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ABSTRACT Background: In order to understand the cellular basis
underlying the progressively poorer restorative capacity of long-term
denervatedmuscle, we determined the effects of long-termdenervation on
the muscle fibers and satellite cell population of the rat extensor digi-
torum longus (EDL) muscle.
Methods: In 36 male rats, the right hind legs were denervated, and EDL

muscles were removed 2, 4, 7, 12, and 18 months later. Muscles were either
fixed for electronmicroscopic analysis or were dissociated into individual
muscle fibers for direct fiber counting or for confocalmicroscopic analysis.
Results:The percentage of satellite cells rose from the 2.8% control value

to 9.1% at 2months of denervation; thereafter the percentage decreased to
1.1% at 18 months of denervation. The number of myonuclei per muscle
fiber steadily declined from 410 in 4 month control muscle to 158 in 7
month denervated muscle. Up to 7 months of denervation, the total
number of muscle fibers per muscle remained relatively constant at
somewhat over 5,000. The calculated total satellite cell population in 4
month denervated EDL muscle was the same as that of controls at 65,000,
but by 7 months of denervation it had declined to 21,000. With increasing
time of denervation, the number of cross-sectional profiles ofmuscle fibers
not containing nuclei rose from 14% in control muscle to 49% in 12 month
denervated muscle. This was correlated with a pronounced regular
clumping of the nuclei, with pronounced nonnucleated segments between
nuclear clumps.
Conclusions: Increasing times of denervation are accompanied by a

pronounced decline in the number of myonuclei per muscle fiber and an
initial rise and subsequent fall in satellite cell number. These changes are
correlated with a decreasing restorative ability of these muscles over the
same periods of denervation. Further work on the proliferative capacity
of the remaining satellite cells is necessary before firm quantitative
conclusions can bemade.Anat. Rec. 248:346–354 1997. r 1997 Wiley-Liss, Inc.
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Skeletal muscle is an end organ of the peripheral
nervous system, and its differentiation, structuralmain-
tenance, and function are directly regulated by its
motor nerve supply.After denervation, a muscle rapidly
loses mass and contractile function, and the muscle
fibers undergo atrophy, with an accompanying series of
changes in structure, biochemistry, and physiology (Gut-
mann, 1962; Sunderland and Ray, 1950;Miledi and Slater,
1969; Schmalbruch et al., 1991; Carlson et al., 1996).
Many questions remain concerning the problem of

restoration of a denervated muscle. In clinical practice,
after several months of denervation, ranging from 6–18
months, human skeletal muscles are typically not
restored to full function even if regenerating nerve
fibers grow into them (Harrison, 1989; Sunderland,

1978). Attempts to restore denervated rat muscles by
grafting them into an innervated site have shown that
muscles denervated for 2 months or less become re-
stored as well as grafts of control muscles, but for
muscles denervated between 2 and 7months the degree
of restoration of mass and contractile force after graft-
ing declines sharply and remains at less than 31 and
13%, respectively, of values for grafts of control muscles
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for denervation periods exceeding 7 months (Carlson
and Faulkner, 1988; Gulati, 1990; Carlson et al., 1996).
The poor restoration of long-term denervated muscle

could be due to any of a number of factors, among which
is a failure of regenerating nerves to reach the atrophic
muscle fibers or the inability of the severely atrophic
muscle fibers to respond to regenerating nerve fibers
that reach them. The focus of this study is on the
response of muscle fibers to long-term denervation. A
specific question concerns the impact of long-term
denervation on the satellite cell population within the
extensor digitorum longus (EDL) muscle of the rat,
because changes in the satellite cell population could be
significant factors limiting the degree of restoration of a
denervated muscle.
Satellite cells (Mauro, 1961) represent a source of

new nuclear material for reversing the atrophy of
denervated muscles, whether through the reversal of
atrophy of intact denervated muscle fibers (Moss and
Leblond, 1971; Ontell, 1975; Schiaffino et al., 1976) or
through the regeneration of new muscle fibers (Snow,
1977; Carraro et al., 1985). Although it has frequently
been reported that denervating a muscle causes an
increase in the number of satellite cells (Lee, 1965;
Hess and Rosner, 1970;Aloisi et al., 1973; Ontell, 1974),
quantitative data have been presented mainly for
muscles denervated for less than 2months (Aloisi et al.,
1973; Ontell, 1974; Hanzliková et al., 1975; McGeachie
and Allbrook, 1978; Snow, 1983). Recently, Rodrigues
and Schmalbruch (1995) reported on the effects of
denervation at birth and at 5 weeks on satellite cell
percentages in rat soleus and EDL muscles. There is
very little information on satellite cells in long-term
denervated muscles.
In this study a combination of techniques was used to

