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Agrin released by motoneurons induces and/or maintains
acetylcholine receptor (AChR) clustering and other aspects of
postsynaptic differentiation at the vertebrate neuromuscular
junction. Agrin acts by binding and activating a receptor com-
plex containing LDL receptor protein 4 (Lrp4) and muscle-spe-
cific kinase (MuSK). Two critical downstream components of
this signaling cascade, Dox-7 and rapsyn, have been identified.
However, additional intracellular essential elements remain
unknown. Prior observations by others and us suggested antag-
onistic interactions between agrin andneuregulin-1 (Nrg-1) sig-
naling in cultured myotubes and developing muscle fibers in
vivo. A hallmark of Nrg-1 signaling in skeletalmuscle cells is the
activation of extracellular signal-regulated kinases 1 and 2
(ERK1/2). ERK1/2 are also activated in most cells by phorbol
12-myristate 13-acetate, a classical inhibitor of agrin-induced
AChR clustering inmyotubes. Here, it was investigated whether
agrin activates ERK1/2 directly and whether such activation
modulates agrin-induced AChR clustering. Agrin induced a
rapid but transient activation of ERK1/2 in myotubes that was
Lrp4/MuSK-dependent. However, blocking this ERK1/2 activa-
tion did not prevent but potentiated AChR clustering induced
by agrin. ERK1/2 activation was dispensable for Nrg-1-medi-
ated inhibition of the AChR clustering activity of agrin, but was
indispensable for such activity by phorbol 12-myristate 13-ace-
tate. Together, these results suggest agrin-induced activation of
ERK1/2 is a negative modulator of agrin signaling in skeletal
muscle cells.

For more than a decade, three proteins have stood out as the
essential signaling partners in vertebrate neuromuscular junc-
tion (NMJ)2 synaptogenesis. Agrin, a proteoglycan released by
motoneurons that induces and/or maintains acetylcholine
receptor (AChR) clustering and other aspects of postsynaptic
differentiation (1). MuSK, a receptor tyrosine kinase activated
by agrin (2, 3); and rapsyn, an intracellular peripheral mem-
brane protein that binds to AChRs (4, 5). Recently, two addi-

tional key components of this signaling pathway have been dis-
covered: Lpr4, a LDL-like receptor protein that binds agrin and
associates withMuSK (6, 7); and Dok-7 (8), a phosphotyrosine-
binding protein that binds to activatedMuSK. In the absence of
any of these proteins, neuromuscular synapses simply fail to
form in vivo (8–12). Despite this impressive progress, how
agrin-induced MuSK activation leads to AChR clustering
remains elusive as additional critical intracellular components
of the core pathway are yet to be identified.
Previously, Trinidad and Cohen (13) showed that in cultured

myotubes agrin-induced AChR clustering was inhibited by co-
treatment with Nrg-1. We showed that agrin failed to cluster
AChRs in cultured myotubes expressing a constitutively active
neuregulin receptor ErbB2 (14). Importantly, when expressed
in developing muscle fibers in vivo, constitutively active ErbB2
led to synaptic loss resembling the neuromuscular phenotype
in mice deficient for agrin (14). These results suggested antag-
onistic interactions between the neuregulin and agrin signaling
pathways in developing skeletal muscle and raised the possibil-
ity that understanding themolecular mechanisms that mediate
such interaction may lead to better understanding of normal
agrin signaling. Sustained activation of ERK1/2 is a major sig-
naling event induced by Nrg-1 on skeletal muscle cells (15, 16).
Furthermore, phorbol 12-myristate 13-acetate (PMA), a protein
kinaseC (PKC) activator thatwas among the first identified inhib-
itors of agrin-inducedAChR clustering onmyotubes (17, 18), also
induces activation of ERK1/2 in most cells. Here, it was investi-
gated whether agrin can activate ERK1/2 directly and whether
such activation can modulate agrin-induced AChR clustering. It
was found that agrin indeed induces a rapid but transient activa-
tion of ERK1/2 inmyotubes that is Lrp4/MuSK-dependent. How-
ever, blocking this ERK1/2 activation does not prevent but poten-
tiates AChR clustering induced by agrin. ERK1/2 activation is not
required for Nrg-1-mediated inhibition of the AChR clustering
activity of agrin, butmediates such activity by PMA. These results
implicate agrin-inducedERK1/2 activation in a feedback loop that
negatively modulates agrin signaling to muscle cells.

