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Expression of adult-type nicotinic acetylcholine recep- 
tors at the neuromuscular junction is thought to result 
from selective induction of their genes in endplate- 
associated nuclei due to local neurotrophic control. 
However,  denervation studies indicate that endplate- 
specific expression can be maintained in the absence of 
the nerve. We investigated the role played by the basal 
lamina in this expression by assaying for the adult-type- 
specific E RNA in noninnervated regenerating muscle. 
We found that this RNA is locally expressed beneath the 
old endplates after 10 days of regeneration. At earlier 
times E RNA is also found in areas other than the endplate 
region. These results indicate that in adult muscle the 
basal lamina contains all the components necessary to 
direct nicotinic acetylcholine receptor gene expression 
to the endplate. 

Introduction 

During development of the neuromuscular junction 
(NMJ) there is a switch in the expression of nicotinic 
acetylcholine receptors (nAChR) from an embryonic- 
type (c&S) to an adult-type (a&6) (Gu and Hall, 1988; 
Mishinaet al., 1986; Witzemann et al., 1987,199O). This 
switch in expression is correlated with muscle in- 
nervation. Embryonic receptors arefound throughout 
the noninnervated muscle fibers’ surface, whereas 
adult receptors are localized tothe endplatesof inner- 
vated fibers. This distribution of protein is reflected 
in the distribution of receptor RNA (Fontaine and 
Changeux, 1989; Goldman and Staple, 1989; Brenner 
et al., 1990). Loss of embryonic-type receptors from 
extrajunctional regions of the muscle fiber is a result 
of muscle activity suppressing expression of their 
genes (Goldman et al., 1988; Klarsfeld and Changeux, 
1985). The mechanism by which adult-type nAChRs 
and their RNAs are locally expressed beneath the NMJ 
is not known. It may result from selective expression 
of nAChR genes in endplate-associated nuclei. Alter- 
natively, all muscle nuclei might express adult-type 
nAChR genes, whose RNA is then transported to and/ 
or stabilized at the endplate. 

The gene encoding the E subunit of adult-type re- 
ceptors is unique in that it appears to be induced 
in endplate-associated nuclei as a result of muscle 
innervation (Brenner et al., 1990). However,  unlike the 
other nAChR subunit-encoding genes, the E subunit 

gene is not regulated by muscle activity. In contrast, 
expression of the gene encoding they subunit of em- 
bryonic receptors is suppressed by muscle activity 
and appears not to be induced at the NMJ (Goldman 
et al., 1988; Goldman and Staple, 1989). Therefore, the 
E RNA is an excellent marker for characterizing 
endplate-specific expression, while the y RNA is in- 
dicative of extrajunctional and activity-regulated ex- 
pression. 

Recently it has been shown that local induction of 
E RNA expression beneath the NMJ requires muscle 
innervation. However,  if one disrupts this interaction 
by denervation, E RNA persists at the endplate (Bren- 
ner et al., 1990). There are two possible explanations 
for this result: E RNA is extremely stable and remains 
at the endplate even after denervation, or brief inter- 
actions of nerve and muscle during development re- 
sult in long-term changes at the NMJ. These changes 
persist in denervated muscle, resulting in endplate- 
specific expression of E RNA, even in the absence of 
the neuron. In the latter case we thought it likely that 
these interactions would be mediated through com- 
ponents of the synaptic basal lamina, as observed for 
nAChR clustering (Bader, 1981; McMahan and Wal- 
lace, 1989). We tested these alternative possibilities 
by comparing the levels and distribution of E and 
y subunit-encoding RNA in regenerating noninner- 
vated extensor digitorum longus (EDL) and soleus 
muscles. The regenerating muscle fibers result from 
fusion of dividing satellite cells that repopulate the 
original basal lamina. Therefore, these newly formed 
muscle fibers have never directly experienced the 
motoneuron. 

