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Summary

In adult vertebrate skeletal muscle acetylcholine recep-
tors are localized to the neuromuscular junction. Upon
denervation, this distribution changes, with new re-
ceptors appearing in extrajunctional regions of the
muscle fiber. The location of acetylcholine receptors in
innervated or denervated muscle may result, in part,
from the distribution of their RNAs. This was tested by
assaying for receptor RNAs in junctional and extra-
junctional regions of innervated and denervated rat
soleus muscle using in situ hybridization and RNAase
protection assays. These experiments showed «, B, and
& subunit RNAs concentrated beneath the endplates of
innervated muscle fibers. Following denervation, there
was an unequal distribution of receptor RNAs along
the muscle fiber, with highest levels occurring in ex-
trajunctional regions near the endplate. These data are
consistent with a nonuniform pattern of gene expres-
sion in adult skeletal muscle fibers.

Introduction

Communication throughout the nervous system takes
place at specialized regions of the cell referred to as the
synapse. The mechanism for generating this specialized
structure is not known. The neuromuscular junction
provides an ideal system for studying synapse formation
and the influence a presynaptic neuron has on organiz-
ing the postsynaptic structure. The nicotinic acetylcho-
line receptor (NAChR) is an excellent marker for post-
synaptic differentiation. It is an integral membrane
protein with a stoichiometry of a,By8 (Popot and Chan-
geux, 1984). During muscle fiber development, the y
subunit is replaced by an € subunit, which results in a
change in the receptor’s ion channel properties (Mishina
et al., 1986; Gu and Hall, 1988). In addition to this
subunit switch, the distribution of the receptor along the
muscle fibers surface changes dramatically during syn-
aptogenesis (Bevan and Steinbach, 1977; Frank and
Fischbach, 1979; Anderson et al., 1977). In adult skeletal
muscle the nAChR is found almost exclusively under the
nerve terminal (Fertuck and Salpeter, 1974). However,
either prior to muscle innervation or after denervation
of adult skeletal muscle, the receptor is found through-
out the muscle fiber surface (Bevan and Steinbach,
1977; Fambrough, 1974). The molecular mechanisms
responsible for this distribution are not known. This pa-
per deals with the role nAChR RNA distribution may

play in regulating the location of receptors on inner-
vated and denervated muscle fibers.

The clustering of receptors beneath the nerve termi-
nal during neuromuscular junction development is a
combination of the redistribution of preexisting recep-
tors and the synthesis of new molecules (Anderson and
Cohen, 1977; Ziskind-Conhaim et al., 1984; Role et al.,
1985). The mechanism by which receptors move to the
endplate is not clear, but likely involves interaction with
cytoskeletal, membrane, and basal lamina components
(Fallon et al., 1985; Burden et al., 1983; Froehner, 1986).
In addition, newly synthesized nAChRs may be targeted
for the endplate by the Golgi apparatus (Bursztajn and
Fischbach, 1984). Besides these posttranslational mech-
anisms, itis likely that transcription of the receptor genes
also plays a role in determining the distribution of
nAChRs along the muscle fibers surface. Muscle activity
suppresses expression of extrajunctional receptors by
decreasing the level of RNA encoding these molecules
(Goldman et al., 1988). Concentration of receptors at
the endplate may result from a nonuniform distribution
of nAChR RNA in adult skeletal muscle (Merlie and
Sanes, 1985; Fontaine et al., 1988).

Skeletal muscle fibers are multinucleated. A small
number of nuclei out of the total are found under the
endplate. These nuclei are morphologically distinct
from those found in extrajunctional regions of the mus-
cle fiber (Couteaux, 1973). Perhaps this morphological
distinction reflects a specialization of these nuclei.
Endplate-associated nuclei may regulate expression of
molecules specific to the synapse. Therefore, the pattern
of gene expression in these endplate-associated nuclei
would be different from that in extrajunctional nuclei. If
this were true, one would predict that nAChR genes
would be expressed selectively in those nuclei associ-
ated with the endplate in an adult innervated muscle fi-
ber. Consistent with this prediction is the observation
that when rat diaphragm muscle is cut into endplate-
containing and non-endplate-containing thirds, RNA
blots showed higher levels of a and & subunit encoding
RNA in those muscle thirds containing endplates com-
pared with those lacking endplates (Merlie and Sanes,
1985). Recently the high resolution technique of in situ
hybridization was used to map nAChR a subunit RNA
in young chicken muscle fibers (Fontaine et al., 1988).
This study revealed the a subunit RNA to be concen-
trated beneath the neuromuscular junction. When
these muscles were denervated and examined 4 days
later, an increase in the level of hybridizing a subunit
RNA was observed with a random distribution through-
out the muscle fibers surface.

