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The effects of joint immobilization on the contractile properties of human skeletal muscle were
examined using the first dorsal interosseous (FDI) muscle.

The middle finger, index finger and thumb were immobilized for a period of 6 weeks, and the
contractile properties of FDI were tested before immobilization, after 3 and 6 weeks of
immobilization, and after a 6 week recovery period.

Twitch and tetanic contractions of FDI were evoked by per-cutaneous electrical stimulation.
The peak twitch tension (Pt), contraction time (CT) and half-relaxation time (1/2RT) were
measured from twitch contractions, while the stimulus frequency—force relationship was
obtained from the tetanic contractions (2 s) evoked using various frequencies of stimulation
(10—100 Hz). The fatigability of FDI was tested using Burke’s fatigue protocol.

Pt was significantly increased after 6 weeks of immobilization (P < 0.05) but little alteration
was observed in CT or 1/2RT. No change was noted in the FDI fatigue index throughout the
immobilization period.

The stimulus frequency—force relationship was shifted to the left by immobilization, indicating
that a larger percentage of maximal force was evoked by the lower rates of stimulation. Indeed,
the tetanic force evoked by a stimulus frequency of 10 Hz was enhanced after immobilization
(P < 0.05). On the other hand, the force evoked by frequencies above 50 Hz, including maximal
tetanic tension, was decreased (P < 0.05). As a result, the twitch/tetanus ratio was increased
(P < 0.01) after immobilization.

The changes induced by immobilization in the FDI twitch/tetanus ratio and the estimated
maximal firing rate of FDI motoneurones showed a significant correlation (r= 0.80, P < 0.05).

It is suggested that the changes in the contractile properties of the FDI muscle seen after joint
immobilization are causally linked to the changes in firing rate modulation of FDI
motoneurones.
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There is general agreement that the properties of skeletal
muscle and those of the motoneuronal system correspond
well with each other in many ways; for example, muscle
units with a shorter contraction time are generally
governed by motoneurones with a faster conduction
velocity (Burke, 1967), a higher recruitment threshold
(Henneman, 1957) and a shorter duration of after-
hyperpolarization (Bakels & Kernell, 1993). Furthermore,
the synaptic input to motoneurones is also known to
correlate well with the properties of the motoneurones
and muscle (Heckman, 1994).

Long-term immobilization of a joint is known to modify
such properties of skeletal muscle as morphology (Tabary
et al. 1972), the proportion of fast and slow muscle fibres
(Tomanek & Lund, 1974) and contractility (Fischbach &

Robbins, 1969; Duchateau & Hainaut, 1987). Several
reports have also suggested that immobilization affects
such features of the neural system controlling muscular
force as the intrinsic properties of the motoneurones
(Gallego et al. 1979a), the inputs to motoneurones from
peripheral afferents (Gallego et al. 1979b; Manabe et al.
1989) and the descending system to motoneurones
(Zanette et al. 1997). Furthermore, electromyographic
(EMG) activity has also been reported to be influenced by
joint immobilization (Fudema et al. 1961; Hnik et al
1985), while Fischbach & Robbins (1969) found that
agoregate EMG activity, as well as the pattern of EMG
bursts, was modified after immobilization in association
with changes in the contractile properties of skeletal
muscle. Since EMG activity is regulated by modulating
motoneuronal activity, it seemed reasonable to assume that
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motoneuronal activity during voluntary contractions in
humans (Milner-Brown et al. 1973; Monster & Chan, 1977)
would also be affected by immobilization. However, there
is little evidence to indicate the existence of any
correlation between joint immobilization-induced changes
in motoneuronal activity and the associated changes in
the contractile properties of the muscle.

In the preceding paper (Seki et al. 2001) on the effects of
joint immobilization on the firing properties of human
motoneurones during voluntary isometric contractions of
the first dorsal interosseous (FDI), we suggested that
there might be two kinds of adaptation to joint
immobilization: a restriction of motoneurone firing to the
lower rates and an enhancement of the voluntary force
exerted at low firing rates. To examine how these changes
in motoneuronal activity might correlate with any changes
in the contractile properties of the FDI muscle, we
investigated the effect of a 6 week joint immobilization
on the contractile properties of FDI.

Preliminary results have been reported in abstract form

(Seki et al. 1997).

METHODS

Experiments were performed on the left hand of seven right-handed
male human subjects (21-22 years of age) after their informed
consent had been obtained. All subjects were right-handed and had
no known neural disorders. The experimental procedures were in
accordance with the recommendations of the Declaration of Helsinki
for Human Experimentation and were approved by our institutional
ethics committee.

