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Matsuura, Tetsuya, Takaaki Ikata, Shinjiro Takata,
Shinji Kashiwaguchi, Mineo Niwa, Takayuki Sogabe,
and Keiko Koga. Effect of weight bearing on recovery from
nerve injury in skeletal muscle. J Appl Physiol 91:
2334–2341, 2001.—We examined the effect of weight bearing
(WB) on muscle recovery after nerve injury. Rats were
housed in individual cages for 2 wk under WB or hindlimb
suspension (HS) after being subjected to sciatic nerve com-
pression for 1 wk. Sham operated on rats served as controls
(sham group). We used 31P- and 19F-nuclear magnetic reso-
nance spectroscopy combined with histochemical, physiolog-
ical, and biochemical techniques to assess the outcome in the
three groups. Creatine kinase-BB (CK-BB) mRNA levels
expression, CK activity, and type I fiber density in the WB
group were elevated compared with those in the HS group. In
addition, sciatic functional index, tetanic tension, energy
state, and local circulation dynamics of the WB group were
greater than those of the HS group. These results suggested
that WB plays an important role in muscle regeneration,
inhibits the reduction of CK activity, and facilitates the
activation of neural recovery, energy state, and local circula-
tion dynamics.

weight bearing; sciatic nerve compression; energy state

DISUSE ATROPHY AFTER IMMOBILIZATION is induced by pe-
ripheral nerve injury and has significant physiological
and biochemical effects on skeletal muscles, including
lost muscle mass, reduced mitochondrial concentra-
tion, altered muscle fiber type densities (9), increased
resting blood flow (13), altered metabolite levels (13,
15), and decreased resistance to fatigue (13, 15). In
response to this injury, skeletal muscles regenerate by
activating satellite cells (5), and the changes induced
by peripheral nerve injury may reverse themselves.
Such a regeneration process is influenced by numerous
physiological regulatory factors, including weight bear-
ing (WB), neural activity, and hormones (5, 10, 29).
However, little is known about the role of WB during
the regeneration of muscles, except that WB can in-
duce synthesis of the slow myosin heavy chain (5). To
clarify the role of WB, we have examined its effect on

energy metabolism recovery in an animal model of
nerve injury.

The goal of this study was to clarify the effect of WB
on the regeneration of muscles with the use of 31P- and
19F-nuclear magnetic resonance (NMR) spectroscopy
measurements and more conventional histochemical
and physiological methods to assess skeletal muscle
recovery in the rat sciatic nerve injury model. In par-
ticular, we focused on the gastrocnemius muscle in this
study because our preliminary study showed that the
gastrocnemius muscle contained .75% of hindlimb
muscle mass, and changes in energy states and blood
volume monitored by 31P- and 19F-NMR mainly re-
flected alterations in the gastrocnemius.

METHODS

Animal model. Eighty-one male Sprague-Dawley rats
(age 5 14 wk) were obtained from SLC Japan and housed in
a room with a controlled temperature (25°C) and a 12:12-h
light-dark cycle and allowed free access to food and water
until the experiments. Muscle degeneration was induced in
68 rats by sciatic nerve compression. Briefly, the right sciatic
nerve was exposed through a gluteal muscle-splitting inci-
sion and was compressed by placing the nerve trunk within a
1-cm-long silicone tube (0.8-mm internal diameter) under
pentobarbital anesthesia (50 mg/kg ip) (22). Three 7-0 nylon
sutures were then used to reconstitute the tubing. No sur-
gery was performed on the left side. The silicon tubes were
removed after a similar surgical approach 1 wk later. There-
after, rats were randomly assigned to one of two groups:
normal WB (n 5 34) and hindlimb suspension (HS, n 5 34).
In each group, 3 rats were used to measure tetanic tension, 6
rats were used for 31P-NMR, 6 rats were used for histochem-
ical analyses, 12 rats were used for biochemical assays, 1 rat
was used for RT-PCR, and 6 rats were used for 19F-NMR. HS
technique used was a modification of the one described by
Wronski and Morey-Holton (31). Hindlimbs of animals were
raised by using a strip of orthopedic tape attached to the
proximal two-thirds of the tail. Suspension height was ad-
justed to prevent the hindlimbs from contacting the floor or
the sides of the cage, while the forelimbs were allowed to
support their weight and thus permitted them access to food
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and water ad libitum. The remaining 13 rats were evaluated
3 wk after a sham operation and served as the control (sham
group). In the sham group, 6 rats were used for histochemical
analyses, 6 rats for biochemical assays, and 1 rat for RT-PCR.

