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ANTONIO, JOSE, AND WILLIAM J. GONYEA. RoZe of muscle 
fiber hypertrophy and hyperplusia in intermittently stretched 
auian muscle. J. Appl. Physiol. 7414): 1893-1898, 1993.~In the 
chronic stretch model, muscle fiber hyperplasia precedes fiber 
hypertrophy [Alway et al. Am. J. Physiok 259 (Cell PhysioZ. 28): 
C92-ClO2,1990]. This study was undertaken to determine if an 
intermittent stretch protocol would induce fiber hypertrophy 
without fiber hyperplasia. A weight equal to 10% of the bird’s 
mass was attached to the right wing of seven adult quail while 
the left wing served as the intra-animal control. The weight was 
attached to the wing for 24-h periods interspersed with a 48- to 
72-h rest interval. The actual stretch time was 5 days while the 
length of the treatment period was 15 days. Muscle mass and 
length increased significantly 53.1 t 9.0 and 26.1 t 7.3% in the 
stretched anterior latissimus dorsi. Fiber number, which was 
determined from a histological section in the midregion of the 
muscle, did not change (control 1,6X.6 t 94.8; stretch 1,626.O t 
70.9). The slow tonic fiber areas increased significantly an 
average of 28.6 * 5.7%, whereas the fast fibers increased 18.5 zt 
8.4% when compared with control values. Mean fiber area 
(average of slow and fast fibers) increased significantly by 
27.8 t 6.0% in the stretched anterior latissimus dorsi. There 
were no differences in the percentage of slow fibers or volume 
density of noncontractile tissue. These data indicate that mus- 
cle adapts differently to intermittent stretch than it does to 
chronic stretch despite an equivalent load and stretch duration. 
In contrast to chronic stretch, 5 days of intermittent stretch 
produces muscle fiber hypertrophy without fiber hyperplasia. 

skeletal muscle 

SKELETALMUSCLEUNDERGOESPROFOUND biochemical, 
morphological, and physiological changes as a result of 
overload. Animal models of overload that produce mus- 
cle enlargement include surgical ablation (26,28,31), ex- 
ercise (10, 11,15,17,18,25), and stretch (l-4,7,9,14,21, 
23, 24, 29, 33, 34). Although it has been commonly ac- 
cepted that enlargement of adult skeletal muscle is due 
mainly to fiber hypertrophy, the role of fiber hyperplasia 
has become more widely accepted in recent years (1, 2, 
18, 21, 24). Recent work using the avian stretch model 
has demonstrated that chronic stretch of 5 days induces 
fiber hyperplasia followed by fiber hypertrophy 2 days 
later (1). Additionally, anterior latissimus dorsi (ALD) 
muscle stretched chronically for 30 days has demon- 
strated mass increases averaging 180% (2). This mass 
increase is far greater than those reported in exercise or 
surgical ablation models of overload (15,18,19,26,28,31, 
35). Also, the rapid onset of fiber hyperplasia in chroni- 

tally stretched muscle differs from surgical ablation and 
exercise (1). 

The cellular responses of muscle that has undergone 
intermittent stretch are not well known. A report by 
Frankeny et al. (9) found that daily passive stretch for 6 
wk ranging from 30 min to 24 h per day resulted in signifi- 
cant increases in muscle fiber areas in the patagialis 
muscle of normal and dystrophic chickens. Additionally, 
DeVo1 et al. (7) found that intermittent stretch of the 
chicken patagialis resulted in significant muscle mass in- 
creases; however, these investigators did not measure 
muscle fiber area or number. Therefore, the cellular 
mechanisms contributing to muscle enlargement are un- 
known. 