Results 

The methodologyto produce noninnervated regener- 
ating muscles is illustrated in Figure la and described 
in detail in Experimental Procedures. Briefly, muscles 
were denervated by sectioning the sciatic nerve high 
in the thigh. To induce muscle degeneration and re- 
generation, the denervated musclewas removed from 
the leg and soaked in a 0.75% Marcaine solution be- 
fore grafting it back into its original site. The combina- 
tion of Marcaine treatment and grafting results in 
elimination of over 99% of the original muscle fibers 
(Carlson, 1976). Therefore, all muscle fibers examined 
in the experiments reported belowwere regenerating 
and not innervated. 

tnduction of E RNA Expression Beneath Old 
Endplates of Noninnervated 
Regenerating Muscle 
In situ hybridization was used to assayfory and E RNA 
expression and distribution in noninnervated regen- 
erating muscle. Probes used to identify these 
are illustrated in Figure 3b. The results of this type of 
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Figure 1. Schematic of Experimental Techniques Used to Study nAChR Gene Expression in Regenerating Muscles 

(a) Generation of noninnervated regenerating muscle. See Experimental Procedures for details. Briefly, EDL or soleus muscles were 
excised, immersed in Marcaine, and sutured to the tendons of origin in its original bed. 
(b) Probes used for in situ hybridization. The exoniintron organization of the y and E subunit-encoding genes based on studies of 
Buonanno et al. (1989). The lengths of the boxes (exons) and lines (introns) are not meant to reflect accurately the sizes of these introns 
and exons. The second line represents the protein domains encoded by these exons. Ml through M4 represent putative transmembrane 
domains, and MA represents an amphipathic helix that may interact with the membrane. The last two lines represent the sequences 
that the y and E RNA probes encompass. 

analysis, performed on a day20 noninnervated regen- 

erating EDL muscle, are shown in Figure2. Both y and 
E RNAs are expressed in these muscles. However, the 

distribution of these RNAs within the fiber is very dif- 
ferent. The y RNA is found throughout, whereas the 
E RNA is restricted to a small region of the fiber. Since 
these regenerating fibers were not innervated, one 
expects y RNA to be found throughout the fiber. The 
localized expression of the E’ RNA was surprising, 
since these regenerated myotubes were never inner- 
vated. 

The simplest explanation for the local expression of 
E RNA in noninnervated regenerating muscle is that 
it results from selective expression of the E subunit 

gene in those myonuclei residing beneath the basal 
lamina that was part of the old NMJ. Alternatively, it 

is possible that all myonuclei express the E subunit 
gene, but its RNA is transported to and/or stabilized at 
the NMJ. In either case, E RNA would be concentrated 
beneath the basal lamina that was part of the old NMJ. 
This was tested by correlating our in situ hybridiza- 
tions with acetylcholinesterase staining. Since acetyl- 
cholinesterase is attached to the synaptic basal lam- 
ina, one can identify basal lamina that was associated 
with the old synaptic region by staining for this en- 
zyme. Following this staining, one can process the 
tissue for in situ hybridization to determine the rela- 
tionshipofsynaptic basal laminawith thatofssubunit 
gene expression. This analysis showed that E RNAwas 
expressed beneath the synaptic basal lamina in day 14 
noninnervated regenerating muscle fibers (Figure 3). 
Although the esterase-stained endplates obscure the 
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Figure 2. Distribution of a and y RNA in Day 20 Noninnervated 
Regenerating Muscle Fibers 

In situ hybridization of longitudinal sections from day 20 nonin- 
nervated regenerating rat EDL muscle hybridized with antisense 
a (a) or y (b) RNA probes. The experimental paradigm along with 
in situ hybridization methodsaredescribed in Experimental Pro- 
cedures. After in situ hybridization, all the slides were coated 
with liquid emulsion and exposed for 7 days. Photomicrographs 
were taken with a Zeiss Axiophot microscope equipped with 
dark-field optics and a 20x objective. Magnification, 37x. 

very high concentration of grains coincident with 
them, one can easily discern the steep gradient of 
grains around these endplates (for a correlation of 
high E RNA expression [grains] beneath endplates, see 
the serial sections of Figures 5c and 5d). One should 
remember that the stained endplates on muscle sec- 
tions may represent only part of the endplate, and 
therefore the true extent of the full endplate may be 
underrepresented in these sections. These results in- 
dicate that components of the synaptic basal lamina 
direct E subunit gene expression to the endplate. 
However, these experiments have not eliminated the 
Schwann cell that caps the nerve terminals as contrib- 
uting to this expression. 

