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The relative contributions of innervation and androgen to 
three muscle fiber properties-twitch type, size, and num- 
ber-were examined in the sexually dimorphic, androgen- 
sensitive laryngeal muscle of Xenopus laevis. In adults, the 
muscle contains all fast-twitch fibers in males and fast- and 
slow-twitch fibers in females; laryngeal muscle fibers are 
larger and more numerous in males than in females. Juvenile 
larynges are female-like in both sexes; male laryngeal mus- 
cle is subsequently masculinized by androgen secretion dur- 
ing postmetamorphic development. Because both laryngeal 
motor neurons and muscle fibers are androgen sensitive 
during masculinization, we examined the role of the nerve 
in androgen-regulated muscle fiber development. Laryngeal 
muscle of male and female juvenile frogs was unilaterally 
denervated, and effects on muscle fiber type, size, and num- 
ber were examined 4 weeks later. Half of the frogs received 
a dihydrotestosterone pellet at the time of denervation. An- 
drogen treatment converts laryngeal muscle from mixed slow 
and fast to all fast twitch in both innervated and denervated 
muscle. Thus, the nerve is not required for androgen-regu- 
lated fiber type expression in either sex. Denervation pro- 
duces muscle fiber atrophy and androgen treatment induces 
muscle fiber hypertrophy in male and female larynx. Nerve 
and hormone effects are independent and additive; fiber size 
in androgen-treated denervated muscle is greater than in 
untreated innervated muscle, and fiber size in androgen- 
treated denervated muscle is smaller than in androgen-treat- 
ed innervated muscle. There is no sex difference in the ef- 
fects of innervation or androgen on fiber size. Denervation 
causes laryngeal muscle fiber loss in males but not in fe- 
males. Androgen treatment protects male laryngeal muscle 
from denervation-induced fiber loss and causes fiber ad- 
dition in innervated female laryngeal muscle. We conclude 
that there is a sexually dimorphic interaction between in- 
nervation and androgen in control of laryngeal muscle fiber 
number. 
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Two extrinsic influences, innervation and circulating hormones, 
play important roles in muscle differentiation. Innervation is 
required for the normal development of muscle fiber twitch type 
and myosin isozyme expression; cross-innervation with a for- 
eign nerve can induce conversion of fiber type even in adult 
muscle (reviewed in Jolesz and Streter, 1981). Innervation is 
also required during development for muscle growth and fiber 
addition (Fredette and Landmesser, 1991). In adulthood, de- 
nervation results in muscle atrophy (Harris, 1974). In hormone- 
sensitive muscles, the endocrine milieu also influences muscle 
fiber growth and type. For example, the absence of thyroid 
hormone in rats results in a delay of adult myosin expression 
in hindlimb muscle and absence of adult myosin expression in 
cardiac muscle (Izumo et al., 1986). Androgenic hormones are 
essential for survival and growth of penile muscles in rats 
(Breedlove and Arnold, 1983) and for expression of specific 
myosin isoforms in arm muscles of frogs (Rubinstein et al., 
1983) and jaw muscles of guinea pigs (Lyons et al., 1986). In 
guinea pig jaw muscles, castration induces fiber atrophy and 
expression of female typical myosins. 

Although it is clear that both neural and hormonal factors 
influence muscle differentiation, the nature of their interaction 
in hormone target muscles is unclear. For example, can andro- 
gen treatment compensate for denervation, or are both required 
for full muscle differentiation? Here, we examine these issues 
in a highly androgen-dependent muscle, the dilator laryngis 
muscle of the frog Xenopus luevis. Laryngeal muscles effect song 
production and are markedly different in males and females. In 
adults, male laryngeal muscle is larger and contains twice as 
many muscle fibers as female laryngeal muscle (Sassoon and 
Kelley, 1986; Marin et al., 1990). Male laryngeal muscle is com- 
posed entirely of fast-twitch fibers, while female laryngeal mus- 
cle is composed of both fast- and slow-twitch fibers (Sassoon et 
al., 1987). 

