Age-related differences in the effect of weight
bearing on the rat soleus muscle subjected to
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ABSTRACT

OBJECTIVE : The purpose of this study was to explore differences in the effects of
weight bearing (WB) on the soleus muscle associated with aging among rats reared with
their hindlimbs suspended. METHODS : A total of 34 3- and 9-month-old male rats were
assigned to two experimental groups and one control group for a 3-week experiment. The
rats in one experimental group (HS) had their hindlimbs kept in suspension and the other
experimental groups' (HS+) hindlimbs were also suspended but subjected to loading of the
soleus through WB for one hour per day that began one week after the commencement of
the experiment. The control group was subjected to no suspension. The control group had
four 3-month-old and four 9-month-old rats and the HS and HS+ groups seven 3-month-
old and six 9-month-old rats each. ANALYSIS : To examine whether or not the effect of
WB would differ depending on age, the difference in CSA between the HS+ and HS
groups was compared between the two age groups using the Student's t test. The mean
CSA of cach soleus fiber was analyzed, as well as a comparison of the distribution pattern
of the muscle fibers using the Kolmogorov-Smirnov test. Each histogram was constructed
from 50 randomly selected fibers from all of the samples. RESULTS : The wet weight of
the soleus relative to the body weight of the 3-month-old rats was significantly lower in
the HS and HS+ groups than that in the control group. Among the 9-month-old rats, there
were no significant inter-group differences in the relative weight of the soleus. Nor were
there significant inter-group differences among any of the two age groups in terms of the
percentage of fiber type of the soleus. The analyses by means of the mean cross-sectional
area and the histogram revealed no effect of WB on type I fibers for the two age groups.
The WB-related change in the mean cross-sectional area of type I fibers was also not
significantly different between the two age groups. But the histogram analysis revealed that
the effect of WB on the soleus for the 9-month-old rats was greater than that observed for
the 3-month-old rats. CONCLUSION : The findings suggest that WB is more effective for
attenuating progression of muscle atrophy in 9-month-old rats than in 3-month-old rats.
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Introduction

Disuse syndrome is a collective term used for re-
duced physical strength and physical and mental sym-
ptoms caused by prolonged inactivity or bed rest',
symptoms of which can appear in various organs
throughout the entire body®. Healthcare professionals
have been paying close attention in recent years to
the complications caused by inactivity or bed rest and

the benefits of exercise in dealing with these prob-
lems. Disuse atrophy of the skeletal muscles can be
roughly divided into two types : localized atrophy due
to immobilization of joints and systemic atrophy due
to reduced activity?. Both types of disuse atrophy
cause a reduction in muscle strength. The magnitude
of reduction in strength due to systemic disuse muscle
atrophy is 10-15% after one week of bed rest and
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90% after 3-5 weeks of bed rest. The effect is par-
ticularly great on the anti-gravity muscles of the
lower limbs and the trunk®.

The importance of weight bearing (WB) on the
lower limbs has been pointed out in past studies in
the prevention and treatment of disuse muscle
atrophy* ®. In a clinical situation, walking and intense
muscle strengthening exercise are not possible for
every patient because of his or her physical or mental
condition. The WB exercise of standing is effective
as a progressive loading after a bed-ridden period or
prior to the recommencement of walking. In one
study, WB while standing practiced by inactive pa-
tients was more useful than muscle strengthening en-
gaged in lying®.

The salient characteristic of aging musculoskeletal
change is a loss of muscle mass. Muscle mass begins
to decrease at around 25 years of age, which cannot
be prevented even by regular exercises’. After age
50, the muscle mass decreases by 1% each year, and
this accelerates after age 65. Eventually, by age 80,
20-30% of the total muscle mass is lost®. Factors as-
sociated with age-related decrease in muscle mass in-
clude attenuation of peripheral nerve innervations to
muscles, reduction in myoprotein synthesis, the effects
of hormones and a reduction in the supply of sub-
strates for myoprotein synthesis® ®. The decrease in
muscle strength observed in the elderly can be largely
attributable to a reduction in muscle mass. In this
connection, it has recently been pointed out that ex-
ogenous factors such as inactivity and reduced activ-
ity during daily life have a greater impact than the
endogenous factors cited above®. Aging, thus, seems
to intensify muscle atrophy, so that the length of time
required for recovery from disuse atrophy resulting
from prolonged bed rest will be longer as individuals
age. Furthermore, the response to WB may be slower
in the elderly than in younger patients. On the con-
trary, it is also known that individual differences in
physiological function are broadened by aging”. The
age-related decrease in muscle mass and increase in
body fat ratio’ will, therefore, lead to a relative in-
crease in the load on the muscles of the lower limbs
during WB. Consequently, with advancing age, it is
likely that individual differences in the effect of WB
may become greater, or the effect of WB may

become greater.