This latter result is interesting in light of recent evi-
dence that a gradient of extrajunctional receptors exists
early after denervation (Levitt-Gilmour and Salpeter,
1986; Salpeter et al., 1988). Using a-bungarotoxin and
electron microscopy, a spatial gradient of extrajunc-
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tional nAChRs was observed, with highest concentra-
tions found near the endplate. This gradient of receptors
in denervated muscle may also be a result of a nonuni-
form distribution of NAChR RNA within the muscle fiber.
In this paper we address the issue of nAChR RNA dis-
tribution in innervated and denervated rat soleus mus-
cle. Since probes for the rat muscle nAChR did not exist,
we isolated cDNAs encoding receptor subunits from a
rat skeletal muscle cDNA library. The technigue of in
situ hybridization was used to map «, B, v, and & subunit
RNAs in innervated and denervated muscle fibers. in ad-
dition, RNA was isolated from endplate-containing and
non-endplate-containing thirds of soleus muscle and
used in RNAase protection assays to determine the level
of a subunit message in these regions of the muscle fiber.
These experiments showed that RNAs encoding the a,
B, and & subunits of the nAChR are localized beneath
the endplate in innervated muscle and that after muscle
denervation, a nonuniform distribution of a, B, ¥, and
8 subunit RNAs exists, with highest concentrations
found in the extrajunctional regions near endplates.

Results

Isolation and Characterization of cDNAs Encoding
the a, B, y, and & Subunits

Probes for identifying rat muscle nAChR RNAs were de-
rived from Agt11 cDNA libraries prepared with either in-
nervated or denervated rat muscle poly(A)* RNA. Rat
muscle nAChR cDNAs were characterized by DNA se-
quence, S1 nuclease protection of mRNA, and restric-
tion enzyme digestion. DNA sequence analysis identi-
fied cDNAs encoding the a, B, y, and 8 subunits (data
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3'

alpha beta

«0.69

not shown). ST nuclease protection experiments were
performed to confirm that these cDNAs faithfully repre-
sented their corresponding RNAs (Figure 1). The results
of these analyses are summarized below.

a Subunit cDNA (RIA21)

RIA21 is approximately 1800 nucleotides long. Its DNA
sequence begins at nucleotide —18 and extends into the
3’ untranslated region when compared with the mouse
a subunit cDNA (Boulter et al., 1985). This clone codes
for a mature a subunit, including 6 amino acids of the
leader peptide. Hybridization of antisense a subunit
DNA with innervated or denervated rat muscle RNA
shows complete protection of the cDNA by the mRNA
(Figure 1). In the denervated lane of Figure 1, two pro-
tected bands, differing by approximately 100 nucleo-
tides, were detected. These two bands probably result
from the use of alternative polyadenylation signal se-
quences, as was shown for the mouse a subunit RNA
{Goldman et al., 1985). The level of expression of a
subunit RNA in these muscles is consistent with previ-
ously published reports (Goldman et al., 1988).

B Subunit cDNAs (R1B28 and RIB33)

RIB28 is approximately 1760 nucleotides long. Com-
pared with the mouse B subunit cDNA, RIB28 begins at
nucleotide -66 and extends into the 3’ untranslated re-
gion (Buonanno et al., 1986). This clone codes for the
mature B subunit and most of the leader peptide. It lacks
5 untranslated sequences and those coding for the initi-
ator methionine. DNA sequence analysis has deter-
mined that RIB28 contains 9 additional nucleotides cod-
ing for 3 extra amino acids found between residues 43
and 44 of the mouse B subunit protein (Goldman and
Tamai, 1989). We have also isolated another B subunit

