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Abstract: Agrin is a synapse-organizing molecule that
mediates the nerve-induced aggregation of acetylcholine
receptors (AChR5) and other postsynaptic components
at the developing and regenerating vertebrate neuromus-
cular junctions. At the neuromuscular junction, three dif-
ferent cell types can express agrin, i.e., neuron, muscle,
and Schwann cell. Several lines of evidence suggested
that neuron-derived agrin is the AChR-aggregating factor,
but the possible roles of muscle-derived agrin in the for-
mation of AChR aggregate are not known. By using the
recombinant DNA method, a clonal stable C2C1 2 cell line
transfected with antisense agrin cDNA was created. RNA
dot blot and western blot analysis indicated that the ex-
pression of agrin in the transfected cell was abolished by
DNA transfection. When the agrin-deficient 02012 cells
were induced to form myotubes and subsequently cocul-
tured with agrin cDNA transfected fibroblasts, AChR ag-
gregates were formed in the cocultures. In addition, ace-
tylcholinesterase (AChE) aggregates in agrin-deficient
myotubes were also induced by exogenous agrin and
the AChE aggregates were colocalized with the AChR
aggregates. The agrin-deficient myotubes could also re-
spond to neuron-induced AChR aggregation after cocul-
turing with neuroblastoma cells. Thus, the agrin-deficient
myotubes retain their ability to exhibit the agrin- or neu-
ron-induced AChR aggregation. This result suggests that
the formation of postsynaptic specializations during de-
velopment and regeneration is mediated by neuron-de-
rived agrin but not the agrin from muscle. Key Words:
Antisense—Nerve—muscle coculture—Neuromuscular
junction—Neuroblastoma—Synaptogenesis.
J. Neurochem. 69, 2555—2563 (1997).

During the developmentof neuromuscularjunctions,
there will be formation of postsynaptic specializations
directed by the motor neuron approaching the muscle
fiber. These postsynaptic specializations include aggre-
gation of acetyicholine receptors (AChRs), acetylcho-
linesterase (AChE; EC 3.1.1.7), and other synaptic
components at the synaptic sites (McMahan, 1990;
Hall and Sanes, 1993). Several lines of evidence indi-
cate that both the axon terminal- and the basal lamina-
induced formation of postsynaptic apparatus on devel-
oping and regenerating muscle fibers is mediated by

agrin (Nitkin et al., 1987; Reist et al., 1987; Magill-
SoIc and McMahan, 1988; Hall and Sanes, 1993; Bowe
and Fallon, 1995; Gautam et al., 1996). According to
the agrin hypothesis (Nitkin et al., 1987; McMahan,
1990), agrin is synthesized in cell bodies of motor
neurons in spinal cord and transported along their ax-
ons to muscle where it is externalized by the axon
terminals to bind to the basal lamina in the synaptic
cleft and also to agrin receptor(s) on the muscle fibers,
triggering the muscle fibers to form aggregates of
AChRs, AChE, and other molecules that comprise the
postsynaptic apparatus.

Several lines of evidence support the agrin hypothe-
sis. Agrin purified from the extracts of synapse-rich
electric organ of the marine ray (Torpedo californica)
has been best characterized and shown to induce aggre-
gation of AChRs, AChE, and other synaptic molecules
on cultured myotubes (Wallace, 1986). Molecules an-
tigenically similar to agrin that cause AChR aggrega-
tion on cultured myotubes have also been extracted
from muscle, spinal cord, brain, and other regions
(Godfrey et al., 1988a; Magill-Solc and McMahan,
1988; Godfrey, 1991). Monoclonal antibodies raised
against Torpedo agrin have been shown to stain mole-
cules in the synaptic cleft of vertebrate neuromuscular
junctions (Reist et al., 1987) and the motor neurons
in ventral horn of chick spinal cord (Magill-SoIc and
McMahan, 1988; Fallon and Gelfman, 1989). By using
species-specific anti-agrin antibodies in heterologous
nerve—muscle cocultures, results have shown that neu-
ron-derived agrin is the synapse-organizing molecule
(Cohen and Godfrey, 1992; Reist et al., 1992). More-
over, Gautam et al. (1996) recently demonstrated that
postsynaptic AChR aggregates were markedly reduced
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in number, size, and density in muscles of agrin knock-
out mutant mice. Thus, the agrin knockout study also
supports the hypothesis.

