
The Journal of Neuroscience, July 1987, 7(7): 2145-2152 

Transient and Chronic Neonatal Denervation of Murine Muscle: 
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Pennsylvania 15261 

The extensor digitorum longus muscles of 14-d-old normal 
(129 ReJ + +) and dystrophic (129 ReJ dy/dy) mice were 
denervated by cutting the sciatic nerve. One denervation 
protocol was designed to inhibit reinnervation of the shank 
muscles, the other to promote reinnervation. Chronically de- 
nervated muscles (muscles that remained denervated for 
100 d after nerve section) exhibited marked atrophy, but the 
number of myofibers in these muscles (1066 f  46 and 931 f  
62 for the denervated normal and dystrophic muscles, re- 
spectively) was similar to the number of myofibers found in 
age-matched, unoperated normal muscles [922 + 26 (Ontell 
et al., 1964)] and was significantly greater than the number 
of myofibers found in age-matched dystrophic muscles 
[547 f  45 (Ontell et al., 1964)]. Similar effects on myofiber 
number were obtained when denervated muscles were al- 
lowed to reinnervate. Reinnervation of both normal and dys- 
trophic muscles mitigated the marked atrophy that charac- 
terized chronically denervated muscles. The dystrophic 
reinnervated muscles appeared “healthier” than age- 
matched, unoperated dystrophic muscles, having 70% more 
myofibers, less myofiber diameter variability, substantially 
less connective tissue infiltration, and a greater amount of 
contractile tissue at their widest girths. The present study 
demonstrated that it is possible to alter the phenotypic 
expression of the histopathological changes associated with 
murine dystrophy, in dystrophic myofibers that are formed 
during fetal development, by subjecting the muscle to neo- 
natal denervation. 

Murine muscular dystrophy (dy) is a progressive, hereditary 
disorder (Michelson et al., 1955) clinical symptoms (i.e., hind- 
limb dragging) being observed when the mice are approximately 
2 weeks of age. The disorder is characterized by myofiber ne- 
crosis and an abortive attempt at muscle regeneration, ulti- 
mately resulting in extensive myofiber loss and replacement by 
connective tissue. 

Despite extensive biochemical, morphological, and physio- 
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logical studies, the etiology of the disease has not been deter- 
mined. Initially, the disease was described as a primary my- 
opathy (Michelson et al., 1955; Banker and Denny-Brown, 1959; 
Banker, 1967; Cosmos et al., 1973); however, amyelinization 
of the ventral roots of the spinal nerves in the lumbar region 
(Bray and Aguayo, 1975; Jaros and Bradley, 1978) abnormal- 
ities at the motor endplate region (Banker et al., 1979) and 
other neurological changes were subsequently described. 

Recently our laboratory has been able to modify the pheno- 
typic expression of murine muscular dystrophy in regenerated 
myofibers that form after the removal, and replacement, of whole 
young dystrophic muscle back into its original bed (Bourke and 
Ontell, 1986). Subsequent to transplantation, the myofibers of 
the ischemic grafted muscle undergo necrosis, phagocytosis, and 
replacement by newly formed multinucleated myotubes (Carl- 
son, 1973; Carlson and Gutmann, 1976). The number of myo- 
fibers found in the dystrophic grafts 100 d after transplantation 
is the same as the number found in similarly treated normal 
muscles. The wide myofiber diameter variation and extensive 
connective tissue infiltration that are characteristic of untrau- 
matized dystrophic muscle are greatly reduced in dystrophic 
grafts, and the grafts appear “healthier” than age-matched, un- 
operated dystrophic muscles (Bourke and Ontell, 1986). 

The ability to modify the phenotypic expression of dystrophy 
in regenerated dystrophic muscles maintained in a dystrophic 
environment and innervated by dystrophic nerves appears to 
contradict both the myogenic and neurogenic hypotheses con- 
cerning the etiology of the disorder. If the myogenic hypothesis 
is correct, one might expect the regenerated dystrophic myofi- 
bers, being formed by “dystrophic” myosatellite cells (myogenic 
stem cells; Mauro, 196 l), to undergo the same histopathological 
changes as occur in dystrophic myofibers formed during fetal 
development. If the neurogenic hypothesis is correct, one might 
expect the fate of the regenerated dystrophic myofibers, being 
innervated by “dystrophic” nerves, to be similar to that ob- 
served in untraumatized dystrophic muscle. 

