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When the sternohyoid muscle from the rat is grafted, the original muscle fibers, including the membranes at the 
neuromuscular junction, degenerate irreversibly. New muscle fibers regenerate inside of the basal laminae remaining 
from the original muscle fibers. In this study rhodamine-a-bungarotoxin and electron microscopy have been used to 
demonstrate that acetylcholine receptor (AchR) clusters and synaptic folds are restored to the regenerating myotubes 
even when innervation to the grafts is prevented. The AchR clusters and synaptic folds colocalized with acetyl- 
cholinesterease that persisted at the original synaptic basal lamina. The AchR clusters were not restored if the original 
innervation band was removed from the muscle at the time of grafting. Lengths of the AchR clusters were measured 
in animals ranging in weight from 50 to ‘700 g. The lengths of clusters in the grafts were proportional to the lengths of 
those in the preoperative controls, suggesting that quantitative morphogenetic information persists through the period 
of degeneration and regeneration. However, the distribution of the AchRs within the clusters differed slightly from 
controls. Extrajunctional AchR clusters were present initially, but later disappeared. The sizes of these clusters were 
unrelated to the sizes of the junctional AchR clusters. This study demonstrates that morphogenetic cues persist within 
the region of the original motor and plate, possibly associated with the synaptic basal lamina. o 1966 Academic PWS, IX. 

INTRODUCTION 

It has been known for some time that mammalian 
skeletal muscle, like amphibian muscle, is capable of 
regenerating following a severe injury (Carlson, 1972, 
1978). Ischemic injury or exposure to myotoxins cause 
the original muscle fibers to degenerate (Carlson and 
Gutmann, 1976). The cell membranes, including those 
at the neuromuscular junction, are destroyed and new 
muscle fibers subsequently regenerate within the orig- 
inal basal laminae (Hansen-Smith and Carlson, 19’79; 
Hansen-Smith, 1983). 

During embryonic and postnatal development the 
lengths of junctional acetylcholine receptor (J-AchR) 
clusters progressively increase with time (Bevan and 
Steinbach, 1977; Harris, 1981; Ziskind-Conheim and 
Bennet, 1982). Additionally, the shape of the J-AchR 
clusters undergoes progressive morphological changes, 
particularly during the early periods of development 
(Steinbach, 1981; Slater, 1982). These changes, which 
correspond to changes in the configuration of the end 
plate (Kelly and Zacks, 1969; Rubenstein and Kelly, 1981; 
Chiu and Sanes, 1984), occur subsequent to innervation. 
In contrast, membrane specializations resembling those 
of the postsynaptic region of the neuromuscular junction 
appear during early regeneration in rats, prior to the 
return of nerves to the muscle (Hansen-Smith, 1983). 

* Present address: Department of Biological Sciences, Oakland Uni- 
versity, Rochester, Mich. 48063. 

Bader (1982) observed comparable structures in mature 
(40 day) regenerated soleus muscles and established that 
AchRs were associated with the membrane specializa- 
tions, despite the absence of intact nerves at these sites. 
The time at which the AchRs first appeared, however, 
was not established. A biochemical analysis of a cor- 
responding model of regenerating extensor digitorum 
longus (EDL) muscle grafts demonstrated a peak in 
AchR concentration 14 days after injury (Mong et al, 
1982). The status of the innervation of the regenerating 
muscles in that study was not clear, however. 

Preliminary reports from this laboratory (Hansen- 
Smith, 1982) and that of a colleague (Womble, 1982) sug- 
gested that in rats J-AchR clusters first appear at the 
myotube stage of regeneration, prior to innervation. 
Burden et al. (1979) and McMahan et aZ. (1984) have re- 
ported a similar phenomenon in regenerating amphibian 
muscle. The colocalization of AchR clusters and acetyl- 
cholinesterase (AchE)-positive sites in regenerating 
muscle suggests that the AchR clusters form at the 
original synaptic site (McMahan et al, 1978, 1984). 

The process of muscle regeneration mimics muscle 
development in some respects. It is not clear whether 
the phenomenon of J-AchR cluster formation in the ab- 
sence of nerves during regeneration follows a develop- 
mental sequence analagous to that in pre- and postnatal 
development. It was therefore of interest to determine 
in this study how the length and appearance of the clus- 
ters in muscle during early regeneration compared to 
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those of original J-AchR clusters in muscles from rats 
of different ages. The results show that in contrast to 
developing muscles, the sizes of clusters that form in 
regenerating muscle is almost immediately restored to 
the same size as in the original muscle. However, the 
AchRs within the clusters are distributed somewhat dif- 
ferently than in the original muscle. In addition, more 
than one J-AchR cluster may be associated with some 
of the myotubes regenerating within a single original 
basal lamina. 

