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Abstract. Multinucleated skeletal muscle fibers syn-
thesize cell surface and secreted oligomeric forms of
acetylcholinesterase (AChE) that accumulate at
specialized locations on the cell surface, such as sites
of nerve-muscle contact. Using allelic variants of the
AChE polypeptide chains as genetic markers, we show
that nuclei homozygous for either the « or 8 alleles
residing in chimeric myotubes preferentially translate

their AChE mRNAs on their respective ERs. These
results indicate that the events of transcription, transla-
tion, and assembly of this membrane protein are com-
partmentalized into nuclear domains in multinucleated
cells, and provide the structural basis for the possible
localized expression and regulation of synaptic compo-
nents at the neuromuscular junctions of vertebrate
skeletal muscle fibers.

containing many hundreds of nuclei dispersed at regu-

lar intervals along their length. Upon fusion of myo-
blasts to form myotubes, each myoblast nucleus retains its
own complement of intracellular organelles, including the
RER, the Golgi apparatus, and mitochondria. At sites of
nerve-muscle contact, clusters of nuclei accumulate within
the sarcoplasm to form the soleplate or fundamental nuclei
(Ranvier, 1878; Kuhne, 1886; cited in Couteaux, 1973). Be-
cause of their unique location beneath the neuromuscular
junction, these nuclei have been postulated to be the prin-
cipal sites of expression and regulation of synaptic proteins
such as acetylcholine receptors (AChRs)! and acetylcholin-
esterases (AChEs) (Couteaux, 1981). In support of this hy-
pothesis, Merlie and Sanes (1985) demonstrated a several-
fold higher concentration of AChR alpha-subunit mRNA in
regions of skeletal muscie fibers enriched in neuromuscular
junctions. More recently Fontaine et al. (1988), using higher
resolution in situ hybridization techniques, showed that these
higher levels of AChR alpha-subunit mRNA were confined
to the cytoplasmic regions surrounding the subsynaptic nu-
clei. These observations suggest the interesting possibility
that individual nuclei within skeletal muscle fibers are com-
partmentalized and are autonomous with respect to the tran-
scription and translation of at least a specific subset of mem-
brane proteins.

ACHE is an essential component of all cholinergic syn-
apses, including the neuromuscular junction. Vertebrate
AChE occurs as a complex family of membrane-bound and
secreted oligomeric forms (for reviews see Brimijoin, 1983;
Rosenberry, 1985; Rotundo, 1987; Toutant and Massouli€,

SKELETAL muscle fibers are long, multinucleated cells

1. Abbreviations used in this paper: AChE, acetylcholinesterase; AChR,
acetylcholine receptor.
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1987) encoded by a single gene (Rotundo et al., 1988;
Schumacher et al., 1988; Sikorav et al., 1988). We have re-
cently described two allelic variants of quail AChE catalytic
subunit with apparent molecular masses of 110 () and 100
(8) kD (Rotundo et al., 1988; Fernandez-Valle and Rotundo,
1989). These allelic polypeptide chains are codominantly
expressed, are functionally identical, and can assemble ran-
domly into the multiple oligomeric forms of the enzyme
found in nerves and muscle. AChE is a glycoprotein and, af-
ter synthesis on the RER, assembles into disulfide-bonded
dimeric and tetrameric forms. A subset of these oligomers
is subsequently transported through the Golgi apparatus where
they become associated with a collagen-like tail giving rise
to the 208 asymmetric form of the enzyme (Rotundo, 1984;
Brockman et al., 1986; Rotundo, 1988).

In the present studies we have used these allelic variants
to test the hypothesis that mRNAs encoding an identified
synaptic component, AChE, are preferentially translated on
the RER surrounding the nucleus of transcription. Chimeric
myotubes were grown in culture from myoblasts obtained
from quail embryos homozygous for either the « or 8 AChE
alleles. The resulting chimeric myotubes expressed predomi-
nantly homedimers of the two AChE allelic variants in con-
trast to the random assembly of heterodimers expressed in
myotubes made from heterozygous myoblasts. Our results
indicate that the mRNAs encoding exportable proteins in
multinucleated skeletal muscle fibers are not freely diffusi-
ble, but rather are restricted to the vicinity of the nucleus of
transcription. These findings support the hypothesis that in-
dividual nuclei within multinucleated cells are functionally
compartmentalized with respect to the synthesis and assem-
bly of membrane proteins and provide a physicai basis for
the possible localized translation, transport, and insertion of
synaptic components at the neuromuscular junction.
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Materials and Methods

