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ANTONIO, JOSE, AND WILLIAM J. GONYJZA. Progressive 
stretch overload of skeletal muscle results in hypertrophy before 
hyperplasia. J. Appl. Physiol. 75(3): 1263-1271, 1993.-Inter- 
mittent stretch of the anterior latissimus dorsi (ALD) muscle 
produces fiber hypertrophy without fiber hyperplasia (J. Appl. 
Physiol. 74: 1893-1898, 1993). This study was undertaken to 
determine if a progressive increase in load and duration of 
stretch would induce extremely large muscle fiber areas or if 
the fibers would reach a critical size before the onset of fiber 
hyperplasia. Weights ranging from 10 to 35% of the bird’s mass 
were attached to the right wing of 26 adult quail while the left 
wing served as the intra-animal control. The stretch protocol 
was as follows: day 1 (10% wt), days 2 and 3 (rest), day 4 (15% 
wt), days 5-7 (rest), day 8 (20% wt), days 9 and 10 (rest), days 
11-14 (25% wt), days 15 and 16 (rest), and days 17-38 (35% 
wt). Birds were killed after 12,16,20,24, and 28 days of stretch 
not including rest days. Muscle mass increased 174% (12 days), 
196% (16 days), 225% (20 days), 264% (24 days), and 318% (28 
days). Muscle length increased 60% (12 days), 34% (16 days), 
59% (20 days), 50% (24 days), and 51% (28 days). Mean fiber 
area increased 111% (12 days), 142% (16 days), 75% (20 days), 
90% (24 days), and 39% (28 days). Fiber number, which was 
measured histologically, increased significantly by 82% only in 
the 28 days of stretch group. The percentage of slow tonic fibers 
did not change for any of the time points examined. These re- 
sults suggest that the initial muscle mass increase in progres- 
sively overloaded ALD muscle is due to an increase in muscle 
length and muscle fiber cross-sectional area; moreover, fibers 
reach a critical size and then fiber hyperplasia occurs. 

anterior latissimus dorsi; quail 

ITISACOMMONLYHELDTENET thatthenumberofmus- 
cle fibers increases during fetal growth and that any sub- 
sequent growth of muscle postnatally is due primarily to 
increases in muscle fiber cross-sectional area (14). How- 
ever, there is evidence to suggest that fiber hypertrophy 
and hyperplasia may contribute to muscle growth during 
fetal and early postnatal life in humans and animals (24). 

Skeletal muscle enlargement in adult animals has been 
shown to be due mainly to muscle fiber hypertrophy (14); 
however, recent evidence suggests that with certain per- 
turbations, fiber hyperplasia may also contribute to skel- 
etal muscle enlargement (2-4, 12, 15, 17, 18, 21-23, 28). 
The avian stretch model has been used to study the cellu- 
lar mechanisms of muscle enlargement in adult animals 
(2,5-7,11,19,27). Sola et al. (27) demonstrated that the 
anterior latissimus dorsi (ALD) muscle in the adult 
chicken underwent significant enlargement in response 
to a chronic stretch with weight. Fiber counts obtained 

via histological cross sections demonstrated that both 
fiber hypertrophy and hyperplasia contributed to the 
muscle mass increase. Kennedy et al. (21) found that 
small fibers in the stretched ALD muscle contained an 
embryonic form of myosin. Furthermore, these small 
fibers were found mainly outside the boundaries of the 
fascicles and were not part of injured muscle fibers. 
These data would suggest that fiber hyperplasia contrib- 
uted to the muscle mass increase. A morphological study 
by Alway et al. (3) further showed that stretch-induced 
enlargement of the quail ALD muscle was due to both 
muscle fiber hypertrophy and hyperplasia. These inves- 
tigators stretched ALD muscles of adult quails for 30 
days with a weight equal to 10% of the bird’s mass. This 
produced an average of 172 and 24% increase in muscle 
mass and length, respectively. Mean fiber cross-sectional 
area and fiber number increased 57 and 52%, respec- 
tively. Fiber number increases were confirmed by using 
direct counts via nitric acid digestion (3). Additionally, 
these investigators examined the morphological re- 
sponse of the ALD muscle during the 1st wk of chronic 
stretch (2). They found that fiber number increases be- 
fore fiber cross-sectional area. 