METHODS 

Muscle grafts. Free muscle grafts were used as models 
of regenerating muscle. Injections of bupivicaine in 
combination with grafting insured the total destruction 
of the original muscle fibers (Carlson and Gutmann, 
1976). The sternohyoid (SH) muscles were selected for 
grafting because of their well-defined innervation bands. 
These strap muscles are easily subdivided longitudinally 
to give a graft of comparable thickness in animals vary- 
ing widely in size. The use of thin grafts results in a 
fairly uniform sequence of regeneration within the 
grafts rather than the pronounced centripetal gradient 
of maturation observed when larger muscles are grafted 
(Hansen-Smith and Carlson, 1979). The SH muscles were 
grafted into the bed of the EDL muscle (Fig. 1). The 
EDL site was selected as a more appropriate host site 
than the bed of the original SH muscle because grafts 

in the neck region have been found to be easily ruptured 
by the movement of the animals (Must, 1934). The EDL 
site is well-protected and muscles grafted into that site 
are not easily detached during the normal movements 
of the animals. In addition, maintenance of denervation 
is more readily accomplished in the leg than in the neck 
region. 

Male Sprague-Dawley rats, 50-700 g, were used for 
these experiments. The rats were anesthetized with 
ether during surgery. The superficial SH muscles were 
removed from their origin and insertion. The right SH 
muscle was frozen and used as a preoperative control, 
while the left SH muscle was used as the graft. The left 
SH muscle from the smaller animals were divided in 
half longitudinally, using an opthalmic tissue scissors. 
The SH of the animals larger than about 200 g was sep- 
arated into two strips approximtely 3 mm in width, and 
the remaining portion was discarded. The strips of mus- 
cle were injected with 0.75% bupivicaine and subse- 
quently soaked in bupivicaine for 10 min to cause irre- 
versible degeneration of any muscle fibers that might 
survive the ischemia of grafting. The SH muscles were 
then rinsed in cold saline. The EDL muscles were severed 
from their tendonous attachments and discarded. The 
SH strips were then sutured into the EDL sites. Since 
the SH muscle has essentially no tendon, the muscles 
were sutured directly to the tendon of the EDL. The 
hindlimbs were denervated by severing and removing 1 
cm of the left and right sciatic nerves at the level of the 

DIVIDE MUSCLE-l _ 

SOAK FOR 10 MIN. ( 

.---- ____ I‘-- -___- 9.. 
---_ - ---..,I EDL DISCARDED 1 

FIG. 1. Schematic depiction of grafting procedure. The sternohyoid muscles were removed from their original bed. One was frozen for use 
as an initial control. The remaining muscle was divided longitudinally, injected with 0.75 bupivicaine (Marcaine), and soaked in the anesthetic 
for 10 min. The SH strip was then grafted into the EDL site (the EDL was removed and discarded). The sciatic nerve was severed at the level 
of the sciatic notch. In some experiments (2a) the innervation band or an equivalent region from a proximal of distal location, was removed 
and discarded. 
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sciatic notch. Preliminary studies established that this 
procedure prevented the return of nerves to the muscles 
within the fourteen day period used for these experi- 
ments (unpublished observations). 

The grafts were removed after 2-14 days. In six of the 
animals the left SH graft was removed 7 days postop- 
eratively and the right SH graft was removed from the 
same animal 14 days postoperatively. In the remaining 
experiments both the left and right SH grafts were re- 
moved at the same time, the majority either ‘7 or 14 days 
postoperatively. A total of 110 grafts were used for this 
study. 

In another experiment (six grafts) the innervation 
band of the muscle was surgically removed and discarded 
(Fig. 1). The remaining two pieces of the original muscle 
were then treated with bupivicaine and grafted into the 
EDL site. No attempt was made to suture the cut ends 
together. These grafts thus completely lacked the orig- 
inal motor end plate band. A segment of comparable 
size was removed and discarded from the region outside 
the innervation band of the control grafts. These grafts 
were examined after ‘7 or 14 days. 

Preparation and analysis of frozen sections. The mus- 
cles were frozen in a mixture of isopentane/COz and sec- 
tioned at a thickness of 10 pm. Sections were collected 
at five or more different levels in order to sample 
throughout the muscle. Rhodamine-conjugated cy-bun- 
garotoxin was used as a ligand to detect AchRs. The 
method of Ravdin and Axelrod (1977) was followed for 
both the preparation of the toxin and for the staining 
of the tissue, except that the sections were prefixed with 
10% Formalin to prevent folding or loss sections as the 
tissue was processed. This modification of the procedure 
had no effect on the intensity of the fluorescence. To test 
for the specificity of the R-BTX binding, some of the 
sections were exposed to lop5 M curare, followed by in- 
cubation in a mixture of curare and R-BTX. Adjacent 
sections were also collected at approximately ZOO-pm 
intervals and stained for AchE (Goshgarian, 1977). In a 
few experiments the sections were exposed to R-BTX 
and subsequently stained for AchE before viewing 
(Womble, 1983). 

