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ABSTRACT. To study atrophic muscles after tenotomy and denervation,
we used as subjects leghorn superficial pectoral muscle (type II fiber
muscle), and examined changes in Single Fiber Electromyography
(SFEMG) and tissue for four weeks.

The amplitude of SFEMG gradually decreased, the duration became
prolonged, and waves like those of type I fibers were found with an
amplitude of less than 2.4 mV and a duration of over 2 msec. The
amplitude was smaller in denervated muscle than in tenotomized muscle.
The duration of the tenotomized muscle was more uneven than that of
denervated muscle.

Histological findings (ATPase stain) showed that the muscle fibers
gradually atrophied and that the type of muscle fibers did not change.
Although SFEMG showed that tenotomy and denervation caused type II
fibers to change in to type I fibers, histological findings showed no
change.

Key words : single fiber electromyography — ATPase stain — tenotomy —
denervation

Recently with developments and problems in rehabilitation, the disuse
syndrome has been brought to light.? It should be noticed that disuse muscle
atrophy is a great functional disorder to physical exercise. Therefore, we
performed tenotomy on leghorn superficial pectoral muscle and denervated it,
to test the following hypothesis electromyographically and histologically :

(1) that SFEMG would show a change in disuse atrophied muscle, and that it
would reveal a difference between the tenotomized muscle and denervated
muscle.

(2) that the disuse atrophied muscle would show a change in muscle fiber

type.

In this experiment, SFEMG was used to measure the action potential of
single fibers. The needle electrodes for SFEMG are 25 ym in diameter,
whereas conventional ones are 100-200 y;m in diameter. Therefore, the action
potential of single fibers of about 50 yxm in diameter can be isolated and
identified (Fig. 1).

TR PR




64 M. Mizuno

The needle electrode for conventional EMG

200um

The needle electrode for single fiber EMG

Fig. 1. The needle electrodes. The needle electrodes for SFEMG are only 25 ym in
diameter, whereas conventional needle electrodes are 100~200 ym in diameter.
Therefore, the action potential of a single fiber of about 50 ym in diameter can be
isolated and identified.

SUBJECTS AND METHODS

As subjects, 8 white leghorns’ superficial pectoral muscles were used.
Their ages were from 8 to 14 months, and their weight was 1.74+0.06 kg.
They were bred in the cages.

The eight white leghorns were divided into two equal groups as follows:
(1) Tenotomized group

To obtain control group measurements, the animals were subjected to
general anesthesia with Na-pentobarbital 20 mg/kg injected into the humeral
veins. Their pectoral nerves controling the superficial pectoral muscles were
exposed in the vicinity of the scapulohumeral joints;; supramaximal stimulation
by a rectangular wave of 0.1 msec duration; and the amplitude and duration
of SFEMG were measured at three or four points in each muscle, 20 waves in
total. Only the action potential of single fibers was measured by inching the
electrode because two potentials are led out when the electrode is found
between two muscle fibers. The position at which the recording electrode was
to be inserted was adjusted so that the amplitude would be obtained on the
oscilloscope at its maximum, and the amplitude between the positive peak and
the negative peak was measured. The duration was measured in the base-line
between the two points where the action potential began and stopped at the
point where it had begun. - The earth was set on the leghorn superficial
pectoral muscle.

Then the superficial pectoral muscle was tenotomized at the humerus, after
which SFEMG was examined after one week, two weeks, and four weeks
respectively, using the same method as that of the control.

(2) Denervated group

To measure SFEMG by stimulating superficial pectoral muscle directly,
two TOP Pole needles (insulated electrode needle-23G) were inserted into the
muscle 5 mm a part for the infusion of 0.3 ml of physiological saline. After
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that, the muscle was stimulated by electricity under the same conditions as in
the tenotomized group, and SFEMG was examined along the course of muscle
fiber at a point 20 mm away from the stimulated part. The amplitude and
duration of the SFEMG were measured at three or four points in each muscle,
20 waves in total. The earth was set between the stimulated part and the
recording needle electrode (Fig. 2).

Then a pectoral nerve was cut in the vicinity of the scapulohumeral joint
before its proximal and its distal stumps were ligated with 5-0 nylon thread to
prevent the nerve from regenerating and reinnervating. 15 waves from each
muscle were measured by SFEMG using the same method as that of the control
after one week, two weeks, and four weeks respectively. The number of waves
was limited to 15 to prevent damage to the muscles by the exciting and
recording electrodes.