EXPERIMENTAL PROCEDURES

Materials—Recombinant rat C-terminal agrin was from
R&D Systems. Most experiments were done with the carrier-
free product (catalogue number 550-AG/CF). The carrier
(BSA)-containing product (catalogue number 550-AG) was
also used in some experiments with similar results. Recombi-
nant human Nrg-1-�1 EGF domain was from R&D Systems.
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PMA and U0126 were purchased from Sigma. PD0325901 was
purchased from Selleck. PMA, U0126, and PD0325901 were
dissolved in dimethyl sulfoxide (Sigma). DMEM, gentamicin,
and phosphate-buffered saline (PBS) without CaCl2 andMgCl2
were from Invitrogen. FBS and horse serum were from Gemini
Bio-Products. Matrigel was from BD Biosciences. Chick
embryo extract was from Sera Laboratories International.
Interferon-� was from PeproTech. Anti-phospho-ERK1/2
(number 9101) and anti-total ERK1/2 (number 9102) pri-
mary antibodies were from Cell Signaling Technology. HRP-
conjugated secondary antibodies were from Jackson
ImmunoResearch. The Western Lighting Enhanced Chemi-
luminescence kit used for developing Western blots was
from PerkinElmer Life Sciences. Rhodamine-�-bungaro-
toxin was from Molecular Probes (Invitrogen). Vectashield
mounting medium was from Vector Labs.
Cell Growth and Differentiation—The C2 cells used in this

study were initially derived from C2 cells in the Burden lab
(Skirball Institute, New York University Medical Center). They
have been used in the Rimer lab since 2001. Myoblasts were
grown on Matrigel in DMEM, 15% FBS, 0.5% chick embryo
extract, and 50 �g/ml of gentamicin. To slow their growth,
myoblasts were often grown with the above medium but using
10% FBS. At confluence, myoblasts were switched into differ-
entiation medium (C2DM) containing DMEM, 2.5% horse
serum, and 50 �g/ml of gentamicin. C2 cells were grown and
differentiated in a humidified incubator at 37 °C, 5%CO2.Myo-
tubes were used for experiments after 2–3 days in C2DM.
Wild type, Lrp4�/�, and MuSK�/� immorto� cells were a

kind gift of StevenBurden andRuthHerbst (Medical University
of Vienna). Immorto� cells were grown in a humidified incu-
bator at 33 °C in 10% CO2 in the following medium: DMEM
(with sodium pyruvate), 15% FBS, 2% chicken embryo extract,
50�g/ml of gentamicin, and 100�g/ml of interferon-�. At con-
fluence they were differentiated in a humidified incubator at
39 °C in 10% CO2 in the following medium: DMEM (with
sodium pyruvate), 10% FBS, 10% horse serum, 0.5% chicken
embryo extract, 50 �g/ml of gentamicin. Myotubes were used
for experiments after 2–3 days in differentiation medium.
ERK1/2 Activation Assays—For these experiments C2 cells

were grown and differentiated in 60-mm dishes. Myotubes
were switched into DMEM � gentamicin for about 4 h before
treatment. This medium was replaced with fresh medium pre-
viously warmed at 37 °C, with or without 0.1 nM agrin. Dishes
were returned to the incubator and at different times thereafter,
the dishes were taken out and the medium was aspirated and
replaced with ice-cold PBS. Such dishes were kept on ice until
lysateswere prepared. 1ml/dish of the following lysis bufferwas
used: 25 mM Tris-HCl, pH 7.4, 2% SDS, 95 mM NaCl, 10 mM

EDTA, 5 mM EGTA, 5 mM NaFl, 2 mM Na� orthovanadate, 2.5
mM Na� pyrophosphate, 10% (v/v) protease inhibitor mixture
(P8340, Sigma). Cell scrapers were used to detach the cells from
the dish and the slurry was passed several times through a
21-gauge syringe. Lysates were cleared by centrifugation at
14,000 � g for 15 min at 4 °C and stored at �80 °C until use.

Western blotting was done as previously described (19). 75
�g of protein/sample were separated in 10% denaturing poly-
acrylamide gels. Membranes were probed first with anti-

pERK1/2 antibodies diluted 1/1000 in Tris-buffered saline/
Tween 20 (TBS-T), 1–5% BSA, and the above phosphatase
inhibitors. Membranes were then stripped and reprobed with
anti-tERK1/2 antibodies diluted 1/1000–1/3000 in TBS-T,
1–5% BSA. Bands were visualized by chemiluminescence fol-
lowing the manufacturer’s instructions. During early experi-
ments membranes were developed on BioMax x-ray film
(Kodak). Later, a digital gel imaging systemwas used. AllWest-
ern blot quantification was done using the digital system as
described below.
For experiments with the immorto�myotubes (Fig. 2) every-

thing was the same as above except that cultures were incu-
bated in C2DM for at least 4 h before adding 0.5 nM agrin.
Myotubes were kept at 39 °C in 10% CO2 during this preincu-
bation with C2DM and throughout the experiment.
For Western blot quantification, images of the developed

membranes were captured with a CCD camera attached to a
FluorChem Q MultiImage III system (Alpha Innotech). Expo-
sure times (usually 45 s) were below saturation. ERK1 (p44) and
ERK2 (p42) bands were quantified separately with AlphaView
software (Alpha Innotech) following the manufacturer’s
instructions. Intensity values were corrected with the local
background option of the program. For each band, values from
the blot probedwith anti-pERK1/2 were divided by values from
the blot probed with anti-tERK1/2 to derive a phosphorylated/
total ratio. These values were divided in turn by the ratio in the
control (untreated) samples to derive normalized intensities for
each band in each different experiment. Thus, the normalized
intensity value for the control sample in each experiment was
always 1.
The lysis buffer used to prepare samples in Fig. 4Awas 30mM

