Influence of Hindlimb Suspension and Exercise
on Mouse Soleus Muscle
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Abbreviations: ATPase, adenosin triphosphatase; CT, contraction time; HRT, half
relaxation time: HS, hindlimb suspension ; HS-EX, hindlimb suspended plus exercise ; Po,
maximum tetanic tension ; Pt, maximum twitch tension
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Fig.1. A model for hindlimb  suspension.
Mouse is able to use its forelimbs to obtain
food and water.
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Fig.2. A longitudinal section through part of a type Ifiber from a control
mouse. The myofibrils (Mf), mitochondria (Mit), dense Z line (Z), moderate M
line (M), dark A band (A) and lightIband (I) give the fiber a regularly
striated appearance. Arrow points to the triads. The coarse grid spacing is 2
#m apart. The fine grid with spacing of 0.4 m is drawn in a coarse square.
Scale bar: 1g m.
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Fig. 3. Motor endplate of type Ifiber from a
control muscle. A nerve terminal (NT) can
be observed to lie within a cup-shaped depression
of the muscle fiber surface. The muscle’s
sarcolemma in this region extends inward and
forms an elaborate system of parallel primary
junctional folds (1) and secondary clefts (2).
Scale bar: 1xm.
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Fig. 4. Amplitude histogram of mean integrated EMG activities on specified
days of the experiment in the forenoon ((J) and in the nighttime (@&).
Abbreviations : CON, control animals; HS, animals with hindlimb suspension ;
HS-EX, animals with hindlimb suspended plus exercise.
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Fig. 5. Daily water (——) and food (-++* )
consumptions during experimental peroid.
(®). Data from control animals (CON); (H)
data from animals with hindlimb suspension
(HS); (A)data from animals with hindlimb
suspended plus exercise (HS-EX).
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BNEE CENEEORK T, F8IC HS Bicmy
mban#

. BRSO
%ﬁ%ﬂmib%%ﬁ%ﬁ%éﬁéa,HSﬁs;
f HS-EX #D Pt i3 0.96+0.20g, 1.27+0.37g T,
NEREEDE1% B L UB0% L2 Y, FTEMILEKEE
N, RIIOET2H@Ea el (6, £1). ¥y
WERNS-D O Pt ik, 3BEMIcERED L, o
72. HS-EX #® Po i 11.5+4.2g, BT 13.1+
2.8g THY, MHOMIZIHHFHIZERED SN
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BEOMTERZALNEP -2 (p<0.05) (M7, &
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Fig. 6. Contractile responses in control animal
(CON), animal with hindlimb suspension (HS),
and animal with hindlimb suspended plus
exercise (HS-EX). The supramaximal twitch
(Pt) is shown in the left trace and the respo-
nse to a 200-Hz tetanus (Po) in the right
trace. Abbreviations: msec, milli second; g,
gram.

Tablel. Anthropometric and contractile characteristics of the soleus muscles of
control (CON), hindlimb suspended (HS), and hindlimb suspended plus exercise

(HS-EX) mice.

CON(n=20) HS(n=20) HS-EX(n=20)
Anthropometric measurements
Muscle wet weight(mg) T.7+1.1 4.941.4* 6.8+1.8**
Muscle weight(mg)
/animal weight(g) 0.31£0.03 0.21=%0.06* 0.274:0.06% **
Muscle cross-sectional
area(mm? 0.67£0.11 0.42+0.11* 0.53%0.20*
Tension
Twitch tension(g) 1.58£0.40 0.96+0.20* 1.274£0.37% **
Twitch tension/muscle
cross sectional area 2.35+0.63 2.29£1.09 2.38£0.65
(g/mm?)
Tetanic tension(g) 13.1%+2.8 6.6+1.4* 11.544.2%*
Tetanic tension/muscle
cross sectional area
(g/mm?) 19.6+4.2 15.7£6.3 21.7+4,5%*
Twitch tetanic ratio 0.12£0.03 0.15-£0.03* 0.11£0.02*%*
Twitch time parameters
Contraction time(ms) 16.4£1.7 14.941.4* 15.4+1.4
Half-relaxation time(ms) 15.6£2.8 14.4£2.0 14.8+1.7