The room temperature of the laboratory for both groups was kept at 22
~24°C. The leghorns were kept there for half an hour before experiment in
order to accustom them to the room temperature. Nihon Kohden Neuropack
4 was used for electromyography, and Nihon Kohden Single Fiber Electrode
was used as the needle electrode. Almost simultaneously with SFEMG, a
muscle biopsy specimen was obtained from the superficial pectoral muscle, and
a 10 ym cryostat section was obtained by freezing with dry ice acetone, and
then, through ATPase stain (pH 4.3-10.3), muscle fiber types were classified
and diameters of muscle fibers were measured. A Nikon Eyepiece Micrometer
was used to measure the diameters of 100 fibers per muscle. I also compared
the histological findings with SFEMG. I employed t-test to decide the
difference was statistically significant at p<0.01.

RESULTS

The average weight of the tenotomized leghorns was 1.744-0.06 kg and that
of the denervated animals was 1.73+0.07 kg, and thus the difference being not
significant between the two groups. “ '
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Fig. 2. Diagram of the arrangement for stimulation of muscle fibers and recording of action
potentials.
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1. SFEMG findings

(1) The tenotomized group

Changes in the SFEMG waves of the tenotomized animals are shown in
Fig. 3a. The amplitude of these waves showed a tended to gradually decrease
and the duration gradually increased.

The average amplitude and duration of the SFEMG are shown in Fig. 4a.
The average amplitude decreased gradually after the superficial pectoral muscle
as tenotomized, and there was a significant difference from that of the control
(2.5240.51 mV) after one week (1.0540.44 mV), and between two weeks
(1.15+0.45 mV) and four weeks (0.88+0.28 mV). The average duration
showed prolongation with a significant difference from the control (1.51+£0.28
msec) after one week (1.98+0.59 msec). The averages of both amplitude and
duration showed maximal change one week after tenotomy.

Fig. 5a shows the amplitude and duration of the SFEMG between the
control and the tenotomized leghorns after one week and four weeks. As
observed, the amplitude is found decreased on the whole, while the duration
widely distributed. Especially, the amplitude after tenotomy showed waves of
under 2.4 mV, while the duration showed waves of over 2 msec. These waves
were not observed in the control. Thus the findings were considered to be
similar to those of the SFEMG of type I muscle fibers.
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Fig. 3. Changes in SFEMG waves. The amplitudes of the tenotomized muscle (a) and the
denervated muscle (b) tended to gradually decrease, while the duration gradually
increased.
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Fig. 4. Changes in the averages of the amplituﬂe and the duration in SFEMG. The average
amplitude decreased gradually after the superficial pectoral muscle was tenotomized (a)
and denervated (b). The average duration showed prolongation.

(2) The denervated group

Fig. 3b shows changes in the SFEMG waves following denervation. Both
the amplitude and the duration showed the same tendency as in the tenotom-
ized group.

Fig. 4b shows changes in the amplitude and the duration of SFEMG. The
average amplitude decreased gradually after the superficial pectoral muscle was
tenotomized, and there was a significant difference from that of the control
(2.43+0.46 mV) after one week (1.004+0.38 mV), between one week and two
weeks (0.754+0.35 mV), and between two weeks and four weeks (0.55+0.25
mV). The average duration showed prolongation with a significant difference
from the control (1.54+0.23 msec) after one week (1.83+0.39 msec). However,
neither the amplitude nor the duration showed a significant difference from the
controls of the two groups. The averages of both amplitude and duration
showed maximal change as in the tenotomized group, one week after
denervation.

Fig. 5b shows the amplitude and the duration of SFEMG between the
control and the denervated leghorn after one week and four weeks. As in the
tenotomized group, the amplitude showed the same decrease on the whole,
while the duration was found widely distributed. The amplitude after
denervation showed a wave of less than 2.4 mV and the duration of over 2
msec, both of which were not observed in the control. These findings were
similar to those of type I muscle fibers.

2. Histological findings

(1) The tenotomized group

Fig. 6a shows change in the ATPase staining (pH 4.3) of superficial
pectoral muscle. The diameter of the muscle fibers tended to decrease
gradually as in ATPase staining (pH 10.3). In addition it was found that the
superficial pectoral muscle always remained pure type II fiber, in other words,
it did not change its type.

duration
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Fig. 5. The amplitude and duration of SFEMG between the control and the tenotomized (a)
and denervated (b) muscles after one week and four weeks. The amplitude of SFEMG
was decréased on the whole, while the duration were widely distributed. Waves like
those of type I fibers found with amplitudes of less than 2.4 mV and a duration of over
2 msec. The amplitude was smaller in denervated muscle than in tenotomized muscle.
The duration of SFEMG in the tenotomized muscle was more uneven than that in
denervated muscle.