Sexual differentiation of the larynx occurs during postmeta- 
morphic development, a period from the end of metamorphosis 
[postmetamorphic stage 0 (PMO)] to adult reproductive matu- 
rity (PM6; see Tobias et al., 199 1 a). At PMO, laryngeal muscle 
size, fiber number, and fiber twitch type are the same in males 
and females (Sassoon and Kelley, 1986; Sassoon et al., 1987; 
Marin et al., 1990; Tobias et al., 199 1 a). Subsequently, the male 
larynx undergoes a profound transformation involving rapid 
growth, fiber addition, and conversion of fiber twitch type. In 
contrast, female larynx undergoes few changes during postme- 
tamorphic development; growth and fiber addition are slow, 
and there is little change in fiber twitch type. 

Masculinization of the X. laevis larynx is regulated by andro- 
gen secretion (Sassoon and Kelley, 1986; Sassoon et al., 1987; 
Marin et al., 1990; Tobias et al., 199 1 b). Castration completely 
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arrests fiber type conversion and retards muscle growth and fiber 
addition. Testosterone treatment early in development com- 
pletely converts male and female laryngeal muscle fibers to all 
fast twitch, speeds laryngeal growth in both sexes, and increases 
fiber addition in females (Marin et al., 1990; Tobias et al., 199 1 b). 
Both developing laryngeal muscle and developing laryngeal mo- 
tor neurons contain androgen receptor (Gorlick and Kelley, 1986; 
Kelley et al., 1989; Fischer and Kelley, 1991). Thus, androgen 
regulation of muscle differentiation could occur at the level of 
the muscle itself, at the level ofthe motor neurons that innervate 
the larynx or both. 

In this article, we attempt to sort out the relative roles of 
nerve and hormone by examining hormone effects in denervated 
larynx. Specifically, we explore the ability of androgen to mas- 
culinize fiber twitch type, size, and number in denervated male 
and female larynges. Denervation was performed in juvenile 
frogs prior to masculinization of muscle fiber type and full at- 
tainment of a masculine fiber number. 

Materials and Methods 
Animals 
Juvenile frogs at postmetamorphic stages 1-3 (PMl-PM3) were ob- 
tained from Nasco (Fort Atkinson, WI). Animals were staged by age 
and body weight as described in Tobias et al. (199 1 a); assignment to 
stage was confirmed by obtaining laryngeal weights from an additional 
one or two males in each group prior to treatment. Body and larynx 
weights at death are given in Table 1. Frogs were maintained on a 12 
hr: 12 hr light/dark cycle in 0.4% saline in polycarbonate tanks at 2 1°C 
and fed frog brittle (Nasco) daily. 

Surgical procedures 
Each animal was deeply anesthetized in 0.1% MS 222 (ethyl 
3-aminobenzoate methanesulfonic acid; Aldrich) prior to surgery. The 
frog was placed on its left side surrounded by ice with both front and 
rear limbs extended. A small incision was made to the right of the 
abdominal midline, one fat body and its attached gonad were extruded, 
and the sex of the frog was determined. The larynx was then exposed 
through an L-shaped incision that extended 1 cm posterior from the 
forelimb and continued medially to the abdominal midline. The un- 
derlying pectoralis muscle and portions of the external abdominal oblique 
muscle were incised in the same manner. Care was taken to avoid the 
subclavian artery and the anterior abdominal vein. Skin and muscle 
were retracted to expose the fatty tissue and cartilage surrounding the 
larynx. These tissues were grasped and gently extruded to bring the 
attached larynx into view. The right posterior end of the larynx was 
separated from the cartilaginous wing to which it is attached. The la- 
ryngeal nerve, visible extending from the posterolateral edge of the 
larynx, was dissected out while retracting the cartilaginous wing. The 
nerve was separated from the connective tissue encasing it and at least 
4 mm excised to prevent reinnervation during the 4 week survival 
period. The larynx was returned to its anatomical position and muscle 
and skin were sutured. Frogs were allowed to recover in moist towels 
and then placed in 0.4% saline. 

