clear
contractions when applied directly to the muscle, and no contractions,
as observed with the dissection microscope, when applied to the nerve
trunk just outside the muscle. The leg was then inserted into a chamber,
which was sealed with the skin around the thigh and filled with Ringer’s
solution kept oxygenated at 35°C. A short thread connected the distal
muscle tendon to a transducer that recorded isometric twitch and tetanic
tensions at optimum length for twitch tension. Supramaximal stimu-
lation was obtained by stimulating the muscle directly through 2 plat-
inum plates placed close to the muscle surface, one on each side, using
0.5-1-msec-long and up to 30-mA-strong pulses.
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Figure 1. Contractile properties of 3 SOL muscles after approximately
2 months of denervation and direct stimulation. The stimulation con-
sisted of many pulses per day at 15 Hz (4-D), few pulses per day at 100
Hz (E-H), and many pulses per day at 100 Hz (I-L), corresponding to
patterns 10, 13, and 12, respectively, in Table 1. Top row, isometric
twitches. Second row, unfused tetanic contractions during stimulation
at 15 Hz (B) and 25 Hz (F, J). Third row, single twitches (0.33 Hz)
before and after tetanic stimulation at 200 Hz for 1 sec (arrow). Last
row, isometric tensions during stimulation, first at 1 Hz (single twitches),
then at 77 Hz for 330 msec/1 sec during 2 min, and finally at 1 Hz
again. Horizontal bar: 30 msec (row I); 600 msec (row 2); 60 sec (rows
3, 4). Vertical bar: 4 gm (/, K); 10 gm (4, C, E, G); 40 gm (J, L); 50
gm (B, D, F, H).

/

Results

Denervated and directly stimulated SOL muscles

Direct stimulation of denervated SOL muscles resulted in dif-
ferent contractile properties, depending on the stimulation pat-
tern used. As illustrated by representative records in Figure 1,
a large number of pulses at low frequency (pattern 10 in Table
1) resulted in a slow twitch (4), post-tetanic depression of the
twitch (C), and high resistance to fatigue (D), as also observed
in normal SOL muscles. A small number of pulses at high fre-
quency (pattern 14 in Table 1), on the other hand, resulted in
a fast twitch (F), “sag” in tension during an unfused tetanic
contraction (F), post-tetanic potentiation (G), and low fatigue
resistance (H). All these properties are typical of fast fatigue-
sensitive motor units (Burke, 1981). Finally, a large number of
pulses at high frequency (pattern 12 in Table 1) resulted in a
relatively fast twitch (/), no sag (J), moderate and slowly de-
veloping post-tetanic potentiation (K), and high fatigue resis-
tance (L). These effects are further documented in Table 2 and
below.

Twitch speed. In an attempt to separate the effects of different
frequencies and numbers of pulses, we first delivered 60 pulses/
60 sec at frequencies ranging from 1 to 500 Hz. As shown in
Figure 24 (@) the twitch time-to-peak decreased in a graded
manner from about 30 to 11 msec with increasing frequencies.
But with increasing frequency the trains of 60 pulses became
necessarily shorter in duration (Table 1), and this may have
contributed to the effect. Then we increased the number of pulse
trains, keeping the frequency within each train constant at 10,
20, or 100 Hz, and found considerable increases in twitch time-
to-peak (Fig. 24, O). Conversely, when we decreased the number
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Figure 2. Twitch time-to-peak of SOL muscles after denervation and
direct stimulation for 28-108 d. In 4, the stimulation consisted of an
intermediate number of pulses per day (@, patterns 1-8 in Table 1), a
large number of pulses per day (O, patterns 9-12 in Table 1), or a small
number of pulses per day (O, patterns 13 and 14 in Table 1) delivered
in trains of pulses at the frequencies indicated along the abscissa. In B,
pulse trains at 10 and 100 Hz had been combined either as a large
number of pulses at 10 Hz plus a small number of pulses at 100 Hz (M,
patterns 9 plus 13 in Table 1), a large number of pulses at 10 Hz plus
an intermediate number of pulses at 100 Hz (A, patterns 9 plus 6 in
Table 1), or an intermediate number of pulses at 10 Hz plus an inter-
mediate number of pulses at 100 Hz (V¥, patterns 2 plus 6 in Table 1).
The effect of each 10 Hz pattern alone is indicated by O and @ at the
top of the interrupted lines and the effect of each 100 Hz alone by O at
the bottom of these lines. Mean values for normally innervated (a; n=
18) and denervated (V, n = 10) are shown to the left in 4. Vertical bars
show total range of values. For the denervated and stimulated muscles,
the number of muscles in each group varied between 2 and 10 (usually
3 or 4, see also Tables 2 and 3).

of pulse trains, the twitch time-to-peak decreased (Fig. 24, O).
At 10 Hz the twitch time-to-peak varied between 19 and 45
msec for a 900-fold difference in the number of pulse trains,
and at 100 Hz between 13 and 19 msec for a 5000-fold differ-
ence. Thus, the “amount effect” appeared greater at low than
at high frequencies. The twitch half-relaxation time changed in
the same manner as the twitch time-to-peak (Table 2). Thus,
the entire time course of the twitch (“twitch speed”’) was mark-
edly affected by altered activity, apparently in a graded manner
and within certain limits. Denervation alone reduced the twitch
time-to-peak and half-relaxation time, but the effect was small
(Fig. 24, v, Table 2).