Functional assessment. Neural function was assessed from
the prints of the hind feet of walking rats by using the sciatic
functional index (SFI) described by Medinaceli et al. (24). SFI
depends on four factors: distance to opposite foot (TOF), print
length (PL), total spreading (TS), and distance between in-
termediary toes (IT). These variables were measured on both
sides and entered in the formula

SFI 5 @~ETOF 2 NTOF!/NTOF 1 ~NPL 2 EPL!/EPL

1 ~ETS 2 NTS!/NTS 1 ~EIT 2 NIT!/NIT# 3 220/4

where E is experimental and N is normal. By using SFI, a
value of zero represents normal function and a value of
2100% represents complete loss of sciatic nerve function.
Bromophenol blue paper and water were used for printing.
Neural function was assessed in each rat after 3 and 7 days
of sciatic nerve compression and then at 1 and 2 wk after
nerve decompression in the WB group and at 2 wk after nerve
decompression in the HS group.

Muscle stimulation procedure. Two weeks after nerve de-
compression, rats were anesthetized by intraperitoneal injec-
tion of pentobarbital sodium (50 mg/kg body wt) and placed
in the prone position. Two oval electrodes (;4 mm in diam-
eter) were then fixed on the skin of their right legs. Leg
muscles were stimulated electrically (SEN-3301, Nihon Koh-
den, Tokyo, Japan) through an electrode with 0.5-ms square
wave pulses of 5 V for 20 min. Stimulation frequency was 40
Hz, which induced a tetanic contraction for a duration of 1 s
every 2 s. This frequency continuously produced a minimal
tetanic tension. This stimulation procedure was applied to
measure tetanic tension, 31P-NMR, and 19F-NMR because, in
the preliminary experiments with pulses .5 V (10 V) or
frequencies .40 Hz (67 and 100 Hz), differences between WB
and HS groups could not be shown because of a significant
decrease in signals of high-energy phosphates.

Measurement of tetanic tension. The tendon of the gastroc-
nemius muscle was exposed at the ankle and then cut and
attached to a strain gauge (TB 611, Nihon Kohden) with a
noncompliant thread. The strain gauge was connected to a
polygraph system (RM-600, Nihon Kohden).

31P-NMR measurement. The right leg of the animal was
inserted into a solenoid coil of 2 cm in diameter to record
31P-NMR spectra. Spectra were recorded with a BEM-250/80
NMR instrument (Otsuka Electronics, Osaka, Japan)
equipped with a horizontal 250-mm diameter bore magnet
(1.9 T). 31P-NMR spectra were obtained at 32.3 MHz with a
pulse width of 19 ms (90° pulse). Each spectrum was obtained
by 60 scans with a pulse-repetition time of 2 s.

Tissue levels of phosphocreatine (PCr), inorganic phos-
phate (Pi), and b-ATP were estimated from the areas under
individual signals. The energy states were evaluated by the
ratio formulas of PCr(t)/PCr(0), PCr/b-ATP, and PCr/(Pi 1
PCr), where t means any time of measurement. PCr/b-ATP
measures reliance on PCr stores to maintain ATP levels (27).
PCr/(Pi 1 PCr) is related directly to the phosphate potential
and can be used as a measure of the muscle bioenergetic
reserve and oxidative metabolism (17). Intracellular pH was
calculated from the chemical shift (d) of the Pi signal from
that of PCr by using the following equation (14)

Intracellular pH 5 6.90 2 log@~d 2 5.80!/~3.29 2 d!#

Histological stains. After the silicon tube was removed, the
sciatic nerve at the lesion site was prepared for histological

staining. Axon pattern was revealed by hematoxylin and
eosin stain, and myelin pattern was demonstrated by a my-
elin stain. For anti-myelin basic protein (MBP) staining, the
sections were immersed in 99% methanol-1% hydrogen per-
oxide, then blocked with 5% bovine serum albumin (BSA),
and incubated with a 1:500 MBP dilution of the antibody in
5% BSA. After that, the sections were washed three times
with PBS and then incubated for 2 h with a biotinylated
anti-rabbit antiserum (Vector). Staining patterns were re-
vealed with the ABC method (Vector ABC kit), according to
the manufacturer’s instructions, by using diaminobenzidene
as the chromogen.