The procedure used for immobilization, the basic experimental
protocols and the methodology used for the recording of muscle force
are described in the accompanying paper (Seki et al. 2001). Briefly,
FDI was immobilized at a shortened length for 6 weeks and eight
experimental sessions were held, two before immobilization, two
after 3 weeks of immobilization, two after 6 weeks of immobilization
and two after 6 weeks of recovery. The two sessions in each pair were
performed on separate days: motoneuronal firing frequency during
voluntary contraction was measured on the first day and the
contractile properties of the FDI were assessed on the second day.
The sessions on the second day are the main concern of the present

paper.
Muscle stimulation

To evoke twitch and tetanic contractions, electrical stimulation
(3F45; NEC San-ei, Tokyo, Japan) was applied per-cutaneously over
FDI. A silver-foil electrode (covered with gauze impregnated with
conductive paste and saline) was used for stimulation. The skin over
the FDI muscle was scrubbed with alcohol and the cathode (40 mm x
21 mm or 36 mm X 19 mm) was positioned over the muscle belly, with
the anode (40 mm X 39 mm) between the proximal interphalangeal
joint and metacarpophalangeal joint. The cathode was positioned so
that clear abduction movement of the index finger was evoked by
single-pulse stimulation at low voltage. Once the cathode was
correctly positioned, the electrodes were taped to the skin.
Throughout the experiment, skin temperature was kept at
35.5-36.5 °C with the aid of an infra-red lamp. After each session,
the position of the electrodes was marked on the skin using a
permanent marker as a reference for subsequent experiments.
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Force recording

The devices for recording abduction and flexion forces are described
in the accompanying paper (Seki et al. 2001). Briefly, the left arm was
abducted to the horizontal plane and the forearm and hand were
clamped to a supporting device using Velcro tapes. Flexion force and
abduction force were measured separately by two force transducers.
Both were positioned at the proximal interphalangeal joint of the
index finger. In the pilot experiments, this position was moved
slightly distally during the tetanic contractions evoked by
stimulation at 30-100 Hz (see below) when palmar flexion of the
fingers was simultaneously evoked in some subjects. To prevent these
movements during tetanic contractions, the metacarpophalangeal
joints of the index to little finger were held onto the supporting
device by applying slight vertical pressure on them via a wooden
block.

Experimental procedures

Once the stimulating electrodes were in position, the intensity of
stimulation was adjusted by monitoring the twitch contraction. A
single square-wave pulse (300 us) was applied with an interval of
approximately 2s. The voltage was increased gradually and the
stimulus voltage at which the twitch ceased to increase was
determined. We used 1.2 times this voltage (290-350 V) as the
intensity for the subsequent stimulation of FDI.

Twitch contraction

Once the stimulation intensity had been determined, 10 pulses were
delivered at intervals of 30 s to evoke twitch contractions of FDI
(Fig. 14). During this period, the subject was asked not to move his
hand voluntarily. The twitch contractions so obtained were averaged
and peak twitch tension (Pt) and contraction time (CT) were
measured from this averaged trace; these were taken as the force
achieved and the time elapsed, respectively, when the twitch
contraction had reached its maximal force (measured from the onset
of the twitch contraction). The half-relaxation time (1/2RT) was also
measured; this was taken as the time elapsed when the twitch
contraction had reached half of its Pt (measured from the time
needed for the twitch contraction to reach Pt).

Tetanic contraction

Tetanic contractions were evoked using 2 s trains of single square-
wave pulses (300 us) at nine different stimulus frequencies (10, 15,
20, 25, 30, 35, 40, 50 and 100 Hz). Intervals of 2 min were interposed
between stimulations with different frequencies. Values for maximal
tetanic tension were obtained from the various tetanic contractions,
and these values were plotted against the stimulus frequency to
enable us to evaluate the stimulus frequency—force relationship
(Fig. 1B). Then a regression line was fitted (see inset in Fig.1B) to
data from the steep region of each curve (indicated by the boxed
area). From the regression line, we obtained the stimulus frequency
required to generate half the maximal tetanic force (Macefield et al.
1996).

Fatigue test

After a sufficient period for rest (usually 20—30 min), the fatigability
of FDI was tested (Fig. 1) using Burke’s fatigue protocol (Burke et
al. 1973). This entailed delivering a 40 Hz burst for 330 ms every
second for 2 min. Peak tension was obtained from the tetanic
contraction evoked by each stimulus burst by measuring the force
achieved when the tetanic contraction had reached the maximal level
(measured from the onset of each tetanic contraction). The fatigue
index was obtained from the following equation: Fatigue index (%) =
(Peak tension of the 120th tetanus/Peak tension of the first tetanus)
x 100.
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Table 1. Effects of a 6 week immobilization on twitch and tetanic force