Although these findings support the hypothesis that
neuron-derived agrin is the key synapse-organizing
molecule, other lines of evidence oppose this hypothe-
sis. For example, agrin molecules are expressed not
only in motor neurons but also in a variety of other
cell types, such as Schwann cell and muscle cell at
the neuromuscular junction (Godfrey et al., 1988b;
Magill-Solc and McMahan, 1988; Godfrey, 1991; So
et al., 1996). Agrin at the synaptic site, however, could
be derived from neuron, muscle, or Schwann cell. It
is of interest that the expression of muscle agrin was
colocalized with AChR aggregates at the aneural limbs
of chick embryo (Fallon and Gelfman, 1989), and they
appeared in the limb bud mesenchyme of the chick
embryo before muscle differentiation or the ingrowth
of motor axons (Godfrey et al., l988b).

Agrin cDNAs have been isolated in rat (Rupp et al.,
1991), chick (Tsim et al., 1992), and ray (Smith et
al., 1992). Different variants of chick and rat agrin
mRNAs due to alternative splicing have been identified
by PCR analysis. The presence of an amino acid inser-
tion at the Y/A site can be 0 or 4, and at the ZIB site
the number of amino acid insertions can be 0, 8, 11,
and 19 (Ferns et a!., 1992, 1993; Ruegg et al., 1992;
Tsim et al., 1992). These agrin isoforms have pre-
viously been shown to differ in their AChR-aggregat-
ing activity (Campanelli et al., 1991; Ferns et al., 1992,
1993; Ruegg et al., 1992; Gesemann et a!., 1995). The
insertion at the ZIB site is particularly important for
the soluble AChR-aggregating activity of agrin in cul-
tured myotubes, although all forms of agrin have nearly
the same AChR-aggregating activity in the cell-
attached agrin assay (Ferns et al., 1992, 1993). By
using the cloned agrin cDNA as a probe, agrin tran-
script was detected in chick muscle and its size of
transcript was similar to agrin mRNA derived from
brain or spinal cord, albeit the expression was about
fivefold lower (Tsim et a!., 1992). The primary form
of muscle-derived agrin is a distinct isoform with no
amino insertion at Y and Z sites, namely, agrin~~
however, a minute amount of agrin40 is also expressed
in muscle (Ruegg et al., 1992). When agrin00 or
agrin4,() cDNA was transfected into fibroblasts and co-
cultured with myotubes, the transfected cells showed
equal potency in AChR-aggregating activity compared
with other isoforms of agrin (Ferns et al., 1992, 1993).
Thus, the molecular genetic analysis clearly indicated
that the form of agrin expressed in muscle could be
active in the formation of AChR aggregates, but how
it was involved in neuron-induced AChR aggregation
is still not clear.

Although muscle-derived agrin may not initiate
AChR aggregation, it could be synergistic with or com-
plementary to neuron-derived agrin during the forma-
tion of neuromuscular junctions, as proposed by Fallon
and his colleagues (Lieth et al., 1992). Moreover, mus-

dc agrin may also be involved in stabilizing the AChR
aggregates formed on the muscle cell surface. Thus,
the primary objective of this study was to create an
agrin-deficient muscle cell line by antisense cDNA
transfection and to test the responsiveness of this myo-
tube to form AChR aggregates when challenged with
exogenous agrin or cocultured with neurons.

MATERIALS AND METHODS

Materials
Eggs of New Hampshire chicks were purchased from a

local farm, and chicks were hatched and kept in the Univer-
sity Animal Care Facility. Cell culture medium, fetal calf
serum, and other cell culture reagents were from GibcoBRL
(Grand Island, NY, U.S.A.). conjugated secondary antibod-
ies from Cappel (Durham, NC, liSA.), anti-AChE mono-
clonal antibody from Transduction Laboratories (Lexington,
KY, U.S.A.), anti-rat agrin antibody AGR-540 from Stress-
Gen Biotechnologies (Victoria. British Columbia, Canada),
anti-a-tubulin antibody from Sigma (St. Louis, MO.
U.S.A.), nitrocellulose papers from MST (Westborough.
MA, U.S.A.), tetramethylrhodamine-conj ugated a-bungaro-
toxin from Molecular Probes (Eugene, OR, U.S.A.), chemi-
luminescence ECL kit for western blot analysis from Amer-
sham (U.K.), and the protein assay kit was from Bio-Rad
(Hercules, CA, U.S.A.). Reagents not specified here were
from standard sources.