Winchester and Gonyea (30) have shown in chroni- 
cally stretched ALD muscle a temporal correlation be- 
tween fiber hyperplasia and morphological indicators of 
myofiber injury; however, it has been demonstrated that 
by allowing rest intervals between stretch periods the 
degree of muscle fiber injury would be minimized, and 
this would consequently affect the adaptive response of 
the ALD muscle fibers (4,5). We therefore hypothesized 
that muscle fibers undergoing progressive stretch over- 
load (PSO) would enlarge significantly, reaching a criti- 
cal or maximal size before the onset of fiber hyperplasia. 
These hypertrophied fibers would either degenerate, re- 
sulting in the activation of satellite cells, or split into two 
or more smaller fibers. 

MATERIALS AND METHODS 

Animals. Twenty-six adult Japanese quails (Coturnix 
coturnix Japonica) were used as the experimental animal. 
The birds were at least 6 wk old and were housed in sepa- 
rate cages with a 12:12-h light-dark cycle. They received 
water and Purina turkey starter ad libitum. Before the 
initiation of the stretch procedure, the birds were 
weighed on separate days until their body weights were 
stable. 

Stretch protocol. The ALD muscle was the muscle ex- 
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TABLE 1. Stretch protocol 

Day 1 10% of body wt 
Days 2 and 3 Rest 
Day 4 15% of body wt 
Days 5-7 Rest 
Day 8 20% of body wt 
Days 9 and 10 Rest 
Days 11-14 25% of body wt 
Days 15 and 16 Rest 
Days 17-37 35% of body wt 

Stretch days 12, 16, 20, 24, and 28 correspond to experimental days 
21,25,29,33, and 37, respectively. References in text to days of stretch 
(e.g., 12 days) refer only to stretch days and do not include rest days. 

amined in the quail. This muscle is an adductor and ex- 
tensor of the humerus. The ALD muscle of one wing 
served as the control while the ALD of the contralateral 
wing served as the experimental side. The stretching 
procedure has been described previously (29, 30) (Table 
1). This protocol differed from the chronic stretch model 
in two ways: I) there was a rest interval of 2-3 days be- 
tween increases in load and 2) the weight used to admin- 
ister the stretch averaged -29% of the bird’s mass, and 
this far exceeds the weight used in previous studies 
(10%). The birds were reweighed before any increment in 
weight to adjust for any fluctuations in body mass. The 
birds were killed after 12, 16, 20, 24, and 28 days of 
stretch. The number of days of stretch will be expressed 
as days of stretch not including rest days. Hence, any 
reference to stretch days (e.g., 12 days, 16 days, 20 days) 
does not include rest days and should be treated as such 
in the remainder of the text. 

Muscle weight and length. The right and left ALD mus- 
cle was dissected and trimmed of excess connective tis- 
sue, and its wet weight was determined. Muscle length 
was determined by measuring the distance between the 
origin and insertion at its longest and shortest points and 
averaging these two measures. 

Fiber cross-sectional area. After removal of the ALD 
muscle from the quail, the tissue was divided into a prox- 
imal, middle, and distal region; mounted on a plastic dish 
with tragacanth gum; and quick frozen in isopentane 
chilled in liquid nitrogen. The muscle fibers were stained 
for myosin adenosinetriphosphatase (ATPase). Fiber 
types were determined after acid and alkaline preincuba- 
tion. Most mammalian 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 condition (pH 4.35), the fast fibers stain 
lightly, whereas the slow tonic fibers stain darkly (1). 
Both fiber types stain darkly under the alkaline preincu- 
bation condition (pH 10.45). Light micrographs were 
taken of the entire muscle cross section from the middle 
region of the muscle and a photographic montage assem- 
bled. Fiber cross-sectional areas were determined from 
the midregion of the muscle from at least 500 slow fibers 
and 200 fast fibers by using an image analysis computer 
program (NIH Image 1.41). 