estimate satellite cell populations of denervated rat
EDL muscles. Through electron microscopic analysis it
is possible to determine the relative proportions of
satellite cells and myonuclei, but absolute numbers per
muscle fiber cannot be readily determined. Confocal
microscopic analysis of individual muscle fibers allows
one to determine the total population of myonuclei plus
satellite cell nuclei without differentiating between
them. A combination of electron and confocal micro-
scopic data allows an estimate of the mean satellite cell
population per muscle fiber. Such data, combined with
muscle fiber counts of EDL muscles after various
periods of denervation, can be used to estimate the total
satellite cell population within a denervated muscle.
The object of this analysis was to determine if the
reduction in restorative capacity of EDLmuscles dener-
vated between 2 and 7 months is accompanied by a
corresponding reduction in the satellite cell population
of the muscles.

MATERIALS AND METHODS

This study was conducted on 38 male rats of the
WI/HicksCar strain. At 4 months of age the right hind
limbs were denervated by severing the sciatic nerve
high in the thigh, ligating both proximal and distal
nerve stumps, and reflecting the ends of both stumps
into muscle tissue as far away from each other as
possible. This procedure produces consistent denerva-
tion for periods as long as 22 months (Carlson and

Faulkner, 1988). All operations were carried out under
ether anesthesia and were conducted in accordance
with the guidelines of the American Physiological Soci-
ety. EDL muscles were removed from denervated legs
at 2, 4, 7, 12, and 18 months after denervation. The rats
were then euthanized with an overdose of anesthetic.

Satellite Cell Analysis

For the analysis of satellite cell frequency, three EDL
muscles from normal 6-month-old rats and muscles
from 2, 4, 7, 12 (three muscles per time point), and 18
(two muscles) month denervated limbs were removed.
The 6 month normal EDL muscles were chosen for
electron microscopic controls because that age repre-
sents a stable adult level baseline for satellite cell
counts. Very little change in the percentage of satellite
cells in the EDL muscle occurs between 6 and 12
months. Themuscles were pinned at resting length on a
wax plate and fixed by immersion in a solution contain-
ing 2.5% glutaraldehyde in 0.1 M phosphate buffer at
pH 7.4. One hour later, muscles were cut into small
blocks, fixed an additional 4 h or overnight in fresh
fixative, and then postfixed for 1 h in 1% osmium
tetroxide. The tissues were then dehydrated in a graded
series of ethanol and embedded in Spurr resin for
electron microscopy. Transverse semithin sections were
cut from each sample and processed for light micros-
copy for survey purposes. Thin sections were examined
with a Philips CM-10 electron microscope.
For quantitative analysis, approximately 1,000 base-

ment membrane profiles of muscle fibers from each
experimental and control muscle were examined by
electron microscopy, and the numbers of myonuclei and
satellite cells were recorded. From the same cross-
sections, the numbers of muscle fiber cross-sections
that did not contain any nuclei were tabulated. The
frequency of satellite cells was expressed as the percent-
age of the total number of nuclei observed beneath the
basement membrane. ANOVA was used to analyze the
quantitative data. A probability of P , 0.05 was se-
lected to determine significant differences between
groups.