Tetanus
Immobilization Twitch 10 Hz 15 Hz 20 Hz 25 Hz 30 Hz 35 Hz 40 Hz 50 Hz 100 Hz
Pre 24+13 69+25 11.6+31 159435 187+3.7 209439 227+37 23.6+38 24.7+4.0 255+52
3 weeks 29+09 754+1.7 120+26 149428 16.7+3.0 178 +3.2 185+3.7 188 +3.7 195+ 3.7* 203 £4.2*
6 weeks 3.9+1.7*¥ 91 +23*%135+26 157+35 1714136 183+38 18.7+4.2 1924+40 199+4.2*% 2024+45

Recovery 26+03 794+23 12.7+3.6

176 +£58 20.3+£6.0

221472 226478 223+£74 229479 235488

Values are means + s.D. in absolute terms (N). * Significantly different from pre-immobilization value
(P<0.05).

Data analysis

Mechanical signals stored on analog F'M tape were analysed using the
MacLab system (ADInstruments, Castle Hill, NSW, Australia) with
a sampling frequency of 1 kHz, and values for the various
parameters described above were obtained using this system. An
analysis of variance (ANOVA), a Student’s ¢ test or a Wilcoxon test
was used for the comparison of data.

RESULTS

This paper is based on data from the seven subjects who
were also involved in the recording of motor unit activity
in the preceding paper (Seki et al. 2001). All subjects
volunteered for the recording sessions held before
immobilization and after 3 and 6 weeks of immobiliz-
ation. Four of them were also examined after a 6 week
recovery period.

Twitch contraction

As shown in Fig. 2, twitch contractions of the FDI were
affected by joint immobilization. In the subject whose
data are shown in Fig. 24, twitch tension was enhanced
after immobilization and this was followed by a partial
recovery towards the pre-immobilization level. The peak
tension (Pt) values for the traces before, after 3 and
6 weeks of immobilization and recovery were 1.2, 2.7, 5.7
and 2.6 N, respectively, the Pt being enhanced by more
than 4 times after a 6 week immobilization (by comparison
with the control value). The Pt values for all subjects are
presented as means + S.D in Fig. 2B and Table 1. In good
correspondence with Fig. 24, Pt was significantly
increased after 6 weeks of immobilization (P < 0.05) and
had returned to a value similar to the pre-immobilization
value after the recovery period.

A
A
Pt

Figure 1. Methods used for evaluation of contractile and J
fatigue properties in FDI muscle / /. N
A, twitch contraction evoked by per-cutaneous muscle CT 1/2RT 100ms
stimulation with a single square-wave pulse (300 us). Ten traces
were averaged. Pt, peak twitch tension; CT, contraction time;
1/2RT, half-relaxation time. B, left, superimposed tetanic B
contractions evoked by application of nine different stimulus (?:)"oa >
frequencies (10, 15, 20, 25, 30, 35, 40, 50 and 100 Hz), each for 2 s.
Right, stimulus frequency—force relationship obtained by 8 80 %
plotting peak force achieved in nine tetanic contractions against 2 60
stimulus frequency. Inset, a regression line was calculated for '§ 40 50
data from the steep region of this curve (indicated by the boxed B 20 ‘
area) and the stimulus frequency required to generate half the 5N 0 10 0
maximal tetanic force (arrow) was obtained from it. C, fatigability 1= 0 20 40 60 80 100 (Hz)
tested using electrical stimulation (a 40 Hz burst for 330 ms Stimulus Frequency
administered every second for 120 s). See Methods for details. C

30s
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The effect of a 6 week immobilization on the time course
of the twitch contraction is shown in Fig. 2C and D.
Neither contraction time (CT) nor half-relaxation time
(1/2RT) changed significantly throughout the immobiliz-
ation period.

Tetanic contraction

Figure 3 shows examples of tetanic contractions and
stimulus frequency—force relationships in one subject.
Three features are clear in these plots. First, before
immobilization (Fig. 34) tetanic force increased as the
stimulus frequency increased, at least up to 50 Hz. After
3 weeks of immobilization (Fig. 3B), and even more so
after 6 weeks (Fig. 3C), increments in tetanic force were
clear at the lower frequencies but were less pronounced at
the higher frequencies. In fact, at 3 weeks the tetanic
forces evoked by frequencies higher than 30 Hz were
more similar to each other (Fig. 3B) than were the
corresponding pre-immobilization traces (Fig. 34). At
6 weeks, the tetanic forces evoked at 25 Hz or more were
close to the maximal tetanic tension.

>
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Second, in the tetanic contraction evoked by stimulation
at 10 Hz (bottom trace in Fig. 34—D), the peak tension in
control (4; 5.6 N) was increased after both 3 weeks (B,
6.4 N) and 6 weeks (C; 10.4 N) of immobilization.

