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Studies of the regulation of tyrosine phosphorylation at the 
neuromuscular junction during development and following 
denervation suggest that tyrosine phosphorylation of the 
nicotinic acetylcholine receptor is regulated by neuronal in- 
nervation of muscle. The finding that agrin, a neuronally 
derived extracellular matrix protein also induces tyrosine 
phosphorylation of the nicotinic receptor, suggests that nerve- 
induced tyrosine phosphorylation may be mediated by agrin. 
To study this further, we have examined the regulation of 
tyrosine phosphorylation of the nicotinic receptor by inner- 
vation in vitro using muscle-neuron cocultures. Innervation of 
chick myotubes by chick ciliary ganglia neurons induced ty- 
rosine phosphorylation of the nicotinic receptor with the same 
subunit specificity seen with bath applied purified agrin. Both 
innervation and agrin-induced phosphorylation of the nicotinic 
receptor resulted in an increase in tyrosine and serine phos- 
phorylation. In addition, thermolysin phosphopeptide maps of 
the subunits after innervation or agrin-treatment were iden- 
tical. The similarity in the agrin- and nerve-induced phos- 
phorylation of the acetylcholine receptor suggests that agrin 
mediates the nerve-induced phosphorylation during devel- 
opment in vivo and that phosphorylation of the acetylcholine 
receptor may play an important role in the development of 
the neuromuscular junction. 

[Key words: phosphotyrosine, tyrosine kinases, neuro- 
muscular junction, synapses, synaptogenesis] 

Protein phosphorylation is widely recognized as one of the pri- 
mary mechanisms for the regulation of cellular function (Ed- 
elman et al., 1987). Recent studies have shown that phosphor- 
ylation of neurotransmitter receptors plays an important role 
in the modulation of synaptic transmission (Swope et al., 1992; 
Raymond et al., 1993). The nicotinic acetylcholine receptor 
(AChR) mediates signal transduction at the neuromuscular 
junction and has served as an excellent model for the structure, 
function, and regulation of neurotransmitter-gated ion channels 
(Galzi et al., 1991). The AChR from the electric organ of Tor- 
pedo and skeletal muscle is a pentameric complex of four dif- 
ferent subunits in a stoichiometry of a&d (Galzi et al., 1991) 
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that has been shown to be phosphorylated in vivo and in vitro 
by at least three different protein kinases (Swope et al., 1992). 
CAMP-dependent protein kinase (PKA) phosphorylates the y 
and 6 subunits (Huganir and Greengard, 1983; Zavoico et al., 
1984), protein kinase C (PKC) phosphorylates the 6 subunit 
(Huganir, 1987; Safran et al., 1987) and a protein tyrosine 
kinase phosphorylates the 0, y, and 6 subunits (Huganir et al., 
1984; Hopfield et al., 1988). 

The extracellular signals that regulate phosphorylation of the 
AChR in muscle have been investigated (Ross et al., 1988; Miles 
et al., 1989; Qu et al., 1990). Phosphorylation of the receptor 
by PKA is regulated by the neuropeptide calcitonin gene-related 
peptide (CGRP) (Miles et al., 1989) which is a cotransmitter 
with acetylcholine at the neuromuscular junction. Treatment of 
cultured rat myotubes with CGRP induces CAMP accumulation 
and phosphorylation of the AChR on the (Y and 6 subunit. Ace- 
tylcholine itself regulates phosphorylation of the 6 subunit of 
the AChR in cultured chick and rat myotubes through a process 
that is dependent on extracellular calcium and is abolished by 
AChR channel blockers (Ross et al., 1988; Miles et al., 1993). 
In addition, recent studies have suggested that tyrosine phos- 
phorylation of the AChR at the neuromuscular junction is reg- 
ulated by innervation in vivo, apparently through the release of 
a nerve-derived factor (Qu et al., 1990). Moreover, studies have 
shown that treatment of cultured myotubes with the neuronal 
extracellular matrix protein agrin, caused an increase in tyrosine 
phosphorylation of the AChR (Wallace et al., 1991). 

