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Acetylcholine receptor inducing activity (ARIA) is a glyco-
protein released from the motor neuron to stimulate the
synthesis of acetylcholine receptors (AChRs) on the post-
synaptic muscle fiber. Transcripts encoding ARIA were
detected not only in brain but also in muscle, and immuno-
histochemical staining showed that muscle-derived ARIA
was restricted to the neuromuscular junctions. RT-PCR
analysis revealed three biological active isoforms of ARIA
in chick muscle, namely ARIA b1, ARIAa2, and ARIA b2 that
were classified based on their variation in the carboxyl-
terminus of the EGF-like domain. The expression of these
ARIA isoforms in muscle changed during development,
denervation, and nerve regeneration. ARIA b1, ARIAa2, and
ARIAb2 were expressed in embryonic and young chick
muscles, while ARIA b1 was the major isoform expressed in
adult chicken. The embryonic-like expression of ARIA a2

andARIA b2 was induced after nerve injury in adult chicken.
However, the prominent expression of ARIA b1 in adult-like
profile was restored after nerve regeneration. A splicing
variation in the region between Ig-like and EGF-like do-
mains of ARIA was also revealed; a zero-amino acid
insertion (ARIA SP0), a 17-amino acid insertion (ARIA SP17),
or a 34-amino acid insertion (ARIA SP34) were identified.
Unlike ARIA SP0, the expression of ARIA SP17 and ARIA SP34

was found in muscle and sciatic nerve only. The expres-
sion of ARIA SP0, ARIASP17, and ARIA SP34 in chick muscle
remained unchanged during development and after nerve
injury. Moreover, the specific expression of these ARIA
isoforms in cultured myotubes was not affected by drug
treatments or by coculturing with neurons. Our findings
provide strong evidence that muscle ARIA may play an
important role in the formation of neuromuscular junc-
tions.

INTRODUCTION

During the formation of neuromuscular junctions, the
motor neuron innervates the target muscle and induces

the postsynaptic specializations that include the aggre-
gation of nicotinic acetylcholine receptors (AChRs) and
the increase of AChR expression on the postsynaptic
membrane (Salpeter, 1987; Hall and Sanes, 1993). Agrin,
a synapse-organizing protein, is implicated to be impor-
tant in directing the aggregation of AChRs and other
postsynaptic molecules at the neuromuscular junctions
(McMahan, 1990), while acetylcholine receptor inducing
activity (ARIA) is a nerve-derived factor that stimulates
the synthesis of AChR on the surface of myotubes (Falls
et al., 1990, 1993). It has been demonstrated that the
application of ARIA increases the rate of AChR synthe-
sis in cultured avian and mammalian muscles; the
increase is accompanied by a large and selective in-
crease in the expression of AChR subunit mRNAs
(Harris et al., 1988, 1989; Martinou et al., 1991; Chu et al.,
1995; Pun and Tsim, 1995). The adult expression of
AChR e-subunit mRNAwas also induced by the applica-
tion of ARIA in cultured myotubes (Chu et al., 1995; Si et
al., 1996; Tansey et al., 1996). In addition, ARIA increases
the number of voltage-gated sodium ion channels in
cultured chick muscles (Corfas and Fischbach, 1993).
Thus, it is believed that ARIA plays a pivotal role in the
development and maintenance of postsynaptic special-
izations at the neuromuscular junctions.
cDNA encoding chick ARIA was cloned (Falls et al.,

1993). Sequence analysis shows that ARIA belongs to a
neuregulin family and has diverse functions in neuron
development (Meyer and Birchmeler, 1995; Jo et al.,
1995). Members of neuregulin include rat neu differentia-
tion factor (NDF; Wen et al., 1994), human heregulin
(HRG; Holmes et al., 1992), and bovine glial growth
factor (GGF; Marchionni et al., 1993). ARIA is synthe-
sized as a transmembrane precursor molecule, called
pro-ARIA, that has Ig-like domain, EGF-like domain,
hydrophobic domain, and intracellular domain (Falls et
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al., 1993). Like other members of the neuregulin family,
ARIA exists in many isoforms that are derived by
alternative RNA splicing. The most common splicing
site is at the carboxyl-terminus of the EGF-like domain
that determines two major classes of isoforms termed a

and b. Within each class, there are subclasses that are
classifiedaccording to the regiondownstreamof the intracel-
lular domain (Holmes et al., 1992;Wen et al., 1994).
Two potential proteolytic cleavage sites have been

proposed in pro-ARIA: (i) between the EGF-like and the
hydrophobic domains at K205 and R206 for the release of
soluble ARIA; and (ii) between the Ig-like and the
EGF-like domains for the release of functional EGF-like
fragment from the solubleARIA.According to theARIA
release hypothesis, proposed by Loeb and Fischbach
(1995), pro-ARIA is synthesized by the motor neuron as
a transmembrane molecule and released as a soluble
molecule at the proteolytic cleavage site at K205 and R206

dibasic residues. The soluble ARIA is bound to the
negatively charged glycosaminoglycan in the synaptic
cleft by electrostatic interactions with the Ig-like domain
ofARIA, and it is believed that the glycosaminoglycan is
the storage site of ARIA at neuromuscular junctions.
Further cleavage at the region between the Ig-like and
the EGF-like domains releases the functional EGF-like
fragment from soluble ARIA. The active EGF-like frag-
ment diffuses across the synaptic cleft and acts on the
appropriate receptor on postsynaptic membrane to trig-
ger its biological actions.
While ARIA is expressed predominantly in nervous