triethanolamine, pH 7.5, 1% Nonidet P-40, 50 mM EGTA, 50
mM NaCl. Phosphatase and protease inhibitors were the same
as for the previous lysis buffer except that 100 nM okadaic acid
(Sigma) was also added.
AChR Clustering Assays—For these experiments C2 cells

were grown and differentiated in 35-mm dishes. Treatments
were done in duplicate per experiment. Details of the specific
treatments can be found under “Results” and in the figure leg-
ends. Following treatments, AChRs were stained live by incu-
bation with 50 nM �-bungarotoxin for 30 min in the cell incu-
bator. Following a rinse with PBS, dishes were fixed with 2%
paraformaldehyde in PBS for 15 min at room temperature,
washed 3 times in PBS for 10 min, and air-dried for �15 min
inside a chemical hood. Coverslips were then mounted using
Vectashield. Myotubes were visualized by epifluorescence with
a Nikon Eclipse microscope equipped with rhodamine optics
using a 40� lens (N.A. 1.30). Images from 10 fields per dish
were captured usingMethamorph software. The same software
was used to count AChRs and determine the AChR area after
manual thresholding of the images. Filters were set to exclude
in the quantification AChR clusters �4 �m2. The number of
clusters per dish was derived after averaging the number of
clusters in each of the 10 fields. The average of clusters per
treatment for a given experiment resulted from the average of
the two duplicate dishes. For Fig. 3, results were expressed as
AChR clusters/field. For Figs. 4 and 5 results were expressed as
percentage of AChR clusters/field relative to positive control
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(i.e. agrin treatment) after subtracting clusters in dishes that
received no treatment.
Statistical Analysis—Two-tailed Student’s t test was used to

compare pairs of treatments. One sample t test was used to
compare means in experimental and control samples in exper-
iments where data were normalized relative to control. Statis-
tical significance was set at p � 0.05.

RESULTS

Agrin Induces Rapid and Transient Activation of ERK1/2 in
Cultured Myotubes—To begin investigating whether changes
in ERK1/2 activation are involved in normal agrin signaling in
muscle cells, C2 myotubes were treated with a saturating con-
centration of recombinant neural agrin (0.1 nM). Using West-
ern blotting, a robust, rapid activation of ERK1/2 within 10min

was observed after agrin treatment (Fig. 1). Activated ERK1/2
returned to baseline around 1 h after agrin addition (Fig. 1). The
transient ERK1/2 activation induced by agrin appeared specific
in that agrin treatment failed to change the levels of PI 3-kinase
signaling in the same cells as measured by phosphorylated Akt
(data not shown). Agrin-induced ERK1/2 activation occurred
as rapidly as agrin-inducedMuSKactivation observed before by
others, however, the latter persists for much longer (3).
Agrin-induced ERK1/2 Activation Is Lrp4/MuSK-depen-

dent—Recent work demonstrated that the LDL receptor-re-
lated protein Lrp4 binds to agrin and forms a complex with
MuSK (6, 7). On its own, Lrp4 binds to neural, but not to aneu-
ral, agrin, however, its affinity for agrin is slightly increased by
its association withMuSK. LikeMuSK�/� mice (11), mice defi-
cient in Lrp4 lack NMJs (12). Thus, the Lrp4-MuSK complex
mediates agrin-induced signal transduction on the muscle sur-
face that is essential for neuromuscular synaptogenesis. In addi-
tion to Lrp4/MuSK, agrin and specifically the C-terminal �95
kDa recombinant form of neural agrin used here also binds to
other proteins on the muscle sarcolemma, such as �-dystrogly-
can (20) and�1-containing integrins (21), whichmightmediate
agrin-induced ERK1/2 activation. Therefore, we sought to
determine whether the agrin-induced ERK1/2 activation is
Lrp4/MuSK-dependent. To this aim, agrin-induced ERK1/2
activation was measured in immortalized muscle cell lines
derived from the Lrp4�/� (6) andMuSK�/�mice (22) and their
wild-type control cells. Preliminary experiments determined
that 0.5 nM agrin induced consistent, rapid and transient
ERK1/2 activation in control immorto� cells (Fig. 2A, top pan-

FIGURE 1. Neural agrin induces a rapid but transient activation of ERK1/2
in C2 cells. Time course of ERK1/2 activation following application of 0.1 nM

recombinant neural agrin to C2 myotubes. Top panel, Western blot probed
with antibodies to active, phosphorylated ERK1/2 (pERK1/2). Bottom panel,
same Western blot probed with antibodies to total ERK1/2 (tERK1/2). ERK1/2
were strongly activated within 2 min of neural agrin application. They peaked
after 5–10 min and returned to control by 60 min. The arrowheads on the left
side of the top panel point to ERK1 (p44) and ERK2 (p42). This blot was devel-
oped using film. This experiment was repeated once with similar results.