Fig. 7a shows change in the average diameter of the muscle fiber. There
was a significant difference between the control (43.89+691 xm) and the
tenotomized muscle after one week (32.35+7.81 ym), and between two weeks
(31.05+7.40 xm) and four weeks (25.59+3.69 ym). The diameter of the
muscle fiber showed maximal decrease one week after tenotomy, and the
courses indicated by the historical and SFEMG findings were similar.

(2) The denervated group

Fig. 6b shows change in the ATPase staining (pH 4.3) of the superficial
pectoral muscle. The diameter of the muscle fiber tended to decrease gradually
as in the tenotomized group. In addition it was found that the superficial
pectoral muscle always remained pure type II fiber, in other words, it did not
change its type.

Fig. 7b shows change in the average diameter of muscle fiber. There were
significant decreases between the control (43.71+6.23 xm) and the denervated
leghorn after one week (34.70+7.72 xm), between one week and two weeks
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Fig. 6. Change in ATPase staining (pH 4.3) of superficial pectoral muscle after tenotomy (a)
and denervation (b). Muscle fibers gradually became atrophic, but the type of muscle
fibers did not change. (ATPase staining (pH 4.3)x 400)
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Fig. 7. Change in average diameter of muscle fibers. Muscle fibers gradually became
atrophic.

(31.30+8.95 yxm), and between two weeks and four weeks (22.70+5.29 pm).
The diameter of muscle fiber showed maximal decrease as in the tenotomized
group one week after tenotomy, and the courses indicated by the histological
and the SFEMG findings were similar.

DISCUSSION

1. Experimental Methods Used for This Study

Muscle atrophy and muscle weakness are remarkable symptoms as
deuteropathy clinically caused by a long confinement to bed or rest in bed.
This is called disuse muscle atrophy, and in the field of rehabilitation
medicine, is an extremely serious problem affecting motor function, and its
studies have been carried out as basic experiments through histological
approach.2~9 However, there have still been a few who have studied from an
electrophysiological point of view especially, there have been no reports on
disuse change of pure type II fiber muscle based on SFEMG and tissue
findings. This is why the author decided to pursue his studies into this field.

Although gypsum bandage fixing and pin fixing have often been used as
experimental methods for disuse muscle atrophy, the author employed
Lippmann® et al’s tenotomy for his studies because it was difficult to fix a
leghorn’s scapulohumeral joint.

In due to loss of trophic action by the nerve, and it is different, in the
strict sense of the word, from disuse induced by a decrease in activity. But it
is admitted that a gradual decrease in the activity of the muscle is liable to
bring about disuse muscle atrophy,® so that the author used denervated muscle
as disuse muscle-atrophy.

2. SFEMG

SFEMG was developed by Ekstedt and Stalberg” in 1963, which enabled
us to obtain information on various activities of muscle fiber that had not been
observed on conventional electromyogram with a needle electrode. The author,
therefore, performed the experiments with the hypothesis that SFEMG may
enable muscle fiber type to be classified.® It was found that type I muscle fiber
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showed an short amplitude of less than 2.4 mV, and a long duration of over
2 msec, on one hand; type II muscle fiber showed a large amplitude of over 2.4
mV and a short duration of less than 2 msec, on the other hand. These
findings supported my hypothesis.

The author will discuss the significance of the items be measured by
SFEMG. The amplitude is determined by the diameter® of muscle fiber and
the distance!® between an excitable muscle fiber and an electrode. When the
recording electrode is imperceptibly inched away from the power supply, the
measurement radially declined,!® and the degree of the decline is determined by
the surface sizg of the electrode.!® Since the SFEMG needle electrode whose
surface is extremely small makes this phenomenon sharp, great care was taken
of as stated in the Method when the position for the needle was determined.
The duration is determined mainly by ATPase activity'? and conduction
velocity in muscle fiber. Construction velocity is said to be proportional to
ATPase activity. Therefore, the duration of type II fiber (with higher ATPase
activity'?) is shorter than that of type I muscle fiber. Since the conduction
velocity in muscle fiber is faster in type II muscle fiber.!¥ Therefore, it is
conceivable that the duration will be shorter in type II fiber.

