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Evidence of an Agrin Receptor in Cortical Neurons

Lutz G. W. Hilgenberg, Cameron L. Hoover, and Martin A. Smith

Department of Anatomy and Neurobiology, University of California at Irvine, Irvine, California 92697

Agrin plays a key role in directing the differentiation of the
vertebrate neuromuscular junction. Understanding agrin func-
tion at the neuromuscular junction has come via molecular
genetic analyses of agrin as well as identification of its receptor
and associated signal transduction pathways. Agrin is also
expressed by many populations of neurons in brain, but its role
remains unknown. Here we show, in cultured cortical neurons,
that agrin induces expression of the immediate early gene c-fos
in a concentration-dependent and saturable manner, as ex-
pected for a signal transduction pathway activated by a cell
surface receptor. Agrin is active in cortical neurons at picomolar
concentrations, is Ca®" dependent, and is inhibited by heparin
and staurosporine. Despite marked differences in acetylcholine
receptor (AChR)-clustering activity, all alternatively spliced
forms of agrin are equally potent inducers of c-fos in cortical

neurons. A similar, isoform-independent response to agrin was
also observed in cultures prepared from the hippocampus and
cerebellum. Only agrin with high AChR-clustering activity was
effective in cultured muscle, whereas non-neuronal cells were
agrin insensitive. Although consistent with a receptor tyrosine
kinase model similar to the muscle-specific kinase-myotube-
associated specificity component complex in muscle, our data
suggest that CNS neurons express a unique agrin receptor.
Evidence that neuronal signal transduction is mediated via an
increase in intracellular Ca®* means that agrin is well situated
to influence important Ca®*-dependent functions in brain, in-
cluding neuronal growth, differentiation, and adaptive changes
in gene expression associated with synaptic remodeling.
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The postsynaptic apparatus of the vertebrate neuromuscular junc-
tion is characterized by high concentrations of acetylcholine
receptor (AChR) and other molecules that support its function in
synaptic transmission. During development, differentiation of the
postsynaptic apparatus is triggered by signals supplied by motor
nerves. Convincing evidence now exists that one such signal is the
extracellular matrix protein agrin (for review, see Hall and Sanes,
1993; Sanes, 1997). Neurotransmitter receptors are also concen-
trated in the postsynaptic membranes of neuron—neuron synapses
(Craig et al., 1994). This and other similarities with the neuro-
muscular junction imply that differentiation of interneuronal syn-
apses might be controlled by similar mechanisms.

A possible role for agrin in neuron—neuron synapse formation
was first suggested by the observation that brain extracts contain
agrin (Godfrey et al., 1988; Magill-Solc and McMahan, 1988;
Godfrey, 1991). Further support for this hypothesis came with the
demonstration that agrin is expressed by virtually all populations
of neurons in the CNS (O’Connor et al., 1994; Stone and Nikolics,
1995) with the highest levels in developing brain coinciding with
periods of synapse formation (Hoch et al., 1993; Li et al., 1997).
Moreover, like the neuromuscular junction, agrin is present at
neuron—neuron synaptic contacts (Kroger et al., 1996; Mann and
Kroger, 1996). However, recent studies, showing that synapses
form between neurons cultured from mice carrying a mutation in
the agrin gene that disrupts neuromuscular junction formation
(Li et al., 1999; Serpinskaya et al., 1999), have raised questions

Received March 17, 1999; revised May 20, 1999; accepted June 9, 1999.

This work was supported by National Institutes of Health Grant NS33213 to
M.A.S. We thank Dr. Michael Ferns for his generous gift of the C-Ag constructs, Dr.
Diane K. O’Dowd for critical reading of this manuscript, and Bernadette Nicolas for
expert technical assistance.

Correspondence should be addressed to Dr. Martin A. Smith, Department of
Anatomy and Neurobiology, Irvine Hall, Room 110, University of California at
Irvine, Irvine, CA 92697.

Copyright © 1999 Society for Neuroscience 0270-6474/99/197384-10$05.00/0

regarding agrin’s role in neuron—-neuron synaptogenesis and the
function it might serve in the developing brain.

To gain insight into agrin’s function in the CNS, we sought to
identify and characterize a signal transduction pathway that could
mediate its effects there. Without a specific function for agrin in
brain, we searched for an alternate cellular response that might be
harnessed as a reporter of agrin-dependent signaling. Immediate
early genes (IEGs) are characterized by their rapid responses to
a wide range of cellular stimuli and have been used to monitor
neural activation in a variety of experimental paradigms including
behavioral testing, during seizures, and after injury or treatment
with growth factors (Herrera and Robertson, 1996). Many IEGs
are themselves transcription factors, and recent studies showing
that both the e-subunit of the AChR and the utrophin gene (Jones
et al., 1996; Gramolini et al., 1998) are under agrin-dependent
transcriptional control are consistent with the possibility that
changes in IEG expression are part of the normal cellular re-
sponse to agrin. Accordingly, using the prototypical IEG c-fos as
a reporter, we have examined the response of cells cultured from
mouse cortex to treatment with agrin. The results of these studies
demonstrate the existence of an agrin-dependent signaling path-
way in cortical neurons whose biochemical properties are similar
to, but distinct from, that mediating agrin-induced AChR clus-
tering in skeletal muscle. These data provide evidence of a
neuronal receptor for agrin whose characterization represents an
important first step in a systematic approach to establishing the
function of agrin in the mammalian CNS.