In clinical situations, the majority of disuse muscle
atrophy is secondary to underlying conditions,
Accordingly, animal models have been used to study
the actual pathophysiology of disuse atrophy”. Several
animal models are available for this purpose, includ-
ing models of disuse atrophy induced by immobiliza-
tion with casts, denervation, hindlimb suspension, to
name a few. Of these techniques to induce disuse at-
rophy, hindlimb suspension has been used to create
systemic disuse atrophy such as that resulting from
prolonged bed rest.

The author does not consider that past studies using
animal models have adequately clarified the relation-
ship between aging and changes that occur in skeletal
muscles due to disuse or the effect of WB on atro-
phic muscles. The contractility of the soleus has been
found to be unrelated to age, but the degree of atro-
phy assessed morphologically and histochemically was
greater among younger rats than aged rats subjected
to hindlimb suspension”. Regarding the effect of WB
for preventing muscle atrophy, some investigators
have reported that this effect has been confirmed even
among aged rats", while others have found that inter-
vention by WB can alter the function of the satellite
cells of aged rats, leading to exacerbation of disturbed
muscle responses®. In all of these previous studies,
the rats were subjected to hindlimb suspension alone
or to hindlimb suspension immediately following WB.
In the present study, one week of hindlimb suspen-
sion preceded WB. This experimental design reflected
the course found in many clinical situations of pro-
longed bed rest leading to the onset of disuse atro-
phy, and consequently followed by mobilization in
standing. Morphological and histochemical analyses of
the soleus of each mature rat were conducted to de-
termine whether or not the effect of WB on disuse
atrophy would differ with advancing age. Specifically,
histograms of cross-sectional areas (CSA) of the mus-
cle fibers were constructed, followed by statistical
comparisons.
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Methods
1. Animals and Protocol

Thirty-four male Wistar rats (Charles River Japan,
Atsugi, Japan) were used for a 3-week experiment. Of
these, 18 were 3 months old with their body weight
ranging from 380 to 420 g and 16 were 9 months old
with their body weight ranging from 572 to 670 g.
The author randomly divided the rats in each age
group into three subgroups. The rats in the WB
(HS+) group were reared with their hindlimbs in sus-
pension and subjected to a load on the soleus for one
hour every day that began one week after the com-
mencement of the experiment. In the suspension (HS)
group the rats were reared with the hindlimbs in sus-
pension during the whole experimental period and, in
the control group, they were reared with no suspen-
sion of the hindlimbs. Table 1 shows the number of
randomly allocated rats to the three subgroups of the
two age groups. The rats were kept in individual
cages measuring 280 X 440 X 180mm, placed in an
ambient room temperature of 21° to 26° Celsius and
a 12-hour cycle of light and dark periods to simulate
a 24-hour day. The light period commenced at (800
hrs and terminated at 2000 hrs and the dark period
lasted from 2001 to 0759 hrs. The experiment was
carried out under the authorization of the Kanazawa
University Takaramachi Campus Animal Experiment
Committee, and the rats were treated in accordance
with the Guidelines for Experiments prepared by the

said committee (Approval No. 041781).

2. Hindlimb suspension and weight bearing

The hindlimbs of each rat in HS+ and HS groups
were suspended in a jacket developed by Musacchia
et al. with modification by Yamazaki et al” A
jacket for immobilization of the rats, linked to a
metal post and a ring, was fastened to the forelimbs
and trunk of each rat, and it was adjusted with
Velcro tape. The proximal end of the tail was immo-
bilized on the metal post, using adhesive tape. The
hindlimbs were then suspended in the jacket using a
ring. The jacket was applied to each rat while under
general anesthesia with diethyl ether. The rats in the
control group were also administered anesthesia, but
they were not required to wear the jacket. A stainless
steel pipe was placed along the major axis of the
cage at a point above the center. It was connected
with a swivel hook to the suspension ring. The height
of suspension was adjusted so that the hindlimbs of
the rat would not touch the cage floor (Fig. 1).
During suspension, each rat was free to move, but
was unable to place its hindfeet on the floor or the
side of the cage. The rat used its forelimbs to move
about while the hindlimbs were suspended in space.
Each rat was able to move in an anteroposterior di-
rection along the stainless steel pipe assembled along
the major axis of the cage and to fully rotate them-
selves 360 degrees. All of the rats were allowed free

Table 1. Age, number and three subgroups of rats

CON HS+ HS
3 month 4 7 7
9 month 4 6 6

CON: Control; HS+: Hindlimb suspended with weight bearing; HS: Hindlimb suspended.

