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At vertebrate neuromuscular junctions, ATP is known
to stabilize acetylcholine in the synaptic vesicles and to
be co-released with it. We have shown previously that a
nucleotide receptor, P2Y1 receptor, is localized at the
nmjs, and we propose that this mediates a trophic role
for synaptic ATP there. In cultured myotubes, the acti-
vation of P2Y1 receptors modulated agrin-induced ace-
tylcholine receptor (AChR) aggregation in a potentia-
tion manner. This potentiation effect in agrin-induced
AChR aggregation was reduced by antagonizing the
P2Y1 receptors. The guanosine triphosphatase RhoA
was shown to be responsible for this P2Y1-potentiated
effect. The localization of RhoA in rat and chicken skel-
etal muscles was restricted at the neuromuscular junc-
tions. Application of P2Y1 agonists in cultured myotubes
induced RhoA activation, which showed an additive ef-
fect with agrin-induced RhoA activation. Over-expres-
sion of dominant-negative mutant of RhoA in cultured
myotubes diminished the agrin-induced AChR aggrega-
tion, as well as the potentiation effect of P2Y1-specific
agonist. Application of UTP in the cultures also trig-
gered similar responses as did 2-methylthioadenosine
5�-diphosphate, suggesting the involvement of other
subtypes of P2Y receptors. These results demonstrate
that RhoA could serve as a downstream mediator of
signaling mediated by P2Y1 receptor and agrin, which
therefore synergizes the effects of the two neuron-de-
rived trophic factors in modulating the formation
and/or maintenance of post-synaptic apparatus at the
neuromuscular junctions.

In developing vertebrate neuromuscular junction (nmj),1 a
motor nerve terminal contacts a muscle fiber, acetylcholine

receptors (AChRs), acetylcholinesterase (AChE) and certain
other proteins become localized and stabilized in a specialized
post-synaptic apparatus. The initial stage of AChR aggregation
at nmjs is controlled by agrin synthesized by the pre-synaptic
motor neuron (1–5). The molecular mechanism of agrin-in-
duced AChR aggregation, however, is poorly understood. The
agrin-induced post-synaptic specialization is mediated by mus-
cle-specific receptor tyrosine kinase (MuSK) (6), and indeed,
the phenotype of MuSK-deficient mice show similar neuromus-
cular defects to those in agrin-deficient mice (7). Another key
component involved in the downstream signaling of MuSK is
rapsyn, a 43-kDa protein closely associated with the intracel-
lular face of AChR (8, 9) at the post-synaptic membrane.
Rapsyn knock-out mice lack aggregates of AChRs and other
post-synaptic proteins (10), and myotubes derived from rapsyn-
deficient mice also fail to respond to agrin in forming AChR
aggregates (8). Several downstream effects of agrin and MuSK
signaling have been proposed. Agrin has been shown to acti-
vate Rho family of guanosine triphosphatase (GTPase) Rac,
Cdc-42, and RhoA, and these molecules are required for agrin-
induced AChR aggregation in myotubes (11, 12). The mobiliza-
tion of intracellular Ca2� in post-synaptic muscle has been
demonstrated to regulate the formation and/or the mainte-
nance of agrin-induced AChR aggregation (13–15). In addition,
Src-class kinase (16, 17), nitric oxide (18, 19), synaptic
MAGI-1c (20), geranylgeranyltransferase (GGT) (21), and Di-
shevelled (Dvl 1) (22) have also been revealed to associate with
agrin and MuSK signaling at the nmjs.

ATP is an additional potential trophic factor at the nmjs (23,
24). In the synaptic vesicles at vertebrate nmjs (25), ATP sta-
bilizes acetylcholine (ACh) and is co-released quantally with it
in a ratio of about 1 ATP to 5 ACh. The synaptic ATP, mediated
by P2Y1 nucleotide receptors, induces and sustains the expres-
sion of AChE and AChR in muscles, and P2Y1 receptor is
localized at the nmjs (24, 26). The P2Y1 receptor-mediated gene
activations including AChE and different subunits of AChR are
acted upon through the mobilization of intracellular inositol
triphosphate and Ca2�, and subsequently, the activation of a
mitogen-activated protein kinase signaling pathway (27).

Here, we investigate the roles of ATP and its activation of
P2Y1 receptors in potentiating the agrin-induced AChR ag-
gregation in cultured myotubes. Several lines of evidence
support the notion. There is much evidence that the native
P2Y1 receptor in tissues, as well as in muscle, so far exam-
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ined is linked to the formation of inositol triphosphate and to
intracellular Ca2� mobilization (see references in Refs. 23,
26). ATP potentiates the response to the applied ACh in
nerve-muscle co-culture (see references in Ref. 23), which is
in line with the activity-dependence of the reshaping of syn-
aptic architecture at the nmjs (4). On the other hand, the
application of P2Y1 receptor agonists activated the mem-
brane-bound RhoA and stimulated the actin cytoskeleton
organization in cultured vascular myocytes (28). In the pres-
ent study, we provide evidence that the activation of P2Y1

receptors induced the formation of membrane-bound RhoA,
which subsequently potentiated the agrin-induced AChR ag-
gregation on post-synaptic muscle fibers.