FIGURE 2. The rapid agrin-induced ERK1/2 activation is Lrp4/MusK dependent. Time course of ERK1/2 activation following application of 0.5 nM recom-
binant neural agrin in wild-type (WT), Lrp4�/�, and MuSK�/� immorto� myotubes. A, representative Western blots probed as in Fig. 1 for pERK1/2 and tERK1/2
for each cell line. These blots were developed using the gel digital imaging system described under “Experimental Procedures.” B, quantification. The rapid
ERK1/2 activation seen in WT myotubes after agrin application was absent in mutant (MUT) myotubes. However, all 3 cell lines displayed the 3– 4-fold reduction
in active ERK1/2 at 30 min after agrin addition. Data are expressed as mean � S.E. (error bars � �/� S.E.). All 4 pairwise statistical comparisons between active
ERK1/2 levels at 5 min in WT versus either in Lrp4�/� or MuSK�/� cells using a t test were significantly different (*, p � 0.006).
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els). The response in the immorto� control cells was less robust
than that in C2 cells. Thus, after 5 min normalized levels of
activated ERK1 (p44) were 1.37 � 0.09-fold over control,
whereas activated ERK2 (p42)was 1.57� 0.12-fold over control
(mean � S.E., n � 6, Fig. 2, A and B). Interestingly, levels of
activated ERK1/2 dropped to about 3–4-fold under control lev-
els by 30 min after agrin addition in control immorto� cells
(Fig. 2, A and B, activated ERK1 � 0.33 � 0.24-fold and acti-
vated ERK2 � 0.24 � 0.16-fold relative to untreated control).
Agrin failed to activate both ERK1 and ERK2 in Lrp4�/� and
MuSK�/� cells within 10 min after its addition to the cultures
(Fig. 2A). Thus, after 5min activated ERK1was 0.81� 0.07-fold
and activated ERK2was 0.80� 0.06-fold control levels in Lrp4-
deficient cells (Fig. 2B, n� 3). InMuSK-deficient cells activated
ERK1 was 0.83 � 0.05-fold and activated ERK2 was 0.69 �
0.05-fold control levels (Fig. 2B, n � 4). Table 1 presents the
statistical analysis at 5 min for each cell line. Means were com-
pared with the untreated control mean (i.e. 1) using a one-sam-
ple t test. The increase in both ERK1 and ERK2 activation was
statistically significant in the wild-type cells, whereas the
decrease in both ERK1 and ERK2 phosphorylation observed in
the mutants at 5 min was statistically significant only for the
MuSK-deficient cells. The data at 5 min for the Lrp4-deficient
cells was not different from untreated control (Table 1). At 5
min the differences in activated ERK1/2 between wild-type and
mutants were statistically significant (Fig. 2B, bracket). How-
ever, the drop in phosphorylated ERK1/2 observed at 30 min
after agrin addition in control cells was also seen in Lrp4- and
MuSK-deficient cells (Fig. 2, A and B). Thus, in immorto� cells
the agrin-induced, transient and rapid activation of ERK1/2 is
Lrp4/MuSK-dependent, whereas the ERK1/2 inactivation that
is evident later (30 min) is Lrp4/MuSK-independent. The bio-
logical significance of the decrease in ERK1/2 phosphorylation
observed at 5 min in the mutant cell lines is unknown.
Agrin-induced ERK1/2 Transient Activation Is Dispensable

for but Modulates Agrin-induced AChR Clustering in C2 Cells—
Next, it was tested whether blocking agrin-induced ERK1/2
activation prevented formation of AChR clusters in cultured
myotubes. C2 myotubes were pretreated with 10 �MU0126 for
1 h, and then 0.1 nM agrinwas applied for another hour, keeping
U0126 still present in the dishes. U0126 specifically blocks
MEK 1 and 2 (23), the only upstream kinases that activate
ERK1/2 directly. At the end of this treatment, dishes were
extensively washed with medium without agrin or U0126, and
returned to the incubator for another 7 h. Then, AChRs were
labeled live with fluorescent-�-bungarotoxin and clusters were
quantified after fixing and washing of the dishes. Fig. 3A shows

that as expected the U0126 treatment was effective in lowering
levels of activated ERK1/2 in the presence or absence of agrin.
Fig. 3, B and C, show that in the presence of the MEK inhibitor
agrin caused a 62% increase in the number of AChR clusters
over agrin alone (agrin�U0126, 35.2� 3.8 clusters/field; agrin,
21.7 � 4.7 clusters/field; n � 4 for each treatment). Statistical
comparison between the agrin � U0126 and agrin treatments
using a t test yielded a significant p� 0.008 (Fig. 3). The effect of
U0126 pretreatment on agrin-induced AChR clustering was

TABLE 1
Statistical analysis of 5-min data for experiments with immorto� cell
lines (Fig. 2)

ERK Cell line Mean � S.E. n p versus controla

ERK2 (p42) WT 1.57 � 0.12 6 0.0051
Lrp4�/� 0.80 � 0.06 3 0.0794
MuSK�/� 0.69 � 0.05 4 0.0085

ERK1 (p44) WT 1.37 � 0.09 6 0.0118
Lrp4�/� 0.81 � 0.07 3 0.1132
MuSK�/� 0.83 � 0.05 4 0.0425

a One sample t test was used to compare means at 5 min versus means at 0 min,
which were normalized at 1.

