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Abstract

The aggregation of nicotinic acetylcholine receptors (AChRs) is an early hallmark of the formation
of neuromuscular junction (NMJ), and nitric oxide is recently known to play an important role. In many
NMJ studies, nerve-muscle coculture model was used, and NG108-15 cells, a neuroblastoma ××××× glioma
hybrid cell line, were the most frequently used nerve cells.  However, possible contributions from glial
cells could not be excluded.  In this study, Neuro-2a neuroblastoma cells were used instead to coculture
with myotubes, and the relationship between AChR aggregation and spatiotemporal expression and
activation of nNOS (neuronal nitric oxide synthase) was examined.  Upon coculture, AChR aggregates
were observed by FITC-conjugated ααααα-bungarotoxin, and double labeling of AChRs and neurofilament
showed that the neurites of a Neuro-2a cell innervated several myotubes.  After treating the cocultures
with single dose of L-NAME at the end of 1 day coculturing, only slight effect on AChR aggregation could
be found indicating that nNOS is not related to the initial formation of AChR aggregates.  In contrast,
when L-NAME treatment was given at the end of a 3-day coculturing, the day just before reaching the
maximum extent of AChR aggregation, new AChR aggregates were hardly formed and the preformed
AChR aggregates were even dispersed indicating that the enlargement of AChR aggregates is highly
dependent on the nNOS activity.  Double-labeling study of nNOS and AChR further showed that the
coupling of membranous nNOS to regions nearby the AChR aggregates was essential for the enlargement
of AChR aggregates.  These results not only revealed the spatiotemporal relationship between AChR
aggregation and nNOS activity but also verified the feasibility and usefulness of using Neuro-2a cells in
a coculture model.
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Introduction

Synaptogenesis is a complex process that is best
understood at the neuromuscular junction (NMJ).
During the formation of NMJ, the muscle fibers undergo
a specialization process in the synaptic regions upon
contact by the incoming motor nerve terminal (15).
At this peripheral cholinergic synapse, many identified

proteins interact to form a postsynaptic apparatus in
the muscle, whose hallmark is the aggregation of
nicotinic acetylcholine receptors (AChRs) beneath
the nerve terminal (17, 26, 35, 39).  In the immature
myotube, mobile AChRs are dispersed throughout the
membrane.  During innervation, AChRs become stably
localized to the site of nerve-muscle contact, which is
due both to clustering of the preexisting receptor and
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to local insertion of the newly synthesized receptor.
Nerve-derived agrin is thought to be required for
rapid aggregation of the AChRs, initially through a
redistribution of preexisting receptors (8, 12, 24).
This agrin-induced clustering of the neurotransmitter
receptor allows functional, synaptic transmission from
early stages of NMJ formation.

Agrin-induced AChR aggregation is regulated
by several signaling intermediates.  Once recruited
from sarcolemma areas by agrin, AChRs become
aggregated to typical membrane clusters probably
mediated by a muscle-specific receptor tyrosine kinase
(MuSK) (11, 16) and/or AChR/43K-rapsyn interactions
(2).  Recently, nitric oxide (NO) has also been recognized
to play a role in agrin-induced AChR aggregation
(18).  Three forms of nitric oxide synthase (NOS)
encoded by distinct genes exist, neuronal NOS (nNOS),
endothelial NOS (eNOS) and inducible NOS (iNOS)
(13).  Among them, nNOS has been identified to bind
to cytosolic domains of the sarcolemmal dystrophin/
utrophin-glycoprotein complex (DUGC) via dystrophin/
α -1 syntrophin-PDZ interactions (6) and to be
concentrated at the NMJ together with other functional
complexes (9, 31, 37), suggesting important functions
for NO in muscle biology.  As nNOS is a calcium/
calmodulin-dependent enzyme, a calcium influx is
assumed to be a critical step in the cascade of events
leading to nNOS activation.  This idea coincides with
recent suggestion that calcium-activated signaling
cascades were involved in synaptic membrane
aggregating based on the results reporting that the
intracellular calcium signals were essential for assembly
and maintenance of AChR clusters (5, 25).