Fiber number. Total fiber number and percent fiber 
type were determined from histological cross sections at 
the midbelly of the ALD muscle. Fiber types were deter- 
mined by using a myosin ATPase staining method. 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 histo- 
logical cross sections for estimating fiber number is 

Noncontractile tissue. The volume density of 
valid (3). 
noncon- 

tractile tissue was assessed from frozen tissue stained 
with Trichrome. The proximal, middle, and distal re- 
gions of the muscle were used. Point counting using an 
ocular insert with a lo-mm square grid having 121 inter- 
section points was used to determine noncontractile tis- 
sue volume density. This was done using light micros- 
copy (x40) with a minimum of 8 fields examined per re- 
gion (i.e., 24 fields per muscle). The data from the three 
regions were combined to get an average percent non- 
contractile tissue for each muscle. 

Percent injured myofibers. The percentage of injured 
myofibers was assessed using the Evans blue dye exclu- 
sion method 
toneally and 

(20). Evans blue dye was 
allowed to circulate for 1 

injected i 
. h before 

ntraperi- 
the birds 

were killed. Evans blue dye forms a complex with albu- 
min, which enters injured myofibers via disruptions of 
the cell membrane. Fibers that were unable to exclude 
Evans blue dye were identified with fluorescence micros- 
COPY* 

Surface area-to-fiber volume (SAIFV) ratio. The SAIFV 
ratio was obtained with the following formula: SAIFV 
ratio = [(perimeter X muscle length) /(fiber cross-sec- 
tional area X muscle length)]. This was determined in 50 
control fibers and 50 large fibers exhibiting fissures cho- 
sen at random. In these 50 large fibers (>3,000 pm2), the 
perimeter was measured under two conditions: including 
the internal fissures or excluding the external fissures. It 
was assumed that the fiber cross-sectional area and pe- 
rimeter 

Statis 
were constant along the length 
tics. Descriptive statistics inclu 

of 
.de 

each fiber.- 
means t SE. 

An analysis of variance for repeated measures was used 
to determine significance. If an F ratio was found to be 
significant, a paired t test was performed to determine 
which pairs differed significantly. P < 0.05 was selected 
to indicate statistical significance. 

RESULTS 

Body weight. There were no significant differences in 
the body weight of the quails before and after the stretch 
procedure (Table 2). 

Muscle mass and length. Muscle mass increased signifi- 
cantly (P < 0.05) at all time points examined (Fig. 1). 
After 28 days of stretch the average increase in muscle 
mass was 318.6 t 31.5%, which far exceeds the degree of 
enlargement in previous animal models of muscle en- 
largement (23, 26, 29). Muscle length was significantly 

TABLE 2. Birds’ body mass 

Days of Stretch n Control Stretch 

12 5 140.6t3.4 14l.Ot1.5 
16 5 172.0t10.6 163.724.7 
20 6 169.7t6.3 156.9t5.0 
24 5 153.4t7.6 146.Ok6.0 
28 5 160.4t9.5 153.9t6.1 

Values are as means + SE given in g; n, no. of birds. There were no 
significant differences between pre- and poststretch body mass. 
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FIG. 1. Percent change in muscle 
mass and length in stretched muscle vs. 
intra-animal control. Data are means k 
SE for 5-6 birds at each day of stretch. 
* P < 0.05, percent change relative to in- 
tra-animal control. 
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greater at all time points compared with the intra-animal 
control (Fig. 1); however, muscle length did not increase 
with an increase in stretch duration. An average increase 
of -50% in muscle length was attained in each of the 
groups of birds. This length increase is comparable to the 
fiber length changes reported previously (2). Muscle 
length contributed relatively more to the initial increase 
in muscle mass than toward the later stages of enlarge- 
ment. 

Mean fiber cross-sectional area. Mean fiber cross-sec- 
tional area displayed a maximal increase at 16 days of 
stretch (141.6 t 32.6% greater than intra-animal control) 
with a gradual decline as the stretch days progressed. 
The 28 days of stretch group had the smallest increase in 
mean fiber cross-sectional area (38.9 -t 3.8% greater than 
intra-animal control) (Table 3). 