Histochemical analysis. Rats were killed at the indicated
time points, and a 5- to 10-mm cross section was taken from
the deep portion of the gastrocnemius muscle. Specimens
were immersed in isopentane cooled with liquid nitrogen at
2160°C, cut into ;10-mm-thick serial transverse sections
with a cryostat (Tissue, TEK II) at 220°C, and stained
according to the method of Dubowitz and Brooke (11) with a
slight modification of pH and incubation temperature. On the
basis of the stainability either with or without acid preincu-
bation at pH 4.2 and 4.3 or 4.4, the muscle fibers of each stage
were classified into type I, type IIa, type IIb, and type IIC
according to the method of Dubowitz and Brooke (11).

Biochemical assays. Minced gastrocnemius muscles were
homogenized in 4 volumes of 10 mM Tris zHCl buffer, pH 7.2,
containing 1-mM EDTA in a Polytron homogenizer for 1 min.
The homogenate was centrifuged at 10,000 rpm for 20 min.
All these procedures were performed at 4°C.

Creatine kinase (CK) activity was determined spectropho-
tometrically at 30°C in a 5-ml supernatant sample, which was
diluted to a final concentration with the same extraction
buffer (creatine phosphate kit, CPK-test, WAKO).

Adenylate kinase (AK) activity in the supernatant was
measured spectrophotometrically at 340 nm in 50 mM
Tris zHCl buffer, pH 7.5, containing (in mM) 5 MgSO4, 10
glucose, 0.35 NADPH1, and 2.5 ADP and a hexokinase and
glucose-6-phosphate dehydrogenase-coupled enzyme system
by the method of Colowick and Kaplan (8) with a slight
modification.

Protein concentration was determined by the method of
Bradford (6). All spectrophotometric measurements were
made by using a Hitachi spectrophotometer, model 624.

RT-PCR. Three isozymes (MM, MB, and BB) of CK (1) and
three isozymes (AK1, AK2, and AK3) of AK (28) have been
characterized to date. RT-PCR was used to measure mRNA
levels of CK-MM, the major cytosolic isoform found in mus-
cles; CK-BB, the embryonic isoform found in muscles; and
AK-3. Total RNA was extracted from the gastrocnemius
muscle by the acid-guanidinium isothiocyanate phenol chlo-
roform (AGPC) method (7). RT-PCR was performed according
to a modification of the method described by Liu et al. (20).
Briefly, the first strand cDNA was synthesized by using an
oligo(dT) 15 primer (Seikagaku) and M-MLV reverse tran-
scriptase (USB) followed by PCR amplification using syn-
thetic gene specific primers for rat CK-MM, CK-BB, AK-3, or
G3PDH. Oligonucleotide primers used were 59-CAGAGCAG-
GATCAACAACGGC-39 (sense) and 59-TTGATGTCCTGGC-
CTCTCTCC-39 (anti-sense) for rat CK-MM (2); 59-GACGAC-
CACTTCCTCTTCGAC-39 (sense) and 59-CTTCTCGTGCTTTC-
CCAGGTG-39 (anti-sense) for rat CK-BB (3); 59-CGATGAC-
CTAACGGGAGAACC-39 (sense) and 59-CTGAGCTAAATC-
CCCAACCCC-39 (anti-sense) for rat AK-3 (28); and 59-TCCCT-
CAAGATTGTCAGCAA-39 (sense) and 59-AGATCCACAACG-
GATACATT-39 (anti-sense) for rat glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (20). PCR amplification was per-
formed according to the standard methods using Taq polymer-
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ase (Promega, Madison, WI). After initial denaturation for 4
min at 94°C, 30 cycles of amplification (95°C for 1 min, 55°C for
1 min, and 72°C for 4 min) were followed by a 10-min extension
at 72°C by using a program temperature control system PC700
(ASTEC, Tokyo, Japan). Possible contamination with PCR com-
ponents was excluded by performing PCR with these compo-
nents in the absence of the RT product in each set of experi-
ments (negative control). PCR products were separated in 2%
agarose gels, which contained ethidium bromide and visualized
under ultraviolet light.

