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Abstract 

Morphological, contractile, and histochemical properties of 
rat soleus muscle were studied after 2 or 4 weeks of complete 
elimination of neuromuscular activity. Inactivity was induced 
by chronic perfusion of tetrodotoxin (TTX) to the sciatic 
nerve. Significant reductions in muscle mass and fiber size 
were found after 2 or 4 weeks of disuse. Correspondingly, 
the percentage of dark-staining alkaline myosin ATPase fi- 
bers was increased from about 20% to 40% after 4 weeks of 
treatment. The capacity of soleus to generate tension when 
stimulated through the nerve was significantly impaired at 
frequencies greater than 20 Hz. Nevertheless, when the 
curarized muscle was stimulated directly, tension developed 
at frequencies above 20 Hz relative to peak tension was 
similar to control values. Absolute tetanic tension was sig- 
nificantly reduced after 2 or 4 weeks of treatment. These 
reductions could be only partly explained by muscle atrophy, 
resulting in specific tensions or approximately 55% of control 
after 2 or 4 weeks of treatment. Measures of the time course 
of the isometric twitch were found not to be reliable indicators 
of the contractile speed in TTX-treated soleus. Significant 
increases in the rate of tetanic tension development, ex- 
pressed relative to peak tension, and the velocity of unloaded 
shortening, were seen after 4 weeks of disuse. These results 
reveal the extent to which virtually complete neuromuscular 
inactivity leads to chronic deficits in neuromuscular trans- 
mission and changes in both the net amount and quality of 
contractile proteins of rat soleus muscle. 

Atrophy and changes in the physiological characteristics of skel- 
etal muscle occur with joint immobilrration, tenotomy, denervation, 
spinal cord transection, and hindlimb suspension (Eccles, 1944; 
Karpati and Engel, 1968; Maier et al., 1976; Johnson et al., 1982; 
Musacchia et al., 1983). These treatments commonly have been 
grouped as models of disuse, that is, conditions which reduce 
muscular activity. However, each of these models differs from one 
another wrth respect to (7 ) the amount and quality of remaining 
neuromuscular activity (Vrbova, 1963; Fishbach and Robbins, 1969; 
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Fournier et al., 1983; Aliamo et al., 1984), (2) the maintained 
availability to the muscle of putative trophic factors supplied by the 
motor nerve (Gutmann, 1976; McArdle, 1983), and (3) the influence 
of passive or active tension development on the treated muscle 
(Goldspink, 1977, 1978; Spector et al., 1982). Therefore, effects 
attributed to muscle disuse may, in fact, stem from the reduction of 
neuromuscular activity associated with the influence of these other 
physiological stimuli. 

Prolonged and complete neuromuscular disuse has been at- 
tempted with neurotoxins (Ochs, 1982) or by sprnal cord transection 
combined with dorsal root rhizotomy (Tower, 1937). Although spinal 
cord-isolated muscles are atrophic and exhibit alterations in contrac- 
tile and biochemical properties, even this treatment may not eliminate 
all neuromuscular activity and, in some cases, produces ventral root 
degeneration (Tower, 1937; Eccles, 1944; Eldridge et al., 1981). 
Alternatively, neurotoxins such as botulinum toxin, bungarotoxin, 
batrachotoxin, and tetrodotoxin (TTX) block nerve impulse propa- 
gatron or synaptic transmission. However, only TTX applied to 
peripheral nerve may eliminate action potential propagation without 
denervation, while permitting normal, fast axoplasmic flow and spon- 
taneous release of acetylcholine at the neuromuscular junction 
(Pestronk et al., 1976; Lavoie et al., 1977; Czeh et al., 1978; Bray et 
al., 1979; Betz et al., 1980). Therefore, of the neurotoxins, TTX 
treatment most effectively permits the study of complete neuromus- 
cular inactivity independent of other physiological influences on 
changes in the physiological properties of muscle. 

Whereas muscles chronically inactivated with nerve-applied TTX 
are atrophic and exhibit changes in their electrophysiological prop- 
erties (Pestronk et al., 1976; Lavore et al., 1977; Bray et al., 1979) 
the effects on the force output or contractile kinetics of these 
muscles have not been studied in detail (Czeh et al., 1978). Further- 
more, characterization of alterations in the size of muscle fibers and 
population distributions of fiber types has not been undertaken. The 
present study, therefore, implemented chronic TTX treatment to 
investigate the effects of complete and prolonged disuse of 2 or 4 
weeks on the contractile and histochemical characteristics of the 
slow twitch soleus muscle of the rat. The results demonstrate 
extensive fiber atrophy and chronic deficits in neuromuscular trans- 
mrssion and contractile function due to neuromuscular inactivity. 
Preliminary results of a portion of this study were reported previously 
(Spector and Edgerton, 1984). 

Materials and Methods 

Preparation 

Adult female Sprague-Dawley rats (Rodenetncs, Chatsworth, CA), wergh- 
rng 170 to 190 gm, were used in all experiments. Surgery was performed in 
an aseptic environment on animals anesthetized with an rntrapentoneal 
infectron of sodium pentobarbrtal (Nembutal; 30 mg/kg). Pairs of rats were 
housed in cages with sawdust-covered floors and were fed water and rat 
chow ad libitum. For terminal experiments, rats were srmrlarly anesthetized 
untrl after the completion of all mechanical measurements on soleus muscles. 
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Figure 7. Examples of hand tracings of tension records of a 2-week treated sham (A) and contralateral TTX (B) soleus muscle used for determtnation of 
V,,. Records of length srgnals before and after the muscles’ lengths had been changed are shown in C. Absolute values of muscle length, which were the 
same for these two muscles, are presented to the right of the drsplacement records. After contracting tetanically for 1 set, the muscles were rapidly released 
(5) to bring tensron to zero (first t). From thts trme until the muscle began to redevelop tension (subsequent ts), the muscle underwent unloaded shortening 
to elimrnate the slack imposed by the length change. The change in muscle length was plotted against time at zero tensron, provrdtng an estimate of 
maximal speed of shortening of the contractile component of the muscle. The slope of the least squares regression line fit to a series of four contractions 
provrded a value of VU, (D) for sham (X) and TTX (0) muscles. The intercept of the regression line with the ordinate was taken as a measure of the muscle’s 
series elastrcrty (Edman, 1979). 