Tissue Culture

Quail muscle cultures were prepared as previously described using myo-
blasts isolated from individual embryos (Rotundo et al., 1988). The geno-
type of each embryo was determined by immunoprecipitating the AChE
polypeptides isolated from brain and analysis by SDS-PAGE (Rotundo,
1988). Sufficient AChE protein is precipitated under these conditions to be
readily visualized by Coomassie blue staining of the gel. Myoblasts isolated
from embryos homozygous for either the « or 8 alleles were counted, mixed
together in the appropriate ratios, and plated in 100-mm collagen-coated
culture dishes. Pure cultures made from a/ex, /8, or a/3 myoblasts served
as controls.

Metabolic Labeling and Analysis of AChE Polypeptides

After fusion and differentiation, the multinucleated myotubes were labeled
with 100 xCi/ml [*S]methionine for 4 h and the AChE was extracted and
immunoprecipitated as previously described (Rotundo, 1988). The AChE
polypeptides were resuspended in 30-50 pl SDS sample buffer without
reducing agents and analyzed by electrophoresis on 7.5% polyacrylamide
gels to resolve the dimeric molecules. Alternatively, aliquots of the samples
were reduced with 100 mM DTT and analyzed on 10% polyacrylamide gels
to determine total radioactivity incorporated into each allelic polypeptide
chain. After fluorography to localize the AChE polypeptides, the bands
were excised from the dried gels, and the labeled proteins solubilized with
0.5 M NaOH and counted in a liquid scintillation counter after neutraliza-
tion with acetic acid.

Autoradiography of Muscle Cultures

Mononucleated myoblasts isolated from homozygous « or 8 quail embryos
were initially plated in separate 100-mm culture dishes at low densities to
prevent fusion. The 8/8 myoblasts were labeled overnight with 1 uCi
[*H]thymidine (New England Nuclear, Boston, MA; 84.0 Ci/mmol sp act)
per ml of medium. The o/ and 3/8 myoblasts were detached by gentle tryp-
sinization, counted in a hemocytometer, and replated on 35-mm collagen-
coated culture dishes, as pure homozygous populations or as 1:1 mixtures,
at a density of 4 X 10* cells/dish. After fusion to form multinucleated
myotubes the cells were fixed with PBS-buffered 4% paraformaldehyde, de-
hydrated with 95 % ethanol, air dried, covered with Kodak nuclear emulsion
(NTB3; Eastman Kodak Co., Rochester, NY), and exposed for 2 wk at
room temperature. The cultures were developed in Kodak D76 (Eastman
Kodak Co.), fixed with Rapid Fix, rinsed, stained with HOESCHT 33258,
and viewed with a microscope (Carl Zeiss, Inc., Thornwood, NY) using a
40X water immersion objective and epifluorescence illumination. Under
these conditions the background autofluorescence permits visualization of
the cells; the labeled nuclei appear black and the unlabeled nuclei appear
bluish white. To determine labeling efficiency a total of 587 myotube nuclei
were counted in 10-13 randomly chosen myotubes from each of three cul-
ture dishes of labeled 8/8 myotubes alone. In these experiments we found
that 787 + 2.3% of the nuclei showed heavy or intermediate labeling.

Statistical Analyses

The predicted distribution of dimeric AChE molecules is calculated from
the binomial o + 2af + 2 = 1, where the frequency of the 8 allele is
determined directly by counting the number of labeled nuclei and correcting
for the labeling efficiency of 79%. In this experiment 35.5% of the nuclei
in myotubes were labeled; therefore after correcting for efficiency the fre-
quency of the « allele is 0.55, the 8 allele 0.45, and the frequency of each
dimer class is 0.30 (a/a@), 0.50 (a/B), and 0.20 (8/8).