Confocal Microscopic Analysis of Dissociated Muscle Fibers

At 0, 2, 4, and 7 months after denervation, EDL
muscles were excised. For confocal microscopic analy-
sis, normal 4-month-old EDL muscles (0 month dener-
vation) were used as controls and as the basis for
comparing nuclear counts and cytoplasmic volumes of
denervatedmuscle fibers.After removal from the dener-
vated legs, the muscles were fixed in 4% paraformalde-
hyde (pH 7.4) for 2 h, rinsed in phosphate buffered
saline (PBS), and placed in 70% ethanol. Individual
single muscle fibers were obtained manually by micro-
dissection in a 1:1 solution of glycerol and 70% ethanol
under a dissection microscope. Care was taken to
obtain single completemuscle fibers from the core of the
muscles. Single fibers were returned to PBS and ex-
posed to propidium iodide (3 µM) for 5–7 min to label
the nuclei. Once labeled, single fibers were rinsed in
PBS and mounted in the presence of antifading re-
agents (Slow-Fade; Molecular Probes, Eugene, OR)
with special precautions taken to preserve the three-
dimensional (3-D) structure of the isolated singlemuscle
fibers.
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Muscle fibers were imaged on a BioRad (Hercules,
CA) MRC-600 laser scanning confocal microscope,
coupled to an inverted Nikon (Melville, NY) Diaphot
light microscope with a 340, 0.85 NA objective. The
confocal microscope collects individual two-dimen-
sional (2-D) X-Y 8 bit images at preset spatial locations
along the Z axis, providing a 3-D data set of a given area
of the muscle fiber. The gain, dark current, and gamma
settings were adjusted to obtain the widest possible
contrast in the images. Myonuclei in general had a gray
value of 250, muscle cytoplasm had a gray value of
approximately 40, and the background had a value of
,5 but .1. Three-dimensional data sets were trans-
ferred to a Sparc II UNIX workstation (SUN Microsys-
tems, Mountain View, CA) for image processing and
quantification.
Quantification of the absolute number of nuclei

(myonuclei 1 satellite cells) along the muscle fiber was
done by sequentially stacking the individual 2-D images
of a 3-D data set, with only the brightest components of
an image contributing to the final image. This formed a
filtered 2-D projection image. Following segmentation,
only the labeled nuclei were present in the 2-D image.
The segmented image was then counted automatically
by using an interactive software package (ISee; Innova-
tion Corp., Research Triangle Park, NC). Muscle fibers
were screened prior to imaging to ensure that only those
withoutevidenceofadheringconnective tissuewere imaged.
Connective tissue contained fibroblasts which were
readily stained by propidium iodide and would have
erroneously altered the counts of nuclear numbers.
For quantification of cytoplasmic volume, each 2-D

768 3 512 pixel image was processed individually.
Images were thresholded to bring forth the muscle
cytoplasm with the edges smoothed and detected by
image processing. The output data file contained the
number of pixels included within the thresholded re-
gion of each X-Y image. The 2-D areas of a 3-D data set
were summed andmultiplied by the Z axis increment to
determine the volume of the 3-D data set.
Means and standard error of themeanwere determined.

Further analysis of one-way analysis of variance (ANOVA)
was performed with a post hoc test set at a significance
level of P , 0.05. Statistics were determined with the
SystatAnalysis program, version 2.0, forMacintosh.

Muscle Fiber Counting

In order to estimate the total satellite cell popula-
tions of denervated muscles, we made total muscle fiber
counts on control, 4, and 7 month denervated EDL
muscles. Because of geometrical artifacts inherent in
making counts of muscle fiber cross-sections in normal
EDLmuscles (Maxwell et al., 1974), muscle fiber counts
on control EDLmuscles in 4-month-old rats were made
by direct counting ofmuscle fibers dissociated by immer-
sion in 15% nitric acid (Blaivas and Carlson, 1991). In
muscles denervated for over a month, the angle of
pennation of muscle fibers in relation to the long axis of
themuscle is minimal, allowingmore accurate compari-
sons of counts of muscle fibers through sections taken
at the midpoint of the muscle. Countingmuscle fibers of
denervated muscles by dissociation and direct counting
under a dissecting microscope is not possible because of
the extreme atrophy of some of the muscle fibers
(Schmalbruch et al., 1991; Lu et al., 1997).

RESULTS
Denervated Muscle

A detailed morphological description of denervation
atrophy from 2–18 months is given in the companion
paper (Lu et al., 1997). Denervated EDL muscles
underwent rapid atrophy (Fig. 1). At 2 months after
denervation, differential muscle fiber atrophy was evi-
dent, with type 1 muscle fibers undergoing a much
slower course of atrophy than type 2 muscle fibers (Lu
et al., 1997). In subsequent periods studied, all muscle
fibers were severely atrophic, and with increasing
denervation times muscle fibers became surrounded
with layers of densely packed collagen fibers. The
density of capillaries associated with muscle fibers also
decreased considerably. Further progressive change in
morphology lessened after 12 months of denervation.