Chronic 77X disuse of paralysis of musculature innervated distal to the nerve block. Further 

Sciatic nerve action potentrals were blocked by chronic perfusion of TTX evidence of total rnactrvity was made by in vivo assessment of electromyo- 

as described by Betz et al. (1980). TTX (Sigma Chemical Co., St. LOUIS, MO) graphic activrty of TTX-treated and control muscles. Periodically (two to four 
was dissolved In Isotonic bicarbonate Rnger’s solution (pH 7.2; 500 pg/ml) times/treatment), fine wire electrodes were implanted bilaterally In lumbrrcal 
and injected into an osmotic mini-pump (model 2002, Alza Corp., Palo Alto, 
CA) whrch held a volume of 225 ~1. TTX was perfused continuously at a rate 

musculature of approximately half of the rats. Electrical signals were amplified 

of 0.5 pl/hr for 14 days. In animals paralyzed for 4 weeks, the initial pump 
and filtered, and the resulting interference patterns were monitored using an 

was removed and replaced after 2 weeks with a freshly supplred pump 
oscilloscope and recorded on FM tape. Actrvrty patterns were recorded 

secured to the original catheter and nerve cuff (described below). 
during standing, walking, tail pinching, and elicitation of the toe extension 

The scratrc nerve was exposed by longitudinal incision and retraction of reflex. 

hamstring musculature along the posterolateral aspect of the thigh. To limit In those animals in which the continued absence of the toe extensron 

application of TTX to a small portron of the sciatic nerve, Silastic tubing (inner reflex and electromyographic activity were verified, the ability of the sciatic 
drameter, 0 5 mm; outer diameter, 0.9 mm) was led from the mini-pump to a 
longrtudrnally slrt cuff (5 mm long) made of Silastic tubing (inner diameter. 

nerve to conduct action potentials when stimulated above or below the nerve 
cuff was determined in situ at the end of treatment. Twitch tension was 

1.5 mm; outer diameter, 2.4 mm). The cuff was secured loosely around the 
sciatic nerve in the midregron of the thrgh. The osmotic pump was placed 

recorded in response to stimulation of the sciatic nerve distal to the TTX 

subcutaneously along the lumbosacral vertebral column. block with a bipolar platinum wrre electrode connected to a stimulator. The 
voltage amplrtude and pulse width were adjusted until a maximal twitch 

Daily care response was evoked. Muscles which did not contract after sciatic nerve 

Daily monitoring of the toe extension reflex, normally observed when the strmulatron proximal to the cuff with up to 50 times this voltage were kept for 

rat’s hindlimbs are lifted off the ground by the tail, was used as an Indication further analysis. 
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TABLE I 

Morphology of rat soleus muscle after 2 or 4 weeks of TTX inactivation 

Two Weeks Four Weeks 

Control Sham TTX Control Sham TTX 
(4)” (8) (8) (5) (4) (4) 

Muscle werght (mg) 96.1 -c 3.7” 93.4 + 2.9 55.8 + 3.6” 108.1 f 3.5 112.0 + 5.0 50.8 -t 1.8” 

Muscle length (mm) 24.3 + 0.5 24.5 + 0.5 25.2 + 0.3 27.1 t- 0.4 26.6 + 0.4 26.2 f 0.3 

Whole muscle cross- 7.37 + 0.36 7.08 + 0.21 4.17 + 0.27” 7.41 + 0.30 7.84 + 0.40 3.59 z!I 0.14” 
secttonal aread 

(x 1 O-’ cm’) 

Frber cross-sectronal 
area (fim’) 

Mean 
SO fibers 
FOG fibers 

2077 + 35 2042 + 27 1090 * 15” 2716& 80 2451 + 48 680 + 14c 

2236 + 37 2231 ? 29 1196 & 17’ 2936 -t 75 2527 + 53 781 + 20” 
1404f3a 1354 * 33 782 * 20” 2090 -t 412 i 780 + a5 567 ? 14’ 

Frber type (% SO) 7ak 4 75-c 5 68 + 3” a5+ 4 aof 2 59* 4c 

a Numbers In parentheses, sample size. 

b Values are means -t SEM 
’ Srgnrfrcant drfference between TTX and sham or control. 
‘Whole muscle cross-sectional area (Close, 1972) was calculated by dividing muscle volume (muscle weight/density) by the muscle’s mean fiber length 

(0.51 mm of muscle length; taken from Spector et al., 1982, for normal soleus). This parameter estimates the physiologrcal cross-sectional area of muscle 

which may contribute to force production, correctrng for that component of muscle mass which lres in series (i.e., muscle fiber length). 