Suspended

Weight bearing

Fig. 1. Schematic representation of the hindlimb suspension.
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access to food and water.

Daily WB on the hindlimbs for one hour was con-
ducted from 0930 to 1030 hrs of the daylight period.
The timing for this loading was selected because it
was during this period of the day that the rats that
are of a nocturnal nature were relatively inactive' so
that over-activity could be avoided as much as possi-
ble during intervention. The loading was carried out
on the rats in a conscious state with the jacket in situ
by releasing them from the suspension (Fig. 1). In
both age groups, a few rats moved about the cage
immediately after weight application, but the majority
of them remained motionless within the cage. The
suspension was resumed at the termination of the
one-hour intervention.

3. Preparation of the soleus

Each rat was weighed at the termination of the ex-
periment. The right soleus of each rat was subjected
to testing. The soleus is an anti-gravity muscle prone
to the influence of non-WB™ ™. The muscle was re-
moved while under anesthesia with intraperitoneal so-
dium pentobarbital (50 mg/kg body weight). The wet
weight of the soleus was measured immediately after
isolation. Because the wet weight of the muscle is af-
fected by the body weight, the relative weight of the
soleus was calculated using the following equation :

Relative weight=wet weight (mg)/body weight (g)

The muscle was then cut into approximately dmm
pieces including the center of the venter and fixed on
a corkboard. Then, the fixed muscle pieces were im-
mediately frozen with liquid nitrogen in cooled
isopentane and stored at —70° Celsius until analysis
took place.

4. Myosin adenosine triphosphatase staining

The frozen fiber section was subjected to myosin
adenosine triphosphatase (ATPase) staining. This
method is regarded as an excellent means of typing
muscle fibers®. Red muscle corresponds to type I fi-
bers, and white muscle to type II fibers. In routine
ATPase staining, the type I fibers lose their activity
following pretreatment with alkali. Therefore, the type
I fibers become stained white, while the type II fibers
that retain activity become stained black®.

Transverse sections were prepared from each frozen

section. Within a cryostat with a temperature of
—95° Celsius, each section was then cut into 10 ¢ m-
thick slices and dried on a glass slide. Thereafter, the
following consecutive steps were carried out” : a)
preincubation for 15 min in 0.IM sodium barbital and
0.18M CaCl: in distilled water, the pH was adjusted
to 10.7 or 10.8 with NaOH ; b) incubation for 45
min at 37°C in ATP disodium salt, 0.1M sodium bar-
bital and 0.18M CaCl. in distilled water, the pH was
adjusted to 9.4—9.7 with NaOH ; c) washed for 3
minutes with 3 changes of 1% CaCl: ; d) immersed
for 3 min in 2% CoCl: ; €) washed in 8 changes of
0.01M sodium barbital ; f) washed in 3 changes of
distilled water ; g) immersed for 1 min in 1% yellow
ammonium sulfide ; h) washed in distilled water ; i)
dehydrated in graded series of ethanol, passed through
xylene and then cover slipped.

9. Percentage of each type of muscle fiber and
measurement of the cross-sectional area

The ATPase-stained section was observed under a
light microscope (BX50, Olympus) and a photo-
graphic image was taken with a digital camera, fol-
lowed by feeding it into a computer. Using NIH
Image 1.62 (a public domain NIH image program),
more than 200 muscle fibers constituting each section
were classified into type I and II fibers, and the per-
centage distribution of each type was calculated.
Furthermore, the cross-sectional area (CSA) of the
muscle fiber was measured.

6. Statistical analysis
1) Comparison of the mean of each parameter

For each group, the meantSD of each parameter
was obtained. In each group, pre- and post-experiment
body weight was compared using the Student's ¢ test.

A two-way analysis of variance (ANOVA) was em-
ployed to determine interactions between age and
WB. The mean of each parameter was compared
among the three groups for each age and between the
two age groups. The Bonferroni's method was em-
ployed for all of the multiple comparisons.

In order to examine whether or not the effect of
WB would differ depending on age, the difference in
CSA between the HS+ and HS groups was compared
between the two age groups using the Student's #test.
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Table 2. Changes in the body weight of the rats during the experiment

3 month 9 month
CON HS+ CON HS+ HS
Initial (g) 407.5+53 3931+ 86 399.7k15.6 645.5+26.5 619.7+29.0 624.7+19.1
Terminal (g) 4495+1.0" 293.1+29.6" 290.0+145" 623.0+28.5 433.3+350" 469.8+24.8"
Rate of change (%) 110=+2 747 9741 70+6 7543

CON: control; HS+: hindlimbs suspended with weight bearing; HS: hindlimbs suspended.