The frozen sections were examined on a Leitz Ortho- 
plan microscope equipped with epifluorescent illumi- 
nation. The sections were examined at a magnification 
of 600X, using an oil immersion objective. The lengths 
of R-BTX binding sites in the lo-pm sections were mea- 
sured with a linear microscope reticule. Measurements 
were made from sections at five different levels, spaced 
50 pm or more apart. The first 10 R-BTX sites encoun- 
tered at each level were measured, giving a total of 50 
measurements of J-AchR clusters for each graft or con- 
trol muscle. The mean and standard deviation of the 
length measurements were calculated for each muscle. 

Selected sections were photographed at constant mag- 
nifications (250X or SOOX), using Kodak Recording Film, 
with 5 min exposures. Longer exposure times (8-10 min) 
were required to record the fluorescent images from tis- 
sues that had also been stained for AchE. 

Significantly more interstitial cells were found in 
grafts than were found in controls. Many of these cells 
were autofluorescent, whether or not the sections were 
reacted with R-BTX. The autofluorescence of the inter- 
stitial cells could be distinguished from the true fluo- 
rescence of the R-BTX by a color difference (yellow vs 
orange-red), although the two types of fluorescence ap- 
pear the same when recorded on black and white film. 
The autofluorescent images of the interstitial cells per- 
sisted when the specimens were examined using flu- 
orescent filters outside the range used for rhodamine, 
whereas the images of the R-BTX sites were eliminated. 

Electron microscopy. For electron microscopy thin 
strips of the muscles were fixed in 2.5% cacodylate-buff- 
ered glutaraldehyde overnight, rinsed in cacodylate 
buffer, postfixed in 1% cacodylate-buffered OsO1, dehy- 
drated, and embedded. Pale gold sections were sectioned 
on an ultramicrotome and viewed or with uranyl acetate 
and lead citrate poststaining. Some of the samples were 
sliced into 50-pm pieces with a Farquhar-Smith tissue 
chopper and reacted for AchE (Karnovsky, 1964) prior 
to osmication and further processing. These latter spec- 
imens were generally viewed without poststaining be- 
cause of a tendency for the AchE reaction product to 
dissolve during the poststaining procedure. 

RESULTS 

Regeneration of the SH Muscle 
The sequence of degeneration and regeneration in the 

SH grafts was essentially the same as has been previ- 
ously reported for the EDL muscle (Hansen-Smith and 
Carlson, 1979). All of the original muscle fibers were 
destroyed and the myofibrillar debris was removed by 
macrophages. New myotubes were present within per- 
sisting original basal laminae to the periphery of the 
graft by the fourth day. Regeneration was found 
throughout the graft by the seventh day, but there was 
still a slight gradient of maturity from periphery to cen- 
ter. By 14 days postoperatively the grafts consisted en- 
tirely of thin regenerated myofibers. AchE staining in 
the original innervation band persisted throughout the 
period of study. Electron microscopy of the original mo- 
tor end plate zone revealed several regions of “pre- 
sumptive synaptic folds” that were quite well developed 
in peripherally located regenerating muscle fibers as 
early as 7 days postoperatively (Fig. 2). By 14 days highly 
organized synaptic folds were seen that were very sim- 
ilar to those found in denervated, nongrafted muscle. 
As in comparable structures previously found in the re- 
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FIG. 2. Synaptic folds form in the absence of nerves in regenerating muscle. (a) Synaptic folds in sternohyoid muscle fiber 7 days after 
grafting are comparable to those found in a denervated muscle. Electron-dense filmentous plaques are associated with the membranes of the 
folds. Basal laminae is associated with most of the folds (short arrows), but is absent or amorphous in a few regions (long arrow). A second 
cell possibly a myoblast (MB), is enclosed within the BL of the myofiber. A portion of the Schwann cell is present (SC). The section was 
poststained with uranyl acetate and lead citrate. (b) Acetylcholinesterase staining reaction product is associated with synaptic folds (arrows) 
in a sternohyoid muscle 14 days after grafting. Occasional shallow folds are also seen in the “perijunctional” region, where the reaction product 
is present in lower concentration. The amount of reaction product declines in the adjacent region and is absent along most other areas of the 
myofiber surface. Section was viewed without poststaining. (Bar 1 pm). 