In an effort to understand the mechanism responsible for the 
modification of the dystrophic syndrome subsequent to trans- 
plantation, differences between primary myogenesis (fetal myo- 
genesis) and secondary myogenesis (myogenesis subsequent to 
transplantation) have been examined. One difference involves 
the time of myoneural integration, relative to the time of myo- 
tube formation. During primary myogenesis of normal mouse 
muscle, myotubes become innervated within a day or two of 
their formation (Ontell and Kozeka, 1984). By contrast, there 
is a delay of at least a week between myotube formation and 
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the appearance of the first myoneural junctions in the trans- 
plantation system (Bourke and Ontell, 1986). Perhaps the delay 
in innervation of the regenerated myofibers found in the dys- 
trophic graft could be responsible for the modification of the 
dystrophic myofibers’ phenotype. It is suggested that genetically 
dystrophic myofibers will exhibit histopathological changes con- 
sistent with mm-me dystrophy only if they are, and remain, 
innervated during a “critical” period following myotube for- 
mation. To test this hypothesis, our laboratory has undertaken 
an experiment in which dystrophic muscle has been induced to 
regenerate while the time course of its reinnervation was altered, 
and an experiment in which the innervation of fetally formed 
dystrophic muscle has been interrupted during the neonatal pe- 
riod. This report concerns the results of the study in which 
innervation of dystrophic muscle has been permanently or tran- 
siently interrupted during the neonatal period. 

Materials and Methods 

The right extensor digitorum longus muscles of 2-week-old female 129 
ReJ dy/dy mice and of 2-week-old female 129 ReJ (genetically normal) 
mice (derived from colonies maintained at the Jackson Laboratory) were 
denervated by cutting and removing 1.5 mm of the sciatic nerve as it 
passed under the biceps femoris muscle. The proximal end of the cut 
nerve stump was folded back on itself in an attempt to prevent rein- 
nervation of the shank musculature. One hundred days post-denerva- 
tion, the region under the biceps femoris muscle was examined to eval- 
uate whether any of the sprouting nerves from the proximal nerve stump 
were growing in the direction of the denervated shank. The right extensor 
digitorum longus muscles of a second group of 2-week-old female 129 
ReJ dy/dy mice and 2-week-old female 129 ReJ (genetically normal) 
mice were denervated by carefully severing the sciatic nerve, with min- 
imal disturbance to the surrounding fascia, as the nerve passed under 
the biceps femoris muscle. The cut ends of the nerves were closely 
approximated to facilitate reinnervation of the shank musculature. One 
hundred days after denervation, the sciatic nerve was exposed in order 
to determine whether the gap between the cut edges of the nerves had 
been eliminated. 

One hundred days after denervation, denervated muscles and con- 
tralateral, unoperated extensor digitorum longus muscles were exposed 
and fixed in s;tu in 2.0% glutaraldehyde in 0.125 M cacodylate buffer 
(DH 7.3) for 30 min. Extensor diaitorum longus muscles of 2-week-old 
and 17-‘week-old untraumatizednormal and dystrophic animals were 
similarly treated. All muscles were removed from the hindlimb and 
olaced in fresh fixative for 1.5 hr. Muscles were postfixed in buffered 
2.0% osmium tetroxide, dehydrated in ethanol, and embedded in Epon 
812. Epon blocks of muscles were placed on a sliding microtome 
(equipped with a steel knife) and oriented for sectioning in a plane 
perpendicular to the long axis of the muscle fibers. (The extensor dig- 
itorum longus muscle is a pennate muscle, and a plane perpendicular 
to the long axis of the myofibers is not perpendicular to the long axis 
of the muscle.) The muscles were serially sectioned, from origin to 
insertion, into sets consisting often 15-pm-thick sections and one 8-pm- 
thick section. Fifteen-micron-thick sections were cleared in drops of 
Eoon between 2 lavers of nolvstvrene film and placed in a 60°C oven 
(Davidowitz et al.,* 1976). -The &m-thick sections were mounted on 
glass slides. All 8-pm-thick sections and all cleared sections ofthe chron- 
ically denervated dystrophic muscles were examined, using a Leitz mi- 
croscope equipped with phase optics, to determine whether they con- 
tained myelinated nerves. The maximal cross-sectional areas of all 
muscles (hereafter termed the muscles’ “widest girths”) were determined 
by examination of each I-pm-thick section with a phase microscope 
equipped with an eyepiece reticule. The 15-pm-thick section adjacent 
to the muscle’s widest girth was cut out of the polystyrene film and 
attached to a preformed Epon block. Other randomly chosen 15-pm- 
thick sections were also reembedded. Reembedded sections were cut 
into semithin (0.5 pm) or ultrathin (70-90 nm) sections. Semithin sec- 
tions were stained with toluidine blue. Ultrathin sections were collected 
on slot grids, stained with uranyl acetate and leaf citrate (Reynolds, 
1963), and observed using a Philips 300 electron microscope. Muscles 
believed to be chronically denervated were examined, using the electron 

