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Changes in muscle strength, vastus lateralis fibre characteristics and myosin heavy-chain
(MyoHC) gene expression were examined in 48 men and women following 3 weeks of knee
immobilization and after 12 weeks of retraining with 1866 eccentric, concentric or mixed
contractions.

Immobilization reduced eccentric, concentric and isometric strength by 47 %. After 2 weeks
of spontaneous recovery there still was an average strength deficit of 11 %. With eccentric
and mixed compared with concentric retraining the rate of strength recovery was faster and
the eccentric and isometric strength gains greater.

Immobilization reduced type I, Ila and IIx muscle fibre areas by 13, 10 and 10%,
respectively and after 2 weeks of spontaneous recovery from immobilization these fibres
were 5% smaller than at baseline. Hypertrophy of type I, Ila and Ilx fibres relative to
baseline was 10, 16 and 16 % after eccentric and 11, 9 and 10% after mixed training (all
P < 0-05), exceeding the 4, 5 and 5% gains after concentric training. Type Ila and IIx fibre
enlargements were greatest after eccentric training.

Total RNA/wet muscle weight and type I, I1a and IIx MyoHC mRNA levels did not change
differently after immobilization and retraining. Immobilization downregulated the
expression of type I MyoHC mRNA to 0:72-fold of baseline and exercise training
upregulated it to 0:95 of baseline. No changes occurred in type Ila MyoHC mRNA.
Immobilization and exercise training upregulated type IIx MyoHC mRNA 2-9-fold and
1-2-fold, respectively. For the immobilization segment, type I, Ila and IIx fibre area and
type I, Ila and IIx MyoHC mRNA correlated (r=0'66, r=0-07 and r=-—0'71,
respectively).

The present data underscore the role muscle lengthening plays in human neuromuscular
function and adaptation.
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The debilitating effects of disuse on muscle strength and size
are well documented. A substantial amount of skeletal muscle
mass and strength is lost during joint surgery-related
immobilization (MacDougall et al. 1977), unloading (Berg et
al. 1991), space flight (Edgerton et al. 1995), bed rest
(LeBlanc et al. 1988), myopathies (LeBlanc et al. 1988) and
aging (Larsson et al. 1979). Atrophy and strength loss
appear to be the greatest in the lower limb extensors (Booth,
1982) and exceed 40 % following immobilization (Sargeant et
al. 1977). Reduced function may persist for months as
athletes who had undergone immobilization in conjunction
with knee surgery showed only 80—90% of recovery of the
operated leg 14 months after full resumption of their
athletic activities (Grimby et al. 1980).

Immobilization places the limb in a passive state (Yue et al.
1997) and reduces reflex potentiation (Sale et al. 1983),
EMG activity, motor unit firing rate (Duchateau & Hainaut,
1990), resting membrane potential, neurotrophic factors
(Booth, 1982), and affects the mechanical properties of the
muscle (Davies et al. 1987; Duchateau & Hainaut, 1987). It
is still unclear whether a reduction in muscle size is due to
the preferential atrophy of the fast or slow twitch muscle
fibres (Appell, 1986). In vivo studies suggest that a fall in
the rate of protein synthesis rather than an increase in
protein degradation is the predominant mechanism of
atrophy at least during the first few weeks of immobilization
in rats (Booth & Seider, 1979) as well as in humans (Gibson
et al. 1987).
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There is a paucity of information on the effects of knee
immobilization in injury-free humans and the correlated
changes in biochemical and mechanical properties of skeletal
muscle (Veldhuizen et al. 1993). None of the prior studies
have examined the time course of recovery and the nature
of the mechanical stimulus that is most effective in restoring
muscle function after knee joint immobilization. In his
pioneering work D. F. Goldspink (1977) demonstrated that
when the extensor digitorum longus of young rats was
chronically stretched while immobilized, the muscle actually
underwent hypertrophy. Although this chronic stretch may
not be qualitatively equivalent to dynamic
lengthening, there is now cumulative evidence to suggest
that strength gains (Dudley et al. 1991), muscle hyper-
trophy (Hather et al. 1991) and myosin heavy-chain
(MyoHC) gene expression are specific to the type of
mechanical loading (Booth & Thomason, 1991), with greater
adaptations occurring if the mechanical stimulus contains
muscle lengthening or eccentric contractions compared
with concentric contractions. Based on these data we
hypothesized that the rate of muscle strength recovery from
immobilization would be faster and that the strength gains
and hypertrophy after retraining from knee immobilization
would be greater when the mechanical stimulus involves
eccentric contractions compared with concentric contractions.
Directional changes in MyoHC gene expression specific to
inactivity and contractile activity, respectively, have also
been reported in animal models (Caiozzo et al. 1996a) but
such data are non-existent in humans. Therefore the purpose
of the present work was to examine changes in muscle
strength, muscle fibre size and MyoHC gene expression after
3 weeks of knee immobilization and 12 weeks of retraining
in previously sedentary young men and women.

muscle

METHODS
Subjects and design

Twenty-four men and twenty-four women (mean + s.p. for age,
height and weight: 22:0 4 3-0 years, 1:68 £ 0:09m and 73:0 £
15:3 kg, respectively) volunteered for the study. Subjects were
recreationally active college students who walked or bicycled to
school but had not been involved in systematic physical exercise for
1 year before the study. Subjects were excluded who had had knee
surgery or had had any other orthopaedic abnormalities of the
lower extremities, who had hypertension (systolic and diastolic
blood pressure > 140 and 90 mmHg) or smoked. Before testing,
subjects read and signed a written informed consent approved by
the University’s Policy and Review Committee on Human Research.

Figure 1 shows the study design. The study involved two sessions
of familiarization with the procedures, 3 weeks of unilateral lower
extremity immobilization and 12 weeks of retraining with resistive
exercise. Subjects were randomly assigned to a control group or one
of three exercise groups after 3 weeks of left leg immobilization.
Within the control group, three men and three women were
randomly assigned to a non-immobilized and non-exercising group
and another three men and three women to an immobilized and non-
exercising group. Test 1 (baseline), Test 2a (after immobilization)
and Test 3 (after exercise training) included unilateral strength and
surface electromyography (EMG) assessment of both legs and a
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muscle biopsy of the left vastus lateralis. The six immobilized
control subjects were allowed to spontaneously recover after the
cast was removed and were tested 2 weeks (Test 2b) as well as
12 weeks (Test 3) after normal daily activity.