generating EDL muscle (Hansen-Smith, 1983), electron- R-BTX Binding in Controls and Ghfts 

dense filamentous plaques were associated with the in- The pattern of fluorescence in frozen sections from 
ternal aspect of the membranes at the tops of the folds. control SH muscles exposed to R-BTX revealed an ar- 
A dense AchE reaction product was associated with the borized structure simialr to that of other mammalian 
basal lamina overlying and indenting into the folds muslces (Fig. 3, 4). In en face views the junctional (J- 
(Fig. 2). AchR) clusters were oval or elongated, with the R-BTX 
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FIG. 3. En face views of R-BTX binding sites reveal J-AchR cluster 
in 10 pm-frozen sections from control and experimental sternohyoid 
muscles from a 300 g rat. (a) J-AchR clusters in control muscle reveals 
an oval arborized pattern of fluorescence that has precisely defined 
regions corresponding to the primary synaptic clefts, or gutters. (b) 
J-AchR cluster from the innervation band of a degenerating muscle 
2 days after grafting. Only a few patches of R-BTX binding are observed 
within the junctional region. Most of the section, including the inner- 
vation band, was devoid of R-BTX binding sites. This configuration of 
R-BTX binding was never observed after the degenerating myofibers 
had been phagocytized. (c) J-AchR cluster from the innervation band 
of a muscle ‘7 days after grafting. The R-BTX binding sites form a 
more stippled pattern than controls and have less precisely demarcated 
boundaries. Bar, 10 pm. 

staining forming spiral or branching gutters. The edges 
of the R-BTX gutters were precisely defined and gen- 
erally stained more intensely than the more interior re- 
gion of the gutter. No R-BTX binding was detectible in 
the spaces between the gutters or at extrajunc- 
tional locations. 

Almost no R-BTX binding was detected in 2- to 3-day 
grafts. However, occasional sections revealed frag- 
mented sites of R-BTX binding or very pale oval struc- 
tures that were poorly defined (Fig. 3). These were lo- 
cated in the region of the innervation band. They were 
never observed after the muscle fibers had been phago- 
cytized, suggesting that most of the original junctional 
AchRs were destroyed. Occasional sites of R-BTX bind- 
ing were found in the junctional region as well as in the 
extrajunctional region of the most peripheral regener- 
ating muscle fibers of 4-day grafts. In contrast to the 
few R-BTX binding sites observed in the junctional re- 
gion of degenerating muscle fibers, the R-BTX formed 
discrete oval clusters on the surface of regenerating 
muscle fibers (J-AchRs). By 7 days postoperatively this 
pattern of binding was evident throughout the grafts. 
Double-labeling of the frozen sections with R-BTX and 
AchE revealed that the J-AchR clusters colocalized with 
AchE in both 7- and 14-day grafts (Fig. 5). 

AchR clusters in 14-day grafts resembled those found 
at 7 days. When viewed en face, most of the clusters 
formed a patchy network of stippled fluorescence (Figs. 
3, 4). Both the overall pattern and the stippling of the 
R-BTX within the clusters distinguished the AchR clus- 
ters in the grafts from those in the controls. The patchy 
distribution was more pronounced in grafts from the 
more mature rats than in those from the 50-100 g rats. 

Almost every graft examined contained examples of 
spatially paired AchR clusters on adjacent muscle fibers. 
In some cases it was obvious that the two J-AchR clus- 
ters were located on two different branches of a common 
parent fiber (Fig. 6). Examples of more than one J-AchR 
one a single muscle fiber were also observed occasionally 
(Fig. 6). 

Extrajunctional AchRS 

A second type of R-BTX binding observed was ex- 
pressed in the form of small “caps” at one or more ex- 
trajunctional locations along the muscle fibers. The 
patches were stippled, but lacked any other morpholog- 
ical specialization. These will be referred to as “extra- 
junctional AchRs” (EJ-AchRs). The EJ-AchR clusters 
were numerous in 4- to 7-day grafts, but declined in 
number thereafter. Almost none were found in ll-day 
grafts. Whereas the J-AchRs corresponded in position 
to the AchE staining pattern of the original end plate 
band in adjacent sections, the EJ-AchRs were more dis- 
persed throughout the grafts. 
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FIG. 5. The J-AchRs in regenerating muscle colocalize with acetyr 
choline&erase. Double-stained section from a ll-day graft was pho- 
tographed by epifluorescent (a) and transmitted light (b) to show the 
precise alignment of three R-BTX binding sites (a) and acetylcholin- 
esterase reaction product (b). Bar, 5 Frn. 