Slow tonic fiber cross-sectional area. Because slow tonic 
fibers comprise most of the ALD muscle (-86%), 
changes in slow tonic fiber cross-sectional area are likely 
to parallel changes in mean fiber cross-sectional area. 
Indeed, slow tonic fibers displayed a pattern of fiber 
cross-sectional area changes similar to those observed 
for mean fiber cross-sectional area. Slow tonic fiber 
cross-sectional area peaked at 16 days of stretch (152.5 t 
38.6% increase) and subsequently declined as stretch du- 
ration increased (28 days, 41.0 t 5.4% increase; Table 3). 
The decrement in the average percent change in slow 
tonic fiber cross-sectional area can be explained by the 
fact that the percentage of small slow tonic fibers (~500 
pm2) was significantly greater (P < 0.05) at 24 and 28 
days of stretch. This can be seen in the shift of the fre- 
quency-area curve toward small fibers (Fig. 2). 

Fast-fiber cross-sectional area. Fast-fiber cross-sec- 
tional areas in the stretched ALD muscle were signifi- 
cantly greater at 12,16, and 20 days of stretch relative to 
the control (Table 3). There were no statistically signifi- 

24 28 

cant differences in fast-fiber cross-sectional area be- 
tween stretch and control ALD muscles at 24 and 28 days 
of stretch. The increase in fast-fiber cross-sectional area 
followed a pattern similar to slow tonic fibers in that 16 
days of stretch demonstrated the greatest increase 
(123.5 t 33.37’) o in fast-fiber cross-sectional area; in ad- 
dition, by 28 days of stretch fast-fiber cross-sectional 
area in the stretched ALD was 16.8 t 15.0% greater than 
in the control. There were no significant differences in 
the frequency of small fast fibers in stretched ALD vs. 
the control at any time point examined. 

TABLE 3. Mean fiber area, slow tonic fiber area, 
and fast fiber area 

Days of 
Stretch n Control Stretch %Difference 

Mean fiber area, pm2 

12 5 1,075.9+ 113.5 2,216.3+191.9* 111.0_+19.0 
16 5 1,029.2+29.1 2,482.9+351.2* 141.6k32.6 
20 6 1,306.5+104.5 2,170.8+21&O* 75.Ok26.1 
24 5 1,135.0+113.7 2,097.8+333.0* 90.3t37.4 
28 5 1,320.8*88.8 1,838.4+142.3* 38.9k3.8 

Slow tonic fiber area, pm2 

12 5 1,019.7-t82.6 2,382.4*197.3* 136.5t18.5 
16 5 995.8t28.9 2,492.1+372.7* 152.5t38.6 
20 6 1,274.1+109.2 2,184.1*248.4* 82.7k30.4 
24 5 1,026.9+40.7 2,158.7+361.6* 111.6k38.4 
28 5 1,284.3+89.8 1,815.1k150.4* 41.0t5.4 

Fast fiber area, pm2 

12 5 1,290.3&242.0 1,732.1+170.3* 52.5t30.7 
16 5 1,273.4+118.9 2,696.5+186.9* 123.5~133.3 
20 6 1,478.8+ 116.8 2,317.1+146.5* 62.41~17.1 
24 5 1,351.6+113.7 2,098.9+_322.9 59.7t28.2 
28 5 1,710.0*96.5 1,995.4*282.8 16.8t15.0 

Values are means +_ SE; n, no. of birds. * P < 0.05, stretch vs. intra- 
animal control. 
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Fiber cross-sectional area 

Total fiber number. Fiber number was determined from 
histological cross sections taken at the midbelly of the 
ALD muscle. Only after 28 days of stretch were there 
significantly (P < 0.05) greater numbers of fibers in the 
stretched ALD vs. the control (Fig. 3). The ALD muscle 
after 28 days of stretch had 82.2 t 17.1% more fibers than 
the intra-animal control. The pattern of fiber number 
and fiber cross-sectional area changes demonstrates that 
fiber number increases concurrently with a decrease in 
fiber cross-sectional area (Fig. 3). This suggests the possi- 
bility that large fibers are undergoing necrosis and are 

termined from a minimum of 500 fibers. Note 
that after 16 days of stretch of anterior latissi- 
mus dorsi (ALD) muscle there was shift toward 
predominantly large fibers (>3,OOO gm2), 
whereas after 28 days of stretch ALD muscle 
showed a shift toward very small fibers (400 
pm2). Data are frequency distributions averaged 
for 5 birds at each day of stretch. 

being removed and replaced by activated satellite cells, 
or, alternatively, these large fibers might split into two or 
more smaller fibers. 

