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Plantaris muscle hypertrophy resulting from surgical ablation 
of the synergistic gastrocnemius muscle was compared between 
nontumor- and GH, tumor-bearing rat groups (n = 8-10). GH, 
cells (10”) were subcutaneously injected into 150-g female Wis- 
tar-Furth rats to initiate the tumor. After 17 days, the tumor- 
bearing rats gained 5.7 g body wt/day compared with 2.0 for 
the nontumor-bearing rats. The left gastrocnemius muscle was 
surgically removed from both nontumor and tumor groups. The 
gastrocnemius was removed from the tumor group after an 
increased growth rate was achieved. Seven days after surgery, 
the animals were killed and plantaris muscles were removed. 
The wet weight of the left plantaris muscle increased 45.6 and 
44.0% over the unoperated contralateral control (right side) in 
the nontumor and tumor groups, respectively. The right control 
plantaris muscle in the tumor group was 63% heavier than the 
right control plantaris from the nontumor group; however, the 
proportion of body weight for plantaris was similar between 
the two groups. The effect of gastrocnemius ablation and tumor 
treatment on plantaris weight was additive, and the percent 
increase over the unoperated contralateral control side was 
similar between the two groups. These data demonstrate that 
skeletal muscle hypertrophy occurs in adult animals in which 
growth has been stimulated by a growth hormone-secreting 
tumor and could suggest that the muscle growth response 
caused by the tumor is operating by a mechanism different 
than work-induced hypertrophy. 
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DIFFERENTIATED SKELETAL MUSCLE retains the ability 
to grow in response to a variety of physical and biochem- 
ical influences. Among these are increased work, in- 
creased stretch, and increased circulating levels of spe- 
cific hormones. Muscle hypertrophy caused by passive 
stretch has been demonstrated experimentally in vivo by 
tendon shortening (17), tenotomy (6), limb immobiliza- 
tion (7, 21), wing stretch (3, 12), and in vitro stretching 
of cultured muscle cells (24). Compensatory enlargement 
of skeletal muscle has been studied by surgical ablation 
of a synergistic muscle (lo), and it has been demonstrated 
that the muscle fibers hypertrophy (8). 

The biochemical factors responsible for muscle hyper- 
trophy have not been identified. Sturek et al. (19) pos- 
tulated that the hypertrophic response of skeletal muscle 
may be caused by local production of somatomedinlike 
activity. However, their later study (5) demonstrated that 
extracts of tenotomized muscle promoted growth of fi- 

broblasts but insulin-like growth factor l/insulin-like 
growth factor 2 (IGF-l/IGF-2) activity was not detected. 
Other methods of increasing muscle mass in adult rats 
are with injections of growth hormone(s) or with pitui- 
tary-derived GH3 cells that secrete both growth hormone 
and prolactin (23). In adult female Wistar-Furth rats, 
the tumor results in a rapid increase in body, muscle, 
and organ weights (15; and Turner, Novakofski, and 
Bechtel, unpublished observations). High plasma levels 
of growth hormone and IGF-1 have been reported during 
this period of rapid growth (4). 

In this study we investigated hypertrophy of the plan- 
taris produced by surgical ablation of a synergist muscle, 
enlargement of the plantaris caused by a growth hor- 
mone-secreting tumor, and their additivity. The results 
suggest that the increased levels of growth hormone 
support overall animal growth and muscle enlargement 
but do not diminish the surgical ablation hypertrophic 
response of the plantaris muscle. 

MATERIALS AND METHODS 

Animals. Female Wistar-Furth rats were obtained 
from Harlan Sprague-Dawley, Madison, WI, and fed a 
commercial laboratory chow ad libitum. Animals were 
assigned to a control or experimental group and were 
periodically weighed throughout the course of the exper- 
iment. Animals were 9-10 wk of age at the beginning of 
the experiment. 