FIGURE 3. Inhibition of ERK1/2 activation potentiates agrin-induced
AChR clustering. A, Western blot for ERK1/2 at the end of a 1-h incubation
with agrin, with or without U0126. The MEK inhibitor prevented ERK1/2 acti-
vation whether agrin was present or not. As shown in Fig. 1, levels of active
ERK1/2 are not much different between untreated control and agrin-treated
cells at 1 h after agrin addition. B, sample 400� fields of myotubes treated
with agrin and agrin � U0126. There are many more AChR clusters (labeled
with rhodamine-�-bungarotoxin) in the latter than the former. Scale bar, 50
�m. C, quantification of AChR clustering. There was �60% increase in AChR
clusters in dishes treated with agrin � U0126 relative to dishes treated with
agrin. Data are expressed as mean � S.E. n � 4 for each treatment. *, p �
0.008, t test. D, quantification of AChR cluster area. No statistically significant
differences were found in the AChR cluster area between any of the treat-
ments. Data are expressed as mean � S.E. (error bars � � S.E.). n � 4 for each
treatment.

Agrin and ERK1/2 in Myotubes

OCTOBER 15, 2010 • VOLUME 285 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 32373



mainly on cluster number, rather than on cluster size, as there
was no statistically significant difference in cluster area
between the agrin and the agrin � U0126 treatments (Fig. 3D;
p� 0.08, n� 4). Previously, Fuhrer and colleagues (24) showed
that a 5-min pulse of 0.5 nM agrinwas sufficient to induceAChR
clustering at levels similar to those induced with standard pro-
tocols that use agrin at lower concentrations (e.g. 0.1 nM) for
longer periods of times (e.g. at least 4 h, typically 8 h or over-
night). These authors also demonstrated that the washing con-
ditions that they used to remove agrin from the dishes, which
were adopted here, clearly rid the cultures of agrin. One exper-
iment using a 5-min pulse of 0.5 nM agrin in the presence or
absence of U0126 pretreatment was performed. It was found
that agrin � U0126 also induced more AChR clusters than
agrin alone using this protocol (average of two dishes per treat-
ment: agrin � U0126, 44.8 clusters/field; agrin, 34.2 clusters/
field). Thus, blocking the agrin-induced transient ERK1/2 acti-
vation failed to prevent AChR clustering. Instead, it led to an
increase in agrin-induced AChR clustering.
Nrg-1 and PMA, Two Known Inhibitors of Agrin-induced

AChR Clustering, Display Differential Requirement for ERK1/2
Activation—The above results suggested that although dispen-
sable forAChR clustering ERK1/2 activation doesmodulate the
activity of agrin as blockage of ERK1/2 activation led to poten-
tiation of agrin-induced clustering. One would predict that the
converse, strong and persistent stimulation of ERK1/2 phos-
phorylation, would lead to inhibition of agrin-induced AChR
clustering. Thus, we sought to determine whether ERK1/2 acti-
vation is required by Nrg-1 and PMA, two factors known to
both induce ERK1/2 activation (Fig. 4A) (15, 25) and to inhibit
the AChR clustering activity of agrin in myotubes (13, 17, 18).
C2 myotubes were treated for 14–15 h with either 0.1 nM agrin
or 0.1 nM agrin in the presence of 2 nM Nrg-1� EGF domain
(13), or 50 nM PMA (17). In our hands, Nrg-1 co-treatment
reduced agrin-induced AChR clustering to 65.54 � 7.79%
(mean� S.E.,n� 6) control levels, or about 35% inhibition (Fig.
4, B, C, and G). PMA treatment was more effective in reducing
agrin-induced AChR clustering under our experimental condi-
tions as it yielded 32.91 � 3.95% control levels, or about 65%
inhibition (Fig. 4, B, E, andG). Both agrin � Nrg-1 and agrin �
PMA treatments were significantly different from the agrin
alone treatment (p � 0.007 and p � 0.0001, respectively). To
test whether ERK1/2 activation is required by Nrg-1 or PMA to
inhibit agrin-induced AChR clustering, 10 �M U0126 was
added to the agrin�Nrg-1 and agrin�PMA treatments. In the
presence of U0126, the inhibition of AChR clusteringmediated
by Nrg-1 was essentially unchanged (55.62 � 8.08% control
levels, n � 4, Fig. 4, D and G; p � 0.41 versus agrin � Nrg-1),
whereas PMA-mediated inhibition of agrin-induced AChR
clustering was largely, albeit not completely, relieved (72.65 �
13.43% control levels, Fig. 4, F and G; p � 0.009 versus agrin �
PMA). Similar results were obtained if PD0325901, another
highly specific MEK inhibitor (26), was used instead of U0126.
Thus, in these experiments (n � 2) agrin � Nrg-1 treatment
yielded 65.59� 0.52% control levels (mean� S.D.) and agrin�
Nrg-1�PD0325901 yielded 75.35� 13.03% control levels. The
agrin � PMA treatment yielded 28.54 � 0.78% control levels,

