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Abstract Denervated soleus muscles of euthyroid and hy- 
perthyroid rats were exposed to phasic high-frequency stimula- 
tion for periods of up to 40 days and analysed for their myosin 
heavy chain (MHC) composition. Denervation alone induced 
appreciable amounts of the fast MHCIId/x and minute amounts 
of MHCIIb. However, the effects of phasic high-frequency 
stimulation exceeded by far those of denervation, leading to 
marked increases of these two isoforms, as well as to pronounced 
decreases in slow MHCI. In addition, the present study suggested 
a greater impact of neural activity on myosin expression than 
thyroid hormone. 
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1. Introduction 

Skeletal muscle fibers are capable of adjusting their pheno- 
typic properties to altered functional demands [1]. This plas- 
ticity relates to the expression of most muscle proteins in 
various isoform combinations. The expression of these iso- 
form patterns has been shown to be under the control of 
several factors. A major influence is exerted by the neurally 
transmitted impulse pattern, but additional factors, e.g., thyr- 
oid hormone, seem to be important  [1]. The impact of neural 
activity has been documented by chronic low-frequency stim- 
ulation (CLFS) which transforms fast-twitch muscles into 
slower contracting muscles [2] (for review see [3]). This fast- 
to-slow transformation encompasses all functional elements of 
the muscle fiber and involves the exchange of fast-type myofi- 
brillar protein isoforms with their slow counterparts. As for 
myosin, this process is reflected by sequential transitions in its 
heavy-chain (MHC) isoforms in the order of M H C I I b ~  
MHCIId/x ~ M H C l l a  ~ MHCI [4,5]. Conversely, a transfor- 
mation of slow-twitch muscles into faster contracting muscles 
is possible by phasic high-frequency stimulation (PHFS) [6,7]. 
As qualitatively shown for the slow soleus muscle of rat, 
PHFS leads to an up-regulation of the fast-type MHCIIa  
and MHCIId/x isoforms, but not of MHCIIb  [8]. The authors 
of that study concluded that slow-twitch soleus muscle is in- 
capable of expressing MHCIIb ,  the fastest isoform present in 
rat limb muscles. Since fast rat muscles with a predominance 
of MHCIIb  can be manipulated to express MHCI  [9], we 
asked whether the expression of MHCIIb  is truly excluded 
for rat soleus muscle. We also wanted to analyse quantita- 
tively the effects of PHFS on the two other fast isoforms, 
MHCIIa  and MHCIId/x.  To this end, we studied the effects 
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of PHFS on the MHC isoform patterns in soleus muscles and, 
in addition, investigated to what extent the stimulation-in- 
duced changes may be modulated by hyperthyroidism. We 
have previously shown that elevated thyroid hormone levels 
counteract the fast-to-slow transformation induced by low- 
frequency stimulation in fast-twitch muscle of the rat [9]. 
Therefore, we examined whether an elevation of the thyroid 
hormone level might amplify the slow-to-fast transition in- 
duced by PHFS. 

2. Materials and methods 

2.1. Animals, denervation, high-J?equen~T stimulation, hyperthyroidism 
Adult male rats (Wistar) weighing between 250 and 300 g were used 

in three experimental groups (innervated/unstimulated, denervated/un- 
stimulated, denervated/stimulated). Denervation was performed on 
the left hindlimb by excising 1 cm of the sciatic nerve and sewing 
back the proximal stump. For stimulation, electrodes were placed 
around the proximal and distal parts of the soleus muscle; leads 
were externalized at the neck and connected to a small receiver fixed 
on the animal's back. Animals were stimulated 24 h daily using a 
newly developed telestimulation setup for rats. The stimulation pro- 
tocol consisted of 25 pulses at 150 Hz every 15 min [10]. Stimulation 
lasted for periods of 18~J,0 days because in some animals stimulation 
failed after some time and these animals had to be killed when failure 
occurred. Stimulation was performed in euthyroid and hyperthyroid 
animals. Hyperthyroidism was induced 1 week before starting the 
stimulation by implanting encapsulated triiodo-L-thyronine (1.5 rag) 
pellets with biodegradable carrier-binder (IRA, Toledo, OH). Implan- 
tation of the pellets was repeated after 3 weeks. The unstimulated/ 
innervated soleus muscle of the right hindlimb served as a control. In 
order to study the effects of denervation alone, a separate group of 
euthyroid animals underwent denervation of the left hindlimb without 
stimulation. The duration of denervation matched the time period of 
stimulation in the euthyroid denervated/stimulated group. 