tissues (Corfas et al., 1995), ARIA expression is also
detected at the neuromuscular junctions. Immunohisto-
chemical analysis on mouse muscle fibers revealed the
expression ofARIAat synaptic sites.ARIA immunoreac-
tivity was also extended around the circumference of
muscle fibers (Chu et al., 1995; Jo et al., 1995; Moscoso et
al., 1995; Sandrock et al., 1995). In comparison with the
synaptic staining, the level of extrasynaptic staining
reduced during development from the first postnatal
week to the adult stage (Moscoso et al., 1995). Besides,
ARIA mRNAwas expressed in chick muscles (Pun and
Tsim, 1995), rat muscles, and cultured sol 8 mouse
muscle cells (Moscoso et al., 1995). These results suggest
that muscle expresses its own ARIA. Whether they
contribute to the AChR-inducing activity during the
formation of neuromuscular junctions is, however, un-
known. In order to determine the possible roles of
muscle ARIA in the formation of neuromuscular junc-
tions, we identified different isoforms of ARIA tran-
script from chick muscles and determined its expression
profile during development. Embryonic and adult ani-
mals exhibit a very different expression profile of ARIA

isoforms, and the profile of expression was regulated
during development, denervation, and regeneration
after nerve injury.

RESULTS

Isoforms of Muscle ARIA

By using primers (S-2 andAS-2) flanking the carboxyl-
terminus of EGF-like domain of chick ARIA (Fig. 1),
RT-PCR was performed on various tissues, including
brain, pectoral muscle, sciatic nerve, and optic lobe from
E18 chick embryos. All tissues gave a major band of 150
bp, and two additional PCR products with sizes of 144
and 125 bp were exclusively detected in muscle and
sciatic nerve (Fig. 2A). The identified PCR products
were confirmed by DNA sequencing, and they repre-
sented the partial sequence at the carboxyl-terminus of
the EGF-like domain of chickARIAb1, a2, and b2 based
on their sequence comparison with the mammalian
counterparts (Fig. 2B). The chick ARIA isoforms share
over 80% amino acid homology to rat NDF (Fig. 2C).
Other isoforms of chick ARIA were not identified after
screening the PCR products.
To determine the splicing variants at the region

between the Ig-like and the EGF-like domains, S-1 and
AS-1 primers (see Fig. 1) were used for RT-PCR analysis
(Fig. 3A). Splicing variants of ARIA were identified in
muscle and sciatic nerve, and the splicing region corre-
sponded to the known spacer domain of neuregulin.
These ARIA variants are: a zero-amino acid insertion, a
17-amino acid insertion, and a 34-amino acid insertion,
namely ARIASP0, ARIASP17, and ARIASP34, respectively
(Fig. 3B). ARIASP0 was detected in nerve tissue, muscle,
and sciatic nerve, while the expression of ARIASP17 and
ARIASP34 was found only in sciatic nerve, muscle, and
culturedmyotubes (Fig. 3A). Thus, the source of ARIASP17

and ARIASP34 at the neuromuscular junction was from
muscle and Schwann cells instead of motor neurons.
Although the length and the site of spacer domain
insertion in chick ARIA are very similar to other mem-
bers of neuregulin, the amino acid sequence within the
spacer domain shows only 30% amino acid homology to
its mammalian counterparts (Fig. 3C). The two splicing
sites, the carboxyl-terminus of EGF-like domain and the
spacer domain, were interchangeable. RT-PCR analysis,
by using S-1 and AS-2 primers flanking both of the
splicing sites (see Fig. 1), showed that the cDNAs
encoding nine different combinations of ARIA isoforms
were identified. However, the exact amount of each
ARIA isoform within muscle was not determined.
The RT-PCR analysis was performed on RNA isolated
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from muscle masses; the detected ARIA expression
could be derived from other cell types instead of muscle
cells. Anti-ARIA antibodies, both anti-a isoform and
anti-a, b isoforms specific antibodies, were used to stain
a P14 chick muscle section. The antibody staining was
colocalizedwith rhodamine-conjugated a-bungarotoxin,
indicating the restricted localization of ARIA at the
neuromuscular junctions (Fig. 4). The staining of anti-
ARIA a isoform-specific antibody at the junctions indi-
cated that the muscle and the Schwann cell could
contribute part of the synaptic ARIA, because the motor
neuron did not express the a isoform.

Functional Activity of Muscle ARIA

To determine the biological activities of identified
muscle ARIA isoforms (b1, a2, and b2), cDNAs encod-
ing the EGF-like domain of these isoforms were tagged
with human immunoglobulin Fc cDNA and subcloned
into mammalian expression vector. The chimeric con-
structs were transfected into human embryonic kidney
fibroblast (HEK) 293 cells and the ARIA-Fc fusion
proteins were purified by protein-G column (Yang et al.,
1997). Application of the purified protein onto cultured
myotubes induced (i) the expression of AChR a-subunit
by ,3-fold (Fig. 5A), and (ii) the tyrosine phosphoryla-

tion of erbB 3 receptor (Fig. 5B). Although we did not
quantify the precise potencies of different ARIA iso-
forms, they all exhibited the AChR-inducing activity in
cultured myotubes. The functional expression of different
variants within the spacer domain were not tested, because
they do not contain the functional region ofARIA.