Agrin is an extracellular matrix protein that was originally 
purified from Torpedo electric organ based on its ability to in- 
duce clustering of acetylcholine receptors in cultured chick my- 
otubes (Nitkin et al., 1987; McMahon, 1990). Several cDNA 
clones for agrin have been isolated (Rupp et al., 199 1; Tsim et 
al., 1992), and recent studies have shown that agrin exists in 
alternatively spliced forms that differ in their ability to induce 
AChR clusters (Ferns et al., 1992, 1993; Tsim et al., 1992). The 
most active splice varients of agrin appear to be synthesized by 
the motoneuron, transported to nerve terminals, and inserted 
into the synaptic basal lamina of the neuromuscular junction 
(Magill-Sole and McMahan, 1990; Cohen and Godfrey, 1992; 
Reist et al., 1992; Hoch et al., 1993). A variety of studies have 
suggested that agrin mediates the nerve-induced aggregation of 
the AChRs beneath the nerve terminal (McMahon, 1990). 
Treatment of cultured chick myotubes with purified or recom- 
binant agrin induces clustering of many components of the post- 
synaptic apparatus including AChRs, acetylcholinesterase, a he- 
paran sulfate proteoglycan, and the 43 kDa AChR-associated 
protein (Wallace, 1986, 1989; Nitkin et al., 1987; Campanelli 
et al., 1991; Tsim et al., 1992). In addition, treatment of chick 
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Frgure 1. Regulation of tyrosine phosphorylation of the AChR by innervation in chick neuron-muscle cell coculture. Chick ciliary ganglion neuron 
and muscle cell cocultures were fixed, permeabilized, and double labeled with rhodamine-conjugated a-bungarotoxin and monoclonal anti-phos- 
photyrosine antibodies and fluorescent-conjugated secondary antibodies. Rhodamine-conjugated a-bungarotoxin staining of AChR clustering 
occurred at synapses of neurons with muscle cells (‘4 and B), and colocalized with high levels of phosphotyrosme (C). 

motor neuron+zhick muscle cocultures with antibodies to agrin 
inhibited formation of nerve-induced AChR clusters (Reist et 
al., 1992). The mechanism of agrin-induced clustering of the 
AChR. however, remains unclear. In this study we investigated 
whether agrin may be the nerve-derived factor that regulates 
tyrosine phosphorylation of the AChR at the neuromuscular 
junction by examining the effect of innervation on the tyrosine 
phosphorylation of the AChR on cultured myotubes, and com- 
paring it with agrin-induced tyrosine phosphorylation. Our re- 
sults suggest that nerve-induced tyrosinc phosphorylation of the 
AChR at the neuromuscular junction is mediated by agt-in, and 
that tyrosine phosphorylation may play an important role in the 
developmental regulation of the AChR and the neuromuscular 
junction. 

Materials and Methods 
Immunocytochemical localization ofAChRs andphosphotyrosine. Neu- 
ron/muscle cocultures were fixed with 3% paraformaldehyde in 0.1 M 

sodium phosphate (pH 7.3) for 30 min at room temperature and then 
permeabilized and blocked with 6% BSA and 0.2% Triton X- 100 in 
PBS for 10 min. The permeabilized cocultures were incubated with 
rhodamine-conjugated a- bungarotoxin and a monoclonal antibody 
against phosphotyrosine (PYZO; ICN ImmunoBiologicals, Costa Mesa, 
CA), incubated with fluorescein-conjugated secondary antibody (Jack- 
son Laboratories, West Grove, PA), and examined and photographed 
with a Zeiss Axiophot fluorescence microscope equipped with rhoda- 
mine and fluorescein optics. 

Immunqfluorescent staining qf chick skeletal muscles. Prenatal and 
postnatal chick leg muscles were dissected, frozen as rapidly as possible, 
and then sectioned and rapidly fixed in 3.0% paraformaldehyde for 30 
min at room temperature. Sections (6 pm) were incubated for 30 min 
at room temperature in PBS with rhodamine-conjugated cu-bungaro- 
toxin to visualize the AChR and a monoclonal antibody specific against 
phosphotyrosine (PY20), and subsequently incubated with fluorescein- 
conjugated secondary, anti-mouse antibody (Jackson Laboratories, West 
Frove, PA) to visualize phosphotyrosine. 

‘4ntibodies. Anti-phosphotyrosine antibodies were prepared by im- 
munizing rabbits with phosphotyrosine conjugated to BSA or KLH 
(Hirano et al., 1988). The resulting serum was affinity purified on a 

phosphotyrosine affinity column pnor to use. The monoclonal antibody 
against phosphotyrosine (PY20) was originally isolated in Dr. John 
Glenney’s laboratory (Salk Institute, La Jolla, CA) and was obtained 
from ICN. Subunit-specific monoclonal antibodies raised against Tor- 
pedo californica and eel AChRs were provided by Dr. Jon Lindstrom 
(University of Pennsylvania. Philadelphia, PA), who furnished #6 1 (anti- 
a subunit) and #124 (anti+ subunit). and by Dr. Stanley C. Froehner 
(University of North Carolina. Chapel Hill, NC). who furnished #88b 
(antidly subunit). These monoclonal antibodies specifically cross-re- 
acted with AChR subunits isolated from chick myotubes. 