In vitro contractile analysis 

Incubation of muscle. After in situ analysis, the soleus muscle was excised 
and Its tendons tred wrth nylon suture (4.0) to small starnless steel hooks 
attached to a force transducer and ergometer. The muscle was immersed 
and equrlrbrated In an aerated (95% 02/5% CO*) solution containrng 120 mM 
NaCI, 20.1 mM NaHC03, 5.0 mM KCI, 1.25 mM MgCI>, 1.6 mM CaCl*, and 
1 .O M glucose (pH 7.4). The Plexrglas trough held a volume of 3 ml, which 
was marntarned at 23 ? 1 “C. 

Stimulation. Soleus was tested first by stimulating the soleus nerve with a 
suction or bipolar platinum wrre electrode. During the second phase of In 
wtro testing, the muscle was bathed In Ringer’s solution containing curare 
(d-tubocuranne chloride, 0.02 gm/liter; Srgma) and stimulated directly by 
passing current between two platinum plates placed on opposite sides of 
the muscle. The back surfaces of each plate were rnsulated with vacuum 
grease to mrnrmrze current spread to areas of the solution other than the 
muscle. The output of the stimulator was passed through an amplifier and 
an impedance-matched transformer to boost the magnitude of effectrve 
voltage corresponding to approximately 1.5 A berng passed through the 
muscle and solutron. 

Mechamcal measurements. Tension was measured using a variable 
capacitance force transducer (Schrllrng, 1960) fitted with a starnless steel 
hook extenston. The resonant frequency of the transducer and its connec- 
tions was 2.4 kHz. The complrance of this system was 150 pm/kg. Muscle 
length and displacement were controlled by an LTV Ling Altec driver (model 
408; complrance, 50 wm/kg) similar to that used by Homsher and Rail (1973). 

Soleus nerve or muscle was strmulated with a voltage pulse adjusted to 2 
times the mrnrmum voltage required to obtain a maximal twitch response. 
Muscle length was adjusted so that maximal twrtch tensron was produced. 
lsometrrc twrtch tension (P,), time to peak twitch tenston (TPT), relaxatron 
trme to half-peak twitch tension (Half-RT), isometric tensron developed at 5, 
10, 20. 30, 40, 50, 75, and 100 Hz strmulation lasting 3 set, and maximal 
rate of tension development (d&/dt) were recorded. 

Under condrtrons of direct stimulation and at a frequency (50 Hz) at which 
maximal isometric tetanrc tensron (P,,) was produced, the velocity of unloaded 
shortening (V,,) was determined from a serves of four contractions lasting 3 
set (Edman, 1979; Claflin and Faulkner, 1985). During steady-state isometric 
tetanus, the muscle was rapidly released to a shorter length at a rate of 
approxrmately 400 mm/set (Frg. 1). All releases for a given muscle were 
initiated from the same preset muscle length. This length was adjusted so 
that muscle length after shortenrng remained withrn the plateau region of the 
muscle’s length-tension curve. 

The time at zero tension was taken from the initial fall of tetanrc tension to 
the deflection of the tension record from the base line produced by a passive 
release (unstrmulated muscle) of equal magnitude. For weaker muscles, the 

deflection of the tension trace from base lrne was obscured by mechanical 
oscillations seen at very high gain. To determine the deflection point in a 
consistent manner, the muscle was released passively a given distance, and 
a straight horizontal line was drawn through the passive tension record. This 
served as the base line during which active tension was zero. Then, after an 
active release of identical magnitude, a second line was extrapolated back 
to the base line from the linear portion of the tension redevelopment curve, 
whrch occurred within the first 20 to 40 msec of tensron redevelopment. The 
intercept of the two lines was taken as the point at which tension began to 
redevelop. 

Knowing the length of the excursion and the trme at zero tension (see Fig. 
l), a value for maxrmal velocity was derived. Shortenrng amplitudes for the 
four contractrons were plotted agarnst corresponding times at zero force, 
with the slope of the least squares regressron line fit to these points 
representing V,,,. In addition, the intercept of the slope with the ordinate 
yielded an estimate of the in series elasticity of the muscle (Edman, 1979). 

Transducer outputs were monttored using an oscilloscope for display and 
photography, and were recorded on chart paper (Gould Recorder 2200) and 
FM tape (Vetter model B). Measurements of tension and V,, were analyzed 
directly from chart records or photographs of oscrlloscope recordings. The 
dP,/dt was determined drgrtally usrng a computer (Drgrtal, PDP-11) analysrs 
of FM tapes sampling at a rate of 1 kHz. 

Histochemical analysis 

After weighing each muscle, cross-sections of approximately 5 mm thick- 
ness were taken from the muscle belly and frozen in rsopentane cooled wrth 
liquid nitrogen. Thick sections (10 pm) were cut serially at -20°C and stained 
for myofibnllar ATPase‘ activity with acid (pH 4.3) or alkaline (pH 9.6) 
prerncubatron and reduced nicotinamrde adenosine drnucleotide diaphorase 
(NADH) activity (Marer et al., 1976). Histochemrcal ftber type percentages 
were determined using the classification scheme of Peter et al. (1972), which 
describes slow twitch-oxidatrve (SO), fast twitch-oxidatrve-glycolytic (FOG), 
and fast twitch-glycolytic fiber types. Using an image processrng system 
(Castleman et al., 1964) cross-secttonal areas of each fiber type were 
determrned by drgitizrng the perimeters of 100 to 150 fibers from the central 
region of the muscle stained for alkaline myofibnllar ATPase. No drfferences 
in fiber type distribution were found between thus region and peripheral areas 
of the muscle. The average fiber cross-sectional area (F-CSA) was calculated 
by summing the products of F-CSA for each fiber type times the percentage 
of that fiber type present within the muscle. 