Similar to the muscle-specific markers dystrophin
and dystroglycan early in myoblast/myotube
differentiation, the pattern of NOS expression ap-
pears to be shifted from cytosolic compartments to
sarcolemmal position at later development stages,
suggesting subcellular NOS targeting during ongoing
muscle cell development and maturation (3).  A re-
cent study further confirms that, in agrin-treated cul-
tured myotubes, nNOS, which is expressed diffusely
in the cytosol of differentiated myotubes, becomes
coclustered with AChRs, 43K-rapsyn, MuSK and
members of the DUGC, which may reflect site-spe-
cific NO-signaling pathways in NMJ formation and
functions (21).  Thus, agrin-signaling appears to be
essential for translocation and aggregation of nNOS
to sarcolemma and synaptic specializations on myotubes.
The exact mechanism for targeting of cytosolic nNOS
to membrane complex or NMJ is not well understood.
However, Blottner and Luck (4) have proposed a
working model based on accumulated evidence from
their studies and those of others.  They suggest that
there are at least three principal mechanisms for
targeting of nNOS: [1] via the exocytotic pathway as

preformed nNOS-AChR/syntrophin complex associ-
ated to transport vesicles, [2] via anchoring of NOS at
syntrophin associated to plasma membrane, and/or
[3] via step-by-step assembly as preformed nNOS-
dystrophin/utrophin or dystrobrevin modules targeted
directly from the cytosol to respective protein scaf-
folds to form functional postsynaptic complexes.
Furthermore, NO has been demonstrated to be a down-
stream mediator in agrin-induced AChR clustering
and AChR β phosphorylation, as shown by using
NOS inhibitors and NO donors (18).  The downstream
targets of NO could, in principle, involve Src family
kinases that are activated by NO in fibroblasts (1);
this idea is attractive because of the activation of Src-
family kinases by agrin in myotubes and their role in
stabilization of AChR clusters (27, 36).

Although the major functions of NO for muscle
cells have been described in the developmental biology,
which include facilitating fusion of cultured single
myoblasts to polynucleated myotubes (20) and
functioning as a retrograde messenger in synaptic
signaling in myocyte/neuronal cocultures (38), recent
evidence further shows a role of NO in AChR aggregation
as previously mentioned.  However, the expression
timing and subcellular localization of NOS in muscle
cells during the process of AChR aggregation remain
unclear.  In addition, the nerve-muscle coculture model
for studying NMJ mostly uses NG108-15 cells, a
neuroblastoma × glioma hybrid cell line, to coculture
with myotubes, but, the possible contribution from
glial cells could not be excluded.  Therefore, Neuro-2a
neurobalstoma cells were used in this study to coculture
with myotubes, and the relationship between the AChR
aggregation and the spatiotemporal nNOS expression
and activation was examined.  Treatment of NOS
inhibitor was given to examine the effect on the extent
of AChR aggregation during different coculture stages.

Materials and Methods

Cell Culture

Mouse G-8 muscle cells and mouse Neuro-2a
neuroblastoma cells were purchased from ATCC
(Rockeville, MD, USA), and all tissue culture reagents
were purchased from GIBCO (Grand Island, NY,
USA).  G-8 cells were grown as myoblasts on 35 mm
culture dishes (Nunc, Naperville, IL, USA) in medium
containing Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% horse serum and
10% fetal bovine serum (FBS), 100 U/ml penicillin G,
and 100 mg/ml streptomycin.  Neuro-2a cells were
maintained undifferentiated on 25 T flasks (Nunc,
Naperville, IL, USA) in medium containing minimum
essential medium (MEM) supplemented with 10%
FBS, non-essential amino acids, 100 U/ml penicillin
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G, and 100 mg/ml streptomycin. For neuron-muscle
cocul tures ,  G-8 myoblasts  were induced to
differentiate and fuse into myotubes by using the
culture medium composed of DMEM supplemented
with 0.5% horse serum and 0.5% FBS.  Formation of
myotubes was usually apparent after 2 days in this
fusion medium.  Differentiation of Neuro-2a cells
was induced by culturing with medium composed of
MEM supplemented with 1% FBS.  In the cocultures,
the 4-day-old differentiated Neuro-2a cells were plated
onto the 6-day-old G-8 myotubes in a 35 mm culture
dish coated with 100 µg/ml vitrogen (Cohesion, Palo
Alto, CA, USA) for various periods of time as indicated
(0-6 days).  In addition, cultures of G-8 myotubes
without Neuro-2a were also made to assay the
spontaneous AChR aggregation in the same time
course.  All cocultures and myotube cultures were
grown in DMEM medium with 0.5% horse serum and
0.5% FBS, and the media were not changed till the
end of experiment.  All cultures were grown in a
humidified incubator at 37°C and 95% air-5% CO2.

