The Journal of Neuroscience, June 1993, 13(6): 2509-2514

Muscle Agrin: Neural Regulation and Localization at Nerve-induced

Acetyicholine Receptor Clusters
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The synapse-organizing protein agrin is expressed by mus-
cle cells. In this study we begin to characterize the role of
muscle agrin in synapse formation by investigating its dis-
tribution and expression during the formation of nerve-in-
duced ACh receptor (AChR) aggregates in vitro. We have
used species-specific anti-agrin antibodies to show that
muscle agrin colocalizes with nerve-induced AChR clusters
in chimeric nerve-muscle cocultures. Furthermore, quanti-
tation by radioimmune assay shows that the expression of
muscle agrin by cultured chick myotubes is increased more
than twofold by coculture with cells from the motoneuron-
rich ventral spinal cord. These data suggest a role for muscle
agrin in neuromuscular junction development.
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The organization of specific molecules at the postsynaptic mem-
brane is one of the crucial processes in neuromuscular junction
formation. Agrin, a protein present in the synaptic basal lamina
of species ranging from fish (Fallon et al., 1985) to birds and
mammals (Reist et al., 1987; Rupp et al., 1991), induces the
redistribution of a number of synaptic molecules, such as ACh
receptors (AChRs), into structures resembling postsynaptic spe-
cializations on myotubes in vitro (Nitkin et al., 1987; Wallace,
1989; Nastuk and Fallon, 1993).

Several lines of evidence support the hypothesis that agrin
directs the formation of neuromuscular junctions. For instance,
anti-agrin antibodies label the synaptic basal lamina (Fallon et
al., 1985; Reist et al., 1987), a structure that in the absence of
nerve can promote the formation of postsynaptic specializations
on the surfaces of regenerating myofibers (Burden et al., 1979).
Agrin immunoreactivity is present at the very earliest times that
neuromuscular synapses can be identified in vivo (Godfrey et
al., 1988; Fallon and Gelfman, 1989) and anti-agrin antisera
can block the formation of nerve-induced AChR clusters on
myotubes in culture (Reist et al., 1992). Also, recombinant agrin
has been shown to induce the aggregation of muscle AChR
(Campanelli et al., 1991; Tsim et al., 1992). Taken together,
these observations provide strong evidence that agrin plays a
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pivotal role in orchestrating the formation of neuromuscular
junctions, but the nature of that role remains to be elucidated.

Both ncural and muscle cells can synthesize agrin (Magill-
Solc and McMahan, 1988; Lieth et al., 1992), but it is not clear
how agrin from these cellular sources may contribute to the
formation of neuromuscular synapses. A simple model might
state that agrin released from nerve endings causes synaptic
elements to redistribute on the postsynaptic cell (McMahan,
1990). Another possibility is that axons induce the release of
agrin and other related molecules from the muscle cells they
contact, and that such molecules are involved in either the re-
distribution or stabilization of synaptic elements (Lieth et al.,
1992). Also, agrin from muscle and nerve may act synergistically
in the formation and maintenance of the neuromuscular junc-
tion. We have previously reported that muscle cells in culture
synthesize and release agrin (Lieth et al., 1992). Moreover, these
molecules are localized at AChR aggregates induced by agrin
solubilized from Torpedo electric organ extracellular matrix. In
the present study, we sought to characterize further the expres-
sion of muscle agrin at the neuromuscular junction to learn how
this molecule may be involved in the formation of this synapse.

Ncuron-myotube cocultures provide a powerful and acces-
sible system 1o study the role of agrin in synaptogenesis. Mo-
toneurons induce the clustering of AChR on cultured myotubes,
forming synapses that functionally and structurally resemble
ncuromuscular junctions in vivo (Anderson and Cohen, 1977;
Frank and Fischbach, 1979; Cohen and Weldon, 1980; Role et
al., 1987). Other ncuronal types, such as cells of the dorsal root
ganglia, lack this property. We cultured chick myotubes in the
presence of motoneurons from rat spinal cord, and used species-
specific antibodies that recognize chick agrin to visualize agrin
derived from muscle. We show that muscle agrin colocalizes
with nerve-induced AChR clusters. Furthermore, coculture with
spinal cord cells stimulates agrin expression by myotubes. We
postulate that agrin derived from muscle cells contributes to the
formation of stable postsynaptic specializations at the neuro-
muscular junction. These results demonstrate the existence of
complex interactions between neurons and muscle cells that
regulate the expression and spatial distribution of synaptic or-
ganizing molecules during neuromuscular junction develop-
ment. The simple model of AChR clustering by neuronally re-
leased agrin is not sufficient to explain these findings. It seems
more likely that both muscle and neuronal cells contribute ac-
tively to the formation and maintenance of junctions by se-
creting synapse organizing molecules.