«1.6 kb

gamma delta

Figure 1. S1 Nuclease Analysis ot Rat Muscle mRNAs Complementary to ¢cDNAs Encoding Rat Muscle nAChR Subunits

Gel profile of $1 nuclease protected molecules generated by S1 nuclease digestion of heteroduplexes formed between innervated or 5 day
denervated rat soleus muscie mRNA (5 pg) and M13 subclones harboring either the a subunit cONA (RIA21), the B subunit cDNA (RI1B28),
the 3’ 690 nucleotides of the RIB28 cDNA, the y subunit cDNA (RIG13-1), or the & subunit cDNA (RID3) in the antisense orientation. The
first lane for each blot is protection of innervated muscle mRNA; the second lane is protection of denervated muscle mRNA. The length
of protected fragments was determined by comparing their mobility with DNA standards (1 kb ladder; BRL) and the mobility of S1
nuclease-resistant hybrids formed by hybridizing the sense and antisense strands of the nAChR subunit cDNAs. Radiolabeled probes were
1 x 107 to 4 x 10% cpm/pg, and blots were exposed to X-ray film overnight at —80°C with an intensifying screen.
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cDNA (RIB33) that is identical to RIB28, except it lacks
the 9 bases found between residues 43 and 44 of RIB28
(Goldman and Tamai, 1989). Hybridization of antisense
RIB28 DNA with RNA isolated from innervated or
denervated rat muscle, followed by S1 nuclease diges-
tion, resulted in the identification of two protected mol-
ecules (Figure 1): a low abundance RNA, corresponding
to complete protection of the clone (1.76 kb), and a
more abundant RNA that resulted in protection of ap-
proximately 1.6 kb of RIB28. DNA sequence analysis
and S1 nuclease protection assays with the 3’ end of
RIB28 are consistent with these two RNAs representing
clones RIB28 and RIB33, which differ by 9 nucleotides
in their 5’ coding sequence (Goldman and Tamai, 1989).
y Subunit cDNA (RIG13-1)

RIG13-1 is about 1600 nucleotides long. Compared with
the mouse y subunit cDNA (Boulter et al., 1986), RIG13-
1 begins at nucleotide 90 and extends into the 3" un-
translated region. Therefore, RIG13-1 codes for a ¥y
subunit beginning at amino acid 31 of the mature pro-
tein. Hybridization of antisense RIG13-1 to RNA isolated
from either innervated or denervated rat muscle, fol-
lowed by digestion with S1 nuclease, showed complete
protection of RIG13-1 by an abundant RNA expressed in
denervated muscle (Figure 1).

8 Subunit cDNA (RID3)

RID3 is about 2500 nucleotides long. DNA sequence
analysis indicates that this clone begins at residue 64 of
the mouse & subunit cDNA (LaPolla et al., 1984) and ex-
tends into the 3" untranslated region. Hybridization of
RID3 antisense DNA with RNA isolated from dener-
vated muscle, followed by S1 nuclease digestion, re-
sulted in protection of a 2 kb piece of RID3 (Figure 1).
Based on S1 nuclease protection experiments using the
3’ end of the clone and DNA sequence analysis, we have
determined that 500 bp at the extreme 3’ end of the
clone are not part of the & subunit RNA (data not
shown). Therefore, an EcoRI/Pstl subclone of RID3
(RIDR1/Pstl.4) containing 1.4 kb of 5’ coding sequence
was created.

The lack of a detectable signal in S1 nuclease experi-
ments using innervated muscle RNA and either the a, v,
or & subunit cDNAs is due to the low level of expression
of these RNAs in this muscle. These results are consistent
with previous reports using Northern blot analysis to as-
say for the levels of these RNAs (Evans et al., 1987; Gold-
man et al., 1988). Controls for S1 nuclease protection
experiments included hybridization without mRNA,
which resulted in no protected bands, and hybridization
of sense and antisense strands of the clones, which
resulted in complete protection of the clone (data not
shown).