In an attempt to further separate the effects of different fre-
quencies and numbers of pulses, we added trains of pulses at
100 Hz to trains of pulses at 10 Hz. We then asked whether the
twitch would become slower because of the increased number
of pulses or faster because of the increased frequency of pulses.
As shown in Figure 2B, A; addition of 60 pulses/60 sec at 100
Hz to 9 times as many pulses (540/60 sec) at 10 Hz (pattern 17
in Table 1) reduced the mean twitch time-to-peak from 45 to
21 msec, whereas in the absence of 10 Hz stimulation, the 100
Hz pattern resulted in a twitch time-to-peak of 14 msec. The
effect of 100 Hz stimulation almost disappeared when we re-
duced the 100 Hz stimulation to 60 pulses/6000 sec (Fig. 2B,
I pattern 16 in Table 1). Now the twitch time-to-peak remained
long (41 msec), although in the absence of 10 Hz stimulation
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Table 2. Contractile properties of denervated and stimulated SOL muscles

Twitch Tetanic
Twitch half- tension/
time-to- relax. Muscle muscle Number

Pulse rate peak time Fatigue weight weight of
Pattern (Hz) Pulses/d (msec) (msec) index (mg) (gm/mg) muscles
1 1 86,400 30.3 35.2 0.60 71 0.41 3
2 10 86,400 30.1 352 0.63 67 0.61 4
3 20 86,400 29.0 37.5 0.66 89 0.51 2
4 35 86,400 23.0 24.3 0.59 97 0.84 3
5 50 86,400 19.8 20.0 0.56 99 0.81 4
6 100 86,400 15.0 19.6 0.58 113 0.97 8
7 300 86,400 11.2 13.0 0.26 126 0.74 3
8 500 86,400 11.8 14.5 0.30 147 0.71 2
9 10 777,600 44.7 75.8 0.67 107 0.62 3
10 15 864,000 428 75.4 0.68 124 0.58 5
11 20 576,000 36.7 41.7 0.43 112 0.80 3
12 100 4,320,000 18.5 24.3 0.83 124 0.70 4
13 10 864 19.0 21.2 0.21 96 0.61 3
14 100 864 13.3 13.2 0.10 83 0.46 3
16 10 + 100 777,600 + 864 41.0 76.0 0.82 100 0.70 4
17 10 + 100 777,600 + 86,400 21.2 25.1 0.79 102 0.57 5
18 10 + 100 86,400 + 86,400 14.2 15.1 0.30 111 1.01 4
Normal 41.0 56.4 0.71 168 1.09 10
Denervated 37.6 442 0.56 29 0.12 10

Denervation and stimulation lasted from 28 to 106 d. Only mean values are given. See Table 1 for details of the stimulation patterns used.

this 100 Hz pattern resulted in a twitch time-to-peak of 13 msec.
Finally, 60 pulses at 10 Hz/60 sec alternated with 60 pulses at
100 Hz/60 sec (Fig. 2B, ¥; pattern 18 in Table 1). In this case,
the stimulation at 10 Hz was without effect and the twitch time-
to-peak became as short as with 100 Hz stimulation alone (14
msec). All these combinations of 10 and 100 Hz stimulation
altered the twitch half-relaxation time in the same way as they
altered the twitch time-to-peak (Table 2). These results suggest
that frequency and number of muscle impulses have separate
effects on the twitch speed of rat SOL muscles. When the number
of impulses is large, signals are generated that make the muscle
slow. When the frequency is high, signals are generated that
make the muscle fast. And when large numbers of pulses at low
frequency are applied together with small numbers of pulses at
high frequencies, the signals from the 2 patterns apparently
interact to induce an intermediate contraction speed. Further-
more, for equal numbers of pulses, the fast pattern appears more
effective than the slow pattern. High-frequency stimulation also
removes supersensitivity to acetylcholine from denervated rat
SOL muscles more rapidly than does low-frequency stimulation
(Lemo and Westgaard, 1975).

Time course. It is important to know whether the muscles
were still undergoing transformation when they were examined
28-106 d after denervation and onset of stimulation. Plots of
twitch time-to-peak against the duration of the period of chronic
stimulation for each stimulation pattern did not indicate any
time-dependent changes (not shown). In a more complete time
course study, essentially all of the increase in twitch speed during
100 Hz stimulation of denervated SOL muscles occurred during
the first of up to 4 months of stimulation (Gorza et al., 1988).
Therefore, the different SOL twitch speeds obtained in the pres-
ent work were probably stable end-points at the time of mea-

surement.

Twitch/tetanus ratio. Stimulation had marked effects on the
twitch/tetanus ratio (Fig. 3). Low frequencies, like denervation,
resulted in a high twitch/tetanus ratio that decreased to very
low values when the frequency within each train of 60 pulses
was increased from 1 to 500 Hz (Fig. 34, @). Since such stim-
ulation also resulted in progressively faster twitches (Fig. 24,
@), twitch/tetanus ratio and twitch time-to-peak became posi-
tively correlated (Fig. 3B, @). But the twitch/tetanus ratio was
also influenced by the number of pulses, since increasing num-
bers resulted in lower twitch/tetanus ratios (Fig. 34, O) and
decreasing numbers in higher twitch/tetanus ratios (Fig. 34, O)
at constant stimulation frequencies. This altered the slopes for
the linear correlations between twitch/tetanus ratio and twitch
time-to-peak (Fig. 3B). In addition, it is clear from Figure 3B,
that muscles with the same time-to-peak can have widely dif-
ferent twitch/tetanus ratios depending on how they are stimu-
lated.