EXPERIMENTAL PROCEDURES

Materials and Purity of Nucleotides—Materials not specified here
were obtained as before (26) or from Sigma. Cell culture medium and
serum were obtained from Invitrogen. 2-Methylthioadenosine 5�-
diphosphate (2-MeSADP) stock solution (100 mM) was pre-incubated
with 20 units/ml of yeast hexokinase (Roche Biochemicals, Lewes, UK)
in Buffer A (2.5 mM MgCl2, 50 mM HEPES, pH 7.3) containing 25 mM

glucose at 37 °C for 30 min to remove all contaminating triphosphates,
whereas ATP stock solution (100 mM) was pretreated in Buffer A with
20 units/ml of creatine phosphokinase (Sigma) and 10 mM creatine
phosphate (Sigma) at room temperature for 90 min to remove all con-
taminating diphosphates (26). Anti-RhoA antibody was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA); anti-Rac antibody was
from Upstate Biotechnology (Lake Placid, NY); others not stated were
from Sigma; and peroxidase- or fluorescein-conjugated secondary anti-
bodies were from Cappel (Turnhout, Belgium). Tetramethylrhodamine-
conjugated �-bungarotoxin (TMR-BuTX) was obtained from Molecular
Probes (Eugene, OR).

Animals—Muscles from adult Sprague-Dawley rats and New Hamp-
shire chickens were collected immediately after the animals were
killed. Animals were rapidly frozen in isopentane/liquid nitrogen and
stored at �80 °C. All procedures conformed to the Guidelines by Animal
Research Panel of Hong Kong University of Science and Technology.

Cell Cultures—Eggs of New Hampshire chickens were purchased
from a local farm and hatched in the University Animal Care Facility.
Primary chick myotubes were prepared from hindlimb muscles dis-
sected from 11-day-old chick embryos and cultured at 37 °C in a water-
saturated 5% CO2 atmosphere, as described previously (26). Myotubes
were treated with a mitotic inhibitor (10 �M cytosine arabinoside) at
day 3 after plating and used on day 4. Undifferentiated mouse C2C12
myoblasts were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 20% fetal bovine serum, 100 units/ml
penicillin and 100 �g/ml streptomycin and were incubated at 37 °C in a
water-saturated atmosphere of 95% air/5% CO2. Differentiation of myo-
blast to myotube was induced by replacing the growth medium with
DMEM supplemented with 2% heat-inactivated horse serum, 100
units/ml penicillin, and 100 �g/ml streptomycin, as described previ-
ously (29). Skeletal muscle cells in culture release ATP into the medium
and also can convert it there to ADP, which, over longer periods, may
give some desensitization of P2Y receptors. The cultures were pre-
treated in all cases with apyrase (2 units/ml; Sigma) for 1 h to eliminate
all such free nucleotides, followed by a gentle wash and drug application
in apyrase-free medium (26). For longer incubations with an agonist,
significant loss thereof due to the ectonucleotidase on muscle cells was
prevented (where stated) by maintaining the appropriate enzymatic
regeneration system throughout (hexokinase/glucose or creatine phos-
phokinase/creatine phosphate in Buffer A) as noted above, as well as by
three changes of the agonist solution at approximately equal intervals.

cDNA Transfections—For the source of agrin, the sub-confluent
HEK293 cells were transfected with chicken agrin cDNA encoding a
secretory form of agrin (CBA-1; Ref. 30) by calcium phosphate. The
agrin-conditioned medium was collected with the addition of 1 mM

phenylmethyl sulfonyl fluoride and 5% glycerol and stored at �80 °C.
The unit of agrin was calibrated as reported previously (30). The full-
length cDNA encoding chicken P2Y1 receptor (31) in an expression
vector pcDNA3 (Invitrogen) was used where stated. RhoA cDNAs en-
coding the wild-type RhoA (RhoAWT, GenBank accession no. AY026068)
was generated by RT-PCR from rat muscle cells. The dominant-nega-
tive RhoA (RhoAN19) was obtained by site-directed mutagenesis of the
RhoAWT, in which amino acid asparagine at position 19 was mutated to
threonine (32). All cDNAs were subcloned into pcDNA3, verified
therein, and used for transfection.

Myoblasts from 11-day-old chick embryos were cultured at 37 °C for
2 days and transiently transfected with the plasmid constructs (2 �g of
plasmid per 35-mm plate or 10 �g per 100-mm plate) with the use of
calcium phosphate. Myoblasts were then allowed to fuse to myotubes
for the treatments stated, with the methods given in Ref. 26. In C2C12
myoblasts, the transfection was done by using LipofectAMINE Plus
(Invitrogen) (29). The transfection efficiency in both cases was deter-
mined with enzymatic staining from control cells co-transfected with
�-galactosidase cDNA in the same vector; it was consistently �30%.