Masculinization of fiber type normally occurs between PM2 and PM5 
(i.e., between 6 and 12 months after metamorphosis is complete; Tobias 
et al., 199 la). Examining fiber type switching in denervated larynges at 
the end of this extended period might have been complicated by the 
reestablishment of innervation or by the loss of substantial numbers of 
muscle fibers. We thus chose to treat acutely with a supraphysiological 
dose of androgen that had been shown to masculinize fiber type com- 
pletely in PM2 frogs within 5 weeks (Tobias et al., 199 1 b). Immediately 
after henervationwhile still on ice, half of the animals received an 
imolant of 5-6 ma of dihvdrotestosterone (DHT; Sigma) compressed 
into a 3-mm-diameter pellet and coated in Silastic polimer (Dow Com- 
ing, #783 or #891). The pellet was inserted through a small incision 
into the dorsal lymph sac. Dihydrotestosterone is highly soluble in the 
Silastic coating, which prevents pellet loss by blunting the sharp edges 
of the hormone pellet.. At death 4 weeks later, the frog was deeply 
anesthetized bv immersion in 0.1% MS 222. The larynx was then care- 
fully examined, using a dissecting microscope, for signs of nerve regen- 

Table 1. Average body and larynx weights 

Body weight Larynx weight 
Grouv (am) (ma) 

Fiber type 
Female 7.4 +- 1.0 
Male 7.8 f  0.6 
Female + DHT 11.4 * 2.8 
Male + DHT 8.0 k 0.9 

Fiber size and number 
Female 7.7 -t- 2.0 
Male 7.4 * 1.0 
Female + DHT 8.8 k 1.8 
Male + DHT 8.0 f  1.2 

Values are given as means * SD. N = 6 for all groups. 

33 f  8 
74 f  40 

175 f  14 
240 f  23 

30 + 7 
76 f  34 

146 f  30 
244 k 36 

eration (i.e., attachment of visible nerve fasicles); it was then removed 
and weighed. 

Histological procedures 
Fiber typing. Six animals from each treatment group were used. Each 
larynx was quickly frozen in liquid nitrogen and sectioned (18 pm) 
transversely on a cryostat (Hacker). The sections were processed ac- 
cording to a modified acid-stable ATPase staining method (Guth and 
Samaha, 1970), which distinguishes fast- and slow-twitch fibers in X. 
luevis laryngeal muscle (Sassoon et al., 1987; Tobias et al., 1991a). 
Preincubation at pH 4.6 and incubation at 30°C were found to be op- 
timal. The percentage of slow-twitch fibers was determined for each 
larynx as described previously (Tobias et al., 1991a). 

Fiber size and number. Each larynx was fixed in fresh 4% parafor- 
maldehyde for at least 18 hr, postfixed with 1% osmium tetroxide in 
0.1 M sodium cacodylate buffer for l-3 hr, and embedded in Epon 
(LX 112, Ladd). Larynges were then transversely sectioned (5-7 pm) on 
a rotary microtome (Spencer 820, AO). From each larynx, three sections 
with the greatest muscle area were identified as described previously 
(Marin et al., 1990). The total cross-sectional area of the muscle was 
determined either by weighing projected tracings of the cross sections 
or by measuring the traced cross sections on a computer-interfaced bit 
pad (Sigma Scan, Jandel Scientific; procedure as in Marin et al., 1990). 

Individual muscle fiber cross-sectional area (fiber “size”) was deter- 
mined from camera lucida drawings using the bit pad. Fiber areas were 
measured in the same three sections used to calculate fiber number (see 
below). Four animals from each treatment group were selected: male 
DHT treated and untreated and female DHT treated and untreated (16 
animals in total). Sixty fibers were measured from innervated and de- 
nervated sides of each larynx (20 fibers per section); the experimenter 
was not aware of the state of innervation of the muscle at the time of 
measurement. There is a wide range of fiber sizes within the larynx. 
Frequency histograms of fiber size were examined for every animal 
(examples are shown in Fig. 4). Fiber size is normally distributed, and 
therefore the mean is an accurate measure of central tendency. The 
mean and standard deviation of fiber size for each muscle were obtained. 

The number of fibers in each larynx was determined as described in 
Marin et al. (1990). From the three sections described above, a rect- 
angular area (8825 pm*) within the inner leaf of the bipennate muscle 
just dorsal and slightly lateral to the thyrohyals was chosen, and fibers 
were counted within this region. Fiber number for each hemisection 
was determined by multiplying the number of fibers per square mi- 
crometer by the total area. These values were multiplied by 2 to facilitate 
comparison with previous results that examined fiber number in whole 
larynx (Marin et al., 1990). Six larynges from each treatment group were 
used. 