Materials and Methods

Cell culture. Embryonic day 12 (E12) chick pectoral muscle was dis-
sected, dissociated, and plated as described previously (Lieth et al.,



2510 Lieth and Fallon » Muscle Agrin and Synapse Formation

Figure 1.

Coculture with rat ventral spinal cord neurons induces the patching of AChRs on the surfaces of chick myotubes. Four days after the

addition of rat ventral spinal cord cells to chick muscle cell cultures, specimens were fixed and stained with rh-BTX and antibodies to the synaptic
vesicle protein SV2. The same field is shown viewed in fluorescein and rhodamine optics to visualize neurites (a) and AChR clusters (b), respectively.
Over 90% of AChR clusters were within 5 pm of a neurite. Scale bar, 20 um.

1992). One day later, E17 rat spinal cords were dissected and divided
along the lateral sulcus into ventral and dorsal strips. Tissues were
incubated in 0.25% trypsin for 30 min at 37°C, mechanically dissociated,
and transferred into a plating medium consisting of Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum (FBS), pen-
icillin, and glutamine. In order to maintain low baseline levels of muscle
agrin expression, chick embryo extract was not used in these experi-
ments. Cells were plated on preformed layers of chick myogenic cells
at 100,000 cells/well in 96-well plates for radicimmune assays or 50,000
cells/well on glass coverslips for immunocytochemistry. After 3 d, cul-
tures were fed by replacement with the same media. E17 cerebral cortex
cultures were prepared exactly as described above. All animals were
housed and handled in accordance with NIH guidelines.

Antibodies. The anti-agrin antibodies used here have been character-
ized extensively, Monoclonal antibodies (mAbs) 5B1 and 11D2 were
raised against Torpedo agrin and cross-react with chick agrin. Their
binding to agrin has been established using tissue sections, solubilized
extracts, cell culture, immunoblots, and recombinant protein (Reist et
al,, 1987; Lieth et al., 1992; Ruegg et al., 1992). Both antibodies have
been reported to be unreactive with rat agrin as judged by immunola-
beling of tissue sections (Reist et al., 1987). We confirmed this lack of
cross-reactivity in rat spinal cord culturcd alonc or togcther with primary
rat muscle cells. In no case was any specific labeling observed. As these
cultures were carried out in the presence of FBS, the lack of staining by
mAbs 5B1 and 11D2 also demonstrates either that FBS is free of agrin
or that these antibodies do not recognize serum-borne bovine agrin.
Thus, these antibodies are specific for agrin and suitable for the selective
detection of chick agrin in rat/chick chimeric cultures.

Immunocytochemistry. Immunolabeling was performed exactly as de-
scribed by Lieth et al., (1992). Briefly, cultures grown on glass coverslips
were incubated in 5Bl hybridoma supernatant (approximately 20 pg/
ml specific IgG) followed by a fluorescein-conjugated goat anti-mouse
Ig. AChRs were labeled using 5 x 10-" M rhodamine-conjugated «-bun-
garotoxin (rh-BTX; Molecular Probes, Eugene, OR) in the second layer.
Cells were then fixed in —20°C MeOH, mounted in Citifluor (Pella),
and examined through a Zeiss Axioplan microscope equipped with epi-
fluorescence optics. We obtained results indistinguishable from those
reported here using another anti-agrin antibody, 11D2, whose species
cross-reactivity is the same as that of mAb 5BI but that recognizes a
different epitope. In some cultures, neurites were labeled with the anti-
synaptic vesicle antibody SV2 (Buckley et al.,, 1983). These cultures
were first labeled with rh-BTX as described above, fixed for 5 min in
1% HCHO, and permeabilized with 0.05% saponin in PBS. The cells
were then labeled with anti-SV2 followed by fluoresceinated secondary
antibody as above.