whereas the agrin � PMA � PD0325901 treatment yielded
72.76 � 13.46% control levels.
Overnight treatment with agrin or other factors was tried

here first because it was under such conditions that Trinidad
and Cohen (13) first demonstrated the inhibitory effects of
Nrg-1 on the activity of agrin. On the other hand, such effects
mediated by PMA were first reported on chick primary myo-
tubes treated for just 6 h (17). Early experiments established
that as long as the incubation with PMA was for 6 h or less, its
effect on AChR clustering was protein synthesis independent
and did not alter the AChR number on the surface of the cell
(17, 18). However, overnight incubation with PMA led to
reduced AChR synthesis (27). To rule out that the inhibitory
effects of PMA on the activity of agrin in C2 cells resulted from
unspecific effects due to overnight treatment, experiments
were performed inwhich agrin, PMA, andMEK inhibitor treat-
ments were done for 5–6 h (Fig. 5). Under these conditions
PMA led to about 50% inhibition of agrin-induced AChR clus-
tering (53� 9.30, n� 4; p� 0.0152, agrin versus agrin� PMA).
Co-incubation of agrin, PMA, and a MEK inhibitor completely
rescued the inhibitory effects of PMA on agrin-induced AChR
clustering (p � 0.0011, agrin � PMA versus agrin � PMA �
U0126). Interestingly, both U0126 and PD0325901 restored
agrin-induced AChR clustering to about 120% control levels.
Thus, agrin � PMA � U0126 yielded 117.61 � 5.91% control
(i.e. agrin) levels (mean � S.E., n � 4) and agrin � PMA �
PD0325901 yielded 117.99 � 3.70% control levels (mean �
S.D., n � 2) (Fig. 5). Although not quite statistically signifi-
cant (p � 0.0587, agrin versus agrin � PMA � U0126) if the
data from both MEK inhibitors are grouped, based on their
similar effects on this experiment then p � 0.0055, agrin
versus agrin � PMA � inhibitors (pooled data, n � 6). This
20% potentiation of agrin signaling is consistent with the
62% potentiation observed when agrin was applied to the
cultures for just 1 h in the presence of U0126 (Fig. 3).
Thus, together these results indicate that activation of

ERK1/2 is necessary for PMA-mediated, but not for Nrg-1-
mediated, inhibition of agrin-induced AChR clustering. They
further implicate active ERK1/2 as a negative modulator of
agrin signaling in skeletal muscle cells.

DISCUSSION

The most important and novel results from this work are
summarized in Fig. 6. They are the following: (i) agrin induces a
rapid but transient activation of ERK1/2 that is Lrp4/MuSK-de-
pendent but unnecessary for AChR clustering (Figs. 1–3). (ii)
ERK1/2 activation appears to be a negative modulator of agrin
signaling in muscle cells because it mediates PMA inhibition of
agrin-inducedAChR clustering (Figs. 4 and 5) and because pre-
venting early ERK1/2 activation leads to potentiation of agrin-
induced AChR clustering (Figs. 3 and 5). (iii) ERK1/2 activation
is dispensable forNrg-1 inhibition of agrin-inducedAChRclus-
tering (Fig. 4).
A weak activation of ERK1/2 induced by agrin in C2 myo-

tubes was previously reported (22). However, these investiga-
tors only examined the activation 30 and 60 min after agrin
application. By then, most of the activation has passed, as it was
the strongest within the first 10min after agrin treatment (Figs.
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1 and 2). In addition, it was not established in thatworkwhether
the ERK1/2 activation was Lrp4/MuSK-dependent as it has
been done here. Herbst and Burden (22) failed to observe any
effects on AChR clustering by the MEK inhibitor PD 09857.
The difference with our results may lie in that we used different
MEK inhibitors, U0126 and PD0325901, or that we inhibited
MEK for short periods of time. In our hands, shorter periods
of MEK inhibitor treatment led to bigger potentiation of agrin-
induced AChR clustering. Long-term inhibition of MEK (e.g.
overnight treatment) may engage a different set of homeostatic
events that might compensate for the loss of early ERK1/2 acti-
vation. Alternatively, the levels of MEK inhibitor may simply
decay below the effective concentration during overnight treat-
ment with agrin.