microscope, to determine whether axons could be identified in ultrathin 
sections. Muscles believed to be denervated-reinnervated were exam- 
ined to establish whether there were motor endplates on the myofibers. 

Montages of micrographs (x 1100; microscope and enlarger were cal- 
ibrated at each use) of the entire cross-section of the muscle, taken at 
the muscle’s widest girth, were made. Morphometric analyses were per- 
formed on electron micrographs of chronically denervated (N = 3 for 
denervated normal muscle, N = 3 for denervated dystrophic muscle) 
and on denervated-reinnervated (N = 5 for denervated-reinnervated 
normal muscle, N = 5 for denervated-reinnervated dystrophic muscle) 
muscles 100 d post-denervation, and on age-matched normal and dys- 
trophic muscles (N = 3 for normal, and N = 4 for dystrophic muscles). 
The number of myofibers present at the widest girth of each muscle was 
determined from the montages of electron micrographs. With a Bio- 
quant-IBM morphometric analysis system, the perimeters of 300 ran- 
domly chosen myofibers per muscle were traced with a digitizing pen. 
A calculation program determined the diameter of each myofiber (as- 
suming each myofiber to be circular in cross-section). The mean myo- 
fiber diameters and histograms of myofiber diameter distributions were 
calculated by the Bioquant system for each muscle and for all muscles 
in a given group. The total amount of contractile tissue at the muscle’s 
widest girth was determined by multiplying the number of myofibers 
in each muscle by the mean myofiber area for that muscle. Morpho- 
metric data generated from chronically and transiently denervated nor- 
mal and dystrophic muscles were compared to data from age-matched, 
untraumatized normal and dystrophic muscles generated in this study 
and in Ontell et al. (1984). Data were subjected to statistical analysis 
using a one-way analysis of variance, followed by paired comparisons 
using Student’s t test (Sokal and Rohlf, 1981). An analysis of variance 
of myofiber number was made using the square root of the number of 
myofibers. To determine whether the changes in variance in fiber di- 
ameter in denervated-reinnervated muscle, compared to those in un- 
operated muscle, were significant, the variances observed in the 2 groups 
were compared using an F ratio (Sokal and Rohlf, 198 1). All references 
to significant differences in this report indicate significance at p < 0.01, 
unless other levels of significance are specified. The ratio of centrally 
and eccentrically located myonuclei to subsarcolemmal myonuclei in 
chronically and transiently denervated muscles was determined by ob- 
servation of the location of myonuclei, in 250 myofibers per muscle, in 
ultrathin sections taken through the muscles’ widest girths. Central nu- 
clei may serve as markers for the determination of the extent of regen- 
eration (i.e., the number of regenerating myofibers) in murine muscle 
(see Discussion). 

Results 
Unoperated dystrophic muscle 
The effect of dystrophy on the extensor digitorum longus muscle 
of the 129 ReJ dy/dy mouse has been previously described 
(Ontell et al., 1984); therefore, only a brief summary of those 
histopathological changes necessary to evaluate the effect of de- 
nervation on dystrophic muscle will be given. 

At 14-d postnatal, dystrophic mice began to exhibit inter- 
mittent hindlimb dragging. At this stage the extensor digitorum 
longus muscle contained approximately 77% of the myofibers 
found in age-matched normal muscle (Ontell et al., 1984). Three 
tvnes of mvofibers could be identified on the basis of their se- 
lective response to the dystrophic process: polygonally shaped 
“healthy” myofibers, similar in appearance to myofibers found 
in normal muscle; swollen necrotic myofibers; and small-di- 
ameter myofibers, which, by ultrastructural criteria (central nu- 
clei, varying amounts of myofibrils, glycogen deposits, etc.), 
were clearly regenerating myofibers (Fig. 1). This was the ap- 
pearance of the muscle at the time of denervation. 