Quantitation of immunocytochemical staining. To determine the colo-
calization of muscle agrin with AChR clusters, cultures were double
labeled as described above. The number of AChR clusters (=2 um in

any dimension) per 370 um myotube segment in each of 10 randomly
selected microscope fields was determined under rhodamine optics. The
colocalization of agrin immunoreactivity at these clusters was then de-
termined by switching to the fluorescein-selective optics. The total num-
ber of AChR clusters and the proportion that colocalized with agrin
were determined for at least two coverslips for each day in culture.

To compare the growth of neurites in cocultures of myotubes with
either spinal cord or cortical cells, the number of myotube segments
that exhibited zero, one, two, three, or four or more contacts with SV2-
labeled neurites were counted. For each condition, data gathered over
the entire course of the experiment were pooled to identify differences
between the culture conditions.

Solid-phase radioimmune assay. Radioimmune assays to measure
muscle agrin expression were carried out as described (Lieth et al., 1992).
Briefly, protein A—purified anti-agrin mAbs were labeled to 1.0-1.5 x
107 cpm/pg IgG with '**I. The amount of agrin was measured by in-
cubation with lug/ml '**I-anti-agrin. Nonspecific binding was deter-
mined by pre- and coincubation with 100-fold excess unlabeled anti-
body. Each measurement is the average of six simultaneous
determinations, adjusted for amount of protein in the individual cul-
tures.

Results

Rat ventral spinal cord neurons induce AChR clusters on chick
myotubes

The aggregation of AChRs on myotube surfaces by motoneurons
in culture is commonly used as an indicator for the formation
of nerve-muscle contacts (Anderson et al., 1977; Frank and
Fischbach, 1979; Role et al., 1987). To induce the formation of
postsynaptic specializations on chick myotubes, we added dis-
sociated rat spinal cord cells. Figure 1, ¢ and b, shows the colo-
calization of AChR clusters with neurites. We quantified this
induction by measuring the number of AChR aggregates in co-
cultures with the motoneuron-rich ventral spinal cord as com-
pared to cocultures with the motoneuron-poor cortex. Through-
out the culture period, a greater number of AChR clusters is
observed in cocultures with ventral cord neurons (Fig. 2). At 4
and 5 d in coculture, ventral spinal cord induced three to five
times more AChR clusters as compared to cortex. The total
number of clusters observed in ventral spinal cord cocultures
was up to seven times greater than in muscle cultured alone
(data not shown). We also quantitated the number of contacts
between neurites and myotubes in each culture condition. Table
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Figure 2. Ventral spinal cord neurons induce a greater number of
AChR aggregates on myotubes than do cerebral cortical neurons. Neural
cells were plated onto 1-d-old muscle cultures and the preparations
stained 2-5 d later with rh-BTX. The number of AChR clusters per 370
um myotube segment was counted as described in Materials and Meth-
ods. The number of nerve-induced AChR clusters was determined by
subtracting the number of AChR clusters observed in same-age cultures
grown without nerve (spontaneous clusters). Each determination is the
mean of three cultures (+SEM).

1 shows that there were equivalent numbers of neurite contacts
in myotubes cultured with either spinal cord or cerebral cortical
cells. The culture conditions used here thus provide comparable
support for the growth of both neuronal types. Therefore, these
results show that rat motoneurons selectively induce AChR clus-
ters on chick myotubes.

Muscle agrin accumulates at nerve-induced AChR clusters

We previously showed that myogenic cells in culture secrete
agrin-related molecules (Lieth et al., 1992). Here we studied the
distribution of muscle agrin with respect to motoneuron-in-
duced AChR aggregates. Chick myotubes and rat spinal cord
neurons were cocultured and then stained with anti-agrin mAb
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Table 1. The number of neurite-myotube contacts is similar in
myotubes cocultured with either cerebral cortical or spinal cord cells
(see Materials and Methods)

Eeiﬂz’:r of Number of myotube segments
contacts Ventral spinal cord Cortex

0 4 11

1 23 12

2 20 24

3 10 12
=4 21 21

« Four or more contacts per myotube segment.