Post-tetanic potentiation. Following brief tetanic contractions
the isometric twitch is transiently increased in size in the normal
EDL (post-tetanic potentiation) but transiently decreased in size
in the normal SOL (post-tetanic depression; Close and Hoh,
1969). In the final acute experiments of the present study, we
directly stimulated the muscle supramaximally once every 3 sec
before and after a tetanus at 100-200 Hz lasting 1 sec. SOL
muscles that had been chronically stimulated with increasing
frequencies (constant number of pulses) showed increasingly
more pronounced post-tetanic potentiations (Fig. 44, @), But
post-tetanic potentiation, like twitch/tetanus ratio, also de-
pended on the number of pulses. At constant frequencies, more
pulse trains either reduced the potentiation or induced post-
tetanic depression (Fig. 44, O), while fewer pulse trains had the
opposite effect (Fig. 44, 0). Thus, post-tetanic potentiation was
counteracted by both low frequencies and large numbers of
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Figure 3. Twitch/tetanus ratios of denervated and chronically stim-
ulated SOL muscles plotted against stimulation frequency (4) and against
twitch time-to-peak (B). Same muscles and symbols as in Figure 24.
The chronic stimulation consisted of small (O), intermediate (@), and
large (O) numbers of pulses per day at the frequencies indicated in A.
The twitch/tetanus ratio was measured at the beginning of each exper-
iment, when the twitch was unpotentiated.

pulses. On the other hand, when SOL muscles were stimulated
atlow frequencies (1, 10, or 20 Hz) with an intermediate number
of pulses (60 pulses/60 sec), the twitches were first depressed
(Fig. 44, ©) for up to 10 sec after the tetanus and then poten-
tiated (Fig. 434, @). That brief tetanic stimulations may first
depress and then potentiate the subsequent twitches has, as far
as we know, not previously been described. The finding suggests
that post-tetanic depression and potentiation may arise from
separate processes within the muscle fiber.

Increasing stimulation frequencies (constant number) resulted
in greater post-tetanic potentiations (Fig. 44) and smaller twitch/
tetanus ratios (Fig. 34), and, as a consequence of this, in a
negative correlation between these 2 parameters (Fig. 48,@).
This is consistent with the hypothesis that lower twitch/tetanus
ratios reflect less complete activation during a twitch (Ducha-
teau and Hainaut, 1986). But post-tetanic potentiation also de-
pended on the number of pulses, so that the relation between
potentiation and twitch/tetanus ratio was shifted toward lower
values of potentiation when the pulse number was increased
(Fig. 4B, O) and toward higher values of potentiation when the
pulse number was decreased (Fig. 4B, O). As a result, large
differences in potentiation were observed for the same twitch/
tetanus ratio, suggesting that twitch potentiation does not de-
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Figure4. Post-tetanic depressions and potentiations of denervated and
chronically stimulated SOL muscles plotted against stimulation fre-
quency (4) and against twitch/tetanus ratio (B). Same muscles and sym-
bols as in Figure 24. The chronic stimulation consisted of small (),
intermediate (@), and large (O) numbers of pulses per day at the fre-
quencies indicated in 4. At 1, 10, and 20 Hz in 4, the twitch was first
depressed (0) and then potentiated (@) after the tetanus. In B, only the
potentiated values are plotted for these muscles. The value for post-
tetanic depression or potentiation (ordinate) was obtained by dividing
the amplitude of smallest or largest isometric twitch after a 1 sec tetanus
at 200 Hz by the mean amplitude of 5 preceding control twitches (see
Fig. 1, C, G, K).

pend only on the level of activation, as indicated by the twitch/
tetanus ratio (see Discussion).

Tension—frequency relation. Stimulation had marked effects
on the tension—frequency curve of SOL muscles (Fig. 5), as
expected from the effects on twitch time-to-peak and half-re-
laxation time (twitch duration). Tension—frequency curves have
a steep part where rate modulation of muscle force output is
most efficient and, as shown in Figure 54, this part moved
markedly to the right (toward the imposed frequency) as the
chronic stimulation frequency (constant number) was increased.
Through such movements, the rate control mechanism of mus-
cle force output, which is most efficient around the frequencies
that correspond to the steepest part of the tension—frequency
curve, may adapt to different types of imposed activity. Such
adaptation may contribute to the match that exists in normal
muscles between motoneuronal firing rate and twitch speed
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Figure 5. Tension—frequency curves of denervated and chronically
stimulated SOL muscles. The curves were obtained in final acute ex-
periments by stimulating the SOL in situ for 1 sec at different frequen-
cies. The tensions were then expressed as percentages of maximum
tetanic tension and plotted against these frequencies (abscissa). The
frequencies used during the chronic stimulation are indicated to the left
of each curve, with an intermediate number of pulses per day indicated
by @ (patterns 1-3, 5-7 in Table 1) and a large number of pulses per
day by O (patterns 9 and 12 in Table 1). Each symbol is mean of 3-10
muscles.

(Kernell, 1979; Hennig and Lemo, 1985). But the tension—fre-
quency curve was also influenced by the number of pulses, as
seen in Figure 5B, where the steep part moved to the left when
the number of pulses at constant frequency was increased. This
was expected from the slowing effect of large numbers of pulses
on twitch duration (see above). One result of this movement is
that slow muscles, which are also tonically active, will produce
more force at the prevailing frequency (see Discussion).

Muscle tension. Stimulation had marked effects on muscle
force production. Increasing frequencies (constant number) led
to shorter twitch times-to-peak (Fig. 24, @) and higher tetanic
tensions, and this resulted in a negative correlation between
tetanic tension and twitch time-to-peak (Fig. 64, @). In contrast,
twitch tension decreased as the twitch time-to-peak decreased
during high-frequency stimulation (Fig. 64, ). Therefore, the
low twitch/tetanus ratio of muscles stimulated at high frequency
(Fig. 3) is due partly to an increase in tetanic tension and partly
to a decrease in twitch tension. But muscle tension, and partic-
ularly tetanic tension, was also influenced by the number of
pulses. In Figure 6B the muscles had been stimulated with large
numbers of pulses at low frequency (10-20 Hz). These muscles
had higher tetanic tensions and longer twitch times-to-peak (35—
55 msec) than those muscles in Figure 64 that had been stim-
ulated with a much smaller number of pulses at 10-20 Hz and
had twitch times-to-peak between 26 and 37 msec.
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Figure 6. Muscle tension of denervated and chronically stimulated
SOL muscles. In 4, twitch tension () and maximum tetanic tension
(@) from muscles stimulated chronically with an intermediate number
of pulses per day at frequencies ranging from 1 to 500 Hz (patterns 1-
8 in Table 1) are plotted against twitch time-to-peak. In B are plotted
twitch tension ({) and maximum tetanic tension (O) from muscles
stimulated chronically with a large number of pulses at 10, 15, or 20
Hz (patterns 9, 10, and 11 in Table 1). In C, maximum tetanic tensions
from innervated (2) and denervated (V) control muscles, and from
denervated muscles stimulated with an intermediate number of pulses
per day at frequencies ranging from 1 to 500 Hz (@, patterns 1-8 in
Table 1) are plotted against muscle weight.