At 17 weeks, the hindlimbs of the dystrophic mice were dragged 
passively behind their bodies, and the extensor digitorum longus 
muscle exhibited marked histopathological changes (Fig. 2). 
There was greater myofiber diameter variation, less well-defined 
fascicular arrangement, and more connective tissue infiltration 
than was found in age-matched normal muscle (Figs. 2 and 3) 
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Figure 1. Light micrographs of the extensor digitorum longus muscle of a 2-week-old dystrophic mouse. Area indicated by arrow (a) is enlarged 
in b. There are occasional necrotic myofibers (arrow, b) and some small-diameter regenerating myofibers with central nuclei (crossed arrow, b). a 
and b, Both are stained with Toluidine blue. a, x 60; b, x 500. 

and the muscle contained approximately 4 1% fewer myofibers 
(Ontell et al., 1984). 

Chronically denervated muscle 

Gross observation of the region under the biceps femoris mus- 
cle, light-microscopic examination of all serial sections of each 
muscle, and randomly chosen ultrathin sections taken along the 
lengths of the muscles confirmed that the 3 normal and dys- 
trophic, chronically denervated muscles contained no axons. 
Long-term, chronically denervated normal muscles (not shown) 
and dystrophic muscles (Fig. 4) were significantly (p < 0.02) 
smaller in cross-sectional area than were the respective unop- 
erated muscles, with denervated dystrophic muscles being sig- 
nificantly smaller in cross-sectional area than denervated nor- 
mal muscles (Table 1). All chronically denervated muscles 
showed some evidence of regional connective tissue infiltration. 
Interfascicular connective tissue infiltration appeared to be more 
prominent in the chronically denervated dystrophic muscle; 
however, no quantitative evaluation was made. The number of 
myofibers found at the widest girths of the denervated normal 
and dystrophic muscles was similar in both, and also to the 
number of myofibers found in age-matched, unoperated normal 
muscles (Table 1). Chronically denervated dystrophic muscles 

contained a similar number of myofibers as was present in the 
dystrophic muscle at the time of denervation (Table l), which 
suggests that denet’vation had resulted in the failure of the mus- 
cle to undergo the loss of myofibers characteristic of dystrophy. 
The atrophy of the chronically denervated muscles, as compared 
to control muscles, was the result of significant decreases in 
myofiber diameters (Fig. 5, Table 1). Denervation resulted in 
significant decreases in the cross-sectional areas of contractile 
tissue (number of myofibers x mean myofiber cross-sectional 
area) found at the muscles’ widest girths (Table 1). 

Central or eccentrically located myonuclei accounted for 3.5 
and 6.5% of the total nuclear population in chronically dener- 
vated normal and dystrophic muscles, respectively. This could 
be interpreted as indicating that little, if any, myofiber regen- 
eration occurred in the chronically denervated muscles (see Dis- 
cussion). 

Denervated-reinnervated muscle 

Both normal and dystrophic mice in the denervated-reinner- 
vated groups failed to make full use of their reinnervated limbs, 
even after 100 d following denervation. Examination of the 
sciatic nerve in the region of the original nerve lesion established 
that the gap between the proximal and distal nerve stumps had 

- 

Figure 2. Extensor digitorum longus muscle of an unoperated 17-week-old dystrophic mouse. Area indicated by arrow on the light micrograph 
(a) is enlarged in the electron micrograph (b). b, Arrows indicate necrotic myofibers. At this stage there is marked myofiber diameter variation and 
extensive connective tissue infiltration. a, Toluidine blue. x 60. b, Uranyl acetate and lead citrate. x 600. 