Nerve and muscle ultrastructure. Additional thin sections (80 nm) 
were obtained from the Epon-embedded larynges described above and 
examined with an electron microscope (JEOL 1200 EX). Matching areas 
(0.5-l .O mmZ) of laryngeal muscle from the innervated and denervated 
sides of four male and three female untreated and two male and two 
female DHT-treated frogs were examined; one section from each larynx 
was used. Sections were stained with uranyl acetate and lead citrate. 
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Figure 1. Electron micrographs of nerve (A) and nerve remnant (B) in innervated and denervated laryngeal muscle. The intact nerve contains 
well-defined axons surrounded by myelin. The degenerating nerve contains no myelinated axons. Scale bars, 2 pm. 

Data analysis 
For each of the dependent measures (number and size of laryngeal 
muscle fibers), a repeated-measures analysis of variance (ANOVA) was 
performed, using one within-subject factor (innervation/denervation) 
and two between-subject factors (sex and DHT treatment). For each 
dependent measure, the effects of-and the interactions between-in- 
nervation, sex, and treatment were examined. If a significant effect of 
sex on a dependent measure was present, then post hoc t tests were used 
to determine which sex was more affected. 

Results 
Nerve ultrastructure 
No indication of reinnervation in the denervated halves of la- 
ryngeal muscle was present at death. The consequences of sur- 
gical denervation were further assessed by comparing dener- 
vated and innervated sides of larynges in the electron microscope. 
Bundles of myelinated axons are prominent in sections through 
innervated laryngeal muscle (Fig. 1A). No myelinated axons are 
present in denervated laryngeal muscle. Degenerating, unmy- 
elinated axons are present in some denervated muscles; the 
nerve is markedly atrophic (Fig. 1B). No signs of reinnervation 
in denervated muscle were seen in the electron microscope. We 
conclude that at 4 weeks after denervation there are no healthy 
axons in laryngeal muscle. 

Fiber twitch type 
Juvenile male and female laryngeal muscle contains a mixed 
population of slow- and fast-twitch fibers in innervated and 

denervated muscle (Fig. 2). With the acid-stable ATPase meth- 
od, the small, darkly staining fibers are slow and the large, lightly 
staining fibers are fast (Sassoon et al., 1987). There is no effect 
of denervation on the composition of fibers in male or female 
laryngeal muscle; the percentage of slow-twitch fibers is the same 
on the innervated and denervated sides (p > 0.05; Fig. 3). DHT 
treatment completely converts both innervated and denervated 
laryngeal muscle to all fast twitch (Fig. 2); there are no slow- 
twitch fibers in androgen-treated male or female laryngeal mus- 
cle (Fig. 3). 

We conclude that androgen-induced conversion of muscle 
fiber twitch type in laryngeal muscle does not rely on innerva- 
tion. Since the percentage of slow-twitch fibers was the same in 
untreated innervated and denervated muscle, denervation by 
itself does not affect the relative proportion of slow-twitch fibers. 
There was no sex difference in the effects of denervation or 
androgen treatment on fiber type composition. 

Muscle fiber size 

Denervation results in atrophy and DHT treatment in hyper- 
trophy of male and female laryngeal muscle fibers (Fig. 4). The 
range of fiber sizes is broad (25-225 pm* for untreated animals, 
30-450 pm2 for DHT-treated animals) but approximates a nor- 
mal distribution. In both untreated and DHT-treated larynges, 
the mode and mean of the denervated fibers are shifted to the 
left (fiber area decreases). In both innervated and denervated 
larynges, DHT treatment causes an overall shift to the right 
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Figure 2. ATPase histochemistry in male laryngeal muscle. A and B, Untreated muscle from the innervated (A) and denervated (B) sides of the 
same juvenile male 4 weeks after denervation. C and D, DHT-treated muscle from the innervated (C) and denervated (0) sides of the same male 
4 weeks after treatment and denervation. Identical results were observed in female laryngeal muscle. Scale bar, 20 rm. 

(fiber area increases) as well as a broadening of the distribution 
of fiber sizes. The effect of DHT treatment is less pronounced 
in denervated fibers. 

Denervated muscle fibers are smaller than innervated muscle 
fibers in both untreated and treated muscle (innervated vs de- 
nervated, p < 0.005; Fig. 5). DHT treatment induces significant 
hypertrophy of both denervated and innervated laryngeal mus- 
cle fibers (untreated vs DHT treated, p < 0.0005). Thus, at the 
level of individual fibers, androgen-induced growth can occur 
even in the absence of the motor nerve. There is no sex difference 
in fiber size regardless of state of innervation or hormone treat- 
ment (p > 0.1). The effects of denervation and DHT treatment 
on fiber size are independent (p > 0.1). In addition, there is no 
sex difference in the effects of denervation (p > 0.2) or DHT 
treatment (p > 0.1). There is no significant three-way interaction 
among sex, denervation, and DHT treatment (p > 0.6). 