Third, in the subject whose data are shown in Fig. 34—D,
the tetanic tension evoked by stimulation at 100 Hz
(maximal tetanic force) declined from the pre-immobiliz-
ation value of 25.6 N to 20.9 N at 3 weeks and to 22.8 N
at 6 weeks. This observation is consistent with those in
previous reports (Simard et al. 1982; Witzmann el al.
1982, 1983; Davies et al. 1987; Duchateau & Hainaut,
1987) showing a reduction in maximal tetanic tension
accompanying atrophy in immobilized muscles.

The stimulus frequency—force relationships for the data
of Fig. 34—D are shown in Fig. 3£—H, respectively, with
peak tetanic force expressed as a percentage of the maximal
tetanic force (evoked by 100 Hz). The characteristics of
the relationship were affected by immobilization: after
immobilization, a greater force could be evoked by
stimulation at low frequencies, as clearly shown by the

3wks
6wks
Recov

3wks
6wks
Recov

[ (4] >

=

P oz 8
o«

Figure 2. Effect of immobilization on twitch contraction

A, twitch contraction (10 traces averaged) in the pre-immobilization period, after 3 weeks (3wks) or
6 weeks (6wks) of immobilization, and after the recovery period (Recov). Each trace starts at the time the
stimulus was applied. Typical examples from one subject. Pt was 1.2, 2.7, 5.7 and 2.6 N from top to
bottom. B—D, mean + 8.D. of Pt (B), CT (C)and 1/2RT (D) values in all subjects. * Significantly different

from pre-immobilization value (P < 0.05).
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decrement in the stimulus frequency required to generate
half the maximal tetanic force after immobilization (see
arrows in Fig. 3E-H).

The changes in the stimulus frequency—force relationship
induced by immobilization are summarized in Fig. 4. In
Fig. 44, the relationships obtained for individual subjects
were averaged (standard deviations are not shown for
visual clarity). Asin Fig. 3, the relationship was shifted to

1s
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the left by immobilization, which meant that a larger
percentage of the maximal force was evoked by a given
rate of stimulation (particularly at the lower frequencies:
see Fig. 44 inset).

These features are more clearly shown in Fig. 4B-D.
These plots show mean tetanic force data (£5.0.) for 10 Hz
(Fig. 4B), 15 Hz (Fig. 4C)and 20 Hz (Fig. 4 D) stimulation.
The tetanic force evoked at 10 Hz (Fig. 4B) was

E (%Max)

Tetanic Force

- T
100 (H2)

(%Max)

g

Tetanic Force

i

Tetanic Force

100

Tetanic Force
]

10N

50 100 (H2)

Stimulus Frequency

Figure 3. Effect of immobilization on tetanic contraction

Tetanic contractions evoked by stimuli of nine different frequencies (4-D) and the stimulus
frequency—force relationships (£—H, where peak force is shown as a percentage of the maximal tetanic
force) in one subject before (4 and FE), after 3 weeks (B and F)or 6 weeks (€' and () of immobilization,
and after the recovery period (D) and H). In A—D, nine tetanic contractions are superimposed. Note that
the tetanic contraction evoked by the 10 Hz stimulation (bottom trace in each panel) showed larger peak
force during immobilization, while that evoked by 100 Hz (top trace in each panel) was reduced during
immobilization. In £—H, the arrow points to the stimulus frequency required to generate half the maximal

tetanic force.
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Figure 4. Effects of immobilization on the stimulus frequency—force relationship: normalized
tetanic force

A, the stimulus frequency—force relationships were averaged for all subjects (using normalized force). The
part of each curve at the lower frequency range (boxed region) is shown on an expanded scale in the inset.
B-D, mean + s.0. of the tetanic force evoked by 10, 15 and 20 Hz stimulation, respectively.
E, mean £+ 8.0. of the stimulus frequency required to generate half the maximal tetanic force.
* Significantly different from pre-immobilization value (P < 0.05).
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significantly increased after 3 weeks (P < 0.05) and
6 weeks (P < 0.05) of immobilization, with recovery to a
value less than that seen at 3 weeks. Similar results were
obtained at 15 Hz (Fig. 4C) and 20 Hz (Fig. 4 D), although
recovery was slight at these frequencies. Immobilization
did not affect the tetanic force significantly when the
stimulus frequency was more than 25 Hz. Mean data for
the stimulus frequency required to generate half the
maximal tetanic force are shown in Fig. 4F; this

frequency was reduced (P < 0.05) after both 3 and
6 weeks of immobilization and showed partial recovery.