MATERIALS AND METHODS

Tissue culture. Mouse cortical cultures were prepared from somatosen-
sory cortices of newborn or 1-d-old pups by a minor modification of the
procedure described by Li et al. (1997). Neurons were plated into 24-well
plastic tissue culture plates (Corning, Corning, NY) or glass coverslips
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coated with poly-D-lysine (Collaborative Biomedical Products) and
maintained in Neurobasal Medium (NBM) + B27 supplements (Life
Technologies, Gaithersburg, MD) at 37°C in a humidified 5% CO,
atmosphere for 1 d. On the following day, the culture medium was
replaced with NBM + B27 supplements that had been conditioned for 24
hr (c(NBM) by 1- to 2-week-old non-neuronal feeder cell cultures pre-
pared from cortices of postnatal day 1 (P1)-P5 mice (Li et al., 1997) and
subsequently fed cNBM every 3-4 d thereafter. Hippocampal and cer-
ebellar cultures were prepared by the same procedure. All experiments
were performed on 10- to 15-d-old cultures.

Chick myotube cultures were prepared from pectoral muscles of 10-11
d White Leghorn chick embryos by the method of Fischbach (1972).
Myoblasts were plated onto laminin-coated (Collaborative Biomedical
Products) 35 mm plastic culture dishes or 24-well tissue culture plates in
MEM (Life Technologies) supplemented with 10% horse serum, 5%
chick embryo extract, 50 U/ml penicillin (Life Technologies), and 50
ung/ml streptomycin (Life Technologies) and maintained at 37°C in a
humidified 5% CO, atmosphere. Two days after plating, cultures were
treated with 0.1% cytosine arabinoside (Sigma, St. Louis, MO) for 2 d
before returning to normal growth medium. Chick skin fibroblasts were
prepared and maintained in a similar manner but were not treated with
cytosine arabinoside.

Expression of recombinant agrin. Agrin was produced by transient
transfection of COS-7 cells with p-cytomegalovirus expression vector
constructs encoding the soluble C-terminal half of rat agrin [C-Ag;, 45,
C-Agy, 40, and C-Ag, o o; referred to hereafter as C-Ag, 5, C-Ag, , and
C-Ag 0, respectively (Ferns et al., 1993)]. COS-7 cells were grown to
50-80% confluence in 60 mm tissue culture dishes in DMEM (Life
Technologies) supplemented with 10% calf serum, 25 U/ml penicillin, 25
ng/ml streptomycin, and 2 mm L-glutamine and transfected with 1 pg of
plasmid DNA using the Effectene Transfection Reagent (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. Control, sham-
transfected cells were treated in an identical manner in the absence of
DNA. Cultures were incubated overnight, then washed with fresh me-
dium and incubated for an additional 6—8 hr before being passaged into
100 mm tissue culture dishes containing 10 ml of growth medium.
Agrin-containing and control conditioned media were harvested 2-4 d
later.

The AChR-clustering activity of COS-7 cell-conditioned media con-
taining C-Ag, ¢ was assayed on 5- to 7-d-old cultured chick myotubes.
Cultures were treated with C-Ag, ¢ overnight followed by incubation with
2 X 10 ® M rhodamine-conjugated a-bungarotoxin (Molecular Probes,
Eugene, OR) for 1 hr at 37°C in culture medium. Cultures were subse-
quently rinsed in PBS, fixed for 20 min at room temperature in 4%
paraformaldehyde in PBS, washed three times for 10 min each in PBS,
and then mounted and viewed at 250X magnification under epifluores-
cent illumination. AChR clusters were counted blind with respect to
treatment in five random fields in each culture dish. AChR-clustering
activity was expressed as the mean number of AChR clusters per field =
SEM, determined from triplicate cultures for each treatment.

Because C-Ag,, and C-Ag,, lack AChR-clustering activity, their
concentration in COS-7 cell-conditioned media was determined using a
two-site sandwich ELISA (Gesemann et al., 1995; O’Toole et al., 1996)
using an anti-agrin monoclonal antibody Agr 530 [StressGen (Ferns et
al., 1993; Hoch et al., 1994)] and a rabbit antiserum raised against a
synthetic peptide corresponding to amino acids 1862-1893 of the mouse
agrin sequence (Rupp et al., 1992). These antibodies recognize distinct
epitopes common to all agrin isoforms. The specificity of the rabbit
anti-agrin serum was confirmed by Western blot analysis (data not
shown). Ninety-six-well ELISA plates (Nunc, Naperville, IL) were
coated overnight at 4°C with 100 ul/well of 2 mg/ml Agr 530 in PBS
followed by washing in PBS and blocking with 4% bovine serum albumin
(BSA) in PBS for 1 hr at room temperature. Control wells were treated
similarly but without Agr 530. Triplicate wells were incubated in serial
dilutions of C-Ag-containing conditioned medium for 2 hr at room
temperature with continuous agitation. Wells were rinsed followed by
incubation in rabbit anti-agrin serum (diluted 1:200 in PBS) for 1.5 hr
and then washed and incubated in alkaline phosphatase—labeled goat
anti-rabbit antibody (diluted 1:500 in PBS) for a further 1.5 hr at room
temperature. Wells were washed in PBS, and bound alkaline phosphatase
goat anti-rabbit antibody was detected by incubation with 100 ul of 1
mg/ml p-nitrophenyl phosphate (pNPP) in 0.8 M diethanolamine buffer,
pH 9.8, containing 0.24 mm MgCl, according to the manufacturer’s
protocol (Southern Biotechnology, Birmingham, AL). Substrate conver-
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sion was stopped by the addition of 25 ul of 0.5 M NaOH, and the
concentration of the soluble yellow reaction product was determined by
measuring the absorbance at 405 nm. Concentrations of C-Ag,, and
C-Ag, were determined on the basis of a C-Ag, ¢ standard of known
AChR-clustering activity run in parallel. Consistent with previous re-
ports (Ferns et al., 1993), expression levels of all three constructs were
similar and differed by <25%. To facilitate comparison between the
different isoforms, concentration dependence curves were plotted in
agrin units (AU) where 1 AU is the amount of C-Ag,s (or molar
equivalent of a C-Ag,, isoform) required to produce a half-maximal
increase in AChR clusters on cultured chick muscle.