Laryngeal muscle fiber number 
We next examined effects of denervation and androgen treat- 
ment on laryngeal muscle fiber number (Fig. 6). In untreated 
males, muscle fiber number is significantly lower on the dener- 
vated side (p < 0.005, paired t test). In untreated females, how- 
ever, fiber number is not significantly different between the in- 
nervated and denervated sides. DHT treatment produces a 
significant increase in fiber number on the innervated, but not 
on the denervated, side of the larynx in females (paired t test, 
p < 0.005). In DHT-treated males, fiber number on the inner- 

‘3 d ‘3 cf 
DHT DHT 

Figure 3. The percentage of slow-twitch fibers in untreated and DHT- 
treated male and female larynges. DHT treatment converts all fibers to 
fast twitch; there are no slow-twitch fibers. There is no difference in the 
percentage of slow-twitch fibers between innervated and denervated 
sides or between males and females. Each bar indicates the mean and 
SD for six animals. 
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innervated Denervated 

Figure 4. Frequency histograms of ti- 
ber sizes in male and female untreated 
and DHT-treated larynges. For a rep- 
resentative frog from each group, fiber 
cross-sectional areas (pm2) of 60 fibers 
from the innervated and denervated half 
of the larynx are illustrated. The mean 
is indicated by the vertical line. 
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I Innervated 
Denervated 

‘3 d ‘3 cf 
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TW 
Three way interaction. analysis of variance; P>.6 

Figure 5. Laryngeal muscle fiber size in untreated and DHT-treated 
male and female larynges. Asterisks indicate significant differences. The 
mean and SD for four animals from each group are illustrated (top). 
Results of an ANOVA reveal significant effects of each independent 
variable (sex, denervation, DHT treatment) on the diagonal (bottom), 
and their pairwise interactions above the diagonal. The three-way in- 
teraction was not significant. 

vated side of the larynx does not differ significantly from that 
on the denervated side (innervated vs denervated, p > 0.05). 
Since androgen treatment results in similar fiber number on the 
innervated and denervated sides of male larynx, it is likely that 
DHT compensates for the loss of innervation. 

Thus, sex, denervation, and DHT treatment all have a sig- 
nificant effect on laryngeal muscle fiber number (Fig. 6). The 
effect of denervation is sexually dimorphic (p < 0.0 1). However, 
the effect of DHT treatment is the same in the sexes (p > 0.6). 
The effects of denervation and DHT treatment on fiber number 
are independent (p > 0.4). Because the effect of DHT treatment 
varies with both innervation and sex, there is a significant three- 
way interaction between sex, denervation, and DHT treatment 
(p < 0.03). 

Laryngeal muscle was examined with the electron microscope 
to determine the size of the smallest fibers and to examine the 
muscle for degenerating fibers (Fig. 7). Because fiber size de- 
creases in denervated muscle, we were concerned that some 
fibers might atrophy to a size below the resolution of the light 
microscope and therefore be excluded from fiber counts. The 
smallest fibers observed in the electron microscope were ap- 
proximately 2 wrn, which is large enough to be detected in the 
light microscope. Thus, our fiber counts probably include every 
fiber. We wished to determine if the lower fiber number ob- 
served in denervated, but not innervated, male laryngeal muscle 
was due to fiber degeneration. No evidence of fiber degeneration 
was present in DHT-treated muscle (innervated or denervated) 
or in innervated muscle (male or female). However, in untreat- 
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Figure 6. Laryngeal muscle fiber number in untreated and DHT-treat- 
ed male and female larynges. Asterisks indicate significant differences. 
The mean and SD for six animals from each group are illustrated (fop). 
Results of an ANOVA reveal significant effects of each independent 
variable (sex, denervation, DHT treatment) on fhe diagonal (bottom), 
and their pairwise interactions above the diagonal. The three-way in- 
teraction was significant. 

ed, denervated muscle, degenerating fibers were present in both 
sexes; examples of such fibers in male denervated muscle are 
illustrated (Fig. 7). We conclude that the decreased number of 
muscle fibers in denervated male laryngeal muscle is due to fiber 
necrosis. Because degenerating fibers were also present in female 
muscle, we conclude that fiber loss is also occurring in females 
but either is of less magnitude or is slower than the comparable 
process in males. 