Since the tetanic force was expressed as a normalized
value in Figs 3 and 4, the enhancement of the muscle
force evoked by a given low frequency of stimulation
observed might be the result of (1) an enhancement of
some properties of the muscle related to its ability to
generate tetanic force on stimulation at specific

A (%control)
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30 — *
30 4
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g 20 — g
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- L4
O 10 ~ (3
= =
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Figure 5. Effects of immobilization on the stimulus frequency—force relationship: absolute tetanic
force

A, absolute (non-normalized) force plotted against stimulus frequency. Typical examples from one subject.
Note that recovery was not tested in this subject. B, alteration induced by immobilization in tetanic force
(absolute values) evoked at each stimulus frequency, shown as a percentage of the pre-immobilization
value (% control). Open and filled bars represent the data for 3 and 6 weeks of immobilization,
respectively. Kach bar shows the mean from seven subjects (standard deviations are not shown for visual
clarity: see Table 1). * Significantly different from pre-immobilization value (P < 0.05).
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frequencies, (2) a reduction of the maximal tetanic force
by immobilization or (3) points (1) and (2) occurring
simultaneously. To clarify this issue, evoked force was
expressed in absolute terms and plotted against the
frequency of stimulation, as shown in Fig. 54 (which
shows data from one subject). Two features stand out in
this figure. First, the maximal tetanic force in control
(29.0 N) had declined strongly after 3 weeks of
immobilization (16.5 N) and also after 6 weeks (18.4 N).
Second, in contrast to the effect on maximal tetanic force,
the force evoked at 10 Hz in control (7.1 N) tended to be
increased after both 3 weeks (7.7 N) and 6 weeks (9.3 N) of
immobilization. This enhancement was seen only at
frequencies less than 15 Hz, the force evoked at higher
frequencies being decreased, just as the maximal tetanic
force was.

The effect of immobilization on the tetanic force is
summarized in Fig. 5B8and Table 1. Mean + S.D. values in
absolute terms are shown in Table 1 and changes as a
percentage of the pre-immobilization level are shown in
Fig. 5B. Two contrasting characteristics were noted with
regard to the alteration in tetanic force. Firstly, the force
evoked at 10 Hz was increased after immobilization
(P<0.05) and, secondly, the force evoked at 50 and
100 Hz was decreased after immobilization (P < 0.05).
After the recovery period, both returned towards control
values (Table 1). It is interesting to note that a stimulus
frequency of around 20 Hz seems to be the border
frequency between an enhancement (less than 20 Hz) and
a decrement (more than 20 Hz) in tetanic force (Fig. 5B).

Twitch/tetanus ratio

The effect of immobilization on the twitch/tetanus ratio
is shown in Fig. 6. The twitch/tetanus ratios for all
subjects are plotted in Fig. 64, using different symbols
for the different subjects, and they are shown as
means + S.D. in Fig. 6 8. In all subjects (Fig. 64), the ratio
was significantly increased after both 3 weeks (£ < 0.05)
and 6 weeks (P < 0.01) of immobilization and there was a
return to near control values after the recovery period

(Fig. 6B).

Fatigue index

The fatigue index was calculated to be 21.1 + 6.5 % (pre-
immobilization), 23.2 4+ 10.2% (3 weeks) and 22.61 + 5.2%
(6 weeks) and no differences were found throughout the
immobilization period. Fatigability of muscle has also
been reported to be independent of immobilization in
most previous studies (White & Davies, 1984; Davies et al.
1987; Miles et al. 1994) though not in all (Robinson et al.
1991).

DISCUSSION

In this paper, we found that a 6 week immobilization of
the human first dorsal interosseous (FDI) causes (1) an
enhancement of the force evoked at lower rates of
stimulation as well as of twitch force, (2) a decrement in
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the force evoked at higher rates of stimulation, including
the maximal tetanic force, and consequently (3) a
displacement of the stimulus frequency—force relationship
towards lower frequencies. We shall begin this discussion
with the factors contributing to these alterations. Then,
we shall discuss the possible link between these changes
and the alterations in motoneuronal activity reported in
the preceding paper (Seki et al. 2001).

Decrement in maximal tetanic force

Several studies have reported that a reduction in tetanic
force is induced after immobilization in the rat (Simard et
al. 1982; Witzmann et al. 1982, 1983) and in humans
(Davis et al. 1987; Duchateau & Hainaut, 1987). These
reductions in maximal tetanic force are thought to occur
as a consequence of muscular atrophy (Booth, 1982).
Indeed, in the hindlimb muscles of the rat Witzmann et
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Figure 6. Changes in twitch/tetanus ratio

A, twitch/tetanus ratio (twitch force expressed as a
percentage of maximal tetanic force) in individual
subjects (each symbol represents a different subject).
B, mean + S.D. of values of twitch/tetanus ratio in
seven subjects. Asterisks indicate a significant
difference from pre-immobilization value (*P < 0.05,

#P < 0.01).
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al. (1982) found that muscle weight, as well as maximal
tetanic tension, was decreased by immobilization. In
humans, it has been shown that the force induced during
a maximal voluntary contraction (MVC) is reduced by
immobilization together with the muscle cross-sectional
area (White & Davies, 1984; Miles et al. 1994), the
circumference of the limb (around the immobilized
muscle) (MacDougall et al. 1977) or the mean fibre area
(MacDougall et al. 1980). However, as shown in the
preceding paper (Seki et al. 2001), a large part of the
reduction in MVC force could be induced by neural
adaptation and consequently it is likely that the
reduction in MVC force shown in previous studies did not
simply reflect adaptation by the muscle.