Denervated and stimulated SOL muscles produced more te-
tanic tension than did denervated and unstimulated SOL mus-
cles (Fig. 6C). The increase in tetanic tension was accompanied
by an increase in muscle weight (Fig. 6C), and, since high fre-
quencies produced the largest tetanic tensions, high frequencies
were also more effective than low frequencies in counteracting
denervation atrophy. In addition, there was a tendency for te-
tanic tension to increase more than muscle weight at high fre-
quencies, suggesting that high frequency may also increase spe-
cific tetanic tension. This tendency is even stronger than is
suggested by Figure 6C because intermittent high-frequency
stimulation (like cross-reinnervation with a fast nerve; Close,
1969; Barany and Close, 1971) leads to a considerable increase
in fiber length (Gorza et al., 1988), which will increase the weight
but not the cross-sectional area of the muscles.

The denervated and stimulated muscles produced less tetanic
tension than did normal SOL muscles (Fig. 6C), perhaps in part
because of local injury and ineffective stimulation of some of
the fibers (see Discussion). Presumably, the muscles with the
largest tetanic tensions were also ‘“best”-stimulated and, for
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these muscles, the tetanic tensions were within the normal range
and about 100 times greater than those in denervated, unstimu-
lated muscles. Thus, under optimal conditions, direct stimu-
lation may largely counteract the atrophy induced by dener-
vation alone.

Fatigue resistance. The fatigue index measured the ratio be-
tween tetanic tension at the end and at the beginning of 2-min-
long series of tetanic stimulations (Burke et al., 1973). Each
tetanus consisted of pulses at 77 Hz, lasted 330 msec, and was
repeated once every second (see Fig. 1). As shown in Figure 7,
the fatigue index increased with increasing numbers of pulses
(Fig. 7C), but did not show any clear relation to the frequency
of stimulation (Fig. 7B), in contrast to the muscle properties
described above. The fatigue index, however, varied consider-
ably among similarly treated muscles, probably because some
of the muscles became ischemic at the end of the fatigue test.
In particular, the very low fatigue index in one of the normal
centrol muscles (Fig. 84) and in some of the denervated and
stimulated muscles (Fig. 7C) was probably due to ischemia.

Denervated and directly stimulated EDL muscles

In the denervated EDL, stimulation at high frequency prevented
the increase in twitch time-to-peak (Fig. 84), twitch half-relax-

Pulse number/min

either small (O), intermediate (@), or
high (O; see Table 1).

ation time (Table 3), and twitch/tetanus ratio (Fig. 8B) that
occurred after denervation alone. Post-tetanic potentiation be-
came greater than normal (Fig. 8C) and maximum tetanic ten-
sion lower than normal but greater (about 10 times) than after
denervation alone (Fig. 8 D). In contrast, large numbers of pulses
at low frequency resulted in slower twitches (Fig. 84, O; Table
3), but the twitches did not become any slower than after de-
nervation alone (Fig. 84, V; Table 3) and not nearly as slow as
in the SOL stimulated with identical patterns (Fig. 2, O). In
addition, large numbers of pulses at low frequency resulted in
a marked decrease in tetanic tension (Fig. 8D, O).

Innervated EDL muscles stimulated through the nerve

Large numbers of pulses at 10-15 Hz maintained a slow twitch
in the denervated SOL, but failed to induce a similarly slow
twitch in the denervated EDL (Tables 2 and 3; Eken and Gun-
dersen, 1988). This was surprising because, in the rabbit, the
innervated EDL becomes at least as slow as the SOL during
similar stimulation of the nerve (Salmons and Sréter, 1976). To
examine the role of innervation, we therefore stimulated the
common peroneal nerve in rats with the same patterns. As
shown in Figure 8 (@) and Table 3, stimulation through the
nerve had essentially the same effects as direct stimulation of

Table 3. Contractile properties of chronically stimulated EDL muscles

Tetanic
tension/
Twitch time- Twitch half- Muscle muscle Number
Pulse rate to-peak relax. time Fatigue weight weight of
Pattern (Hz) Pulses/d (msec) (msec) index (mg) (gm/mg) muscles
9 10 771,600 22.5 24.5 0.78 69 0.68 2
10 15 864,000 20.9 19.0 0.46 74 0.83 5
15 150 8640 11 12.5 175 1.20 1
10= 15 864,000 22.8 25.2 0.75 115 0.95 3
Normal 11.9 10.6 0.20 189 1.42 7
Denervated 223 27.7 0.66 38 0.42 5

Denervation and stimulation lasted from 48 to 102 d. Only mean values are given.