The effects of a rest interval between stretch periods 
on muscle enlargement are unclear. Perhaps by allowing 
an interval of recovery between stretch periods the mus- 
cle may undergo a different adaptive response. Investi- 
gators have suggested that a single bout of eccentric con- 
tractions has a protective effect on muscle such that any 
subsequent bout would produce little or no structural 
damage (8). Therefore, it could be speculated that muscle 
undergoing intermittent stretch would recover from the 
initial stretch bout and the amount of muscle fiber injury 
after subsequent stretch periods would be less. Chronic 
stretch, on the other hand, does not allow for a recovery 
or rest interval and therefore results in significant mus- 
cle fiber injury (34). Hence, the initial fiber hyperplasia 
in the chronically stretched ALD may be an injury-re- 
lated phenomenon (1). Moreover, White and Esser (32) 
have speculated that the differences in adaptive response 
between the stretch model and other models (e.g., exer- 
cise, surgical ablation) may be due to the absolute magni- 
tude of the stimulus. Therefore, the purpose of this study 
was to determine if significant fiber hypertrophy pre- 
ceded fiber hyperplasia during the initial phase of en- 
largement. Alternatively, muscle stretch may induce 
fiber hyperplasia independent of the stimulus magni- 
tude. The early onset of fiber hyperplasia after 5 days of 
chronic stretch would support this hypothesis. 

MATERIALS AND METHODS 

Animals 

Seven adult Japanese quails (Coturnix coturnix Japon- 
ica) were used as the experimental animal. The birds 
were 26 wk old and were housed in separate cages with a 
12:12-h light-dark cycle. They received water and Purina 
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TABLE 1. ~tretch~rotocCd 

Day 

1 
2 and 3 
4 
5, 6, and 7 
8 
9 and 10 
11 
X2,13, and 14 
15 

Animal was killed after day 15. 

Protocol 

Stretch 
Rest 
Stretch 
Rest 
Stretch 
Rest 
Stretch 
Rest 
Stretch 

Turkey Starter ad libitum. Before initiation of the 
stretch procedure, the birds were weighed daily until 
their body weights were stable. 

Induction of Muscle Hypertrophy 

The ALD muscle was the muscle examined in the 
quail. This muscle is an adductor and extensor of the 
humerus. The ALD muscle of one wing served as control 
while the ALD of the contralateral wing served as the 
experimental side. The stretching procedure was simiiar 
to that described previously (33,34). A Velcro tube filled 
with lead pellets was wrapped around the right wing of 
the birds while the left wing served as the intra-animal 
control. A Velcro strap ensured that the weight remained 
on the bird. Additionally, this method is noninvasive. 
The weight of the Velcro cuff was equivalent to 10% of 
the bird’s weight. This cuff was attached for 24-h periods 
with a 48- to 72-h rest interval between stretch bouts. 
The total number of stretch days was 5, and the total 
number of treatment days was 15 (Table 1). The animals 
were killed by an overdose of 50 mg pentobarbital sodium 
within 1 h after the removal of the weight after the last 
day of the stretch stimulus. 

Quantitative Analysis 

Muscle weight and length. The right and left ALD mus- 
cles were dissected, removed, and trimmed of excess con- 
nective tissue while the integrity of the fibers was main- 
tained. The muscle wet weights and muscle lengths were 
determined. 

Fiber cross-sectional area. After removal of the AL?D 
muscle from the quail, the tissue was mounted on a plas- 
tic dish with tragacanth gum and quick frozen in isopen- 
tane chilled in liquid nitrogen and later processed for 
histochemistry. The muscle fibers were stained for myo- 
sin adenosinetriphosphatase. Fiber types were deter- 
mined after acid and alkaline preincubation. Most, mam- 
malian muscles show a reverse staining pattern after acid 
and alkaline preincubation; however, this does not occur 
in the quail ALD muscle. In the acid preincubation con- 
dition (pH = 4.39, the fast fibers stain lightly while the 
slow tonic fibers stain darkly (2). Both fiber types stain 
darkly under the alkaline preincubation condition (pH = 
10.45). Light micrographs were taken of the entire mus- 
cle cross section from the midregion of the muscle, and a 
photographic montage was assembled. Fiber cross-sec- 
tional areas were determined from 2500 slow fibers and 

all of the fast fibers (since ~500 exist in this muscle) by 
planimetry on a digitizing tablet. 