R-BTX Binding in Grafts Lacking an Innervation Band 

Regeneration of the grafts from which the innervation 
band had been excised followed a time course similar to 

FIG. 6. Two .I-AchR clusters per myofiber were occasionally observed 
in regenerating sternohyoid muscle. (a) The boundaries of a branching 
myotube in a ‘T-day graft are indicated by the dotted lines. One J-AchR 
is located on each of the two branches of the original myotube. (b) 
The boundaries of a myofiber in a l4-day graft are indicated by the 
dotted line. There was no evidence of branching in this myofiber. Two 
different J-AehRs are located on the opposite surfaces of the same 
fiber. Fluorescence found outside the dotted lines in (a) is due to in- 
terstitial cells. Bar, 10 pm. 

FIG. 4. R-BTX binding sites at junctional and extrajunctional regions of sternohyoid muscles from rats of different size. R-BTX binding sites 
from age controls are shown for comparison with those of the grafted muscles in 50 g rats (a-f) and 700 g rats (g, h). (a) J-AehRs in initial 50 
g control muscle are oval and well-defined, with little arborization (arrow). A portion of an adjacent J-AchR is evident to the left in the same 
plane of focus in this section. (b) J-AchRs in final control muscle 14 days after the contralateral muscle was grafted in a 50-g rat. During this 
time period the J-AchR enlarged and became more complex (arrow). Portions of a second J-AchR are evident to the left, out of the plane of 
focus. (c) J-AchR in a grafted muscle 7 days postoperatively. An oval arborized pattern of R-BTX binding is evident, but the R-BTX is more 
stippled and less discretely demarcated than in either (a) or (b). The size of the JAchR resembles that of the 14-day age control in (b). (d) R- 
BTX binding in the extrajunctional region of a ?-day graft forms a “cap” (arrow). The other fluorescent spots in the field are due to the 
autofluorescence of interestitial cells. (e, f) J-AchRs in ll-day grafts are shown in lateral (e) and en face (f) views. In (e) the full lengths of 
two J-AchRs (arrows) can be distinguished. Portions of two other J-AchRs are also evident. In (f) the arborized pattern of stippled fluorescence 
is evident. Both (e) and (f) are larger than in either initial (a) or 14-day (b) age controls. (g) En face view of a J-AchR from initial control 
muscle in a 700 g rat. The pattern of arborization is complex. The R-BTX binding forms a discretely defined, continuous patterns. Part of the 
complete length of the J-AchR cluster is out of the plane of section. (h) En face view of a J-AchR from a 14-day graft in a 700 g rat. The R- 
BTX binding is stippled and either discontinuous in many regions or present in intensities too low to be visualized. The J-AchR is extremely 
thin and elongated in comparison to the control, partly because the myofibers in the experimental muscle are significantly thinner at this 
stage of regeneration than are controls. Bar, 10 pm. 
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that of the control grafts. The only R-BTX binding ob- 
served in 7-day grafts was of the EJ-AchR type. Only a 
few EJ-AchRs were detected in 14-day grafts. No J-AchR 
clusters were observed in either 7- or 14-day grafts (data 
not shown). 

Curare Controls 

R-BTX binding at both EJ-AchR sites and at J-AchR 
sites was eliminated by exposure of the sections to curare 
(data not shown). 

Length-s of J-AchR Clusters 

The lengths of the J-AchR clusters in controls grad- 
ually increased with the size of the animals (Fig. 7). The 
mean length of J-AchR clusters ranged from 20.0 + 0.4 
pm in 50 g rats to 68.8 + 0.8 pm in 700 g rats. Preliminary 
studies indicated that there was little difference between 
the lengths of the J-AchR clusters in 7-day and Ikday 
grafts (Table 1). Therefore, most of the length mea- 
surements were made on 14-day grafts because the vir- 
tual absence of EJ-AchRs simplified the measuring pro- 
cedure. The lengths of the J-AchR clusters in IGday 
grafts also increased with the size of the animals (29.4 
+ 1.8 pm-72.6 -t 2.5 pm). Regression analysis of the 
lengths of the original vs the 1Cday grafts revealed a 
strong correlation (T = 0.93) between the lengths of the 
original J-AchR clusters and those of the regenerated 
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FIG. 7. The lengths of J-AchR clusters in both controls (closed circles) 
and ll-day grafts (open circles) were proportional to the body wieght 
of the rats in the range from 50 to 700 g. Each point represents the 
mean of 50 length measurements taken from a total of five different 
sections at various levels of the muscles (see text). 