Statistical analysis 

Multrvanate analyses of variance or repeated measures analyses of vari- 
ance were used to examrne stahstrcal differences among experimental con 
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Figure 2. Photomrcrographs of rat soleus hrstochemrcally stained for myofrbnllar ATPase, prerncubated at pH 9 8 Unoperated (A), contralateral 2-week 
TTX drsused (6) 4-week sham (C), and contralateral TTX-drsused (D) muscles are shown The cd/brat/on bar In D (lower left) equals 50 Wm. 

ditrons and trmes of treatment for each of the morphometric, speed, and 
tension parameters. A test for simple main effects was implemented for 
those parameters which showed a significant interaction between the inde- 
pendent variables, time, and experimental condition. Statistical significance 
was set at the 95% level of confidence. Numerical presentation of results is 
in the form of means + SEM for each experimental condition or time. It 
should be emphasized, however, that the statistical tests examine within- 
animal differences between experimental conditions and across times of 
treatment rather than assessing degrees of variability across animals, which 
is reflected in values of SEM. 

Results 

The contractile and histochemical properties of bilaterally paired 
soleus muscles from three groups of animals were determined. In 
one group (n = 7) no differences were found in any mechanical or 
histochemical properties between unoperated muscles from right 
and left limbs. In a second group of rats in which untreated muscles 
were compared with contralateral sham TTX-treated muscles, no 
differences were seen after 2 or 4 weeks of treatment in muscle 
weight, twitch kinetics, twitch or tetanic tension, mean F-CSA, or 
histochemically determined fiber type distributions. One limb of a 
third group of rats was implanted with a TTX pump and nerve cuff 
contralateral to a sham or unoperated limb. Contractile and histo- 
chemical characteristics of sham or unoperated soleus muscles 

were not dtfferent from similarly treated muscles from the first or 
second group of rats. 

Based on light mtcroscoptc examinatton of cross-sections of 
osmium-ftxed and stained soleus or sciatic nerves from sham or 
TTX-operated limbs, there was no evidence of demyelinatlon or 
apparent reducttons tn axonal number (see Betz et al., 1980, for 
similar results using this implantation technique). Light microscopic 
study of histologically stained pre- and postsynaptic components of 
synapses of two TTX-InactIvated soleus muscles showed single 
synapses on every fiber examined on the surface of the muscle (S. 
A. Spector and M. S. Letinsky, unpublished observattons). Finally, 
miniature endplate potentials were recorded from each of 30 surface 
muscle fibers studied in one 2-week TTX-treated soleus muscle (A. 
J. D’Alonzo and S. A. Spector, unpublished observations). Conse- 
quently, it was concluded that neither the surgical procedure nor 
any direct effect of TTX on the properties of the nerve or muscle 
studied resulted in effects that could be attributed to partial dener- 
vatlon or direct systemic effects of TTX on the muscle. As a result 
of the simllantles in the different muscles, statistical analyses were 
performed on three categories of muscles: unoperated (control), 
sham cuff-operated (sham), and TTX-inactivated (TTX) muscles. 

Muscle morphology 

Changes in the gross morphology of soleus in response to 2 or 4 
weeks of disuse are presented in Table I. Substantial atrophy, as 
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Figure 3. Histogram distribution of myofibnllar ATPase (prelncubatlon, pH 

9.8)-stalnlng lntensitles of fibers of sham (solid line) and TTX (dashed iine) 
muscles after 2 (A) or 4 (6) weeks of treatment. Fiber type distributions for 
lndlvldual muscles In each experimental treatment were similar and, therefore, 
were combtned to produce this histogram (2.week sham, 782 fibers from 
seven muscles; 2-week TTX, 1087 fibers from seven muscles; 4-week sham, 
437 fibers from four muscles; 4-week TTX, 488 fibers from four muscles). 

determined by wet muscle weight, was observed by the end of 2 
(60% of sham) or 4 (4.5% of sham) weeks. Significant changes in 
muscle length were not seen in any experimental condition at either 
ttme, suggesting that the atrophy in the TTX muscles was primarily 
the result of a reduction in muscle cross-sectional area (Table I). 

Representative cross-sections of control, sham, and TTX-disused 
muscle stained for myosin ATPase are shown in Figure 2. Mean 
F-CSA of these muscles was calculated to determine the extent to 
which this component of muscle cross-sectional area was affected 
by the TTX treatment. Compared to sham muscles fibers, the sizes 
of which were similar to those of control muscles, mean F-CSA of 

TTX-treated muscles was reduced to 53% and 28% of sham soleus 
after 2 or 4 weeks of inactivtty, respectively. 

The distribution of optical densities of fibers for alkaline preincu- 
bated ATPase in sham or TTX muscles is shown in Figure 3. These 
results, which combine all fibers for a given treatment or time, reflect 
the changes observed between these experimental conditions for 
individual pairs of muscles. A blmodal distribution based on mean 
staining optical density was found for sham soleus after 2 or 4 
weeks of treatment. Fibers staining lightly for myosin ATPase (75 to 
85%) were classified as SO fibers (Table I) in conjunction with dense 
stgining of all soleus fibers for NADH diaphorase. Fibers staining 
darkly for myosin ATPase (15 to 20%) were characterized as FOG 
fibers. Using the same demarcation value of staining optical density 
for identifying SO and FOG populations in sham muscles, TTX 
soleus remained comprised of two distinct populations of fibers after 
2 or 4 weeks of inactivity. The absolute maximum and minimum 
optical densities of staining were not altered with either time of 
treatment. In addition, the mean ATPase density of staining of SO 
fibers was increased, whereas the mean staining density of FOG 
fibers was reduced. Thus, TTX soleus was comprised of significantly 
lower percentages of SO fibers (68% or 59% of sham, respectively) 
after 2 or 4 weeks of inactivlty (Table I). Measurements of mean 
F-CSA showed similar degrees of atrophy of SO and FOG fibers 
after 2 or 4 weeks of disuse (Table I). 