Chrck myotube cultures and neuron/muscle cell cocultures. Myotube 
cultures were prepared from hindlimb muscles of l l-12-d-old White 
Leghorn chick embryos by the method of Fischbach (1972). Experiments 
were routinely done on 5-d-old cultures. Ciliary ganglia were dissected 
from 8- or 9-d-old chick embryos and dissociated in 0.05% trypsin 20 
min at 37°C. Ciliary ganglion cells (10-l 5 ganglia per 10 cm plate) were 
added to chick mvotubes that had been cultured for 3 d (Fischbach, 
1972). For metabolic labeling with radioactive phosphate. myotubes 
were prelabeled with “P-orthophosphate for 12 hr in phosphate-free 
media prior to cell harvesting. To examine the effect ofagrin and neurons 
on phosphorylation, agnn and neurons were added 12 and 48 hr, re- 
spectively, pnor to harvesting the myotubes. 

Purification qf agrm. Agrm was partially purified from the electric 
organ of Torpedo califormca as previously described (Godfrey et al., 
1984; Nitkin et al., 1987). The electric organs were quickly removed 
and homogenized in buffered saline at 4°C and then centrifuged. The 
supematant was discarded and the pellet was homogenized and centri- 
fuged twice. The pellet was resuspended in 3% Triton. 10 mM Tns-HCl 
(pH 7.5) 150 mM NaCl, 1 mM EGTA. and 1 mt.i EDTA with Teflon- 
glass homogenizer, and then stirred 30 min at 4°C. The suspension was 
centrifuged, and the pellet was reextracted with buffered Triton solution 
and then centrifuged. The pellet was resuspended and homogenized in 
0.2 M sodium bicarbonate, 5% glycerol. 0.02% sodium azide (pH 9.0). 
stirred overnight at 4°C rehomogenized, and centrifuged. The super- 
natant was applied to a 15 ml column of Cibacron Blue 3GA-Agarose 
(Al&gel Blue Gel, 100-200 mesh: Bio-Rad Laboratories, Richmond. 
CA) equilibrated in bicarbonate buffer. The column was washed with 
10 column volumes of bicarbonate bulfer and eluted with 1.5 M NaCl 
in bicarbonate buffer. Fractions with the highest specific activity, as 
measured by induction of AChR clustering in cultured chick myotubes. 
were pooled. 

SDS polyacrylamtde gel electrophoresrs and rmmunoblot analJsls. 
Samples were electrophoresed on 8% SDS polyacrylamide gels (Laemm- 
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Figure 2. Immunoblot of the AChR from cultured chick myotubes 
with AChR subunit-specific antibodies. Purified preparations of the 
AChR from chick muscle cultures were isolated by acetylcholine affinity 
chromatography and analyzed by immunoblot techniques using specific 
monoclonal antibodies against the AChR subunits. The 40 kDa and 52 
kDa polypeptides were identified as the LY subunit and the p subunit, 
respectively. A polypeptide with an apparent molecular weight of 56 
kDa was identified as the S subunit. 

li, 1970) and then transferred to nitrocellulose (Towbin, 1979). The 
blots were probed with 1 OO- 1 OOO-fold dilutions of affinity purified anti- 
phosphotyrosine antibodies (Hirano et al., 1988) and with monoclonal 
antibodies against the AChR. The primary antibody was labeled with 
horseradish peroxidase-linked secondary antibody (from Amersham) 
and visualized by the enhanced chemiluminescence (ECL, Amersham) 
technique. The ECL autoradiograph was quantitated with an LKB laser 
densitometer. 

Two-dimensional phosphopeptide maps. Gels were dried and the gel 
pieces containing the proteins of interest were cut out. Because the @ 
and 6 subunits were poorly resolved, we combined these two subunits 
for phosphopeptide map analysis. The phosphorylated proteins were 
digested with 0.15 mg/ml thermolysin as described (Huganir et al., 1984) 
and spotted on cellulose thin-layer plates. The cellulose plates were 
subjected to electrophoresis in first dimension followed ascending chro- 

matography in second dimension. The plates were then dried and au- 
toradiographed (Huganir et al., 1984). 