TABLE 1 
LENGTHS OF AchR CLUSTERS IN 7- AND 14-DAY STERNOHYOID GRAFTS 

- 

Body 
weight 

Junctional Extrajunctional 
AchR length” AchR length” 
(7-day graft) (7-day graft) 

Junctional 
AchR length’ 
(ll-day graft) 

70 23.1+ 0.7 13.9 * 0.7 24.8 + 1.2 
160 27.8 f 1.5 19.9 rf: 1.1 30.1 f 0.9 
170 29.3 f 1.5 18.7 + 0.5 26.6 f 1.1 
345 38.8 + 1.5 18.6 * 0.7 41.7 k 1.5 
400 42.3 + 3.3 18.5 k 1.1 39.9 + 0.8 
520 53.7 f 1.9 22.7 -+ 1.0 57.12 3.3 

‘Each measurement represents the mean length (pm) + SEM of 50 
AchR clusters in a single muscle. Each of the 7- and ll-day grafts 
pairs were taken from the same animal, having the initial body weights 
indicated. 

J-AchR clusters in paired samples (Fig. 8). A comparison 
between the lengths of J-AchR clustes in the smallest 
(50 g, 3 weeks and the largest 600-700 g, 8 months) an- 
imals revealed that while the mean lengths of clusters 
in the largest animals were identical to controls, those 
of the smallest animals were actually significantly larger 
than controls (Table 2). 

The lengths of the EJ-AchRs were only measured in 
a few grafts, but there was no trend toward a change in 
their length as the size of the animal increased 
(Table 1). 

80 
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14-DAY 
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40 
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20 40 60 80 
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FIG. 8. The lengths of J-AchR clusters from ll-day grafted muscles 
are similar to those in the initial control. Each point represents the 
mean of 50 length measurements in initial control muscle and from 
ll-day grafts the same animal. Note that the lengths of J-AchRs in 
grafts from the smaller rats tend to be larger than those of the initial 
controls. The correlation coefficient for the entire sample is 0.93. 
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TABLE 2 
COMPARISONBETWEENLENGTHS OFJ-A~~RCLUSTERS FROMCONTROL 

MUSCLESAND~~-DAYSTERNOHYOIDGRAFTS 

Initial 
weight 

(Ed Muscle 

Length of J- 
AchR clustersa 

n (64 Final:initial 

50 
50 

50 

130 
130 

700 
700 

Initial control 7 
14-day graft 7 
Final control 

for 50-g graft 2 

Initial control 4 
14-day graft 4 

Initial control 5 
ll-day graft 5 

20.0 rk 0.4 
29.4 + 1.8”” 1.47 

23.2 f 0.7 

25.6 k 0.8 
31.2 k 1.8 1.22 

68.8 f 0.8 
72.6 + 2.5 1.05 

’ Value represents the mean k SEM of the mean lengths of J-AchR 
clusters for n muscles. 

b Significantly different from initial control (P < 0.05). 
’ Significantly different from final (ll-day) control (P < 0.05). 

DISCUSSION 

The original muscle fibers, including their AchRs were 
destroyed following grafting, but one or more new mus- 
cle fibers subsequently regenerated within the original 
basal laminae. The appearance of J-AchRs with the re- 
generating muscle at or near the site of the original 
neuromuscular junction indicates that morphogenetic 
information directing this phenomenon survives the 
process of degeneration of the original muscle fibers. 

Several lines of evidence suggest that the AchR clus- 
ters observed in the 7- to 14-day grafts were formed at 
or near the site of the original neuromuscular junction: 
(1) J-AchR clusters were never found in grafts from 
which the original innervation band had been excised. 
(2) The AchRs invaribly aggregated in bands that cor- 
responded in position to the AchE-reactive bands in 
neighboring sections. (3) Doubly stained sections re- 
vealed that the J-AchR clusters were AchE-positive. As 
shown in previous studies of regenerating amphibian 
muscle, these AchE patches identify the location of the 
original neuromuscular junction (Burden et al, 1979; 
McMahan et al., 1984). At least some of the AchE from 
the original neuromuscular junction is associated with 
the basal lamina and persists throughout the degener- 
ation process, even when regeneration is prevented 
(McMahan et aZ., 1978). Anglister and McMahan (1985) 
have recently demonstrated that new AchE may be re- 
stored to the synapatic BL in the absence of nerves in 
regenerating amphibian muscle. Whether this is also 
true in mammals has not yet been determined. Previous 
observations in this laboratory have established, how- 
ever, that in very large EDL grafts some of the original 
junctional AchE persists for up to 2 weeks after injury 

in areas of muscle that do not undergo regeneration 
(unpublished observations). 