Experiments with the immorto� cell lines (Fig. 2) revealed a
complex set of changes in ERK1/2 activation induced by neural
agrin. Although it is clear that the rapid activation following
agrin application was Lrp4/MuSK-dependent, Lrp4/MuSK-in-
dependent agrin-induced ERK1/2 inactivation, which was evi-
dent much later, was also observed. In C2 cells, levels of active
ERK1/2 below those in untreated control were consistently
seen 1 h or longer after the initial application (Fig. 1 and data
not shown). Herbst and Burden (22) also reported a weak
ERK1/2 activation induced by agrin after 30 min that was no
longer detectable at 60 min. Although it remains to be tested,
this protracted ERK1/2 inactivation could result from the inter-
action of agrin with either �-dystroglycan and/or �1-contain-
ing integrins, surfacemolecules that have been shown to bind to

FIGURE 4. PMA, but not Nrg-1, requires ERK1/2 activation to inhibit agrin-induced AChR clustering in C2 myotubes. A, both PMA (50 nM) and Nrg-1 (2 nM)
induced ERK1/2 activation in C2 myotubes as detected by Western blotting. The lysis buffer used here was different from that used for Figs. 1–3 (see
“Experimental Procedures”). B–F, representative 400� fields of C2 myotubes treated for 15–16 h with: 0.1 nM agrin (B); 0.1 nM agrin � 2 nM Nrg-1 (C); 0.1 nM

agrin � 2 nM Nrg-1 � 10 �M U0126 (D); 0.1 nM agrin � 50 nM PMA (E); 0.1 nM agrin � 50 nM PMA � 10 �M U0126 (F). G, quantification. Nrg-1 produced a �35%
inhibition, whereas PMA produced a �65% inhibition in agrin-induced AChR clustering. U0126 co-treatment rescued PMA-mediated inhibition to �75%
control (agrin) levels, whereas it had no effect on Nrg-1-mediated inhibition. Data are presented as percentage of treatment with agrin alone. Data are
expressed as mean � S.E. (error bars � � S.E.). n is given by numbers at the base of the bars. *, p versus control (agrin) � 0.01, one sample t test. #, p � 0.134 versus
control, one sample t test. **, p � 0.009, agrin�PMA versus agrin � PMA � U0126, t test.
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neural and non-neural forms of agrin (20, 28). It is tempting to
speculate that this ERK1/2 inactivationmight play some role in
AChR clustering, not so much in the induction phase, which
depends on Lrp4 andMuSK, but in the maintenance phase, for
which a role for �-dystroglycan (29–31) and �1-containing
integrins (21, 32) has been proposed previously.
More than 20 years ago, a comprehensive survey of drugs

affecting agrin-induced AChR clustering on primary chick
myotubes revealed that PMA is a potent inhibitor of this pro-
cess (17). Since then, little has been learned about the mecha-
nism used by PMA to inhibit AChR clustering, despite the
appealing possibility that proteins targeted by PMA treatment
may be critical components of the agrin signaling pathway. It is
demonstrated here that in C2myotubes activation of ERK1/2 is
downstreamof PKC activation by PMAand that itmediates the
inhibitory effect of PMAon agrin-inducedAChR clustering. As
agrin activates ERK1/2 in an Lrp4/MuSK-dependentmanner, it
is likely that there are commondownstream substrates between
the ERK1/2 activated by PMA and ERK1/2 activated by agrin,
especially because in both cases AChR clustering is inhibited.
The former is just a more potent inhibitor than the latter
because PMA induces sustained, higher levels of ERK1/2 acti-
vation, and because agrin also triggers other major signaling
events that promote clustering. Thus, PMA may be co-opting

pathways normally used by agrin to modulate its own activity
(i.e. agrin-induced ERK1/2 activation) to drastically inhibit it.
Rescue of agrin-induced AChR by MEK inhibitors was full
when the incubation time with PMA was short (Fig. 5) and
partial when the incubation time with PMAwas long (Fig. 4). It
is likely that long-term incubation with PMA triggers many
cellular/molecular events that are unrelated toAChRclustering
per se, such as changes inAChR gene expression (27), which are
ERK1/2 independent and hence, cannot be restored with MEK
inhibitors. On the other hand, short-term incubation may not
produce these unspecific events, allowing full rescue of AChR
clustering with MEK inhibitors.
Unlike PMA, Nrg-1 does not require ERK1/2 activation to