Distribution of o, B, v, and & Subunit RNAs in

Innervated and Denervated Rat Soleus Muscle Fibers
Acetylcholine receptors are localized to the endplates of
innervated muscle fibers. After denervation, receptors
are found throughout the muscle fiber surface, with
highest concentrations occurring in extrajunctional re-
gions nearest the endplate (Salpeter et al., 1988). Is this
distribution of nAChR protein reflected in the distribu-

tion of its RNAs? To address this issue it was necessary
to identify nAChR RNAs in muscle fibers and correlate
their distribution with that of endplates. For this analysis,
3-week-old rat soleus muscles were denervated for 0, 6,
18, 44, and 66 hr. Muscles were then isolated and pre-
pared for endplate staining and in situ hybridization.

Figure 2 shows the results obtained when innervated
and 66 hr denervated muscle was subjected to this anal-
ysis. Columns labeled aBtx show fluorescent a-bungaro-
toxin staining of endplates; columns labeled RNA show
the distribution of nAChR RNA in these same muscie
fibers. In innervated muscle the a, B, and & subunit
RNAs were found to be concentrated beneath end-
plates, whereas no y subunit RNA could be detected.
The experiment was repeated on two additional ani-
mals, one about 14 days old and the second a mature
adult. Although the endplate staining and detection of
RNA appeared to be more robust in the younger ani-
mals, there were no significant differences in our results.
A minimum of 20 endplates were examined for each
nAChR RNA probe used, and of these endplates, a mini-
mum of 70% showed colocalization of a, B, and &
subunit RNAs. The number of grains in these endplate
regions was generally greater than 50-fold above that
found in extrajunctional regions of the muscle fiber. The
concentration of grains was generally higher around
endplate nuclei than throughout the surrounding cyto-
plasm.

If one repeats this experiment using soleus muscle
that was denervated for 6 or 18 hr, profiles of nAChR
RNA distribution look identical to those observed in in-
nervated muscle (data not shown). However, after 66 hr
of muscle denervation, a large increase in the levels of
a, B, v, and & subunit RNAs is observed (Figure 2). The
hybridization of receptor RNAs to the probes is generally
found to be clustered around nuclei. In addition, this
RNA is concentrated in extrajunctional regions of the
muscle near endplates (see next section). We have not
noticed a significant difference in the level of nAChR
RNA associated with junctional versus extrajunctional
nuclei near the endplate in the denervated muscle fiber.

Controls for the in situ hybridization included the use
of a sense strand probe and an RNAase treatment prior
to hybridization. Both these controls showed no hybrid-
ization above background (data not shown). As an addi-
tional control, we hybridized innervated and 66 hr
denervated muscle sections with a (Na*,K")ATPase al
subunit probe (Figure 3). The level of RNA encoding this
subunit does not change significantly during muscle de-
velopment (Orlowski and Lingrel, 1988). Consistent with
these findings, we observed no significant difference in
the level of expression of this RNA in innervated com-
pared with denervated rat soleus muscle (Figure 3).
Therefore, the differences we detected for nAChR RNAs
in these muscles were specific.

A Nonuniform Distribution of nAChR RNA
following Muscle Denervation

At early times following muscle denervation, a gradient
of extrajunctional nAChRs appears, with highest con-
centrations occurring near the endplate (Levitt-Gilmour
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Figure 2. Distribution of nAChR RNA and Endplates in Innervated and Denervated Rat Soleus Muscles

The distribution of endplates and nAChR RNA was determined in innervated and 66 hr denervated soleus muscles. Columns labeled aBtx
are photomicrographs, using fluorescence optics, of endplates stained with FITC-a-bungarotoxin. Columns labeled RNA are photomicro-
graphs, using a dark-field condenser, of these same muscle sections after in situ hybridization to identify nAChR RNA. RNA was visualized

by a 4 week exposure of the slides after dipping in liquid emulsion.
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Figure 3. RNA Encoding the al Subunit of the (Na*,K*)ATPase Is Distributed throughout Innervated and Denervated Rat Soleus Muscle

Innervated and 66 hr denervated rat soleus muscle sections were hybridized with a (Na*,K*)ATPase al subunit antisense RNA probe in situ.
After the in situ hybridization procedure, slides were dipped in liquid emulsion and exposed for 4 days. Dark-field photomicrographs were

taken with a 20x objective.