Values are mean+SD.
*Significant differences between CON and suspended groups (P<0.05).
**Significant differences between HS and HS-EX (P <0.05).
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Fig.7. TFiber typing of soleus muscles from control animal (top row), animal with hindlimb
suspension (middle row), and animal with hindlimb suspended plus exercise (bottom row) is shown.
Alkaline ATPase activity was used to discriminate type I(light stain) and type IIA (dark stain)

fibers. Preincubation with acid ATPase (right column) reversed the staining density in the soleus
muscles. X 150.
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Table 2. Cross sectional area and percentage of soleus muscle fibers
of control (CON), hindlimb suspended (HS), and hindlimb suspended

plus exercise (HS-EX) mice

CON(n=20) HS(nh=20) HS-EX(n=20)
Fiber size (u nf)
Type I 941366 589+290* 790+ 206**
Type TA 9314339 505+£248* TB8 L 227**
Fiber percentage
Type | 3547 45+8* 39410
Type TA 857 55+8* 8110

Values are mean=+SD.
*Significant differences between CON and suspended groups

(P<0.05).
**Significant differences between HS and HS-EX (P<0.05).

Fig.8. Electron micro
suspended muscles.

i : -

graphs of lon

gitudinally oriented
The degenerative change in both Iand IIA fibers is shown containing

& v .

type I(A) and type IIA (B) in hindlimb

deformation of Z line and disintegration of myofibers. Scale bar: 1z m.
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4.99%41.07p mUTIRA L, SRBHC AT I3 154%,
BFEFUSU% TR 0T, ThOTY A4 TIRED S
Bum’l 9 umiict— 2 BEET 5 2 B OMmRE
FU (€10). HS-EX Bty + 72, 747
NABETIE4.7621.00pm? £ D, SHBEO LN
G i T WHAR138B IR L Tzds, 24 7 1R 3.35%
Fig.9. Type IIA fiber after hindlimb suspended 0.78um*TH Y, HS BIZHAFRE /NI VL, R

plus exercise. Atrophy of some myofibrils is BroicHehrElbidashah o,
observed. Degenerative change is more

ameliorative than hindlimb suspended state. ch 6E$W§§é@y}?6 IHRBEOLMRIE (X
Scale bar: 1xzm. 3) kb L, HS B3 & O HS-EX Bz 3R O
BEOE(ABES . T2bb HS BOEEKEK

Table 3. Sarcomere volume (u# ml) of soleus muscle of control
(CON), hindlimb suspension (HS), and hindlimb suspended plus
exercise (HS-EX) mice

CON(n=20) HS(n=20) HS-EX(n=20)
Type 1 2.0140.44 1.42+0.28* 1.97£0.31**
Type TA 2.52%+0.43 1.8240.39* 2.21%0.36™*

Values are mean+SD.

*Significant differences between CON and suspended groups
(P<0.05).

**Qignificant differences between HS and HS-EX (P<0.05).

Table 4. Comparison of relative volume (%) of the cytoplasmic organelles of type 1 and type I A fibers from control
(CON), hindlimb suspension (HS), and hindlimb suspended plus exercise (HS-EX) mice

Type 1 fiber Type I A fiber
CON(n=20) HS(n=20) HS-EX(n=20) CON(n=20) HS(n=20) HS-EX(n=20)
Myofibril 78.62+9.69 76.25+8.32 76.62+6.93 85.68+9.55 75.64+8.72* 78.15+11.65
Mitochondria 11.80+3.00 6.64+1.12* 10.11£2.21** 4.30%0.67 2.06+0.74* 2.76£0.25* **
Smooth sarcoplasmic  3.03:1.05 3.74x£1.27 3.20%1.10 4.44+0.56 3.65+0.78 4.74+1.07

reticulum

Values are meanzSD.
*Significant differences between CON and suspended groups (P<0.05).
**Significant differences between HS and HS-EX (P<0.05).
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Table5. Mean and standard deviations (# nf) postsynaptic
areas of folds and clefts per nerve terminal in type I and
type T A fibers of mouse soleus muscle

CON(n=20) HS(n=20) HS-EX(n=20)
Type I 3.12+0.67 4.8040.94* 3.35+0.78**
Type TA 3.4540.72 4.99£1.07* 4.761.00*

(P<0.05).