Immunohistochemical Staining—Myotube cultures were treated
with P2Y1 receptor antagonists or together with agrin-conditioned me-
dium for 16 h to study AChR aggregation. Cell-surface AChR was
stained by incubating the treated cultures with 10�8 M TMR-BuTX in
DMEM for 1 h, rinsed with phosphate-buffered saline (PBS), and fixed
with 2% paraformaldehyde, 5% sucrose in PBS for 10 min, and then
dried by increasing amounts of ethanol. The cultures were mounted in
Citifluor (Citifluor Ltd., Leicester, UK). The AChR aggregates were
counted under a 40� objective on a Zeiss Axiophot equipped with
phase-contrast and fluorescence optics as described previously (30, 33).
The mean number of AChR aggregates per field in a single myotube was
determined by counting 20 different myotubes from different fields. In
general, two to three myotubes were counted from a single field. Ex-
periments were repeated at least four times, each with triplicate cul-
tures. For the pre-labeling AChR studies, myotube cultures were incu-
bated with 10�6 M TMR-BuTX in DMEM prior to the agrin treatment.
AChR aggregation was quantified similarly as above (30, 33).

Muscle sections were prepared from the pectoral and gastrocnemius
muscles of adult chicken and rat, respectively, embedded in tissue-
freezing medium (Leica Instruments, Nussloch, Germany), and frozen
in an isopentane/liquid nitrogen bath. Twenty �m muscle sections
generated on cryostat were fixed in 2% paraformaldehyde, 5% sucrose
in PBS for 15 min at room temperature, followed by three 5-min washes
in PBS and a blocking step in PBS containing 5% bovine serum albumin
(BSA) for 30 min. The slides were incubated with �5 �g/ml anti-RhoA
antibody in PBS with 5% BSA for 16 h at 4 °C. RhoA mouse monoclonal
antibody recognizes epitope corresponding to amino acids 120–150 of
RhoA. For double-staining of AChR, 10�8 M TMR-BuTX was incubated
together with anti-mouse secondary antibody for 1 h. Sections were
washed 3� with PBS for 10 min each and then dehydrated in ice-cold
100% ethanol; the sections were mounted with Citifluor mounting me-
dia and examined with a Zeiss Axiophot microscope equipped with
fluorescent and rhodamine optics, using excitation at 555 or 488 nm and
emission at 580 or 515 nm for rhodamine or fluorescein, respectively.

RhoA and Rac Activation Assay—For the measurement of mem-
brane-bound (activated form) RhoA protein, the treated myotubes were
collected in PBS with 10 mM EDTA and centrifuged at 2,300 � g for 7
min. The cell pellets were then resuspended in Buffer B (50 mM Tris-
HCl, pH 7.4, 1 mM EGTA, 1 mM EDTA, 10 �g/ml leupeptin, 10 �g/ml
aprotinin, 5 mM benzamidine HCl, 10 �g/ml soybean trypsin inhibitor,
and 1 mM phenylmethyl sulfonyl fluoride). The cellular suspension was
passed through a G-27 gauge needle ten times for lysis of the cells. The
cell extracts were separated by low speed centrifugation at 800 � g for
5 min. The supernatant was then collected and further centrifuged at
16,000 � g for 15 min. The cell pellet representing the membrane
fraction was resuspended in 50–100 �l of Buffer B and was then ready
for Western blot analysis of RhoA.

An affinity precipitation method described in the Rho or Rac activity
assay kit (Upstate Biotechnology) was also used. Cultured chick myo-
tubes were treated with agrin or with indicated drugs for indicated
times and rinsed with PBS. The cells were then lysed with Buffer C (25
mM HEPES, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 10 mM MgCl2, 1
mM EDTA, 10% glycerol, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 25 mM

sodium fluoride, and 1 mM sodium orthovanadate) on ice for 5 min and
centrifuged for 5 min at 16,000 � g at 4 °C. The supernatant was
collected as cell lysate, and 2 mg of the lysate were incubated with
glutathione-agarose bound to 20 �g of Rho-binding domain (RBD) from
the effector protein Rhotekin for RhoA, or 10 �g of Rac-binding domain
(p21-binding domain) from the effector protein p21-activated kinase
(PAK) for Rac (Upstate Biotechnology) for 45 min at 4 °C. The beads
were washed 3� with Buffer C. The bound Rho or Rac proteins were
eluted with sample buffer with 50 mM dithiothreitol, separated by
SDS-polyacrylamide gel, detected by using an anti-RhoA or anti-Rac
antibody in a 1:1000 dilution, followed by peroxidase-conjugated sec-
ondary antibody against mouse IgG in a 1:5000 dilution in a Western
blot analysis. The Rac antibody recognizes Rac1 and Rac2. The immu-
nocomplexes were visualized by the ECL method (Amersham Bio-
sciences). The intensity of the bands in the control and agonist-stimu-
lated samples, run on the same gel and under strictly standardized ECL
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conditions, were compared on an image analyzer, in each case using a
calibration plot constructed from a parallel gel with serial dilutions of
one of those samples.