and Salpeter, 1986; Salpeter et al., 1988). This pattern
may result in part from the distribution of nAChR RNA.
Our in situ hybridization data indicated that on 66 hr
denervated soleus muscles, nAChR RNA levels are
highest in extrajunctional regions of the fiber near the
endplate. We examined the distribution of a, B, y, and
8 subunit RNAs in 11 day denervated soleus muscle
using in situ hybridization (Figure 4). To obtain a low
resolution profile of the distribution of these RNAs along
the muscle, we visualized the hybridization profile by
contact autoradiography and quantitated the data by
densitometry. This analysis showed all four subunit
RNAs to be concentrated in a region of the muscle
shown, by FITC-a-bungarotoxin staining, to be enriched
for endplates (Figure 4). As a control (Figure 4, lane C),
the distribution of RNA encoding the (Na*,K*)ATPase
al subunit is shown to be uniformly distributed through-
out the fiber.

To determine whether the distribution of nAChR RNA
is reflected in the distribution of muscle nuclei, we
counted nuclei in junctional and extrajunctional regions
of the fiber. This analysis showed no significant differ-
ences in the number of nuclei between these regions of
the muscle (Figure 4).

The earliest time following muscle denervation that
we have been able to detect an increase in a subunit
RNA is approximately 30-40 hr. Therefore, we com-
pared the distribution of a subunit RNA in innervated,
36 denervated and 4 day denervated soleus muscle by
in situ hybridization. Contact autoradiography of these
muscle sections showed a significant increase in a
subunit RNA at 36 hr postdenervation (Figure 5). This

RNA is concentrated in the central region of the muscle
fiber where endplates are found. At 4 days postdenerva-
tion, a large increase in a subunit RNA is observed, but
its levels are still highest in the endplate-containing cen-
tral third of the muscle (Figure 5). Although our results
with the (Na*,K*)ATPase al RNA indicate that this lo-
calization is not a general phenomenon found for all
muscle RNAs, we confirmed this result using RNAase
protection assays.

For this analysis, denervated rat soleus muscles were
divided into thirds. The middle third of these muscles is
enriched for endplates the outer two-thirds generally
lack endplates. Total RNA was isolated from these por-
tions of the soleus muscle and hybridized with radiola-
beled a subunit probe. The probe was prepared from a
recombinant plasmid (pSP65) harboring RIA21 in an an-
tisense orientation in relation to the SP6 promoter. After
linearization of this construct with Accl, a 32P-labeled
antisense RNA probe was synthesized by run-off tran-
scription. Accl restricts RIA21 about 344 nuclectides
from the 3’ end of the clone. After hybridization of the
muscle RNA with this probe, RNAase was added, and
those molecules surviving digestion were fractionated
on a 4% acrylamide, 8 M urea gel. Hybrids were visual-
ized by autoradiography. Consistent with the in situ hy-
bridization experiments, a gradient of a subunit RNA
was detected in 2 and 4 day denervated muscle, with
highest concentrations occurring in the endplate-en-
riched middle third (Figure 6). When this experiment
was performed with innervated muscle RNA, a much re-
duced junctional signal was detected (data not shown;
however, see Figure 5). As a control we used a random
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Figure 4. A Nonuniform Distribution of nAChR RNA in Dener-
vated Rat Soleus Muscle

(Top) Contact autoradiography showing innervated (1) or 11 day
denervated (D) rat soleus muscles after hybridization with «, B, v,
or 8 subunit RNA probes. Lane C is a control using 4 day denervated
soleus muscle hybridized with a (Na* K*)ATPase a1 subunit RNA
probe. Autoradiographic exposures were for 4 days.

(Bottom) Quantitation of nuclei (a), neuromuscular junctions (b),
and nAChR RNA (c), levels in denervated muscle sections shown
in the above autoradiogram. A serial section of the muscle hybrid-

O hr 36 hrs

4 days

Figure 5. Time Course of a Subunit RNA Distribution in Dener-
vated Rat Soleus Muscle

Duplicate longitudinal sections of 0, 36 hr, and 4 day denervated
rat soleus muscles were hybridized in situ with an **S-labeled a
subunit probe. Hybridization was visualized by contact autoradiog-
raphy for 4 days.

clone isolated from our rat muscle cDNA library that
identifies an RNA not regulated by muscle denervation
(Figure 6, lane C).