Fiber number. Fiber numbers and fiber type percent- 
ages were determined from histological cross sections. 
Myosin adenosinetriphosphatase staining of the ALD 
muscle fibers was used to identify fiber type and to count 
the total number of fibers. Because of the relatively small 
number of fibers in the ALD (- 1,500), it is fairly easy to 
examine the entire muscle and determine not only fiber 
number but also the location of nascent fibers. Fibers 
located in interfascicular spaces may be nascent fibers 
(24). The ALD muscle contains -1,500 fibers, which 
makes it ideal for doing complete fiber counts. Also, the 
muscle fibers run from origin to insertion; therefore, the 
use of histological cross sections for estimating fiber 
number is valid (2). 

Noncontractile tissue. The volume density of noncon- 
tractile tissue was assessed from frozen tissue stained 
with Trichrome. The midregion of the muscle was used. 
Point counting with an ocular insert with a lo-mm 
square grid having 121 intersection points was used to 
determine noncontractile tissue volume density. This 
was done using light microscopy (x40), with a minimum 
of 15 fields examined. 

Statistics 

Descriptive statistics include means t SE. The results 
of body mass were compared using a paired t test. Muscle 
mass, muscle length, fiber number, fiber areas, percent 
noncontractile tissue, and percent slow fibers were com- 
pared between stretch and control muscles with an un- 
paired t test. P < 0.05 was selected to indicate statistical 
significance. 

RESULTS 

Body Mass 

There were no differences in body mass before and 
after the stretch overload (preweight 149.1 t 6.0 g, post- 
weight 147.8 t 3.2 g). 

Muscle Muss and Length 

There was a significant increase (53.1 t 9.0%) in mus- 
cle mass after 5 days of intermittent stretch. Addition- 
ally, muscle length increased significantly (26.1 t 7.3%) 
in response to 5 days intermittent stretch (Table 2). 

Fiber Area and Fiber Type Profiles 

There were no differences in the percentages of slow 
fibers (88.5 t 1.9% in control muscle vs. 88.0 t 1.7% in 
stretched muscle). Stretched muscle exhibited uniform 

TABLE 2. Muscle mass and muscle length from ALD 
muscle: control vs. stretch 

Control Stretched %Difference 

Muscle mass, mg 49.7k2.4 75.3t4.2* 53.1+9.0 
Muscle length, mm 12.9t0.8 16.1kl.O” 26.1t7.3 

Values are means t SE; n = 7 quail. ALD, anterior latissimus dorsi. 
* P < 0.05, stretched vs. control. 



FIG. 1. Light micrographs comparing con- 
trol vs. stretched anterior latissimus dorsi mus- 
cle. A: control. B: stretch. Note difference in 
fiber areas between control and stretched mus- 
cles. Muscle fiber hypertrophy is uniform in 
stretched muscle. Slow tonic fibers are dark 
fast fibers are light. 
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TABLE 3. Fiber area, fiber number, und percent 
noncontractile tissue: control US. stretch 

Control Stretched % Difference 

Mean fiber area, pm2 1,105.0+83.5 1,390.6+71.9* 27,8t6.0 
Slow fiber area, pm2 1,126.1+82.9 1,426.1a72.6” 28.6k5.7 
Fast fiber area, pm2 883.4t61.6 1,041.2*95.9 18.5t8.4 
Fiber number 1,651.6*94.8 1,626.0+70.9 -0.7t3.6 
%Noncontractile 19.5kl.7 21.1+1.5 1.71t2.3 

Values are means k SE; n = 7 quail. Mean fiber area was calculated 
according to the formula: mean fiber area = (average slow fiber 
areas x %sfow fibers) + (average fast fiber area X %fast fibers). Total 
fiber number was determined by counts made on histological cross sec- 
tions. * P c 0.05, stretch vs. control. 