Other Assays—The concentration of protein was determined by using
a Bio-Rad protein assay kit (Hercules, CA); the concentration of sample
protein was compared against the standard curve, which was generated
from the relative absorbance (595 nm) of the BSA standard (0.1–0.6
�g/ml) added with dye reagent. Statistical tests were made by the
PRIMER version 1 software program (47): differences from basal or
control values (as shown in the plots in Figs. 1, 2, and 8) were classed
as significant, or *, where p � 0.05, and highly significant, or **, where
p � 0.001.

RESULTS

Potentiation of Agrin-induced AChR Aggregation by P2Y1

Nucleotide Receptors—Cultured chick and C2C12 myotubes
were treated with apyrase to eliminate all free nucleotide in the
cultures, which was prerequisite for all pharmacological anal-
yses of nucleotide receptors (26). The application of agrin (2
units) induced an �4- to 5-fold increase of AChR aggregates in
both types of myotube cultures (Fig. 1, A and B). The size of
these aggregates was larger than 10 �m, and the smaller
aggregates (�10 �m) were not counted in here. In both types of
myotubes, the formation of AChR aggregates, induced by agrin,
was potentiated by an �50% increase after the application of
50 �M P2Y1 agonists, ATP (a nonspecific agonist), or 2-Me-
SADP (a specific agonist), to the cultured myotubes (Fig. 1).
This concentration of P2Y agonists has been shown to be the
optimized dosage in inducing the downstream signaling cas-
cade, including the accumulation of inositol triphosphate and
the phosphorylation of extracellular signal-regulated kinase
(26, 27). In addition, the concentration used for P2Y agonists is
within the physiological range of ATP at the synaptic cleft. The
sizes of the aggregates remained constant throughout the drug
treatments in both chick and C2C12 myotubes. The treatment
of P2Y1 agonists slightly increased the basal spontaneous
AChR aggregates. Adenosine, an agonist for P1 nucleotide re-
ceptor, did not show any potentiation effect upon the agrin-
induced AChR aggregation (Fig. 1). Therefore, these results
suggest that the potentiation effect of synaptic ATP in regulat-
ing the formation of agrin-induced AChR aggregates was me-
diated by P2Y1 receptor.

The specificity of the ATP response at the cultured myotubes
was further confirmed by using P2Y1-specific antagonist. Ap-
plication of A2P5P did not alter the formation of agrin-induced
AChR aggregates, except for an insignificant reduction of the
aggregate observed in C2C12 myotubes (Fig. 2A). The potenti-
ation of agrin-induced AChR aggregation, mediated by 2-Me-
SADP, was significantly reduced by the application of A2P5P in
the cultures. To enhance the signals, cDNA-encoding chicken
P2Y1 receptor was over-expressed in cultured myotubes by
DNA transfection. The P2Y1 receptor over-expressed myotubes
showed a high background of spontaneous AChR aggregates;
nevertheless, the response to agrin was retained (Fig. 2B).
Suramin, an antagonist for P2Y receptor, completely blocked
the agrin-induced AChR aggregation in the receptor over-ex-
pressed myotubes, as well as the background aggregates in-
duced by the over-expression of P2Y1 receptor. In parallel,
A2P5P abolished the agrin-induced AChR aggregation.

We have found previously (26, 27) that activation by adeno-
sine tri- and diphosphates of the P2Y1 receptors present in
cultured chick myotubes leads to an increase in the expression
of the AChR gene. The increased AChR number after the acti-
vation of P2Y1 receptors could explain the increase of the AChR
aggregation as revealed here. To eliminate the contribution of
newly synthesized AChR after the challenge of 2-MeSADP, the
receptors were pre-labeled by TMR-BuTX before the applica-
tion of agrin and/or the agonist. An increase of over 2-fold
pre-labeled AChR aggregate was induced by agrin (Fig. 3). This

2-fold increase of AChR aggregation was much smaller than
that of the induction revealed in the above analysis, when all of
the AChRs were labeled after agrin treatment. This discrep-
ancy could be due to the rapid turnover of the AChR, because
the newly synthesized receptors were not counted in this pre-
label study. The potentiation effect of ATP in agrin-induced
AChR aggregation, however, was retained. An increase of over
4-fold AChR aggregation was revealed when 2-MeSADP was
applied together with agrin (Fig. 3). This result revealed that
the P2Y1-potentiated effect upon AChR aggregation was not
due to the increased expression of AChR.