2148 Moschella and Ontell - Neonatal Denervation 

been eliminated. Myelinated nerve bundles (Fig. 6c) and motor reinnervated dystrophic muscles did not have the extensive con- 
endplates (Figs. 8, 9) were seen in each of the 5 normal and nective tissue infiltration that characterized untraumatized dys- 
dystrophic muscles in each group. While no morphometric anal- trophic muscle. These muscles were significantly larger in girth 
yses of motor endplate morphology were undertaken, the (p < 0.02), had significantly more myofibers (70%) and con- 
dystrophic motor endplates (Fig. 8) consistently displayed less tractile tissue (37%) at their widest girths than did unoperated 
well-developed soleplate infoldings than were found in normal dystrophic muscles (Table 1). Comparison of the histograms of 
reinnervated muscles (Fig. 9). myofiber diameter distributions of denervated-reinnervated 

The appearance of the normal and dystrophic denervated- dystrophic muscles and unoperated dystrophic muscles indi- 
reinnervated muscles (Figs. 6, 7) was similar, and it was also cated that the dystrophic muscles failed to display the marked 
similar to that of unoperated normal muscles (Fig. 3), except myofiber diameter variation characteristic of unoperated dys- 
for the fact that the myofibers of the dystrophic denervated- trophic muscles (p < 0.001). Both the large-diameter (probably 
reinnervated muscles were smaller than those of similarly treat- work-hypertrophied) myofibers and the small-diameter (regen- 
ed and unoperated normal muscles. (Compare Figs. 3b, 6b, and erating) myofibers characteristic of dystrophy were not found 
7b.) Both groups of denervated-reinnervated muscles contained in the denervated-reinnervated dystrophic muscles (Fig. 7). 
a similar number of polygonally shaped myofibers, and the num- Approximately 2.5% of the myonuclei found in denervated- 
ber of myofibers in these muscles was similar to the number reinnervated normal muscle and 6.7% of the myonuclei found 
found in age-matched, unoperated normal muscles (Table 1). in denervated-reinnervated dystrophic muscle were centrally or 
The morphological appearance of denervated-reinnervated dys- eccentrically located, indicating that little, if any, myofiber re- 
trophic muscles was different than that of age-matched, unop- generation occurred in the denervated-reinnervated muscles (see 
erated dystrophic muscle. (Compare Figs. 2 and 7.) Denervated- Discussion). 

0 a 

Figure 3. Normal, unoperated extensor digitorum longus muscle of a 17-week-old mouse. Area in light micrograph (a, arrow) is enlarged in the 
electron micrograph (b). Compare the appearance of these myofibers with that of the myofibers found in normal (Fig. 6b) and dystrophic (Fig. 7b) 
denervated-reinnervated muscle. a, Toluidine blue. x 60. b, Uranyl acetate and lead citrate. x 600. 

Figure 4. Chronically denervated extensor digitorum longus muscle of a dystrophic mouse. Denervation was performed when the mouse was 2 
weeks old, and the muscle was removed 100 d later. The muscle has undergone atrophy (a), as compared to the unoperated, age-matched dystrophic 
muscle (Fig. 24. Area indicated by arrow (a) is enlarged in the electron micrograph (b). This atrophy is due to the small diameter of the myofibers 
in the chronically denervated muscles, rather than to a reduction in myofiber number. Compare the size of the myofibers in the electron micrograph 
(b) with that in unoperated, age-matched dystrophic muscles (Fig. 24 and in denervated-reinnervated dystrophic muscles (Fig. 76). a, Toluidine 
blue. x 60. b, Uranyl acetate and lead citrate. x 600. 
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Discussion 
The present study establishes, for the first time, that the phe- 
notypic expression of genetically determined murine dystrophy 
in dystrophic myofibers formed during fetal development can 
be modified by neonatal denervation, followed by reinnervation. 
Denervated-reinnervated dystrophic muscles are of greater girth, 
contain 70% more myofibers and display 37% more contractile 
tissue at their widest girths than do untraumatized dystrophic 
muscles. These muscles show no evidence of necrotic changes 
and fail to display the marked myofiber diameter variation and 
connective tissue infiltration that occur in dystrophic muscles 
of age-matched mice. Moreover, denervated-reinnervated dys- 
trophic muscles have similar numbers of myofibers and are 
similar in overall appearance to denervated-reinnervated nor- 
mal muscles and age-matched, unoperated normal muscles. 
However, on all other parameters measured (maximal cross- 
sectional area, mean myofiber diameter, and contractile tissue 
area at the muscles’ widest girths), the reinnervated dystrophic 
muscles are smaller than the muscles in the normal groups. The 
smaller size of the dystrophic denervated-reinnervated muscles 
may reflect the reduced body weight of dystrophic mice com- 
pared to normal mice (Rowe and Goldspink, 1969a, b). 