fiber hypertrophy (Fig. 1). The slow tonic fiber areas in- 
creased significantly an average of 28.6 t 5.7% (control 
1,126.l t 82.9 pm2; stretch 1,426.l t 72.6 pm2), whereas 
the fast fibers increased 18.5 t 8.4% (control 883.4 t 61.6 
pm2; stretch 1,041.2 t 95.9 pm2; P > 0.05). Slow tonic 
fibers were 30.0 t 10.8% larger than fast fibers in the 
control ALD (P > 0.05). In the stretched ALD, slow tonic 
fibers were significantly larger (44.0 t 15.7%) than fast 
fibers. Mean fiber area increased significantly by 27.8 k 
6.0% in the stretched ALD [mean fiber area = (average 
slow tonic fiber area X %slow fibers) + (average fast fiber 
area X % fast fibers)] (Table 3). 

Fiber Number 

Total fiber number was obtained from histological 
cross sections at the midbelly of the ALD muscle. The 
mean number of fibers in the control and stretched ALD 
muscles of seven birds did not differ (Table 3). 

Percent Noncontractile Tissue 

The percent noncontractile tissue obtained from the 
midbelly of the muscle did not differ between the stretch 
and control muscles (Table 3). 

DISCUSSION 

Chronic stretch of avian muscle has been shown to 
produce mass increases far greater than other models of 
skeletal muscle overload (2, 15, 16, 28). Alway et al. (2) 
has shown that 30 days of chronic stretch produced an 
average mass increase of 180%. After a treatment time of 
15 days, intermittent stretch produced a mass increase of 
53.1%. The mass increase after 5 days of intermittent 
stretch represents 100% of the final hypertrophy, since 
this stretch protocol has been carried out to 20 days of 
stretch without any further change in muscle mass (un- 
published observation). This muscle mass increase is 
comparable to the mass increase produced by 1 wk of 
chronic stretch (~50%) but is less than that produced by 
2 wk of chronic stretch (-64%) (33). This would suggest 
that it is the absolute magnitude of the stretch stimulus, 
and not the rest period itself, that determines the extent 
of muscle mass enlargement during the initial phase of 
intermittent stretch. 

In response to overload, skeletal muscle enlarges pri- 
marily through fiber hypertrophy (14, 31); however, re- 
cent work by numerous investigators suggests that fiber 

hyperplasia may play a significant role in skeletal muscle 
enlargement (1,2,18,21,24). Alway et al. (1) studied the 
time course of events leading to muscle mass enlarge- 
ment in response to chronic stretch. These investigators 
found that 5 days of chronic stretch produced a 25.1% 
increase in fiber number with a concomitant decrease in 
fiber area (-12.4%). In response to chronic stretch, fiber 
hyperplasia precedes fiber hypertrophy. The reasons for 
this are unclear. This early fiber hyperplasia may be in 
response to significant fiber injury. It has been shown 
that chronic stretch of the ALD muscle results in signifi- 
cant fiber injury (23,34). Fibers exhibiting segmental ne- 
crosis, abnormal shapes, vacuolation, and phagocytosis 
appear in chronically stretched ALD muscle (34). The 
formation of new or nascent fibers could result in the 
replacement of injured or degenerating fibers. Also, in- 
jured fibers could release a mitogenic factor(s) that dif- 
fuses throughout the muscle. Satellite cell activation has 
been shown to be related to muscle fiber injury and repair 
(27). Bischoff (5) has shown that satellite cells prolifer- 
ate on killed muscle fibers but not on uninjured fibers 
when given a mitogenic muscle extract. In contrast, the 
present study found that 5 days of intermittent stretch 
resulted in a muscle mass increase similar to 1 wk of 
chronic stretch (1, 33); however, fiber number and per- 
cent noncontractile tissue did not change. Moreover, 
fiber area increased 27,8% in intermittently stretched 
muscle as opposed to a -12.4% decrease in chronically 
stretched ALD muscle (1). Uniform fiber hypertrophy 
was observed in intermittently stretched muscle (Fig. 1) 
in contrast to the wide variations in fiber areas in chroni- 
cally stretched muscle (1, 2). Fibers were all found to be 
located intrafasicularly. Muscle mass increases could be 
accounted for by changes in muscle length and fiber area. 
Also, intermittent stretch produced no change in the vol- 
ume density of noncontractile tissue, which is in contrast 
with chronic stretch. The increase in noncontractile tis- 
sue in muscle chronically stretched is similar to the pa- 
thology seen in hereditary muscular dystrophy and may 
be related to myofiber injury (4). The primary difference 
between intermittent stretch and chronic stretch is the 
rest interval between the 24-h stretch bouts. The initial 
stretch period (i.e., intermittent stretch) may have had a 
protective effect on the ALD muscle, enabling injured 
muscle fibers to repair themselves instead of undergoing 
a degenerative response. 