Muscle mechanics 

Nerve stimulation. Typical mechanical responses of sham (or 
control) and TTX soleus in response to in vitro stimulation of the 
soleus nerve at various frequencies are illustrated in Figure 4A. In 
addition, the average relationship between stimulation frequency 
and force in TTX and sham muscles after 2 or 4 weeks is shown in 
Figures 5A and 6A (dashed lines). Force output of nerve-stimulated 
TTX muscles was significantly diminished at all frequencies, being 
least affected at 1 Hz (35% and 25% of control at 2 and 4 weeks, 
respectively). For all TTX muscles studied, peak tension was gen- 
erated at 20 Hz, whereas sham muscle produced maximum tensions 
at frequencies between 40 and 75 Hz. The twitch-to-tetanus ratio of 
nerve-stimulated muscle increased from 0.23 in sham muscles to 
0.55 by the end of 2 weeks of TTX treatment, and from 0.20 for 
sham to 0.36 for TTX muscle at 4 weeks. 

The relation between stimulation frequency and tension, ex- 
pressed relative to force produced at 20 Hz, is plotted in Figures 55 
and 6B. At frequencies less than 20 Hz, nerve-stimulated TTX soleus 
produced more force, relative to its maximal potential, than did 
control soleus muscles. However, at frequencies above 20 Hz, TTX 
muscles became more impaired In producing tension. This effect is 
illustrated clearly In the tension records of Figure 4A, which show 
depressions in tension with stimulation at 20 Hz or higher. 

Mechanical indices related to the speed of twitch or tetanic 
contractions of soleus stimulated through the soleus nerve are listed 
in Table II. Changes in the speed of the twitch response (TPT or 
Half-RT) were not found after 2 or 4 weeks of inactivation. The 
maximum rate at which tetanlc tension developed was significantly 
depressed at 20 Hz (dfzO/dt) and 50 Hz (dP,/dt). At the end of 2 
or 4 weeks of treatment, rate of tenslon development expressed 
relative to the maximal tension was enhanced substantially with 
either 20 Hz or 50 Hz stimulation. 

Direct stimulation. The response of directly stimulated sham or 
TTX soleus is typified by the tension records of Figure 48; the 
average tension responses of these muscles are plotted against 
stimulation frequency after 2 or 4 weeks in Figures 5A and 6A (solid 
lines). As observed with nerve stimulation, absolute tension of 
directly stimulated TTX soleus was substantially reduced at all 
frequencies of stimulation after 2 or 4 weeks of treatment. However, 
in contrast to nerve stimulation, TTX soleus was capable of gener- 
ating greater amounts of tension at frequencies higher than 20 Hz. 
In fact, when tension developed at a given frequency was expressed 
relative to tension developed at 20 Hz (Figs. 55 and 6B), it became 
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0.5.msec pulses of about 60 V, which pro- 
duced near-maxrmal tension (see the text). 
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clear that the relative tension-producing capabilities of soleus at 
frequencies above 20 Hz were comparable to sham soleus stimu- 

lated directly or by its nerve. 
It was not always possible to achieve a maximal twitch or tetanic 

tension response under conditions of direct in vitro stimulation. Such 

affects have been reported for chronically denervated cat (Kean et 
al., 1974) and rat (Drachman and Johnston, 1975; Finol et al., 1981) 

soleus muscle. In Figure 7 (A and B), twitch and tetanic tension 
responses of two 2-week TTX-treated soleus muscles are plotted 

against voltage (100 V across the stimulating electrodes was equiv- 
alent to passing approxtmately 1.0 A current through the muscle 

bath). Clearly, the amount of twitch or tetanic tension developed in 

TTX-disused muscle depended on both amplitude and duration of 
the voltage pulse. With higher voltages, the muscles responded 

abnormally during the relaxation phase of both the twitch and tetanus 
(see insets of Fig. 7, A and B, for examples of tetanus). In fact, at 

the hrghest voltages tested, the muscle became irreparably dam- 
aged mechanically. Subsequent stimulat!on of the muscle, even after 

prolonged periods of rest, always produced only a fraction of tension 
developed initially. Because extrapolation of the tension-voltage 

curves did not lead to further increases in tension greater than about 
lo%, It was concluded that about 90% of tetanic tension was 

probably generated with direct stimulation. 
Although this abnormal mechanical behavior was not examined 

further, at least two explanations are possible. Relative increases in 

collagen content and enzymes associated with connective tissue 
synthesis are found in chronically denervated muscle (Garcia-Bunuel 

and Garcia-Bunuel, 1980). Based on the morphological data pre- 

sented In Table I, It is probable that TTX-inactive muscle contains a 
disproportionately greater extracellular volume than intrafiber volume 

compared with normal muscles. This could effectively impede the 

flow of current into the core of the muscle. 