Immobilization

The left leg was immobilized at 3 deg of knee flexion for 3 weeks
with a tack-free fibreglass cast weighing a maximum of 2:2% or
1-2 kg of body mass (Kirschner, Inc., Timonium, MD, USA). The
cast was applied from just above the malleolii to just below the
groin over a powdered stump sock. To relieve pressure, the cast
over the patella was cut out and a felt relief’ pad was glued on the
stump sock over the fibula head. Subjects ambulated on crutches
and were required to minimize the use of the left leg. Each subject
reported to the laboratory twice a week for cast inspection. To
assess the magnitude of muscle activity in the cast, the EMG
activity of the vastus lateralis, medialis and medial hamstring
muscles of the immobilized leg was recorded in six subjects while
ambulating 5 m in the laboratory. This testing was done once, on
the 4th day of the week, for 3 weeks of immobilization. EMG
electrodes were placed on the skin through openings cut in the cast.
Data were collected for five walking trials of five steps.

Strength testing and electromyography (EMG)

Unilateral maximal voluntary isometric and isokinetic eccentric
and concentric strength of the left and right quadriceps and medial
hamstring were measured on a dynamometer (Kin-Com, 500H,
Chattecx, Inc., Chattanooga, TN, USA). Subjects sat on the
dynamometer seat with a knee and hip joint angle of ~1:57 rad and
arms folded in front of the chest. The anatomical zero was set at a
knee angle of 3:14 rad. Extraneous movement of the upper body
and the involved leg was limited by two crossover shoulder
harnesses, a lap belt, a thigh strap and an ankle cuff. The
transverse axis of the knee joint was aligned with the transverse
axis of the dynamometer’s power shaft. The length of the lever arm
was individually determined. Force was measured by a strain
gauge embedded in the ankle cuff. The force values were corrected
by the software for leg mass that was measured in the horizontal
position.

Familiarization with strength testing included three submaximal
(25, 50 and 90 %) practice trials for each contraction mode. Maximal
isometric force was measured at a knee angle of 2:36 rad. Two,
maximal effort, 5s trials were performed with 1 min of rest
between trials. Maximal concentric and eccentric force of the knee
extensors was measured at 1:05rad s Subjects performed two
repetitions with a 1 s pause at either end of the range of motion to
avoid the facilitating effects of the preceding contraction. The order
of isometric versus dynamic actions and eccentric versus concentric
actions was counterbalanced across subjects. The higher value of
two trials was used in the analysis.

Surface EMG activity was recorded from the vastus lateralis,
vastus medialis and the medial hamstring. We recorded from these
synergistic vastii muscles to represent a larger portion of the
quadriceps muscle. The skin surface was cleaned with alcohol. One
box electrode with a built-in preamplifier (Motion Control, Inc., Salt
Lake City, UT, USA), powered by 9 V batteries, was placed axially,
taped and ace-bandaged on each muscle belly. The three electrodes
had similar electronic characteristics: a common mode rejection
ratio of 370 dB, a bandwidth of 8 Hz to 28 kHz, quiescent current
of 0-12 mA and a DC input impedance of 1 MSQ.

The force and the goniometer signals from the dynamometer’s A/D
board and the three EMG signals were input to a digital adapter
(Model 4000A, Vetter Co., Rebersburg, PA, USA) that sampled the
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signals at 80 MHz. The adapter was connected to a modified video
recorder (JVC, HR-D860U, Model 500C, Vetter Co). Data from
the video tape were transferred through a 12-bit A/D board (Data
Translation, Model 2801A, Marlboro, MA, USA). The Myosoft
software (Noraxon, Inc., Scottsdale, AZ, USA) package was used to
store and digitize the data. Prior to digitization, each data file was
inspected and if needed, adjusted for baseline DC shift. The root
mean square (RMS) of the direct EMG data was obtained using a
20 ms smoothing window. Across all channels, the first marker was
placed at peak force and a second marker was placed 250 ms before
the first marker. Within this 250 ms window the highest RMS value
was taken as peak EMG (#V) activity.

EMG data during gait of the immobilized leg were RMS processed
and the RMS peak identified for each of the five steps. These peak
values were averaged for the five steps within each trial then
averaged across the five trials and expressed as a percentage of
maximal EMG activity measured during isometric knee extension
and flexion.

Muscle biopsy and histochemistry

Vastus lateralis samples were taken before immobilization and any
strength testing, 3 h after the cast was removed, and 3 h after the
last exercise bout. Immobilized and non-exercising control subjects
were biopsied twice, at baseline and after the cast was removed.
Non-immobilized and non-exercising controls were biopsied also
twice, at baseline and 15 weeks later. Under local anaesthesia (5 ml
of 1% lidocaine (lignocaine)), a 20—120 mg sample was removed
from the belly of the vastus lateralis by applying suction to a 5 mm
Bergstrom needle. The repeat biopsy was taken 2—3 cm proximal
to the previous sample at the same depth of 4—5 cm. The specimens
were dissected of visible fat and connective tissue and a small
section was mounted in an O.C.T. trigacanth gum mixture (Miles
Inc., Elkhart, IN, USA), frozen in pre-cooled isopentane and stored
in liquid nitrogen. Type I, I1a and IIx muscle fibres were determined
from 10 gm sections using myosin ATPase staining at pre-
incubations of pH 10-3 and 4:54 (Brooke & Kaiser, 1970). In line
with the most current interpretation, what have previously been
referred to as IIb muscle fibres in humans, we refer to these fibres
as type IIx (Smerdu et al. 1994; Ennion et al. 1995). Fibre cross-
sectional area was calculated from about 25 type I, Ila and IIx
fibres by computerized digitometry (Autosketch 2.0, Sausalito, CA,
USA). The other portion of the sample was immediately frozen in
liquid nitrogen for RNA analysis.