Temporal Expression of E RNA in Regenerating Muscle 
Reveals an Early Non-Endplate-Associated 
Pattern of Expression 
The distribution and levei of expression of y  and E 

Figure 3. Localization of E RNA Beneath Synaptic Basal Lamina in 
Noninnervated Regenerating EDL Muscle 

Longitudinal sections of day 14 noninnervated regenerating EDL 
muscle were stained for acetylcholinesterase as previously de- 
scribed by Koelle and Friedenwald (1949). Sections were then 
processed for in situ hybridizations. The histochemical stain for 
acetylcholinesterase survived the in situ hybridization protocol, 
allowing endplates and E RNA to be identified on the same sec- 
tion. Four different representative sections are shown with 
grains, representing E RNA, clustered near stained endplates. 
Pictures weretaken using bright-field opticsand a4Ox objective 
of a Zeiss Axiophot microscope. Magnification, 62x. Exposure 
times for in situ hybridizations were generally 2 weeks; those for 
sections not stained for acetvlcholinesterase were 1 week. 

subunit-encoding RNAs was compared at 2, 4, 7, 30, 
15,20, and 35 days following the experimental surgery 
(Figure4).At2days,no nAChRRNAcould bedetected. 
This result is not surprising, since most of the originat 
fibers had undergoneconsiderable intrinsic degener- 
ation and muscle regeneration was only at the stage 
of satellite cell activation. We have not been able to 
detect E or y  RNA reliably in dividing satellite cells. 
Within the next 2 days, myotubes began to form and 
express both they and theagenes.The level of expres- 
sion of these genes and the distribution of their RNAs 
within theregeneratingfiberswereverysimilaratthis 
time point. However, both y  and E RNA expression 



2d 

4d 

7d 

20d 

Denervated/Regenerating Muscle Figure 4. Spatial and Temporal Compari- 
son of Eand y RNA Expression in Noninner- 
vated Regenerating EDL Muscles 

EPSILON GAMMA 

In situ hybridization of longitudinal sec- 
tionsfrom2,4,7,and20daynoninnervated 
regenerating EDL muscle with antisense E 
or y RNA-specific probes. After in situ hy- 
bridization, slides were exposed to emul- 
sion for 7 days. Photomicrographs were 
taken using dark-field optics and a 10x ob- 
jective. Magnification, 16x. 

was heterogeneous among the myotubes with most 
expressing these RNAs at relatively high levels, and 
some expressing them at moderate to low levels. Al- 
though the regenerating fibers were quite small, the 
y and E RNAs appeared to be found throughout them. 
This expression was generally found at the extreme 
distal and proximal ends of the muscle, where regen- 
eration was most easily observed. Surprisingly, these 
regions were devoid of endplates, as revealed by ace- 
tylcholinesterase staining (see Figure 5). Any dif- 
ferences noticed between E and y RNA expression 
around day 4 of regeneration could be attributed to 
variability in the number and length of regenerating 
myotubes in the different muscle sections. 

The first clear difference in the distribution of these 
RNAs was observed at day 7, when the E RNA showed 
a much more restricted pattern of expression com- 
pared with the y RNA. Acetylcholinesterase staining 

of serial sections revealed that some of the patches of 
E RNA resided beneath theold NMJs (data not shown). 
By day 20 of regeneration the muscle fibers appeared 
similar to normal adult fibers, with E RNA localized to 
a discrete region of the fiber, corresponding to old 
NMJs (Figure 3), and y RNA more diffusely distributed 
throughout. 

E RNA Expression Is Independent of Old Endplates 
during the Initial Stages of Regeneration 
The reason E RNA was initially found throughout the 
regenerating myofiber (day8 priorto becoming local- 
ized to a discrete region (day 14) is not known. One 
possibility, based on the observation that myoblasts 
can migrate longitudinally (Schultz et al., 1985) and 
cross basal lamina boundaries in developing muscle 
(Hughes and Blau, 1990), is that myoblasts which expe- 
rienced the old endplate were able to migrate into 
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Figure 5. Comparison of E RNA Expression in Noninnervated Regenerating Muscle Containing or Lacking Endplates 