Values are meanztstandard deviation.
Rate of change (%) =(Terminal value/Initial value) X 100.
* p<.0001 (vs. Initial).

Table 3. Comparison of the parameters for the soleus muscie

CON HS+ HS
Wet weight (mg)
3 month 236.5-+28.8 1113£15.1°F 102.0%14.1°
9 month 328.5+19.7" 2158+212%F 202.54342%F
Relative weight
3 month 0.53+0.06 0.38+0.05* 0.35+0.04°
9 month 0.53+0.04 0.50+0.07" 0.43:£0.08
CSA of the type I fibers (£ m)
3 month 4688.11+689.95 1721.494-266.98 1401,294129.19*
9 month 5413.26+607.28 2874.644765.74"" 2236.21+312.79"¢
CSA of the type II fibers (1 rmi)
3 month 3547.11+643.33 1492.47-408.39" 1419.38+237.31"
9 month 4941.48+166.921 2755.38 +-542.44" 2335.44+363.68"°

CON: control; HS+: hindlimbs suspended with weight bearing; HS: hindlimbs suspended.

CSA: cross—sectional area.
Values are mean-=standard deviation.

1: p<.05 (vs. 3 month); t: p<.01 (vs. 3 month); §:p<.001 (vs. 3 month)

* : p<.001 (vs. CON);, ¥:p<.0001 (vs. CON)

2) Analysis of histograms of CSA

The mean CSA of each soleus fiber was analyzed,
as well as a comparison of the distribution pattern of
the muscle fibers. Fifty samples were randomly se-
lected from each group followed by the computation
of the descriptive statistics. A histogram was con-
structed at intervals of 700 £m” for type I fibers and
500 £ m® for type II fibers in each group. A two-
sample Kolmogorov-Smimov test was employed to
compare the histogram patterns.

Results
1. Changes in the body weight and wet weight of
the soleus in the rats

Table 2 shows the time course of the rats' body
weight. On commencement of the experiment, there

was no significant difference in the body weight be-
tween any two of the three groups of 3-month-old or
9-month-old rats. At the termination of the experi-
ment, the 3-month-old rats in the control group sig-
nificantly increased their body weight, while it
decreased in HS+ and HS. groups. Among the 9-
month-old group, the body weight did not change in
the control group, while it significantly decreased in
HS+ and HS groups.

Table 3 shows the wet weight and relative weight
of the soleus. The two-way ANOVA revealed no in-
teraction between the age of the rats and WB in the
absolute wet weight and relative weight of the soleus.
In the control group, the wet weight of the soleus
was significantly heavier for the 9-month-old rats thar
for the 3-month-old rats. The relative weight o
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CON

3 month

9 month

HS+ HS

Fig. 2. Histological examination of the soleus fibers with ATPase staining. The upper sec-
tion represents the 3-month-old rats and the lower section the 9-month-old rats in

each group.

CON : control ; HS+ : hindlimbs suspended with weight bearing ; HS : hindlimbs

suspended.
1 : Type 1 fiber ; Hl : Type Il fiber.
Bar : 50 um.

soleus in the control group showed no significant age-
related difference. When the wet weight of soleus
was analyzed for each age, it showed a significantly
greater decrease in the HS+ and HS groups than in
the control group. Among the 3-month-old rats, the
relative weight of soleus was significantly smaller in
HS+ and HS groups than in the control group
(p<.001), but among the 9-month-old rats, this pa-
rameter showed no significant difference among any
two of the three groups.

2. Histological findings following ATP staining
(Fig. 2)

Type 1 fibers were stained white, while type II fi-
bers were stained black. For both age groups, a de-
crease in the CSA was noted in HS+ and HS groups.

3. Percentage distribution of the fiber type of the
soleus (Table 4)

The type I and II fibers in the control group ac-
counted for 89.4% and 10.6% for the 3 month-old

rats and 88.4% and 11.6% for the 9 month-old rats.
The 2-way ANOVA revealed no interaction between
age and loading. When the percentage distribution of
the type I and II fibers was analyzed for each age
group, there was no significant difference between
any two of the three groups.