19F-NMR measurement. The right leg of the animal was
inserted into a 2-cm-diameter solenoid coil to record 19F-
NMR spectra. Spectra were recorded with a BEM 250/80
NMR instrument (Otsuka Electronics) equipped with a hor-
izontal 250-mm diameter bore magnet (1.9 T). 19F-NMR
spectra were obtained at 75.1 MHz with a pulse width of 45
ms (90° pulse). Each spectrum was obtained by 60 scans with
a pulse-repetition time of 2 s. For the 19F-NMR study, FC-43
emulsion, an emulsion of 20% wt/vol perfluorotributylamine
(FC-43; Green Cross), was injected via the femoral vein (5
ml/kg body wt) as an intravascular tracer. FC-43 has four 19F
signals that have been assigned (CF3, CF2, CF2, and CF2), of
which the CF3 signal has been found to be more sensitive
than the three CF2 signals. Local circulation dynamics were
evaluated by the ratio formula of CF3(t)/CF3(0).

Measurement of muscle wet weight. At the end of the
experiments, the gastrocnemius muscle on the right side was
removed, cleaned of connective tissue, and weighed. Degree
of atrophy was determined in the two groups.

Statistical analysis. All values are presented as means 6
SD. Data of functional assessment (SFI), maximum tetanic
tension, muscle weight, density of muscle fibers, and the data
of 31P- and 19F-NMR at rest were analyzed by using Stu-
dent’s t-test. The data of 31P- and 19F-NMR during and after
stimulation were analyzed by using a three-way ANOVA to
assess the significance of differences related to group or time.
A P value of ,0.05 was regarded as significant.

RESULTS

SFI. SFI at the end of the experiment and time
course of changes are shown in Table 1 and Fig. 1,
respectively. SFI decreased to about 2100% within
three days of compression of the sciatic nerve. In the
WB group, recovery of SFI was apparent 1 wk after
decompression and improved significantly to about
270% in 2 wk, whereas, in the HS group, SFI remained
at about 2100% during the experiment. These results
indicate that WB seems to facilitate recovery of neural
function.

Histological stains. After 1 wk of nerve compression,
histological examination revealed swelling and decom-

position of the axons and expansion and deformity of
myelin.

Wet muscle weight. Gastrocnemius muscle weights
in the WB and HS groups are shown in Table 1.
Absolute and relative muscle weights were signifi-
cantly higher in the WB group than in the HS group
(P , 0.05).

Tetanic tension. Maximum tension at 40 Hz was
95 6 12 g in the WB group and 58 6 12 g in the HS
group. Tension per gram of muscle was 116 6 9 g in the
WB group and 88 6 11 g in the HS group. WB resulted
in significantly higher tension (P , 0.05).

Muscle energy state and intracellular pH. Time
course of changes in PCr(t)-to-PCr(0) and PCr-to-b-
ATP ratios is shown in Figs. 2 and 3, respectively.
PCr(t)-to-PCr(0) ratios of the WB and HS groups
showed minimal values of 0.68 6 0.10 and 0.63 6 0.08,
respectively, at 2 min after the onset of electrical stim-
ulation. In both groups, PCr(t)-to-PCr(0) ratio subse-

Table 1. BW, MW, and SFI

WB Group
(n 5 34)

HS Group
(n 5 34)

BW, g 426616* 356621
MW, g 0.8360.11* 0.6760.05
MW/BW3103 2.0160.03* 1.7860.03
SFI, % 272618* 2120613

Values are means 6 SD. BW, body weight; MW, muscle weight;
SFI, sciatic function index; WB, weight bearing; HS, hindlimb sus-
pension. Values of the WB group were compared with those of the HS
group. *Significant difference (P , 0.05).

Fig. 1. Time course of changes of the sciatic functional index (SFI) in
rats subjected to compression injury of the sciatic nerve. In the
weight bearing (WB) and hindlimb suspension (HS) groups, the
silicone tubes that compressed the sciatic nerves were removed after
1 wk.