To determine whether the distribution of [*H]thymidine-labeled 8/8 and
unlabeled a/c: nuclei in chimeric multinucleated myotubes was random, a
“nearest neighbor” analysis was performed. The linear arrangement of la-
beled and unlabeled nuclei from 30 randomily selected o/ + 5/8 myotubes
(10 myotubes/culture dish; three cultures) was determined. Of a total of 747
nuclei, 242 (32.4%) were labeled and 505 (67.6%) were unlabeled. The end
nuclei from each myotube were not counted since they did not have two
neighbors. Total numbers of labeled and unlabeled nuclei with either one
or two like or unlike neighbors were determined by direct observation. The
predicted distribution of this nearest neighbor analysis is given by the poly-
nominal a> + 3a’b + 3ab? + b’ = 1.0 where a is the frequency of labeled
nuclei and b is the frequency of unlabeled nuclei in the sample population.
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Thus, for example, the frequency of labeled nuclei having two labeled nuclei
as neighbors is 0.324% or 3.4% of the total sample.

Results

AChE Homodimers Are Preferentially Assembled in
Chimeric Myotubes

Muscle cultures made from quail embryos heterozygous for

a a+b b het

.- . . -a/a
. ’.-""“:gjg

Figure 1. Expression of dimeric AChE molecules in homozygous,
heterozygous, or chimeric homozygous multinucleated myotubes.
Muscle cultures from homozygous «, homozygous 8, or heterozy-
gous quail myoblasts were prepared and labeled as described in
Materials and Methods. The isotopically labeled AChE polypep-
tides were immunoprecipitated and analyzed by SDS-PAGE under
nonreducing conditions and fluorographed. (Lane a) Monomeric o
and dimeric a/a AChE polypeptides from homozygous o/a my-
otubes; (lane a + b) AChE polypeptides immunoprecipitated from
myotubes expressing equal levels of the « and 8 polypeptide chains
showing the unequal distribution of the dimeric AChE molecules;
(lane b) AChE from homozygous 3/8 myotubes; and (lane het) dis-
tribution of AChE dimers in heterozygous o/ myotubes. The het-
erozygous myotubes randomly assemble disulfide-bonded AChE
dimers, whereas chimeric myotubes made by mixing homozygous
myoblasts expressing both AChE alleles assemble the polypeptides
in a clearly nonrandom manner. These distributions are representa-
tive of a total of 41 cultures made from 22 embryos.
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Table 1. Distribution of Dimeric AChE Molecules in
Mixed Muscle Cultures

: Frequencies
Approximate- - of 'dimer classes (O/E)

nuclear

ratio (o/f3) ala al/f BIB Significance df = 2)

3.35:1 80.8 114 7.8 X =246 P <0.0005
60.0 349 5.0

1.34:1 59.1 219 190 X®=254 P <0.0005
39.1 469 140

1:1.34 37.6 195 429 X?=1555 P <0.0005
141 469 39.1

Heterozygotes 284 499 218 X?=0.67 P<0.70
25.0 500 250

Quail muscle cultures were prepared by mixing different proportions of a/a
and §/8 myoblasts and the resulting myotubes isotopically labeled with
[*S]methionine as described in Fig. 1. After immunoprecipitation and separa-
tion of the dimeric and monomeric AChE polypeptide chains by SDS gel elec-
trophoresis, the bands were localized by fluorography, excised from the gel,
and counted in a liquid scintillation counter. To determine the expected ratios
of the three possible dimeric AChE polypeptide combinations, aliquots of the
samples were reduced with 100 mM DTT, analyzed on 10% SDS-polyacryl-
amide gels, and the bands localized and counted as above. The deviations of
the observed (QO) from the expected (E) values were statistically analyzed using
the chi-square test of binomial distributions.

the o and B AChE alleles express both polypeptides in equal
amounts (Fig. 1, her). Analysis and quantitation of the di-
meric AChE forms synthesized by these cells shows that they
are assembled in a ratio of ~0.25:0.50:0.25 (o/a:a/B:5/8),
indicating random pairing of the catalytic subunits in the
RER before disulfide bond formation (Fig. 1 and Table I).
These events, in which individual subunits of two “geno-
types” combine within the lumen of the RER, are quantita-
tively analogous to “randomly mating” populations and
hence can be analyzed statistically using binomial distribu-
tion equations. Myotubes made from individual embryos
homozygous for either the o or § allele express only
homodimers of the respective allele (Fig. 1, lanes a and b).
In contrast, chimeric myotubes, produced by mixing approx-
imately equal numbers of myoblasts derived from embryos
homozygous for the « and g alleles, assembled AChE dimers
in a nonrandom 0.40:0.20:0.40 (a/c:0:/3:8/8) ratio (Fig. 1,
a+b). Furthermore, in a similar experiment, mixing of
homozygous o/ and 5/3 myoblasts in unequal ratios yielded
similar deviations from that predicted from the binomial dis-
tribution equation (Table I). As assembly of the disulfide-
bonded AChE dimers occurs in the lumen of the RER before
transport to the Golgi apparatus (Rotundo, 1984, 1987; Tou-
tant and Massoulié, 1987), these results will reflect the rela-
tive distributions of the different AChE mRNAs being trans-
lated on each RER at any given time.