Figure 1. Study design

Twenty-four young male (M) and female (F) subjects were
randomly assigned to a control group and three exercise
groups following 3 weeks of left leg immobilization of 42
subjects. Tests 1, 2a and 3 included unilateral strength
and surface electromyography assessment of both legs and
muscle biopsy of the left vastus lateralis. Test 2b involved
the same measurements as Test 2a but were administered
in 6 subjects after 2 weeks of spontaneous recovery from
immobilization. Exercising subjects performed a total of
1866 maximal quadriceps contractions over 12 weeks
using 4—6 bouts of 6—12 repetitions per session.
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RNA isolation

Total RNA was isolated with TRIzol reagent (Gibco-BRL,
Gaithersburg, MD, USA) according to the manufacturer’s
instructions and as described previously (O’Neill et al. 1999). The
frozen muscle samples were homogenized in 1 ml of TRIzol. To
each sample 200 gl of chloroform were added, vortexed vigorously
for 30 s and incubated at room temperature for 5min. Samples
were microfuged for 15 min (12000 g) at 4 °C and 400 ul of the top
aqueous layer was transferred to a fresh microfuge tube. RNA was
precipitated by the addition of an equal volume of isopropanol and
incubated at room temperature for 10 min. Samples were microfuged
for 10 min (12000 g) at 4 °C. RNA pellets were washed with 1 ml
of 70% ethanol. The air-dried pellets were resuspended in 50 ul of
diethyl pyrocarbonate-treated water. Total RNA was expressed as
ug (mg wet weight)™ of the muscle sample.

RNase protection assay (RPA)

Type I, I1a and IIx MyoHC mRNA levels were determined by a
method described previously (O'Neill et al. 1999). All samples for a
subject were analysed at the same time on adjacent lanes. The
¢DNA probe for the DNA complementary to type I MyoHC mRNA
was obtained from Kirti Bhatt (University of Rochester, Rochester;
see Welle et al. 1996). The ¢cDNA probes for type ITa and IIx
MyoHC mRNA were obtained from Leslie Leiwand (University of
Colorado, Boulder; see Smerdu et al. 1994). The identity and
specificity of the probes were described in these papers (Smerdu et
al. 1994; Welle et al. 1996). In independent experiments we also
verified the RPA assay by comparing single probe hybridization
with multiprobe hybridization. In these experiments the linear
range of the assay for each isoform was verified by using 20 ug
yeast RNA, 1, 2 and 5 ug total RNA from human muscle as well as
by hybridization using double amount of full-length probes. The
20 ug yeast RNA also served as a negative control of RNase
digestion in which a 1:1000 dilution of RNase A/RNase T1 mix
was used (Ambion, Austin, TX, USA). The molecular size of the
protected fragments and type I, Ila and IIx MyoHC full-length
probes were verified by comparing them with an RNA molecular
ladder (Century Size Markers, Ambion). To minimize overexposure
of the autoradiograph, the amount of full-length probes loaded on
the gel was equivalent to only one-twelfth of the amount used for
the hybridization with the sample RNA and the radioactivity of the
full-length probes on the gel was still higher than the protected
RNA fragments. A total of 2 ug of RNA per sample was used in

the assays.

Test 2b

\

Immobilized, n = 3M, 3F
Control group, n = 12 total
Non-immobilized, n = 3M, 3F

12-wk Concentric training
3 sessionsiwk, n = 6M, 6F

12-wk Eccentric training
3 sessions/wk, n = 6M, 6F

3 weeks of
immobilization

 D—

L,
f

Test 2a

12-wk Con/Ecc training
3 sessions/wk, n = 6M, 6F

Test 1 Test 3
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Type I human MyoHC I plasmid was linearized with Xhol.
Type Ila and IIx MyoHC plasmids were linearized with Xbal and
Xhol, respectively. Labelled antisense RNA probes for type I, Ila
and ITx MyoHC mRNA were synthesized using [**PJUTP and the
RNA polymerase T3/T7 MAXscript in vitro transcription kit
(Ambion). The T7 RNA polymerase was used to generate a human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antisense
RNA probe from linearized plasmid (Ambion). The RNase
protection assay was performed with a commercially available kit
(RPA TI, Ambion). A 1:1000 dilution of RNase A/T1 mixture
(Ambion) was used for digestion. The protected RNA samples were
size-fractioned on a 6% polyacrylamide gel containing 7 M urea,
visualized by autoradiography and quantified by phosphorimager
analysis (Molecular Dynamics, Sunnyvale, CA, USA). Figure 2
shows a radiograph of polyacrylamide gels from a ribonuclease
protection assay for type I, Ila and IIx MyoHC mRNA isoforms
before and after immobilization and after exercise training.

We expressed the MyoHC mRNA data in three independent ways.
First, data were normalized relative to GAPDH mRNA. By
assuming uniform loading, the changes in the GAPDH-corrected
levels were computed by assigning a value of 1:0 to the before
immobilization data. Second, each MyoHC mRNA isoform was also
expressed relative to its baseline, uncorrected for GAPDH mRNA,
and relative changes were computed. Third, type I and IIx MyoHC
mRNA isoforms were normalized relative to type Ila MyoHC
mRNA isoform that remained unaltered after immobilization and
exercise. With either method, the MyoHC mRNA levels were
expressed as dimensionless ratios.

Exercise training

Exercise training was conducted on the same dynamometer as
testing was done. The training regimen consisted of 12 weeks of
isokinetic concentric (CON), eccentric (ECC) or mixed (MIX)
quadriceps strengthening of the left leg at 105 rad s The subjects
performed 1866 maximum effort repetitions distributed over 36
training sessions in fluctuating four to six bouts of 8—12 repetitions
from week to week according to the periodization principle
(Hortobagyi et al. 19965). Maximum effort contractions were used
to maximize the treatment effect. There was a 1 min rest period

A
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MHC [Ia —

Figure 2. Myosin heavy chain mRNA analysis
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between bouts. Every third session the force production of each
repetition was recorded and averaged to determine the rate of
recovery from immobilization relative to the baseline before
immobilization.