Fig. 2. Time course of changes in PCr(t)-to-PCr(0) ratio during and
after stimulation. During stimulation, the ratio was significantly
higher in the WB group compared with the HS group (P , 0.05).
Values are means 6 SD. PCr, phosphocreatine; t, any time of mea-
surement; NS, not significant.

2336 WEIGHT BEARING AND MUSCLE RECOVERY

J Appl Physiol • VOL 91 • NOVEMBER 2001 • www.jap.org



quently increased with time, but it was significantly
higher in the WB group than in the HS group during
stimulation (P , 0.05). In the poststimulation stage,
PCr(t)-to-PCr(0) ratio gradually returned to initial val-
ues in both groups without showing a significant dif-
ference between them. PCr-to-b-ATP ratio of the WB
group demonstrated a minimal value of 1.87 6 0.21 at
2 min after the start of electrical stimulation in con-
trast with a minimal value of 1.64 6 0.23 in the HS
group at 4 min after the start of the electrical stimu-
lation. In both groups, PCr-to-b-ATP ratio subse-
quently increased with time and remained signifi-
cantly higher in the WB group than in the HS group
during stimulation (P , 0.05). In the poststimulation
stage, PCr-to-b-ATP ratio gradually returned to initial
values in both groups without showing a significant
difference between them.

Time course of changes in PCr/(Pi 1 PCr) ratio is
shown in Fig. 4. PCr/(Pi 1 PCr) of the WB group

demonstrated a minimal value of 0.61 6 0.02 at 2 min
after the start of electrical stimulation compared with
a minimal value of 0.53 6 0.04 in the HS group at 4
min after the start of electrical stimulation. In both
groups, PCr/(Pi 1 PCr) subsequently increased with
time and remained significantly higher in the WB
group than in the HS group during stimulation (P ,
0.05). In the poststimulation stage, PCr/(Pi 1 PCr)
gradually returned to initial values in both groups.

Changes in intracellular pH are illustrated in Fig. 5.
After the start of stimulation, pH decreased and
reached its lowest level within 4 min (6.6 6 0.2 in the
WB group and 6.6 6 0.2 in the HS group). From minute
4 to the end of stimulation, intracellular pH gradually
increased and returned to the resting value. There was
no significant difference in intracellular pH between
the two groups throughout the experiment.

Histochemical analysis. Figure 6 shows muscular
fiber-type differentiation as revealed by ATPase activ-
ities in the gastrocnemius muscle of the sham, WB, and
HS groups. As shown in Table 2, the gastrocnemius
muscle of the HS group contained a lower percentage of
type I and IIa fibers but a higher percentage of type IIb
and IIc fibers than the sham group (P , 0.05), whereas
the gastrocnemius muscle of the WB group had a
higher percentage of type I and type IIa fibers but a
lower percentage of type IIb fibers than the HS group
(P , 0.05).

Biochemical assays. We measured CK and AK activ-
ity after all samples were homogenized together in
each group because the minced gastrocnemius muscles
of the WB and HS groups were so small that we could
not measure individual samples. So we did not perform
the statistical analysis. As shown in Table 3, CK activ-
ity was 2.5 times higher in the WB group than in the
HS group, but no difference was found regarding AK
activities between the WB and HS groups.

RT-PCR. CK and AK mRNA expression in the gas-
trocnemius muscle of the sham, WB, and HS groups
was investigated. PCR products amplified by using
G3P DH-, CK-MM-, CK-BB-, and AK-3-specific primers
showed clear bands of the predicted sizes (Fig. 7).

Fig. 5. Time course of changes in intracellular pH before, during,
and after stimulation. No significant differences were observed be-
tween WB and HS groups. Values are means 6 SD.

Fig. 3. Time course of changes in PCr-to-b-ATP ratio before, during,
and after stimulation. During stimulation, the ratio was significantly
higher in the WB group compared with the HS group (P , 0.05).
Values are means 6 SD.