In addition, electrical excitability of muscle has been shown to be 
diminished with chronic denervation. The Increase in muscle fiber 

membrane resistance (Albuquerque and Thesleff, 1968) is due to 
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reduced sodium permeability (McArdle et al., 1980). The relative 
increase in internal sodium concentration reduces the ionic gradient 

for production of the action potential (McArdle et al., 1980). Also, 
membranes of denervated fibers are depolarized significantly (Al- 

buquerque and Thesleff, 1968; McArdle et al., 1980). As a result, 
the threshold for development of the action potential in denervated 

muscle fibers is increased, and the rate of rise and the overshoot of 
the spike are reduced (Redfern and Thesleff, 1971; Lewis, 1972; 

McArdle et al., 1980). Although membranes of TTX-disused muscle 

fibers are depolarized by between 10 and 15 mV after 2 to 3 weeks 
(Bray et al., 1979; A. J. D’Alonzo and S. A. Spector, unpublished 
observations), other pertinent biochemical and electrophysiological 

measurements of TTX-disused muscle are not yet available. How- 
ever, similarities in mechanical behavior of TTX and denervated 

muscle (Spector, 1985) suggest that the inherent excitability of TTX- 

disused muscles may be reduced similarly. 

To avoid the mechanical damage seen with very high voltages, 
while exciting as much of the muscle are possible, square wave 

pulses of about 60 V lasting 0.5 msec were used to stimulate TTX- 
treated muscles. The relation between maximal tetanic tension 

developed by directly stimulated soleus and various morphological 
indices is illustrated in Figure 8. Compared to control muscles, 

absolute tension of TTX-treated soleus was diminished to 26% and 
14% after 2 or 4 weeks of treatment, respectively. These deficits in 

tension cannot be explained completely by muscle atrophy, because 

there was a significant reduction in tension expressed per muscle 
weight, muscle cross-sectional area, or F-CSA. 

As typified by the records of Figure 9, the time course of the 

twitch response to direct stimulation was found in the majority of 
muscles (9 of 12) to be dependent upon the amplitude and width 

of the voltage pulse. Thus, it was not always possible to achieve a 
value for TPT or Half-RT which reflected actlvatlon of the whole 

muscle. Using the same stimulation criteria for defining the twitch 
and tetanic tension responses for control, sham, and TTX muscles, 
the speed-related characteristics of soleus in response to direct 
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Figure 5. Average relation between ISO- 
metric tension and frequency of stimulation 
of sham (X) and TTX (0) muscles wrth nerve 
(- - -) or direct (-) stimulation after 2 
weeks of treatment. The stimulation protocol 
was the same as In Figure 4. In A, absolute 
tension IS plotted against stimulation fre- 
quency; in B, tensron developed at a partic- 
ular frequency is expressed relative to that 
muscle’s tension response at 20 Hz. 
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stimulation were determined (Table Ill). As with nerve stimulation, no 
differences rn TPT were found between TTX and sham or control 
muscles after 2 or 4 weeks of treatment. The Half-RT of TTX soleus 
was prolonged significantly at 2 weeks, although significant differ- 
ences were not seen at 4 weeks. Absolute dP,/dt of TTX soleus 
was significantly reduced, although when expressed relative to 
maxtmal tensron, the rate of tension development increased by 38% 
and 43% after 2 and 4 weeks, respectively. 

To obtain a closer representation of the intrinsic speed of rat 
soleus, the maximal rate at which the muscle could shorten when 
virtually unloaded (see Fig. 1) was measured (Table Ill). After 2 weeks 
of TTX inactivity, the velocity of unloaded shortening (VUs) was 
significantly increased compared with contralateral sham muscles. 
The differences between TTX and control muscles taken from 
another group of rats were not significant. By 4 weeks, however, V,, 
of TTX soleus was substantially Increased, whether compared to 
sham or control muscles. 

Discussion 

It has been well established by the cross-reinnervation experi- 
ments of Buller et al. (1960) and others (Close, 1969; Barany and 
Close, 1971; Chan et al., 1982) that many properties of whole 
muscle or motor unrts are influenced by the innervating motoneuron. 

Experiments implementing exercise training (Saltin and Gollnick, 
1983) or electrical stimulation (Salmons and Sreter, 1976) suggest 
that the muscle cell’s characteristics are mediated through changes 
in neuromuscular activity, although additional studies implicate a 
potential neurotrophic effect, as well (Gutmann, 1976; McArdle, 
1983). Presently, the influence of nerve-evoked activity on morpho- 
logical, contractile, and histochemical characteristics of rat slow 
twitch muscle was assessed, not through experimental manipulation 
of the amount or quality of activity, but by the complete elimination 
of this stimulus from an innervated neuromuscular system. 

Morphological characteristics. Extensive atrophy of rat soleus 
occurred after chronic TTX treatment, presumably due to reduced 
rates of synthesis and/or increased degradation rates of muscle 
proteins. Reductions in muscle mass after 2 weeks (60% of control) 
were similar to decreases in average fiber size (53% of control). By 
the end of 4 weeks of treatment, however, the substantial decreases 
in fiber size (28% of control) were less reflective of whole muscle 
atrophy (45% of control), suggesting that there were disproportion- 
ate decreases in fiber volume relative to extrafiber components. 