Developmental Expression of Muscle ARIA

Studies on the expression of muscle ARIA isoforms
during development revealed that ARIAb1, ARIAa2, and
ARIAb2 were detected from E7 to P14 chicks, indicating
an embryonic-like expression profile. ARIAb1 was the
major form of ARIA being detected in adult muscle
representing an adult-like expression profile (Fig. 6A).
When we analyzed the relative amount of each ARIA
isoform expression, the levels of ARIAb1, ARIAa2, and
ARIAb2 remained relatively unchanged from E7 to P14
chicks. The expression of ARIAa2 and ARIAb2 was
reduced to less than 10% of the total ARIA expression in
adult chicken muscles, while the ARIAb1 became the
prominent species in adult chicken muscles (Fig. 6A).
Expression of ARIA mRNA in spinal cord at the corre-
sponding time points was used as a control, andARIAb1

was the major isoform being detected throughout the
development. For quantifying the muscle ARIA mRNA

FIG. 1. A schematic diagram shows the full-length pro-ARIA. The predicted pro-ARIA consists of 602 amino acids. From N-terminal to
C-terminal, it has immunoglobulin-like domain (Ig), epidermal growth factor-like domain (EGF) with two major splicing variants, a and b, and
transmembrane region (TM). Soluble form of ARIA is released by the cleavage at the dibasic residues K205-R206 at the C-terminus of the EGF-like
domain. The active EGF-like domain is released by proteolytic activity at a region between the Ig-like and the EGF-like domains (termed ‘‘spacer’’
domain) from the soluble ARIA. Primers used for RT-PCR analysis were indicated by arrows.
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expression, RNase protection assay was performed to
detect the ARIAmRNA from E7 to adult chicken; a peak
expression ofARIAwas revealed during the early stages
of development. However, the expression of ARIA in
muscle was barely detectable in adult chicken indicating
the decrease ofARIAexpression during synapsematura-
tion (Fig. 6B).

Expression of Muscle ARIA during Denervation and
Nerve Regeneration

In P18-denervated gastrocnemius muscle, the embry-
onic-like expression profile of ARIA (ARIAb1, ARIAa2,

and ARIAb2 ) was detected; this embryonic-like expres-
sion profile remained after 30 days of postdenervation
(Fig. 7 Denervation). In contrast, the adult-like expres-
sion profile (primarily ARIAb1) was detected in the
sham-operated control (Fig. 7 Control). In the nerve-
crushed muscle, the adult-like expression profile of
muscle ARIA was restored after 30 days of nerve
regeneration (Fig. 7 Regeneration). Denervation in-
creased the level of ARIA mRNA expression; Northern
blot analysis of the denervated muscles showed that the
mRNA expression of ARIA was up-regulated by ,5-
fold after denervation, in particular, in the first 2 days
postsurgery (Fig. 8). The effectiveness of the muscle

FIG. 2. ARIAb1, ARIAa2 and ARIAb2 are expressed in chick muscle.
(A) Total RNAs extracted from different tissues were reverse tran-
scribed with random hexamer to obtain the first strand cDNAs. PCR
was done with S-2 and AS-2 primers (see Fig. 1). The PCR products
were analyzed by a 12% acrylamide gel and stained by ethidium
bromide. (B) ARIAb1, ARIAa2, and ARIAb2 cDNAs revealed by
RT-PCR were sequenced. Homologous regions among the three
isoforms are boxed, and the amino acid position is numbered accord-
ing to Falls et al. (1993). (C) Sequence comparison of the three isoforms
with rat NDF counterparts at the same region. Unmatched amino
acids are indicated. The underlined amino acid in the a2 form
determine a and b subclasses.

FIG. 3. ARIASP0, ARIASP17, and ARIASP34 are expressed in chick
muscle. (A) Reverse transcription was used to prepare first strand
cDNAs from total RNAs. The cDNAs were amplified by PCR with S-1
and AS-1 primers (see Fig. 1). Ages of chicken are indicated from
Embryonic Day 18 (E18) to 3-month-old chicken (Adult). ARIASP17 and
ARIASP34 are specifically expressed in muscle and sciatic nerve. (B)
Sequence alignment of ARIASP0, ARIASP17, and ARIASP34 cDNAs.
Homologous regions among the three isoforms are boxed. Amino acid
position is numbered according to Falls et al. (1993). (C) Sequence
comparison of the 34 amino acid insertion with rat, human, and
bovine neuregulins. Unmatched amino acids are indicated.
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denervation and nerve regeneration was confirmed by
the regulation of AChR a-subunit mRNA as previously
reported (Ip et al., 1996; Tsim et al., 1997).
An induction of ARIAa2 and ARIAb2 expression was

revealed in the contralateral muscle of denervated
chicken; the effect was similar to the ipsilateral dener-
vated muscle (Fig. 9). The sham-operated chicken
showed no change in its ARIA isoform expression (Fig.
9). In the analysis of ARIA isoforms at the spacer
domain, there was no significant change in the expres-
sion ofARIAisoforms (ARIASP0,ARIASP17, andARIASP34)
in response to denervation (Fig. 10). Thus, denervation
could affect the RNAsplicing of muscleARIA in the region
close to the carboxyl-terminus, but not the expression of the
spacer domainwith different amino acid insertions.