Discussion 
Conversion ofjiber twitch type is androgen dependent and 
nerve independent; the ej$ects of denervation and DHT 
treatment are the same in males and females 
In Xenopus laevis, androgen secretion is responsible for the de- 
velopmental transformation of muscle fiber types in male la- 
ryngeal muscle from mixed fast- and slow-twitch to entirely 
fast-twitch (Sassoon et al., 1987; Tobias et al., 199 1 b). Neither 
females nor males castrated before PM2 ever undergo fiber 
transformation. Previous studies have shown that androgen 
treatment in juvenile frogs can convert laryngeal muscle to all 
fast-twitch (Sassoon et al., 1987; Tobias et al., 199 1 b). One aim 
of this study was to determine whether innervation provided 
by the motor nerve is required for androgen-induced fiber trans- 
formation. The answer is clearly no. Denervation has no effect 
on DHT-induced fiber transformation in male or female laryn- 
geal muscle. 

A similar result has been found in developing rat hindlimb 
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Figure 7. Electron micrographs of degenerating muscle fibers in a male denervated laryngeal muscle. A, Degenerating muscle fiber engulfed by a 
macrophage (Mu). The cell at lower left (5’) has the morphological characteristics of a satellite cell. B, Degenerating fiber undergoing necrosis; note 
the condensed chromatin in the myonucleus (M), large vacuoles, and distended mitochondria (arrow). Scale bar, 2 pm. 

muscle in which thyroid hormone treatment induces precocious 
adult myosin expression in both innervated and denervated 
muscle (Russell et al., 1988). A large body of evidence in other 
muscles, however, suggests that innervation can strongly influ- 
ence muscle fiber type (reviewed in Jolesz and Streter, 1981). 
To what extent is the neural independence of fiber type expres- 
sion a special property of these hormone-sensitive muscles? 
Until quite recently, in vivo and in vitro studies on chick and 
rodent muscle suggested that the earliest-appearing muscle fi- 
bers, primary myotubes, are nerve independent; primary my- 
ofibers form and express characteristic myosins without inner- 
vation (Butler et al., 1982; Crow and Stockdale, 1986; Hoh et 
al., 1989). Secondary myotubes, which arise subsequently and 
form the bulk of fibers in adult muscles, were thought to require 
innervation for proliferation and survival in vivo; this depen- 
dence made it difficult to assess whether expression of muscle- 
specific fiber types requires innervation (Harris, 198 1; Mc- 
Lennan, 1983; Ross et al., 1987). A reinvestigation of this issue 
in chick limb has revealed a population of secondary myofibers 
that survive the absence of the nerve or its activity (Fredette 
and Landmesser, 1991). These secondary myotubes express 
characteristic fiber types in the absence of innervation. Aneural 
muscle of embryonic rat hindlimbs has also been shown to 
express stage-appropriate myosins (Condon et al., 1990). Thus, 
recent experiments suggest that the nerve is not required for 
expression of muscle-appropriate myosins in developing mus- 
cle. Hormone-sensitive muscles, unlike other skeletal muscles, 
do depend on endocrine factors for expression of adult myosins. 

The mechanism by which hormones induce fiber switching 
is not yet clear. Male larynges undergo a rapid period of muscle 
fiber addition during early postmetamorphic development 
(Marin et al., 1990). Conversion from mixed slow and fast to 
all fast fibers could involve either switching myosin expression 
in existing fibers or the death of slow fibers and their replacement 
by newly formed fast fibers. We currently favor the switching 
hypothesis because muscle fiber number is nearly adult at the 
time when laryngeal muscle conversion begins (Marin et al., 
1990) and, as we describe here, no signs of fiber degeneration 
are observed in innervated developing male muscle. Treatment 
with DHT also induces an all fast-twitch complement of fibers 
without any evidence of fiber degeneration. Thus, androgen- 
induced fiber switching is probably due to conversion of slow- 
twitch fibers to fast-twitch fibers. 