Statistical analysis

The BMDP PC-90 statistical package was used to perform all
statistical data analyses. Percentage strength loss and percentage
changes in the associated EMG activity were compared with a one-
way analysis of variance between immobilized leg, non-immobilized
leg, 2 week recovery of immobilized leg, 2 week recovery of non-
immobilized leg and both legs combined of non-immobilized controls.
Changes in EMG activity while immobilized, were analysed with a
one-way repeated measures ANOVA for the three observations.
Rate of muscle strength recovery from immobilization was
compared within a group (eccentric, concentric, mixed) by time
(12 weeks) ANOVA with orthogonal polynomial decomposition for
linear and quadratic components. A group by contraction-mode
ANOVA with repeated measures for the latter factor was used for
the comparison between the three groups in percentage changes in
muscle strength between pre-immobilization and after training. In
the case of a significant F ratio, a Tukey’s post-hoc contrast was
performed to determine the means that were different at the
significance level of P < 0-05.

RESULTS

Changes in strength and EMG

Figure 3 summarizes the immobilization-induced changes in
muscle strength. Immobilization significantly but uniformly
reduced eccentric, concentric and isometric force by —48 +
17, —45 + 14 and —48 + 15% (P < 0:05; average reduction
of 47 + 15%). Changes in eccentric, concentric and isometric
force of the non-immobilized leg in the immobilized subjects
were —5+9, 8+ 14 and 3+10% (P> 0:05; average
change of 2 + 11 %). After 2 weeks of spontaneous recovery,
eccentric, concentric and isometric forces of the immobilized
leg were —12+3, —11+2 and —10+ 2% depressed,

B
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w @ » «— MHCIIx

Radiograph of polyacrylamide gels from ribonuclease protection assay for type I and 1la (4) and IIx (B)
MyoHC mRNAs before (C, control), after 3 weeks of leg immobilization (I) and after 12 weeks of eccentric
exercise training (T). In each panel the data from one subject are shown. Vastus lateralis samples were taken
3 h after the cast was removed and 3 h after last contraction.
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compared with control (P <0:05; average change —11 +
4%). Over the 3 weeks, no changes occurred in eccentric,
concentric or isometric forces in either leg of the non-
immobilized controls and the changes for both legs and three
contraction modes averaged 4 + 11 % (P> 0-05).

Immobilization altered surface EMG activity of the vastus
lateralis and medialis similarly and in parallel with the force
data. There were no differences in the percentage changes in
EMG activity associated with eccentric, concentric and
isometric contractions in either muscle. The average
reduction in vastus lateralis and medialis EMG activity was
—38 420 and —43 + 24 % (both P < 0:05). EMG activity
also recovered in parallel with strength after 2 weeks of
spontaneous recovery and did not change in the non-
immobilized leg or in the control subjects.

Figure 4 shows that the rate of muscle strength recovery
was significantly faster and the linear polynomial component
significantly greater after eccentric training and mixed
training compared with training with concentric contractions
alone (group by time interaction, F'=124, P=0-0001,
group by linear polynomial time component interaction,
F=287, P=00001). Whereas recovery was complete by
week 4 with concentric training, recovery was complete by
about week 2 with eccentric and mixed training.

Figure 5 displays the group by contraction mode ANOVA
for comparison between the three training groups in
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Figure 3. Immobilization and muscle strength

Changes in quadriceps muscle strength following 3 weeks of
leg immobilization. For IM, non-IM and 2 wk rec. data are
the averages of eccentric, concentric and isometric quadriceps
strength, while the control data are the averages of eccentric,
concentric and isometric quadriceps strength of both legs.
IM, immobilized leg; Non-IM, non-immobilized leg of
subjects whose other leg was immobilized; 2wk rec., muscle
strength after 2 weeks of spontaneous recovery from 3 weeks
of immobilization; and Control, non-immobilized and non-
exercised subjects’ strength data 15 weeks after an initial
test. * P < 0:05 compared with all other groups and

T P < 0-05 compared with non-IM and control. Vertical bars
denote + or — 1 s.p.

Recovery from disuse 297

percentage changes in muscle strength between pre-
immobilization and after training. Eccentric training
improved eccentric, isometric and concentric strength by 86,
42 and 25% (all P <0-05). Concentric training improved
eccentric, isometric and concentric strength by 20, 31 and
44% (the latter two P < 0-05). Mixed training improved
eccentric, isometric and concentric strength by 70, 38 and
40% (all P < 0-05). Eccentric training improved eccentric
strength significantly more than concentric training
increased concentric strength. The greatest percentage
change in the control group was 6% (P > 0-05). Eccentric
and mixed training improved isometric strength by 52 and
46%, significantly more than the 31% by concentric
training (P < 0-05).

Changes in vastus lateralis and medialis EMG activity
paralleled the changes in force. The greatest change of 67 %
occurred in EMG measured during eccentric test contraction
after eccentric training and the smallest of 20 % during the
eccentric test contraction after concentric training.

EMG activity during locomotion while immobilized

In six subjects, vastus lateralis EMG activity of the
immobilized limb while walking on crutches was 8 + 7%,
(week 1), 6 £ 9% (week 2) and 11 + 15% (week 3) of the
EMG activity measured during a maximal isometric knee
extension. The corresponding values for vastus medialis
were 9410, 8+ 7 and 8+9% and for the medial
hamstring were 10 + 14, 12 + 9 and 8 4+ 10 %, respectively.
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Figure 4. Immobilization and strength recovery

Rate of muscle strength recovery from immobilization.