We have previously shown (Bourke and Ontell, 1986) that it 
is possible to modify the expression of murine dystrophy by 
transplanting young whole dystrophic muscles into a dystrophic 
host. The transplantation system differs from the neonatal de- 
nervation-reinnervation system in that the genetically dystro- 
phic myofibers that fail to express the dystrophic phenotype in 
the transplantation system are regenerated myofibers (myofibers 
that were formed de novo subsequent to the extreme trauma of 
grafting), while the myofibers in the denervated-reinnervated 
dystrophic muscle were formed during fetal development. 
Moreover, the denervation-reinnervation protocol produces a 
“healthier’‘-appearing muscle, one that is larger in girth, con- 
tains 47% more myofibers, and has a cross-sectional area of 
contractile tissue that is 2Y2 times greater than that of dystrophic 
grafted muscle (Bourke and Ontell, 1986; D. L. Bourke, un- 
published observations). 

That the chronically denervated and the denervated-reinner- 
vated dystrophic muscles contain 70% more myofibers than are 
found in unoperated dystrophic muscles suggests either that the 

40 i 

30 

cn 

- NORMAL UNOPERATED 
. . . . . . . NORMAL DENERVATED 
llllllllllllll NORMAL DENERVATED- REINNERVATED 

a 
ii 
c 20 

5 

IF 10 

40 

15 30 45 60 

DIAMETER (rm) 

- DYSTROPHIC UNOPERATED 
. . . . . . DYSTROPHIC DENERVATED 
l,illllllllll DYSTROPHIC DENERVATED-REINNERVATED 

15 30 45 60 

DIAMETER (pm) 

Figure 5. Histograms of myofiber diameter distributions, measured at 
the muscles’ widest girths. a, Comparison of myofiber diameter clistri- 
butions of unoperated normal, chronically denervated normal, and de- 
nervated-reinnervated normal muscles. b, Comparison of myofiber di- 
ameter distributions of unoperated dystrophic, chronically denervated 
dystrophic, and denervated-reinnervated dystrophic muscles. 

Table 1. Morphometric analysis of chronically denervated and denervated-reinnervated extensor digitorum longus (EDL) muscles and their age- 
matched control muscles= 

Normal muscle 
Control” Chronically Denervated- 
17-wk-old denervated’ reinnervatedd 

Area (n = 3) (n = 3) (n = 5) 

Maximal cross-sectional 
area of EDL (mm*) 0.72 + 0.07 0.51 z!z 0.02 0.74 zk 0.08 

Number of myofibers 922 + 28b 1066 + 46 932 -t 26 

Mean myofiber diameter &m) 28.4 f 0.3 16.4 f 0.86 24.7 $r 0.89 

Total contractile tissue area 
at MWCP (mm2) 0.624 zk 0.02 0.265 f 0.03 0.482 k 0.02 

n All values measured at muscles’ widest girths (MWG) and expressed as means -C SEM. 
b Values taken from Ontell et al. (1984). 

c Denervated at 2 weeks; removed 100 d after denervation. 
d Denervated at 2 weeks and allowed to reinnervate. Muscles removed 100 d after denervation. 
p Total contractile area = mean number of myofibers x mean cross-sectional area of myofibers. 

Dystrophic muscle 
ControP Chronically Denervated- 
17-wk-old denervated’ reinnervated& 
(n = 4) (n = 3) (n = 5) 

0.35 * 0.01 0.15 + 0.01 0.53 Ik 0.03 

547 k 456 931 t 62 928 +I 35 

21.0 f 0.6 10.2 + 0.29 20.2 zk 1.12 

0.230 I!C 0.01 0.087 + 0.002 0.314 k 0.014 
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Figure 6. Denervated-reinnervated normal extensor digitorum longus muscle. Denervation was performed on a 2-week-old mouse, and the muscle 
was removed 100 d after denervation. Compare with age-matched, normal muscle (Fig. 3) and with denervated-reinnervated dystrophic muscle 
(Fig. 7). Area indicated by arrow in the light micrograph (a) is enlarged in the electron micrograph (b). Area indicated by crossed arrow (a) contains 
a myelinated nerve bundle (c). (I, Toluidine blue. x 45. b, Uranyl acetate and lead citrate. x 600. c, Toluidine blue. x 500. 