Immunodepletion of agrin from COS-7 cell-conditioned media. Agrin-
containing COS-7 cell-conditioned media were incubated with anti-
agrin monoclonal antibody Agr 530 at a concentration of 50 ug/ml for 2
hr at room temperature. Rabbit anti-mouse IgG (Vector Laboratories,
Burlingame, CA) was added to a final concentration of 75 ug/ml, and the
mixture was incubated for 2 hr followed by incubation with 40 ul of a 1:1
suspension of formalin-treated Staphylococcus aureus cells (Sigma) in
PBS for an additional 2 hr at room temperature. Immune complexes were
subsequently separated by centrifugation, and the cleared supernatant
was used for AChR-clustering and Fos induction assays as described.
Control precipitations were treated in an identical manner but in the
absence of Agr 530.

Immunohistochemistry. Cultures were prepared for immunohistochem-
istry by briefly rinsing with PBS at room temperature followed by fixation
in 4% paraformaldehyde in PBS on ice for 1 hr. Cells were subsequently
washed three times in PBS and then permeabilized and blocked in PBS
containing 0.1% Triton X-100 and 4% BSA. In experiments in which the
DAB reaction was used to visualize Fos, cultures were incubated over-
night at 4°C in the anti-Fos rabbit antiserum Ab-2 [Oncogene Research
Products; diluted 1:1500 in PBS containing 2% BSA, 0.1% Triton X-100,
and 0.02% NaN; (PBS-BTA)] and then washed three times in PBS
followed by incubation in biotinylated anti-rabbit IgG (Vector Labora-
tories; diluted 1:200 in PBS-BTA) for 2 hr at room temperature. Cultures
were washed three times in PBS before incubation for 30 min in the ABC
reagent for DAB with nickel intensification (Vector Laboratories) ac-
cording to the manufacturers instructions, mounted, and examined using
transmitted illumination on a Nikon Optiphot-2 microscope.

To identify cells expressing Fos, double-immunofluorescence staining
was performed using Ab-2 (diluted 1:400 in PBS-BTA) in combination
with monoclonal antibody SMI-52 (Sternberger Monoclonals; diluted
1:400 in PBS-BTA) to detect the neuron-specific marker MAP-2 or with
monoclonal antibody G-A-5 (Sigma; diluted 1:200 in PBS-BTA) for the
glial cell marker GFAP. Cultures were labeled with the primary antibod-
ies overnight at 4°C and then washed in PBS before being incubated in
FITC-labeled goat anti-rabbit and Texas Red-labeled horse anti-mouse
IgG (Vector Laboratories; diluted 1:200 in PBS-BTA) for 2 hr at room
temperature. After washing in PBS, cultures were mounted in Fluoro-
mount (Southern Biotechnology) and examined using epifluorescent
illumination on a Nikon Optiphot-2 microscope.

Quantitative analysis of c-fos expression. Cortical cultures were treated
at room temperature with recombinant agrin, control medium from
sham-transfected COS-7 cells, or other agents, dissolved in PBS or NBM,
and then briefly rinsed in NBM before being returned to their original
medium for 2 hr at 37°C. Cultures were rinsed with PBS, fixed, perme-
abilized, and blocked as described for immunohistochemistry, followed
by overnight incubation in Ab-2 (diluted 1:1000 in PBS-BTA) at 4°C.
Cultures were washed three times for 10 min each in PBS, incubated with
alkaline phosphatase—conjugated goat anti-rabbit antibody (Southern
Biotechnology; diluted 1:1000 in PBS-BTA) for 2 hr at room tempera-
ture, and then washed three times for 10 min each in PBS as described
above. After the last PBS wash, cultures were incubated in 200 ul of
pNPP in 0.8 M diethanolamine buffer, pH 9.8, containing 0.24 mm MgCl,.
The reaction was stopped by addition of 50 ul of 0.5 M NaOH, and the
optical density of the soluble yellow reaction product was measured at
405 nm. Preincubation of Ab-2 with a 10-fold molar excess of peptide
antigen blocked >95% of Ab-2 binding measured by conversion of pN PP
substrate. Specific Fos immunoreactivity was defined as total OD s
minus nonspecific OD,4ys observed in the presence of an equivalent
concentration of control medium and was expressed in arbitrary OD 45
units or normalized to the maximal level of Fos expression within an
experiment to facilitate comparison between agrin isoforms.
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Figure 1. Neuron-specific induction of
c-fos expression by C-Ag, ¢. a, Right, Corti-
cal cultures were incubated for 10 min with
C-Ag, ¢ at a concentration determined pre- a
viously to provide maximal induction of

AChR clusters on cultured chick myotubes.

Left, Control cultures were treated with an
equivalent concentration of medium from
sham-transfected COS-7 cells. Treated cul- ®s
tures were returned to cNBM, incubated for

2 hr at 37°C, and then fixed and labeled ' L4
using the anti-Fos antibody Ab-2. Whereas
basal levels of c-fos expression in control
cultures are low, staining for Fos is mark-
edly increased after treatment with C-Ag, g.
The majority of cells are darkly stained with
prominent round nuclei and neuronal mor-
phology (arrows). Cells that appear unaf-
fected by C-Ag, ¢ treatment have more ir-
regularly shaped nuclei and non-neuronal
morphology (arrowheads). b, Cultures were
treated with either control (left) or C-Ag, ¢—
containing (middle, right) medium followed
by double labeling for either Fos (fluores-
cein channel) and MAP-2 (Texas Red chan-
nel) or Fos and GFAP (Texas Red channel).
In C-Ag, ¢—treated cultures, levels of Fos
expression evident in M AP-2-labeled neu-
rons (arrows) are high, whereas Fos levels of
MAP-2-negative non-neuronal cells (ar-
rowheads) are comparable with basal levels
seen in control cultures. Conversely, after
treatment with C-Ag, g, levels of c-fos ex-
pression are low in GFAP-labeled non-
neuronal cells but high in the GFAP-
negative neurons. Scale bars, 50 um.