Confocal Microscopic Study of Nuclear Number
and Cytoplasmic Volume on Isolated Muscle Fibers

The number of nuclei (myonuclei 1 satellite cells)
within the basal lamina of the muscle fiber steadily
declined as a function of the time of denervation (Table
1). Mean nuclear numbers permillimeter of fiber length
in 4 month control muscles were 34.2 6 5. On a whole
muscle fiber basis, fibers of the normal EDL muscle of
4-month-old control rats contained approximately 410
nuclei. This number declined by 36% at 2 months and
by 68% at 7 months of denervation.
Nuclear length, as measured along the longitudinal

axis of the muscle fiber, changed slightly but not
significantly over the period of denervation. Mean
length of nuclei in control muscle fibers was 17.0 6 0.7
µm. At 2, 4, and 7 months of denervation, the values
were 15.4 6 0.9, 16.7 6 0.4, and 17.6 6 0.5 µm,
respectively.
At increasing times of denervation, there was an

increased incidence of regions of muscle fibers (up to 0.4
mm long) that contained no nuclei at all.After 4months
of denervation, approximately one-fourth of the muscle
fibers examined exhibited this morphological feature.
Cross-striations could still be discerned in expanses of
cytoplasm that contained no nuclei. By 7 months of
denervation, most muscle fibers showed regularly
spaced clusters of nuclei alternating with longer
nucleus-free regions of cytoplasm (Fig. 2; see Table 2).
With increasing time of denervation, increasingly large
numbers of myonuclei departed from their normally
parallel alignment to the long axis of the muscle fiber.
As compared with 4 month normal controls, mean

cytoplasmic volume/millimeter of muscle fiber declined
dramatically over the denervation period (Fig. 3). In
normal 4-month-old WI/HicksCar EDL muscle fibers,
the cytoplasmic volume per muscle fiber was 2.6 6
0.4 3 107 µm3. Two months following denervation, the
cytoplasmic volume had declined to 12% of control
values. Cytoplasmic volume continued to decline to 4%
and 2% of control values by 4 and 7 months, respec-
tively, following denervation. The cytoplasmic volume/
nucleus ratio fell sharply from a control value of 7.0 6
0.5 3 104 µm3 per nucleus (Fig. 4). At 2 months of
denervation this ratio was 2.2% of control values, and
the ratio declined to 1.5% and 1.0% by 4 and 7 months,
respectively, of denervation.
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Counts of Satellite Cells

In 2-month denervatedmuscles (taken from 6-month-
old rats), the percentage of satellite cell profiles in-
creased from control values (based on normal 6-month-
old muscles) of 2.8% to 9.1% of the total nuclei beneath
the basal lamina of the muscle fiber. This was followed
by a steady decline to 1.1% of the total nuclei by 18
months of denervation (Table 1). On the same material,
the percentage of muscle fiber cross-sections that con-
tained no nuclei underwent a steady increase from a
control value of 14.3% to 48.6% at 12 months of
denervation (Table 2). Yet, among the fiber cross-
sections that did contain nuclei, multiple satellite cell
nuclei or cytoplasmic profiles were frequently found
even after prolonged denervation.
In normal and in short-term denervated muscle,

satellite cells were situated close to their associated
muscle fibers, typically being separated from them by a
space of only 200A (Fig. 5). During the first 4 months of
denervation, when the percentage of satellite cells was

greatly increased over normal, it was not uncommon to
encounter two or more satellite cells per cross-sectioned
muscle fiber (Fig. 6). As many as four satellite cell
nuclei and cytoplasmic processes of satellite cells have
been found associated with a single cross-sectioned
muscle fiber. Satellite cells with increased cytoplasmic
volume and long cytoplasmic processes were commonly
encountered, and in some regions irregular gaps ap-
peared between the satellite cell and the muscle fiber
(Fig. 6). In very long-termdenervatedmuscle, satellite cells
in various stages of activationwere foundwithin a common
basal lamina in association with small muscle fibers that
appeared to be degenerating and/or regenerating.