original myofibers have failed to undergo necrosis [the number 
of myofibers in the experimental muscles is similar to the num- 
ber of fibers present in the dystrophic muscle at the time of 
denervation (965 + 37 myofibers); Ontell et al., 19841 or that 
denervation has induced regeneration, resulting in the replace- 
ment of as many myofibers as might be lost from dystrophic 
muscle during this period. We favor the hypothesis that dener- 
vation has inhibited myofiber loss on the basis of our failure to 
find evidence of necrosis in chronically denervated dystrophic 
muscle at 2,4, and 8 weeks after nerve section (M. C. Moschella, 
unpublished observations) and on the low frequency of central 
nuclei (< 7% of the myonuclei) in all our experimental groups. 
In 2 systems characterized by extensive regeneration [whole- 
muscle transplantation (D. L. Bourke, unpublished observa- 
tions) and regeneration following injection of bupivacaine (H. 
Martin, unpublished observations)], 47-60% of the myonuclei 
in regenerated normal and dystrophic muscles remains centrally 
located 100 d after the onset of regeneration. If the frequency 
of central myonuclei serves as a clue to the extent of regener- 
ation, regeneration does not play a significant role in maintain- 
ing myofiber number in chronically or transiently denervated 

muscles. Support for this hypothesis is found in Jaros and John- 
stone (1984), who, having studied the effects of neonatal de- 
nervation on the dystrophic extensor digitorum longus muscle 
for periods of 1-2 weeks after nerve section, report an inhibition 
of myofiber loss and an absence of necrotic and regenerating 
myofibers, and in Karpati et al. (1982), who report that chron- 
ically denervated dystrophic hamster muscle does not display 
necrotic changes. 

It is difficult to compare the effects of chronic and transient 
denervation on the expression of the dystrophic phenotype, oth- 
er than to state that both systems are equally effective in pre- 
venting myofiber loss. Chronic denervation of muscle causes 
marked changes in muscle morphology, making it difficult to 
distinguish those changes in the muscle that are due to dener- 
vation from those that are due to dystrophy. 

In the present study, the time course of reinnervation of the 
dystrophic muscle has not been determined. However, on the 
basis of the findings that the nerve is severed 9-10 mm from 
the point at which it enters the muscle, that the nerve stump 
grows at approximately 2.5 mm/d after an initial refractory 
period (Gutmann, 1942), and that neonatally denervated muscle 
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Figure 7. Denervated-reinnervated dystrophic extensor digitorum longus muscle. Denervation was performed on a 2-week-old mouse; the muscle 
was removed 100 d afterwards. The muscle is smaller in girth than the denervated-reinnervated normal muscle (compare a with Fig. 64, but is 
significantly larger than age-matched unoperated dystrophic muscle (Fig. 24. Area indicated by arrow (a) is enlarged in the electron micrograph 
(b). a, Toluidine blue. x 60. b, Uranyl acetate and lead citrate. x 600. 

of the rat cannot be reinnervated until after the period of elim- 
ination of polyneural innervation is completed (i.e., the animal 
is approximately 3 weeks old, Dennis and Harris, 1980), the 
denervated muscle probably remains denervated for more than 
a week after nerve sectioning. Despite the relatively “healthy” 
appearance of the denervated-reinnervated dystrophic muscles, 
motor endplate sarcolemmas on these muscles display shallower 
infoldings than are found in normal denervated-reinnervated 
muscles. Reduction in the complexity of folding at the motor 
endplate region of unoperated dystrophic muscle has been pre- 
viously reported (Banker et al., 1979). 