Activation of RhoA Is Mediated by ATP and P2Y1 Receptors—
Small GTPase is known to play roles in the organization of
cytoskeletal elements in cells, as well as in the aggregation of
post-synaptic AChRs at vertebrate nmjs. Therefore, the func-
tional role of RhoA was determined here. The localization of

FIG. 1. ATP potentiates the agrin-induced AChR aggregation.
Chick (A) and C2C12 (B) myotubes cultured for 5 days were pretreated
with apyrase, washed, and treated with the indicated 50 �M agonist (or
with control medium), with or without the co-applied recombinant chick
agrin (CBA-1; 2 units) for 16 h. In all cases, cultures were fixed by
ice-cold 2% paraformaldehyde, 5% sucrose in PBS, stained with TMR-
BuTX, and viewed under fluorescence optics. Control cultures did not
have drug treatment. *, p � 0.05, significant difference versus control;
**, p � 0.001, highly significant difference. Values represent the num-
ber of AChR aggregates per field in a single myotube and expressed as
mean � S.E., n � 4, each with triplicate samples. Bar, 20 �m.
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RhoA protein in skeletal muscle was determined by using a
monoclonal antibody against RhoA. The RhoA immunoreactiv-
ity was co-localized with the binding of TMR-BuTX, indicating
the restricted localization of RhoA at adult rat nmjs (Fig. 4).
That location of RhoA was not only revealed in rat muscle, but
it was also co-localized with AChR in adult chicken muscle. A
weak staining by anti-RhoA antibody could still be observed in
some extra-junctional areas in both species.

The activation of RhoA was examined after stimulating the
endogenous P2Y1 receptors in cultured myotubes. Active RhoA
is known to re-localize from a cytosolic form to a membrane-
bound form. Thus, the P2Y1-activated RhoA was determined in
the membrane fraction of cultured myotubes. The antibody to
RhoA readily detected a band at �21 kDa in chick myotubes
(Fig. 5A, upper panel). In chick myotubes, ATP and 2-MeSADP
induced a transient activation of RhoA; the level of membrane-
bound RhoA was increased after 40 min of the agonist chal-
lenge. Plots of scanned data from four independent experi-
ments show the transient activation peaking at 2- to 3-fold the
basal level and peaking at 40 min of exposure to P2Y1-agonist
treatment (Fig. 5A, lower panel). The time-course of P2Y1-
induced RhoA activation shared a close similarity to that of
activation in vascular myocytes (28). The RhoA activation,
however, was more robust when it was activated by ATP rather
than by 2-MeSADP. The RhoA activation in P2Y1-treated cul-
tures was also determined by using a commercial assay kit in
quantifying the amount of RBD-bound RhoA. The application
of either ATP or 2-MeSADP increased the amount of RBD-
bound RhoA in a time-dependent manner. Again, the RhoA
activation was more robust when it was activated by ATP as
compared with that of 2-MeSADP (Fig. 5B). The maximum
activation, mediated by ATP challenge, reached �4-fold after
30 min of the treatment (Fig. 5B, lower panel), which was in
line with the assay that detected the membrane-bound RhoA;
however, the peak was slightly earlier in the RBD-bound RhoA
assay. The total amount of RhoA in the drug-treated cultures
was not changed, which thus served as an internal control.

The ATP- or 2-MeSADP-induced RhoA activation occurred in
a dose-dependent manner; maximum activation was revealed
at 50 �M P2Y1 in agonist-treated chick myotubes (Fig. 5C). The
over-expression of P2Y1 receptor in cultured myotubes caused a
marked increase of the membrane-bound form of activated
RhoA, as expected (Fig. 5D). This RhoA activation was blocked
by A2P5P in a dose-dependent manner.

RhoA Is a Downstream Signal of Agrin and P2Y1 Nucleotide
Receptor—By using both membrane-bound and RBD-bound
RhoA activation assays, application of agrin in the cultured
chick myotubes activated RhoA by �4-fold in a time-dependent
manner. Because the activation was transient, a decline of

FIG. 3. The P2Y1-potentiated agrin-induced AChR aggregation
does not require newly synthesized AChR. Chick myotubes were
pre-labeled with TMR-BuTX (1 �M) for 2 h before the treatment with
2-MeSADP (50 �M) or agrin (2 units) for another 16 h. Cultures were
fixed with ice-cold 2% paraformaldehyde and 5% sucrose in PBS and
viewed under fluorescence optics. Values represent the number of
AChR aggregates per field in a single myotube and are expressed as
mean � S.E., n � 4, each with triplicate samples. Bar, 20 �m.

FIG. 2. The ATP-potentiation effect is blocked by P2Y1-specific
antagonist. A, chick or C2C12 myotubes were treated with agonist
2-MeSADP (50 �M), antagonist A2P5P (100 �M), and agrin (2 units) for
16 h as described in Fig. 1. B, cultured chick myotubes were transiently
transfected with chicken P2Y1 cDNA for 4 days before the treatment of
apyrase. Drugs (A2P5P at 100 �M; suramin 100 �M) and agrin (2 units)
were added to the cultures for 16 h as in Fig. 1. In all cases, 50 �M

2-MeSADP was applied. AChR aggregates were counted and expressed
as in Fig. 1. *, p � 0.05, significant difference versus control; **, p �
0.001, highly significant difference.