2.2. Myosin heavy-chain extraction and electrophoresis 
Muscles were powdered under liquid nitrogen and crude myosin 

extracted in a solution containing 300 mM KC1, 100 mM sodium 
pyrophosphate, 5 mM EGTA, 5 mM MgCI2 and 1 mM dithiothreitol 
(pH 6.5). The extracts were diluted (1:1) with glycerol and stored at 
-25°C. Electrophoresis was performed on gels containing 7% 
acrylamide, 0.06% bisacrylamide, 29% glycerol, 720 mM Tris-HC1 
(pH 8.7), and 0.1% SDS. The stacking gel contained 4% acrylamide, 
0.18% bisacrylamide, 160 mM Tris-HC1 (pH 6.7) and 0.1% SDS. 
Electrophoresis was performed for 20 h at 120 V in a chamber cooled 
with tap water. The gels were silver-stained [11] and evaluated by 
integrating densitometry. 

3. Results 

Phasic high-frequency stimulation was performed on dener- 
vated soleus muscle to exclude the influence of the tonic low- 
frequency impulse pattern normally transmitted to the muscle 
by its nerve. It was necessary, therefore, to study the effects of 
denervation alone. The innervated/unstimulated soleus mus- 
cles contained MHCI  as the predominant  isoform and 
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1-g. 1. Electrophoretic separation of MHC isoforms in extracts 
fi 3m rat soleus muscles denervated for (a) 27 days, and (b) 34 days. 
I order to detect isoforms present at low amounts, electrophoresis 
e " the same extracts depicted in (A) was performed at high-protein 
h ading (B). With high loading, which did not lead to a separation 
c" MHCIIa and MHCIId/x, low amounts of MHCIIb and MHC,,., 
v ere detected. Note the high concentration of MHCIa. 

MHCIIa  as a minor isoform (Table 1). The major effects of 
Cznervation consisted of an increase in fast MHCIIa  and an 
i Lduction of the fast MHCIId/x,  concomitant  with a decrease 
i~ the relative amount  of the slow MHCI  (Fig. 1A). When 
1;~rge amounts  of protein were applied to the gel, also minute 
a mounts of M H C I I b  and the neonatal  MHCn~.,, were detected 
I i~ig. 1 B and Table 1). 

Phasic high-frequency stimulation induced marked slow-to- 
l t s t  transitions with pronounced inductions of MHCIId/x and 
M H C I I b  isoforms (Fig. 2 and Table 1). It should be kept in 
l l ind,  however, that interanimal variations can be expected 
when denervated muscles are chronically stimulated via im- 
i lanted electrodes. Variations may result from slightly differ- 
t nt electrode positions and from existing interanimal differ- 
t nces in fiber type composition of soleus muscle at the onset 
,.f stimulation. Finally, the muscles under study were exposed 
l~ PHFS for various time periods ( 1 8 4 0  days) and this also 
t ontributed to the variations observed. However, the stimula- 
lion-induced changes displayed the same tendency. Thus, the 
~ormally predominant  MHCI  isoform was reduced on the 

verage to less than 35% and MHCIId/x became the predom- 
l'aant isoform. MHCIIb  amounted to approximately 15'7,,. 
VIHCIIa was present at relatively low concentrations, ranging 
rom undetectable levels to 11%. 

An additional faint band was often observed, especially 
Chen high protein concentrations were loaded on the gel in 

, ontrol, denervated, and in some of the stimulated muscles. 
"his band migrated slightly faster than MHC1, and was as- 
umed to correspond to the previously described MHCIa  iso- 

form [12]. Its identity as an a-cardiac-like M HC  previously 
detected in transforming rabbit muscle [13], is highly improb- 
able because preliminary immunohistochemical studies with 
an antibody raised against the a-cardiac M HC  isoform did 
not detect positive fibers (data not  shown). 

Hyperthyroidism by itself had only a slight effect on the 
innervated/unstimulated soleus muscle. The slow MHCI  was 
reduced but remained the major isoform. Its decrease corre- 
sponded to the increase in MHCIIa .  Detectable levels of 
MHCIId/x were induced in two animals (Table 1). MHCIIb ,  
the fastest isoform, was never detected in these muscles, even 
when large amounts  of protein were applied to the gel (results 
not shown). Hyperthyroidism combined with PHFS did not 
markedly enhance the slow-to-fast transitions produced by 
high-frequency stimulation alone (Fig. 2 and Table 1). 

4. Discuss ion  

It is generally accepted that neurally transmitted impulse 
patterns have a specifying effect on the phenotypes of muscle 
fibers. A tonic low-frequency stimulus pattern applied to fast- 
twitch muscles evokes fast-to-slow transitions in myofibrillar 
protein isoforms [3]. A modulatory influence of the impulse 
pattern on gene expression is evident also from phasic high- 
frequency stimulation which, however, produces slow-to-fast 
transitions. It is noteworthy that the stimulation protocol used 
in the present study evokes only negligible contractile activity 
(one 160 ms tetanic contraction every 15 min). Nevertheless, 
the changes in contractile [6,7] and biochemical [8,10] (present 
study) properties induced by PHFS are pronounced. 