Cell cultures
The C2CI2 cells were originally isolated from the thigh

muscle of a 2-month-old C3H mouse (Yaffe and Saxel,
1977). C2C 12 cells were maintained as undifferentiated my-
otubes in Dulbecco’s modified Eagle medium supplemented
with 20% (vol/vol) heat-inactivated horse serum, 100 U/
ml penicillin, and 100 U/mI streptomycin. Cultures were
incubated at 37°C in a 5% CO,-humidified incubator and
medium was replaced every 3—4 days. To induce myotube
fusion, cells were grown in fusion medium that contained
only 2% (vol/vol) heat-inactivated horse serum (Ferns et
a!., 1993). Myotubes were allowed to fuse for 2—3 days
before coculture. A human embryonic kidney fibroblast cell
line (HEK 293) and neuroblastoma X glioma NGIO8-15
hybrid cell were cultured in 100-mm culture dishes as pre-
viously described (Christian et a!., 1978; Pun and Tsim.
1995).

Immunohistochemical staining
Myotube cultures were fixed with ice-cold 2% (vol/vol)

paraformaldehyde in phosphate-buffered saline (PBS; 80
mM Na2HPO4, 20 mM NaH2PO4, 100 mM NaC!, pH 7.6),
rinsed with PBS, stained with 10

7M tetrarnethylrhodamine-
conjugated a-bungarotoxin for I h at room temperature,
washed with PBS, fixed in ethanol, and mounted in glycerol.
The AChR aggregates were counted as described by Wallace
(1986) under a 63 x objective on a Zeiss Axiophot equipped
with phase and fluorescence optics. The mean number of
AChR aggregates per field was determined by counting 20
different fields in each culture. For double labeling, the cells
were labeled with rhodamine-conjugated a-bungarotoxin
(Tsim et a!., 1997) and anti-AChE monoclonal antibody
(1:1,000) or anti-rat agrin antibody AOR-540 (1:1,000) for
I h, followed by fluorescein-5-isothiocyanate (FITC)-conju-
gated rabbit anti-mouse Ig secondary antibodies.
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Western blot analysis
C2CI2 cell and muscle were lysed in 0.5% (wt/vol) so-

dium dodecyl sulfate (SDS) in 50 mM phosphate buffer
(pH 8.0) and the protein concentrations were determined
(Bradford, 1976). Samples were boiled in 0.15 mM Tris-
base, 6% (wt/vol) SDS, 10% (vol/vol) glycerol, 1% dithio-
threitol, and 8 M urea and then electrophoresed on a poly-
acrylamide gel. Electrophoresed proteins were transferred
onto a nitrocellulose membrane and stained with ponceau S
to confirm that an equal amount of protein was loaded for
each sample (Sambrook et al., 1989; Tsim et al., 1997).
Membranes were blocked with 5% (wt/vol) dry milk in 20
mM Tris-base, pH 7.6, 137 mM NaCI, 0.1% (vol/vol)
Tween 20, for 1 h at 37°C,followed by incubation with anti-
rat agrin antibody AGR-540 (1:1,000). Membranes were
also stained with anti-AChE antibody at 1: 1,000 and anti-a-
tubulin antibody at 1:5,000. For the blocking experiment,
the anti-agrin antibody was treated with extract from agrin-
expressing fibroblasts or with control fibroblast extract, be-
fore and during the antibody recognition period. Immunore-
activity was detected by ECL western blot system using
peroxidase-conjugated goat anti-mouse or anti-rabbit Ig anti-
bodies, following instructions from the supplier.

RNA dot blot analysis
For RNA dot blot assay, RNAs isolated from C2C12 cells

(Chomczynski and Sacehi, 1987) were dot blotted onto a
nylon membrane (MSI) using Bio-Dot apparatus (Bio-Rad)
as described by Sambrook eta!. (1989). An ~—l-kbeDNA
probe of rat agrin (agrin155_1,055 Rupp et al., 199!) was used
and probes were labeled with [a-~

2PldCTP (Amersharn)
by using a commercially available labeling kit (Pharniacia,
Uppsala, Sweden). Hybridization was performed at 42°C
overnight in 50% (vol/vol) formamide, 6x saline—sodium
citrate (SSC), 5x Denhardt’s solution, 0.5% (wt/vol) SDS,
and 50 ~ag/ml denatured salmon sperm DNA. After hybrid-
ization, the filters were washed with decreasing concentra-
tions of SSC to a final concentration of 0.1 X SSC with 0.1%
(wt/vol) SDS at 55°C, then wrapped in Saran wrap and
exposed to X-Omat film (Kodak, Rochester, NY, U.S.A.)
with intensifying screen (Okamoto, Japan) at —70°C.