To distinguish muscle change from neural change
(Duchateau & Hainnaut, 1987), we recorded the maximal
tetanic force evoked by means of electrical stimulation
and found that it was reduced after immobilization
(Table 1), as was the muscle volume (Seki et al. 2001).
Hence, it is now clear that the reduction in maximal
tetanic force could conceivably occur as a consequence of
muscular atrophy in the human finger muscle.

Enhancement of twitch force

The twitch force was enhanced significantly after
immobilization (Fig. 2). In view of the muscle atrophy,
this result was unexpected. However, several previous
studies have also shown an enhancement of twitch force
after reduced use in humans (Davies et al. 1987; Fuglevand
et al. 1995) or experimental animals (Witzmann et al.
1982; Robinson et al. 1991). The most likely explanation
for this enhancement may be an alteration in the
excitation—contraction coupling mechanism in the FDI
muscle. Kim et al. (1982) showed that the re-uptake of
Ca™ by the sarcoplasmic reticulum occurred more slowly
during immobilization. This would reflect a slower
dissociation of calcium from the myofibrillar protein
(Briggs et al. 1977), which in turn would enhance cross-
bridge formation.

In human hand muscles, an enhancement or non-
reduction of twitch force after immobilization seems to be
a fairly common phenomenon since most reports in the
literature did not find a reduction in twitch force. In
these reports, it is interesting to note that while
immobilization had little effect on the twitch force of
adductor pollicis (ADP) (Sale et al. 1982; Duchateau &
Hainaut, 1987), it enhanced that of FDI (Fuglevand et al.
1995), as in Fig. 2B. This difference in the adaptation to
immobilization shown by the two muscles might be
ascribed to their different fibre-type profiles. ADP is
predominantly occupied by slow-twitch fibres, while FDI
is known to possess equal proportions of slow- and fast-
twitch fibres (Johnson et al. 1973). Interestingly,
Robinson et al. (1991) found an enhancement of twitch
force specifically in fast twitch motor units in the tibialis
posterior muscle of the cat, while Witzmann et al. (1982)
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found an enhancement of twitch force in vastus lateralis
(predominantly fast) but not in soleus (nearly all slow).
Hence, it may be that the twitch enhancement after
immobilization found in FDI reflects a preferential
twitch enhancement in fast-twitch motor units.

Twitch/tetanus ratio

As a consequence of the reduction in maximal tetanic
force and the enhancement of twitch tension, we found a
significant increase in the twitch/tetanus ratio (Fig. 6).
This ratio is known to be higher in slow muscles (Simard et
al. 1982) because of their lower fusion frequency (which is
ascribed to their slower contraction speed). On this basis,
one might suppose that the enhancement of the
twitch/tetanus ratio seen in FDI might reflect a
reduction in the contraction speed of this muscle as a
result of immobilization. However, we found no
significant change in CT (Fig. 2C)or 1/2RT (Fig. 2D)or in
the fatigue index of KFDI. Therefore, we could not
conclude that a change in contraction speed had any great
effect on the twitch/tetanus ratio during immobilization.
Rather, as already discussed, the reduction in muscle
mass and alterations in muscle membrane properties,
which may affect twitch force more than contraction
time, might be the major factors inducing an increase in
the twitch/tetanus ratio.

Changes in stimulus frequency—force relationships

As shown in Figs 3 and 4, the stimulus frequency—force
relationship was shifted to the left by immobilization,
indicating that a larger percentage of the maximal force
was evoked at the lower (10—20 Hz) rates of stimulation.
Furthermore, this shift was shown to involve an
enhancement or reduction (Table 1, Fig. 5B) in the
absolute tetanic force when it was evoked by stimulation
at lower (10 Hz) or higher (50 and 100 Hz) frequencies,
respectively. It is likely that these changes were induced
by a mechanism similar to the one that induced the
reductions in twitch and maximal tetanic force. In the
lower frequency range, where the twitches are largely
unfused, the evoked tetanic contraction might be more
affected by the enhanced twitch tension caused by
alterations in membrane properties, i.e. excitation—
contraction coupling (Kim et al. 1982; Dulhunty & Gage,
1985). On the other hand, in the higher frequency range,
where the twitches are largely fused, the evoked
contraction might be more influenced by the muscle
atrophy caused by immobilization.