Because these experiments required rapid switching of muscle 
fiber type accomplished through exposure to supraphysiological 
levels of androgen, we cannot rule out the possibility that the 
androgen-sensitive motor neuron contributes to fiber conver- 
sion during the 6 month period in which fiber type normally 
masculinizes. However, androgen-induced muscle fiber con- 
version in denervated muscle strongly suggests that androgen 
can act directly on the muscle to induce transformation of twitch 
type. Fiber type conversion could be accomplished via DHT- 
regulated expression of a fast-twitch myosin. We have recently 
cloned a laryngeal-specific myosin heavy chain gene from the 
X. luevis larynx (Catz et al., 1992). Expression of this gene is 
sexually differentiated and androgen-regulated as is fiber twitch 
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type, and could be responsible for androgen-regulated muscle 
fiber type conversion. 

Fiber size is afected by innervation and androgen; there is no 
sex d@erence in the effects of denervation and DHT treatment 
on fiber size 
Denervation produces atrophy and androgen produces hyper- 
trophy in male and female laryngeal muscle fibers. The effects 
of hormone treatment and state of innervation are independent 
and additive. Effects are independent because DHT increases 
muscle fiber size in both denervated and innervated larynges 
and because denervation decreases muscle fiber size in both 
untreated and hormone-treated larynges. Effects are additive 
because the combined effect of innervation plus DHT treatment 
is greater than the effect of either alone. 

Since both laryngeal muscle and motor neurons express an- 
drogen receptor at this stage of development, as do neurons in 
most brain nuclei of the “calling pathway” (Gorlick and Kelley, 
1986; Kelley et al., 1989) androgen could be acting either on 
the muscle directly or via the motor neurons to produce fiber 
hypertrophy. Our data show that androgen can produce larger 
muscle fibers directly, without the presence of the motor nerve, 
although maximal hypertrophy requires innervation. It is not 
clear whether innervation per se, as opposed to innervation by 
androgen receptor+xpressing motor neurons, is specifically re- 
quired for achievement of maximal fiber size. Cross-innervation 
by non-androgen receptor-expressing motor neurons could ad- 
dress this question. 

Effects ofandrogen and denervation have also been examined 
in a sexually dimorphic muscle of rats, the levator ani. In young 
adult rats, testosterone treatment increases muscle weight in 
innervated but not in denervated levator ani (Godinho et al., 
1987b), suggesting that an intact nerve supply is required for 
maximal growth. Muscle atrophy in response to castration or 
denervation is regulated somewhat differently: castration pro- 
duces greater atrophy than denervation and combined effects 
do not exceed those of castration alone (Godinho et al., 1987a). 
In older males, however, denervation and castration do produce 
greater atrophy of levator ani than either treatment alone (Araki 
et al., 1991). Muscle size in levator ani is influenced by both 
androgen and innervation as in X. laevis larynx; whether effects 
are additive may depend on the age of the animal. 

X. faevis larynx differs from rat levator ani in that muscle size 
is not androgen dependent in adulthood (Segil et al., 1986; Wat- 
son and Kelley, 1992). In juveniles, castration halts but does 
not reverse the progress of masculinization (Marin et al., 1990; 
Tobias et al., 1991b). This species difference may reflect the 
opportunistic breeding strategy used by X. laevis but not by rats. 
In X. laevis, bouts of courtship song and spawning activity are 
rapidly triggered during a prolonged breeding season by rainfall 
and subsequent drops in temperature (Kalk, 1960). Involution 
of laryngeal muscle between spawning bouts would place in- 
dividual males at a competitive disadvantage in attracting fe- 
males. 

The effects of denervation are mediated by a reduction in the 
activity of muscle fibers; atrophy can be induced by blocking 
neuromuscular transmission and prevented by direct stimula- 
tion of the muscle (Goldspink, 1980). Muscle activity may also 
be involved in androgen regulation of fiber size. In a related 
androgen-sensitive system, the clasper motor neurons of X. Iae- 
vis, androgen increases excitability and castration decreases ex- 
citability (Erulkar et al., 198 1). In laryngeal myotubes cultured 

from adult myoblasts, androgen has been shown to increase the 
conductances and mean channel open times of ACh receptors 
(Erulkar and Wetzel, 1989). It is thus possible that the additive 
effects of androgen and innervation on laryngeal muscle fiber 
size reflect increases in the activity of laryngeal motor neurons 
and in the excitability of laryngeal muscle fibers. 