Here we confirm that a denervated slow muscle is converted 
into a faster muscle under the influence of an impulse pattern 
characteristic of a fast motoneuron [6,14]. We extend this 
notion by demonstrating that this conversion covers the whole 
range of slow and fast MHC isoforms. Thus, soleus muscle 
exposed to PHFS expresses not  only MHCIId/x,  as previously 
shown [8], but also the fastest isoform, MHCIIb .  Because 
PHFS was performed on a denervated muscle, the question 
arises to what extent the observed alterations may have re- 
sulted from denervation. The answer is obvious: compared to 
the PHFS-induced slow-to-fast transitions in MHC isoform 
expression, the alterations induced by denervation alone, are 
minute. The stimulation-induced up-regulation of the fast 

!'able 1 
)ensitometrically evaluated relative concentrations of myosin heavy-chain isoforms in innervated/unstimulated (INN/UNST), denervated/unsti- 
nulated (DEN/UNST), and denervated/stimulated (DEN/ST) soleus muscles of euthyroid and hyperthyroid rats 

INN/UNST DEN/ST DEN/UNST 

Euthyr. % Hyperthyr. % Euthyr. '7,, Hyperthyr. % Euthyr. % 

vlHCI 86.7 + 6.9 75.6 + 11.0 33.4 _+ 5.5 30.4 +_ 6.4 41.0 _+ 11.7 
(75.4 98.0) (55.3 89.7) (23.544.8) (21.242.2) (28.3 51.2) 

vIHCIa 2.4_+0.8 2.9_+ 1.9 0.4+0.8 0.7_+0.8 5.9-+2.3 
(1.8--4.1) (1.25 6.9) (0 2.0) (0 2.0) (3.5 8.0) 

vIHCIIa 10.8 _+ 6.8 19.7 -+ 8.9 5.3 -+ 3.4 4.8 _+ 3.2 28.2 _+ 4.6 
(O 21.7) (8.3-35.2) (0-10.9) (0 10.9) (24.4 33.4) 

VIHCIId/x 0 1.6_+4.5 46.0_+5.4 50.6_+4.0 17.6_+8.4 
(0 12.6) (36.6-55.2) (46.2 57.2) (11.6 27.2) 

VIHCIIb 0 0 14.8 _+ 4.6 14.7 _+ 6.6 3.7 _+ 0.3 
(7.5 21.2) (9.1 -27.3) (3.5 4.0) 

VIHC ..... 0 0 0 0 3.6 _+ 0.6 
(3.24.3) 

Values are means + SD from animals stimulated for time periods of 28.3 + 4.2 days (euthyroid) and 27.3 _+ 7.4 days (hyperthyroidt. 
Minimum and maximum values are given in parentheses; n=9 for euthyroid and n=8 for hyperthyroid animals. 
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Fig. 2. Electrophoretic separation of MHC isoforms in extracts of denervated soleus muscles of euthyroid and hyperthyroid rats exposed to 
phasic high-frequency stimulation for 27 days. 

MHCIId/x and MHCIIb isoforms at the expense of MHCI 
and MHCIIa is so strong that the MHC pattern of the de- 
nervated/stimulated soleus muscle resembles that of a mixed 
fast muscle, e.g., the gastrocnemius muscle [15]. In one animal 
the relative concentration of MHCIIb reached almost 30% 
and we assume that the slow-to-fast transformation might 
proceed even further with longer stimulation periods than 
used in the present study. 

A high percentage of hybrid fibers, containing newly 
synthesized fast MHC isoforms together with MHCI can be 
expected to exist in the stimulated soleus muscle. Moreover, 
the relative concentration of MHCIId/x observed in the pres- 
ent study is so high that some fibers must have reached the 
state of a fast phenotype, i.e., type IID/X. Orienting histo- 
chemical analyses (results not shown) are in support of these 
suggestions. 

Hyperthyroidism did not seem to essentially amplify the 
stimulation-induced slow-to-fast transitions. This might sug- 
gest that neural activity has a greater impact on the muscle 
phenotype than thyroid hormone. The amount of thyroid 
hormone applied in the present study was lower than in other 
studies (e.g., [16]) because we aimed to avoid thyreotoxic ef- 
fects. This may also explain why the slow-to-fast changes in 
innervated/unstimulated soleus muscle were less pronounced 
than reported by others. However, an even smaller dosage has 
been shown in a previous study to suppress the fast-to-slow 
transitions induced by of chronic low-frequency stimulation in 
fast muscles of the rat [9]. 

In summary, we show that, analogously to the fast-to-slow 
transformation of type II fibers by chronic low-frequency 
stimulation, a slow-to-fast transformation of type I fibers 
can be achieved by phasic low-amount, high-frequency stimu- 
lation. The changes in relative concentrations of MHC iso- 

forms suggest that the slow-to-fast transformation occurs by 
sequential transitions in MHC expression in the order of 
MHCI --* MHCIIa ~ MHCIId/x ~ MHCIIb. 
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