FIG. 4. Synaptic localization of RhoA in skeletal muscles. The
localization of RhoA at the nmjs. Rat and chicken muscle sections (20
�m) were used. For each, the same field is shown stained by the
anti-RhoA antibody or for AChR by TMR-BuTX. Bar, 20 �m.
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activation was observed after the maximum activation at �10
min (Fig. 6A). This result was in line with a previous report
(12), except the elapsed time here is slightly shorter, which
could be a result of the difference in myotube species. Weston et
al. (12) used C2C12 myotubes, and we used primary chick
myotubes. In addition, this time course of RhoA activation was
very similar for both types of assays in measuring RhoA acti-
vation. Moreover, the time for agrin-induced maximal activa-
tion of RhoA was shorter than that of ATP induction, i.e. 10 min
instead of 40 min. In addition, the agrin-induced RhoA activa-
tion in cultured myotubes occurred in a dose-dependent man-
ner (Fig. 6B); the dosage effect was seen in both types of RhoA
assays.

The RhoA activation mediated by agrin and P2Y1 receptor
showed an additive effect. The agrin-induced RhoA activation
could be potentiated by the co-applied 2-MeSADP in cultured
myotubes (Fig. 7A), which suggested that RhoA could be the
link between these two signaling pathways. The role of RhoA in
P2Y1-potentiated agrin effect was further demonstrated in
DNA transfection analysis. In RhoA-expressing cultured myo-
tubes, the formation of AChR aggregates induced by agrin was
enhanced by 	50% (Fig. 7B). In parallel, the potentiation effect
of 2-MeSDAP in agrin-induced AChR aggregate formation was
also enhanced by �30%. When transfected into the cultures,
the cDNA-encoding dominant-negative RhoA (RhoAN19) com-
pletely abolished the formation of AChR aggregation either in
agrin-applied or agrin/2-MeSADP-co-applied cultures (Fig. 7B).

The existence of other P2Y receptor subtypes at vertebrate
nmjs was reported (24), which could also mediate the ATP-
potentiated effect in AChR aggregation at the nmjs. Applica-
tion of UTP, a specific agonist for P2Y2 and P2Y4 receptors,
potentiated the agrin-induced AChR aggregation by �50% in
cultured chick myotubes (Fig. 8A). In contrast, application of

FIG. 6. Agrin stimulates RhoA activation. A, agrin-induced RhoA
activation in chick myotube cultures was measured by the increase of
membrane-bound form (left) and RBD-bound form (right) of endogenous
RhoA. Five-day-old chick myotubes were treated with agrin (2 units) at
different time periods, and lysates were collected for assays. B, agrin at
concentrations ranging from 0 to 2 units was applied onto 5-day-old
cultured chick myotubes for 10 min. The RhoA activation was measured
by both of the assays as in Fig. 5. The histograms show the quantitation
from the blots by densitometry in arbitrary units; values are expressed
as mean � S.E., n � 4, each with triplicate samples.

FIG. 5. P2Y1 receptor agonist stimu-
lates the activation of RhoA GTPase.
Five-day-old chick myotubes were treated
with 50 �M ATP or 2-MeSADP, respec-
tively, and 2 mg of cell lysates were as-
sayed for RhoA activation. A, in the mem-
brane localization assay, activation of
RhoA was measured by the increase of
endogenous RhoA that migrated to cellu-
lar membranes. 20 �g of membrane pro-
tein was used. Ponceau S staining indi-
cates equal loading in each lane. B, in the
RBD-bound RhoA assay, total RhoA in 20
�g of lysate protein served as internal
control. C, five-day-old chick myotubes
were treated with increasing doses of ATP
or 2-MeSADP. The membrane-bound
RhoA was assayed as in A. D, P2Y1cDNA
was transfected into cultured chick myo-
tubes. After 4 days of transfection, A2P5P
(50 or 100 �M) was co-treated with 2-Me-
SADP (50 �M) for 30 min. RhoA assay was
done as in A. Anti-RhoA antibody was
used in these assays. In all cases, the
histograms/graphs show the quantitation
from the blots of activated RhoA by den-
sitometry in arbitrary units; values are
expressed as mean � S.E., n � 4, each
with triplicate samples.
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ADP, a stronger agonist for P2Y3 and P2Y5 receptors in chicken
species, did not show any potentiation effect upon AChR ag-
gregation. Moreover, RhoA activation was not only restricted to
P2Y1-specific agonist; the application of UTP increased the
amount of RBD-bound RhoA by �5-fold (Fig. 8B). The UTP-
induced RhoA activation occurred in a time-dependent manner;
the peak of RhoA activation was less than 15 min, which was
faster than that for 2-MeSADP. Another small GTPase Rac was
also tested in our culture system. The activated form of Rac
(PAK-bound Rac) was increased by 3- to 4-fold in 2-MeSADP-
applied myotubes in a time-dependent manner (Fig. 8C). The
peak of activation was at �10 min, which was markedly
shorter than the RhoA activation triggered by the same ago-
nist. Additionally, the application of UTP, a specific agonist for
P2Y2 and P2Y4 receptors, also showed a similar time-depend-
ent manner in activating the PAK-bound Rac in cultured myo-
tubes (Fig. 8C).