Muscle Fiber Counts

Direct counts of dissociated muscle fibers in three
pairs of normal EDL muscles from 4-month-old rats
yielded a mean of 5,709 6 212 muscle fibers. Counts of
muscle fibers from photographic montages of cross-
sections through the midpoint of three 4 month and

Fig. 1. Confocal microscopic images of segments of rat EDL muscle fibers at 0 (Control), 2, 4, and 7
months after denervation. All images were taken at the same magnification.

TABLE 1. Denervation effects on satellite cell populations in rat EDLmuscles

Denervation time
Total

nuclei/mm
Total nuclei/
muscle fiber

Satellite
cell %

Satellite cells/
muscle fiber

Total number
of muscle fibers

Total number
of satellite cells

Total number
of myonuclei

Control (4-month-old rats) 34 6 5 410 2.8 6 0.41 11.5 5,709 6 212 65,654 2,272,182
2months 22 6 2 297 9.1 6 0.1 27.0 — — —
4months 16 6 2 208 6.5 6 1.0 13.5 4,829 6 83 65,192 946,484
7months 11 6 2 158 2.5 6 0.9 4.0 5,282 6 165 21,128 813,428
12months — — 1.2 6 0.2 — — — —
18months — — 1.1 6 0.01 — — — —
1Controlmuscles for satellite cell counts taken from6-month-old rats.
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three 7 month denervated muscles yielded mean values
of 4,829 6 83 and 5,282 6 165 muscle fibers, respec-
tively (Table 1).

DISCUSSION

This study has shown that during the first 2 months
following denervation there is a threefold increase in
satellite cells (expressed as a percentage of satellite cell
nuclei/satellite cell 1 myonuclei) over control levels.
The early increase is followed by a steady decrease over
subsequent months. A similar pattern was noted by
Rodrigues and Schmalbruch (1995), but the difference
between control and 2 month denervated levels in their
experiment was considerably less than that recorded
here. Rodrigues and Schmalbruch performed their de-
nervations on 5 week rats, which are still in a rapid
growth phase and have a higher percentage of satellite
cells (nearly 6%) than is found in rats between 4 and 12
months, where the percentage of satellite cells stabi-
lizes to slightly below 3% (this study; Gibson and
Schultz, 1983).

Satellite cell percentages alone do not reflect total
satellite cell numbers in denervated muscle. When
combined with total nuclear counts, however, they
provide estimates of satellite cell populations associ-
ated with single muscle fibers (Table 1). Such estimates
show a greater than twofold increase in satellite cell
number per muscle fiber during the first 2 months
following denervation. Because of the pronounced de-
cline in overall nuclear numbers per muscle fiber after
denervation, the total number of satellite cells per fiber
at 4 months postdenervation is only slightly above the
preoperative level despite the fact that the percentage

Fig. 2. Hematoxylin and eosin-stained fibers isolated from 7 month
denervated rat EDLmuscles. A: Low power survey, showing clumps of
myonuclei alternating with nonnucleated segments within the muscle

fibers. Two extremely thin muscle fibers (arrows) may represent newly
regenerating muscle fibers. B,C: Higher power views of segments of
muscle fibers, showing in greater detail the nuclear clumping.

TABLE 2. Effect of denervation on the percentage of
muscle fiber cross-sections not containing nuclei

Denervation time
% nonnucleated

muscle fiber sections

Control (6-month-old rats) 14.3 6 2.2
2months 17.0 6 3.7
4months 29.8 6 2.9*
7months 43.7 6 0.9*
12months 48.6 6 3.8*
18months (2muscles) 54.8

*P, 0.05 as comparedwith control group.

Fig. 3. Changes in cytoplasmic volume per millimeter of muscle fiber
in rat EDLmuscle fibers over a 7 month period of denervation.
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of satellite cells is still greater than twice control
values. Only at 7 months after denervation, when the
percentage of satellite cells has fallen to control values,
does one find a threefold decrease in satellite cells per
muscle fiber because of the dramatic decrease in the
total number of nuclei per muscle fiber.
When the satellite cells/muscle fiber data are com-