Fiber number depends on sex, innervation, and androgen 

Denervation causes a significant decrease in laryngeal fiber num- 
ber in male frogs. A difference in fiber number between the 
innervated and denervated sides of male larynges could be due 
either to fiber loss on the denervated side or to fiber addition 
only on the innervated side. The first alternative implies that 
the nerve is required for the maintenance of existing fibers and 
that denervation results in cell death. The second alternative 
implies that the nerve is required for ongoing fiber addition and 
that the decrease in fiber number on the denervated side rep- 
resents failure to add new fibers. Two lines of evidence favor 
the first alternative. The rate of fiber proliferation has been 
determined in male and female larynges throughout postme- 
tamorphic development (Marin et al., 1990). At the stage when 
the larynx was denervated, fiber proliferation is slow in males. 
The number of fibers added during the 4 week period of de- 
nervation (- 1000) is considerably less than the observed dif- 
ference between the innervated and denervated sides (- 10,000 
fibers). Thus, the difference in fiber number between the inner- 
vated and denervated sides cannot be due solely to fiber addition 
on the innervated side. Furthermore, degenerating fibers were 
observed in denervated muscle while no degenerating fibers were 
found in innervated muscle. Together, these data suggest that 
the nerve is required for maintenance of existing fibers and 
denervation results in fiber death. 

Fiber number is similar on the innervated and denervated 
sides ofDHT-treated male larynges. Thus, DHT treatment com- 
pensates for denervation-induced fiber loss in males. Although 
the ultimate effect of innervation or DHT treatment on fiber 
number is the same, it is not clear if they act through the same 
mechanism. For example, DHT might induce fiber proliferation 
in denervated muscle rather than maintain existing fibers on the 
denervated side. It is difficult to distinguish between these pos- 
sibilities since fibers were counted long after (4 weeks) the nerve 
was severed. However, no degenerating fibers were observed in 
DHT-treated, denervated muscle, suggesting that DHT, like the 
nerve, maintains existing fibers. Also, there is no difference in 
fiber number on the innervated side of untreated or DHT-treat- 
ed larynges, suggesting that DHT does not induce fiber prolif- 
eration in juvenile males. 

Denervated male larynges lose nearly one-third of their fibers. 
Denervated female larynges do not lose fibers although ultra- 
structural studies indicate that female larynges are undergoing 
some fiber degeneration. These data suggest that male laryngeal 
muscle is more sensitive to denervation than is female laryngeal 
muscle. A possible explanation for this sex difference in fiber 
loss is that newly formed fibers, or myotubes, are more suscep- 
tible to denervation than are older fibers. Our fiber counts in- 
clude both myofibers and myotubes, as these cannot be distin- 
guished in the light microscope (Marin et al., 1990). Fiber 
addition prior to PM2 is very rapid in male larynx (approxi- 
mately 25,000 fibers are added) and slow in female larynx (ap- 
proximately 3000 fibers are added; Marin et al., 1990). Thus, 
there are many more newly added fibers in males than in females 
at the stage when the larynx was denervated. 
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In a previous experiment, testosterone treatment-induced Ii- 
ber addition in the female larynx at PM0 but not at PM2 (Marin 
et al., 1990). In this study, however, fiber addition was induced 
by DHT treatment in PM2 females. DHT may be a more my- 
ogenic androgen or females may convert testosterone to estro- 
gen, a nonmyogenic steroid in larynx. Does androgen-induced 
fiber addition in females, but not in males, suggest that there is 
a different population of myoblasts in the sexes? Not necessarily. 
Androgen-induced fiber addition in males ends at PM2; males 
castrated at PM2 continue to add fibers slowly, as do intact PM2 
males (Marin et al., 1990). Androgen-sensitive myoblasts in the 
male may be depleted by PM2 due to prior androgen-induced 
myogenesis while androgen-sensitive myoblasts in the female 
are still available for stimulation by exogenous androgen. 

Fiber addition in females is only observed on the innervated 
side, suggesting that both androgen and innervation are re- 
quired. We do not know if innervation is also required for 
androgen-induced fiber addition in male larynx. If  so, androgen 
could either affect the muscle directly or affect the muscle in- 
directly via the nerve. Some laryngeal myoblasts may require 
both a neural trophic factor as well as androgen for proliferation. 
Alternatively, androgen might act only on the motor neurons 
to induce myoblast proliferation. 
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