Treatment of NOS Inhibitor

L-NAME (Nω-nitro-L-arginine methyl ester),
an irreversible inhibitor of nNOS and reversible inhibitor
of iNOS, was purchased from Sigma (St. Louis,
MO, USA).  Stock solutions of 1000 mM L-NAME
were prepared in DMEM with 0.5% horse serum and
0.5% FBS.  One dose of 200 µl L-NAME with final
concentrations at 10, 1 and 0.1 mM were applied to
dishes after coculturing for 1 day and 3 days, respectively.
As for the parallel control coculture group, one dose
of 200 µl DMEM with 0.5% horse serum and 0.5%
FBS was given at the same time point.

Choline Acetyltransferase (ChAT) Immunofluorescent
Stain

ChAT is the enzyme that is responsible for the
synthesis of acetylcholine (40).  In order to examine
the ability of mouse Neuro-2a cells in synthesizing and
releasing acetylcholine, ChAT immunofluorescent stain
was performed.  Cultures of 4-day-old differentiated
Neuro-2a cells were washed with PBS, fixed in 100%
methanol for 2 min, washed again with PBS, and
blocked with 10% normal goat serum in PBS contain-
ing 0.2% Triton X-100 for 1 h at room temperature.
Then, cultures were incubated for 1 h at room tempera-
ture with 1:100 rabbit anti-ChAT antibody (Chemicon
International, Inc., Temecula, CA, USA) in PBS with
1% bovine serum albumin, rinsed in PBS, incubated
for 1 h with 1:1000 rhodamine (TRITC) -conjugated
goat anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA), rinsed with
PBS, air dried, and coverslip mounted for fluorescence

microscopy.  In a control study, cultures were pro-
cessed as described above except that primary anti-
ChAT antibody was omitted, which resulted in very
little immunostaining.  Fluorescent and phase contrast
images were observed under a Zeiss Axiophot micro-
scope equipped with fluorescence and phase optics,
and were captured by a CoolSNAP cf digital camera
(Media Cybernetics, Silver Spring, MD, USA).

Detection of AChRs

AChR aggregates on G-8 myotubes were de-
tected using FITC-conjugated α-bungarotoxin (Sigma,
St. Louis, MO, USA).  Cultures were washed with
PBS, fixed for 2 min with 100% methanol, washed
again with PBS, and then incubated with 1:100 FITC-
conjugated α-bungarotoxin for 1 h at room tempera-
ture in the dark.  Finally, cultures were washed and
coverslip mounted for fluorescence microscopy. The
AChR aggregates were examined with a Zeiss
Axioskop 2 plus microscope (West Germany)
equipped with phase and fluorescence optics.  Fluo-
rescent images of AChR aggregates were captured
along with phase contrast images of the myotubes by
a CoolSNAP digital camera (RS Photometrics, West
Germany).  All photographs were taken with fixed
exposure time of 3000 ms.  In order to measure the
area of AChR aggregate, the images were analyzed
using Image-Pro Plus software version 4.1 (Media
Cybernetics, Silver Spring, MD, USA).