Control

MAP/Fos

RESULTS

“Active” agrin induces c-fos expression in cultured
cortical neurons

The observation that functional synapses form between cultured
cortical neurons isolated from agrin-deficient mice (Li et al.,
1999) led us to ask which, if any, cells in brain might be responsive
to agrin. Accordingly, we used induction of the IEG c-fos to
report activation of an agrin-dependent signal transduction path-
way in cultured cells isolated from postnatal mouse cortex. Initial
studies used a soluble form of recombinant agrin, C-Ag, s, that
has high AChR-aggregating activity in cultured muscle cells and
corresponds structurally to the C-terminal half of a naturally
occurring agrin isoform in brain (Ferns et al., 1993).

Staining with the anti-Fos antibody Ab-2 revealed a marked
increase in the level of Fos expression in cultures treated with
C-Ag, s compared with that in those treated with control medium
from sham-transfected COS-7 cells (Fig. 1). The morphology of
the Fos-positive cells suggested that neurons but not non-
neuronal cells in the cultures were responsive to agrin, an im-
pression that was confirmed by experiments in which cultures
were double labeled for Fos together with the neuron-specific
marker MAP-2 or the glial cell marker GFAP (Fig. 1). Neuronal
nuclei in agrin-treated cultures were intensely labeled for Fos,
whereas staining of non-neuronal cell nuclei was indistinguishable
from the basal level of expression seen in neurons and non-
neuronal cells treated with control medium. The lack of Fos ex-
pression in non-neuronal cells is not caused by the absence of a
functional pathway for c-fos induction because other treatments,
such as exposure to 20 uMm forskolin for 4 hr or 60 mm K for 10
min, increased Fos levels in non-neuronal cells (data not shown).

Immunohistochemical data showing that C-Ag,s induces a
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neuron-specific increase in Fos expression imply the existence of
a signal transduction pathway activated by occupancy of a specific
receptor present in neuron cell membranes. To characterize the
biochemical properties of this ligand-receptor interaction and
associated signal transduction pathway in more detail, we mea-
sured levels of neuronal c-fos induction in the cultures using a
quantitative high-throughput enzyme-linked assay. The results of
these experiments show that C-Ag, ¢ induction of c-fos is concen-
tration dependent and saturable (Fig. 2a) as expected for a
signaling pathway activated via a cell surface receptor. Fos ex-
pression curves were well fit by a single-site nonlinear regression
model (R? = 0.99) predicting an EC5,0f 2.3 AU for the prepara-
tion of C-Ag, s used, similar to its ECs, for AChR clustering
when tested on cultured chick myotubes. Nonspecific binding of
Ab-2, determined by preabsorption with its peptide antigen, ac-
counted for <5% of the total binding. Levels of Fos expression in
control cultures treated with medium from sham-transfected
COS-7 cells (Fig. 2a) were low and similar to naive cultures,
suggesting that C-Ag, ¢ and not some other component of the
conditioned medium was responsible for the increase in Fos
levels. This interpretation was confirmed by the observation that
immunoprecipitation of C-Ag, s from the conditioned medium
removed >90% of both the AChR-clustering and the Fos-
inducing activities (Fig. 2b) and is consistent with a similar
specific activity for agrin in both assays.

Agrin-induced tyrosine phosphorylation of MuSK occurs
within 1-2 min (Glass et al., 1996), and incipient signs of AChR
clustering appear on skeletal muscle fibers between 1 and 2 hr of
treatment with agrin (Wallace, 1988). Preliminary experiments
revealed that with continuous exposure to C-Ag, s, maximal
levels of Fos expression in cortical neurons were achieved 2—4 hr



Hilgenberg et al. + Neuronal Receptor for Agrin

a
e i
c p
10 ]
g 2
Q ]
o ]
g 14
[ ]
] -0
O T T T T T 1
0 2 4 6 8 10 12 14
C-Ag, 4 (AU)
b
30
1.5 5
- 5
= . i 2
gm ] -20 £
Dg 1.0 I g
3
S I RS
8 o T
] —10
Y 0.5 L5
7] B <
0.0 | I S
C-Ag4’8 - 530 +530
Treatment
Figure 2. c-fos induction in cultured cortical neurons by C-Ag,g is

concentration dependent and saturable. a, Cortical cultures were treated
with C-Ag, ¢ or control medium in NBM for 10 min at room temperature,
returned to cNBM, and incubated for 2 hr at 37°C after which Fos levels
were determined using the quantitative assay described in Materials and
Methods. Levels of Fos expression, shown in arbitrary OD,ys units,
increased in a C-Ag, ¢ concentration—dependent manner ( filled circles).
Basal levels of Fos expression (open circles) were low and did not change
significantly with an increasing concentration of control medium added to
the culture. The graph shows Ab-2-specific binding; nonspecific binding,
determined by labeling C-Ag, ¢— or control medium—treated cultures with
Ab-2 preadsorbed to an excess of peptide antigen, was <5% of total
binding and has been subtracted. The C-Ag4,8 concentration is given in
AU where one unit is the amount of C-Ag4,8 required to induce a
half-maximal increase in AChR clusters assayed on cultured chick myo-
tubes. Each point represents the mean = SEM for triplicate determina-
tions. Similar results were seen in two other experiments. b, To test the
specificity of C-Ag, s induction of Fos expression, we immunoprecipitated
an aliquot of C-Ag, ¢—containing medium with the anti-agrin monoclonal
antibody Agr 530. The chart shows c-fos—inducing (open bars; left scale) or
AChR-clustering (shaded bars; right scale) activity measured in cortical
neuron cultures and cultured chick myotubes, respectively, after treat-
ment with a saturating concentration of C-Ag, ¢ medium (C-Ag,g) or an
equivalent amount of C-Ag, s medium immunoprecipitated in the ab-
sence (—530) or presence (+530) of Agr 530. Greater than 90% of the
c-fos-inducing and AChR-clustering activities are removed from the
C-Ag, s medium by immunoprecipitation with Agr 530, confirming that
C-Ag, ¢ is responsible for c-fos induction in cortical neurons. Basal levels
of Fos observed in cortical cultures treated with sham-conditioned
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Figure 3. Time course of C-Ag, induction of c-fos. Cortical cultures
were incubated in a saturating concentration of C-Ag, ¢ for the indicated
length of time and then washed and returned to the incubator in cNBM
for 2 hr before levels of Fos expression were assayed. Induction of c-fos is
relatively rapid and half-maximal after only 5 min of exposure to C-Ag, s.
The graph shows C-Ag, ¢—specific c-fos induction; levels of Fos in sister
wells treated with sham-conditioned medium have been subtracted. Error
bars represent the mean = SEM for triplicate determinations. Similar
results were also seen in a second experiment.