2 10: Innervation was intact and pattern 10 was applied through the nerve.
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Figure 8. Twitch time-to-peak (4), twitch/tetanus ratio (B), post-te-
tanic potentiation (C), and maximum tetanic tension (D) of EDL mus-
cles. The muscles had been denervated and stimulated for 48-102 d
with a large number of pulses at 10 or 15 Hz (O, patterns 9 and 10 in
Table 1), or with small numbers of pulses at 150 Hz (O, pattern 15 in
Table 1), or left innervated and stimulated through the peroneal nerve
with a large number of pulses at 15 Hz (©®, pattern 10 in Table 1).
Innervated (A, n = 7) and denervated (V; n = 6) control muscles are
shown to the left in each plot. Mean and total range of values are
indicated.

the muscle after denervation did on twitch time-to-peak, half-
relaxation time, and post-tetanic potentiation. However, the
twitch/tetanus ratio was lower and the maximum tetanic tension
higher in muscles that had been stimulated through the nerve
(Fig. 8, B, D). On the other hand, the denervated EDL generated
much more tetanic tension after stimulation with a small num-
ber of pulse trains at 150 Hz (Fig. 8D, [J) than the innervated
EDL did after stimulation through the nerve with large numbers
of pulses at low frequency (Fig. 8D, ©).

Discussion

Twitch speed is regulated within “‘adaptive ranges”

A main result of this work is the finding that the isometric twitch
speed of denervated rat SOL muscles can be graded within wide
limits by different patterns of direct stimulation. For the twitch
time-to-peak, the lower and upper limits appeared close to 11
and 45 msec, respectively, and for the half-relaxation time close
to 13 and 75 msec. From the literature, it appears that all types
of manipulations affecting the twitch of rat SOL muscles result
in twitch time-to-peak and half-relaxation times well within
these limits. Therefore, these limits may represent adaptive ranges
within which the twitch speed of rat SOL muscles can be graded
by evoked muscle activity. Similar adaptive ranges were ob-
tained for twitch/tetanus ratio and post-tetanic potentiation or
depression of the twitch. In the EDL the range for the twitch

time-to-peak appeared to extend from about 11 to 23 msec, and
for the twitch half-relaxation time from about 12 to 25 msec.
But these values are less certain as limiting values because the
EDL was stimulated with fewer stimulation patterns.

Regulation of twitch speed by frequency and number of
impulses

The twitch time-to-peak and half-relaxation times of the SOL
could be graded by varying either the number of pulses or the
frequency. Large numbers had a slowing effect that was greatest
at the low frequencies (10-20 Hz) typical of normal SOL motor-
units (Hennig and Lemo, 1985). At 10 Hz, the mean twitch
time-to-peak declined from 45 to 19 msec as the number of
pulses was reduced from 4,320,000 to 864/d. This “amount
effect” may explain, at least in part, why limb immobilization
(Fischbach and Robbins, 1969; Mayer et al., 1981), transection
of the spinal cord (Gallego et al., 1978; Mayer et al., 1984), and
transection of the nerve to antagonistic muscles (Guth and Wells,
1972; Hennig, 1987) result in faster SOL twitches, since all these
procedures probably reduce the amount of activity evoked by
SOL motoneurons. A slowing effect of large amounts of activity
seems advantageous in postural muscles such as the SOL be-
cause less energy is then required for maintaining muscle force
output (Crow and Kushmerick, 1982). In addition, fewer fibers
may be required to produce a given force, since each fiber will
produce a larger fraction of its maximal tetanic force as the
slowing effect of large amounts of activity moves the steep part
of the tension—frequency curve to the left of the prevailing fre-
quency (see Fig. 5B).

In our experiments, increases in the pulse frequency within
each train also resulted in shorter trains and longer intervals
between the trains (Table 1). Therefore, we cannot unequivo-
cally attribute the faster twitches to the increase in frequency
per se. On the other hand, when the 100 Hz pulse trains were
delivered at intervals of either 6000 sec (about 1 hr, 40 min),
60 sec, or 0.6 sec, the twitch became much faster than normal
(Fig. 2), although the number of pulses varied 5000-fold and
the duration of intervals between trains 10,000 fold (Table 1).
This suggests that the increase in twitch speed depended mainly
on the high frequency used. The twitches also became much
faster when 100 Hz pulse trains were added to 10 Hz pulse
trains, even though this increased the number of trains and
shortened the duration of the intervals between trains. This last
result also shows that patterns inducing either fast or slow
twitches, when applied alone, somehow interact within the fiber
to produce twitches of intermediate speed when applied in com-
bination.

In contrast, Al-Amood and Lewis (1987) conclude that twitch
speed may be determined by the time allowed between con-
tractions and not by the pulse frequency during contractions.
They stimulated denervated rat SOL muscles at frequencies
ranging from 10 to 100 Hz and, unlike us, obtained almost the
same twitch time-to-peak (about 22 msec) regardless of the fre-
quency used. Al-Amood and Lewis (1987) kept the duration of
each pulse train constant (1 sec), while we kept the number of
pulses per train constant (60); this may have contributed to the
different results. For the stimulations at 100 Hz, however, we
find it very unlikely that the small difference in stimulation
pattern (100 pulses at 100 Hz/90 sec in the experiments by Al-
Amood and Lewis (1987) and 60 pulses at 100 Hz/60 sec in
our experiments) can explain why the twitch time-to-peak de-
creased much later and to a considerably smaller degree in the



experiments by Al-Amood et al. (1986) and Al-Amood and
Lewis (1987) than in our earlier (Lemo et al., 1974, 1980) and
more recent (Hennig and Lemo, 1987a, this work; see also Eken
and Gundersen, 1988) experiments. We have no satisfactory
explanation for these differences in results, which lead to very
different views on the mechanism behind the effects of stimu-
lation on denervated muscle. Thus, Al-Amood and Lewis (1987)
and Al-Amood et al. (1986) propose that denervation per se
induces transformation of rat SOL muscles by switching the
synthesis of myosin from the slow to the fast type, whereas
intermittent stimulation merely enhances this transformation
by enhancing protein synthesis. In our view, neither denervation
as such, nor the accompanying cessation of normal motor unit
activity, is necessary for slow-to-fast transformation, since in-
termittent 100 Hz stimulation induces much faster twitches and
a marked increase in the percentage of type II fibers in inner-
vated SOL muscles that maintain their normal motor unit ac-
tivity during the stimulation (Hennig and Lemo, 1987a). Similar
increases in twitch speed are also seen in innervated cat SOL
muscles during intermittent 100 Hz stimulation (Smith, 1978).
In addition, we attribute the increase in twitch speed that occurs
in long-term denervated SOL muscles (Finol et al., 1981; Hennig
and Lomo, 1987a) to the lower amount of muscle activity after
denervation, since the results presented in Figure 2 demonstrate
that such reductions can lead to considerable increases in twitch
speed. In conclusion, we interpret our results to mean that both
the frequency and the number of impulses contribute to the
regulation of contractile speed in rat SOL muscles. In addition,
other characteristics of the firing patterns of motoneurons also
play a role (Eken and Gundersen, 1988).