Quantification of AChR Aggregation

For quantification of AChR aggregates, 20 square
areas (2 × 2 mm2 each) were chosen randomly from
each culture dish.  Myotubes possessing at least 5
nuclei were identified under phase contrast optics first
and then their AChR aggregates were examined under
fluorescence optics.  Only AChR aggregates exceeding
2 µm2 were counted.  Three values would be analyzed
including the percentage of myotubes possessing AChR
aggregates, the area of an AChR aggregate, and the
number of AChR aggregates per myotube.  At least
triplicate dishes (≥60 areas) were counted for each
independent experiment.  Statistical differences were
assessed by one-way ANOVA and post hoc test.

Double Labeling for AChRs/Neurofilament and AChRs/
nNOS

In order to observe the targeting of the Neuro-2a
cell to the G-8 myotube, double fluorescent staining
for AChRs and neurofilament was performed.  The
neurofilament proteins are the major cytoskeletal el-
ements found in both the central and peripheral ner-
vous system and are normally restricted to neurons.
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Fig. 1. ChAT immunoreactivities were observed in the undifferentiated (A) and 4-day-old differentiated (B) Neuro-2a cells.  The left
panels show the phase contrast image, and the right panels show the same area observed with fluorescence optics.  Scale bar =
30 mm.

Cultures were washed with PBS, fixed for 2 min
with 100% methanol, washed again with PBS, and
blocked with 10% normal goat serum in PBS for 1 h
at room temperature.  Then, cultures were incubated
1 h at room temperature with 1:600 rabbit anti-
neurofilament-200 antibody (Sigma, St. Louis, MO,
USA) in PBS with 1% bovine serum albumin, rinsed
in PBS, incubated 1h with 1:1000 rhodamine (TRITC)-
con juga ted  goa t - an t i - r abb i t  I gG ( Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA,
USA) in PBS with 1% bovine serum albumin and 1:
100 FITC-conjugated α-bungarotoxin in PBS, rinsed
with PBS, air dried, and coverslip mounted for fluo-
rescence microscopy.  In a control study, cultures
were processed as described above except that pri-
mary anti-neurofilament antibody or FITC-conjugated
α-bungarotoxin was omitted, which resulted in very
little immunostaining.

In addition, double fluorescent staining for
AChRs and nNOS were made to examine the spa-
tiotemporal relationship between AChR aggregation
and nNOS expression on the G-8 myotubes.  Cultures
were washed with PBS, fixed for 2 min with 100%
methanol, washed again with PBS, incubated in PBS
containing 0.2% Triton X-100 for 10 min, and blocked
with 10% normal goat serum in PBS for 30 min at

room temperature.  Then, cultures were incubated
for 1 h at room temperature with 1:100 rabbit anti-
nNOS antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) in PBS with 1% normal goat serum,
rinsed in PBS, incubated 1h with 1:800 rhodamine
(TRITC)-conjugated goat-anti-rabbit IgG (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA,
USA) in PBS with 1% bovine serum albumin and 1:
100 FITC-conjugated α-bungarotoxin in PBS, rinsed
with PBS, air dried, and coverslip mounted for fluo-
rescence microscopy.  In a control study, cultures
were processed as described above except that pri-
mary anti-nNOS antibody or FITC-conjugated α -
bungarotoxin was omitted.  In all cases, the omission
of nNOS antibodies or α-bungarotoxin resulted in the
lack of specific labeling.  The percentages of nNOS/
AChR coclustering were estimated by dividing the
number of nNOS coclusters by the total number of
AChR aggregates in merged image fields for each
randomly chosen area.

Results

Expression of ChAT in Neuro-2a Cells

Antibody against ChAT recognized its antigen in
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Fig. 2. The AChR aggregation was identified by FITC-conju-
gated a-bungarotoxin while the G-8 myotubes were
cocultured with Neuro-2a cells for 2 days (A, C) or were
cultured alone at the same time point (B, D).  Panels
A, B show the phase contrast images (A, B), and Panels
C, D show the same areas observed with fluorescence
optics (C, D).  Upon coculture of G-8 myotubes with
Neuro-2a cells, AChR aggregates (arrowheads) were
formed on the myotube (C).  In contrast, AChRs were
expressed diffusely within the myotubes cultured alone
(D). Circle indicates myonucleus. Scale bar = 30 mm.

the undifferentiated and 4-day-old differentiated Neuro-
2a cells (Fig. 1).  Both the cell body and the neurites
were labeled in differentiated cells (Fig. 1B).  This
result confirms that the differentiated Neuro-2a cell
ready to coculture, similar to motor neuron, is cholinergic.