The purpose of the present study was to evaluate the hy- 
pothesis that there exists for dystrophic myotubes a “window 
of vulnerability,” requiring that they be innervated and remain 
innervated during a critical period of their development if they 
are to express the dystrophic phenotype. That nerve-muscle 
interaction during development might be responsible for certain 
features of Duchenne muscular dystrophy has also been sug- 

Figure 8. Motor endplate on a denervated-reinnervated dystrophic 
extensor digitorum longus muscle. Denervation was performed on a 
2-week-old-mouse, and the muscle was removed 100 d afterwards. The 
subsynaptic folds are not well developed. Compare with Figure 9. Uranyl 
acetate and lead citrate. x 17,000. 

gested (Vrbova, 1983). The concept of a “critical” period for 
the expression of myofiber phenotype is not a new one in muscle 
development. It has been established that the intrafusal and 
extrafusal myofibers are derived from a common pool of myo- 
tubes, and that the formation of intrafusal myofibers is depen- 
dent on the presence of sensory innervation on these myotubes 
during a “critical” period of their development (Zelena, 1957; 
Zelena and Hnik, 1960). Since the phenotypic expression of 
intrafusal myofibers is dependent on myoneural interaction dur- 
ing a critical period, perhaps the phenotypic expression of mus- 
cular dystrophy is similarly dependent on myoneural interaction 
during a critical period following myotube formation. 

The results of the present study and of our dystrophic trans- 
plantation study (Bourke and &tell, 1986) are consistent with 
the “critical” period hypothesis in that, in these systems, where 
the innervation of myofibers relative to their time of formation 
is either delayed (as compared to fetal development) or inter- 
rupted shortly after myotube formation, we observe modifica- 

Figure 9. Motor endplate in a denervated-reinnervated normal exten- 
sor digitorum longus muscle. Denervation was performed on a 2-week- 
old mouse, and the muscle was removed 100-d afterwards. Note the 
depth of the subsynaptic folds. Compare with Figure 8. Uranyl acetate 
and lead citrate. x 17,000. 
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tion of the dystrophic phenotype. Further support for this hy- 
pothesis is found in a recent study (H. Martin and M. Ontell, 
unpublished observations) of regenerated dystrophic muscle 
formed in response to multiple injections of the myotoxic agent 
bupivacaine (Benoit and Belt, 1970). The bupivacaine system 
is similar to the transplantation system in that the myofibers 
undergo necrosis and are replaced by de novo formed myotubes; 
however, in the bupivacaine system, the myotubes become in- 
nervated immediately after they are formed (Sadeh et al., 1985) 
as they do during normal fetal development. In the bupivacaine 
system, the regenerated dystrophic myofibers express histo- 
pathological changes similar to those observed in the untrau- 
matized dystrophic myofibers formed during fetal development. 
Should further experiments confirm the “window of vulnera- 
bility” hypothesis, it will be necessary to determine whether the 
modification of the dystrophic phenotype reflects the lack of 
muscle activity or the removal of some neuronal chemical factor 
during a vital period of the dystrophic myotube’s development. 
It will also be necessary to determine the precise timing of the 
critical period. 

The “window of vulnerability” hypothesis is not the only 
hypothesis compatible with our observations. In our experi- 
mental systems, the phenotypic expression of murine dystrophy 
is modified only when the nerve to the muscle has been cut as 
part of the protocol. Previous studies in our laboratory have 
established that not all of the motor axons are successful in 
reinnervating grafted normal muscle (Klueber et al., 1984). It 
may be that not all of the motoneurons that innervate the intact 
dystrophic muscle are capable of reinnervating the neonatally 
denervated muscle. If one subscribes to the “sick” motoneuron 
hypothesis (McComas et al., 1971) for an explanation of the 
etiology of murine dystrophy, then one may conclude that per- 
haps not all of the motoneurons are equally affected by muscular 
dystrophy. If this is true, maybe only the “healthier” motoneu- 
rons are capable of reinnervating the dystrophic muscle. There 
is no direct evidence, however, that there are differences within 
the population of motoneurons that warrant the assumption 
that “healthy” and “sick” motoneurons innervate any given 
dystrophic muscle. At the present time, we are attempting to 
clarify the mechanism responsible for the experimental inhi- 
bition of the dystrophic phenotype. 

The failure of the dystrophic mouse to make full use of its 
reinnervated hindlimb is not related to the dystrophic syn- 
drome. The normal mouse exhibits the same response to the 
denervation-reinnervation protocol. The inability to effectively 
use the limb may be related to the failure of the muscles to 
become reinnervated by their “appropriate” nerves. In an at- 
tempt to provide more appropriate reinnervation for the dys- 
trophic muscles, we are currently modifying the denervation 
procedure by using crush lesions and by denervating closer to 
the muscle bellies. 
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