cDNA cloning and stable cell transfection
The pcDNA 3 plasmid (Invitrogen, La Jolla, CA, U.S.A.),

containing a G418-resistant gene and under control of a
cytomegaloviral promoter, was used as the mammalian ex-
pression vector throughout this study. Partial eDNA encod-
ing rat agrin

155.~ ~ was prepared by digestion of full-length
rat agrin eDNA with XhoI restriction enzymes (Rupp et al.,
1991; see Fig. 1). The eDNA inserts were silica gel-purified
(Geneclean II, Bin 101, La Jolla, CA, U.S.A.) and ligated
at the corresponding restriction enzyme site of pcDNA 3 for
subcloning. The identity of eDNA constructs was confirmed
by DNA sequencing. C2C12 cells were transfected by cal-
cium phosphate precipitation (Sambrook et al., 1989). For
stable transfection, C2C12 cells transfected with sense 5-
agrin155 ~ eDNA or antisense AS-agrin155~058eDNA were
grown in culture medium supplemented with 400 ~.tg/ml
G418 (Pun and Tsim, 1995). After 3 weeks of antibiotic
selection, stable G41 8-resistant cells were sorted into 96-
well plates by a flow cytometer (Becton Dickinson, San
Jose, CA, U.S.A.). The cells were assayed for antisense and
sense mRNA expression by RNA dot blot analysis. In the
transient transfection of agrin eDNA, eDNA encoding full-
length agrin4,8 or agrin40 was transfected into HEK 293 cells

by the calcium phosphate method. The stable agrin-express-
ing HEK 293 cell line was selected by the same procedure
used for C2C12 cells. The agrin-expressing fibroblast was
confirmed by antibody staining, as described by Tsini et
a!. (1992), by using anti-rat agrin antibody (AGR-540) at
1:1,000 dilution. The agrin eDNA transfected HEK 293 cells
were cocultured with the C2C 12 myotubes for 2 days before
the assay for AChR aggregation.

RESULTS

The eDNA encoding rat agrin15~~ was con-
structed and subcloned into pcDNA 3 in both sense
and antisense orientation, namely, S-agrin1851,~~55and
AS-agrin18~ ,~, respectively (Fig. 1). The extreme
5’ end of agrin eDNA was chosen in the antisense
transfection analysis, because it was proved to be the
best region in blocking agrin expression in other cell
types (S. Pun and K. W. K. Tsim, manuscript submit-
ted). Both cDNAs were transfected into C2C12 cells
by the calcium phosphate method, and the efficiency
of transfection was ‘~ 10% as determined by a control
~-gaIactosidase eDNA. Stable clonal cell lines were
obtained by single cell sorting; two clones for AS-
agrin155_1~5(CA-I and CA-2) and one clone for 5-
agrin18~ .058 eDNA (CS-I) stably transfected cell lines
were obtained. They all showed positive signals in our
dot blot analysis (Fig. 2A). The wild-type C2C 12 cells
served as control and showed background staining; the
level of endogenous muscle agrin mRNA in C2C12
cells was too low to be detected (Fig. 2A). To deter-
mine if antisense eDNA transfection blocked the agrin
protein expression, we collected the cell lysates from
CA-i and CA-2 cells (AS-agrin1851055 eDNA trans-
fected), sense control CS-I (S-agrin155_1~5seDNA
transfected), and wild-type C2C12 cells for anti-agrin
immunoblotting analysis. Expression of agrin was
completely abolished in AS-agrin185_105s eDNA trans-
fected CA-I and CA-2 cells (Fig. 2B). Expression of
agrin in S-agrin185_1.~8eDNA transfeeted control CS-

1 cells and wild-type C2C 12 cells was unaffected by
the transfection; both of them expressed an agrin-im-
munoreactive protein at ‘—‘200 kDa (Fig. 2B). Control
proteins, AChE at ‘--‘68 kDa and a-tubulin at ‘--‘55 kDa,
were relatively unchanged in these transfeeted cells
(Fig. 2B). This indicated that the specific blockage of
agrin biosynthesis in agrin-deficient C2C!2 cells was
caused by the antisense agrin RNA that was derived
from the incorporated expression vector.