4. Comparison of CSA (Table 3)

The 2-way ANOVA revealed no interaction be-
tween age and loading. In the control group, the CSA
of type I fibers did not differ significantly according
to age, while that of the type II fibers was signifi-
cantly greater for the 9-month-old rats than the 3-
month-old rats. When the types I and II fibers were
analyzed for each age, the CSA was significantly
smaller for the HS+ and HS groups than for the con-
trol group of both the 3- and 9-month-old rats
(p<.001). The CSA of type I fibers tended to be
greater in HS+ group than in HS group (p=.06 for 3
months of age and p=.08 for 9 months of age), al-
though no such tendency was apparent for type II
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Table 4. Percentage distribution of the fiber type of the soleus

Type I fibers (%) Type I fibers (%)

3 month

CON 89.4+23 10.6+23

HS+ 85.3+6.1 14.7+6.1

HS 86.3+5.6 13.7+5.6
9 month

CON 88.4+58 11.6+5.8

HS+ 85.5+8.1 14.5+8.1

HS 84.9+57 15.1+5.7

CON: control; HS+: hindlimbs suspended with weight bearing; HS: hindlimbs suspended.

Values are mean=standard deviation.

1200
1000 +

800

600 r -

400 |

Difference (¢ m)

200 -

3 month old 9 month old

Fig. 3. Difference in the CSA between the two experimental groups comparing the effect
of weight bearing.
I: Type | fibers ; Bl: Type Il fibers.
Error bars denote standard deviation.

fibers. histogram indicates the number of fibers included in

There was no significant difference in the effect of the class, while the horizontal axis indicates the upper

WB on type I or II fibers between the two age limit of CSA for each class. Table 6 shows the result

groups (Fig. 3). of the Kolmogorov-Smirnov test for the pattern of the
histogram.

5. Histogram for CSA
In Figures 4 and 5, the vertical axis of the
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Table 5. Basic statistics for the histogram (um?)

3 month 9 month
CON HS+ HS CON HS+ HS
Type | fibers
Mean 4866.2 1758.3 1460.4 5190.1 2912.6 2171.0
SD 1633.6 581.7 3745 1252.2 1040.0 632.7
Minimum 1719.8 1003.9 611.2 2776.0 891.4 873.7
Maximum 8895.7 3297.6 2314.0 8700.2 5813.3 3516.5
Range 7175.9 2293.7 1702.8 5924.2 4921.9 2642.8
Type Il fibers
Mean 3509.3 1523.3 1414.9 47943 2662.8 2366.0
SD 811.0 524.0 341.0 1099.6 968.1 631.5
Minimum 1899.4 478.7 791.8 1650.9 1069.6 517.9
Maximum 4907.3 2679.4 2476.3 7397.9 6144.1 3688.9
Range 3007.9 2200.7 1684.5 5747.0 5074.5 3171.0
CON: control: HS+: hindlimbs suspended with weight bearing; HS: hindlimbs suspended.
SD: standard deviation.
Table 6. Comparison of histogram's patterns
Type [ fibers Type II fibers
3 month 9 month 3 month 9 month
CON *
HS+ t * 1,8 t t
HS T * T t +

CON: control; HS+: hindlimbs suspended with weight bearing; HS: hindlimbs suspended.

*: p<.001 (vs. 3 month)
t: p<.001 (vs. CON)
§: p<.001 (vs. HS)

1) Comparison of the type I fibers in the histo-
grams

For the type I fibers, both the range of distribution
and the mean CSA were smaller in the HS+ and HS
groups than in the control group for both age groups
(Table 5, Fig. 4). In other words, the distribution of
the CSA in the HS+ and HS groups was biased to-
ward the smaller side. The result of the Kolmogorov-
Smimnov test revealed no significant difference in the
pattern on the histogram between the two ages in the
control group (Table 6). But, there were significant
differences in the pattern between the ages in the

HS+ and HS groups, indicating that it differed be-
tween the two age groups. The inter-group compari-
son for each age resulted in a significant difference in
the pattern between the control and HS+ groups for
both age groups and also between the control and HS
groups. There was a significant difference in the pat-
tern between the HS+ and HS groups of the 9-month-
old rats, but the 3-month-old rats did not yield any
statistical significance.
2) Comparison of the type II fibers in the histo-
grams

For the type II fibers, both the range of distribution
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Fig. 4. Frequency distribution of the cross-sectional area for the type | fibers of soleus

of the three groups.
CON
suspended.

and the mean CSA were smaller in the HS+ and HS
groups than in the control group for both age groups
(Table 5, Fig. 5). In the HS+ and HS groups, the dis-
tribution of the CSA was biased to the smaller side
as in the type I fibers. The result of the Kolmogorov-
Smirnov test revealed a significant difference in the
pattern for age in the control group (Table 6),

: control : HS+ : hindlimbs suspended with weight bearing ; HS : hindlimbs

precluding the author's ability to compare the HS+
group with the HS group. The result of the inter-
group comparison for each age was similar to that for
the control groups for both age groups. There was a
significant difference in the histogram patterns be-
tween the control and HS+ groups and between the
control and HS groups, but there was no significant
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suspended.

difference between the HS+ and HS groups.