11D2 or 5B1. Both antibodies have previously been reported
to bind chick, but not rat agrin (Reist et al., 1987). We confirmed
this lack of cross-reactivity by labeling rat spinal cord cultured
alone or together with primary rat muscle cells. In no case was
any specific labeling observed (not shown). Thus, in these ex-
periments only agrin secreted by muscle is visualized. Figure 3
shows the colocalization of muscle agrin with nerve-induced
AChR clusters. Muscle agrin is concentrated at the large, mature
AChR clusters. Note that the AChR microclusters (=2 um) are
not colocalized with muscle agrin. The accumulation of muscle
agrin at the more developed AChR clusters is consistent with
the hypothesis that it plays a role in the maturation or stabili-
zation of these postsynaptic specializations (see Discussion).
To quantify the appearance of muscle agrin at nerve-induced
AChR clusters, we compared the accumulation of agrin im-
munoreactivity at AChR clusters in cocultures containing mo-
toneurons (ventral cord) to control cocultures without moto-
neurons (cerebral cortex). The number of agrin-colocalized AChR
clusters increases steadily over time in coculture with ventral
cord, but remains relatively unaltered in control cocultures (Fig.
4). By 5 d of culture up to 10-fold more agrin-colocalized clusters
are observed in ventral cord cocultures. The proportion of all
AChR clusters that colocalize with muscle agrin is consistently
high in ventral cord cocultures, particularly after 3 d in vitro
(Fig. 4, numbers in bars). In cocultures with control neural cells
this proportion varied between culture platings, similar to the

Figure3. Muscle agrin colocalizes with
nerve-induced AChR aggregates. Chick
muscle cells were cultured with rat ven-
tral spinal cord neurons for 3 d, and
then double labeled with anti-agrin an-
tibody 5B1, which does not recognize
rat agrin (@) and rh-BTX (b). Muscle
agrin is concentrated at 87% (see Fig.
4) of the large, mature AChR clusters
(arrows). Note that the AChR micro-
clusters (=2 um, arrowheads) are not
colocalized with muscle agrin. Scale bar,
10 gm.
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Figure 4. At all days in vitro ventral spinal cord cells inducc a greater
number of agrin-colocalizing AChR clusters than do cortical cells. Chick
myotubes were cultured for 2-5 d in the presence of rat ventral spinal
cord or cerebral cortex cells. Preparations were stained with rh-BTX
and mAb 5BI, and the number of AChR patches colocalized with mus-
cle agrin counted. Each determination is the mean (+=SEM), adjusted
for the number of agrin-colocalizing spontancous clusters. Numbers
inside bars are the percentages of all AChR clusters in the cultures that
were also colocalized with muscle agrin.

variable colocalization with spontaneous AChR clusters ob-
served in cultures of myotubes alone (Lieth et al., 1992). In
cocultures containing motoneurons, the percentage of colocal-
ized AChR clusters was always at least 70% by 3 d in vitro.
Thus, agrin derived from muscle accumulates at a high pro-
portion of AChR clusters induced by neurons of the ventral
spinal cord.

Spinal cord neurons stimulate the expression of muscle agrin

The colocalization of muscle agrin with nerve-induced AChR
aggregates opens the possibility that muscle responds to the
presence of motoneurons by secreting increased amounts of agrin.
We therefore measured the effect of spinal cord coculture on
the accumulation of muscle agrin. Muscle agrin levels were de-
termined by radioimmunoassay. Coculture with rat ventral spi-
nal cord increased the expression of muscle agrin by more than
twofold as compared to myotubes cultured alone (Fig. 5). In
contrast, only a small increase was observed after coculture with
cerebral cortical cells. The overall protein levels in these cultures
was not affected by coculture with neural cells (data not shown).
These results indicate that the motoneuron-rich spinal cord se-
lectively increases the expression of muscle agrin.

Discussion

The studies reported here were designed to asscss the expression
of muscle agrin at nerve-induced AChR clusters. We show that
rat spinal cord cells induce AChR clusters on cultured chick
myotubes, and that agrin synthesized by the muscle cells is
concentrated at these postsynaptic specializations. In addition,
coculture with spinal cord cells induces an increase in the ex-
pression of muscle agrin. These findings suggest that thc agrin
localized at the neuromuscular junction is synthesized at least
in part by the muscle cell, and indicate that the expression of
muscle agrin is regulated by interaction with neurons.