Fiber morphology. Mean fiber cross-sectional area 
peaked in the muscle at 16 days of stretch and subse- 
quently decreased as stretch duration increased. After 16 
days of stretch the muscle exhibited a preponderance of 
very large fibers (Fig. 4, A and B), whereas after 28 days 
of stretch the muscle exhibited a wide variation in fiber 
sizes with significantly more small fibers (400 /-cm2) in 
the stretched muscle vs. the control (Fig. 4, C and D). 
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Fibers with fissures in the interior of the cell (i.e., split 
fibers) were observed in large fibers (>3,000 pm2) of the 
stretched ALD muscle, whereas none of the control mus- 
cles displayed fissures. Approximately 510% of the total 
fibers in the stretched ALD muscle exhibited a split ap- 
pearance. Figure 5 shows a fiber with a cross-sectional 
area of ~26,000 pm2 exhibiting fissures throughout its 
interior. These fissures suggest the possibility that large 
fibers may undergo a splitting process to form two or 
more smaller fibers or a degenerative process resulting in 
satellite cell proliferation. 

Percent fiber type. There were no differences in the 
fiber type percentages for any of the time points exam- 
ined. Both the control and stretched ALD muscle aver- 
aged 86% slow tonic fibers. 

Percent noncontractiLe tissue. The volume density of 
noncontractile tissue was significantly greater at 20 and 
24 days of stretch (Table 4). The volume density of non- 
contractile tissue averaged -21% in the control muscle, 
whereas the stretched muscle at 20 and 24 days averaged 
-28%. 

Percent injured myofibers. The percentage of myofibers 
exhibiting injury ranged from 0.7 to 3.7% in the stretched 
muscles. The highest percentage of injured myofibers oc- 
curred in muscles after 16 days of stretch; however, this 
was not significantly greater than the control. The per- 
centage of injured myofibers was significantly greater at 
20 and 24 days of stretch (Table 4). 

SAlFV ratio. The SA/FV ratio was determined on 50 
control fibers and 50 large (>3,000 pm2) fibers exhibiting 
internal fissures (i.e., split fibers). The SA/FV ratio was 
significantly greater in control fibers vs. large fibers 

FIG. 3. Percent change in mean fiber 
area and fiber number in stretched mus- 
cle vs. intra-animal control. Data are 
means t SE for 5-6 birds at each day of 
stretch. * P < 0.05, percent change rela- 
tive to intra-animal control. 

24 28 

measured with or without the internal fissures. More- 
over, the SA/FV ratio of large fibers measured inclusive 
of their internal fissures was higher than that of the large 
fibers measured exclusive of their internal fissures (Ta- 
ble 5). 

DISCUSSION 

The current study examined the adaptive response of 
the ALD muscle undergoing PSO. The muscle mass in- 
crease in the PSO model is the highest ever reported in 
the literature [28 days of stretch group: 318.6 t 31.5% 
(SE) increase, range 277-416%]. Muscle length in- 
creased ~50% for each of the groups of birds that under- 
went PSO overload. This is comparable to a previous 
report of fiber length changes in chronically stretched 
ALD muscle (2). Muscle length contributed relatively 
more to the mass increase during the initial phases of 
enlargement; however, muscle length does not increase 
with an increase in stretch duration. Therefore, changes 
in muscle length do not seem to have a role in fiber hy- 
perplasia in the PSO model. 