The detected ‘—‘200-kDa protein for agrin in C2C 12
myotubes is different from that reported in muscle
mass (Gautam et al., 1996; Kröger and Mann, 1996).
To determine the specificity of the --‘200-kDa agrin
band, we performed two idependent experiments: (1)
to run a low-percentage acrylamide gel, and (2) to
block the recognized band by treating the anti-agrin
antibody with an excess amount of recombinant rat
agrin. Figure 3A shows that the rat muscle expresses
an agrin protein at >300 kDa, and a smaller size
(<20() kDa), representing degraded products, is also
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FIG. 1. Construction of agrin antisense cDNA in
a mammalian expression vector. A map shows
the functional domain of agrin and the location
of antisense agrin cDNAconstruct. The open box
is the coding region; the boldfaced line is the
noncodingregion; the hatched line is the inserted
DNA fragment; and the nucleotide numbers are
in parentheses. The numbering is according to
rat agrin cDNA as described by Rupp et al.
(1991). The DNA fragment was subcloned into
pcDNA 3 mammalian expression vector. AS-
agrin

185..1,058 represents the antisense construct
from 185 to 1,058 bp. The same DNA fragment
was inserted in the sense orientation denoted as
S-agrin185..1,058. The integrity ofthe construct was
confirmed by DNA sequencing. Bar, 500 bp.

revealed, as reported previously (Kroger and Mann,
1996). No high molecular weight protein is detected
in either CS-i or CA-I cells. The control recombinant
agrin was detected at —‘200 kDa, 120 kDa, and -‘--‘96
kDa, indicating the degraded products from the trans-

FIG. 2. Antisense agrin cDNA transfection blocks agrin expres-
sion in C2C1 2 myotubes.A: RNAdot blot analysis of agrin stably
transfected C2C12 cells. RNAs (5 p.g) isolated from C2C12cells
were dot blotted onto nylon membrane using Bio-Dot apparatus.
A —1-kb eDNA probe of rat agrin (agrin1851,058 Rupp et al.,
i991)was labeled with [cs-

32P]dCTP.CA-i and CA-2, antisense
agrin cDNA transfected C2C1 2 cells; CS-i, sense agrin cDNA
transfected C2C12 cells; wild, wild-type C2C12 cells. Only the
transfected cells showed positive hybridization. B: Proteins (20
©g) from AS-agrin

1351,055 cDNA stably transfected myotubes
(CA-i and CA-2, antisense), S-agrin185.1058 eDNA transfected
myotubes (CS-i, sense control), and wild-type C2C12 myo-
tubes (Wild) were loaded onto a 7.5% SDS-polyacrylamide gel
for western blot analysis by using anti-rat agrin antibody AGR-
540. The expression of agrin-like protein (—200 kDa) was abol-
ished in CA-i and CA-2 myotubes, whereas the agrin expression
in CS-i control and wild-type C2Ci2 myotubes was unaffected.
Both AChE at —68 kDa and a-tubulin at —55 kDa served as
control proteins and were not affected by the DNA transfection.
Molecular markers are shown in kilodaltons.

fected fibroblasts. Agrin bands of C2C12 myotubes
and transfeeted fibroblasts, recognized by anti-agrin
antibody, were specifically blocked by treating the an-
tibody with an excess amount of recombinant agrin
(Fig. 3B). These lines of evidence indicate strongly

FIG. 3. The —200-kDa band in C2C12 myotubes is blocked
specifically by treating the anti-agrin antibody with an excess
amount of recombinant agrin. A: Proteins (20 ©g) from the ex-
tracts of embryonic rat muscle, CS-i (sense transfected con-
trol), CA-i (antisense transfected), and agrin(HEK) (HEK 293 cells
transfected with full-length rat agrin48 cDNA) were loaded onto
a 6.0% SDS-polyacrylamide gel for western blot analysis by
using anti-rat agrin antibody AOR-540. Rat muscle agrin was
expressed as a broad band at >300 kDa on the top of the gel,
and degraded products were also revealed. The agrin band at
—200 kDa was detected in the CS-i but not in the CA-i cell
line. The recombinant agrin served as control and migrated at
—200 kDa, —i20 kDa, and —96 kDa. Molecular markers are
shown in kilodaltons. B: Proteins (20 jig) from the extracts of
CS-i myotubes and agriniHEk) were loaded onto a 6.0% SDS-
polyacrylamide gel for western blot analysis by using anti-rat
agrin antibody AGR-540. The antibody was treated with agrin
extract from agrin48 cDNAtransfected HEK 293 cells before and
during the antibody incubation. The protein bands, recognized
by anti-agrin antibody, were blocked specifically by the recombi-
nant agrin. Molecular markers are shown in kilodaltons.