* Recovery occurred at a significantly faster rate at about
week 2 in eccentric strength with eccentric (@) or mixed (0)
training compared with the recovery of concentric strength
with mixed (M) or concentric training (A). In this latter group
recovery occurred at about week 4. The horizontal line at
100 % indicates recovery to strength levels before

immobilization. Standard deviations are omitted for clarity.
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Figure 5. Strength training effects after immobilization

Percentage changes in eccentric (l), isometric ((J) and concentric () quadriceps muscle strength following
1866 eccentric, concentric or mixed contractions for the comparisons between Tests 1 and 3 (cf. Fig. 1).
* Significantly more change than other changes within the same group (P < 0°:05); fsignificantly more
change than the changes in eccentric, isometric and concentric strength in the other two groups;
} significantly more change than isometric and eccentric strength in the concentric group; § significantly
more change than concentric strength in eccentric group. Data for the control group are not shown for
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clarity. Vertical bars denote +1 s.D.

Histochemistry, RNA and MyoHC mRNA levels

The total number of muscle fibres counted averaged
523 £+ 67, 589 + 88, 566 + 58 and 612 + 71 at Tests 1, 2a,
2b and 3, respectively. Immobilization or exercise training
did not change fibre type composition differently between
the groups. Figure 6 shows that, compared with baseline,
immobilization significantly reduced (by 9%) and the
ensuing exercise training significantly increased (by 13 %)
the percentage of type I fibres (P < 0:05). Two weeks of
spontaneous activity after immobilization resulted in type I
fibre percentages comparable to those observed before
immobilization or after 12 weeks in control subjects.

7071
60
30
407
307

Fibre type (%)

207
107

0

Type I

Figure 6. Changes in fibre type composition

Type lla

Immobilization did not affect but exercise training
significantly increased by 7% the proportion of type Ila
fibres (P < 0-05). Immobilization significantly increased (by
7%) and exercise training reduced (by 11 %) the proportion
of type lIx fibres (P < 0-05). Two weeks of spontaneous
activity after immobilization resulted in type IIx fibre
proportions similar to those observed before immobilization
or after 12 weeks in control subjects.

Table 1 shows that 3 weeks of immobilization significantly
and uniformly reduced type I, Ila and IIx muscle fibre
areas by 13, 10 and 10%, respectively. After 2 weeks of
spontaneous recovery from immobilization the size of type I,

Type IIx

Fibre type distribution in the vastus lateralis muscle before immobilization (M, » = 36), after 3 weeks of
immobilization ((J, n = 36), after 2 weeks of spontaneous recovery from immobilization (&, n = 6), after
12 weeks of knee extension exercise training (B, n= 36) and after 15 weeks of spontaneous activity (I,
n=6). * Significantly different compared with all other conditions (P < 0-05). Vertical bars denote + 1 s.D.
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Table 1. Changes in muscle fibre area

Type L Type 1la Type IIx
Group n T1 T2 T3 T2 T3 T1 T2 T3
Eccentric 12 426 36:0*% 466f 624  56:6* 72:2¢F 544 487* 6337
Mixed 12 427 374% 472¢% 634  55'1*% 689tt 555  50:6* 60-81f
Concentric 12 42:5 37-3*% 4431 618  56:2* 650§ 539  487* 567§
Control* 6 421 40-0* 626 595* — 547  51°9% —
Control® 6 429 — 439 62:7 — 621 555 — 543

Values are expressed in ,um2 x 1072 T1, baseline test; T2, test after 3 weeks of immobilization; T3, test
after 12 weeks of exercise training following 3 weeks of immobilization. Control', immobilized and non-
exercising controls whose T2 occurred 2 weeks after spontaneous recovery from immobilization. Control %
non-immobilized and non-exercising controls. * Less than at T1 (P < 0-05); T greater than at T1 and T2
(P < 0-05); 1 greater than at T1 and T2 but less than eccentric training group (P < 0:05); § greater than at
T1 and T2 but less than eccentric and mixed training groups (P < 0-05).

ITa and IIx muscle fibres were, on average, still reduced by
5%. Hypertrophy of type I, Ila and IIx fibres relative to
baseline was 10, 16 and 16 % after eccentric and 11, 9 and
10% after mixed training (all P < 0-05) and these gains
were significantly (P < 0:05) greater than the hypertrophy
after concentric training (4, 5 and 5%). In addition, the
type Ila and IIx fibres were significantly larger after
eccentric than after mixed training (P < 0-05).

A sufficient amount of muscle sample was obtained to
perform total RNA and MyoHC mRNA analyses in 7, 7 and
8 subjects in the eccentric, concentric and mixed training
groups, respectively. No samples were obtained for RNA
analyses in the control subjects. In the three training groups
combined (n=22), total RNA levels normalized for wet
muscle weight were unaltered by immobilization (043 +
0-15 ug (mg wet weight)™) or subsequent exercise training
(0-41 + 0-008 g (mg wet weight)™) compared with baseline
(0-47 £ 0-21 pg (mg wet weight)™).

We used three different techniques to normalize MyoHC
mRNA data and the interpretation of the data was identical
using either normalization approach. Figure 7 shows the
changes in type I, Ila and IIx MyoHC mRNA levels
normalized for GAPDH mRNA levels after immobilization
and  subsequent training.
significantly downregulated the expression of type I
MyoHC mRNA to 0:72-fold of baseline and exercise
training upregulated it to 0:95-fold of baseline (both
changes P < 0:05). Neither immobilization nor exercise
training altered the expression of type Ila MyoHC mRNA.
The levels of type 1Ix MyoHC mRNA were 2-9-fold (+1-7)
upregulated after immobilization (P < 0:05) but remained
unchanged after exercise training. In agreement with
previous exercise data (O'Neill et al. 1999), GAPDH mRNA
levels did not change with immobilization or exercise. The
percentage changes in GAPDH mRNA relative to baseline
were 9 &+ 6 and 12 £+ 9% after immobilization and retraining,
respectively (both P> 0:05). The percentage changes in

exercise Immobilization

type I MyoHC mRNA relative to type Ila MyoHC mRNA
were —36 + 8% (P < 0:05) and 2 + 9% (P> 0-05) and the
changes in type IIx MyoHC mRNA relative to the Ila
isoform were 266+ 136% (P <0:05) and 25+ 18%
(P > 0-05) after immobilization and retraining, respectively.