Decreases in muscle mass and fiber size in stow or fast twitch 
muscle have been observed after chronic tenotomy, immobilization, 
cordotomy, or hindlimb suspension (Eccles, 1944; Karpati and 
Engel, 1968; Maier et al., 1976; Johnson et al., 1982; Spector et al., 
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Figure 6. Same as Figure 5, except the 
relatIonshIps represent 4-week treated mus- 
cles. 
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TABLE II 

Speed-related properties of nerve-stimulated rat so/em after 2 or 4 weeks of TTX inact/vat/on 

Two weeks Four weeks 

Control Sham TTX Control Sham TTX 

TPT (msec) a3k 4= a9+ 4 a9k 5 86k 3 a3r 3 a2 f 7 

Half~RT (msec) 126+ 7 140+ 11 150-r- 4 119+ 2 136k 8 133k 16 

dP,,/dt (gm/msec) 624 + 35 503 k 38 205 + 23b 642 + 53 791 + 23 147-t4gb 

dPZ,,/dt:Pzo (%) 5.9 + 0.7 5.5 f 0.3 12.1 + 2.6b 5.8 * 0.6 5.9 f 0.5 7.7 f l.Ob 

dP,/dt (gm/msec) 605 + 89 635 + 22 221 k 23' 834k 62 1015f45 257 +13" 

dP,/dt,P, ("IO) 5.6 + 0.4 6.7 + 0.3 16.0 + 1.1' 6.5 f 0.6 7.0 * 0.5 12.0 f. 1.6' 

a Values are means 2 SEM. 

b Slgnlflcant difference between TTX and sham or control. Sample sizes are the same as In Table I. 

1982; Musacchla et al., 1983), although these atrophic responses are seen, for example, in muscle immobilized at extreme lengths 

were less than those seen for TTX-disused rat soleus. The aggregate (Goldspink, 1977; Spector et al., 1982) or stimulated tenotomized 

electromyographic activity which remains in muscles of these other muscle (Eccles, 1944). In the present experiment, no evidence of 

treatments might explain their reduced amounts of atrophy com- electrical activity in TTX-disused muscles was found. In addition, in 

pared with TTX disuse. However, differences in the amount of vitro determination of muscle lengths of TTX-treated soleus were not 

passive tension, as well as the types of contractions that the animals significantly different from normal. Therefore, the degree of atrophy 

may still generate (isometric, unloaded, at extreme muscle lengths) of these muscles probably was not influenced by any residual 

in these “reduced activity” models may also influence the extent of neuromuscular activity or abnormal passive tension development. 

atrophy. The relative effects of these additional influences on atrophy The possibility cannot be excluded that the atrophic response of 
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soleus resulted from changes in the production or release of a 
putative neurotrophic factor associated normally with neurally evoked 
synaptic activity. In addition, changes in membrane properties of the 
motoneuron initiated by inactivity (Czeh et al., 1978) could modify 
the production or release of a trophic substance. However, direct 
evidence for such effects has not been demonstrated. Consideration 
of systemic hormonal or humoral interactions upon the response of 
these muscles was obviated as direct bilateral comparisons between 
TTX-disused and sham muscles were made. These arguments 
support the contention that the extent of atrophy seen in this TTX 
preparation is probably the sole result of elimination of neuromus- 
cular activity. 

Tension-related characferis;istics. Deficits in maximal tension pro- 
duced by TTX-treated soleus were greater than the extent of atrophy 
as assessed by muscle weight, whole muscle, or fiber cross- 
sectional area. Reductions in tension per muscle weight have been 
reported in slow and fast twitch muscles of adult cordotomized 
(Johnson et al., 1982), tenotomized (Eccles, 1944), or spinal-isolated 
(Eldridge and Mommaerts, 1981) cat soleus, and rat slow and fast 
twitch muscle Immobilized in a chronically shortened position (Simard 
et al., 1982). In contrast, skeletal fixation at neutral joint angles did 
not affect tension per muscle weight of rat hindlimb muscles (Spector 

et al., 1982), whereas increases have been observed in fast twitch 
muscles of the guinea pig, rabbit, and bushbaby (Fischer and 
Ramsey, 1944; Edgerton et al., 1975; Maier et al., 1976). 

Tension per muscle weight could be influenced by disproportion- 
ate changes in extracellular volume in these various experimental 
treatments. Tension related directly to mean fiber size minimizes this 
effect. Tension expressed per mean F-CSA of TTX-disused soleus 
of the rat was reduced by more than 30% after 2 or 4 weeks of 
treatment, a result that could be explained by increases in the ratios 
of sarcoplasmic to contractile components within individual muscle 
fibers, Impairment of the contractile activation system, or the inability 
under the present in vitro conditions of sGmula0on to maximally 
activate the muscle. 

An interesting finding was the depression of the tetanic tension 
of TTX-disused soleus when stimulated via the nerve at frequencies 
between 20 and 100 Hz. Similar responses were occasionally seen 
in sham or control soleus, but at frequencies 3 to 5 times higher 
than needed to produce this response in TTX muscles. High fre- 
quency stimulation (Curtis and Eccles, 1960; Kuno, 1964) resulted 
in depression of intracellularly recorded postsynaptic responses due 
to either presynaptic or synaptic failure (Krnjevic and Miledi, 1959; 
Hatt and Smith, 1976). This behavior was observed in normal 
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Figure 8. Maxtmal tetanrc tensron (PO) and P, related to spectftc morphological parameters Itsted In Table I, of sham (open bars) and TTX (stippled bars) 
muscles expressed as a percentage of control means c SEM after 2 or 4 weeks of treatment. Absolute values for control soleus are to the right of the bars. 
All TTX values were signtftcantly drfferent from sham or control values. Values for fiber cross-sectional area were derived by multiplying mean F-CSA (Table 
I) by an approximatron of the number of muscle fibers in normal soleus (3000; Gollnick et al., 1981). 