.1. Neuroche,n., Vol. 69, No. 6, 1997
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FIG. 4. Agrin induces AChR aggregation in
agrin-deficient myotubes. C2C1 2 myotubes
were cocultured with rat agrin

40 or agrin4,8
eDNA transfected HEK 293 cells, or mock
transfected HEK 293 cells. Myotubes were
wild-type C2Ci2 (wild), S-agrin~851058
eDNA stably transfected (CS-i), and AS-
agrin1851055 eDNA transfected control (CA-
i and CA-2). Cultures were stained with
rhodamine-conjugated cs-bungarotoxin and
viewed by fluorescence optics. Horizontally,
panels are C2C12 myotube (wild), CS-i
myotube (sense transfected C2Ci2 myo-
tubes), and CA-i and CA-2 myotubes (anti-
sense transfected C2Ci2 myotubes). Verti-
cally, panels are pcDNA 3 vector alone
(mock) and HEK 293 cells transfected with
rat agrin40 eDNA (agrin4,0) and rat agrin4,8
eDNA (agrin48). Bar, 20 jim.

that the -‘200-kDa protein band recognized in C2C12
myotubes, indeed, is agrin derived from muscle. The
smaller size of agrin in C2C 12 cells could be a distinct
characteristic of cultured myotubes, or a degraded
product from higher molecular weight protein.

All the stable transfeetants could be induced to form
myotubes on reduction of the serum concentration and
they were tested for their responsiveness to exogenous
agrin in causing the formation of AChR aggregates.
When the agrin-deficient myotubes were cocultured
with agrin45 (agrin isoform with four- and eight-amino
acid insertion at Y and Z sites, respectively) eDNA
transfected fibroblasts, the formation of AChR aggre-
gates on the surface of myotubes was unaffected com-
pared with wild-type C2CI2 or sense agrin eDNA
transfeeted C2C12 myotubes (Fig. 4). Not only could
the active agrin4,5-expressing fibroblast induce the
AChR aggregation in the agrin-deficient myotubes, the
so-called inactive agrin40 also showed similar AChR-
aggregating activity in the coculture analysis (Fig. 4).
The AChR aggregates, induced by agrin eDNA trans-
fected fibroblasts, were normally at least 5 p.m in
length, detected at the edge and the bottom of muscle
fibers (Fig. 4). The characteristics of these aggregates
were very similar to those of previous reports (Ferns
et a!., 1992, 1993). In addition, the number of agrin-
induced AChR aggregates on both agrin-expressing
and agrin-deficient myotubes was quantified; there was
no significant difference (p 0.54, t test) between all
types of myotubes being analyzed, i.e., wild type, CS-
1, CA-I, and CA-2 (Fig. 5). Moreover, the sensitivity
of the agrin-deficient myotubes to form agrin-induced
AChR aggregates was similar to that of the control
myotubes. When a submaximal amount (2 U) of re-

combinant agrin (CBA-l, as described by Tsim et a!.,
1992) was applied to the transfected myotubes, the
number of AChR aggregates in agrin-deficient myo-
tubes was 105 ± 15% (mean ±SEM, n = 4) of the
control agrin-expressing myotubes. Besides, the agrin-
induced AChR aggregates on the surface of agrin-de-

FIG. 5. Quantification of AChR aggregates in agrin-deficient my-
otubes. Cocultures were performed as in Fig. 4. The AChR ag-
gregates were stained with rhodamine-conjugated a-bungaro-
toxin and counted under a 63x objective on a Zeiss Axiophot
equipped with phase and fluorescence optics. Myotubes are
wild-type C2Ci2 (Wild), AS-agrin1551 ~ eDNAtransfected (CA-
1 and CA-2), and S-agrin1851 ~ eDNA stably transfected control
(CS-i). Data are number of AChR aggregates per field and are
mean ±SEM values (n = 4).

.1. iVeu,oche,n., Vol. 69, No. 6. 1997
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ficient myotubes were found predominantly in the vi-
cinity of agrin-expressing fibroblasts (Fig. 6). Thus,
these results indicate that the formation of AChR ag-
gregate on the myotube surface was mediated by exog-
enously applied agrin but not the intrinsic muscle agrin.

The formation of AChE aggregates was also tested
in agrin-defieient myotubes. The myotubes were cocul-
tured with agrin transfected fibroblasts and then double
stained with rhodamine-conjugated a-bungarotoxin
and anti-AChE monoclonal antibody. The agrin-defi-
cient myotubes retained their full responsiveness to
agrin-induced AChE aggregation, and the AChE ag-
gregates were also colocalized with the AChR aggre-

FIG. 6. AChR aggregate formed in mutant C2Ci2 myotube is in
the vicinity of agrin-expressing fibroblast. AS-agrin

185_1,058 eDNA
transfected C2C12 cells (CA-2) were induced to fuse and cocul-
tured with agrin48 eDNA transfected HEK 293 cells overnight.
The culture wasfixed and double stained with rhodamine-eonju-
gated a-bungarotoxin and anti-agrin antibody followed by FITC-
conjugated goat anti-mouse Ig antibody. A: View with rhodamine
optics for AChR aggregates. B: View with fluorescein optics for
agrin expression. C: A superimposed view ofA and B. The trans-
fected fibroblast shows agrin immunoreaetivity (green) in the
vicinity of the induced AChR aggregates (red). Bar, 20 jim.