ARIA in Cultured Chick Myotube Cultures

Because the expression ofARIAb1,ARIAa2, andARIAb2

isoforms in muscle was regulated during development
and denervation, we then analyzed the effects of paralyz-
ing agents on the profile of ARIA isoform expression in

cultured myotubes. All the agents examined, including
tetrodotoxin (TTX), veratridine, a depolarizing concen-
tration of KCl, and ascorbic acid, showed little or no
effect on the expression of ARIAb1, ARIAa2, and ARIAb2

isoforms in cultured myotubes (Fig. 11A). The expres-
sion of AChR a-subunit mRNA was altered by these
drug treatments, indicating the effectiveness of such
treatments (data not shown). A similar observation was
made in myotubes cocultured with a neuroblastoma X
glioma hybrid cell line NG108-15; the expression of
ARIAb1, ARIAa2, and ARIAb2 isoforms in myotubes
remained unchanged in the presence of neurons (Fig.
11B). Thus, the switch of ARIA isoform expression in
developing muscles might not be a result of direct nerve
contact or polarization and depolarization of the postsyn-
aptic muscle membrane.

DISCUSSION

Our data provide the first demonstration that chick
muscle expresses different isoforms of ARIA and their

FIG. 4. Colocalization of ARIA immunoreactivity with AChR aggregate at the neuromuscular junctions. Sixteen-micrometer section of
2-week-old chick pectoral muscle was used. The muscle section was double stained with rhodamine-conjugated a-bungarotoxin and anti-ARIA
antibodies followed by fluorescein isothiocyanate-conjugated secondary antibody. (A) Rhodamine-conjugated a-bungarotoxin staining; (B) Same
view as (A) but stained with anti-ARIAantibody specific for both a and b isoforms. (C) Rhodamine-conjugated a-bungarotoxin staining; (D) Same
view as (C) but stained with ARIAa isoform-specific antibody. All the rhodamine and fluorescein staining are colocalized. Bar, 15 µm.
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expression profile is regulated during development,
denervation, and regeneration after nerve injury. Two
splicing variation sites within pro-ARIA are found: (i)
the region at the carboxyl-terminal end to give ARIAb1,
ARIAa2, and ARIAb2 isoforms; (ii) the region between
the Ig-like and the EGF-like domains to form a spacer
domain with zero, 17, or 34 amino acids insertions,

namely ARIASP0, ARIASP17, and ARIASP34. In embryonic
or young chicks, muscles express ARIAb1, ARIAa2, and
ARIAb2 isoforms of ARIA. In adult chicken muscle, the
expression of ARIAa2 and ARIAb2 decreases to a mini-
mal while ARIAb1 remains the major ARIA isoform
being expressed. This differential expression of ARIA
isoforms in muscle is altered by denervation, and is
restored to normal expression profile by nerve regenera-
tion. In contrast, the splicing variants at the spacer
domain are unchanged during development and dener-
vation.
The expression of different ARIA isoforms is likely to

FIG. 5. Full biological activity of ARIAb1, ARIAa2 and ARIAb2. The
EGF-like domain of different muscle ARIA isoforms (b1, a2, and b2)
were tagged with human immunoglobulin Fc fragment. The chimeric
fusion protein was purified by protein-G column and ,1 µg of the
purified protein was applied onto cultured myotubes for activity
assay. (A) The expression of AChR a-subunit mRNA in cultured chick
myotubes was increased by recombinant ARIA-Fc proteins. About 20
µg of total RNAwas loaded onto an 1% formaldehyde-agarose gel and
transferred overnight onto a nylon membrane and hybridized with a
cDNA probe of ,1.2 kb chick AChR a-subunit. Myotube cultured
alone and 1 µM tetrodotoxin-treated (TTX) myotubes served as
negative and positive controls, respectively. Isoforms of muscle ARIA
(b1, a2, and b2) show theAChR-inducing activity. Similar results were
obtained in several experiments. Lower panel shows ribosomal RNA
at 28S and 18S. (B) The erbB 3 receptor was tyrosine phosphorylated
by the recombinant ARIA-Fc proteins. The ARIA-treated C2C12
myotubes were lysed in PBS, pH 7.4, 1% NP-40, 0.5% dexocoxylate,
0.1% SDS, 1 mM PMSF, 1 mM orthovanadate, 1 mM aprotinin, and
immunoprecipitated by anti-erbB 3 antibody, followed by protein-G
beads. The proteins were separated by a 7.5% acrylamide gel and
blotted. Upper panel shows the recognition of anti-phosphotyrosine
antibody. Lower panel shows the same blot probed with anti-erbB 3
antibody, indicating the phosphorylated protein is, indeed, erbB 3
receptor. Recombinant pro-ARIA as described in Pun and Tsim (1995)
is a positive control. Molecular marker of kDa is shown.