Chronic stretch has been shown to produce muscle 
fiber hyperplasia before fiber hypertrophy (2). Unlike 
chronic stretch, the adaptive response of the ALD muscle 
undergoing PSO involved an initial fiber hypertrophy 
that peaked after 16 days of stretch followed by a subse- 
quent decline in fiber cross-sectional area. Significant 
fiber hyperplasia occurred only in the 28 days of stretch 
group. The pattern of fiber cross-sectional area adapta- 
tions suggests that these muscle fibers may have attained 
a critical size; however, one could speculate that various 
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FIG. 4. Control and stretched ALD muscle stained with myosin ATPase. Dark fibers are slow tonic fibers whereas 
light fibers are fast. A: l&day control muscle. B: l&day stretched muscle. Note predominance of large fibers relative to 
control. Muscle fiber cross-sectional area in muscle after 16 days of stretch was on average 142% greater than in 
control. C: 28-day control muscle. D: 28-day stretched muscle. Note wide variations in fiber area. In addition to several 
large fibers there are numerous fibers that are smaller than most of fibers seen in control muscle. Muscle fiber 
cross-sectional area in 28 days of stretch ALD muscle was on average 39% greater than in control. 

manipulations of load and stretch duration may result in 
even greater increases in fiber cross-sectional areas. 
Therefore, it would seem rather difficult to ascertain 
when a muscle fiber has actually reached its critical size. 
It should be noted, however, that the peak in mean fiber 
cross-sectional areas (142% increase in the 16 days of 
stretch muscles) exceeds any reported in the literature 
(2, 3, 14, 23). Alternatively, our data suggest that if the 

ALD muscle is chronically stretched for a sufficient pe- 
riod of time, fiber hyperplasia will occur regardless of any 
prior adaptation. 

Split fibers were commonly observed in many of the 
large fibers (>3,000 pm’) in the stretched ALD muscle. 
This has been observed by other investigators (16,18,26) 
and would suggest several possibilities. One theory sug- 
gests that fibers enlarge to a critical size and when sub- 
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FIG. 5. Fissures in interior of enlarged fibers. Dark fibers are slow tonic fibers. Light fibers are fast fibers. A: 24-day 
control muscle. B: 24-day stretched muscle. Note very large fiber (*; -26,000 ~m’vs. mean fiber area of -1,200 pm2 for 
control) with fissures in its interior. Fibers with cross-sectional areas >3,000 pm2 often exhibited fissures (arrowhead) 
extending from periphery of fiber toward its interior. 

jetted to further stress undergo a splitting process such 
that a parent fiber gives rise to two or more daughter 
fibers. The formation of fissures within a fiber may be an 
attempt by the fiber to maintain an SAIFV ratio similar 
to control muscle fibers. If this ratio decreases exces- 
sively, the metabolism of the fiber may become compro- 
mised. The SA/FV ratio of control fibers exceeds that of 
large split fibers. Invariably, these large fibers exhibit 
internal fissures that increase the surface area of the 
fiber, and this may be an attempt to maintain a normal 
SAIFV ratio. Indeed, the SAIFV ratio is significantly 
higher in large fibers when the internal fissures are in- 
cluded in the surface area measurement. Thus the split- 
ting of a large parent fiber into several smaller daughter 
fibers would increase the SA/FV ratio and help facilitate 

TABLE 4. Percent noncontractile tissue and percent 
injured myofibers 

Days of Stretch n Control Stretch 

% Noncontractde tissue 

12 5 22.5t-0.8 24.4k1.7 
16 5 20.8k2.5 23.1k2.2 
20 6 18.B1.7 27.9*2.3* 
24 5 21.2k1.7 27.9*2.3* 
28 5 20.9k1.9 26.4k1.4 

% h]ured 

12 5 o.o+o.o 1.0*0.4 
16 5 o.oto.0 3.7f1.8 
20 6 O.l?O.l 0.7+-0.2* 
24 5 o.o+o.o 1.9+0.7* 
28 5 O.OfO.0 0.7f0.3 

Values are means f SE; n, no. of birds. * P < 0.05, stretch vs. intra- 
animal control. 

normal metabolic processes. A second possibility for the 
formation of split fibers is the activation of satellite cells 
as a result of myofiber injury or degeneration. This would 
result in the fusion of developing myotubes with the ex- 
isting fiber at one or more places along the length of the 
fiber, thus giving rise to a split appearance when viewed 
in cross section. However, it is not likely that fiber fusion 
accounts for the appearance of split fibers because mean 
fiber cross-sectional area gradually declines after reach- 
ing a peak at 16 days. If fiber fusion were occurring, mean 
fiber cross-sectional area should have increased as 
stretch duration increased. A third possibility is that 
these fissures represent a degenerative process within 
each fiber and would result in satellite cell activation and 
subsequent replacement of the old fiber with new myo- 
fiber(s). 