Intrinsic differences between SOL and EDL muscles

Stimulation at 10 or 15 Hz resulted in twitches that were only
half as slow in the EDL as in the SOL. The same difference in
twitch speed is seen after reinnervation of the EDL and the SOL
by the SOL nerve (Close, 1969; Gutmann and Carlson, 1975).
In the cat, reinnervation by the SOL nerve converts original
type II fibers of the flexor digitorum longus into type I fibers
that are as slow as the normal, slow type I fibers in that muscle,
but not as slow as the type I fibers in the SOL (Dum et al.,
1985). Elsewhere we report that direct stimulation with large
numbers of pulses at low frequency fails to convert type II fibers
to type I fibers in the EDL, where 98% of the fibers remain type
II during the stimulation. In contrast, in the denervated SOL,
the same stimulation pattern results in 82-87% type I fibers
(Gundersen et al., 1988). All of these results show that identical
inputs have different effects on SOL and EDL muscles.

Intermittent high-frequency stimulation completely trans-
formed the SOL into an EDL-like muscle with respect to the
isometric twitch (Fig. 2). Elsewhere, however, it is reported that
in such stimulated SOL muscles, the intrinsic V,,,, (normalized
for fiber length) becomes only half as fast as that in the normal
EDL (Eken and Gundersen, 1988; Gorza et al., 1988) and, fur-
thermore, in contrast to normal EDL type II fibers, the stimu-
lated SOL fibers continue to express slow type I myosin heavy
chains, although they acquire type II myosin in addition (Gorza
et al., 1988). Thus, it appears that rat SOL and EDL muscle
fibers are not completely interconvertible. Resistance against
complete slow-to-fast transformation is also seen in cat SOL
muscles after reinnervation by fast flexor digitorum longus or
medial gastrocnemius motoneurons (Dum et al., 1985; Foehring
et al., 1987).
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It is possible that other types of stimulation or neuronal input
would have transformed the EDL and the SOL more completely.
A more likely and interesting possibility, however, is that SOL
and EDL muscle fibers respond differently to similar stimulation
and to reinnervation by the same nerve because they are in-
trinsically different. Recently, evidence for tissue-specific dif-
ferences in the expression of myosin heavy chain genes has been
obtained in the rat. The posterior temporalis muscle continues
to express a particular “superfast” myosin heavy chain after
transplantation to the leg and reinnervation there, whereas the
EDL fails to express this gene after it is transplanted to the site
of the posterior temporalis muscle and reinnervated there (Hoh
et al., in press). In the hyperthyroid rat, expression of II A
myosin heavy chain is increased in the SOL, but decreased in
the EDL (Izumo et al., 1986). In chicken, there is strong evidence
that fast and slow muscle fibers belong to different cell lineages
(Miller and Stockdale, 1987). Therefore, an attractive possibility
is that rat EDL and SOL muscle fibers also belong to different
cell lineages, each having different but overlapping sets of genes
““available” for expression, and each set conferring particular
adaptive ranges to the muscle fibers.

In the EDL of the rabbit, slow pattern stimulation of the
peroneal nerve apparently results in complete fast-to-slow trans-
formation. In this muscle the twitch becomes even slower than
the twitch of normal SOL muscles (Salmons and Sréter, 1976).
In the EDL of the rat, on the other hand, the transformation is
far from complete whether innervation is present or not. There-
fore, intrinsic differences apparently exist not only between dif-
ferent muscles, such as the EDL and SOL, in the same animal,
but also between homologous muscles, such as the EDL, in
different species. Such differences between muscles may explain
why changes in pulse rates apparently affect the twitch speed in
the SOL of the rat but not in the peroneus longus of the cat. In
the cat peroneus longus, intermittent 100 Hz stimulation does
not speed up the twitch when it is added to 10 Hz stimulation,
whereas in the rat SOL it does (Fig. 2B). Indeed, using various
combinations of brief pulse trains at 10 and 100 Hz, Eerbeek
et al. (1984) and Kernell et al. (1987) find no evidence for pulse
rate-specific effects on twitch speed, which appears to depend
on other aspects of the treatment, such as daily amount and
distribution of the stimulation. In other respects, however, the
rat SOL and the cat peroneus longus respond similarly. Thus,
in both muscles the twitches become slower and the tetanic
tensions higher with larger pulse numbers, and the twitch/tet-
anus ratios become lower with higher pulse frequencies.

Regulation of excitation—contraction coupling by activity

The present results provide indirect evidence for long-term reg-
ulatory effects of evoked muscle activity on the rate of Ca?*
release from the sarcoplasmic reticulum (SR) during a twitch
and its subsequent removal from the cytosol. Thus, the longer
twitch durations and lower twitch/tetanus ratios induced by
increasingly larger numbers of pulses (constant frequency) can
be at least partly explained by slower Ca?* release by the SR
and slower Ca?* removal by SR and possibly parvalbumin. If
the effect of the stimulation had only been to delay and slow
down Ca?* removal and not to slow down Ca?* release, both
the twitch/tetanus ratio and the twitch duration would have
been expected to increase. On the other hand, the shorter twitch
durations and lower twitch/tetanus ratios that were induced by
increasingly higher pulse frequencies (constant number) can be
explained, at least in part, by faster release and removal of Ca?*.
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Faster removal of Ca?* may be sufficient to account for both
the shorter twitch duration and the lower twitch/tetanus ratio,
but since the rate of rise in twitch tension was also increased,
the rate of Ca?* release was probably increased as well. Thus,
it appears that high pulse rates over time may induce faster Ca2+
release and removal, while high pulse numbers have the op-
posite effect.