Discussion

The level of expression and the distribution of nAChRs
along the muscle fiber surface changes both during mus-
cle development and after denervation of adult muscle
(reviewed in Schuetze and Role, 1987). The mechanism
by which the nerve exerts its effect on receptor levels
and distribution is not known. It is clear that muscle ac-
tivity induced by the neuron regulates extrajunctional
nAChR levels by regulating the level of RNA encoding
these receptors (Goldman et al., 1988). if muscle activity
suppresses expression of extrajunctional nAChRs, why
does it not suppress expression of junctional receptors?
Perhaps muscle activity influences nAChR expression
differently in junctional and extrajunctional regions of
the muscle fiber.

Recently it has been shown that the distribution of a
subunit RNA in innervated 15-day-old chick skeletal
muscle is localized beneath the endplate (Fontaine et
al., 1988). In rat diaphragm muscle, RNA blot analysis
was used to show that the a and & subunit RNAs are con-
centrated in the synapse-containing middle third of that
muscle (Merlie and Sanes, 1985). This nonuniform distri-
bution of nAChR RNA might arise from selective nAChR
gene expression in those nuclei found beneath the end-
plate. Alternatively, receptor RNA may be stabilized at
the endplate or transported there. We report in this pa-
per that a, B, and & subunit RNAs are found only under

ized with the a subunit probe (above) was stained for endplates
with FITC-a-bungarotoxin. Nuclei were visualized by staining with
hematoxylin, and their number was determined for a distance of
I mm at various points along individual fibers. Distance on the
horizontal axis is recorded in millimeters away from the highest
density of endplates (0 mm). The muscle section was approximately
18 mm in length.
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Figure 6. a Subunit RNA Increases More in Endplate-Containing
Thirds versus Extrajunctional Thirds of Denervated Rat Soleus
Muscle

Gel profile showing levels of a subunit RNA in junctional versus ex-
trajunctional thirds of denervated rat soleus mucle. Rat lower hind-
limb muscles were denervated for 2 and 4 days. Soleus muscles
were then dissected out and divided into junctional ()} and ex-
trajunctional (E)) thirds. Ten micrograms of RNA isolated from these
muscle thirds, was hybridized with a *2P-labeled a subunit RNA
probe (see Experimental Procedures). As a control (C), a probe was
made from a clone, isolated from the rat muscle ¢cDNA library, that
represented an RNA not regulated by muscle denervation. Follow-
ing hybridization, RNAase A was added, and protected duplexes
were fractionated on a denaturing acrylamide gel. The dried gel
was exposed to X-ray film overnight at —~80°C with an intensifying
screen.

the neuromuscular junction in innervated rat soleus
muscle (Figure 2). We were unable to detect any ¥
subunit RNA in these muscles. This is expected, since
there is a subunit switch during development by which
the y subunit, expressed early in development, is re-
placed by the & subunit. Since we do not have a probe
for the € subunit RNA, we were not able to study its dis-
tribution.

The mechanism by which nAChR a, B, and & subunit
RNAs are concentrated beneath the endplates of inner-
vated muscle is not known. If in innervated muscle all
nuclei were expressing nAChR genes and RNA was
transported to the endplate, one might expect a gradient
of RNA to be observed. This was not the case; we found
nAChR RNA to be concentrated beneath the endplate
and not detectable in extrajunctional regions close to
the endplate. A second possibility is that the endplate
environment results in stabilization of nAChR RNA. Al-
ternatively, it is possible that endplate nuclei selectively
express their nAChR genes, whereas extrajunctional
nuclei do not. These latter two hypotheses imply that the
innervating neuron contributes to an environment at the

endplate which locally influences either nAChR RNA
stability or gene transcription.

The idea of the nerve exerting a trophic influence on
nAChR RNA expression is supported by the identifica-
tion of neurotrophic molecules that increase a subunit
RNA levels in cultured muscle cells. One candidate for
this trophic activity is calcitonin gene-related peptide
(New and Mudge, 1986). This molecule is found in
motoneurons and has been shown to increase nAChR
protein and RNA levels in cultured chick muscle cells
(Fontaine et al., 1987). Another candidate is ARIA, a gly-
coprotein purified from chick brain that selectively in-
creases a subunit RNA levels in myotubes (Harris et al.,
1989). Whether these molecules serve to regulate
nAChR gene expression in vivo is not yet clear.