25 1

Type |

Frequency(%)

Type HA

—— CON
—&— HS
——a~=  HS-EX

0 2 4 6 8 10 12 14 16
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Fig. 10. Distribution of postsynaptic areas of
folds and clefts per nerve terminal for typel
fibers (top) and type IIA fibers (bottom). (@)
Data from control animals (CON); (B) data
from animals with hindlimb suspension (HS);
(A) data from animals with hindlimb suspend-
ed plus exercise (HS-EX).

T, Y7 7ABERIEE, Z2LTRIL, v F7A
BBEHEAL TWw., AR b EnEY F 72
REBEEL TV, By F 7RABRTOHBEN I
&, RY V=LA, VYV —u, BT, L THER

A minimum of 4 neuromuscular junctions/ muscle fiber type/
muscle were analyzed for each experimental situation. Abbrevi-
ations: CON, control; HS, hindlimb suspension; HS-EX,
hindlimb suspended plus exercise.

*Significant differences between CON and suspended groups

**Significant differences between HS and HS-EX (P<(.05).

AEH
% &g be 54

Fig. 11. Motor endplate of type IIA muscle fiber
from hindlimb suspended muscle fiber. The
subjunctional region of this motor endplate
contains a large sarcoplasmic mass of irregul-
ar, unassembled myofibrillar components and
myelin-like figure (arrow head). Ribosomes
and triads are oriented in various directions
among the myofibrillar components. An area
of postjunctional folds with no overlying
nerve terminal is also seen (arrow). NT=
nerve terminal. Scale Bars: 1x m.

HEDOLEMEMMBEREE L T, ZhoBHEYA
Wik o) YROBREYSREL Tk, EEEL
TEER O i, BRRMBEOMEARLRD s h
oo ZO& ) CHBREEOEEERE LLENRR
BHsNE (FI). Z0L> aEEREERIMA
2, HS By 4 7 I TR SRIRDTRBIZ, 74
FIABHETIIIRBEES L, BAEDIZ ) IHEEN
KTh-71 (p<0.05). —F, HS-EX HOHEKIK T
&, HS BTa@moohi &) nEHL o EBRED



1060 3

Fig. 12. Motor endplate of type IIA muscle fiber
from hindlimb suspended plus exercised
muscle. Nerve terminals (NT) isolated from
each other by Schwann cell cytoplasm (Sc)
are seen within a primary synaptic cleft. The
Schwann cell. contained myelin-like debris
(arrow head). Scale Bars: 14 m.
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Abstract

The present study was undertaken to determine the amelioration effect of a daily exercise training
program on disuse atrophy of mouse soleus induced by hindlimb suspension. Physiologic, histologic
and morphometric examinations were made on seventy five adult mice which were divided into three
groups : control (CON), hindlimb suspension (HS), and HS plus exercise (HS-EX) with daily tread-
mill running. Immediately after checking the contractile functions of the soleus muscle, myosin
ATPase staining was employed on frozen sections of muscle to classify into either type I or I A fibers.
The ultrastructure of the cytoplasmic organelles of both fibers and their motor endplates were studied
and compared morphometrically or qualitively. The morphometric studies provided estimates of the
absolute sarcomere volume, myofibrillar area per fiber, mitochondrial volume fraction and relative
volume of the sarcoplasmic reticulum and postsynaptic area. Compared with pre-suspension, soleus
muscle activity was reduced to below two thirds on HS, but increased to over 1.4 times of its normal
activity on HS-EX. Maximum twitch and tetanic tensions in the HS group were less than those in
CON, with those in HS-EX being significantly greater than those in HS. HS reduced the size of both
type I and IT A fibers and increased the percentage of type I fibers, but not in the HS-EX muscles.
Atrophy of a few myofibrils was observed after HS-EX, whereas after HS many myofibrils showed
degeneration of the sarcomere of both I and II A fibers. Endplates in the HS group were found to
exhibit a great deal of ultrastructual evidence of degeneration and regeneration, but those in the HS-
EX group were less affected. The endplates in II A fibers exhibited structural alteration to a greater
extent than type I endplates in HS alone. This suggests that type I endplates were more resistant to
degenerative changes than type II A fibers. The mitochodrial volume fraction after HS decreased
both in the I and II A fibers, whereas it diminished only in the II A fibers after HS-EX as compared
with the values in the CON. These data show that exercise training can markedly attenuate the detri-
mental effects of HS on the soleus muscle.