Phosphoamino acid analysis. Gels were dried and the gel pieces con-, 
taining the proteins of interest were cut out. Because the 0 and b subunits 
were poorly resolved, we combined these two subunits for phospho- 
amino acid analysis. The phosphorylated proteins were digested -with 
0.15 ma/ml thermolvsin and then hvdrolvzed with 6 M HCl at 105°C 
for 1.5 hr as described previously (Miles et al., 1989). The acid-hydro- 
lyzed amino acids were then applied on cellulose thin-layer plate and 
subjected to one-dimensional thin layer electrophoresis. The cellulose 
plate was dried and subjected to autoradiography to identify the 12P- 
labeled phosphoamino acids (Hirano et al., 1988) or examined by 
PhosphoImager 4000E system (Molecular Dynamics) for quantitative 
analysis. 

Purification of the AChR from myotube cultures by acetylcholine af 
finitychromatographyandimmunoprecipitation. Culturedmyotubes were 
rinsed with warm PBS, and AChRs were solubilized from each culture 
dish by using an ice-cold lysis solution containing 2% Triton, 20 mM 
KPO, buffer (oH 7.4). 150 mM NaCl. 10 mM EDTA. 10 mM EGTA. 
10 rn& sodium pyrophosphate, 50 rnL NaF, 1 mM Na,VO,(ortho), ld 
mM iodoacetamide, 0.1 mM phenylmethylsulfonyl fluoride, 10 &ml 
leupetin, 10 &ml pepstatin, 10 &ml chymostatin, 10 &ml antipain, 
10 U/ml Trasylol, and 20 mM benzamide. Insoluble material from each 
culture extract was removed by centrifugation for 10 min at 10,000 x 
gand the supematant containing AChRs were passed through individual 
acetylcholine affinity columns (Reynolds and Karlin, 1978), which were 
then washed with lysis solution. For Western blot analysis, the AChR 
subunits were eluted from the affinity resin with SDS sample buffer 
containing 125 mM Tris.HCl (pH 6.8), 2% (w/v) SDS, 10% (v/v) glyc- 
erol, and 5% (v/v) fl-mercaptoethanol and subjected to electrophoresis. 
For the 32P-phosphate prelabeling experiments, the AChR complexes 
were eluted from the affinity resin with lysis solution containing 25 mM 
carbamylcholine. The eluate from each acetylcholine affinity column 
were then subjected to immunoaffinity chromatography. The eluate were 
passed through individual immunoaffinity columns consisting of mono- 
clonal antibody 88b linked to protein A-Sepharose (Pharmacia, Pis- 
cataway, NJ) by a rabbit anti-mouse IgG (DAKO, Santa Barbara, CA). 
The columns were washed with lysis solution, and the AChR subunits 
were eluted from the immunoaffinity columns with SDS sample buffer 
and subjected to SDS-PAGE. 32P-incorporation was analyzed by au- 
toradiography and quantitated with an LKB laser densitometer. 

Results 
Colocalization of neuron-induced AChR clusters with 
phosphotyrosine 
To study the role of muscle innervation on tyrosine phosphor- 
ylation of the acetylcholine receptor, ciliary ganglion neurons 
from embryonic day 8 or day 9 chicks were added to chick 
hindlimb myotube cultures and allowed to form synapses. These 
neurons have previously been demonstrated to form functional 
synaptic connections with myotubes in vitro and to induce the 
AChR to cluster beneath the nerve terminal (Cohen and Fisch- 
bath, 1977; Role et al., 1985, 1987). In Figure lA, a nerve- 
induced AChR cluster is shown at the site of a nerve-muscle 
contact. Double labeling these nerve-induced AChR clusters 
with rhodamine-conjugated a-bungarotoxin and anti-phospho- 
tyrosine antibodies demonstrates that the AChR clusters (Fig. 
1 B) colocalize with a high level of phosphotyrosine staining (Fig. 
1C). Similar results were seen in Xenopus nerve-muscle ccl 
cocultures (data not shown). This experiment shows that nerve- 
induced AChR clusters in cell culture stain with anti-phospho- 
tyrosine antibodies in a manner similar to that seen in innervated 
skeletal muscle in vivo (Qu et al., 1990) and with agrin-induced 
AChR clusters in vitro (Wallace et al., 199 1). 