After denervating rat soleus muscles, we observed a
nonuniform distribution of nAChR RNA expression
(Figures 4, 5, and 6). The highest levels of a, B, ¥, and
8 subunit RNAs were found in extrajunctional regions of
the muscle near the endplate. This result is different from
the random distribution of a subunit RNA found in
denervated chick muscle (Fontaine et al., 1988). The rea-
son for this difference between rat and chick is not
known. It may be a result of a species or muscle-type
difference. Our results in rat are consistent with the ob-
servation by Levitt-Gilmour and Salpeter (1986) that a
gradient of nAChR protein exists at early times following
muscle denervation. These investigators showed, using
a-bungarotoxin and electron microscopy, that a spatial
gradient of extrajunctional nAChRs exist, with highest
concentrations occurring near the endplate in dener-
vated muscle. This is likely to be due, at least in part, to
the distribution of nAChR RNA in denervated muscle.

The identification of a nonuniform distribution of
nNAChR RNA in denervated muscle was not expected.
Preliminary experiments with muscle cells in culture in-
dicate that this distribution is dependent on prior inner-
vation of the muscle. Thus, it is possible that interactions
between nerve and muscle result in a changed environ-
ment in junctional and extrajunctional regions near the
endplate. This influence of the nerve would be largest at
the endplate and would diminish as one moves away
into extrajunctional regions. In an active muscle, in
which extrajunctional nAChR gene expression is re-
pressed, this environment has little influence beyond the
endplate, and therefore one observes local expression of
nAChR RNA. However, upon denervation, one observes
two superimposed RNA distributions: a uniform one
along the muscle fiber due to muscle inactivity and a
steep gradient of RNA decreasing away from endplates
due to the prior influence of innervation.

Experimental Procedures

RNA Isolation
RNA was isolated using the guanidinium isothiocyanate procedure
as described previously (Chirgwin et al., 1979; Goldman et al.,

1985). Poly(A}* RNA was selected for by chromatography over an
oligo(dT)-cellulose column (Aviv and Leder, 1972).

Construction and Screening of cDNA Library
cDNA libraries were constructed using rat poly(A)* RNA isolated
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from adult innervated or denervated rat skeletal muscle. The
method of Gubler and Hoffman (1983} was used to prepare size-
fractionated double-stranded cDNA. The ¢cDNA was ligated to
phosphorylated EcoRI linkers and was then cloned into the EcoRI
site of bacteriophage Agt11 (Huynh et al., 1985). Approximately 0.5
x 10" plaques were screened from this library with radiolabeled
«<DNA encoding the BC3H1 mouse muscle nAChR a, B, v, or &
subunits (Boulter et al., 1985, 1986; LaPolla et al., 1984; Evans et
al., 1987).

DNA Sequence Determination

¢DNAs were subcloned into the M13 bacteriophage vectors mp18
and mp19. DNA sequence was determined using the dideoxynu-
cleotide chain termination method (Sanger et al., 1977). Unidirec-
tional deletions were generated using the method of Dale et al.
(1985).

$1 Nuclease Protection Assay

51 Nuclease digestions of heteroduplexes formed between
poly(A)* RNA and M13 subclones of the rat a, B, vy, or § subunit
¢DNAs were carried out as previously described (Goldman et al.,
1985). Those hybrids surviving S1 nuclease digestion were analyzed
by electrophoresis through a 2.2 M formaldehyde, 1.4% agarose
gel. The sizefractionated heteroduplexes were transferred to a
Gene Screen Plus membrane and detected by hybridization to
nick-translated. radiolabeled rat nAChR subunit cDNAs.