after the onset of treatment (data not shown). To investigate the
time course of agrin induction of c-fos in more detail, we exposed
cortical cultures to a saturating concentration of C-Ag, for
different lengths of time and then returned the cultures to the
incubator in normal growth medium for an additional 2 hr before
assaying Fos levels. As can be seen in Figure 3, brief exposure to
agrin is sufficient to trigger a detectable increase in Fos expres-
sion, with half-maximal induction occurring at ~5 min. The
activation kinetics of the agrin signal transduction pathway in
neurons is, therefore, similar to that reported for MuSK (Glass et
al.,, 1996) and reminiscent of other well characterized receptor
tyrosine kinase/ligand systems (for review, see Fantl et al., 1993).

Biochemical properties of C-Ag4’8 signaling in neurons
Agrin’s interaction with components of the muscle cell surface is
influenced by constituents of the extracellular milieu. In particu-
lar, agrin-induced AChR clustering is dependent on extracellular
Ca?* and inhibited by heparin (Wallace, 1988, 1990). To define
more precisely the nature of agrin’s interaction with its putative
neuronal receptor, we studied the Ca>" requirements and hepa-
rin sensitivity of C-Ag, ¢-induced changes in c-fos expression in
cultured cortical neurons.

To examine the Ca®" dependence of agrin-induced c-fos ex-
pression, we incubated cultures for 10 min at room temperature in
a saturating concentration of C-Ag, s either in PBS containing 10
mM EDTA (Ca**-free) or in PBS containing Ca*" at known
concentrations. Cultures were subsequently washed with fresh
growth medium and returned to the incubator for 2 hr before
fixation and assay of Fos levels. As can be seen in Figure 4a, c-fos
induction was completely blocked in the absence of Ca®* but
increased rapidly with increasing Ca2" concentration in the ex-
tracellular medium. Removal of Ca** had no effect on the
number or the morphology of neurons or on the basal levels of
Fos in cultures treated with control medium. Moreover, C-Ag, ¢

<«

medium and spontaneous AChR clusters have been subtracted. Error bars
represent the mean = SEM for triplicate determinations. Similar results
were also seen in a second experiment.
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Figure 4. C-Ag, g induction of c-fos is Ca*"-dependent and blocked by heparin. Cortical cultures were incubated for 10 min in a saturating level of
C-Ag,z in the presence of Ca®* (a) or heparin (b) at the indicated concentrations and then returned to the incubator in cNBM for 2 hr before
determination of Fos levels by enzyme-linked assay as described. Graphs show C-Ag, ¢—specific c-fos induction (circles); levels of Fos in sister wells treated
with sham-conditioned medium have been subtracted. Induction of c-fos is Ca*-dependent and blocked by heparin, similar to agrin-induced AChR
clustering in muscle. Treatment with heparin alone (b; square) at 500 pg/ml had no significant effect. Each data point represents the mean = SEM for

triplicate determinations.

induction of c-fos was unaffected in cultures that were allowed to
recover overnight after exposure to PBS containing 10 mm EDTA
(data not shown). Nonlinear regression using a single-site model
(R* = 0.97) predicts that half-maximal C-Ag, ; induction of c-fos
occurs at ~36.5 + 0.95 um Ca?* (mean = SEM; n = 2), ~10-fold
lower than that reported for agrin-induced AChR clustering in
muscle (Wallace, 1988). These data suggest that although similar,
agrin receptors in neurons and muscle may be distinct.

A more complete parallel with agrin action in muscle was
observed when we tested the ability of heparin to block neuronal
c-fos induction by C-Ag, ¢ treatment. Incubation of cortical cul-
tures with a saturating concentration of C-Ag, ¢ in the presence
of various concentrations of heparin revealed that heparin is an
effective antagonist of C-Ag,g activity in neurons (Fig. 4b).
Half-maximal inhibition of c-fos induction was observed at a
heparin concentration of ~20 wg/ml, similar to that reported for
heparin blockade of agrin-induced AChR clustering in skeletal
muscle cells (Wallace, 1990; Hopf and Hoch, 1997). In contrast,
levels of Fos expression in cultures treated with 500 pg/ml hep-
arin and sham-conditioned medium were similar to basal levels
observed in control cultures treated with sham-conditioned me-
dium alone. Inhibition of C-Ag, s induction of c-fos expression
was almost completely reversible; C-Ag, ¢—induced Fos levels
were reduced by only 21.2 = 1.1% (mean = SEM; n = 3) when
cultures treated with 500 ug/ml heparin and then allowed to
recover overnight were compared with untreated cultures.