Soleus muscles were denervated and induced to regenerate. In one set of soleus muscles ((-) Endplates) we first cut out the middle, 
endplate-enriched third of the muscle and ligated the extrajunctional outer two-thirds together. These muscles were ailowed to 
regenerate. At days 4 and 140f regeneration, muscles were isolated and sectioned. Serial sections were prepared for in situ hybridization 
and acetylcholinesterase staining. Each pair of pictures represents a dark-field photomicrograph showing E RNA expression and a serial 
section showing a bright-field photomicrograph of acetylcholinesterase-stained endplates (arrows). Magnification, 19x. (a) and (b) 
shows a central region of the soleus muscle containing endplates but lacking E RNA. This lack of expression reflects the presence 
of ischemic fibers in this region of the muscle. Although not shown, E RNA expression could be seen at the distal or proximal ends 
of this muscle as seen in (e) and (f). The photo of the same time point in the endplate-lacking muscle (e and f) was taken at the end of 
the muscle, where E RNA expression is most easily observed; however, no endplates can be detected. At day 74 of regeneration, one 
finds E RNA colocalizing to endplate regions of the endplate containing muscle (c and d), whereas no expression is found in the 
endplate-lacking muscle (random central region shown in [g] and [h]). 

non-endplate regions. This may give rise to a transient 
pattern of E subunit gene expression in non-endplate 
regions of the regenerating fiber. 

One can test this idea by comparing the pattern 
of E subunit gene expression in regenerating muscle 
containing or lacking endplates. We accomplished 
this by inducing soleus muscles to regenerate as de- 
scribed for the EDL muscle. However, to generate 
muscle lacking endplates, the middle (endplate en- 
riched) third of the muscle was excised and the extra- 
junctional portions were ligated together. Muscles 
were returned to their original bed, and 4 and 14 days 
later they were assayed for y  and E subunit gene ex- 
pression. Serial sectionswere stained for acetylcholin- 
esterase to identify endplates. These experiments 

showed similar levels and distribution of E subunit 
gene expression in endplate-containing and -lacking 
regenerates at day 4. The expression was found pre- 
dominantly in the distal and proximal regions of the 
muscle, where regeneration was most easily ob- 
served. No expression could be found in the central 
region of the soleus muscle, where endplates nor- 
mally reside. This lack of expression reflects the pre- 
ponderance of ischemic fibers and a lack of regenerat- 
ing fibers in this region of the muscle at this early time 
of regeneration. Figures 5a and 5b show that at day 4 
E RNA is not detected in the central region of an 
endplate-containing regenerate (identical results 
were obtained with an endplate-lacking regenerate). 
However, E RNA is detected at either the distal or the 
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Figure 6. Expression of E  RNA in Noninnervated Cultured Mus- 
cle Ceils and Embryonic Tissue 

(a) In situ hybridization of differentiated rat primary muscle cells 
in culture with antisense E RNA probe. Myotubes were main- 
tained incultureforZweeks priortoprocessingforinsitu hybrid- 
ization. This dark-field photomicrograph was taken with a 20x 
objective. Magnification, 41 x. Hybridized muscles were ex- 
posed to emulsion for 1 week. 
(b) RNAase protection assay confirmings RNA expression in cul- 
tured muscle cells. Approximately 20 ug of total RNA was used 
in each of these protections. Lane D, RNA isolated from differen- 
tiated myotubes maintained for 1 week in culture; lane U, RNA 
isolated from undifferentiated myoblasts. Autoradiograms were 
exposed to X-ray film overnight. 
(c) RNAase protection assay showing E RNA expression in day 17 
(Dl7) and day 20 (D20) rat embryos. 
The arrow points to the fragment of E  RNA specifically protected 
by the antisense probe. The fainter band below this is generated 
artifactually from the probe, since appearance is independent of 
addition of muscle RNA in the RNAase protection assay. Approxi- 
mately 38 ug of total RNA was used in each protection. D13 is 
RNA isolated from day 13 embryonic bodies lacking heads; D17 

proximal regions of endplate-containing or -lacking 
muscle, (data for endplate-lacking regenerate are 
shown in Figures 5e and 56. By day14 normal regener- 
ating muscle showed the typical localization of E RNA 
to the endplate-containing central region (Figures 5c 
and 5d), whereas regenerating soleus muscle lacking 
endplates showed no E RNA expression (Figures 5g 
and 5h show a central region of the endplate-lacking 
muscle). Therefore, unlike the localized expression of 
E RNA in day 14 regenerates, the early pattern of E 
subunit gene expression does not appear to depend 
upon the presence of the original endplates. 