Formation of AChR Aggregates in Neuro-2a Cell/G-8
Myotube Coculture Model

The AChR on the G-8 myotubes was identified
by FITC-conjugated α-bungarotoxin.  Upon coculture
of G-8 myotubes with Neuro-2a cells, AChR aggre-
gates were formed (Fig. 2).  The percentage of myotubes
possessing AChR aggregates and the area of an AChR
aggregate increased significantly as the coculturing
period prolonged, and the maximum values were
reached after 4- and 5-day coculturing, respectively.

However, the number of AChR aggregates per myotube
remained constant throughout the 6-day coculturing
period (Fig. 3, 4).  Spontaneous clustering of AChR
on G-8 myotubes was observed occasionally when
myotubes were cultured alone.  However, the per-
centage of myotubes possessing AChR aggregates,
the area of an AChR aggregate, and the number of
AChR aggregates per myotube were significantly less
than that induced by coculturing (Fig. 3, 4).

Fig. 3. Three values including the percentage of myotubes pos-
sessing AChR aggregates, the area of an AChR aggregate,
and the number of AChR aggregates per myotube were
measured every day until the end of experiment.  Com-
parisons were made among four groups that consisted of
control coculture without L-NAME treatment and
cocultures with various doses (0.1, 1, 10 mM) of L-
NAME treatment at the end of 1-day coculturing.  No
significant difference could be found in all comparisons.
When myotubes were cultured alone, significantly smaller
values were shown while comparing with those of the
control coculture.  Data are shown in mean ± S.E.
(standard error).  Significant differences for group of
myotubes cultured alone are shown as *P < 0.05, **P <
0.01 (one-way ANOVA and post hoc test).
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Targeting of Neuro-2a Cells to the G-8 Myotubes

Figure 5 shows the result of double labeling for
AChRs and neurofilament after 2 days coculturing.
The neurites of a Neuro-2a cell innervated several

myotubes, and the AChR aggregate was observed at
the opposite site on the myotube.  This phenomenon
appeared frequently in this model, and it indicated
that the location of AChR aggregate was closely
related to the contact of neurite.

Antagonism of AChR Aggregation by NOS Inhibitor

Our preliminary experiment showed that 100
mM L-NAME had toxic effects on Neuro-2a and G-8
cells, thus single dose of L-NAME with final concen-
trations at 10, 1 or 0.1 mM was applied to dishes after
1-day and 3-day coculturing, respectively.  Serial
spatiotemporal patterns of AChR aggregation were
examined until the end of 6-day coculturing.  No
effect could be found when L-NAME was treated at

Fig. 4. Three values including the percentage of myotubes pos-
sessing AChR aggregates, the area of an AChR aggregate,
and the number of AChR aggregates per myotube were
measured every day until the end of experiment.  Com-
parisons were made among four groups that consisted of
control coculture without L-NAME treatment and
cocultures with various doses (0.1, 1, 10 mM) of L-
NAME treatment at the end of 3 days coculturing.  After
L-NAME treatment, significantly lower values in the
percentage and the area were shown especially in the next
day.  No significant difference could be found in the
number of AChR aggregates among four groups.  Both
groups of control coculture and myotubes cultured alone
are identical as those shown in Figure 3.  Data are shown
in mean ± S.E. (standard error).  Significant differences
for the group of myotubes cultured alone are shown as
*P < 0.05, **P < 0.01, and those for groups with L-
NAME treatment are shown as #P < 0.05, ##P < 0.01
(one-way ANOVA and post hoc test).