inhibit agrin-induced AChR clustering in C2 myotubes. In our
hands, levels of Nrg-1- and PMA-induced ERK1/2 activation
were clearly comparable but more sustained than those
induced by agrin (Figs. 1 and 4). Thus, differences in the
amount of ERK1/2 activation are unlikely to account for the
different requirements for ERK1/2 activation for PMA and
Nrg-1 regarding inhibition of AChR clustering. Although per-
sistence of ERK1/2 activation is an important issue, it may be as
important where in the cell active ERK1/2 localizes. It is widely
recognized that ERK1/2 signaling uses different scaffold pro-
teins to localize the signaling to distinct parts of the cell and
thus confer specificity to it (33). PMA activates PKC because it
is analogous to diacylglycerol, which is generated at the inner
leaflet of the plasma membrane by the action of phospholipase
C on phosphoinositol biphosphate. Hence, most of the ERK1/2
activated downstream of PKC may be closely associated with
the membrane via unknown scaffold proteins. Likewise, the
ERK1/2 activated by agrin could also be closely associated with
the sarcolemma, especially as this activation is rapid and tran-
sient. In this context, it has recently been reported that the
juxtamembrane domain of �-dystroglycan can bind MEK and
active ERK1 (but not ERK2) in non-muscle cells (34). The ERK1
binding site on �-dystroglycan (35) overlaps rapsyn’s (36) sug-
gesting potential competition between these �-dystroglycan
ligands. Interestingly, overexpression of �-dystroglycan inhib-
its agrin-induced AChR clustering in cultured myotubes (37).
On the other hand, most of the ERK1/2 activated by Nrg-1
presumably goes into the myonuclei, away from the sarco-
lemma where AChR clustering occurs, as it is necessary for
inducing AChR transcription in cultured myotubes (15, 16).
The observation that Nrg-1 does not require ERK1/2 activa-

tion for inhibiting agrin-induced AChR clustering (this work),
but does so for stimulating AChR transcription (38) provides a
parsimonious explanation for these apparently paradoxical
activities in Nrg-1. Thus, Nrg-1 can stimulate AChR transcrip-
tion, whereas at the same time inhibit AChR clustering because
it uses different signaling pathways to do so.
What is the biological significance of agrin-induced ERK1/2

activation? At least three possible roles could be considered
here. (i) Close apposition between the pre- and post-synaptic
apparatus during formation and maturation of the NMJ is of
paramount importance. It is generated by several mechanisms
such as local release of agrin at the nerve terminal and its
deposition in the synaptic basal lamina as well as concentration
of Lrp4/MuSK on the postsynaptic sarcolemma. Perhaps, the

FIGURE 5. Complete rescue of PMA-mediated inhibition of agrin-induced
AChR clustering in myotubes treated for 5–6 h. PMA (50 nM) co-treatment for
5–6 h produced a �50% inhibition in agrin-induced AChR clustering. This effect
was completely reversed to levels �20% higher than control by inhibition of
ERK1/2 with either U0126 (10�M) or PD0325901 (0.5�M). n is given by numbers at
the base of the bars. Data are expressed as mean � S.E. for agrin, agrin � PMA,
and agrin � PMA � U0126 treatments. Data are expressed as mean � S.D. for
agrin � PMA � PD0325901 treatment. *, p � 0.0152, agrin versus agrin � PMA. #,
p � 0.0587, agrin versus agrin � PMA � U0126. **, p � 0.0055, agrin versus agrin
� PMA � inhibitors (pooled data, n � 6).

FIGURE 6. Summary of results. Agrin strongly activates Lrp4/MuSK to induce
AChR clustering (represented by thick arrows). At the same time, agrin also
activates ERK1/2 transiently (represented by thinner arrow) in an Lrp4/MuSK-
dependent fashion. This, in turn, acts as a break on agrin-induced AChR clus-
tering (represented as perpendicular (T), thin lines). PMA activates PKC, which
in turn strongly activates ERK1/2 to inhibit agrin-induced AChR clustering.
Thus, PMA inhibits AChR clustering by co-opting the feedback loop normally
induced by agrin to modulate its own activity. Nrg-1 also inhibits AChR clus-
tering but does so in an ERK1/2-independent manner (?).
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quenching of the agrin clustering signal produced by rapid
agrin-induced ERK1/2 activation might contribute to further
localize this signal at the synaptic site and to prevent its spread-
ing. (ii) One of the earliest events following nerve-muscle con-
tact, both in vitro and in vivo, is the formation of micropro-
cesses on the muscle fiber surface called myopodia (39, 40).
However, it is unclear what role myopodia play in NMJ synap-
togenesis. Recombinant agrin can induce myopodia on rat or
Xenopus muscle cells within 2–4 h after application, before
AChR clusters appear (39, 40). Hence, it may be possible that
the rapid ERK1/2 activation induced by agrin plays a role in the
formation of myopodia. (iii) Mice deficient for agrin, Lrp4,
MuSK, and Dok-7 have profound post- and pre-synaptic
defects. Presynaptic defects are supposedly due to lack of
proper agrin-induced retrograde signaling from muscle to
nerve that accounts for the maturation of the growth cone into
a nerve terminal. The intracellular pathways that mediate this
signaling are unknown, however, it seems that �-catenin is a
key player (41). It is tempting to suggest that agrin-induced
ERK1/2 activationmight be part of a retrograde signaling path-
way that regulates pre-synaptic differentiation.
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