Preferential Assembly of AChE Homodimers Is Not
Due to Clonal Origins of Individual Myotubes

Because AChE subunits expressed in heterozygous muscle
cells assemble randomly, the preferential assembly of homo-
dimers in mixed cultures could arise through three possible
means: (a) individual myotubes could arise clonally thus
selecting for individual nuclei expressing one or the other al-
lelic polypeptide chain; (b) a significant fraction of the AChE
could be synthesized by mononucleated cells expressing ei-
ther the « or 8 AChE alleles such that mixing of the mRNAs
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and polypeptides could not occur; or (c) individual mRNAs
encoding AChE could be translated preferentially on the
RER surrounding the nucleus of origin. To distinguish be-
tween these alternatives, muscle cultures were made by plat-
ing approximately equal numbers of a/o and 8/8 myoblasts
in which one group of myoblasts was prelabeled with [*H]-
thymidine (see Materials and Methods for details). Pure cul-
tures of [*H]thymidine-labeled myoblasts were made to de-
termine the percent labeling of nuclei and to ensure that the
label itself had no effect on the development and differentia-
tion of these cells. After myoblast fusion and differentiation
on day 5 after plating, the cultures were fixed and autora-

Figure 2. Distribution of e/« and 8/ nuclei in chimeric myotubes.
Unlabeled a/a: myoblasts and [PHlthymidine-labeled 3/ myo-
blasts were mixed and allowed to differentiate into multinucleated
myotubes. The cultures were then fixed, autoradiographed, and
stained as described. (a-c) Myotubes formed by mixing approxi-
mately equal numbers of unlabeled o/ myoblasts and [*H]Jthymi-
dine-labeled B/8 myoblasts. (Open arrows) Unlabeled nuclei;
(solid arrows) labeled nuclei. (d) Multinucleated myotubes form
pure [*H]thymidine-labeled 8/3 myoblasts showing that the label-
ing procedure did not affect their ability to develop and differentiate
into normal myotubes. The labeling efficiency in these experiments
was 79% (see Materials and Methods).
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diographed. After developing the emulsion cultures were
stained with the DNA-binding fluorochrome HOESCHT
33258 to visualize individual nuclei (Fig. 2). In this manner
one can readily quantitate nuclei in multinucleated myotubes
and mononucleated cells as well as distinguish between la-
beled and unlabeled nuclei.

When unlabeled o/ and labeled 8/8 myoblasts were
mixed in an ~v1:1 ratio, 35.5 + 5.1% of the nuclei in mul-
tinucleated myotubes were labeled. In this group a total of
807 nuclei were counted in 10 myotubes from each of three
culture dishes (n = 30). Corrected for labeling efficiency
(79%; see legend to Fig. 2, and Materials and Methods),
these values indicate that an average of 45.1 + 5.1% of the
nuclei in the mixed myotubes were expressing the 3 AChE
allele. If the mRNAs encoding each allele were being ran-
domly translated on the RER, then the predicted distribution
of dimers would be 0.30:0.50:0.20 (a/c:a/B:8/8) (see
Materials and Methods), which is significantly different
from the distribution of AChE dimers observed in these ex-
periments (Fig. 1 and Table I).

In addition, we determined the potential contribution of
clonally derived myotubes to the overall distribution of
AChE dimers. Of 40 randomly chosen myotubes from three
individual cultures only 2 (5%) had only unlabeled nuclei.
These two myotubes were unusually small, containing 6-8
nuclei compared to a mean of 27 nuclei/myotube, and could
also have contained unlabeled nuclei of the 5/8 genotype
(Fig. 2). Thus nuclei in clonally derived myotubes would
only contribute a very small percentage (1-2%) of the total
AChE synthesized in these cultures.