Petit & Gioux (1993) found a shift in the force—frequency
relationship, like that observed in the present study, in
the motor units of hindlimb muscles in the cat.
Interestingly, they found this change only in fast motor
units, not in slow units. In contrast, maximal tetanic
force was reduced in all types of motor unit. These
observations seem to support our speculation that the
twitch enhancement due to immobilization occurs mainly
in fast muscle units in FDI. If this is indeed the case, the
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shift in the stimulus frequency—force relationship may be
preferentially due to changes affecting fast motor units.

Correlation between changes in muscle and those in
motoneuronal characteristics

In this pair of papers, we have shown that the
force—frequency relationships for both voluntary and
electrically elicited contractions were modified after
immobilization for 6 weeks. These results are summarized
in Fig. 7. During voluntary contraction (Fig. 74), the
slope of the voluntary force—mean firing rate (MFR)
relationship was decreased by immobilization (data from
Fig. 54 in Seki et al. 2001), while during electrically
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evoked contractions (Fig. 7B), the stimulus frequency—
force relationship (note that the axes have been changed
to the same orientation as in Fig. 74) was shifted
downwards. In essence, both relationships are being
shifted in the same direction (see arrows in Fig. 74 and
B); namely, a lower frequency of motoneuronal firing
(Fig. 74) or of electrical stimulation (Fig. 7B) was needed
to obtain a given force (as a percentage of maximal force).
As already discussed, the relationship shown in Fig. 74
was apparently influenced by changes in neural activity
(Seki et al. 2001), while that shown in Fig. 7 Bwas influenced
by alterations in the twitch and tetanic properties of the
muscle. Although the mechanisms underlying these
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Figure 7. Possible link between the immobilization-induced changes in the voluntary force-MFR
relationship and those induced in the stimulus frequency—force relationship

A and Care derived from Figs 54 and 8D in the preceding paper (Seki et al. 2001). Band D were prepared
from Fig. 44 and Table 1 in this paper. Note that mean twitch force in all subjects (Table 1) is extrapolated
to Band D (taken as being evoked by 1 Hz). In each plot, continuous and dashed lines represent data from
pre- and post-immobilization (6 weeks), respectively. The orientation of the axes was changed in Band D
to allow easier comparison with 4 and C. A and B, after immobilization, both the voluntary force—MFR
relationship (4) and the stimulus frequency—force relationship (B, electrically evoked contractions) were
shifted downwards. These shifts (shown by arrows) are well matched (in the sense that after
immobilization, a lower frequency is associated with a given force in each plot). C"and D, possible factors
underlying the shifts shown in 4 and B. Forces shown in C'and D are not normalized. Open circles in C
indicate the MVC force and the maximal firing rate. Arrows labelled a, a”and b, b” indicate shifts induced
by alterations in the contractile properties of the muscle: (1) enhancement of the force associated with a
low rate of stimulation (a, a’) and (2) reduction in the force associated with a high rate of stimulation
(b, b’). Boxed areas in C and D correspond to the range spanning minimal and maximal firing rates after
immobilization in C. Note that within this range of frequencies, evoked force at a given stimulus
frequency was always larger post-immobilization. Arrow ¢ represents the decrement in motoneuronal
firing rate associated with stronger voluntary efforts (e.g. MVC). See text for details.
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changes in the two systems have already been discussed
independently, we now need to consider whether there
might be some link between the changes in the two
systems.

To help us discuss this issue, Fig. 7C was prepared from
one subject (Fig. 8D in the preceding paper, Seki et al.
2001) and Fig. 7D was prepared from Table 1 (using the
values from pre- and 6 weeks of immobilization). In
Fig. 7C and D, force (C: voluntary force, D: electrically
evoked force) was not normalized (it is shown in N).
Changes in the contractile properties (Fig. 7.D) of the FDI
muscle after immobilization can be summarized as
follows: (1) an enhanced force is evoked at lower rates
(twitch and 10 Hz) of stimulation (arrow labelled a in
Fig. 7D) and (2) a reduced force is evoked at higher rates
of stimulation (50 and 100 Hz: arrow labelled b in
Fig. 7D).