Nerve-induced tyrosine phosphorylation of the AChR 
To compare nerve- and agrin-induced tyrosine phosphorylation 
of the AChR, we partially purified AChR subunits from chick 
myotube cultures using acetylcholine affinity chromatography 
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Figure 3. Immunoblot of the AChR 
isolated from innervated and agrin- 
treated myotubes with anti-phospho- 
tyrosine antibodies. Partially purified 
preparations of the AChR from my- 
otubes cultured (lane 1, S), chick neu- 
ron-muscle cell cocultures (lanes 2 and 
6) and agrin-treated myotube cultures 
(lanes 3, 4, 7, and 8) were isolated by 
acetylcholine affinity chromatography. 
Lanes I4 were analyzed by immuno- 
blot techniques using affinity-purified 
anti-phosphotyrosine antibodies and 
lane 5-8 were analyzed by immuno- 
blotting with a monoclonal antibody 
88b against the AChR 6 subunit. Con- 
trols were purified from chick my- 
otubes in the presence of carbamylcho- 
line to specifically block absorption of 
the AChR to the affinity column (lanes 
4 and 8). 

and analyzed the tyrosine phosphorylation of these subunits. 
The subunits of the purified AChR were identified based on 
their cross-reactivity with monoclonal antibodies, their appar- 
ent molecular masses, and changes in migration in SDS poly- 
acrylamide gels after boiling the sample (Fig. 2). The cy, p, and 
6 subunits were identified as 40 kDa, 52 kDa, and 56 kDa 
proteins, respectively (Fig. 2) (Wallace et al., 1991). We have 
not been able to detect the y subunit using monoclonal anti- 
bodies, most likely due to the known sensitivity of the y subunit 
to proteolysis or due to a lack ofcross-reactivity of the antibodies 
tested (Huganir and Racker, 1980; Merlie and Sebbane, 198 1). 
As we have previously described (Wallace et al., 1991) when 
the isolated AChR was boiled prior to SDS-PAGE, the 6 subunit 
changed its apparent molecular mass to a protein of 48 kDa 
(data not shown). This change in apparent molecular mass is 
likely due to proteolysis (Huganir and Racker, 1980; Merilie 
and Sebbane, 1981). Control preparations of the chick AChR 
purified on the affinity column in the presence of 50 mM car- 
bamylcholine to prevent adsorption of the AChR did not show 
any labeling with AChR subunit antibodies (data not shown). 

The tyrosine phosphorylation of the AChR purified from in- 
nervated and agrin-treated chick myotube cultures was analyzed 
using immunoblot techniques with anti-phosphotyrosine anti- 
bodies (Fig. 3, lanes l-4). Both innervation and agrin treatment 
of myotubes increased the tyrosine phosphorylation of the AChR 
@ and 6 subunits. The stimulation of tyrosine phosphorylation 
of the p subunit by both neurons and agrin was variable and 
ranged from two- to eightfold depending on the experiment. 
This variability in the fold stimulation of tyrosine phosphory- 
lation by neurons and agrin appeared to be inversely related to 
the basal tyrosine phosphorylation of the receptor subunits. In 
previous experiments (Wallace et al., 1992) we had not seen any 

tyrosine phosphorylation of the 6 subunit due to the fact that 
we boiled the SDS sample buffer prior to SDS-PAGE. This 
appears to result in the proteolytic nicking of the 6 subunit and 
the loss of the tyrosine phosphorylation site. Immunobloting 
with monoclonal antibody 88b against the AChR 6 subunit (Fig. 
3, lanes 5-8) confirmed that each lane was loaded with the same 
amount of AChR. Control preparations of chick AChR purified 
on the affinity column in the presence of 50 mM carbamylcholine 
to prevent adsorption of AChR showed no labeling with either 
the anti-phosphotyrosine antibodies (Fig. 3, lane 4) or with the 
monoclonal antibody against the AChR F subunit (Fig. 3, lane 
8). These results demonstrate that the acetylcholine affinity col- 
umn is specific for acetylcholine receptor and that the phos- 
photyrosine containing proteins are the @ and 6 subunits. Im- 
munoblot of total membrane proteins with anti-phosphotyrosine 
antibody showed no detectable increase in tyrosine phosphor- 
ylation of any other protein after innervation or agrin treatment 
of myotubes (data not shown). Thus, the increase of tyrosine 
phosphorylation of the AChR induced by innervation and agrin 
treatment appeared to be relatively specific and not part of a 
widespread increase in tyrosine phosphorylation of myotube 
proteins. 