The process of muscle regeneration resembles that of 
myogenesis in that striated muscle fibers are derived 
from the fusion of myogenic cells. However, the two pro- 
cesses differ in several respects, particularly with regard 
to the formation of synaptic structures. During devel- 
opment the J-AchR clusters originate as extremely small 
spots that gradually enlarge (Bevan and Steinbach, 1977; 
Harris, 1981; Slater, 198213; Zis-Conheim and Bennett, 
1982). In striking contrast, the J-AchR clusters that 
formed during early regeneration are significantly 
larger. In fact, J-AchR clusters are proportional to the 
lengths of the J-AchR clusters in the same muscles prior 
to injury. This indicates that morphogenetic information 
mediating the quantitative expression of this phenom- 
enon may be continuously modified during growth. 

Although the lengths of the J-AchRs are restored to 
their original dimensions, the distribution of AchRs 
within the clusters is altered from the original config- 
uration. The patchy or stippled appearance of the J- 
AchR clusters in the grafts differs from the smooth con- 
tours of the arborizations in J-AchR clusters from con- 
trol muscles. Similar results have been obtained in grafts 
of the soleus muscle (Womble, 1984). These observations 
further distinguish regenerating muscle from developing 
muscle. The morphology of J-AchR clusters and synaptic 
folds in developing muscle gradually evolves from a 
simple to a complex structure (Steinbach, 1981; Slater, 
1982), whereas the J-AchR clusters and “synaptic” folds 
in regenerating muscle are complex as soon as they are 
detectible. Another diference between developing and 
regenerating muscles in that J-AchR clusters in devel- 
oping muscles are unstable if innervation is destroyed 
(Slater, 1982b), wheres the J-AchR clusters are formed 
and maintained for prolonged periods in the grafts in 
the complete absence of intact nerves (Bader, 1981; 
Womble, 1982; Hansen-Smith, unpublished). 

Despite certain similarities in the cellular features of 
myoblasts and myotubes of developing and regenerating 
muscle, there is one important difference. Myoblasts and 
myotubes differentiate within a preexisting basal lamina 
during regeneration. This difference between regener- 
ating muscle and developing muscle has significant im- 
plications with respect to the synaptic region of the 
muscle fibers. The basal lamina is a primary candidate 
as a regulatory factor in regenerating muscle because 
it is one of the few elements persisting from the original 
muscle fiber. The studies of McMahan et al. (1984) in 
regenerating amphibian muscle have essentially ruled 
out persisting cellular elements, i.e., Schwann cells or 
satellite cells, as a source of the synaptic morphogenetic 
information in amphibians. Several investigators have 
postulated that the original synaptic basal lamina di- 
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rects AchR clustering, as well as other phenomena in 
regenerating amphibian and mammalian muscle (Sanes 
et aZ., 1978; Burden et ak, 1979; Bader, 1981; McMahan et 
al., 1984; Glicksman and Sanes, 1983; Anglister and 
McMahon, 1985). Certain ubiquitous constituents of 
basal lamina are capable of influencing AchR clustering 
in vitro (Kalcheim et aL, 1982; Sanes and Chiu, 1983; 
Vogel et ah, 1983). Furthermore, synaptic BL antigens 
have now been characterized that either have demon- 
strated AchR clustering properties in vitro or precisely 
colocalize with AchRs (Sanes and Hall, 1979; Anderson 
and Fambrough, 1983; Sanes and Lawrence, 1983; Barald, 
et al,, 1984; Bayne et al., 1984; Godfrey et aL, 1984; Fallon 
et al., 1985). The studies lend strong support for the hy- 
pothesis that the synaptic basal lamina acts as a regu- 
latory factor in the expression of the phenomenon of J- 
AchR clustering in regenerating muscle. 

The mechanism by which morphogenetic information 
is maintained and communicated in mammalian muscle 
during regeneration is completely unknown. The in vitro 
studies referred to previously have shown that solu- 
bilized factors derived from BL are capable of influencing 
AchR clustering. However, there are also indications 
that mechanical contacts also initiate AchR aggregation 
(Peng et aL, 1981). The topographical confinement of the 
J-AchR clustering seems more compatable with the 
concept of the putative “cue” in an insoluble form within 
the synaptic BL. 

Several observations made in the present study are 
of interest because they may be interpreted to suggest 
that information may be transmitted at points of direct 
contact of the regenerating muscle cells with the original 
BL. For example, it was observed that the J-AchRs in 
the grafts had a patchy and stippled appearance in com- 
parison to the controls. This observation has also been 
made by Womble (1983). This might be explained by the 
presence of loose folds, or “ruffles” of original BL that 
surround the myotubes during early regeneration (Han- 
sen-Smith and Carlson, 1979; Hansen-Smith, 1983). If 
the cue for AchR clustering were only transmitted at 
points where the myotubes contact the original synaptic 
BL, there would almost certainly be small gaps at the 
site of the “ruffles”. This effect might be exaggerated in 
the muscle from the older rats, as the original muscle 
fibers would have been larger in diameter, and presum- 
ably more “ruffling” would result during degeneration. 
Indeed, in the present study the stippling effect and 
patchy distribution of AchRs was more pronounced in 
the J-AchRs of the larger rats. The significant length- 
ening of the J-AchRs in muscle from the smallest rats 
might also be explained by a direct contact mechanism. 
As the limbs of the smaller rats were rapidly elongating 
during the 2-week regeneration process, the BL ruffles 
may have been pulled out in an accordian-like fashion. 