E RNA Is Expressed in the Noninnervated Mouse C2 
Cell Line and Rat Primary Muscle Cultures 
Sincec RNA is expressed early during muscle regener- 
ation in non-endplate regions of the muscle, we exam- 
ined whether this gene is also expressed in noninner- 
vated muscle cells in culture. Rat primary muscle cells 
were isolated from day 18-20 embryos and grown in 
culture. In situ hybridization shows that E RNA is ex- 
pressed throughout the myotubes of rat primary mus- 
cle cultures (Figure 6a). This pattern of expression, 
as assayed by in situ hybridization, did not change 
significantly between myotubes maintained in culture 
for 3 days versus 2 weeks. This expression was con- 
firmed by RNAase protection assays (Figure 6b). No 
expression was detected in undifferentiated myo- 
blasts, whereas significant expression was found in 
differentiated myotubes derived from rat primary 
myoblasts and the continuous mouse muscle cell 
line, C2. 

The finding of s RNA expression in rat primary mus- 
cle cells grown in culture prompted us to look for its 
expression during embryonic development. For this 
analysis we used the more sensitive RNAase protec- 
tion assay. This assay revealed low to undetectable 
levelsofeRNAinday13embryos,yet byday17signifi- 
cant levels of this transcript were detected (Figure 6~). 
Since the day 13 RNA was isolated from embryonic 
bodies and the day 17 and day 20 RNAs were isolated 
from embryonic limbs, it is difficult to make quantita- 
tive conclusions about the abundance of this tran- 
script during embryonic development. 

Discussion 

The experiments reported here were designed to test 
the role the basal lamina played in maintaining nAChR 
RNA expression at the endplates of denervated adult 
skeletal muscle. Our strategy was to denervate the 
muscle and then induce rapid degeneration followed 
by regeneration by using a combination of Marcaine 
treatment and grafting. Marcaine is a local anesthetic 
drug that induces rapid degeneration and regenera- 
tion of whole skeletal muscle (Benoit and Belt, 1970). 
Grafting causes the destruction of a large central core 

and D20 are RNAs isolated from limbs. Autoradiograms were 
exposed to X-ray film for 2 days. 
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of muscle fibers due to ischemic necrosis, but leaves 
a thin rim of surviving muscle fibers at the periphery 
of the graft. Soaking the removed muscle in Marcaine 
results in the destruction of almost all of the re- 
maining peripheral muscle fibers in the graft (Carlson, 
1976). Following this procedure the muscle fibers un- 
derwent first ischemic, and then phagocyte-mediated 
degeneration.Then, in conjunction with spontaneous 
revascularization, new muscle fibers regenerated 
within the persisting basal laminae from the original 
musclefibers. Reinnervation of musclewas prevented 
by using a denervation procedure that included, in 
addition to sectioning the sciatic nerve, suturing the 
proximal and distal nerve stumps and implanting the 
proximal nerve stump into a nearby muscle. Previous 
experiments, employing silver staining of segments 
of the distal nerve and electrical stimulation of the 
transected sciatic nerve have shown that this denerva- 
tion procedure prevents the return of nerve fibers for 
a period of time extending beyond 22 months(Carlson 
and Faulkner, 1988). Therefore, the newly formed 
fibers have never directly experienced the moto- 
neuron. 

After approximately 14 days of regeneration, E 
RNA was found localized beneath the old endplates, 
whereas y RNA was found throughout the fiber (Fig- 
ures 2, 3, 4, and 5). These results are consistent with 
the idea that the basal lamina can maintain endplate- 
specific expression of E RNA in the absence of the 
innervating neuron. It is unlikely that this localized 
expression of E RNA resulted from reinnervation of 
regenerating muscle fibers for the following reasons: 
the denervation procedure allows permanent dener- 
vation of the lower leg (Carlson and Faulkner, 1988); 
serial sections showed high levels of y  RNA through- 
out the muscle fiber, which would be lowto undetect- 
able if the muscles were reinnervated; and the major- 
ity of identified endplates expressed E RNA locally 
beneath them (a minority would be expected if a few 
fibers were able to be reinnervated). In addition, this 
expression was not due to surviving original muscle 
fibers, since at early times of regeneration (day 2) no 
fibers expressing E or y  RNA could be identified and 
all expression at later times was confined to the rather 
thin, easily identifiable regenerating fibers (Figure 4). 
The lack of surviving original muscle fibers is consis- 
tent with previous reports showing over 99% of the 
original muscle fibers are eliminated by a combina- 
tion of Marcaine treatment and grafting (Carlson, 
1976). 