Tumors. GH3 rat pituitary tumor cells (ATCC CCL 
82.1) were obtained from American Type Culture Collec- 
tion. Cells (2 X 106) were plated in 150-mm Falcon tissue 
culture dishes grown in a humidified atmosphere con- 
taining 5% CO2 and maintained in Ham’s F-10 medium 
supplemented with 7.5% horse serum, 7.5 % fetal bovine 
serum, 50 pg/ml gentamicin, and 2.5 pg/ml amphotericin 
B. Cells were removed from the plates by mild trypsini- 
zation, sedimented by centrifugation, and resuspended 
in phosphate-buffered saline. Cell number was deter- 
mined using a hemocytometer, and lo6 cells were injected 
subcutaneously, anterior to the right hindlimb of the 
experimental group. Palpable tumors were detected in 
all members of the experimental group within 3 wk after 
injection of GH3 cells. 

Surgery and dissection. Animals of both control and 
tumored groups were anesthetized with ketamine and 
acepromazine (10 and 0.1 mg/lOO g ip, respectively). The 
left gastrocnemius was surgically removed, and the inci- 
sions were closed with wound clips. No operation was 
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performed on the right side of the animal. Tumor-bearing 
animals were operated on 40 days after GH, cell injec- 
tion. One week after gastrocnemius ablation, animals 
were anesthetized with ether and decapitated. Muscles, 
organs, and the tumor were dissected and weights were 
recorded. 

Statistical comparisons were made using the Statisti- 
cal Analysis System t test procedure (16). 

RESULTS 

Figure 1 shows the growth curves for control and 
experimental groups. The results indicate that animals 
given the GH3 tumor increased in body weight at a rapid 
rate compared with the control group. On day 0, the GH, 
cells were injected into the experimental group. Vertical 
arrows indicate times of gastrocnemius ablation for con- 
trol and experimental groups. During the lo-day period 
before surgery, the control group had an average daily 
weight gain of 2.0 g/day. During the X-day period after 
tumor cells were injected into the experimental group, 
they gained 1.64 g/day; however, after the tumors became 
palpable (day 21), their average daily weight gain in- 
creased 3.5fold to 5.69 g/day. Following the trauma of 
gastrocnemius ablation, both groups of animals showed 
a transient decrease in body weight that was subse- 
quently regained before termination of the experiment. 
Mature female Wistar-Furth rats are small and will reach 
an adult body weight of ~200 g at 4 mo of age. 

Table 1 lists the weights of various organs and tissues 
at the end of the experiment. Although the animals with 
GH3 cell tumors were killed later in the experiment, the 
large increases in tissue weights demonstrate the in- 
creased rate of somatic growth compared with control 
animals. Control side gastrocnemius muscle in the tu- 
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mor-bearing animals increased 90% in weight compared 
with the nontumor-bearing animals. Large increases in 
the plantaris muscle were also found. In other experi- 
ments we have seen that between 3 and 5 mo of age the 
weight of the plantaris muscle increased only 17 mg in 
controls and 24 mg in GH3-tumor Wistar-Furth rats 
(unpublished data), indicating that any effect from the 
unequal ages of the animals killed was small in compar- 
ison to the effects of experimental treatments. To com- 
pensate for the age difference between the two experi- 
mental groups, the tissue weights per 100 g body wt are 
expressed in Table 2. Liver, kidney, and renal fat pad 
were ‘all increased per unit body weight in the GHS- 
tumor-bearing rats, but muscle weights per 100 g body 
wt were not significantly different. 

Figure 2 shows the weights of plantaris and soleus 
muscles 1 wk after ablation of the synergistic gastrocne- 
mius. Statistical comparisons between muscle weights of 
nontumor- and tumor-bearing animals are not valid be- 
cause of age differences; however, the hypertrophied 
plantaris weights from the tumor group were 234% of 
the nontumor control plantaris. Muscle protein content 
was not determined. 

The relative percent hypertrophy of plantaris and so- 
leus muscles expressed as percent weight increase of left 
(operated) side compared with the right control side is 
shown in Table 3. The hypertrophied plantaris muscles 
had similar (46 and 44%) increases in weight compared 
with the unoperated side for both nontumor and tumor 
groups, respectively. As expected, using this animal 
model, the soleus muscle showed less hypertrophy than 
the plantaris muscle, a result consistent with our pilot 
study. The reasons for the higher variability in soleus 
enlargement are unclear, although this variation is con- 
sistent with previous reports. Gollnick et al. (8) reported 
a range of lo-47% for soleus hypertrophy 4 wk postsur- 
Fry* 

DISCUSSION 
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FIG. 1. Growth curves for Wistar-Furth female rats. Triangles, con- 
trol treatment; circles, GH3-tumor-injected treatment. Arrows are days 
on which gastrocnemius ablation were performed for control (day 15) 
and GH3-tumor (clay 40) treatments. 