The relative contributions of mononucleated myoblasts to
the total AChE expressed in these cultures would also be very
small. Excluding fibroblasts, which are large flattened cells
with prominent nuclei that do not express AChE (Fig. 2), 91
1 2% of the nuclei were found in multinucleated myotubes.
Because myoblasts synthesize AChE at less than 1/10 the rate
of differentiated myotubes (our unpublished observations),
and assuming that the mononucleated cell population con-
sists of equal numbers of a/a and B/8 cells, their relative
contributions to total AChE would be ~0.5-10%.

The Distribution of Homozygous Nuclei within
Individual Myotubes Is Random

As a final consideration we examined the distribution of nu-
clei of each genotype within a series of 30 randomly selected
myotubes having a total of 747 nuclei. Although on the aver-
age each myotube contained approximately equal propor-
tions of nuclei encoding the o and @ alleles, a nonrandom
distribution of nuclei within each myotube could favor as-
sembly of the homodimers. For this nearest neighbor analy-
sis the linear order of labeled and unlabeled nuclei was deter-
mined for the 30 myotubes analyzed with an average of 27
nuclei per myotube. Nuclei at either end of the myotubes
were eliminated from the analysis since they did not have two
neighbors. Of 747 nuclei analyzed, 370% had a nucleus of
the same genotype on either side. This value is very close
to the predicted value based upon the frequency of labeled
and unlabeled nuclei in the sample population (Fig. 3). Fur-
thermore, the observed distribution of nearest neighbor la-
beled and unlabeled nuclei corresponds closely to that ex-
pected for a random distribution (Fig. 3). Thus, local
statistical fluctuations in the distribution of o/ and B/8
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Figure 3. Frequency distribution of homozygous nuclei in chimeric
myotubes. The distribution of labeled (4) and unlabeled (B) nuclei
in 30 randomly selected myotubes was analyzed statistically using
a nearest neighbor analysis (see Materials and Methods for details)
and compared to the predicted distribution based upon the total
numbers of labeled (32.4%) and unlabeled (67.6%) nuclei in the
sample (n = 747 nuclei). The observed distribution of labeled and
unlabeled nuclei closely approximates the predicted distribution
(X? = 1.65; df = 3; P = 0.5), indicating random distribution of
nuclei throughout the myotubes.

nuclei cannot account for the observed distribution of AChE
dimers.

Discussion

In conclusion, these data support the hypothesis that tran-
scripts encoding membrane-bound and secreted proteins in
multinucleated skeletal muscle fibers are preferentially
translated and assembled in the vicinity of the nucleus of ori-
gin. The small percentage of heterodimers expressed in
mixed a/a + (/6 cultures (Fig. 1 and Table I) could reflect
very limited diffusion of AChE mRNAs, as has been recently
shown by Ralston and Hall (1989) for cytoplasmically ex-
pressed f-galactosidase with a nuclear localization signal.
Alternatively, the fact that in tissue culture myotube nuclei
will spontaneously form occasional clusters could also favor
translation of mRNAs expressed in neighboring nuclei.
Thus, closely apposed nuclei of opposite genotypes in mixed
cultures would translate each other’s mRNAs and allow for
some heterodimer assembly. At present we cannot distin-
guish between these possibilities; however, we favor the in-
terpretation of limited diffusion of the mRNAs encoding pro-
teins translated on the RER. Despite these limitations, the
vast majority of AChE mRNAs are translated on the RER
surrounding their nucleus of origin. These results are in
striking contrast to earlier studies-on expression of cytoplas-
mic and mitochondrial proteins in multinucleated muscle
cells, which are translated on free ribosomes, where either
the mRNAs or proteins were shown to be free to diffuse be-
fore translation or assembly (Mintz and Baker, 1967; Frair
et al., 1979; Frair and Peterson, 1983).
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At the morphological level, precise in situ hybridization
studies indicate that mRNAs encoding the «-subunit of the
AChR may be localized to the vicinity of individual nuclei
either in vivo (Fontaine et al., 1988) or in tissue-cultured
myotubes (Harris et al., 1989; Fontaine and Changeux,
1989; Horovitz et al., 1989). Although these latter studies
have been questioned (Bursztajn et al., 1989), a likely expla-
nation for the differences in localization reported by these in-
vestigators is that they used 3-d-old cultures which have only
just begun to differentiate whereas Harris et al. (1989) and
Fontaine and Changeux (1989) used older, more mature myo-
tubes in their studies. Since myoblast nuclei are expressing
AChR o-subunit mRNA at the time of fusion (Fontaine and
Changeux, 1989), the younger cultures would be expected to
show a less restricted distribution of AChR a-subunit mRNA,