Discussion

The discussion will be focused on the age, lifespan
and physical characteristics of rats tested in this
study. The mortality doubling time shown by Finch et
al. differs from humans to experimental rats ; i.e., 8.9

hindlimbs suspended with weight bearing ; HS : hindlimbs

vs. 0.3 years®. The mortality doubling time is defined
as the interval of time needed for the probability of
death to be doubled. The body weight of male Wistar
rats continues to increase during the first 52 weeks of
rearing, but it begins to slow down at about 20
weeks™. Differentiation of the soleus of rodents is
found to be completed in 8-14 weeks after birth, and
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that the weight of the hindlimb muscles and the di-
ameter of muscle fibers reaches its maximum at 20 to
30 weeks of age”. Among the rats used in this study,
the 3-month-old rats had a percentage distribution of
a fiber type of the soleus comparable to that of adult
rats, and 9-month-old rats had a diameter of the
hindlimb soleus fibers equivalent to the diameter seen
some time after it has reached its maximum. With re-
gard to the fiber type percentage distribution of the
soleus in mature rats, the type I fibers are found to
account for more than 90%. In fact, the percentage
of type I fibers in the present study was 89.4% for
the 3-month-old rats and 88.4% for the 9-month-old
rats. The wet weight of the soleus was greater for the
9-month-old rats than for the 3-month-old rats, but its
relative weight was similar for both age groups. The
mean CSA was greater for the 9-month-old rats than
for the 3-month-old rats for both the type I and II fi-
bers. However, the type I fibers showed no significant
difference in the mean CSA between the two age
groups. It has been shown that the percentage of the
type I fibers of the rats' skeletal muscle increases and
that of the type II fibers decreases with age®™ *. In
the present study, the percentage of the type II fibers
for the 9-month-old rats was not markedly lower than
that for the 3-month-old rats. It may, therefore, be
stated that the present study has examined disuse-
associated changes and an aging-related difference in
the effect of WB for skeletal muscles of mature rats
before fast twitch fibers begin to decrease.

The wet weight of the soleus in the HS group was
approximately 40% of that in the control group for
the 3-month-old rats and approximately 60% of that
of the control group for the 9-month-old rats, thus,
showing atrophy of the soleus in the HS group. In
the HS+ group, WB was performed for one hour
each day after one week of hindlimb suspension.
Except for the time of the WB period, the rats were
kept load-free, like those allocated to the HS group.
Although the hindlimb of the HS+ group showed
some atrophy, it was less severe than that observed in
the HS group. When changes in the body weight dur-
ing the experiment were analyzed, the 3-month-old
rats in the control group gained 10% weight on aver-
age, while the 9-month-old rats in the same group
showed little change in their body weight ;

approximately 3% of their weight was lost. In the
HS+ and HS groups, a 25%-t0-30% weight loss was
noted for both the 3-month-old and the 9-month-ol¢
rats.

Both hypertrophy and atrophy of muscles are
reversible”. The decrease in skeletal muscle mass
(i.e., muscle atrophy) seen while in prolonged bed
rest is more likely to occur in anti-gravity muscles®.
Rats whose hindlimbs have been kept load-free show
a similar pattern to the one seen in patients following
prolonged bed rest. Jaspers et al. found in their analy-
sis by the fiber type composition, that muscle atrophy
was more marked in the ankle plantar-flexors (slow
muscles containing more type I fibers) than the
dorsiflexors (fast muscles containing more type II fi-
bers)”. Thomason et al. and Thompson, in their re-
views of the fiber type of the soleus in the absence
of load, found changes in both the type I and II fi-
bers occurred rapidly during the first 1 to 2
weeks"™ . During the author's 3-week experiment, the
CSA in the HS+ and HS groups decreased, similar tc
the results shown in the aforementioned reports. Ii
has also been reported that suspension of the
hindlimb results in a shift of the type I fibers to type
Il fibers, i.e., a shift to fast twitch fibers™ **. Or
the contrary, it has also been pointed out that changs
in the percentage of fiber type or the contraction timx
in load-free animals is small depending on the strair
and age of the rats, or the duration of the
experiment® ™ . In the present study, the change it
the percentage distribution of fiber type observed it
the HS+ and HS groups for both the 3- and 9-month
old rats resembled those shown by Brown, M. e
al.’, Simard, C. et al.”, and Simard, C. et al.”. Tha
is, the percentage of the type II fibers increasec
slightly, but no significant change was observed. Th
rats used in previous studies showing a shift in the
fiber type were either 6 to 8 weeks old corresponding
to the soleus muscle growth and differentiation
period™ *. Also mature rats were used for studies tha
found no significant shift in the fiber type® . It is
therefore, likely that the degree of shift in the fibe
type in load-free animals can vary depending on th
growth stage of the muscle and the age of the ani
mal.