Changes in intracellular Ca" levels regulate agrin-induced
AChR clustering in muscle (Megeath and Fallon, 1998). To
investigate a possible role for Ca®" as an intracellular messenger
of agrin receptor activation in neurons, we incubated cortical
cultures with the membrane-permeant calcium chelator BAPTA-
AM (Tsien, 1981) before treatment with C-Ag, ;. Clamping in-
tracellular Ca>" at basal levels inhibited C-Ag, s~induced c-fos
expression in a BAPTA-AM concentration—dependent manner
(Fig. 5a). Half-maximal inhibition was observed at a BAPTA-AM
concentration of ~20 um. The use of BAPTA-AM for studies of
intracellular signaling by Ca** has been documented in a number
of different systems (Stern, 1992; Roberts, 1993; Gu and Spitzer,
1995), and in agreement with these findings, we found no evi-
dence of acute toxicity of the drug that might prejudice our

findings. BAPTA-AM did not affect basal levels of c-fos expres-
sion in the cultures, and inhibition produced by exposure to the
maximal concentration of the drug was reversed (74.7 += 11.1%),
mean = SEM; n = 3), compared with untreated cultures, after
overnight recovery. The results indicate that intracellular Ca®*
fluxes are necessary for C-Ag, ¢ induction of c-fos.

Protein kinase activation is an intrinsic component of the agrin
signal transduction in muscle. Agrin triggers phosphorylation of
MuSK (Glass et al., 1996; Hopf and Hoch, 1998b), and the protein
kinase inhibitor staurosporine blocks agrin-induced AChR clus-
tering (Wallace, 1994). To examine a potential role for protein
phosphorylation in agrin signaling in neurons, we tested the
ability of staurosporine to inhibit C-Ag, s induction of c-fos.
Cultured neurons were preincubated for 10 min in staurosporine
alone followed by coincubation for 10 min with a saturating
concentration of C-Ag, ¢ and then washed and incubated for an
additional 10 min in staurosporine alone before being returned to
cNBM before assaying for Fos. The results of these experiments
(Fig. 5b) show a clear concentration-dependent inhibition of
C-Ag, 3 induction of c-fos by staurosporine. Half-maximal inhi-
bition was achieved at a staurosporine concentration of 1 nm,
similar to that reported for inhibition of agrin-induced AChR
clustering in muscle (Wallace, 1994). Based on morphology, no
obvious adverse effects were evident after the relatively brief
treatment with staurosporine, and Fos levels in neurons exposed
to the highest concentration of staurosporine used were similar to
those seen in cultures receiving control medium. Inhibition by
staurosporine was also reversible in that levels of C-Ag, c—in-
duced Fos determined for cultures treated with the maximal
concentration of staurosporine for 30 min followed by overnight
recovery were reduced by only 30.2 = 2.3% (mean = SEM; n =
3) compared with that in untreated cells. These data suggest that
activation of one or more protein kinases is required for C-Ag, 5
induction of c-fos.

“Inactive” agrin isoforms induce c-fos expression in
cortical neurons

Alternative splicing represents an important mechanism for reg-
ulating agrin’s AChR-clustering activity and binding to cell sur-
face components (Ruegg et al., 1992; Ferns et al., 1993; Hoch et
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Figure 5. Intracellular Ca®* and protein kinase activation are required for C-Ag, ¢ signaling. Cortical cultures were equilibrated for 1 hr in BAPTA- AM
(@) or 10 min in staurosporine (b) followed by coincubation for 10 min with a saturating concentration of C-Ag, g. a, BAPTA-AM-treated cultures were
subsequently washed with NBM and then returned to cNBM media for 2 hr at 37°C before determination of Fos levels. b, Cultures treated with
staurosporine were incubated with staurosporine alone for an additional 10 min after removal of C-Ag, ¢ before being returned to cNBM. Graphs show
C-Ag, ¢—specific Fos expression (circles); Fos induction in sister cultures treated with sham-conditioned medium containing BAPTA-AM or sham-
conditioned medium alone has been subtracted. Treatment with staurosporine alone at the highest concentration used (b; square) had no significant effect.
Each data point represents the mean = SEM for triplicate determinations. Similar results were seen in at least one other experiment for each treatment.

al., 1994; Gesemann et al., 1995, 1996; O’Toole et al., 1996). To
examine the role of alternative splicing in agrin signal transduc-
tion in cortical neurons, we tested the ability of two alternatively
spliced soluble forms of agrin, C-Ag, , and C-Ag,,, which lack
AChR-clustering activity, to induce c-fos.

Initial immunohistochemical studies showed that similar to that
with C-Ag,s, treatment with either C-Ag,, or C-Ag,, also
triggered a marked increase in the neuronal levels of Fos expres-
sion but had no effect on Fos levels in non-neuronal cells (data not
shown). Quantitative analysis demonstrated that Fos induction by
both recombinant proteins was concentration dependent and
saturable (Fig. 6a). This response was agrin specific in that levels
of Fos expression in the cultures treated with conditioned me-
dium from sham-transfected COS-7 cells were not increased.
Moreover, immunoprecipitation of C-Ag,, or C-Ag,, with Agr
530 depleted its Fos-inducing activity (Fig. 6b), confirming the
agrin dependence of c-fos induction in these experiments. To-
gether these data show that the ECs, values for C-Ag,, and
C-Ag,, are similar to each other and comparable with that deter-
mined for C-Ag, s, in marked contrast to the >1000-fold difference
in AChR-clustering activity reported for these constructs in cul-
tured muscle cells (Ferns et al., 1993). Consistent with these
observations, no difference was detected among Fos levels in neu-
rons from sister cultures treated with saturating concentrations of
C-Ag, ¢ or with either of the C-Ag,, isoforms (data not shown).

The ability of agrin to increase c-fos expression in cortical
neurons, regardless of exon usage at the z-site, led us to ask
whether a similar agrin signal transduction pathway might be
present in other cell types. To examine this question, we mea-
sured Fos levels in cultured hippocampal and cerebellar neurons,
as well as in chick myotubes, fibroblasts, and COS-7 cells, after
treatment with a saturating concentration of C-Ag, 3 or C-Ag,
(Fig. 7). Consistent with our inability to detect agrin-induced
increases in Fos staining among non-neuronal cells in cortical
cultures, Fos levels in fibroblasts and COS-7 cells were not af-
fected by treatment with agrin. In contrast, both C-Ag, ¢ and
C-Ag, increased Fos expression in hippocampal and cerebellar
cultures, with no difference evident in the potencies of the two
isoforms. Interestingly, agrin induction of c-fos in muscle paral-

leled its AChR-clustering activity in that treatment with C-Ag, ¢
but not C-Ag,, upregulated Fos levels in cultured myotubes.
These data provide evidence of a neuron-specific agrin receptor
that is distinct from the agrin receptor in skeletal muscle.