Similar changes can also be seen in Fig. 7C, in which the
voluntary force evoked at lower motoneurone firing rates
was enhanced (arrow labelled a’ which seems to
correspond to a in D). Furthermore, within the range of
minimal (intercept) and maximal firing rates after
immobilization (boxed areas in Fig. 7C'and D), the evoked
force after immobilization was always higher than that
evoked pre-immobilization. One exception to this
consistency would be the time course of adaptation: while
changes in the force at lower firing rates occurred largely
in the initial 3 weeks (Fig. 9B in Seki et al. 2001), twitch
force and force at 10 Hz electrical stimulation (Table 1)
changed more in the second 3 weeks. This difference
might suggest that other mechanisms that act to reduce
the force at lower firing rates (e.g. changes in recruitment
gain of FDI motoneurones) could be involved (see Seki et
al. 2001). Besides the similarity between the change in
force induced at low firing rates, including twitch force,
part of the reduction in voluntary force during stronger
efforts (b”in Fig. 7C) seems to correspond to b in Fig. 7D.
These ideas about correspondence are reasonable since the
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same force-generating properties of FDI muscle should be
reflected in the force—frequency relationship, regardless
of whether the force was evoked by electrical stimulation
(Fig. 7D) or by voluntary activation (Fig. 7C). In contrast,
the decrement in the firing rate associated with stronger
voluntary efforts (c in Fig. 7C') may reflect a change in
neural activity that is independent of any alterations in
contractile properties (not present in Fig. 7D). Therefore,
if ¢ does have some correlation with alterations in
contractile properties such as those shown by a and/or b,
we may assume that neural and muscular systems change
to some extent in a linked way. We examine this
possibility below.

In Fig. 8, the abscissa shows the immobilization-induced
change in twitch/tetanus ratio (which could be an
appropriate index of the change in contractile properties
shown in Fig. 7D) that occurred in the 6 week period of
immobilization (equivalent to a/b in Fig. 7D). The
ordinate indicates the change in the estimated maximal
MFR resulting from immobilization (obtained by
extrapolating the MVC force in the regression equations
describing the voluntary force—MFR relationships in the
various subjects (see Seki et al. 2001) and equivalent to ¢
in Fig. 7C). As shown, we found a significant correlation
between the two (r=0.82, P<0.05). On this basis, the
neural and muscular adaptations to joint immobilization
are very likely to be occurring in a linked way.

What might be the mechanism underlying the correlation
between those changes in motoneuronal and muscular
properties that represent adaptations to immobilization?
It has been suggested that neurotropic substances could
modify the characteristics of skeletal muscle and its
motoneurones. For example, subcutaneous injection of
ciliary neurotrophic factor (CNTF), which is known to be
expressed in peripheral nerves, reduced denervation
atrophy (Helgren et al. 1994). On the other hand, Suliman
et al. (1999) reported that receptors for insulin-like
growth factor I (IGF-I), a nerve- and muscle-derived
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neurotrophic factor, were increased after 4 weeks of
hindlimb immobilization in the rat. Conceivably, the
linked changes in the activity of FDI motoneurones and
the contractile properties of the muscle might be partly
induced by such trophic influences on skeletal muscle and
motoneurone. However, it should be pointed out that the
significance of neurotrophic influences on contractile
properties is still unclear for several reasons (Gundersen,
1998).

Since the pioneering cross-reinnervation experiments of
Buller et al. (1960), it has been well known that moto-
neurones have marked influences over the contractile
properties of their muscle fibres; moreover, these
influences are known to be related to motoneuronal
activity (Salmons & Vrbova, 1969). Since the amount of
activity in FDI motoneurones was changed by immobiliz-
ation (Seki et al. 2001), the changes in the contractile
properties demonstrated in this present paper may be
secondary to this reduced input to FDI muscle. If reduced
motoneuronal activity reflects changes in the intrinsic
mechanism for motoneuronal spike generation, it is
possible that the changes occurring in the intrinsic
properties of the motoneurone induce the observed
alterations in the muscle’s contractile properties, or vice
versa. However, no report seems to support the idea that
a reduced firing rate is induced only by an alteration in
the spike-generating properties of the motoneurone
during immobilization.

Alternatively, changes in the synaptic input to the
motoneurones might be a more reasonable mechanism to
account for the reduced firing rate. For example, Liepert
et al. (1995) showed that the area of the motor cortex
activating the ankle flexor muscles was reduced after
immobilization of the ankle joint in humans. Several
studies have also suggested plastic changes in the
synaptic input to motoneurones after peripheral nerve
block (Brasil-Neto et al. 1993), disuse (Zanette et al. 1997)
or motor nerve lesion (Sanes et al. 1990). Hence, the
correlation between the adaptations in neural and
muscular properties in FDI (Fig. 8) might suggest that the
alteration in contractile properties seen after immobiliz-
ation was triggered by reduced activity in the FDI
motoneurones, which in turn was induced by alterations
in their synaptic inputs.

We conclude from these results that after 6 weeks of
immobilization, the neural and muscular adaptations
(found in the firing rate modulation of motoneurones and
in the contractile properties of the FDI muscle) occur in a
correlated way, not independently. These results could be
an example of the concept that, as a response to an
environmental alteration, it is more likely that the
various elements in the human motor system will show
adaptation as a system than that adaptation will be
shown by an individual element.
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