The results of the present study show that animals 
with GH3 tumors undergo a rapid gain in body weight 
and muscle mass that does not affect the relative amount 
of compensatory muscle hypertrophy induced by syner- 
gist ablation. The plantaris muscles were larger (Table 
1) in tumor-bearing animals, but their relative proportion 
of total body weight remains similar. The degree of 
compensatory enlargement of the plantaris muscle 1 wk 
after gastrocnemius removal in the nontumor group 
agrees with previously published works (10). 

One of the objectives of this experiment was to exam- 
ine the additivity of growth hormone- and synergist 
ablation-induced muscle enlargement to provide evi- 
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TABLE 1. Tissue weights of control and GH3-tumor-bearing wtstar-p’urth female rats 

Treatment n ~ 
Heart Liver Kidney Tibia 

Tissue, mg 

Renal fat Gastrocnemius Plantaris Soleus Tumor 

Nontumor 8 639t36 7,083+555 661t55 337*14 1,240+230 636k58 178tl9 75k7 
Tumor 10 1,204+135* 18,155+1,626* 1,2952139* 479t43* 2,933k739* 1,210+99* 290*26* 128tl6* 8,368+3,292 

%Diff d-88 +156 -t-96 +42 +137 +90 +63 +71 

Values are means t SD. * Significant difference between nontumor and tumor treatments (P < 0.0001). 
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TABLE 2. Tissue weights of control and GH3-tumor-bearing Wistar-Furth female rats 
as a portion of body weight _____- ___-_----_- .~ ___-- 

Treatment n 
Heart Liver Kidney 

Tissue, mg/lOO g body wt 
_____- ~_______ 

Tibia 
Renal 

fat 
Gastronemius Plantaris Soleus 

~-- _____-~ -~-_ ~- 
Nontumor 8 351 3,896 363 185 686 349 98 41 
Tumor 10 372 5,612” 400* 148* 905* 374 90 40 ~- 

Tumor weights were subtracted from body weights of tumor-bearing group. Gastrocnemius, plantaris, and soleus values were calculated from 
unoperated control muscle weights. * Significant difference between treatments (P c 0.05). 
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FIG. 2. Weight of control and hypertrophied plantaris and soleus 
muscles. Values are means t SD. 

TABLE 3. Percent hypertrophy of plantaris 
and soleus muscles 
--_____ -____~-~ ----- -- 

Hypertrophy, % of 

Treatment n contralateral control 

Plantaris Soleus 

Nontumor 
Tumor 

8 45.6t28.4 28.6k14.7 
10 44.0t14.5 6.87t22.8 

Values are means & SD determined 1 wk after gastrocnemius abla- 
tion 

dence for the possible role of locally generated somato- 
medins in mediating muscle hypertrophy resulting from 
physical stress. Therefore, we were interested in periods 
of the most dynamic changes in muscle size because this 
would be expected to be the time when differences or 
similarities in regulatory processes would be most appar- 
ent. In the synergist ablation model, apparent hypertro- 
phy occurs rapidly, but there is concern this may result 
from edema or inflammation. The reason for choosing 7 
days postsurgery at the time of death was because inflam- 
mation from the surgical trauma is subsiding (1) at this 
point, although the degree of hypertrophy of the plantaris 
is still increasing (10). Because muscle protein was not 
determined in these experiments, it is possible that some 
of the increased muscle weight observed in individual or 
combined treatments did not derive from increased mus- 
cle protein. 

Several of the physical and biochemical parameters 
contributing to compensatory enlargement of the plan- 

taris following synergist ablation or tenotomy have been 
examined (1, 2, 9, 10, 25). Armstrong et al. (1) reported 
that after removal of the gastrocnemius an initial rapid 
phase of compensatory enlargement lasting 2 days was 
due to the surgical trauma. These authors also reported 
that reducing capacity of the hexose monophosphate 
shunt, which was used as an indicator of inflammation, 
declined markedly between 5 and 9 days postsurgery (1). 
During this initial hypertrophy, serum albumin was 
found in the muscle (25). After 2 days of compensatory 
growth, transient changes in total protein concentration 
and enzyme levels occur and eventually a steady-state 
hypertrophy occurred (2, 10). Four weeks after synergist 
ablation, compensatory enlargement of plantaris has 
been reported to result in fiber hypertrophy, with no 
greater incidence of muscle pathology compared with 
controls (8). 