Fig. 5. Double fluorescent labeling for AChRs and neurofilament
after 2-day coculturing was shown.  (A) AChR aggre-
gates labeled by FITC-conjugated a-bungarotoxin were
observed (asterisk).  (B) Neuro-2a cell was identified by
anti-neurofilament-200 antibody with rhodamine
(TRITC)-conjugated IgG.  (C) Merged image showed
the close correlation between the locations of AChR
aggregate and the contact of neurite (asterisk).  Scale bar
= 30 mm.
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the end of 1-day coculturing (Fig. 3).  In contrast,
obvious attenuation in AChR aggregation with no
obvious concentration-dependence was observed af-
ter giving L-NAME at the end of 3-day coculturing.
The percentage of myotubes possessing AChR
aggregates and the area of an AChR aggregate de-
creased significantly especially on the first day fol-
lowing NOS inhibitor treatment, but the number of
AChR aggregates per myotube was not changed (Fig.
4).

Co-Clustering of nNOS and AChR

Before coculturing, the 6-day old G-8 myotubes
revealed diffuse staining for both nNOS and AChR,
which indicated that their expressions were predomi-
nantly cytosolic (Fig. 6A).  Following the 4-day
coculturing with Neuro-2a cells, the results of double-
labeling showed that cytosolic nNOS was localized at
the region near the AChR aggregates (Fig. 6B).
However, this nNOS/AChR coclustering pattern was
not observed frequently when the Neuro-2a/G-8
coculture was treated with NOS inhibitor L-NAME at
the end of 3-day coculturing.  Instead, diffuse local-
ization pattern of cytosolic nNOS was shown again
(Fig. 6C).  In addition, quantitative evaluation re-
vealed that, after 4-day coculturing, the percentages
of nNOS/AChR coclustering did not change signifi-
cantly when treating L-NAME at the end of 1-day
coculturing, but, a significant decrement in percent-
ages was shown when the L-NAME treatment was
given at the end of 3-day coculturing (Fig. 7).

Discussion

Earlier studies showed that small depolarizing
synaptic potentials were recorded in myotubes
cocultured with NG108-15 cells, but not recorded in
those cocultured with Neuro-2a cells (19, 28, 29, 41).
In addition, many aspects of NG108-15 cells are

Fig. 7. Following 4-day coculturing, a significantly dose-de-
pendent decrement in the percentages of nNOS/AChR
coclustering was shown when treating L-NAME at the
end of 3-day coculturing.  *: P < 0.05 among four groups
(one-way ANOVA).  No obvious change could be found
when treating L-NAME at the end of 1-day coculturing.

Fig. 6. Expression patterns of nNOS and AChR aggregates on G-8 myotubes which were cultured alone or cocultured with Neuro-2a
cells, with or without L-NAME treatment.  (A) A representative G-8 myotube cultured alone for 6 days showed diffuse and
cytosolic expressions for nNOS and AChRs. No clear colocalization could be found.  (B) When G-8 myotubes were cocultured
with Neuro-2a cells for 4 days without L-NAME treatment, obvious colocalization of nNOS and AChR aggregates was shown
(arrowheads).  (C) After treating L-NAME at the end of 3-day coculturing, membranous nNOS became cytosolic and diffuse,
AChR aggregates became smaller or less (arrows), and thus the colocalization pattern was not seen.  Circle indicates myonucleus
and asterisk indicates Neuro-2a cell.  Scale bar = 30 mm.
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found similar to motor neurons.  For example, they
are both cholinergic, form functional neuromuscular
synapses when cocultured with muscle cells, contain
agrin to induce AChR aggregation, and express
neuregulin to induce AChR upregulation (7, 10, 33,
34).  Therefore, in the past, a frequently used study
model for in vitro synaptogenesis was the coculture
of myotubes with NG108-15 cells, while the Neuro-
2a neuroblastoma cells were rarely used to coculture
with muscle cells.  However, NG108-15 is a neuro-
blastoma × glioma hybrid cell line possessing fea-
tures of both cell types.  It has been demonstrated that
glial cells contribute to the formation of neuromuscu-
lar synapse.  The interactions of motor neurons with
glial cells are shown to be important for the differen-
tiation and maintenance of NMJ (32).  Furthermore,
Mars and colleagues found that differentiation and
long-term stability of NMJ in vitro depend on the
presence and codifferentiation of neuronal and glial
cells; however, their data do not indicate which fac-
tors are essential for NMJ differentiation and matura-
tion (23).  In contrast, dissociated motor neurons
cocultured with muscle do not survive sufficiently
long to allow formation of mature NMJ (30, 22).
Therefore, establishing a coculture model that could
eliminate the possible contribution from glial cells is
needed and especially suitable for studying early
events of NMJ formation.  Neuro-2a cell was then
considered to be the candidate for coculture with
myotubes because ChAT activity has been demon-
strated in the Neuro-2a cells regardless of their differ-
entiation (14).  In addition, the expression of ChAT in
the Neuro-2a cells was also observed in the present
study.  These findings that the Neuro-2a cells possess
the ability to synthesize and release acetylcholine
enhance the possibility that Neuro-2a cells are ca-
pable of innervating the muscle cells.  By evaluating
the formation of AChR aggregation on the myotubes
and the double labeling for AChRs and neurofilament,
a coculture model of Neuro-2a cells and G-8 myotubes
was established successfully.