FIG. 7. AChE aggregate is colocalized with AChR aggregate.
AS-agrin1851058 eDNA transfeeted C2C12 cells (CA-2) were in-
duced to fuse and were coeultured with agrin48 eDNA trans-
fected HEK 293 cells overnight. The culture was fixed and double
stained with rhodamine-conjugated cs-bungarotoxin (A) and anti-
AChE antibody (B) followed by FITC-conjugated goat anti-
mouse Ig antibody. All the rhodamine and fluorescein staining
is eoloealized. Bar, 20 pm.

gates (Fig. 7). Moreover, the transfeeted myotubes
were cocultured with neurons to test the neuron-in-
duced AChR aggregation in the agrin-deficient myo-
tubes. Neuroblastoma >< glioma hybrid cell line
NG 108-15 was chosen and they were shown to induce
AChR aggregates when cocultured with myotubes
(Busis et al., 1984; Pun et al., 1995). When the myo-
tubes were cocultured with NGIO8-I5 cells, both anti-
sense agrin transfeeted myotubes (CA-I and CA-2)
and sense agrin transfected myotubes (CS-i), and
wild-type C2C 12 myotubes, exhibited the aggregation
of AChRs (Fig. 8A). These myotubes showed no sig-
nificant difference (p 0.64, t test) in their respon-
siveness to the AChR-aggregating activity induced by
NGIO8-15 cells (Fig. 8B).

DISCUSSION

Several lines of evidence indicate that muscle-de-
rived agrin may play a role in formation and/or mainte-
nance of the postsynaptic apparatus in the developing
neuromuscular junctions (Godfrey et al., 1988b; Fal-
Ion and Ge!fman, 1989; Lieth et al., 1992). The follow-
ing two models had been proposed by Fallon and his
colleagues (Lieth et al., 1992) for the functions of
muscle-derived agrin in organizing the agrin- or neu-
ron-induced AChR aggregates: (1) Muscle agrin may
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FIG. 8. Coculture of NG1O8-i5
cells with agrin-deficient myotubes.
NG1 08-15 cells were cocultured with
agrin-deficient myotubes for 2 days
and the AChR aggregates were de-
termined. Myotubes are C2C12
(Wild), sense transfected (CS-i),
and antisense transfected (CA-i and
CA-2). A: Cultures were stained with
rhodamine-conjugated a-bungaro-
toxinand viewed under fluorescence
optics. Bar, 20 pm. B: The AChR ag-
gregates were counted under a 63><
objective on a Zeiss Axiophot
equipped with phase and fluores-
cence optics. Control is the myotube
cultured alone. The mean number of
AChR aggregates per field was de-
termined by counting 20 different
fields in each culture. Data are mean
± SEM values (n = 4).

exist on the muscle surface as an inactive precursor
and external stimuli would liberate the active forms
that would induce the AChR aggregation on the surface
of muscle fibers; and (2) muscle agrin may stabilize
and/or promote the maturation of AChR aggregates
induced by external stimuli. The results in the present
study demonstrated that agrin-deficient myotubes re-
tain their full AChR aggregation ability when exoge-
nous agrin or neurons are challenged. Therefore, the
first proposed model that muscle agrin could be acti-
vated during the formation of AChR aggregates ap-
pears to be invalidated. Although we do not have direct
evidence to address the second model, the magnitude
andthe responsiveness of AChR aggregation were sim-
ilar between agrin-expressing and agrin-deficient myo-
tubes when they were challenged with agrin or neu-
rons. Thus, the second mode! may not be feasible. Our
laboratory is currently determining the rate of disap-
pearance of the agrin-induced AChR aggregates in our
agrin-deficient myotubes, to determine the possible
role of muscle agrin in stabilizing the formed AChR
aggregates.