Table 2 shows that the average correlation between
percentage strength loss and percentage muscle fibre atrophy
was r=069 (P<005) and it was r=062 between
percentage strength gain and percentage muscle fibre hyper-
trophy.

Percentage changes in type I, Ila and IIx fibre area were
also correlated with percentage changes in type I, ITa and
IIx MyoHC mRNA, respectively, by combining the data
from the three training groups for the changes caused by
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Figure 7. Myosin heavy chain gene expression

Changes in type I, I1a and IIx myosin heavy chain mRNA
levels (in arbitrary units, au.) at baseline (), after 3 weeks
of immobilization ([J) and after 12 weeks of resistive exercise
training of the human quadriceps muscle (&). * Significantly
different compared with baseline and exercise training

(P < 0:05, n=22). Vertical bars denote + 1 s.D.
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Table 2. Correlations between percentage strength loss and fibre atrophy due to immobilization and
between strength gains and muscle fibre hypertrophy due to exercise retraining after

immobilization
Immobilization Exercise
Exercise group n 1 ITa IIx  Average n 1 I1a IIx  Average
Eccentric 12 066 079 077 0-74 12 065 070 077 0-71
Mixed 12 075 060 060 0-66 12 071 068 070 0-69
Concentric 12 0-64 063 074 0-68 12 049  0-21 0-53 0-42
Average 069 068 072 0-69 063 056 068 0-62

Strength loss is computed as the mean percentage loss in isometric, concentric and eccentric strength.
Strength gain is computed as the percentage change in eccentric strength for the eccentric group,
percentage change in concentric strength for the concentric group and the average percentage change in
concentric and eccentric strength for the mixed group. Average correlation is computed by converting each r
value to a z score, averaging these z scores and converting this average z score back to an r value. P < 0:05

for r =058 (n=12).

immobilization (n= 22) and exercise (n=22), yielding six
coeflicients each comprised of 22 data points. For the
immobilization segment, the correlations were r= 066
(P <0-05), r=10-07 (P>0-05) and r=—0'71 (P <0:05)
and for the exercise segment the correlations were r = 022,
r=20-01 and r =033 (P> 0:05) between changes in type I,
ITa and IIx fibre area and type I, Ila and IIx MyoHC
mRNA, respectively.

DISCUSSION

The effects of knee immobilization

The present work provides new data on human muscle
plasticity because in previous knee immobilization studies
the magnitude of strength loss and muscle atrophy were
confounded by various injuries (Sargeant et al. 1977; Grimby
et al. 1980; Haggmark et al. 1981; Gibson et al. 1987). In
contrast to the 10—20% strength deficit observed in the
involved leg of athletes 14 months after full resumption of
activities following knee surgery and immobilization (Grimby
et al. 1980), when injury-free subjects are immobilized,
spontaneous activity after cast removal results in almost full
recovery of leg muscles in a few weeks (current study) or
even days in the arm (Yue et al. 1997). In the present work,
3 weeks of knee immobilization resulted in 47 % strength
loss — similar to the 52 % reduction after 4 weeks of knee
immobilization reported in the only previous work on
injury-free subjects’ legs (Veldhuizen et al. 1993). Since in
injury-free subjects the greatest strength loss of 50 % seems
to occur after knee immobilization in the quadriceps muscle
and in hand muscles (Sale ¢t al. 1983; Duchateau & Hainaut,
1987) followed by a 35 % value for arm extensors and flexors
(MacDougall et al. 1977, 1980; Yue et al. 1997) and a 20 %
reduction in plantarflexors (White et al. 1984), there seems
to be no clear relationship between strength loss, the size of
the muscle or its location.

Interestingly, 4—6 weeks of lower limb unloading reduced
quadriceps strength by only 20% (Berg et al. 1991),
suggesting that, even though non-weight bearing is a
common component in both models, the magnitude of
strength loss is different after limb immobilization and
unloading. The cast is applied to the straight knee and the
quadriceps is in a shortened position that is probably a key
factor in causing the 50% strength reduction measured
immediately after contrast, the
lengthened position of the quadriceps and the allowance for
joint mobility in the unloading model may alleviate many of
the disuse-related effects (G. Goldspink, 1974). Tt is also
worth noting the uniform reduction in eccentric, concentric
and isometric quadriceps forces after immobilization.
Because resistance of passive elements augments force
production during muscle stretch and as short as 9 days of
immobilization increases the quantity and stiffness of these
passive elements in animal models (Williams et al. 1988),
eccentric strength loss is expected to be less after
immobilization compared with concentric or isometric
strength losses. This clearly was not the case, suggesting
possible differences in the adaptations to disuse between
animal and human models related to joint position, duration
of immobilization, weight bearing, tissue properties and age

(Booth, 1987).

immobilization. In

The obvious but rarely assessed cause of functional decline
following immobilization is inactivity. Chronic EMG
recordings of the human biceps brachii was less than 10 % of
the non-immobilized biceps brachii (Yue et al. 1997). We did
not measure EMG activity of the leg muscles for 12—-18 h
periods but EMG activity recorded once a week for 3 weeks
from the immobilized thigh and hamstring muscles revealed
about 10% of maximal EMG activity. These data suggest
that knee immobilization severely but not fully restricts
muscle activity during locomotion. While in the cast,



J. Physiol.524.1

unintended isometric muscle tensing or reflexive postural
adjustments must occur associated with balance-seeking
efforts.