DISCUSSION

At vertebrate nmjs, ATP is constantly released by the
motor neuron, and the concentration could reach up to 1 mM

at the synaptic cleft, which therefore bombards the post-
synaptic membrane. This high concentration of ATP at the
cleft is maintained whenever the contraction of muscle is
triggered. The response of synaptic ATP at the nmjs is
strongly supported by the existence of P2Y receptors at the
post-synaptic muscle, which in particular has a high level of
expression in adult skeletal muscles (23, 24, 26). Together
with previous studies, we hypothesize that ATP could have

functional roles in affecting the neuromuscular transmission
in short- and long-term aspects.

In the short-term effect, ATP potentiates the muscle re-
sponses to ACh as well as the synaptic current (34, 35). The
long-term effect of synaptic ATP is to affect the formation and
maintenance of post-synaptic specializations at the nmjs. First,
the degradation rate of AChR in rat muscle tissue culture was
modulated by exogenously applied ATP. Although a high dose
of ATP was used in the study, the induction was possibly
mediated by post-synaptic P2Y receptors, because the effect
could be mimicked by the application of phospholipase A2
activator (36). Second, the transcriptional activity of genes

FIG. 7. RhoA activation is a link in the signaling between P2Y1
receptor and agrin. A, five-day-old chick myotubes were treated with
20 �M 2-MeSADP with or without a sub-maximal amount of agrin (1
unit). The amount of RBD-bound RhoA was measured as in Fig. 5. The
histograms show the quantitation from the blots by densitometry in
arbitrary units, and values are expressed as mean � S.E., n � 4, each
with triplicate samples. B, two-day-old chick cultures on a 35-mm dish
were transfected with 2 �g of RhoAWT, RhoAN19, or pcDNA 3 (control).
Two days later, 2-MeSADP (50 �M) was applied to the cultures in the
presence and absence of agrin (2 units) for 16 h. AChR aggregates were
stained and examined as in Fig. 1. Values represent the number of
AChR aggregates per field in a single myotube; they are expressed as
mean � S.E., n � 4, each with triplicate samples.

FIG. 8. P2Y receptor mediates the activation of Rac GTPases.
A, 50 �M UTP or ADP was applied onto cultured chick myotubes for
16 h, with or without recombinant chick agrin (2 units). Values repre-
sent the number of AChR aggregates per field in a single myotube and
are expressed as mean � S.E., n � 4, each with triplicate samples. Bar,
20 �m. B and C, five-day-old chick myotubes were treated with 50 �M

2-MeSADP or UTP at different time periods, respectively, and 2 mg of
cell lysates were assayed for RBD-bound RhoA (B) or PAK-bound Rac
(C) as in Fig. 5. Total RhoA or Rac in 20 �g of lysate protein served as
internal control. Antibodies against RhoA or Rac were used in both
assays. The histograms show the quantitation from the blots by densi-
tometry in arbitrary units; values are expressed as mean � S.E., n � 4,
each with triplicate samples. *, p � 0.05, significant difference versus
control; **, p � 0.001, highly significant difference.
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encoding AChE and different subunits of AChR were induced
by the application of ATP, or P2Y1-specific agonist in cultured
myotubes (26); the effective concentration of the applied ago-
nist was in the �M range. Application of P2Y1-specific agonist
induced the accumulation of intracellular inositol triphosphate
and Ca2� in cultured myotubes. This activation subsequently
triggered a downstream mitogen-activated protein kinase sig-
naling pathway involving Raf-1, extracellular signal-regulated
kinase, and Elk-1; this process has been described as respon-
sible for the post-synaptic gene activation (27). Here, we fur-
ther extend the long-term functional role of synaptic ATP and
its P2Y receptors in potentiating the formation of AChR aggre-
gates mediated by agrin. Synaptic ATP activates P2Y receptors
at the nmjs and subsequently activates the intracellular small
GTPase, e.g. RhoA and Rac; this activation potentiates the role
of agrin in directing the formation and maintenance of the
post-synaptic specializations. This long-term effect of synap-
tic ATP at the nmjs is mainly to strengthen the post-synaptic
specialization, i.e. increase the expression and aggregation
of AChR/AChE at the junction. Indeed, this proposed function
of the synaptic ATP is strongly supported by the increase of
TMR-BuTX-stained areas at the nmjs after high-intensity
of exercise (37) that resulted in a high-frequency release of the
synaptic ATP.