bined with total muscle fiber/muscle data, one can
estimate the total satellite cell population in the EDL
muscle at various periods of denervation (Table 1). The
estimate of satellite cells in control EDLmuscle derived
by this methodology is roughly three times less than
that published by Gibson and Schultz (1983), who used
total DNA values as part of the basis for their esti-
mates. This difference could be due to a number of
factors, ranging from the strain of rat to the methodol-
ogy used. Work in this laboratory (Viguie, unpublished)
has shown 40% more nuclei per muscle fiber in Wistar
than in Fischer-344 rats. Such data are not available
for Sprague-Dawley rats, which were used by Gibson
and Schultz. Cardasis and Cooper (1975) counted myo-
nuclei and calculated satellite cell numbers in muscle
fibers of the mouse gastrocnemius. In 63-day-old mice
they found a mean of 355 myonuclei per fiber, and on
the basis of a 6% incidence of satellite cells they
calculated a total of 21 satellite cells per muscle fiber.
Although total muscle fiber counts were not done for

2 month denervated muscles, the stability of muscle
fiber numbers through 7months of denervation suggest
that at 2 months of denervation the overall population
of satellite cells in the EDL muscle considerably ex-
ceeds that of control muscle. The estimate of total
satellite cells per EDL muscle at 7 months of denerva-
tion is only one-third of control values. Unfortunately,
because of the extremely small size of many of the
muscle fibers inmuscles denervated from12–18months,
it was not possible either to isolate individual muscle
fibers for confocal microscopy or to make accurate
counts of total muscle fibers, but, on the basis of mass
and morphology of these muscles (Carlson et al., 1996;
Lu et al., 1997) combined with the percentages reported
in this paper, it is realistic to assume that the total

satellite cell population per muscle fiber is reduced
even further with increasing time of denervation.
A number of reports have documented an increase in

the percentage of satellite cells after denervation (Al-
oisi et al., 1973; Hanzliková et al., 1975; McGeachie and
Allbrook, 1978; Ontell, 1974; Rodrigues and Schmal-
bruch, 1995; Snow, 1983), but the basis for the increase
in satellite cell number during the first 2 months after
denervation remains to be defined. Some of the earlier
reports (Lee, 1965; Hess and Rosner, 1970; Ontell,
1974) suggested that the increase in satellite cell
number may be due to the separation of myonuclei from
the denervated muscle fibers. Another interpretation,
which is more in keeping with contemporary knowl-
edge, is that the proliferation of existing satellite cells
could account for the increase. Autoradiographic stud-
ies by McGeachie and Allbrook (1978) and Murray and
Robbins (1982) have shown increases in the incorpora-
tion of H3-thymidine into nuclei associated with muscle
fibers, but these studies were limited to the first week
after denervation.
An important practical issue is whether or not the

quantitative data on satellite cell numbers shed any
light upon the results of attempts to restore long-term
denervated muscle. Both Gulati (1990) and Carlson et
al. (1996) found that grafts of 2 or 3 month denervated
rat EDL muscles were restored to the same mass and
contractile force as grafts of normal EDL muscles, but
for longer periods of denervation restoration was less
successful. The maximum tetanic force developed by
grafts of 4 and 7 month denervated muscles declined in
a straight line fashion from 2 month levels so that the
recovery of force at 7 months was only 17% of that
attained at 2 months. Beyond 7 months of denervation
there was a continued slight decline in force. Grafts of
normal muscle are restored through a combination of
regeneration and reinnervation, and both could play a
significant role in the success of restoration of grafts of
previously denervated muscles.
The estimates of total satellite cell populations per

muscle (Table 1) show no change from control in 4
month denervated muscles but a threefold decrease by
7 months of denervation. When these data are com-
bined with estimates of the total number of myonuclei
per muscle (Table 1), one can calculate that, in order to
restore the control number of myonuclei, each satellite
cell in a 7 month denervated muscle would have to
produce approximately 70 progeny (six to seven dou-
blings). However, without data on the number of prog-
eny that could be produced per satellite cell in dener-
vated muscle, it is difficult to determine if absolute
numbers of satellite cells represent a biological limiting
factor. Recent work from Partridge’s laboratory (Rosen-
blatt et al., 1995) has shown that the satellite cells from
a single EDL muscle fiber in the mouse can produce
over 100,000 progeny in vitro. If such numbers are
representative of the proliferative capacity of satellite
cells in the rat, individual satellite cells would have to
undergo an enormous reduction in their proliferative
capacity for pure numbers of satellite cells in dener-
vatedmuscles to be a limiting factor. On the other hand,
unfavorable environmental conditions in vivo could
potentially severely limit the ability of satellite cells in
long-term denervated muscle to divide.