In our Neuro-2a/G-8 coculture model, AChR
aggregates were first observed on some myotubes
after 1-day coculturing.  During the 6-day coculturing
period, the number of the AChR aggregates per
myotube remained constant, but the percentage of
myotubes possessing AChR aggregates and the area
of an AChR aggregate increased gradually and reached
their maximum values around 4th or 5th day
coculturing, and then decreased gradually till the end
of 6-day coculturing.  In the coculturing system, each
G-8 myotube was innervated at different time points
so the appearance of AChR aggregation varied among
myotubes that resulted in the increase of the percentage
of myotubes which possessed AChR aggregates as
the coculturing period increased.  Once the AChR

aggregates were formed on the myotube after
coculturing, the aggregates enlarged gradually as the
coculturing period increased.  However, only limited
number of AChR aggregates could be formed on each
myotube and, subsequently, new aggregates could
hardly be formed on the same myotube, which resulted
in the constant number of AChR aggregates per
myotube.  As for the decrement shown in the values of
the percentage and the area indicating a dispersal of
AChR aggregate, after 4- or 5-day coculturing, might
be due to the insufficiency of uncertain factors in the
growth medium that was not changed during the
whole period of coculturing.

As for the effect of NOS inhibitor on the AChR
aggregation in our coculture model, no influence was
found during the period of 6-day coculturing after
treating single dose of L-NAME at the end of 1-day
coculturing.  Following the treatment of L-NAME
given at the end of 3-day coculturing, the number of
AChR aggregates per myotube was not changed.
However, obvious decreases were found in the per-
centage of myotubes possessing AChR aggregates
and in the area of an AChR aggregate.  These findings
indicated a significant reduction in the extent of
AChR aggregation and a possible dispersal of previ-
ously formed AChR aggregates.  Comparing with the
study made by Jones and Werle (18), when treated
with NOS inhibitors not only was the number of
AChR aggregates significantly reduced, but the size
of aggregates that did form were significantly smaller
as well.  This suggested that NOS inhibition inter-
fered with AChR aggregate maturation into large
aggregates in addition to hampering initial aggregate
formation.  The discrepancy in the effect of NOS
inhibitor on the number of AChR aggregates was
supposed to be caused mainly by the different ways
that induce AChR aggregation.  In their study, agrin
is added directly into the culture dish to elicit AChR
aggregation on the myotubes.  By this way, the effect
of agrin on myotubes should be even and thus the
AChR aggregates are formed along the length of the
myotube.  In contrast, G-8 myotubes were cocultured
with Neuro-2a cells in this study, and thus the AChR
aggregates were formed primarily at or near the sites
of nerve-muscle contact.  Accordingly, the number of
AChR aggregates per myotube counted in this study
(< 5 aggregates) was less than that of the study of
Jones and Werle (around 8 aggregates).  In addition,
differences in the kind of NOS inhibitor, the criteria
for quantification of AChR aggregates, and the time
point for evaluating the AChR aggregation following
treatment of NOS inhibitor also might have rendered
this controversial result.