Fig. 4. Time course of changes in PCr-to-(Pi 1 PCr) ratio before,
during, and after stimulation. During stimulation, the ratio was
significantly higher in the WB group compared with the HS group (P
, 0.05). Values are means 6 SD. Pi, inorganic phosphate.
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Expression of CK-MM mRNA in the WB and HS
groups was reduced compared with the sham group,
and no difference was found in the expression of
CK-MM mRNA between the WB and HS groups. On
the other hand, whereas no appreciable CK-BB signal
was detected in the sham group, this signal was clearly
detected in the WB and HS groups. In the WB group,
the expression of CK-BB mRNA was increased com-
pared with the HS group. In the WB group, however,
expression of AK-3 mRNA was reduced compared with
the HS group.

Muscle circulation dynamics. Time course of changes
in CF3(t)/CF3(0) is shown in Fig. 8. CF3(t)-to-CF3(0)
ratios of the WB group and HS groups increased to a
maximum of 115 6 15 and 110 6 12, respectively.
During stimulation, CF3(t)/CF3(0) was significantly
higher in the WB group than that in the HS group (P ,
0.05). In the poststimulation stage, CF3(t)/CF3(0) de-
creased to the prestimulation value in the HS group,
whereas, in the WB group, the value decreased but did
not reach the prestimulation value.

Fig. 6. Fiber type differentiations as revealed by ATPase activities in the gastrocnemius muscle of sham, WB, and
HS groups. Fibers stained at pH 10.5. Adjacent sections were preincubation at pH 4.4 or 4.3 and 4.2, respectively.
Calibration bar 5 200 mm.

Table 2. Histochemical data

Group Type I Type IIa Type IIb
Type IIc

(%)

Sham
(n 5 6) 26.063.2 14.560.5 58.864.2 0.760.2

WB (n 5 6) 23.065.5* 14.360.8* 59.662.6* 3.160.6
HS (n 5 6) 9.160.5 10.160.5 77.665.5 3.260.5

Values are means 6 SD. Values of the WB group were compared
with those of the HS group. *Significant difference (P , 0.05).

Table 3. Enzyme activity

Group

AK, nmol NADPH
produced zmin21 zmg

protein21

CK, nmol NBT
reduced zmin21 zmg

protein21

Sham (n 5 6) 419617 1.2160.02
WB (n 5 12) 35064 0.6360.04
HS (n 5 12) 422622 0.2560.01

Values are the means 6 SD. AK, adenylate kinase; CK, creatine
kinase.
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DISCUSSION

Peripheral nerve injuries involving axonal interrup-
tion can be subdivided into those in which the continu-
ity of the nerve is preserved and those in which the
nerve is severed (13). In this study, we used a nerve
compression model that belongs to the former. Previ-
ous studies have shown changes in the expression of
myosin isoforms (5), enzyme activities (26), energy
states, and blood volume (16) in denervated muscles
during regeneration. The regeneration process is af-
fected by WB. Bigard et al. (5) showed the influence of
WB on the expression of myosin isoform during regen-
eration. In this study, we examined the effect of WB on
histochemical changes, energy states, activities, and
gene expressions of both CK and AK, and blood volume
during regeneration in an animal model of nerve in-
jury.

Histochemical analysis revealed that the percentage
of type I fibers in the gastrocnemius muscle of the WB
group was higher than that of the HS group (Table 2).
Because the percentage of type I fibers of the sham
group was similar to that of the WB group, these
results suggested that WB inhibited the decrease in
type I fiber density during the regeneration process. In
addition, the gastrocnemius muscle of the WB group
contained a higher percentage of type IIa fibers than
that of the HS group (Table 2). Endurance training also
increases the number of highly oxidative (type IIa)
fibers at the expense of the glycolytic IIb fibers (21).

These data suggest that WB induced a type IIb-to-type
IIa fiber transformation during the regeneration pro-
cess.

We selected a stimulation pulse frequency of 40 Hz
and a voltage of 5 V because, under these conditions, a
suitable tetanic contraction was induced in the WB
group. During tetanic contraction induced by 40 Hz,
PCr(t)/PCr(0), PCr/b-ATP, and PCr/(Pi 1 PCr) were
significantly higher in the WB group than in the HS
group (Figs. 2–4). These observations suggested that
the WB group kept a higher phosphate potential to
maintain ATP levels. Previous 31P-NMR studies using
a unilateral sciatic nerve injury model showed that the
energy states of denervated skeletal muscles returned
to normal with neural recovery (16), and the present
study demonstrated that WB facilitated the recovery of
the energy states during the regeneration process.
Bessman and Carpenter (4) reported that, as for ATP
production, there are the following energy states: 1)
PCr 1 ADP3 creatine 1 ATP and 2) 2ADP3 ATP 1
AMP.