Fig. 4. Changes in cytoplasmic volume per nucleus in rat EDL
muscle fibers over a 7 month period of denervation.
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With almost no data available on the biology of
satellite cells in denervated muscle, it is difficult to
determine the cause of the marked decline in their
numbers after denervation. Many options exist. One
possibility is that certain satellite cells die without
being replaced in long-term denervated muscle. Myo-
nuclear death after denervation has been documented
through counts (this study) and through morphological
observations (Borisov et al., 1995), but the extent to
which satellite cells may die is less certain. Another
possibility is that satellite cells become incorporated
into atrophying or newly forming muscle fibers at a
greater rate than they are formed. The paucity of
information on satellite cell proliferation and incorpora-
tion into denervated muscle fibers does not allow this
possibility to be assessed. There is morphological evi-
dence for the formation of new muscle fibers in long-
term denervated muscle (Carraro et al., 1985; Schmal-
bruch and Lewis, 1994), and experimentally several
investigators have shown that long-term denervated
muscle can regenerate (Gulati, 1988; Kaminska and
Fidzianska, 1990). It has been suggested (Irintchev et
al., 1990) that exhaustion of the satellite cell pool could
be one of the reasons for poor restoration in long-term
denervated muscle. Further information on the behav-
ior of individual satellite cells in denervated muscle

must be obtained before the data reported here can be
integrated into an overall understanding of cellular
aspects of atrophy in long-term denervated muscles.
The reduction in mean number of myonuclei per

muscle fiber proceeded in an apparently linear fashion
for the first 7 months after denervation, with a net loss
of approximately one myonucleus/muscle fiber/day. Re-
sults of the present study clearly show that after
denervation myonuclear loss is preceded by a signifi-
cant loss of cytoplasmic volume. Whether myonuclear
loss is caused by or merely associated with cytoplasmic
loss cannot be determined from the present study, but
certainly during the period of study reported here there
is no trend toward restoring the control-level nucleocy-
toplasmic ratio despite the loss of myonuclei. This
suggests that after denervation the intracellular dynam-
ics controlling nuclear territories (Landing et al., 1974;
Hall and Ralston, 1989) differ from those in normal
muscle. Myonuclear death is certainly a significant
component contributing to the total loss of myonuclei
(Borisov and Carlson, 1995), but the overall dynamics
leading to the net loss of one myonucleus per day are
not understood. Of particular importance is the balance
between the potential addition of satellite cell progeny
to the atrophying muscle fibers and myonuclear loss
due to cell death.Aquestion that cannot be answered by

Fig. 5. Electron micrograph of a 2 month denervated rat EDL
muscle, showing a satellite cell (arrow) in a normal close relationship
to a muscle fiber. The myonucleus (M) of that muscle fiber is
surrounded by a region of non-filament containing cytoplasm. In an

adjacent muscle fiber a myonucleus (double arrow), similarly sur-
rounded by filament-free cytoplasm, is undergoing early degenerative
changes.
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the present set of data is whether myonuclear loss
follows a steady pattern of attrition or if bursts of
myonuclear death alternate with periods of quiescence.
Another finding in this study that cannot be readily
explained by the descriptive data is the clumping of
myonuclei in 7 month denervated muscle fibers (Fig. 2).
Is this due to migration and aggregation of myonuclei,
or is it the result of massive death of myonuclei and the
proliferation of satellite cells and the local incorpora-
tion of their progeny into the atrophic muscle fiber?
In summary, the analyses reported here show that,

following denervation, the rat EDLmuscle undergoes a
rapid course of atrophy, with an early loss of muscle
cytoplasm followed by a steady loss of myonuclei. The
satellite cell population increases dramatically during
the first 2 months of denervation, but subsequently this
is followed by a pronounced loss. These morphological
findings correlate closely with the ability of the dener-
vated EDLmuscle to become restored after transplanta-
tion (Carlson et al., 1996), but whether or not the
numerical data reported here are sufficient to explain
the reduced restorative capacity of long-term dener-
vated muscle remains to be determined.
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