In support of these interpretations, it has been shown that
large numbers of pulses at low frequency markedly decrease
Ca?* uptake by SR and parvalbumin content in the cytosol both
in denervated EDL muscles of the rat (Gundersen et al., 1988)
and in innervated tibialis anterior muscles of the rabbit (Klug
et al., 1988). Conversely, intermittent high-frequency stimula-
tion markedly increases these parameters in the denervated rat
SOL (Gundersen et al., 1988). Furthermore, during high-fre-
quency stimulation, the SOL twitch becomes as fast as in the
normal EDL, where brief depolarizations elicit considerably faster
Ca** release and removal than they do in the normal SOL (Eu-
sebi et al., 1980).

Chronic stimulation is unlikely, however, to affect the twitch
by only affecting excitation—contraction coupling. For example,
Stephenson and Williams (1981) have shown that force relax-
ation is faster in EDL than in SOL fibers when Ca?* is suddenly
removed from maximally activated skinned fibers, indicating
that twitch duration depends not only on the kinetics of Ca?*
release and removal but also on the kinetics of force generation
and relaxation by the myofilaments. Elsewhere, we have shown
that intermittent 100 Hz stimulation induces the appearance of
fast-type myosin and a higher isotonic shortening velocity in
denervated rat SOL muscles, indicating faster cross-bridge cy-
cling. But these changes appear later and are less pronounced
than the changes in twitch speed, which develop rapidly after
only 2 d of stimulation (Gorza et al.,, 1988). In the tibialis
anterior of the rabbit, the effect on Ca?+ uptake by the SR, which
is reduced to 50% of normal within 2 d of stimulation, is sim-
ilarly rapid (Leberer et al., 1987). This suggests that excitation—
contraction coupling processes and myofilament function
undergo coordinated changes when activity is altered, but that
excitation—contraction coupling processes, at least in rat SOL
muscles, may respond faster and play a more dominating role
in adapting the twitch to altered activity. This is further sug-
gested by cross-reinnervation experiments on cat SOL muscles,
where the twitch becomes much faster than normal without any
corresponding changes in myosin ATPase activity and fiber-
type distribution (Gauthier et al., 1983).

Twitch/tetanus ratio and twitch speed for muscles or motor
units are often positively correlated (e.g., Cooper and Eccles,
1930; Bagust et al., 1973; Bagust, 1974), but this is not always
the case (e.g., Close, 1967; Nelson et al., 1986; this work). The
present results suggest an explanation for the lack of a simple
relation between twitch speed and twitch/tetanus ratio in normal
muscles. When the number of pulses was kept constant, in-
creasingly higher pulse frequencies resulted in increasingly lower
twitch/tetanus ratios and faster twitches, suggesting that the low
twitch/tetanus ratio in some fast muscles—for example, extrin-
sic eye muscles—may be due to the high firing rates of their
motoneurons. On the other hand, when the pulse rate was kept
constant, increasingly higher numbers of pulses also resulted in
lower twitch/tetanus ratios, but in this case the twitches became
slower. Therefore, in slow muscles the twitch/tetanus ratio may
become relatively low, and thus similar to that in a fast muscle,
because high impulse numbers counteract the effect of low im-

pulse frequency. Furthermore, the increase in twitch/tetanus
ratio induced in slow muscles by denervation (Figs. 3, 8), disuse
(Fischbach and Robbins, 1969), and tenotomy (Bagust, 1979)
may now be attributed, at least in part, to the reduction in the
amount of activity that accompanies these procedures, whereas
the increase in twitch/tetanus ratio in denervated fast muscles
may be partly attributed to the absence of high-frequency ac-
tivity normally imposed by fast motoneurons (Hennig and Lemo,
1985).

Duchateau and Hainaut (1986) provide evidence that acti-
vation during a twitch is not maximal and that the twitch/
tetanus ratio gives a good indication of the level of activation.
In the present experiments, higher pulse rates (constant pulse
number) induced faster twitches, lower twitch/tetanus ratios,
and greater post-tetanic potentiations. This suggests that the
level of activation during a twitch is decreased in muscles chron-
ically stimulated at high frequency and that the increase in twitch
force after a conditioning tetanus may be due to enhanced Ca?+
release. On the other hand, post-tetanic potentiation also de-
pended on the amount of stimulation and, as a result, large
differences in post-tetanic potentiation were observed without
corresponding changes in twitch/tetanus ratio (Fig. 4). This is -
also consistent with the fact that the twitch/tetanus ratio is often
found to be about the same in rat SOL and EDL muscles (Close,
1967, this work) and yet the SOL shows post-tetanic depression
and the EDL post-tetanic potentiation. Thus, post-tetanic po-
tentiation may depend not only on the level of activation, as
reflected by the twitch/tetanus ratio, but also on other factors,
for example, the affinity of the myofilaments for Ca2* or other
regulatory processes at the level of actomyosin. Whatever the
precise processes that underlie post-tetanic potentiation, their
regulation apparently depends on both the frequency and the
number of impulses imposed on the muscle.

Physiological adaptation to different usage or a pathological
reaction to denervation and electrical stimulation?