In fact, the locus of the original morphogenetic infor- 
mation may have been stretched, resulting in the 
expression of J-AchRs that were longer than the origi- 
nals. Variation in the pattern and extent of synaptic BL 
“ruffling” at different synaptic sites in regenerating am- 
phibian muscle might explain the variability in the den- 
sity of AchRs reported by McMahan et aL (1984). 

One observation in the present study is less readily 
explained, i.e., the finding of more than one J-AchR as- 
sociated with a single original muscle fiber. Studies using 
antibodies to the basal lamina confirm that J-AchRs may 
appear in more than one site, either on a closely related 
site on the same myotube or on adjacent myotubes that 
have regenerated within a common original BL (manu- 
script in preparation). These observations are more dif- 
ficult to explain according to a “direct contact” mecha- 
nism for the direction of AchR clustering by synaptic 
BL. It is possible that in a few muscle fibers the folding 
of the original synaptic BL is extensive enough to create 
two spatially different sites from which myoblasts or 
myotubes receive morphogenetic information. Another 
possible mechanism is that myoblasts or myotubes are 
still capable of migrating at the time they are exposed 
to the BL “cue,” and that they move slightly from the 
original synaptic site before the J-AchRs form and new 
BL is deposited around the myotubes, allowing another 
myoblast to receive a stimulus from the same site. 

The AchR clustering in the original junctional region 
is confined to a discrete locus in a manner that is quan- 
titatively proportional to the length of the original neu- 
romuscular junction. The results of the present study 
suggest that the morphogenetic cue(s) may be contin- 
uously modified during the growth of the original muscle. 
Studies in progress implicate the original nerves in the 
determination of the size of the J-AchRs in regenerating 
muscle. Some morphogenetic “cue” may be continually 
added as the axon terminal and J-AchR clusters elon- 
gate. The present study as well as previously reported 
studies (Bader, 1981; Hansen-Smith, 1983; Womble, 1983) 
demonstrate that nerves are not required to be present 
for the expression of the phenomenon of either J-AchR 
clustering or the formation of presumptive synaptic folds 
in regenerating mammalian muscle. It is possible, how- 
ever, that the motor nerves impart some information to 
the intact muscle that facilitates the reappearance of 
synaptic folds and J-AchR clusters during its regener- 
ation (Allen and Slater, 1983). Slater (1982a) has shown 
that in mice the lengths of J-AchR clusters are corre- 
lated with the lengths of the axon terminals during 
growth. 

AchRs were found in extrajunctional locations during 
early regeneration. In contract to the increasing lengths 
of J-AchRs in regenerating muscle, the lengths of EJ- 
AchRs bore little relationship to the size/age of the an- 
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imals. Developing muscles also have EJ-AchRs that de- 
cline in number with time. The reason for the decline in 
the number of EJRs is not known. However, muscle ac- 
tivity is known to be associated with the decline in EJ- 
AchRs during development (Ziskind-Conheim and Ben- 
nett, 1982). EJ-AchRs have been shown to contribute to 
J-AchR clusters in developing muscle thus possibly con- 
tributing to the decline in EJ-AchRs (Ziskind-Conheim 
et al., 1984). As in developing muscle, the development 
of spontaneous activity of the regenerating myotubes 
may lead to the reduction in the number of EJ-AchRs 
in the grafts. However, the EJ-AchRs declined in number 
in the grafts lacking innervation bands as well. Thus, 
there was no dependence on the presence of either cues 
within the original motor end plate band or the for- 
mation of J-AchRs for this change to occur. These studies 
indicate that the disappearance of EJ-AchRs cannot be 
attributed specifically to their migration into the junc- 
tional clusters during regeneration. 

In summary, these studies support the hypothesis that 
the original synaptic basal lamina exerts a morphoge- 
netic information on AchR clustering in the region of 
the original neuromuscular junction. The results suggest 
that the putative cues are confined to a very discrete 
locus that grows in length as the muscles mature. It is 
postulated that the elongation of the nerve terminals 
during growth may contribute to the elongation of the 
locus of morphogenetic information. 
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