The information mediating this local expression ap- 
pears to reside in the basal lamina. The components 
of the basal lamina participating in this effect may be 
either derived from the motoneuron or induced in 
muscle upon innervation. In either case, deposition 
in the basal lamina would occur. Since the effects 
of the basal lamina persist for long periods of time 
following denervation, it is likely that the responsible 
component is quite stabie. Alternatively, this compo- 
nent may be autoregulatory so that its presence in the 

basal lamina induces its synthesis in the muscle. This 
activity of the basal lamina explains the imprinting 
noticed byother investigators in which Esubunitgene 
expression is initiated by muscle innervation, but its 

maintenance does not depend upon continued in- 
nervation (Brenner et al., 1990). In this case the basal 
iamina serves as a type of memory for the muscle, 
conferring nerve-dependent properties on a nonin- 
nervated fiber. These results indicate the importance 
of basal lamina components in defining and main- 
taining synaptic and extrasynaptic domains of the 
muscle fiber. 

The components of the basal lamina responsible for 
inducing adult-type nAChR gene expression are not 
known. However,  candidates include extracellular ma- 
trix molecules localized to the endplate, such as agrin, 
and perhaps receptors for calcitonin gene-related 
peptide, ARIA, or astorbate (McMahan and Wallace, 
1989; Osterlund et al., 1989; Harris et al., 1988; Horo- 
vitz et al., 1989). These latter receptors are not likely 
to be directly responsible for the local induction of E 
RNA at the old endplates of regenerating muscle, since 
these muscles were not innervated and therefore 
these receptors would be deprived of their neurally 
derived ligands. However,  basal lamina components 
that are expressed locally upon muscle innervation, 
but function independent of the neuron, are likely 
candidates for mediating the endplate-specific ex- 
pression of e RNA. ARIA, which is a42 kd glycoprotein 
purified from chick brains, may be such a molecule. 
Bt induces synthesis of nAChRs (Harris et ai., 1988); 
however; whether it resides in the synaptic basal lam- 
ina is not known. Agrin is a component of synaptic 
basal laminathat induces nAChRc1usterir-g; however, 
agrin has been reported to have no effect on nAChR 
synthesis (McMahan and Wallace, 1989). 

Unlike the localized pattern of E RNA expression 
after a couple weeks of regeneration, at early times 
(day 4) E RNA, like y  RNA, is found in non-endplate 
regions of the fiber (Figure 5). This is exemplified by 
the observation that E RNA expression is most preva- 
lent at the proximal and distal ends of the regenerat- 
ing muscle that lack endplates. In addition, if one 
assays for E RNA at endplate-enriched regions, little 
or no E RNA expression can be detected (Figure 5). 
This latter observation does not necessarily imply that 
E RNA expression is repressed beneath the old end- 
plates, but rather reflects a derth of regenerating fi- 
bers associated with old endplates at this early time 
point. Therefore the pattern of E RNA distribution ob- 
served at this early time of regeneration ref!ects the 
distribution of regenerating and ischemic fibers. The 
proximal and distal ends of the muscle are enriched 
for regenerating fibers, whereas the central portion is 
enriched for ischemic fibers. 

Since the day 4 regenerating muscle indicated that 
E RNA expression could be induced prior,to innerva- 
tion in extrajunctional regions of the muscle fiber, we 
investigated whether this gene was also expressed in 
noninnervated muscle cells in culture. In situ hybrid- 
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izations and RNAase protection assays showed that 
the continuous mouse muscle cell line, C2, and rat 
primary muscle cells in culture express E RNA upon 
differentiation (Figure 6). In addition, this RNA was 
found throughout the myotube (Figure 6a). These re- 
sults are consistent with those of Martinou and Merlie 
(1991), who recently reported E RNA expression in a 
number of different noninnervated muscle cell lines. 
In addition, these results are consistent with electro- 
physiological studies showing two classes of nAChR 
channels expressed in rat primary muscle cultures 
(Siegelbaum et al., 1984). Therefore, this early expres- 
sion of E RNA in regenerating muscle and in noninner- 
vated embryonic muscle may be a result of an endoge- 
nous myogenic program (Martinou and Merlie, 1991). 