TABLE Ill 

Speed-related properties of d/rect/y stimulated rat soleus after 2 or 4 weeks of TTX inactivation 

Control 

Two Weeks 

Sham TX Control 

Four Weeks 

Sham TTX 

TPT (msec) a5 + 4= a4k 4 922 5 7a* 4 at+ i 79+ 4 
Half-RT (msec) 115? 6 i2af 7 169& ab 122+ 7 136+ 6 130 + 14 

df,/dt (gm/msec) 770 k 61 704 f 52 287 f 47b 890 c 52 1053 + 105 208 + 666 
df,/dt:P, (%) 5.9 k 0.2 5.8 f 0.4 8.0 -t 0.7’ 6.4 k 0.3 6.5 + 0.5 9.3 + 0.6b 
L (mmlsec) 53.4 -t 2.7 47.6 + 3.3 66.6 * 6.8” 60.1 + 5.7 60.7 -c 1.0 73.2 + 5.5b 

a Values are means k SEM. Sample stzes are the same as in Table I 
b Srgnifrcant difference between TTX and sham or control. 
’ Srgnifrcant difference between TTX and sham only. 



The Journal of Neuroscience Chronically inactive Rat Soleus Muscle 2187 

TTX (2 WEEKS - DIRECT STIMULATION) 

- 
50 msec 

Figure 9. Hand-traced records of twitch responses of 2-week TTX-lnacti- 
vated soleus to direct stimulation of 40 V (A), 60 V (B), and 100 V (C). For 
each panel, the pulse width was varied while voltage amplitude was held 
constant. Beginning with the lowest twitch tension response, pulse width 
was Increased successively (0.1 msec, 0.3 msec, 0.5 msec, 0.7 msec, 0.9 
msec). In A, the twitch response to a 0.1.msec pulse IS not detectable on 
the trace. In C, a 0.9.msec pulse was not attempted. 

mammalian systems incubated at room temperature (Krnjevic and 
Miledi, 1959) and would explain the depression in force of sham or 
control muscles stimulated at 100 Hz (at 23’C). The tetanic depres- 
sion of TTX-disused soleus muscle was not only more pronounced 
at the higher frequencies studied but was evident at much lower 
frequencies, as well, suggesting that the elimination of neuromus- 
cular activity accentuates tetanic depression of this muscle. In the 
phrenic nerve-diaphragm preparation of aged rat, nerve conduction 
blockade due to high frequency stimulation of several minutes 
occurred at an earlier time and at a lower frequency than in young 
controls (Smith, 1979). In addition, tension responses of neonatal rat 
soleus maintained in vitro at 23°C were strikingly similar in the level 
of tetanic depression for a given frequency (Thompson, 1983) to 
those produced by TTX-disused muscles in the present study. Also, 
the high frequency depression of tetanic responses seen in rabbit 
soleus tenotomized for 2 months was abolished completely when 
the muscle was stimulated directly in a solution containing curare 
(Bagust, 1979). Whether the deficits in neural transmission and, 
therefore, In contractile behavior of TTX-dlsused soleus are produced 
by the same factor(s) responsible for these responses in neonatal, 
aged, or tenotomized neuromuscular synapses is not known. 

Speed-related characteristics. The present results indicate that 
the changes in the percentage distributions of fiber types of TTX- 
inactivated soleus reflect simply the gradual conversion of larger 
numbers of SO fibers to those classified as FOG fibers (i.e., exhibiting 
optical densities greater than 0.65 units) with time. By the end of 4 
weeks of TTX treatment, rat soleus was comprised of about 20% 

more FOG fibers than are seen normally. Similarly, the presence of 
FOG fibers in an otherwise exclusively slow twitch muscle has been 
observed in cordotomized or immobilized cat and guinea pig soleus 
(Karpati and Engel, 1968; Maier et al., 1976; Johnson et al., 1982), 
whereas a substantial increase in FOG fibers was reported in the 
slow twitch rat soleus after 4 weeks of immobilization (Booth and 
Kelso, 1973). The present results, therefore, are consistent with the 
hypothesis that neuromuscular disuse plays some role in the histo- 
chemical transformations of fiber types. 

The question of whether the increase in FOG fibers in TTX- 
inactivated soleus is reflected in mechanical alterations in contraction 
speed could be addressed in the present study by estimating the 
muscle’s speed-related properties under both isometric and dynamic 
conditions. With either nerve or direct stimulation, parameters related 
to the time course of the twitch (TPT; Half-RT) were not significantly 
altered after 2 or 4 weeks of TTX disuse (except Half-RT in 2-week 
field-stimulated soleus). However, in this study (Fig. 9), the time 
course of the twitch was altered substantially when either the width 
or amplitude of the stjmulation pulse was changed. This questions 
the reliability of twitch time as a measure of contractile function 
under the present conditions. 

In contrast to the twitch, dP,/dt in response to field stimulation 
was substantially higher than in sham or control soleus when ex- 
pressed relative to maximum tension developed at 50 Hz. In asso- 
ciation with the enhanced rate of tension development was the 
significant increase in VU, of TTX soleus compared to contralateral 
sham muscles after 2 or 4 weeks of inactivation. Similarly, Close 
(1964) found a high correlation between these mechanical measures 
in rat slow and fast twitch muscles during development. Therefore, 
although twitch responses could not be used as reliable indicators 
of contractile function of TTX-disused muscle, other isometric and 
dynamic mechanical indices offered evidence that the underlying 
biochemical processes responsible for maximal rate of shortening 
were modified with chronic inactivity. These mechanical alterations 
of TTX-inactivated muscle, therefore, are consistent with the changes 
in histochemical profile of soleus which occur with chronic inactivity, 
and suggest that the elimination of neuromuscular activity leads to 
significant changes in the phenotypic expression of contractile 
properties of rat soleus muscle. 
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