To investigate further the effect of innervation and agrin treat- 
ment on AChR phosphorylation, myotubes were cocultured with 
neurons or treated with agrin and then labeled with 32P-ortho- 
phosphate. Acetylcholine receptors were purified using acetyl- 
choline affinity chromatography followed by immunoprecipi- 
tation with a subunit specific monoclonal antibody (mAb 88b). 
Figure 4 shows that the AChR is basally phosphorylated on the 
/3 and 6 subunits and that the phosphorylation on these subunits 
was increased after the myotubes had been innervated (Fig. 4, 
lane 2; 1.61-fold * 0.42, n = 6) or treated with agrin (Fig. 4, 
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Figure 4. The AChR isolated from innervated and agrin-treated my- 
otubes prelabeled with 32P- orthophosphate. 32P-orthophosphate was 
added to cultured chick myotubes (lane I), cocultured chick neurons 
and myotubes (lane 2), and cultured chick myotubes treated with agrin 
(lane 3) in phosphate-free medium overnight. Agrin and neurons were 
added 12 and 48 hr, respectively, prior to harvesting the myotubes. The 
AChR was purified by acetylcholine affinity chromatography and was 
immunoprecipitated with the 6 subunit-specific monoclonal antibody 
88b. 32P-labeling on the AChR @ and 6 subunits increases after the 
myotubes were innervated or treated with agrin. The agrin-induced 
increase in phosphorylation is similar to the innervation-induced in- 
crease in phosphorylation. 

lane 3; 1.7-fold f 0.24, n = 6). In addition, small increases in 
‘*P-labeling oftwo polypeptides with apparent molecular masses 
of 44 kDa and 48 kDa were also observed. The identity of these 
two proteins are not clear, although they may be the y subunit 
or breakdown products of the /3, y, or 6 subunits. As with the 
neuron- and agrin-induced tyrosine phosphorylation of the p 
and 6 subunits, the nerve- and agrin-stimulated phosphorylation 
of the p and especially the 6 subunit was somewhat variable. 
No phosphoproteins were detected in control preparations of 
AChR purified on acetylcholine affinity chromatography in the 
presence of 50 mM carbamylcholine to prevent adsorption of 
the AChR. In addition, no phosphoproteins were observed when 
the AChR was isolated on an immunoaffinity column in the 
presence ofexcess purified Torpedo AChR to prevent absorption 
of the AChR to the column (data not shown). 

To compare the sites phosphorylated on the p and 6 subunits 
in response to innervation or agrin, the 32P-labeled subunits 
isolated from cultured chick myotubes were excised from the 
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Figure 5. Two-dimensional thermolytic phosphopeptide maps of the 
AChR fi and 6 subunits isolated from innervated and agrin-treated my- 
otubes. Myotube cultures were incubated with 5 mCi/ml 3ZP-ortho- 
phosphate for 12 hr in the presence or absence of neurons or agrin. The 
AChR was isolated by affinity chromatography and immunoprecipi- 
tation, and then the subunits were separated by SDS-PAGE and local- 
ized by autoradiography. Because the p and d subunits were hard to 
resolve, the two subunits were combined for phosphopeptide map anal- 
ysis. Excised gel pieces were subjected to thermolytic phosphopeptide 
mapping. The phosphopeptide maps of the AChR @and 6 subunits from 
chick myotubes with innervation (II) and agrin treatment (C) were very 
similar and showed increased phosphorylation of several major phos- 
phopeptides compared to the control (A). D-F, Phosphopeptide maps 
of the 44 kDa proteins in Figure 4 from control, innervated, and agrin- 
treated myotube cultures. 

polyacrylamide gel and subjected to a limit digestion with ther- 
molysin, and the resultant phosphopeptides were analyzed by 
two-dimensional thin-layer chromatography. Due to the diffi- 
culty in resolving the fi and 6 subunits and the limited amounts 
of 32P incorporated into these subunits, the p and 6 subunits 
were combined for phosphopeptide map and phosphoamino 
acid analysis. The phosphopeptide maps of AChR p and 6 sub- 
units from innervated (Fig. 5B) and agrin-treated cells (Fig. 5C) 
showed a similar pattern, with significant increases in the phos- 
phorylation of several phosphopeptides compared to the control 
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phosphopeptide map (Fig. 54). The peptide maps shown in 
Figure 54-C were overexposed to emphasize the similar phos- 
phopeptide map pattern of innervated and agrin-induced phos- 
phorylation of the /3 and 6 subunits. On shorter exposures, the 
major basal phosphorylation site seen in the control sample is 
also increased after innervation or agrin treatment. The phos- 
phopeptide maps of the 44 kDa protein in Figure 4 are shown 
in Figure 5D-F. This protein had one major phosphopeptide, 
which increased in 32P-labeling after innervation (Fig. SE) and 
agrin treatment (Fig. 5F). The 48 kDa protein had a similar 
phosphopeptide map to the 44 kDa protein, suggesting that these 
two proteins are related to each other (data not shown). This 
phosphopeptide map analysis was repeated twice with similar 
results. These results demonstrate that nerve and agrin increased 
the phosphorylation of the AChR on similar phosphopeptides, 
suggesting that nerve- and agrin-induced phosphorylation of the 
AChR may utilize similar mechanisms. 