“Inactive” and “active” agrin isoforms activate a
common signaling pathway
The observation that different agrin isoforms have the same spe-
cific activity as inducers of neuronal c-fos suggests that they acti-
vate a common signal transduction pathway. To test this hypothesis
we examined the biochemical profiles of c-fos induction by C-Ag,
and C-Ag,, and compared them with that obtained for C-Ag, .

Our first experiments looked at the Ca*" dependence of c-fos
induction by C-Ag, , and C-Ag,, proteins. The results of these
studies clearly show that, like C-Ag,s, induction of c-fos by
isoforms lacking inserts at the z-site is also Ca** dependent (Fig.
8a). We note, however, that the ECs, values determined for
C-Ag, and C-Ag,, of 0.17 = 0.08 mMm (n = 3) and 0.15 = 0.07
mM (n = 3), respectively, were higher than that for C-Ag,g,
raising the possibility that splicing at the z-site may play a role in
regulating Ca?"-dependent binding of agrin to neurons. Simi-
larly, induction of c-fos by C-Ag, , or C-Ag,, was also inhibited
by heparin in a concentration-dependent manner with half-
maximal inhibition occurring at ~25 ug/ml (Fig. 8b). Previous
studies have suggested that heparin inhibition of agrin-induced
ACHhR clustering involves binding of heparin directly to a region
on agrin that requires exon 28 at the y-site as well as to a
component on the muscle cell surface (Gesemann et al., 1996;
O’Toole et al., 1996; Hopf and Hoch, 1997). Our observation that
32.1 + 12.8% (mean * SEM; n = 3 experiments) of C-Ag,,
induction of c-fos expression appears to be heparin resistant
suggests that a two-site model (Hopf and Hoch, 1997) may also
apply to heparin inhibition of agrin action in neurons. The fact
that heparin blocks c-fos induction of C-Ag,, that lacks the
heparin-binding domain suggests that all agrin isoforms interact
with a common component on the neuronal cell surface.

If it is true that different agrin isoforms activate a single
receptor or receptor complex, then all agrin proteins should
activate a common intracellular signaling pathway. To test this
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Figure 6. Agrin isoforms that lack AChR-clustering activity induce c-fos
expression in cortical neurons. a, Cortical cultures were exposed to
C-Ag, (open circles)— or C-Ag, , ( filled circles)—containing media for 10
min, and c-fos expression was assayed. Nonspecific induction of c-fos
determined in control cultures treated with sham-conditioned medium
has been subtracted. Induction of c-fos by both C-Ag,, and C-Ag, is
concentration-dependent and saturable. Regardless of their AChR-
clustering activities, the different agrin isoforms exhibit similar specific
activities in terms of c-fos induction in cortical neurons. b, To confirm the
specificity of action of C-Ag, (open bars)— and C-Ag,, (shaded bars)-
containing media, the ability of Agr 530 to immunoprecipitate the c-fos—
inducing activity was tested in a manner similar to that described in
Figure 2. Greater than 80% of the c-fos—inducing activity was precipitated
by the antibody. To facilitate comparison, we expressed results as the
percent of the maximal level of Fos induction for a given isoform within
each experiment. Data show the mean * SEM for triplicate determina-
tions. Similar results were obtained in at least one other experiment for
each group.

prediction we examined the ability of BAPTA-AM and stauro-
sporine to block c-fos induction by C-Ag, , and C-Ag, . As can
be seen in Figure 8, ¢ and d, both drugs were equally effective in
antagonizing Fos expression by either agrin isoform. These re-
sults support the conclusion that increased intracellular Ca** and
protein kinase activation are also required components of the
signal transduction pathway activated by C-Ag, , and C-Ag,, in
cortical neurons.
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Figure 7. Induction of c-fos by different agrin isoforms is cell-specific.
Fos levels were measured in cultured hippocampal (Hip), cerebellar (Cer),
COS-7 (COS), chick fibroblast (Fib), and muscle (Mus) cells at 2 hr after
a 10 min treatment with a saturating concentration of C-Ag,g (open
bars)— or C-Ag, (shaded bars)-containing media. Induction of c-fos is
expressed as the ratio of Fos expressed in agrin-treated cultures over that
observed in control cultures treated with sham-conditioned medium. A
value of 1 represents no induction. Fos expression in hippocampal and
cerebellar cultures was increased by a similar amount after treatment with
either agrin isoform. In contrast, only C-Ag, s induced c-fos in muscle,
and neither isoform was effective in fibroblasts or COS-7 cells. Error bars
represent the mean = SEM for triplicate determinations. Similar results
were obtained in one other experiment for each group.

DISCUSSION

Agrin is expressed by many populations of CNS neurons, but its
function in brain remains unclear. As part of a systematic ap-
proach to this question, we used induction of c-fos as an assay of
cellular activation to identify cells in cortical tissue that might be
targeted by agrin. Our results demonstrate that neurons, but not
non-neuronal cells, respond to agrin and provide evidence of a
functional agrin receptor in neurons. Activation of this putative
neuronal agrin receptor occurs at agrin concentrations similar to
those that induce AChR clustering in muscle. The existence of an
agrin-signaling pathway supports a role for agrin in brain, and its
similarity with the transduction pathway in muscle suggests that
some components of the pathway and its effectors may be com-
mon to both tissues. Agrin-dependent changes in the expression
of IEGs such as c-fos represent a mechanism by which agrin
released by neurons could influence expression of other genes
important in neuron—neuron interactions.