Even though strength loss correlated with muscle fibre
atrophy (r=075), the magnitude of strength loss (47 %)
was almost 4-fold greater than the magnitude of fibre
atrophy (11 %), suggesting that disuse must affect neural
activation. Indeed, immobilization appears to make neural
drive less effective to voluntarily activated skeletal muscles
because in a prior study electrically evoked maximal force
declined 35% compared with a 55% reduction in maximal
voluntary force (Duchateau & Hainout, 1987). That neural
factors are important in immobilization-induced strength
loss is also illustrated by the observation that maximal
isometric elbow extension force was reduced by 30%
without change in muscle size and that muscle proton
relaxation time (T,) increased less with exercise after disuse
(Yue et al. 1997). Thus, our finding of a 40 % reduction in
vastus lateralis and vastus medialis EMG activity after knee
immobilization is consistent with the notion that reduced
strength loss. The
mechanism mediating reduced muscle activation with
immobilization is unknown but a 5 mV reduction in resting
membrane potential, a 60% decline in the frequency of
miniature end-plate potentials and a 25% decrease in
[*HJouabain binding collectively indicate an impairment of
sarcolemmal excitability (Zemkova et al. 1990). Central
adaptations during immobilization.
Transcranial magnetic stimulation in 22 patients whose
ankle joints were immobilized for up to 60 weeks revealed
that after only 4 weeks the cortical motor area of the tibialis
anterior was reduced to 13-5c¢m® compared with 226 ¢cm®
of control without altering spinal excitability or motor
threshold, contrasting with the animal data of Zemkovd et
al. (Liepert et al. 1995).

muscle activation contributes to

may also occur

As is the case for strength loss, limited information is
available on disuse-induced muscle atrophy in injury-free
human lower extremity muscles. Greater type II than type I
muscle fibre atrophy occurred after elbow immobilization in
the triceps brachii (30 vs. 25%, MacDougall et al. 1980), in
the vastus lateralis after an 11 day space flight (36 vs. 16 %,
Edgerton et al. 1995), lower leg suspension (12 vs. 6 %, Berg
et al. 1993) and knee immobilization (19 ws. 15%,
Veldhuizen et al. 1993). In contrast, others reported that
atrophy was greater in type I than type 11 fibres (46 vs. 37 %,
Sargeant el al. 1977; 26 vs. 1%, Higgmark et al. 1981). In
the present work typel and type II fibres atrophied to
about the same extent, 13 and 10 %. It is interesting to note
that, in general, there was a somewhat larger type II than
type I fibre atrophy in injury-free subjects. The mechanism
dictating the difference in fibre atrophy could be related to
pain experienced by the injured but not by the injury-free
subjects as moderate pain seems to inhibit the firing of low
threshold motors units innervating type I muscle fibres
(Haggmark et al. 1981).
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Unlike the fibre size data, there is a remarkable consistency
in the literature on the decrease in the percentage of type 1
fibres and increase in the percentage type II fibres after
immobilization regardless of whether the subjects were
injured (Higgmark et al. 1986) or injury-free (Veldhuizen et
al. 1993). The present work is in line with previous data as
the percentage of type I fibres increased by 9% and the
percentage of type IIx fibres decreased by 7% (Fig. 6).
These observations are in agreement with the hypothesis
that reduced use makes muscles faster (Caiozzo et al. 1996a,b)
as electrical stimulation, cross-innervation and denervation
studies have consistently demonstrated that neural impulse
properties determine muscle phenotype (Kraus et al. 1994).

In humans, only a few reports have been published on gene
expression of contractile proteins. Growth hormone
administration elevated MyoHC mRNA levels (Fong et al.
1989). MyoHC mRNA abundance was similar in young and
old adults (Welle et al. 1996) whereas a mismatch between
MyoHC mRNA and protein distribution was found in
human skeletal muscle fibres (Andersen & Schiaftino, 1997).
O’Neill et al. (1999) examined the acute effects of endurance
exercise and reported 30 % downregulation of the type IIx
MyoHC mRNA isoform 3 h after the 7th exercise bout
without changes in the other isoforms.

The present report is the first to address changes in gene
expression by systematically manipulating contractile
activity through immobilization and retraining in humans.
After immobilization type I MyoHC mRNA isoform was
about 30% downregulated, type IIx MyoHC mRNA was
almost 300% upregulated and type Ila MyoHC mRNA
isoform was not altered. These reciprocal changes were
correlated (r=066, type I; r=—071, type Ilx) with
changes in fibre size, suggesting a reasonable synchronization
between gene expression and MyoHC phenotype. That the
relationship between gene expression and ATPase-based
fibre atrophy is only moderate is most likely due to
mismatch between the MyoHC mRNA and the protein
distribution being augmented by the ATPase method
(Andersen et al. 1997), although fibre type area and myosin
heavy chain content in human skeletal muscle are highly
correlated (Fry et al. 1994).

Animal data suggested marked differences in the cellular
changes induced by immobilization when the muscle was in
the shortened position compared with those when the
muscle was in the lengthened position. Slow myosin RNA
expression increased in the shortened position and
decreased in the lengthened position (G. Goldspink et al.
1992). Booth & Kirby (1992) reported small changes in
message levels during the early stages of atrophy after
immobilization in the shortened position. They proposed
that the initial changes occur at the level of translation and
proteolysis and not at the level of transcription. In the
present work, the quadriceps muscle was in the shortened
position and the type I MyoHC mRNA expression
decreased. However, the current human data are in
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qualitative agreement with the directional changes observed
in rats exposed to microgravity where type I MyoHC mRNA
levels decreased and type ITb and IIx isoforms increased
(Caiozzo et al. 19968). Unfortunately from these data we
cannot determine how soon into immobilization such
reciprocal changes occur, or whether such changes are long
term or only transient. Although MyoHC gene expression is
altered by one of two mechanisms, i.e. replacement of a
downregulated isoform by another isoform and isoform
co-expression, the interpretation of the present data is
further complicated by the disproportionate
switching. In addition, MyoHC gene expression was not
reciprocally altered by the ensuing exercise programme
beyond control levels (see below). Clearly, additional research
is needed to elucidate the time course of adaptation and the
dose—response relationship of MyoHC gene expression in
humans (Caiozzo et al. 1996a).

isoform

Recovery from immobilization

We are not aware of studies that examined the time course
of strength recovery of lower extremity muscles from
immobilization using retraining. Information on spontaneous
recovery from immobilization is also scant. In the current
work, resumption of spontaneous activity for 2 weeks after
the cast was removed resulted in about 90% recovery of
muscle strength and 95% recovery of muscle fibre size. In
contrast, a complete recovery of elbow extensor isometric
force occurred in 2 weeks after 4 weeks of elbow joint
immobilization (Yue et al. 1997). Four days of uncontrolled
activity after 4 weeks of lower limb unloading resulted in
90 % recovery of quadriceps strength and after 7 weeks of
spontaneous activity muscle strength returned to normal
(Berg et al. 1991). The strength loss in the studies of Yue et
al. (1997) and Berg et al. (1991) was about half of the
strength loss that occurred in the present work, so the rate
of recovery appears to be related to the magnitude of
strength loss but independent of whether the immobilized
muscle is postural (present work and Berg et al. 1991) or
non-postural (MacDougall et al. 1980; Yue et al. 1997).