Phosphoamino acid analysis of the combined 3*P-labeled 
AChR p and 6 subunits isolated from innervated and agrin- 
treated myotubes showed increases in phosphorylation on serine 
and tyrosine residues (Fig. 6). Quantitation with a Phospho- 
Imager 4000E system (Molecular Dynamics) and IMAGEQUANT 

software showed that agrin-induced phosphorylation of the 
AChR increased serine phosphorylation by 190% and tyrosine 
phosphorylation by 330%. Nerve-induced phosphorylation of 
the AChR increased serine phosphorylation by 199% and ty- 
rosine phosphorylation by 270%. Phosphoamino acid analyses 
were repeated three times with similar results. 

Developmental regulation of tyrosine phosphorylation at chick 
neuromuscular junction 
To study the regulation of tyrosine phosphorylation during in- 
nervation of chick muscle in vivo, we examined immunoflu- 
orescent staining of muscle frozen sections from chicks at em- 
bryonic days 4, 5, 6, 7, 9, 14, 16, 18, postnatal day 1, and in 
the adult using monoclonal anti-phosphotyrosine antibodies and 
rhodamine-conjugated cY-bungarotoxin. Phosphotyrosine stain- 
ing directly colocalized with the AChR staining of chick hind- 
limb muscle and appeared during embryogenesis as soon as 
AChR clusters were observed. AChR clusters are first observed 
on embryonic day 5 (Fig. 7A) and colocalize with phosphoty- 
rosine staining (Fig. 7B). By embryonic day 7 (Fig. 7C), the 
phosphotyrosine level was close to that of adult chick (Fig. 70). 
In Figure 7, C and D are double and triple exposures, respec- 
tively, in which the rhodamine and fluorescein staining of the 
muscle has been artificially separated to show the AChR and 
phosphotyrosine staining side by side for comparison. 

Discussion 
Neuromuscular junction differentiation is a result of inductive 
interactions between motor neurons and muscle fibers (Dennis, 
198 1). Prior to innervation, AChRs and other synaptic proteins 
are diffusely located on the surface of the muscle cell membrane 
(Schuetze and Role, 1987). Upon innervation, the AChR as well 
as other synaptic proteins begin to aggregate beneath the nerve 
terminal (Anderson et al., 1977; Frank and Fischbach, 1979; 
Froehner et al., 1981; Bloch and Hall, 1983). A variety of ex- 
periments have suggested that a synaptic extracellular matrix 
protein induces AChR clustering at the synapse, and recent 
studies have provided evidence that this nerve-induced aggre- 
gation is mediated by the neuronal extracellular matrix protein 
agrin (McMahon, 1990). Agrin is transported along motor neu- 
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A 
F&we 6. Phosphoamino acid analysis of the AChR R and 6 subunits 
iseIated from innervated and agrinitreated cultured chick myotubes. 
The 3zP-labeled AChR B and 6 subunits in Figure 4 from control. in- 
nervated, and agrin-treated cultured myotubes were excised and incu- 
bated with thermolysin. Because the @ and 6 subunits were hard to 
resolve, the two subunits were combined for phosphoamino acid anal- 
ysis. The digests were then subjected to phosphoamino acid analysis 
(circles indicate the positions ofthe nonradioactive phosphoamino acid). 
The phosphoamino acid analysis shows that both innervation and agrin- 
induced phosphorylation increases of the AChR 6 and d subunits are 
on serine and tyrosine residues. 