In the present study, WB was used as a method ¢
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loading. The skeletal muscles of the rats were loaded
by their own body weight, and this load also caused
stretching of the soleus. Fujiwara et al. investigated
the load on human leg muscles relative to that during
maximum voluntary contraction (%max)". They re-
ported that the relative muscle load for the soleus
was 4.9% max in the quiet standing position and
28.4% max during maximum forward bending. It has
been found that the strength of the skeletal muscles is
maintained if they contract up to 20-30% of their
maximum strength and will increase if they contract
up to 30% or more of their maximum strength®. It
may, therefore, be stated that WB in standing exerts
sufficient load on the muscle to retain strength, there-
fore, retaining muscle mass. In fact, in a clinical
situation, WB has been reported to be useful because
it increases muscle strength®. The mechanism of this
effect is probably explained by the fact that WB is
likely to achieve a high degree of muscle contraction
compared to concentric contraction in positions other
than standing” and as well as by the specificity of
muscular activity in standing®. Another possible factor
explaining such a mechanism is task specificity that is
known as one of the mechanisms for neural adapta-
tion in muscle strengthening®. More than 18 hours
per day were required for the duration of loading to
prevent changes in the CSA of soleus fibers of rats
in hindlimb suspension®. In a 2-week experiment con-
ducted by Brown et al., the unweighted rats showed
a 37% reduction in wet weight of the soleus as com-
pared to the control rats, but the decrease was smaller
(22%) for the rats loaded for one hour per day®.
Brown et al. reported that WB that was commenced
early during a period of prolonged bed rest could
slow down a decrease in muscle mass and strength of
postural muscles such as the soleus.

When multiple comparison of the mean CSA was
carried out to analyze the effect of WB in the present
study, the CSA for the type I fibers tended to be
greater in the HS+ group than in the HS group for
both age groups. No such tendency was observed for
the type II fibers, demonstrating that the effect of
WB was more apparent for the type I fibers. This
finding agrees with that reported by other investiga-
tors* . Generally, muscle strengthening is carried out
either statically or dynamically. It has been shown

that static contraction of muscles leads to a greater
increase in the CSA of red muscle fibers than that of
the white muscle fibers®. The method of WB in this
study can be classified as static exercise, and this
probably explains why it was primarily effective on
the type I fibers. Factors that caused changes in the
CSA in the HS+ group included not only attenuation
of the progression of atrophy, but also possible hyper-
trophy effected by WB. However, it is known that
the nervous system adapts itself faster than the mus-
cles to strengthening exercises, and that muscular ad-
aptation observed in the early stages of training are a
neural factor in nature®. Fukunaga et al. conducted an
experiment involving 60 days of static exercise and
reported that the strength increased from the begin-
ning of the training, but the CSA showed little
change during the first 20 days of training”. In view
of the findings of these past studies, the difference in
the CSA between the HS+ and HS groups after the
2-week loading in this study is attributable to sup-
pressed progression of atrophy of the soleus in the
HS+ group. Meanwhile, two-way analysis of variance
revealed no interaction between the age of the rats
and WB.

With regard to the effect of WB by analysis of the
difference in CSA between the two experimental
groups, it did not differ vis-a-vis the age of the rats.
The muscle mass that is lost by prolonged immobili-
zation with casts or external fixation is recovered in
juvenile animals, but it was not so in the aged ani-
mals even after a long period of recovery’™ *. These
findings imply that the underlying mechanisms regu-
lating the size of muscles are likely to change with
ageing. In a study conducted by Gallegly et al,, WB
for one hour per day was associated with an attenua-
tion of atrophy in the soleus during the disuse period
for young rats, but not of old rats”. They demon-
strated that the ability to maintain muscle mass had
been lost in the aged rats, and that maintenance of
CSA as a factor determining muscle mass, capacity
for cell proliferation, expression of MyoD and
myogemin genes, and the regulation of myonuclear
domain had been disrupted at an earlier age.