The expression pattern of nNOS and the asso-
ciation of nNOS and AChRs have been shown in
previous studies.  In myogenic cultures of mouse
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C2C12 cells, both myoblasts and myotubes showed
diffuse nNOS immunoreactivities that were localized
in the cytosol and/or at perinuclear regions.  No
changes in nNOS immunoreactivity were seen in
long-term myotube cultures over 2 or 3 weeks (3).
After treatment with active agrin constructs, nNOS
has been shown to cocluster with AChRs in C2C12
skeletal myotubes (20).  Results of these studies
provide strong support for our data that diffuse nNOS
expression pattern was observed before coculturing
and during the first 3 days of coculturing and obvious
colocalization of nNOS and AChR aggregates was
found by 4-day coculturing.  In our study, only small
and patch-like AChR aggregates could be formed
during the first 3 days of coculturing.  Then, the
immunocytochemical results showed that cytosolic
nNOS translocated to the region beneath the sarco-
lemma and nearby the AChR aggregates by 4-day
coculturing, and the AChR aggregates were enlarged.
Following the treatment of L-NAME at the end of 3-
day coculturing, the day just before reaching the
maximum extent of AChR aggregation, translocation
of cytosolic nNOS did not happen, and new AChR
aggregates could hardly be formed.   Besides, a mod-
erate dispersal of preformed AChR aggregates was
found.  These results indicated that the membranous
nNOS might provoke the free mobile AChRs to clus-
ter towards the preformed AChR  aggregates.  During
the first 3 days of coculturing, cytosolic nNOS did not
translocate to sarcolemma and thus could not induce
the signaling pathway to recruit mobile AChRs to
form large aggregates.  After single dose treatment of
L-NAME given at the end of 1 day coculturing, no
obvious depressive effect on the formation and en-
largement of AChR aggregates could be found, which
is caused by the fact that early L-NAME treatment
could not persist its action until nNOS translocation
occurred.  According to these results, it is suggested
that nNOS activity is not related to the initial forma-
tion of small AChR aggregates.  In contrast, the
gradual enlargement of AChR aggregates during the
later period of the coculturing is highly dependent on
the activity of the membranous nNOS.

As previously mentioned, it has been demon-
strated that both nerve-derived agrin induced AChR
aggregation and the activity of nNOS are Ca2+-depen-
dent (25).  Since nNOS is concentrated at the NMJ
due to its binding to syntrophin (6), a hypothesis that
the agrin-induced activation of MuSK results in an
increase of intracellular Ca2+ and thus activates nNOS
is proposed (18).  Ensuing production of NO then
affects a yet to be determined pathway that leads to
the formation of AChR aggregation.  Several possible
ways that NO could induce AChR aggregation at the
synapse has been well discussed by Jones and Werle
(18).  In short, three candidate molecules localized

close to nNOS at the NMJ are involved for transduc-
ing NO signals.  The first is the activation of cGMP-
dependent protein kinase (PKG) through a NO-cGMP
pathway and the subsequent inactivation of protein
kinase C (PKC), which permits AChR aggregates to
be formed.  The second is the nitrosylation of rapsyn
by NO, which allows rapsyn to anchor the AChRs to
the MuSK scaffold and thus the aggregate is formed.
The third is the concurrent activation of Src family
kinases associated with the AChRs and inactivation
of the AChR-specific phosphatases by NO, which
results in the phosphorylation of AChR β subunit
followed by clustering of AChRs into aggregates.
However, further investigations are needed to con-
firm the exact signaling pathway.

To conclude, nNOS was not related to the initial
formation of AChR aggregates; however, the en-
largement of AChR aggregates occurred in the later
period of coculturing was highly dependent on the
activity of the membranous nNOS.  In addition,
double-labeling study of nNOS and AChR showed
that the coupling of membranous nNOS to regions
nearby the AChR aggregates was required for the
enlargement of AChR aggregates.  These results not
only revealed the spatiotemporal relationship between
AChR aggregation and nNOS activity, but most
importantly, also verified the feasibility of using
Neuro-2a cells instead of NG108-15 cells to coculture
with myotubes.  This coculture model would be very
useful when the effects from glial cells should be
excluded.
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