rons and deposited at the synaptic basal lamina (Magill-Sole 
and McMahan, 1990; Cohen and Godfrey, 1992; Reist et al., 
1992; Hoch et al., 1993). Purified or recombinant agrin induces 
AChR aggregation on myotubes in culture (Wallace, 1986,1989; 
Nitkin et al., 1987; Campanelli et al., 1991; Tsim et al., 1992). 
Moreover, nerve-induced aggregation is inhibited by antibodies 
to agrin (Reist et al., 1992). The mechanism of agrin-induced 
clustering of synaptic proteins, however, is unclear. Recent stud- 
ies have demonstrated that agrin regulates tyrosine phosphor- 
ylation of the AChR and have suggested that tyrosine phos- 
phorylation may play a role in agrin-induced receptor clustering 
(Wallace et al., 1991). In addition, this idea is consistent with 
experiments that have examined latex bead- and electric field- 
induced AChR clustering in muscle cells in culture (Baker et al., 
1992; Baker and Peng, 1993; Peng et al., 1993). These studies 
show that high levels of phosphotyrosine are colocalized at the 
site of AChR clusters. Moreover, tyrosine kinase inhibitors block 
the latex bead- and electric field-induced AChR clustering (Peng 
et al., 1993). These results support the idea that tyrosine phos- 
phorylation may play a role in agrin- and nerve-induced aggre- 
gation of the AChR in muscle. 

In this study we examined the regulation of phosphorylation 
of the AChR by innervation of myotubes in culture and com- 
pared it with agrin-induced phosphorylation. By immunoflu- 
orescent double labeling, we found phosphotyrosine staining 
occurred at nerve-induced AChR clusters as we had previously 
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Figure 7. Developmental regulation of tyrosine phosphorylation of the AChR at the chick neuromuscular junction. Cryostat sections from prenatal 
and postnatal chick leg muscle were fixed and double labeled Rith rhodamine-conjugated a-bungarotoxin and with a monoclonal antibody against 
phosphotyrosine (PY?O) and fluorescein-conjugated secondary antibody. Da>: 5 chick embryo leg muscle stained with rhodamine-conjugated 
n-bungarotosin (.4). and with anti-phosphotyrosine antibodies (B). The rhodamme and fluorescein labeling were artificially separated to allow side- 
by-side comparison of the staining pattern in da), 7 chick embryo (C) and adult chick (D). Tyrosine phosphorylation of the AChR of chick hindlimb 
muscle appeared during embFogenesis as soon as the AChR clusters were observed. 

found v,ith agnn-induced AChR clusters (b’allace et al.. 1991). 
Both inner\ atton and agnn treatment of rn! otubes increased 
phosphor?.lation of the d and d subunits of the AChR on both 
t\ rosme and serme residues. In our prex IOUS experiments it was 
found that agnn-induced t)rosme phosphor)latton ofthe AChR 
occurred onI> on the 3 subunit (Wallace et al.. 1991). This 
discrepancy resulted from the apparent proteoll tic mckmg of 
the ci subunit and loss of the t)rosine phosphoqlation site due 
to our pre\ious protocol. \\hich inxollcd boiling the samples 
prior to SDS-PAGE. In addition, mner\ation and agrin treat- 
ment increased phosphoclation of the AChR $ and 8 subunits 
on similar phosphopeptides. Thcsc results suggest that agrin 
ma! mediate the ner\ e-induced tl rosme phosphor], lation of the 
AChR seen 117 rltw and that agnn ma> be myolled in del,el- 
opmental regulation of t> rosmc phosphor! lation at the neuro- 
muscular junctton. These results are consistent \+iith the de\el- 
opmental time course of tlrosine phosphoi?lation at the chick 
neuromuscular junction whcrc t>rosme phosphoqlation colo- 
cahres \\ith AChR clusters as soon as they are detected. 

These de\,elopmental studies in chick contrasts with our pre- 
Jious data in rat. where tlrosine phosphoI?,lation at the neu- 
romuscular junction appears late m de\,elopment. at postnatal 

day 4. 10 d after nerve-induced clustering of the AChR (Qu et 
al., 1990). Recent developmental studies of the expression of 
agrin have shown that the mRKA levels of active forms of agrin 
are relatively high in the spinal cord of embuonic rats and that 
agrin protein has been detected in muscle as soon as receptor 
clusters occur at prenatal day 16 (Hoch et al.. 1993). Therefore. 
other factors ma>- be inx.olved in the regulation of tyosine phos- 
phorylation at the neuromuscular junction in rats. It is inter- 
esting to note. ho\ycvcr. that cxprcssion of the form of agrin (z- 
8) that is most actix,e in clustering of the AChR it7 vifro increases 
in parallel with the appearance of tyosine phosphoqlation at 
the rat neuromuscular junction (Hoch et al.. 1993). 
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