Agrin synthesis by muscle cells is well established (Fallon and

CPM 125l-anti-agrin/ug Protein

Myotubes only

+ Vent. Spinal Cord + Cercbral Cortex

Figure 5. Coculture with ventral spinal cord stimulates the expression
of agrin by muscle cells. Chick myotubes were cultured either alone,
with rat ventral spinal cord cells, or with cerebral cortex cells for 5 d.
Agrin was measured by radioimmunoassay using mAb 5B1, which in
these cultures recognizes only agrin expressed by muscle. Each deter-
mination represents the mean of six cultures normalized for total pro-
tein/culture (=SD). Ventral spinal cord culture increased the amount
of muscle agrin by twofold as compared to coculture with cerebral cortex
or myotubes alone. Ventral spinal cord versus myotube alone, p < 0.001;
ventral spinal cord versus cortical coculture, p < 0.01 (Student’s ¢ test).

Gelfman, 1989; Lieth et al., 1989, 1992; Ruegg et al., 1992).
However, in none of these studies could it be determined if
muscle agrin is expressed at the neuromuscular junction. We
therefore designed a chimeric nerve~muscle coculture system
to address this question. Dissociated rat ventral spinal cord cells
induce robust AChR clustering on chick myotubes, but cerebral
cortical cells (Figs. 1, 2), dorsal spinal cord, or sensory ganglia
(E. Lieth and ). R. Fallon, unpublished observations) do not.
This clustering is similar to that seen when chick spinal or
parasympathetic motoneurons are cocultured with myotubes
(Frank and Fischbach, 1979; Role et al., 1987). In the present
study, greater than 90% of clusters in nerve-muscle cocultures
were associated with necurites (Fig. 1), indicating that neurons
induced AChR clusters in our cultures. As shown in Figure 3,
muscle agrin is localized at the nerve-induced AChR clusters.

In a recent study using a chimeric frog system, Cohen and
Godfrey (1992) did not detect the expression of muscle agrin at
ncurite contacts. It is not known whether the failure to detect
muscle agrin in this case is due to insufficiently sensitive detec-
tion methods or the lack of muscle agrin expression by these
amphibian cells. Significantly, muscle agrin was not observed
under any circumstances in the frog experiments. It is important
to determine whether this contrasting result is due to technical
or species differences. It should be noted that agrin protein and
mRNA are expressed in avian and mammalian muscle, as well
as in elasmobranch electric organ (Lieth et al., 1992; Ruegg et
al., 1992; Smith et al., 1992). Thus, agrin expression by the
targets of motoneurons is well conserved in evolution, and the
failure of frog muscle to express agrin would be a departure from
this observation. On the other hand, the detection of muscle
agrin at nerve-induced AChR clusters is in accord with earlier
work demonstrating muscle agrin localization at spontaneous
and Torpedo agrin-induced AChR clusters (Fallon and Gelfman,
1989; Licthctal., 1992). Thus, muscle agrin is localized at AChR
clusters that arise in at least three different contexts.

The stimulation of muscle agrin accumulation by spinal cord
cclls (Fig. 5) is of considerable interest since it suggests the
motoncuron may regulate the expression of target-derived agrin
at the synapse. Although the mechanism of this stimulation is



unknown, one attractive and economical model is suggested by
recent data. We have previously demonstrated that the cell sur-
face receptor for exogenous Torpedo agrin is distinct from the
AChR (Nastuk et al., 1991). Both this receptor as well as the
AChRs redistribute in response to incubation with cxogenous
agrin. Moreover, newly synthesized muscle agrin selectively ac-
cumulates at AChR clusters induced by Torpedo agrin (Lieth ct
al., 1992). These observations, coupled with the tyrosine phos-
phorylation of the AChRs seen upon agrin stimulation (Wallace
et al., 1991), suggest that cxogenous agrin activates a series of
intracellular events that mediate the formation of postsynaptic
specializations. It is tempting to speculate that the stimulation
of agrin expression in muscle cells is one of the events evoked
by neurally derived agrin during the formation of neuromuscular
junctions. It is of course also possible that electrical activity or
ncuronally derived factors such as ACh receptor—inducing ac-
tivity (ARIA) calcitonin gene-related peptide could induce the
expression of muscle agrin (New and Mudge, 1986; Usdin and
Fischbach, 1986; Rutishauser and Landmesser, 1991). Fur-
thermore, while there is good evidence that motoncurons reg-
ulate the expression of muscle-derived agrin, we cannot rule out
the possibility that non-ncuronal cells from the spinal cord may
contribute to this regulation. We arc currcntly testing these hy-
pothescs.