FIG. 6. Differential expression of ARIAb1, ARIAa2 and ARIAb2 in
developing chick pectoral muscle. (A) RT-PCR was performed on
muscle RNAs by using S-2 and AS-2 primers flanking the C-terminus
of the EGF-like domain as described in the legend to Fig. 2. Ages of
chicken are indicated from Embryonic Day 7 (E7) to 3-month-old
(Adult). Histogram shows the relative abundance of each ARIA
isoform in different ages of chick muscle. Densitometer was used to
determine the intensity of each ARIA isoform transcript, values
(Mean 6 SEM, n 5 3) are expressed in percentage of total intensity in
each muscle sample. Spinal cords at the corresponding time points
were used as controls. (B) RNase protection assay of developing
pectoral muscles, using the cRNA probe from V27 to E154 according to
the sequence of pro-ARIA. Ages of chicken are from Embryonic Day 7
(E7) to 3-month-old (Adult). The peak of expression is at the early
stage of development.
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be derived from muscle cell instead of other cell types
within the muscle masses. Several lines of evidence
supported the hypothesis: (i) ARIAwas restricted at the
neuromuscular junctions and the extrajunctional ARIA
was not detected in chick muscle, and similar ARIA
staining was reported from other species (Chu et al.,
1995; Jo et al., 1995; Moscoso et al., 1995; Sandrock et al.,
1995); (ii) the neuromuscular junction contains three
different cell types, neuron, muscle, and Schwann cell.
The synaptic expression of ARIA a isoform, revealed by
anti-ARIAa isoform-specific antibody, could be derived
from muscle or Schwann cell since the motor neuron
expressed only the b isoform; (iii) the pattern of ARIA
immunostaining at the neuromuscular junctions changed
during development and after denervation (Jo et al.,
1995; Moscoso et al., 1995); and (iv) the cultured myo-
tubes expressed ARIA and showed similar profile of

FIG. 7. Transcripts encoding ARIAb1, ARIAa2, and ARIAb2 were
regulated following denervation and nerve regeneration. Denerva-
tion: An ,0.5-cm-long portion of the left sciatic nerve was removed
from the upper thigh of P18 chicks. Regeneration: Nerve crush was
performed on P18 chicks with a prechilled fine forceps on the left
sciatic nerve in the upper thigh. Denervation and regeneration were
confirmed by the analysis of AChR expression in the muscle (see Ip et
al., 1995). Control: sham-operated chicken. Gastrocnemius muscles
were collected for total RNA extraction. RT-PCR was conducted as in
Fig. 2. Day of postoperation is shown.

FIG. 8. Denervation induces the expression of ARIA mRNA in
muscle. Denervation of P18 chick gastrocnemius muscle was de-
scribed in the legend to Fig. 7. Cloned pro-ARIA cDNAwas used as a
probe for Northern blot analysis. A transcript of ,7.5 kb was detected
as indicated. Ethidium bromide stained RNAgel showing the 28S and
18S ribosomal RNA illustrates the equal loading of total RNAs. Day of
postoperation is shown.

FIG. 9. Expression of ARIAb1, ARIAa2, and ARIAb2 in the contralat-
eral side of denervated chicken are changed. Denervation was per-
formed by removing an ,0.5-cm-long portion of the left sciatic nerve
from the upper thigh of 3-month-old chickens. Gastrocnemiusmuscles
of the operated (denervated) and the unoperated sides (contralateral)
were collected for total RNA extraction. RT-PCR was conducted as
described in the legend to Fig. 2. Two days after sham-operated
chicken was used as control; both ipsilateral and contralateral muscles
expressed only b1 isoform. Day of postoperation is shown.

FIG. 10. Expression of ARIASP0, ARIASP17, and ARIASP34 are unaf-
fected after denervation. Gastrocnemius muscles of P18 chicks were
denervated as in Fig. 7. RT-PCR was conducted as described in the
legend to Fig. 3 by using S-1 andAS-1 primers flanking the Ig-like and
the EGF-like domains. E18 chick muscle and brain served as controls.
Day of postoperation is shown.
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ARIA isoform as in embryonic chick muscle (Moscoso et
al., 1995). Although ARIA is expressed in muscle, it is
not known whether the postsynaptic muscle fibers
release their ARIA to the synaptic cleft per se. Further-
more, whether muscle ARIA could play a role in the
formation of postsynaptic specializations remains to be
explained.
Several lines of evidence suggest that the muscle-

derived ARIA could have similar functions as the
neuron-derived ARIA. First, the cloned cDNA encoding
muscleARIAshows no sequence difference to the cDNA
isolated from neurons (Fall et al., 1993 and this study).
Second, the EGF-like domain of different ARIA isoforms
in various species is the active fragment that induces the
phosphorylation of receptor tyrosine kinase and has the
AChR-inducing activity when applied onto cultured
myotubes (Tzahar et al., 1994; Loeb and Fischbach, 1995;
Jo et al., 1995; Si et al., 1996; Yang et al., 1997). Indeed, we
showed that the EGF-like domain of chick muscle ARIA
could induce the up regulation of AChR a-subunit and

the activation of erbB receptors. Thus, the postsynaptic
muscle cell has the potential to synthesize and secrete
active ARIA at the synaptic cleft. However, the direct
proof of muscle ARIA having the AChR-inducing activ-
ity in situ remains to be established. It is highly possible
that the muscle-derived ARIA is biologically inactive
due to the posttranslation modification within the
muscle. Alternatively, other factor(s) from muscle could
inhibit the muscle ARIA to elicit autocrine effects.
Another line of evidence to support the hypothesis that
muscle ARIA could play a role in the formation of
neuromuscular junctions is the alteration of ARIA iso-
form expression during development, denervation, and
nerve regeneration. The specific expression of ARIAa2