Previous studies from our laboratory showed that
the antisense agrin eDNA transfection blocked agrin
expression in neuroblastoma cell line NG1O8-i5, and
the transfection completely abolished the NGIO8-15
cell-induced AChR aggregation when the agrin-defi-
cient neurons were cocultured with myotubes (S. Pun
and K. W. K. Tsim, manuscript submitted). Taken to-
gether with our previous studies, our findings from
using antisense eDNA transfection further support the
“agrin hypothesis” that agrin produced by neurons
induces the AChR aggregation on the surface of myo-
tubes. Another approach, by using anti-agrin antibody
in neuron—muscle cocultures, has also drawn similar
conclusions. By using species-specific anti-agrin anti-

bodies, Reist et al. (1992) showed that neuron-derived
agrin induces AChR aggregation on myotubes,
whereas muscle-derived agrin does not affect AChR
aggregation in the heterologous neuron—muscle cocul-
ture. Moreover, Cohen and Godfrey (1992), in their
heterologous neuron—muscle cocultures, found that
axons of embryonic frog spinal cord neurons in culture
supply agrin to synapses that were formed with muscle
cells. Although the interpretation of results was depen-
dent on the specificity of the antibody used, their con-
clusions were in line with those of our studies using
the molecular genetic approach. Regardless of whether
the antibody or the genetic approach is adopted, the
conclusion is that neuron-derived agrin, but not mus-
cle-derived agrin, is the molecule that initiates AChR
aggregation during the formation of neuromuscular
junctions.

Our antisense study is supplementary to the analysis
in agrin knockout mutant mice (Gautam et a!., 1996).
These investigators cannot exclude the possibility that
in agrin-defieieney mutant mice the defect in the for-
mation of neuromuscular junctions could be due to
the lack of agrin expression from muscle; indeed, the
mutant mice have a reduction of agrin in both motor
neuron and muscle fiber. However, by using the anti-
sense approach, the agrin expression from either neu-
ron or muscle can be blocked selectively, and this
could provide a clear demonstration that neuron-de-
rived agrin induces the synapse formation in vitro. In
contrast to our results, a small number of AChR aggre-
gate was detected in the nerve—muscle contacts of
agrin-deficieney mutant mice (Gautam et al., 1996).
The formation of some postsynaptie specializations in
the mutant mice could be a result of incomplete
blockage of agrin, in particular, the agrinO)) and agrin40
from the motor neurons.
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Although muscle-derived agrin may not be involved
in inducing the AChR aggregation, the possible role
of muscle-derived agrin could not be excluded in the
formation of neuromuscular junctions. First, muscle
expresses agrin both in vivo and in vitro, and their
expression profile is related to the critical period of
neuromuscular junction formation (Godfrey et al.,
1988b; Tsim et al., 1992). Second, muscle agrin is
associated with basal lamina and it is colocalized with
neuron- or agrin-induced AChR aggregate. Third, mus-
cle agrin is present before the appearance of AChR
aggregates on the muscle cell surface during the early
stage of chick development. Moreover, the expression
of muscle agrin is coloealized with AChR aggregates
formed in the aneural muscle cell in vivo (Fallon and
Gelfman, 1989). Last, muscle expresses an isoform of
agrin having a zero amino acid insertion at both Y and
Z sites. However, agrin00 eDNA when transfeeted into
fibroblasts and cocultured with myotubes could induce
the aggregation of AChRs. These lines of evidence
suggest that muscle-derived agrin may be involved in
the formation of neuromuscular junctions, and thus,
alternate functions of muscle agrin should be consid-
ered seriously.

By using coculture of agrin eDNA transfected Chi-
nese hamster ovary cells with ciliary ganglion neurons,
Campagna et al. (1995) proposed that muscle agrin
can induce the presynaptic differentiation of neurons.
Their conclusions were based on the following three
observations: (1) motor neurons adhere to agrin; (2)
agrin is inhibitory to the growth of extending motor
neurites; and (3) agrin induces the aggregation of syn-
aptic vesicle protein synaptotagmin in motor neurons.
These observations fully support the possible role that
muscle-derived agrin played during the formation of
neuromuscular junctions. The result from agrin knock-
out mutant mice also supports the presynaptic func-
tions of muscle agrin (Gautam et al., 1996). In agrin-
deficient mutant mice, the presynaptic nerve was de-
fective in presynaptic specializations that include the
perturbation of axonal branching and they were vesicle
poor and loosely associated with Schwann cell pro-
cesses. However, the defect of agrin expression in the
mutant mice is not restricted only to muscle. Thus, our
agrin-deficient myotubes could provide a better model
to clarify the possible functions of muscle-derived
agrin in directing presynaptic specializations during
the formation of neuromuscular junctions. Indeed, re-
cent results from our laboratory have demonstrated that
the agrin-deficient neurons exhibit a different pattern
of neurite outgrowth and also the expression of some
neuronal proteins.
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