RNAase A Protection Assay

Rat soleus muscles were divided into junctional- and extrajunc-
tional-containing thirds. Total RNA was isolated from these muscles
and hybridized with a **P-labeled antisense a subunit RNA probe.
This probe was prepared by run-off transcription of a linearized
pSP65 vector in which RIA21 was subcloned. The recombinant vec-
tor was linearized with Accl, which restricts RIA21 about 344
nucleotides from its 3" end. Hybridization conditions were in a 0.03
ml volume containing 50% formamide, 40 mM PIPES (pH 6.7). 0.4
m NaCl, and 1 mM EDTA (pH 8.0} at 45°C for 16 hr. Following hy-
bridization, 0.3 ml of RNAase digestion buffer containing 0.04
mg/m} RNAase A in 10 mM Tris-HCl (pH 7.5), 5 mM EDTA, 0.3 M
NaCl was added. The digestion was allowed to proceed for T hr at
30°C and was terminated by the addition ot 0.02 ml of 10% SDS
and 0.05 mg of proteinase K. Incubation was continued for an ad-
ditional 15 min at 37°C. The samples were then extracted with
phenol-chloroform and precipitated with ethanol. Those hybrids
surviving digestion were size-fractionated on a denaturing 5%
acrylamide, 8 M urea gel. Following electrophoresis, the gel was ex-
posed to X-ray film with an intensifying screen at —80°C.

Endplate Staining and In Situ Hybridization

Rat soleus muscles were denervated as described previously (Gold-
man et al., 1988). While under ether anesthesia, animals were per-
fused through the heart with 500 m! of 4% paraformaldehyde,
0.05% glutaraldehyde in 10 mM sodium phosphate, 145 mM so-
dium chloride (pH 7.4). Muscles were postfixed overnight at 4°C
in the above solution containing 15% sucrose. Tissue was frozen in
mounting media. and 10 um thick sections were cut on a cryostat.
Sections were mounted on polylysine-coated slides and dried at
80°C for 10-20 min. Sections were stored at —20°C.

Prior to staining endplates, sections were placed in PBS (10 mM
sodium phosphate [pH 7.4], 145 mM sodium chloride} for 10 min,
immersed in 4% paraformaldehyde in PBS for 30 min, and washed
twice in PBS. Sections were then immersed in PBS containing 1
pg/mti fluorescein isothiocyanate a-bungarotoxin for 30 min, fol-
lowed by two 10 min washes in PBS, dehydrated in alcohol, and al-
lowed to air dry. Endplates were visualized using a Zeiss Axiophot
microscope equipped with fluorescein optics. Endplates were
recorded by photography and by the coordinates of their position
on the slide.

Immediately following the recording of endplates, sections were
processed for in situ hybridization as previously described (Cox et
al., 1984; Goldman et al., 1986). Hybridization was at 55°C over-
night using 5 x 107 cpm of probe per ml. Probes were prepared
by run-off transcription of linearized plasmids harboring the

subunit-specific cDNAs flanked by the SP6 and T7 promoters. The
o subunit RNA probe was prepared from pSP73/RIA950. This vector
contains a 950 nucleotide internal Pstl fragment of the rat muscle
nAChR a subunit cDNA, RIA21. The B subunit RNA probe was pre-
pared from pSP73/RIBR1/Smal. This plasmid harbors the 5 1200
nucleotide EcoRI-Smal fragment of RIB33. The y subunit probe was
prepared from pGEM4/RIG13-1. This plasmid harbors the complete
1.6 kb ¢DNA X insert. The & subunit probe was prepared from
pSP64RIDR1/Pst!400. This plasmid contains the 5 1400 nucleotide
EcoR!I-Pstl fragment of RID3. The majority of sequence in these
probes is protein coding. We have determined the specificity of
these probes by hybridization to blots containing cDNAs encoding
the a, B, v, and & subunits and have found no cross-reactivity using
our in situ hybridization conditions (data not shown). Probes were
hydrolyzed to an average of 100-200 nucleotides. Posthybridiza-
tion treatments included a wash at 60°C in 50% formamide, 2x SSC
(0.3 M NaCl, 0.3 M sodium citrate), 50 mM dithiothreito! (pH 7.4)
tor 20 min, a digestion in RNAase A (20 pg/ml), and a final wash
in 0.1x SSC. Sections were dehydrated in ethanol and dipped in Ko-
dak NTB 2 emulsion. Slides were exposed at 4°C tor 4-30 days, de-
veloped, and stained with hematoxylin and eosin B.
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