3. Evoked Electromyography by Direct Stimulation of Muscle Fiber

In the preliminary experiments, I tried to measure the waves of the evoked
electromyography for denervated muscle by nerve stimulation, but muscle
contractions by nerve stimulation did not occur 3 or 4 days after denervation,
making SFEMG measurement impossible. Then I tried of measure it by direct
fiber stimulation; inserting two ordinary stimulation needles at two points of
the muscle and giving the needles electrical stimulation. And then the first
shock artifact became large enough for the target action potential to enter it,
indisposing the potential for measurement. Considering that the whole muscle
in contact with the exciting needle worked as volume conduction, I used an
insulated electrode, which led out the target action potential. Troni et al.'®
used two stimulating monopolar needle electrodes for human brachial biceps
muscle fiber, but they raised a question in their report that when neuromusclar
junction was stimulated they could not measure the target evoked potential by
direct muscle stimulation because there appeared various evoked potentials by
indirect muscle stimulation through the junction. Their report let me to avoid
measuring around the neuromusclar junction. In anticipation of a possible
difference between action potentials through nerve stimulation and direct
muscle stimulation, I examined the tenotomized and the denervated controls
and found that there was no significant difference between the amplitude and
the duration.

Now I refer to my hypothesis I put forward at the beginning of this paper.

4. Hypothesis (1)

From this experiment both the tenotomized and the denervated muscles
showed in SFEMG that the amplitude decreased and that the duration
prolonged.
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The decrease of the amplitude :

Although Noda!® reported on the amplitude that he used a needle with its
tip exposed by 10 mm for the denervated muscle, the amplitude of single fiber
action potential was measured for the first time in my experiment. The
tenotomized group and the denervated group were found to be very similar in
the courses of the amplitude and the diameter of muscle fiber. Hakansson®
‘reported that in normal muscle, the diameter of muscle fiber was in proportion
to the amplitude. It is very interesting to note that in disuse muscle atrophy,
the courses of the amplitude and the diameter of muscle fiber are closed related
to each other. In addition, a decrease of the amplitude can be caused by a
change of electrical characteristics of muscle fiber membrane.!”

The prolongation of the duration :

In this experiment, the action potentials of single muscle fiber showed a
prolonged duration, that is, a prolongation of fiber contraction time on the
SFEMG. Cooper!® and Davis!® reported that contraction time was found to
be prolonged when tension-length diagram of each atrophic muscle was
measured by fixing joints. I could prove their finding from my experiment
based on single muscle fiber level. As it has been reported that fiber
conductivity decreased in denervation,!®?® the duration of single fiber action
potential should be prolong if the fiber conduction velocity drops. Kuno??
and Kameyama?? reported that muscular metabolism is maintained by muscular
tone and contractile activity. Changes in the duration due to tenotomy and
denervation suggests that changes in muscular activity are brought about
changes in specific fiber contractility ; that is, in the SFEMG of pure type 11
fiber muscle a wave with a small amplitude and a prolonged duration like that
of type I muscle fiber appeared.

The courses of the amplitude of the tenotomized and the denervated
muscles clearly reflected the course of the diameter of muscle fiber the
amplitude of the denervated muscle was significantly smaller than that of the
tenotomized muscle after two weeks and four weeks respectively, while the
duration of a action potential of the tenotomized muscle tended to be more
uneven than that of the denervated muscle.

5. Hypothesis (2)

In this experiment, the diameter of muscle fiber decreased up to 58.3% of
- that of the control in the tenotomized group, and up to 51.7% of the control
in the denervated group. Muscle artophies in both groups had occurred rapidly
before one week passed, and they gradually advanced after that. Cooper '®
reported that a cat’s muscle atrophy appeared rapidly 3 or 4 weeks after fixing
joints, which was different from the results of my experiments. However, the
reports made by Tomanek? and Sukegawa,?® who used guinea pigs and rats,
respectively that muscle atrophies appeared 5 days after fixing joints were
identical with the results of my study. On the other hand, Engel et al.?®
reported that a cat’s tenotomized muscle showed a marked atrophy of type I
fiber, hypertrophied type II fiber, and that both fibers in a denervated muscle
showed marked atrophies, which is partly different from the results of my
study. But Herbinson et al.?® reported that after fixing joints, a rat’s disuse
atrophied soleus muscle showed a marked atrophy in both fibers. Generally,
there have been a lot of reports that disuse atrophied muscle shows atrophy in
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both types of fibers, and that type I fibers change into type II fibers.2327:2%)
Mizutani? reported, however, that the type of muscle fiber does not change.
Jirmanobd et al.?” reported that young leghorns would show a conditional’
change in muscle fiber type, which would be difficult to occur in a mature
leghorn.

In this experiment, disuse atrophied muscle did not histologically show a
marked change in fiber type. But in SFEMG there appeared in pure type II
fiber a wave with action potential like that in type I fiber. What does this
mean? Booth®? reported that muscle protein synthesis decreased by 37% only
six hours after a rat’s hindlimb immobilization, and that biochemical change
appeared much earlier than histological change did. Likewise, there seems to
be a fair possibility that electrophysiological change appears earlier than
histological change. 1 strongly hope that the investigation of this possibility
will be the subject of future research.
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