Recent experiments using chimeric marker proteins capa-
ble of translocating into the nucleus either constitutively or
upon induction (Ralston and Hall, 1989), and chimeric
mouse-human myotubes expressing locally assembled con-
tractile proteins or a cell surface marker (Pavlath et al.,
1989), have shown that nucleus-specific domains may indeed
form in multinucleated cells. In the former, Ralston and Hall
(1989) used a B-galactosidase-glucocorticoid receptor nu-
clear localization signal chimeric protein, which was consti-
tutively transported into the nucleus of myotubes to show that
the mRNAs and/or proteins expressed in the vicinity of a
particular nucleus diffused but a short distance within the
multinucleated myotube. However, when the same (3-galac-
tosidase was coupled to a nuclear localization signal under
glucocorticoid induction, the chimeric protein was able to
diffuse long distances in the absence of activated nuclear lo-
calization signal. When glucocorticoids were added to the
medium the reporter gene was then capable of translocating
into the nuclei. These studies provide direct evidence that
cytoplasmically translated proteins can diffuse long distances
in the absence of a specific means of anchoring them, but that
functional nuclear domains can be established by the relative
rates of translation, diffusion, and localization of specific
proteins. In the second set of studies, the expression of myo-
sin heavy chains and of proteins retained in the Golgi appara-
tus associated with a particular myoblast nucleus remained
in the vicinity of that nucleus after fusion to form the muscle
fibers (Pavlath et al., 1989).

Thus, a picture emerges whereby the majority of mRNAs
and/or proteins translated on free ribosomes of skeletal mus-
cle fibers are free to diffuse throughout the sarcoplasm,
whereas mRNAs encoding proteins destined for export to the
cell surface, or translocation into the nucleus, are restricted
in mobility and hence are preferentially translated in the vi-
cinity of the nucleus of origin. These results have important
implications for the regulation of neuromuscular junction
components in muscle in that they provide a physical basis
for the preferential expression and possible local regulation
of these membrane proteins in a very narrow compartment
of the muscle fiber.

I would like to thank Drs. Bonnie Blomberg, Kermit Carraway, Gregory
Conner, and Kenneth Muller for helpful comments on the manuscript.
This work was supported by National Institutes of Health grants

Rotundo Nucleus-specific Translation and Assembly of Acetylcholinesterase

AGO05917 and NS25660 and a Research Career Development Award
NS01292 to R. L. Rotundo.

Received for publication 17 July 1989 and in revised form 18 November
1989.

References

Brimijoin, S. 1983. Molecular forms of acetylcholinesterase in brain, nerves,
and muscle: nature, localization, and dynamics. Prog. Neurobiol. (NY).
21:291-322.

Brockman, S. K., M. F. Usiak, and S. G. Younkin. 1986. Assembly of mono-
meric acetylcholinesterase into tetrameric and asymmetric forms. J. Biol.
Chem. 261:1201-1207.

Bursztajn, §., S. A. Berman, and W. Gilbert. 1989. Differential expression of
acetylcholine receptor mRNA in nuclei of cultured muscle cells. Proc. Natl.
Acad. Sci. USA. 86:2928-2932.

Couteaux, R. 1973. Motor endplate structure. In The Structure and Function
of Muscle. G. H. Bourne, editor. Academic Press Inc., New York. 483-530.

Couteaux, R. 1981. Structure of the subsynaptic sarcoplasm in the interfolds
of the frog neuromuscular junction. J. Neurocytol. 10:947-962.

Fernandez-Valle, C., and R. L. Rotundo. 1989. Regulation of acetylcholin-
esterase synthesis and assembly by muscle activity: effects of tetrodotoxin.
J. Biol. Chem. 264:14043-14049.

Fontaine, B., and J-P. Changeux. 1989. Localization of nicotinic acetylcholine
receptor alpha-subunit transcripts during myogenesis and motor endplate de-
velopment in the chick. J. Cell Biol. 108:1025~1037.