There is only one study in which physical activity was used
to facilitate strength recovery from immobilization
(MacDougall et al. 1980). These authors reported about
100 % increase in elbow extension strength after 5—6 months
of strength training subsequent to 5—6 weeks of elbow joint
immobilization in three subjects. MacDougall et al. (1980)
observed a few type I and Ila fibres that somehow remained
atrophied  after 5-6 months of retraining
immobilization. In the present work immobilization did not
affect the sensitivity of the muscle to the exercise stimulus
and we noticed no atrophied fibres after retraining or
spontaneous recovery from immobilization. We observed a
significantly faster rate of strength recovery when the
exercise programme contained eccentric contractions. Muscle
strength recovery after 4 weeks was complete when subjects
exercised with concentric contractions whereas recovery to
initial levels occurred about 2 weeks faster when pure
eccentric contractions were used or added to concentric
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contractions (Fig. 4). Whereas athletes still show up to 20 %
strength deficit after months of spontaneous recovery and
weeks injury-related
immobilization (Grimby et al. 1980), our non-exercising
controls were fully recovered after 12 weeks. Perhaps the
nature and rate of recovery is different in subjects who were
immobilized after an injury compared with the recovery
patterns from short-term limb immobilization of initially
injury-free subjects (present study and MacDougall et al.
1980).

of exercise rehabilitation from

Changes due to retraining

Not only was the rate of strength recovery faster with pure
eccentric or mixed eccentric and concentric contractions but
the strength gains and muscle fibre hypertrophy were also
substantially greater compared with pure concentric
contractions, confirming most (Komi & Buskirk, 1972;
Dudley et al. 1991; Hather et al. 1991; Hortobdgyi et al.
1996a,b) but not all (Jones & Rutherford, 1987; Smith &
Rutherford, 1995) prior reports. The exercise training
programmes were designed to maximize the treatment
effect and the groups were not matched for absolute force
produced during shortening and lengthening contractions.
The possibility exists that the faster recovery and the
greater strength gains were caused by the larger amount of
work done during eccentric contractions. However, it was
demonstrated that exercising at the same absolute eccentric
and concentric force levels, the adaptations after eccentric
training still significantly exceeded those of concentric
training (Hortobdgyi et al. 1996a). Smith & Rutherford
(1995) also reported that perhaps metabolic cost and not
high forces are involved in the stimuli for muscle hyper-
trophy and strength gains following high-resistance
training. Finally, most recently it was shown that eccentric
compared with concentric bicycle exercise training, when
matched for work rate in the final phase of the programme,
still resulted in substantially greater isometric strength
gains (Lastayo et al. 1999). These findings suggest that
faster rate of strength recovery and the greater strength
gains and type II fibre hypertrophy after eccentric
retraining were probably related to the unique aspects of
muscle lengthening and not to 10-20% greater eccentric
compared with concentric forces during training (Hortobdgyi
et al. 1996b). It remains to be seen whether this unique
aspect of muscle lengthening is associated with eccentric
contractions, involves fatigue resistance, greater efliciency,
the dissipation rather than generation of potential energy,
modified actinomyosin-ATP stoichiometry, the reinforcement
of the passive element scaffolding or specific motor unit
recruitment.

In rodents, resistive exercise resulted in contraction-type
specific effects in terms of protein synthesis and mRNA
(Booth & Thomason, 1991). Even though there was some
chronic effect of the 1866 eccentric, concentric and mixed
contractions on MyoHC gene expression in our subjects, this
effect was independent of contraction type. We are aware of
only one study that examined not the chronic but the acute
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effects of exercise on MyoHC gene expression. O’'Neill et al.
reported no changes 3 h after a single 1 h bout of cycling in
type 1 and ITa MyoHC mRNA isoforms but found a 30%
significant downregulation of the type IIx MyoHC mRNA
isoform 3 h after the 7th bout of cycling without changes in
the other isoforms (O’Neill et al. 1999). These data suggest
that the time course of MyoHC gene expression may shift
with exercise. Further, in contrast to the effects of
immobilization where the changes in ATPase-based
measured fibre atrophy and MyoHC mRNA levels were
correlated, the changes in these two variables became
uncoupled after exercise training. Such uncoupling has also
been reported in a few cases in rat muscles examined under
microgravity (Caiozzo et al. 19965). The uncoupling is most
likely related to temporal differences in the time course as
well as in the magnitude of protein synthesis and MyoHC
gene expression.

When muscle is subjected to force generation, its slow
myosin genes are expressed and fast MyoHC genes are
repressed (G. Goldspink et al. 1992; Caiozzo et al. 1996a,b).
In contrast, when the muscle is inactive, fast MyoHC genes
are expressed by ‘default’ (G. Goldspink et al. 1992), as was
the case for the immobilization segment of the present work
(Figs 2 and 7). The discrepancy between the current data,
i.e. no change in MyoHC gene expression after exercise, and
observations in different animal models is unclear. Possible
explanations include a difference between the animal models
and the current human data in the quantity of exercise (less
work done by human subjects), the nature of muscle
activation (voluntary ws. artificial), time course of gene
expression and assay sensitivity due to muscle sample size.
The most important of these possibilities could be the time
course as the time course of adaptation in response to high-
resistance exercise training in rats revealed no further
alterations in any of the four isoforms examined after about
8 days of exercise (Caiozzo et al. 1996a), suggesting that
steps other than transcription are more important in protein
assembly under chronic exercise conditions in both human
and animal models.
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