Rats that have been hypophysectomized before syn- 
ergist ablation undergo hypertrophy (9). The hypophy- 
sectomy experiments demonstrate that growth hormone 
is not necessary for a hypertrophic response; however, 
one could postulate that locally produced somatomedin- 
like factors mediate the hypertrophic response. Our ex- 
periment, however, suggests a direct role of local soma- 
tomedins in induced hypertrophy is unlikely. 

The GH3 cells used in this study are a clonal strain of 
rat pituitary tumor cells known to secrete growth hor- 
mone and prolactin (22). Female Wistar-Furth rats with 
tumors induced by injection GH3 cells grow rapidly and 
have very high levels of circulating growth hormone 
(loo-1,000 rig/ml) and prolactin (15). Somatomedin 
levels are reportedly elevated two- to fivefold (4, 18, 26). 
In experiments in our laboratory, we have seen an ap- 
proximate threefold elevation of bioassayable somato- 
medin 7-8 wk after GH3 cell implantation. This time 
frame also coincides with the point of rapid hypertrophy 
of hindlimb muscles (unpublished data). If locally pro- 
duced somatomedinlike factors are working through the 
somatomedin receptors during hypertrophy, one could 
expect less hypertrophy in the GH3-tumor group, which 
was already responding to elevated circulating somato- 
medin. This was not the case as indicated by the nearly 
identical response in percent hypertrophy in the tumor- 
and nontumor-bearing animals. 

In vitro studies have shown that cultured chicken 
skeletal myotubes that were stretched (24) had an in- 
creased accumulation of myofibrillar protein. Hypertro- 
phy of stretched myotubes would support the hypothesis 
that circulating endocrine growth factors are not neces- 
sary for muscle cell hypertrophy; however, production of 
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an autocrine factor is not ruled out. 
Growth factors have been suggested to be involved in 

muscle growth and muscle hypertrophy. Soluble extracts 
of chicken muscles hypertrophied by passive stretch have 
been reported to stimulate cell proliferation and differ- 
entiation of myotubes in vitro (20). Similarly, extracts 
of hypertrophied rat plantaris muscle have been reported 
to contain factors that stimulate growth of chicken em- 
bryo fibroblasts, and the factor(s) that cause fibroblast 
growth were reported to be different from IGF-l/IGF-2 
using competitive protein binding assays (5). Fractiona- 
tion of growing skeletal muscle has produced two factors 
that stimulate proliferation of cultured myoblasts. One 
of these factors is transferrin and the other may be a 
small molecular weight protein (11, 13). 

Muscle hypertrophy results in the same number of 
muscle fibers but both the protein content and number 
of nuclei per muscle fiber are increased. The nuclei 
number is increased by proliferation of satellite cells that 
fuse with the muscle fiber (14). Clearly, the satellite cells 
have resulted in more muscle in the GH3-tumor-bearing 
muscles, possibly through increased levels of somato- 
medin. Our hypertrophy experiment would appear to rule 
out production of a somatomedinlike factor that causes 
proliferation of satellite cells A change in receptor num- 
ber or affinity for somatomedin in hypertrophying mus- 
cle cannot be ruled out. Other possible mechanisms could 
include the local release of other types of growth factors 
from muscle that affect the satellite cells or the release 
of some inhibition of satellite cell proliferation by the 
hypertrophy event (e.g., stretch, work overload). 

Growth hormone is probably the circulating endocrine 
factor that initiates the mechanism(s) causing the in- 
crease in rate of body weight observed in the GH3-tumor 
group of rats. Although the tumor-bearing experimental 
group of animals were growing at a faster rate than the 
control group, the percent of work-induced hypertrophy 
was the same in both groups. This result would support 
the concept that muscle growth induced by the GH3 
tumor is operating via a mechanism different from that 
of compensatory hypertrophy. 
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