One difference between the day 4 regenerating 
muscle and muscle cells in culture is the abundance 
of E RNA relative toy RNA. In day4 regenerating mus- 
cle the levels of these two RNAs were similar (Figure 
4), yet in muscle cell cultures the level of E RNA was 
approximately 20-fold lower than y  RNA (Martinou 
and Merlie, 1991; Goldman unpublished data). The 
significance of this difference is not known, but may 
represent inherent differences in the myogenic pro- 
gram of myoblasts versus satellitecells orthe differen- 
tiation of these cells in the presence (satellite cells) or 
the absence (cultured muscle cells) of an adult basal 
lamina. 

In conclusion, we have shown that E RNA expres- 
sion in noninnervated regenerating muscle is regu- 
lated by two sequential mechanisms. First, at early 
times of regeneration E RNA is expressed throughout 
the myotube, perhaps as a result of an endogenous 
myogenic program, which also may explain the low 
level of E RNA expression found in noninnervated my-  
otubes in culture. Second, as the muscle matures, E 
RNA expression disappears from extrajunctional re- 
gions and becomes localized to the endplate. This 
latter expression may result from components of the 
adult basal lamina suppressing extrajunctional E RNA 
expression and/or inducing it at the endplate. The 
possibility that the adult basal lamina causes a reor- 
ganization of E gene-expressing nuclei from non- 
endplate to endplate regions seems unlikely for two 
reasons: the number of nuclei initially contributing to 
non-endplate expression far exceeds the number of 
endplate nuclei contributing to this expression in 
older regenerating muscle. A simple redistribution of 
nuclei would imply that the same number would be 
associated with nonendplate and endplate regions; 
and when endplates were removed from the soleus 
muscle prior to regeneration and the muscle was al- 
lowed to regenerate, we found that E RNA expression 
disappeared by day 14 (Figure 5). These latter data 
support the idea of an endogenous program regulat- 
ing non-endplate E RNA expression and not the repo- 
sitioning of nuclei within the regenerating myotube. 
The final possibility that all nuclei of the adult muscle 
fiber express E RNA and it is transported or stabilized 
at the endplate does not seem likely in light of recent 

experiments showing that transgenic animals are able 
to use the a subunit gene promoter to confer end- 
plate-specific expression on the reporter gene P-galac- 
tosidase (Klarsfeld et al., 1991). Since this RNA is differ- 
ent from those encoding the nAChRs, one would not 
expect it to be transported or stabilized in a fashion 
similar to that of the nAChR RNAs. The fact that the 
P-galactosidase protein was transiently detected in end- 
plate-associated nuclei from postnatal day 1 through 
day 4 in the transgenic mouse probably reflects peak 
expression of this enzyme during this developmental 
period, which falls below detectable limits at later 
times. This is consistent with the peak in E subunit 
RNA expression found to occur in the rat during the 
first 2 weeks following birth (Witzemann et al., 1989). 
The finding that the nAChR a subunit promoter con- 
fers endplate-specific expression on both fi-galacto- 
sidase- and a subunit-encoding RNAs argues for a 
transcriptional mechanism controlling the spatial ex- 
pression of this gene in muscle. 