and ARIAb2 in developing muscle and in denervated
muscle provide a hint that these two ARIA isoforms
may be involved in the early events of synaptogenesis.
Indeed, the primary source of ARIAa2 and ARIAb2 is
from muscle or Schwann cell while ARIAb1 is derived
from muscle, Schwann cell, and spinal cord. Moreover,
the reexpression of ARIAa2 and ARIAb2 in the contralat-
eral side of denervatedmuscle in adult chickenmight be
a result of denervation-induced nerve sprouting in the
contralateral side as previously reported (Rotshenker
and Tal, 1985; Fadic et al., 1988). Although the expression
pattern of ARIAa2 andARIAb2 in muscle is related to the
time of synapse formation, the specific functions of
these two ARIA isoforms at the synaptic cleft have not
been reported. Denervation of the sciatic nerve increases
theARIAmRNAexpression in the gastrocnemiusmuscle
to about ,5-fold, indicating that the motor nerve, not
only affecting the ARIA isoform expression profile, is
able to down regulate the expression of ARIAmRNA in
muscle. This regulation pattern is in parallel with other
postsynaptic molecules in response to nerve denerva-
tion (Salpeter, 1987; Hall and Sanes, 1993).
Motor neurons can exert influence on the postsynap-

tic muscle fiber either via the release of trophic factors or
through the activity evoked by synaptic transmission.
Several lines of evidence show that muscle activity
could regulate the postsynaptic gene expression of
AChR, AChE, and voltage-dependent sodium channels
(Hall and Sanes, 1993; Vallette and Mosssoulié, 1991;
Yang et al., 1991). However, other neuron-derived chemi-
cal factors, such as ascorbic acid and calcitonin gene-
related peptide (CGRP) could also affect the postsynap-
tic gene activity. Ascorbic acid has been demonstrated to
increase the expression of AChR a-subunit mRNA in
rat-derived cloned L5 muscle cells (Hororvity et al.,
1989), and CGRP has been shown to increase the
number of AChR andAChE in cultured chick myotubes
(Fontaine et al., 1987; Choi et al., 1996). To determine the

FIG. 11. Expression of ARIAb1, ARIAa2, and ARIAb2 in cultured
myotubes under the drug treatments and cocultured with NG108-15
cells. (A) Three-day-old chick myotubes were treated with TTX (1
µM), veratridine (20 µM), KCl (15 mM), or ascorbic acid (30 µg/ml)
for 2 days. (B) In neuron-muscle cocultures, NG108-15 cells (,2 3 105)
were plated onto 3-day-old primary chick muscle culture in a 100-mm
culture plate for 2 days. Total RNA was isolated and RT-PCR was
performed as described in the legend to Fig. 2 with S-2 and AS-2
primers flanking the carboxyl-terminus of the EGF-like domain. ARIA
isoform expression was not significantly affected in all cases as
compared to the untreated control myotubes. In NG108-15 cells
cultured alone,ARIAb1 was detected and served as background for the
cocultures.
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possible nerve-derived factor(s) that could regulate the
expression of ARIA on the muscle cells, we studied the
effect of paralyzing agents (TTX and veratridine), a
depolarizing concentration of KCl, and ascorbic acid on
the expression of ARIA mRNA in cultured chick myo-
tubes. Results showed that the above agents caused
little or no effect on the expression profile of muscle
ARIA isoforms. Previous studies have shown that the
neuroblastoma cell NG108-15 is able to form functional
synapses when cocultured with myotubes (Christian et
al., 1978). However, the expression profile of muscle
ARIA isoforms remains unchanged in the neuron–
muscle cocultures. Thus, the activity of muscle mem-
brane and the physical contact of neuroblastoma cells
have no effect in the alteration of muscle ARIA isoform
expression profile, while other factor(s) may possibly
control such ARIA isoform alteration.
The spacer domain of ARIA is a region spanning the

Ig-like and the EGF-like domains, where there are sites
for N- and O-linked glycosylations (Wen et al., 1994;
Meyer and Birchmeler, 1995). Unlike the previously
reported neuronal form of ARIA that has 34 amino acids
missing in the spacer domain (Falls et al., 1993), we have
identified three possible insertions with 0, 17, or 34
amino acids at that region. According to the ARIA
release hypothesis (Loeb and Fischbach, 1995), the
active EGF-like fragment is released from the stored
ARIA by local protease activity at the synaptic cleft. The
different spacer domain insertions may control the
susceptibility of ARIA to protease action in releasing the
active EGF-like fragment at the synaptic cleft. Besides, it
has been proposed that one possible role of the high
concentration of N- and O-linked glycosylation sites at
the spacer domain is to keep the adjacent functional
domains, Ig-like and EGF-like domains, in proper expo-
sure and being accessible for molecular interactions
(Peles and Yarden, 1993). The different spacer domain
insertions may allow different conformations of muscle-
derived ARIA to proceed with their functions. Site-
directed mutagenesis studies at the spacer domain of
various isoforms of ARIA are ongoing in our laboratory
to determine the exact functions of ARIA’s spacer
domain during the formation of neuromuscular junc-
tions.