Our data showed that there was a significantly
higher level of CK activity in the gastrocnemius muscle
of the WB group than in that of the HS group, although
there was no difference in AK activity of the gastroc-
nemius muscle in either group (Table 3). This finding
suggests that the significantly higher muscle energy
state in the WB group, compared with the HS group,
during contraction was because of the significantly
higher level of CK activity in the gastrocnemius muscle
of the WB group.

There are three major forms of CK (CK-MM, CK-MB,
and CK-BB) in mammals. In skeletal muscles, a switch
of CK isoenzymes from predominance of embryonic BB
isoenzyme to MM isoenzymes occurs during develop-
ment (1). Our data demonstrated that the expression of
CK-MM mRNA in the WB and HS groups was reduced
compared with that in the sham group, and a CK-BB
signal was detected in the WB and HS groups, al-
though no appreciable signal was detected in the sham
group. The level of CK-BB mRNA expression in the
gastrocnemius muscle was greater in the WB group
than in the HS group, but no difference was found in
the expression of CK-MM (Fig. 7). In adult muscles of
mammals, regeneration generally reproduces many of
the events that characterize normal development (5).
The present findings indicated that WB facilitated the
recovery of CK gene expression during the regenera-
tion process. Recently, transgenic mice that express
the B subunit of CK in skeletal muscle have been

Fig. 7. PCR products amplified by using glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-, CK-MM-, CK-
BB-, and AK-3-specific primers. No difference was found in the expression of CK-MM mRNA in each muscle
between WB and HS groups. However, in the WB group, expression of CK-BB mRNA signal was increased
compared with the HS group, whereas, in the WB group, the expression of AK-3 mRNA was reduced compared with
the HS group.

Fig. 8. Time course of changes in CF3(t)-to-CF3(0) ratio before, dur-
ing, and after stimulation. During and after stimulation, the ratio
was significantly greater in the WB group compared with the HS
group (P , 0.05). Values are means 6 SD.

2339WEIGHT BEARING AND MUSCLE RECOVERY

J Appl Physiol • VOL 91 • NOVEMBER 2001 • www.jap.org



described (25) and reported to show increased total CK
activity. Our results demonstrated that the increased
expression of CK-BB mRNA in the WB group was
partly responsible for the increased CK activity in this
group compared with the HS group. On the other hand,
three AK isoenzymes (AK-1, AK-2, and AK-3) have
been characterized. AK-3 mRNA was detected in most
tissues, indicating that AK-3 gene expression is consti-
tutive. AK-3 mRNA was shown to be present at high
levels during the fetal stage and to remain fairly con-
stant during development (28). Expression of AK-3
mRNA in the WB group was reduced compared with
the HS group (Fig. 8), suggesting that WB induced a
decrease of AK-3 mRNA in contrast to CK-BB mRNA
expression, which was higher in the WB group than in
the HS group. This finding was consistent with the
hypothesis that a marked increase of AK-catalyzed
phosphotransfer occurs when CK catalytic velocity is
suppressed in skeletal muscles (12, 32).

In addition, with regard to the local circulation dy-
namics, muscle blood volume in the WB group was
higher than in the HS group during and after contrac-
tion (Fig. 8). Our results showed that peripheral ves-
sels in the WB group were more capable of vasodilation
during contraction for keeping a high sensitivity to
vasodilator substance after WB than in the HS group.
These facts suggested that WB stimulated peripheral
vessels and contributed to maintain their ability to
vasodilatate during the regeneration process. Further-
more, in our previous study, it was shown that the
recovery of circulation preceded that of the energy
state in skeletal muscles (16); thus the higher increase
of muscle blood volume observed in the WB group
might be the reason for the preservation of ATP levels
in this group.

Our results further support the hypothesis that WB
plays an important role in muscle regeneration be-
cause WB inhibited decreases in type I fiber density
and CK activity and facilitated activation of neural
function, energy state, and local circulation dynamics.
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