Jolesz and Sréter (1981) have suggested that transformation of
slow muscles occurs because preexisting slow fibers degenerate
and new fibers of a fast type regenerate around the stimulating
electrodes. Elsewhere we conclude (Gorza et al., 1988) that this
cannot explain the slow-to-fast transformation in our experi-
ments because the denervated and stimulated SOL fibers stay
large in size throughout the period of transformation, continue
to bind anti-slow myosin while gradually acquiring fast myosin,
and fail to bind anti-fetal myosin, which stains regenerating
fibers (Sartore et al., 1982). We do see regenerating fibers in our
experimental SOL muscles, as well as in our denervated and
innervated control muscles, with implanted sham electrodes,
but only very superficially near the electrodes. Furthermore,
there is no effect of the sham electrodes on the slow-twitch speed
of these control muscles (Gorza et al., 1988). In the present
experiments it is likely that fibers in restricted regions of the
SOL muscles were damaged and that in some muscles fibers
escaped stimulation owing to faulty placement of the electrodes.
But such fibers would contribute very little to the force produced
by the bulk of muscle, which was well stimulated (see Fig. 6),
and therefore would have little effect on the measurements of
twitch speed, twitch/tetanus ratio, or post-tetanic potentiation,
although they would reduce total tetanic tension to some degree.

Whereas the speed of adult SOL fibers can be markedly altered
by stimulation without appearing to undergo degeneration and
regeneration, this may not be the case for all types of muscle



fibers in the EDL. In the fast EDL of the rabbit, large numbers
of pulses at 10 Hz result in marked glycogen depletion, fiber
degeneration restricted primarily to the fast glycolytic fiber pop-
ulation, and fiber regeneration. These degenerative/regenerative
processes occur during a limited time period (approximately 6—
20 d after onset of stimulation) and, for that reason, may be
overlooked (Maier et al., 1986; Maier and Pette, 1987). A similar
time course study has not been done with rat EDL muscles.
However, stimulation at 10 or 15 Hz markedly reduced tetanic
tension both in the denervated and innervated EDL (Fig. 8D)
and had the same effect as denervation alone on twitch speed,
suggesting that the EDL tolerates this pattern of activity poorly.
During the stimulation at 10 or 15 Hz, the EDL was kept active
for 90 or 67% of the time, whereas presumed fast fatigue-sen-
sitive motor units with fast-type glycolytic (II B) fibers in the
EDL of the normal rat are active for only 0.04 to 0.2% of the
time and discharge at frequencies above 40 Hz (Hennig and
Lemo, 1987b). If type II B fibers in the rat degenerate during
“tonic” stimulation at 10-15 Hz, as they do in the rabbit, then
the combined effects of an abnormally low frequency and an
abnormally large amount of activity may be responsible. On the
other hand, normal SOL motoneurons fire at rates ranging from
about 5 to 100 Hz (median rate, approximately 20 Hz) and for
about 22 to 35% of total time (Hennig and Lemo, 1985). Since
capillaries and oxidative energy systems are also well developed
in rat SOL muscles, it is perhaps not surprising that this muscle
tolerates a greater variety of stimulation patterns than the EDL
does, and shows a wider adaptive range with regard to several
contractile properties.

Regulation by evoked activity or neurotrophic substances?

Functional neuromuscular junctions also form when the con-
duction of nerve impulses is blocked by tetrodotoxin or other
means (Jansen et al., 1973; Davey and Cohen, 1986), which
shows that motoneurons influence the junctional properies of
muscle fibers independently of impulse activity. Whether activ-
ity-independent factors also influence nonjunctional properties,
however, remains less clear. Evidence for such factors has been
obtained in the baboon where local pressure on the nerve fol-
lowed by conduction blocks of up to 2 months duration results
in less supersensitivity to acetylcholine than denervation (Gilliat
et al.,, 1978). On the other hand, direct stimulation restores
normal resting membrane potential, specific membrane prop-
erties, and nonjunctional sensitivity to acetylcholine in dener-
vated rat SOL and EDL fibers (Lemo and Westgaard, 1975;
Westgaard, 1975; Lemo and Gundersen, 1988), suggesting that
neurotrophic substances are not essential for the regulation of
these properties. Other nonjunctional properties, such as con-
tractile speed and force, may also not require neurotrophic sub-
stances. Salviati et al. (1986) have reported that ectopic inner-
vation by the EDL nerve induces fast myosin in SOL fibers that
are also innervated by the SOL nerve. But this fast myosin is
restricted to the region around the ectopic junctions, which shows
that the effect is local. In other experiments, intermittent 100
Hz stimulation starting after several months of denervation has
been shown to increase the tetanic force output of rat SOL
muscles to about the same degree and along the same time course
as does self-reinnervation starting after similar times of dener-
vation (Hennig and Loemo, 1987a). In the present experiments,
stimulation with pulse patterns that resemble the firing pattern
of normal SOL motoneurons has the same effect on the twitch
of denervated EDL and SOL muscles as does reinnervation by
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SOL motoneurons. Conversely, stimulation with pulse patterns
that resemble the firing pattern of EDL motoneurons has the
same effect as reinnervation by EDL motoneurons (Close, 1969;
Gutmann and Carlson, 1975). Furthermore, we show here that
tetanic tension becomes higher in SOL muscles stimulated at
high frequency than at low frequency, which may explain, at
least in part, why tetanic tensions per unit of cross-sectional
area are higher in EDL than in SOL muscles (Close, 1972).
Although the tetanic tensions of muscles that we presume to
have been “best™ stimulated are up to 100-fold greater than the
tetanic tensions of denervated control muscles and sometimes
come within the range of the tetanic tensions in innervated
control muscles, stimulation does not, on average, prevent de-
nervation atrophy completely. This may be due to the lack of
some trophic substance, but we believe that fiber damage (see
above), incomplete stimulation, or insufficient stretch by de-
nervated flaccid antagonists are more likely explanations. In
conclusion, therefore, it appears that direct stimulation can sub-
stitute for innervation for very long periods of time, and that
evoked muscle activity plays a major role in the regulation of
contractile properties of rat skeletal muscles.
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