EXPERIMENTAL METHODS

Animal Surgery

Chick tissues including brain, optic lobe, spinal cord,
sciatic nerve, and pectoral muscle of New Hampshire
chicks at different ages were collected, frozen in liquid

nitrogen, and stored in 280°C for total RNA extraction.
P18 chicks or adult chicken (P90) were anesthetized by
isoflurane, and ,0.5-cm portion of the left sciatic nerve
was removed using asptic surgical techniques (Ip et al.,
1995; Tsim et al., 1997). Gastrocnemius muscle of the
operated ipsilateralside and the unoperated contralat-
eral side were collected at various time points after the
surgery, frozen in liquid nitrogen, and stored in 280°C.
Nerve crush was performed with a prechilled fine
forceps on the left sciatic nerve of upper thigh of P18
chicks, and the gastrocnemius muscles were collected as
described above.

Cell Culture

Primary chick myotube cultures were prepared from
the hind-limb muscles dissected from E11 chick em-
bryos. The muscles were then dissociated according to
modified protocol previously described (Fischbach et al.,
1972; Wallace, 1989). Muscle cells were cultured inMEM
supplement with 10% heat inactivated horse serum, 2%
(v/v) chick embryo extract, 1 mM L-glutamine, 100
U/ml penicillin, and 100 µg/ml streptomycin. Drug
treatment was performed in normal medium on 4-day-
old chick myotube culture as follows: tetrodrotoxin
(TTX; 1 µM ), veratridine (20 µM ), KCl (15 mM ), and
ascorbic acid (30 µg/ml). The cultures were incubated
for 2 days, pelleted, and then stored in 280°C for total
RNA extraction. In the cocultures, about 2 3 105
NG108-15 cells were plated onto the 3-day-old chick
myotube culture in a 100-mm tissue culture plate for 2
days, and then the cells were collected as above. The
C2C12 myoblasts were cultured and induced to fuse by
reducing the serum to 1.5% (Si et al., 1996). All tissue
culture chemicals were from GIBCO-BRL (MD).

Immunocytochemical Staining

The pectoral muscle of chicken was dissected, embed-
ded in a tissue freezing medium, and frozen in an
isopentane/liquid nitrogen bath. Sixteen-micrometer
sections were cut on a cryostat and thaw-mounted on
gelatin-coated slides and then allowed to air-dry over-
night. Tissue sections were then fixed in 2% paraformal-
dehyde in phosphate-buffered saline (PBS; 80 mM
Na2HPO4, 20 mM NaH2PO4, 100 mM NaCl, pH 7.6) for
15 min followed by three 5-min washes in PBS, and a
blocking step in 2% normal goat serum in PBS contain-
ing 0.05% Triton X-100 for 30 min. Anti-ARIA a isoform
specific antibody was purchased from Transduction
Lab. (Lexington, KY) and anti-ARIA a and b isoforms-
specific antibody was raised in our laboratory by using
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the recombinant EGF-like domain of ARIA as antigen
(Yang et al., 1997; Ng et al., unpublished results). They
were used at 1:2000 to 1:3000 dilution in PBS with 2%
normal goat serum and 0.05% Triton X-100, were added
onto each slide and then incubated at 4°C for 18 h. After
three 10-min washes in PBS, the sections were incubated
with fluorescent-conjugated secondary antiserum (1 in
200 dilution) in PBS, 2% normal goat serum, and 0.05%
Triton X-100 for 2 h at room temperature. Sections were
washed in PBS for 33 10 min. For double staining,
rhodamine-conjugated a-bungarotoxin (1028M; Molecu-
lar Probes, Eugene, OR) was incubated together with
the secondary antibody. Sections were dehydrated and
mounted with glycerol-based mounting media and
examined with a Zeiss Axiophot microscope equipped
with fluorescent and rhodamine optics.

RNA Isolation and RT-PCR Analysis

Total RNAwas prepared from the collected tissues by
using LiCl method (Chirgwin et al., 1979). For the
cultured myotubes, total RNA was isolated by using
Micro RNA Isolation kit (Stratagene, CA). RNA concen-
tration and purity were determined by ultraviolet absor-
bance at 260 nm. In RT-PCR analysis, 5 µg of total RNAs
was reverse transcribed by Moloney Murine Leukemia
Virus reverse transcriptase (GIBCO-BRL) by random
oligonucleotide priming in a 20-µl reaction. One-fifth of
the reverse transcription product was used as a template
in PCR analysis with primers described below. PCR was
carried out for 30 cycles of 94°C for 1 min, 60°C for 2
min, and 72°C for 2 min in a 25-µl volume containing 0.8
mM dNTPs, 13 PCR buffer, and 0.625 U of Taq Polymer-
ase (GIBCO-BRL). The PCR products were analyzed in a
12% polyacrylamide gel (Sambrook et al., 1989). For
subcloning of the PCR products, amplified DNAs were
directly cloned into pCR II vector (Invitrogen, CA). The
identity of the cloned PCR products was confirmed by
DNA sequencing using T7 Sequencing kit (Pharmacia
Biotech, Sweden). The PCR primers were designed
according to chick pro-ARIA cDNA sequence (Falls et
al., 1993). A set of primers flanking the Ig-like domains,
S-1: 58-TGCAGAGTGAGCAGCAAACT-38 (sense; from
342–361) andAS-1: 58-ACTCTCCCCCATTTACACAG-38
(antisense; from 492–473), and a set of primers flanking the
EGF-likedomainS-2: 58-GACCTCCCAAACCCTCCACG-38
(sense; from507–526) andAS-2: 58-AGCACCCGTTTCTGG-
TACAGT-38 (antisense; from 652–632)were used.