Fontaine, B., D. Sassoon, M. Buckingham, and J.-P. Changeux. 1988. Detec-
tion of the nicotinic acetylcholine receptor alpha-subunit mRNA by in situ
hybridization at neuromuscular junctions of 15 day-old chick striated mus-
cle. EMBO (Eur. Mol. Biol. Organ.) J. 7:603-609.

Frair, P. M., and A. C. Peterson. 1983. The nuclear-cytoplasmic relationship
in “mosaic” skeletal muscle fibers from mouse chimeras. Exp. Cell Res.
145:167-178.

Frair, P. M., P. M. Strasber, K. B. Freeman, and A. C. Peterson. 1979. Mito-
chondrial malic enzyme in mosaic skeletal muscle of mouse chimeras. Bio-
chem. Genet. 17:693-702.

Harris, D. A., D. L. Falls, and G. D. Fischbach. 1989. Differential activation
of myotube nuclei following exposure to an acetyicholine receptor-inducing
factor. Nature (Lond.). 337:173-176.

Horovitz, O., D. Knaack, T. R. Podleski, and M. M. Salpeter. 1989. Acetyl-
choline receptor a-subunit mRNA is increased by ascorbic acid in cloned
L; muscle cells: Northern blot analysis and in situ hybridization. J. Cell
Biol. 108:1823-1832.

Kuhne, W. 1886. Verh. Naturh.-Med. Ver. Heidleberg. 3:277.

Merlie, J. P., and J. R. Sanes. 1985. Concentration of acetylcholine receptor
mRNA in synaptic regions of adult muscle fibers. Nature (Lond.).
317:66-68.

Mintz, B., and W. W. Baker. 1967. Normal mammalian muscle differentiation
and gene control of isocitrate dehydrogenase synthesis. Proc. Natl. Acad.
Sci. USA. 58:592-598.

Pavlath, G. K., K. Rich, S. G. Webster, and H. M. Blau. 1989. Localization
of muscle gene products in nuclear domains. Nature (Lond.). 337:570-573.

Ralston, E., and Z. W. Hall. 1989. Transfer of a protein encoded by a single
nucleus to nearby nuclei in multinucleated myotubes. Science (Wash. DC).
244:1066-1069.

Ranvier, L. 1878. Lecon sur L'Histologie du Systeme Nerveux. Savy, Paris.

Rosenberry, T. L. 1985. Structural distinctions among acetylcholinesterase
forms. Enzymes in Biological Membranes. 3:403-429.

Rotundo, R. L. 1984. Asymmetric acetylcholinesterase is assembled in the
Golgi apparatus. Proc. Natl. Acad. Sci. USA. 81:479-483.

Rotundo, R. L. 1987. Biogenesis and regulation of acetylcholinesterase. /n The
Vertebrate Neuromuscular Junction. M. M. Salpeter, editor. Alan R. Liss
Inc., New York. 247-284.

Rotundo, R. L. 1988. Biogenesis of acetylcholinesterase molecular forms in
muscle. J. Biol. Chem. 263:19398-19406.

Rotundo, R. L., A. M. Gomez, C. Fernandez-Valle, and W. R. Randall. 1988.
Allelic variants of acetylcholinesterase: genetic evidence that ail acetyl-
cholinesterase forms in avian nerves and muscle are encoded by a single
gene. Proc. Natl. Acad. Sci. USA. 85:7805-7809.

Schumacher, M., Y. Maulet, S. Camp, and P. Taylor. 1988. Multiple mes-
senger RNA species give rise to the structural diversity in acetylcholinester-
ase. J. Biol. Chem. 263:18979-18987.

Sikorav,J.-L., N. Duval, A. Anselmet, S. Bon, E. Krejci, C. Legay, M. Oster-
lund, B. Reimund, and J. Massouli€. 1988. Complex alternative splicing of
acetylcholinesterase transcripts in Torpedo electric organ: primary structure
of the precursor of the glycolipid-anchored dimeric form. EMBO (Eur. Mol.
Biol. Organ.) J. 7:2983-2993.

Toutant, J-P., and J. Massoulié. 1987. Acetyicholinesterase. fn Mammalian Ec-
toenzymes. A. Kenny and A. J. Turner, editors. Elsevier Science Publishing
Co. Inc., New York. 289-328.

719