Histograms for the transverse diameter and CSA of
each type of muscle fiber have been used for quanti-
tative evaluation of the degree and extent of atrophy
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or hypertrophy”. In the present study, comparison of
the pattern of the histograms revealed age-dependent
differences. In general, evaluation by the use of histo-
grams involves descriptions of the pattern, together
with mean and range of CSA™ ™. In addition, a
method of calculation of factors regarding atrophy
and hypertrophy has been devised as a means of
quantification of changes in fiber size™ ™. To date,
however, no detailed statistical analysis of histograms
related to muscle fibers has been reported. As shown
in Table 5, the CSA ranged widely, which indicates
that combined use of histograms for comparison of
means is useful when analyzing changes in CSA due
to atrophy or WB. According to Dubowitz, distribu-
tion of the dilated or atrophic muscle fibers caused
by myopathy is random, and atrophic fibers grow in
clusters in a case of denervation”. In the present
study, the distribution of the CSA in the two experi-
mental groups was biased to the smaller side for both
age groups. However, all of these changes were
monophasic, and no biphasic change was apparent in
any of the three groups. These findings suggest that
the fiber size in all groups changed uniformly in the
direction to the smaller side.

Of the past studies regarding atrophy induced by an
unweighted soleus, some investigators demonstrated
that a similar degree of atrophy occurred in both the

young and aged animals™ ¥

, while others reported
more atrophy in the young than in the aged animal
s *. Simard et al. investigated the effect of suspen-
sion on the soleus and gastrocnemius of 3- and 22-
%4 They reported that contractility

was not associated with age, but that atrophy, as

month-old rats

evaluated at a morphological or histochemical level,
was severe in the 3-month-old group. In the present
study, the pattern of histogram for the type 1 fibers
did not differ significantly between the age groups in
the control group as was demonstrated by the
Kolmogorov-Smirnov test (Table 6). But the pattern
was significantly different in the two experimental
groups between the two age groups. The range and
mean shown on the histogram for the 3-month-old
rats were smaller than that for the 9-month-old rats in
all of the groups (Table 5). Consequently, the CSA of
the 3-month-0ld rats in the two experimental groups
became uniform and biased to the smaller side

compared to that of the 9-month-old rats.

As for the effect of WB for each age group, there
was no significant difference in the pattern of the his-
togram of the type I fibers between the two experi-
mental groups for the 3-month-old rats (Table 6).
However, the soleus of the 9-month-old rats showed
atrophy when unweighted, but the effect of the 1-hour
WB was shown to be positive. This finding suggests
that WB is effective for the aged in attenuating the
progression of atrophy due to unweighting. Steffen et
al. carried out an experiment involving two weeks of
hindlimb suspension in juvenile and mature rats and
analyzed changes in the wet weight of leg muscles
and biochemical parameters”. They reported that the
degree of atrophy one week after the commencement
of the experiment differed between the juvenile and
aged groups, but the difference disappeared at the end
of the experiment. Further, the changes in biochemi-
cal parameters began to be noted after two weeks of
suspension in the mature rat group, while marked
changes in biochemical parameters were already ap-
parent within one week of suspension in the juvenile
rat group”. It was thus shown that the effect in re-
sponse to suspension appears earlier in juvenile rats
during the growth period than in mature rats. The re-
sults from the present study concerning the relative
weight of the soleus and analysis of the histograms
do not contradict the findings reported by Steffen et
al.”. It is possible that one week of suspension prior
to WB on the soleus had a greater effect on the 3-
month-o0ld rats than the 9-month-old rats, resulting in
a lesser effect of loading in suppressing atrophy in
the 3-month-old rats. Therefore, in order to achieve
adequate suppression of atrophy in younger rats WB
should begin early, and consideration should also be
given to optimum duration and intensity of WB.

The pattern of the histograms for the type II fibers
of the soleus in the control group showed a signifi-
cant difference between the two age groups. As for
each age group, there was no significant difference
between the two experimental groups. WB had no ef-
fect on both the CSA of the type II fibers and distri-
bution pattern of the histogram regardless of age

groups.
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Conclusions

From the findings of this study, WB is more effec-
tive for attenuating disuse atrophy of the soleus in the
aged rats than the young ones. This result can be ap-
plied to the daily practice of physical therapy by pre-
scribing a regimen of a routine standing exercise for
bed-ridden patients, especially the elderly, for it is a
simple and effective tool to minimize disuse atrophy.
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