Experimental Procedures 

Generation of Noninnervated Regenerating Muscle 
The experiment was conducted on &month-old male Wistar rats 
of the F-455 strain maintained at the University of Michigan. Rats 
were anesthetized with ether. The right legs of the rats were first 
denervated by sectioning the sciatic nerve high in the thigh, 
suturing the proximal and distal stumps, and implanting the 
proximal stump into a hip muscle. This procedure allows a per- 
manent denervation of the lower leg (Carlson and Faulkner, 
1988). At the same time, the right soleus or EDL muscle was 
removed from the leg, soaked for 10 min in 0.75% Marcaine 
(Winthrop Breon Inc.), and then freely grafted back into its origi- 
nal site. The combination of free grafting plus Marcaine treat- 
ment ensures elimination of over 99% of the original muscle 
fibers (Carlson, 1976). Free grafting, causes the destruction of a 
large central core of muscle fibers due to ischemic necrosis, but 
leaves a thin rim of surviving muscle fibers at the periphery of 
the graft. Soaking the removed muscle in Marcaine, a highly 
myotoxic anesthetic, results in the destruction of almost all of 
the remaining peripheral muscle fibers in the graft. The grafting 
operation involved suturing the proximal and distal ends of the 
muscle to the tendon stumps in the leg. No attempt was made 
to restore the vascular supply. Following the grafting procedure, 
the muscle fibers underwent first ischemic and then phagocyte- 
mediated degeneration.Then, in conjunction with spontaneous 
revascularization, new muscle fibers regenerated within the per- 
sisting basal laminae from the original muscle fibers. At various 
times from 2 to 35 days following surgery, the rats were perfused 
with 4% paraformaldehyde-PBS, and the regenerating plus con- 
tralateral control muscles were removed and processed for in 
situ hybridization. 

Probes and In Situ Hybridization 
Two probes were used in these studies. They subunit cDNA has 
already been described (Goldman and Staple, 1989). The rat E 
subunit-encoding cDNA (19-1-I) was isolated from a denervated 
rat skeletal muscle cDNA library, using a mouse E subunit- 
encoding cDNA or genomic DNA fragment as a probe (kindly 
provided by Dr. Gardner, Dartmouth and Dr. Merlie, Washing- 
ton University). DNA sequence analysis showed this clone to 
cover nucleotides 575-1612 of the published rat clone Kriado et 
al., 1988). In addition, RNAase protection assays indicated that 
this clone contained an intron at position 1257. This was con- 
firmed by DNA sequencing. inspection of the E gene sequence 
shows that this intron is situated between exons 10 and 11 (Buo- 
nanno et al., 1989). 35S-labeled sense and antisense RNA probes 
were generated from linearized vectors by run-off transcription 
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(Melton et al,, 1984) using [35S]uridine S-(a-thio)triphosphate (40 
mCi/ml; Amersham) and either SP6 or T7 polymerase (Promega). 
Probes were labeled to appoximately the same specific activity 
and used at a concentration of 50,000 cpm per ~1 of hybridization 
solution. The in situ hybridization procedure has previously 
been described (Goldman and Staple, 1989). For primary muscle 
cultures we decreased the proteinase K digestion time to 7 min. 
In situ hybridizations with regenerating muscle sections were 
repeated a minimum of 3 times with different animals. All repeti- 
tions yielded similar results. Sense-strand probes consistently 
gave background signals. 

RNA Isolation and RNAase Protection Assay 
RNAwasisolated from musclecellculturesand embryonictissue 
using the guanidinium isothiocyanate procedure as previously 
described (Chirgwin et al., 1979; Goldman et al., 1985). Embryos 
were dissected from time-mated pregnant Spraque-Dawley rats 
(Charles River). RNAase protection assays were carried out as 
previously described (Goldman and Staple, 1989). An antisense 
32P-labeled E RNA probe was prepared from the same vector 
(19-1-l) as described above. Linearization of clone 19-1-1 with 
BamHI, which cleaves this DNA in exon 10, results in approxi- 
mately a 0.5 kb probe that will protect two fragments in the 
RNAase protection assay. One fragment (approximately 355 nu- 
cleotides) is the result of protecting exons 11 and 12; the other 
fragment (approximately 140 nucleotides) results from protec- 
tion of the remaining exon IO sequences. The data presented in 
this paper show only the larger fragment. 

Primary and Clonal Cell Cultures 
Day18-20ratembryoswereused toisolatemyoblastsforprimary 
muscle cultures. Hind legs including thigh were deskinned, and 
the thigh muscles were removed into PBS. Muscles were 
tweezed apart and placed into 0.25% trypsin, PBS at 37OC for 
approximately 20-30 min with frequent trituration. Cells were 
centrifuged and resuspended in DMEM and filtered through a 
20 mesh screen. The cells were pelleted again and resuspended 
in DMEM, 10% fetal calf serum and plated on collagen-coated 
coverslips at a density of 4 x IO5 cells per 35mm culture dish. 
After about 4 days in culture, myotubes had begun to form and 
within the next few days began to contract spontaneously. 
Growth of the clonal C2 cell line was as previously described 
(Evans et al., 1987). 
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