Exercise, ischemia, crush injury, stretch, and trans- 
plantation have been shown to activate satellite cells (8, 

TABLE 5. SAIFV ratio of control fibers and large fibers 
exhibiting fissures extending from periphery to interior 

Control Fibers With Fissures Fibers Without Fissures 

0.143i0.004* 0.079+0.003t 0.066&0.002 

Values are means + SE. Surface area-to-fiber volume (SA/FV) ratio 
was determined by the following formula: [(perimeter X muscle 
length)/(fiber area X muscle length)] = SA/FV ratio. It was assumed 
that muscle length was a reflection of fiber length, the perimeter of 
fiber did not change along length of each fiber, and that fiber cross-sec- 
tional area was uniform along length of each fiber. SA/FV ratios were 
determined from 50 control fibers and from 50 fibers exhibiting split 
appearance. For 50 fibers exhibiting split appearance perimeter was 
measured under 2 conditions, including or excluding internal fissures. 
* P < 0.05, control vs. fibers with and without fissures. t P < 0.05, fibers 
with fissures vs. fibers without fissures. 
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10, 13, 25, 29). Winchester et al. (29) demonstrated that 
chronic stretch of the ALD muscle of adult quail pro- 
duced an increase in satellite cell activity during the first 
3 wk of stretch relative to the control ALD muscle. Addi- 
tionally, these investigators (30) found a temporal associ- 
ation between myofiber injury and new fiber formation 
during the 1st wk of stretch. They found that d&25% 
of the fibers in the midregion of the stretched ALD exhib- 
ited myofiber injury after 5-7 days of stretch. This coin- 
cides with the onset of new fiber formation (2). 

The degree of fiber injury shown in our current study 
was relatively low [l-4% of the total fibers compared 
with 15-25% in a previous report (35)]. The low inci- 
dence of myofiber injury seen in the ALD muscle under- 
going PSO overload would suggest that satellite cells do 
not have a significant role in the fiber hyperplasia ob- 
served at 28 days. Conversely, if satellite cell prolifera- 
tion contributes to new fiber formation in the PSO 
model, then one would surmise a small degree of injury 
can activate many satellite cells. Also, instead of under- 
going degeneration, these large fibers may have split into 
two or more fibers, and fiber splitting might also serve as 
a stimulus for satellite cell proliferation. 

The proliferation of noncontractile tissue may affect 
the incidence of myofiber injury and necrosis. Ashmore 
et al. (6) suggested that the increase in noncontractile 
tissue observed in stretched muscle resembles that found 
in dystrophic muscle These investigators proposed that a 
disproportionate increase in connective tissue would in- 
crease muscle stiffness and cause an increased “sticki- 
ness” between adjacent fibers. These interfiber adhe- 
sions would decrease the amount of independent move- 
ment between fibers. Therefore, an actively contracting 
muscle fiber would exert a mechanical force on adjacent 
inactive fibers due to the stickiness between juxtaposed 
fibers; consequently, the cell membrane of one or more of 
these fibers could incur tears at random segments along 
the fiber resulting in phagocytic cell infiltration and focal 
necrosis. The chronic stretch model produces greater in- 
creases in noncontractile tissue in comparison to the 
PSO model (2, 3). This may explain in part why the 
amount of myofiber injury observed in chronically 
stretched muscle is greater than in muscle undergoing 
PSO overload. 

In conclusion, the PSO model demonstrated signifi- 
cant muscle fiber hypertrophy followed by fiber hyper- 
plasia. The decrease in fiber cross-sectional area coupled 
with an increase in muscle mass and fiber number sug- 
gests that these muscle fibers hypertrophied to a critical 
size. On the other hand, this response may be simply the 
result of chronic stretch of sufficient duration. The pres- 
ence of splits or internal fissures in hypertrophied fibers 
coupled with the low level of myofiber injury also sug- 
gests the possibility that fiber splitting contributed to 
new fiber formation. Future studies will assess the con- 
tribution of fiber splitting and satellite cell proliferation 
to new fiber formation in the PSO model. 
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