Northern Blot and RNA Protection Assay

RNA samples were fractionated on an 1% formalde-
hyde gel. Ethidium bromide was used to assess the

equivalency of loading among different samples. After
the electrophoresis, samples were transferred to a
charged nylon membrane (Hybond-N, Amersham, UK)
and were UV cross-linked. Blots were hybridized using
a partial pro-ARIA cDNA fragment (from 24 to 953 bp;
Pun and Tsim, 1995). Probes were labeled with
[a-32P]dCTP (Amersham) by an Oligolabeling kit (Phar-
macia Biotech). Hybridization was performed at 42°C
overnight in 40% deionized formamide, 53 Denhart’s
solution, 0.5% SDS, 53 SSC, 10% dextran sulfate, and 0.1
mg/ml denatured salmon spermDNA.After hybridiza-
tion, the filters were washed twice with 23 SSC with
0.1% SDS at room temperature for 30 min each, and then
twice with 0.13 SSC with 0.1% SDS at 55°C for 30 min
each. The washed filters were exposed to X-ray film
with double intensifying screens at 280°C for 3 weeks.
Antisense cRNAprobe corresponding to V27 to E154 of

Pro-ARIA (Falls et al., 1993) was synthesized by using a
SP6/T7 Transcription kit with DIG RNA Labeling Mix
(Boehringer Mannheim, Germany). RNase protection
analysis was performed with an RNase Protection kit
(Boehringer Mannheim). Fifty micrograms of total RNA
extracted frommuscle were hybridized for 5 h at 45°C in
80% formamide, 400 mM NaCl, 1 mM EDTA, 40 mM
Pipes, pH 6.4, with 10 ng of DIG-labeled antisense cRNA
probe. After digestion with RNase T1, samples were
separated by electrophoresis with 8% denaturing poly-
acrylamide gel (Sambrook et al., 1989). After the electro-
phoresis, the samples were transferred to a charged
nylonmembrane (Hybond-N,Amersham). The blot was
developed using an anti-DIG antibody conjugated with
alkaline phosphatase and the chemiluminiscent sub-
strate according to the protocols provided in the DIG
High Prime DNA Labeling and Detection Starter kit II
(Boehringer Mannheim).

Functional Expression of Muscle ARIA

The construction of cDNA encoding ARIA EGF-like
domain tagged with human immunoglobulin Fc was
described elsewhere (Yang et al., 1997). In brief, an
artificial leader sequence was inserted into a mamma-
lian expression vector pcDNA I (Invitrogen, San Diego).
The downstream of the leader sequence was a EcoRI
cloning site and then followed by a ,0.6-kb cDNA
fragment encoding Fc region of human immunoglobu-
lin G1. The EGF-like domain of ARIA was constructed
by PCR with a pair of primers flanking S136 to K205, with
an artificial EcoRI site at both ends, according to the
published sequence of pro-ARIA. The PCR was carried
out for 30 cycles standard reaction mixture containing
chick muscle ARIA cDNAs, 2.5 units of Vent DNA
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polymerase, and 0.3 µg of forward primer, 58 CGGAAT
TCC AGT CAT CTC ACAAAA 38 (sense, 435–449), and
backward primer, 58CTGAAT TCT TTC TGG TACAGT
TCC 38 (anti-sense, 628–643). The DNA fragment was
subcloned into EcoRI site of the modified pcDNA I
vector. The modified pcDNA I containing Fc tagged
ARIA cDNA was transfected into HEK 293 cells by
calcium phosphate precipitation (Sambrook et al., 1989).
The Fc-tagged ARIA EGF-like fragment was purified by
protein-G column (Yang et al., 1997).
In the AChR a-subunit induction assay, the chick

myotubes were treated with 1 µg Fc-tagged ARIA
protein overnight, and total RNAwas collected from the
treated chick myotubes. Total RNAwas electrophoresed
in an 1% formaldehyde-agarose gel and transferred
overnight onto a nylon membrane and hybridized with
a cDNAprobe of ,1.2 kb chickAChR a-subunit (Tsim et
al., 1992; Pun and Tsim, 1995). In the phosphorylation
studies, fused C2C12 myotubes were treated with 1 µg
Fc-tagged ARIA protein for 30 min. The treated cells
were lysed and immunoprecipitated with a rabbit anti-
body against erbB 3 (C17; Santa Cruz Bitotech, CA) at
1:1000 dilution. The immunoprecipitated proteins were
collected on protein G agarose beads, fractionated by
7.5% SDS polyacrylamide gel for immunoblotting. The
membranewas stainedwith peroxidase-conjugated anti-
tyrosine phosphorylation antibodies RC 20 (Transduc-
tion Lab) diluted 1 in 1000. Immunoreactivity was
detected by ECLWestern Blot System (Amersham, UK)
following the instructions from the supplier.
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