It is clear that intermittent stretch produces signifi- 
cant cellular adaptations in the ALD muscle. However, 
part of its mass increase is due to increases in muscle 
length. Muscle length increased 26.1% in intermittently 
stretched muscle, which is similar to previous studies (1, 
2,33). The weighting procedure used in the present study 
was similar to Winchester et al. (33). Although electro- 
myographic (EMG) activity was not measured, a pre- 
vious study suggested that the resultant stretch of the 
ALD was passive in nature (20). These investigators (20) 
measured EMG activity for 15 min during a 24-h period 
and found no change during the stretch period. It should 
be noted, however, that 15 min is an insufficient length of 
time to determine the true EMG activity of stretch over- 
loaded muscle. Indeed, part of the stimulus for enlarge- 
ment may be an isometric and/or eccentric contraction 
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of the ALD muscle as the bird attempts to extend and 
adduct its shoulder joint. 

Increases in fiber length have been implicated as a pos- 
sible stimulus for fiber hyperplasia (1). Although our 
study did not measure fiber length, we would expect that 
fiber length increased concomitantly with muscle length, 
since muscle fibers in the ALD run from origin to inser- 
tion (2). Nevertheless, intermittent stretch produced in- 
creases in muscle length without any changes in fiber 
number. Hence, muscle and/or fiber length changes in 
response to 5 days of intermittent stretch are not a suffi- 
cient stimulus to induce fiber hyperplasia. 

The present study has demonstrated that intermittent 
stretch produces adaptations unlike chronic stretch. The 
adaptive response of the ALD muscle to intermittent 
stretch is similar to most studies involving tension over- 
load of skeletal muscle [i.e., fiber hypertrophy accounts 
for most of the muscle mass increase (12-14,30,31,36)]. 
However, it has previously been demonstrated that the 
ALD can undergo a 180 and 52% increase in muscle mass 
and fiber number, respectively, as a result of 30 days of 
chronic stretch (2). Thus, we have a muscle (ALD) that is 
capable of undergoing prodigious increases in muscle 
mass, fiber area, and fiber number. Moreover, the inter- 
mittent stretch model has shown that the components of 
fiber hypertrophy and fiber hyperplasia can be sepa- 
rated. This model could therefore be used to test the 
theory that muscle fibers have a critical (or maximal) size 
(16, 22). In this model, muscle fibers enlarge to a point 
where further cross-sectional area increases are not pos- 
sible. Fibers with extremely large cross-sectional areas 
may become metabolically, mechanically, or electrophysi- 
ologically compromised. Consequently, it has been pro- 
posed that these large parent fibers may split into two or 
more daughter fibers that are more efficient than the 
original fiber. Alternatively, large fibers may become 
compromised, degenerate, and subsequently be replaced 
by a nascent fiber(s). If indeed fiber number increases 
after muscle fibers attain a critical size, the possible cel- 
lular mechanisms for this increase could be due to satel- 
lite cell activation and/or longitudinal fiber splitting. 

This work was supported in part by National Institute of Arthritis 
and Musculoskeletal and Skin Diseases Grant AR-40046. 

This work has previously been published in abstract form (3). 
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