Recent molecular analysis of agrin has revealed that agrin
isoforms arise by alternative mRNA splicing. Studics using re-
combinant fragments of chick agrin indicate that only the iso-
forms expressed by motoneurons induce AChR clustering (Ruegg
et al.,, 1992). On the other hand, all full-length isoforms of rat
agrin can stimulate AChR aggregation (Ferns et al., 1992). While
the reasons for this apparent discrepancy remain to be cluci-
dated, it is clear that isoforms of agrin expressed by muscle are
capable of inducing AChR aggregation.

It has recently been reported that neuronally derived agrin is
present at AChR clusters in Xenopus/Rana cocultures (Cohen
and Godfrey, 1992). In preliminary studies with chick ciliary
ganglion neurons cultured on rat myotubes, we have found that
neural agrin is localized at AChR clusters (Lieth and Fallon,
unpublished observations). In addition, motoneurons synthe-
size agrin and transport it anterogradely (Magill-Solc and
McMahan, 1988), and antiscra specific for chick agrin partially
block AChR cluster induction in chick ciliary ganglion/rat mus-
cle cultures (Reist et al., 1992). Taken together with the present
results, these data indicatc that there is a dual cellular origin of
agrin at the neuromuscular junction.

We propose that this dual origin is a reflection and a mediator
of the critical cellular interactions underlying synaptogenesis.
The formation of the neuromuscular junction is a lengthy, com-
plex process. Over 7 weeks elapsc between the time that nerve-
induced AChR clusters first appear to the point at which the
synapse is fully mature (reviewed in Salpeter, 1987; see also
Dahm and Landmesser, 1991). Several major events occur in
the intervening period including motoneuron cell death, for-
mation and innervation of secondary myotubes, climination of
polyneuronal innervation, and metabolic stabilization of AChR
turnover. Thus, there are numerous points during synaptogene-
sts in which muscle agrin may play a role, and thesc cvents are
not limited to the initial events in nerve-induced AChR clus-
tering.

A model for agrin cxpression suggested by these studics is
that neurally derived agrin is released onto the muscle cell sur-
face and induces the initial formation of postsynaptic structurcs.
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This e¢xogenous, neuronally derived agrin would then signal the
expression of muscle agrin at these specializations. This model
is consistent with the observation that muscle agrin alone in-
duces only low levels of AChR clustering (Godfrey, 1991; Lieth
ctal.,, 1992), and that antisera specific to neuronal agrin incom-
pletely block nerve-induced clustering (Reist ct al., 1992). As
discussed previously, this endogenous muscle agrin could be
part of the machinery intrinsic to the myofiber that is neccssary
for it 10 organize its postsynaptic apparatus. For example, mus-
cle agrin could scrve to stabilize the postsynaptic specialization
(Licth et al., 1992). A key to understanding the respective func-
tions of agrin derived from these different cells is to identify the
isoforms present at each stage in synapse development. Such a
temporal characterization is essential since, for example, tyro-
sine phosphorylation of the AChR is only observed after birth
in the rat, even though AChR clustering and agrin accumulation
are scen a week carlier (Qu et al., 1990; Rupp et al., 1991). It
is also important to characterize fully the agrin receptor at these
developing junctions; work on this problem is in progress (Nas-
tuk et al., 1991). Finally, additional assays nced to be brought
to bear in order to probe selectively the different stages of AChR
formation and stabilization.

In summary, we have shown that the expression and local-
ization of muscle agrin are subject to neural regulation. The dual
source of agrin at the neuromuscular junction, coupled with the
existence of this regulatory network, suggests that neuronal agrin
alone docs not dircct all aspects of postsynaptic differentiation.
More likely, agrin from both the neuron and muscle collaborate
to organizc the nerve—muscle synapse.
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