Different types of P2Y receptors could mediate the post-
synaptic response of ATP; in particular, these P2Y receptors
share very similar downstream signaling mechanisms. The
recognition of these P2Y receptors is dependent upon their
pharmacological properties. By using P2Y1-specific agonist
(2-MeSADP) and antagonist (A2P5P), we clearly show that
P2Y1 is one of the P2Y receptors that can account for the
potentiation effect. On the other hand, UTP, a strong agonist
for P2Y2 receptor, also activated the RhoA, which suggests
the possible role of post-synaptic P2Y2 receptor. Indeed, P2Y2

receptor was detected in skeletal muscles and co-localized
with AChR at the adult rat and chicken nmjs.2 The pharma-
cological properties of P2Y4 receptor show a close similarity
with that of P2Y2 receptor; UTP is known to be the strongest
agonist for these two receptors. Although the expression of
P2Y4 transcript was reported by using RT-PCR in rat embry-
onic muscles (38), the expression of transcript-encoding P2Y4

receptor in rat muscle and C2C12 myotube was below the
detection level in our Northern blot analysis.2 Lastly, the
insensitivity of ADP in the cultured myotubes excluded the
possible involvement of P2Y3 and P2Y5 receptors. In line with
this observation, the expression of P2Y3 and P2Y5 receptors
were not detected in skeletal muscles (39).

The signaling mechanism of agrin-induced Rac and RhoA
activation in cultured myotubes has been described previously
(11, 12). The agrin-induced Rac activation is rapid and tran-
sient, and it has been proposed to be a prerequisite for the
activation of RhoA. Moreover, Rac is proposed to play a role in
the formation of agrin-induced small AChR aggregates; RhoA
is required, subsequently, to condense those small aggregates
as large agrin-induced AChR aggregates. The small GTPases
are known to induce the re-arrangement of intracellular cy-
toskeleton (40), which, therefore, could explain the clustering of
AChRs in the post-synaptic muscle (12, 41). Here, we demon-
strate further the potentiation role of P2Y1 receptor in agrin-
induced AChR aggregation could also involve the small GT-
Pases. In cultured vascular myocytes, the activation of P2Y
receptors including P2Y1, P2Y2, P2Y4, and P2Y6 are known to
induce RhoA and RhoA kinase activation, formation of actin
stress fiber and an increase in F- to G-actin ratio (28). Similar

to the action of agrin, P2Y1 receptor is also involved in the
transient activation of RhoA and Rac in cultured myotubes.
Regardless of the activation of the small GTPases by ATP
application in cultured myotubes, the P2Y-mediated GTPase
activation is not sufficient to cause the aggregation of AChR,
i.e. ATP application by itself has no significant effect upon
AChR aggregation, at least below our detection level. This
suggests that other signals, besides small GTPase, could also
be involved in agrin-induced AChR aggregation, and ATP is
playing a synergistic role with agrin. Moreover, the time course
of P2Y1-mediated Rac activation (maximum at �10 min) pre-
ceded the RhoA activation (maximum at �40 min). Although
we have not determined the role of P2Y1 receptor in the forma-
tion of agrin-induced small AChR aggregates, the activation of
Rac by 2-MeSADP suggests the possible role of P2Y1 receptor
in directing the formation of these small aggregates.

The signaling cascade of small GTPase in the agrin/MuSK-
induced AChR aggregation in muscle has been determined.
Downstream of the small GTPase may be PAK, a cytoplasmic
kinase involved in cytoskeleton regulation (22), whereas the
activation of GGT could occur upstream of GTPase. In C2C12
myotubes, GGT was rapidly tyrosine phosphorylated with an
increase of activity after agrin/MuSK stimulation (21). The
activation of GGT results in prenylation of GTPase (e.g. RhoA
and Rac), and which subsequently causes the migration of
GTPase from cytosol to membrane in activated form. Whether
the activation of P2Y receptors in muscle could result in GGT
activation, however, has not been determined.

The explanation for the ATP potentiation effect in agrin
signaling could be not only the activation of small GTPase;
other downstream signals of P2Y receptor may also play roles
in mediating this post-synaptic specialization. In fibroblasts
or astrocytes, the activation of RhoA could result in rapid
tyrosine phosphorylation of cytoskeleton-associated proteins
(42), which subsequently may generate binding sites for Src
and phosphatidylinositol 3-kinase (43). Indeed, Src kinases
are known to be involved in agrin/MuSK signaling in muscle
(16, 17, 20). Moreover, application of P2Y agonist triggered
the intracellular Ca2� mobilization and inositol triphosphate
accumulation in muscle; thus, intracellular signal changes
might also be required for the action of agrin in directing
AChR aggregation (13–15).

We also note that the P2Y1 receptor is, exceptionally for P2Y
receptors, widely expressed on brain neurons (44). ATP is
known to be generally co-released at central and peripheral
cholinergic and bioaminergic (and even some GABA-ergic; Ref.
45) neuronal synapses. Further, it has been reported that an
ionotropic ATP receptor, P2X7, is widespread at brain excita-
tory pre-synaptic terminals (46), suggesting ATP co-transmis-
sion there. Hence, further investigation is indicated as to
whether the post-synaptic actions of the P2Y1 receptor now
being uncovered at the nmj have a wider relevance at such
central synapses.
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