Our data demonstrate that agrin induction of c-fos in cortical
neurons is mediated by an increase in intracellular Ca>*. Studies
in other systems have identified two DNA regulatory elements,
the cAMP-response element (CRE) and the serum-response el-
ement (SRE), that control expression of c-fos by Ca*" signals
(Ghosh and Greenberg, 1995). A recent report, showing that
agrin induces phosphorylation of CRE-binding protein (CREB)
in hippocampal neurons, provides direct evidence of a role for the
CRE in agrin signaling (Ji et al., 1998). Interestingly, phosphor-
ylation of CREB appears to be isoform specific in that only agrin
containing an insert at the z-site is effective (Ji et al., 1998). Our
observation that all agrin isoforms induce expression of c-fos,
even in hippocampal neurons, suggests that regulation of gene
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Figure 8. Biochemical properties of c-fos induction by C-Ag,, isoforms. Extracellular Ca* dependence (a), blockade by heparin (b), the requirement
for intracellular Ca** (c), and inhibition by staurosporine (d) of C-Ag, , (open circles)- and C-Ag,, ( filled circles)-dependent induction of c-fos were
examined. With the exception of a minor heparin-resistant component of the C-Ag, ;—dependent increase in Fos expression, marked similarity is evident
in the biochemical profiles of the two isoforms. For comparison, results are expressed as the percent of the maximal level of Fos induction for a given
isoform within each experiment. Data represent the mean * SEM for triplicate determinations. Similar results were obtained in at least one other

experiment in each group.

expression via the SRE is also an important pathway for agrin
signaling and implies the existence of either a second agrin
receptor or, as has been suggested for the p75™"™® (Bothwell,
1996), a single receptor whose signaling is ligand dependent.
Analysis of agrin induction of c-fos identified both cell- and
isoform-specific agrin receptors, and we would, therefore, have
expected to detect similar differences among neurons if they
existed. However, with the exception of a fourfold difference in
Ca*" dependence of c-fos induction by C-Ag, ¢ and C-Ag,, or
C-Ag,, we found little evidence of more than one class of agrin
receptors in cortical neurons. Such differences, however, are con-
sistent with a single agrin receptor in which C-Ag, ¢ activates the
SRE and/or CRE and C-Ag, , or C-Ag, , activates the SRE only.

On the basis of its pattern of expression during development and
in mature brain, agrin has been proposed to play a role in neuron—
neuron synapse formation. Recent studies, however, have shown
that functional glutamatergic and GABAergic synapses can form
between cultured cortical neurons that lack agrin-containing in-
serts at the z-site but express agrin,, (Li et al., 1999; Serpinskaya
et al., 1999). On the basis of these observations, it was concluded
that agrin proteins with high AChR-clustering activity are not
required for the initial stages of neuron—neuron synapse formation,
but a possible role for inactive agrin could not be eliminated. In
fact, agrin isoforms lacking inserts at the z-site can influence the

distribution of AChR at developing neuromuscular junctions (Pun
and Tsim, 1997; Godfrey et al., 1999), and our results suggest that
agrin,,, isoforms could also play a role in neuron—-neuron synapto-
genesis. Because of these findings, it will be interesting to learn
whether clustering of neurotransmitter receptors or other aspects
of neuron—neuron synapse formation are perturbed in animals in
which agrin expression is blocked completely.

A number of muscle cell surface components have been iden-
tified that interact with agrin, including N-CAM (Tsen et al,,
1995), laminin (Denzer et al., 1997), heparin-binding growth-
associated molecule [HBGAM /pleiotrophin (Daggett et al,
1996)], dystroglycan (Bowe et al., 1994; Campanelli et al., 1994;
Gee et al.,, 1994), and MuSK (Glass et al., 1996), each of which
might serve as a neuronal receptor for agrin. Because the recom-
binant proteins used in the present study consist only of agrin’s 95
kDa C-terminal portion, proteins such as laminin, N-CAM, and
HBGAM that bind domains within its N terminal (Sanes et al.,
1998) are unlikely to be essential components of the putative
receptor described here. However, dystroglycan- and MuSK-
binding sites are present in the recombinant agrin used, and the
possible role that these molecules might serve in agrin signaling in
cortical neurons is considered below.

Dystroglycan is the major agrin-binding protein in muscle and
was initially believed to represent the receptor responsible for
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agrin-induced AChR clustering (Bowe et al., 1994; Campanelli et
al., 1994; Gee et al., 1994). Although this now seems doubtful
(Sugiyama et al., 1994; Bowen et al., 1996), evidence suggests that
dystroglycan is involved at some level in the AChR-clustering
pathway (Jacobson et al., 1998). Dystroglycan is also expressed in
brain (Gorecki et al., 1994; Schofield et al., 1995), and some of the
biochemical characteristics of agrin induction of c-fos are consis-
tent with the possibility that it might be the putative neuronal
receptor for agrin. Several lines of evidence, however, make this
unlikely. First, dystroglycan mRNA levels in cortex are below
detection by in situ hybridization (Gorecki et al., 1994) and,
therefore, unlikely to be expressed at a significant level by cortical
neurons in culture. Second, despite marked differences in their
affinity for dystroglycan (Sugiyama et al., 1994; Gesemann et al.,
1996), no difference was evident in the ECs, values for c-fos
induction by the different agrin isoforms. Third, C-Ag,, did not
increase Fos levels in cultured muscle, suggesting that agrin
binding to dystroglycan does not influence c-fos expression. Fi-
nally, although heparin does not block binding of agrin, isoforms
to dystroglycan (Gesemann et al., 1996; O’Toole et al., 1996), it is
an effective inhibitor of C-Ag, , induction of c-fos. Thus, although
it will be important to determine whether C-terminal fragments
of agrin that lack domains required for dystroglycan binding are
able to induce c-fos in cortical neurons, our data do not support
a model in which dystroglycan is a necessary component of the
putative neuronal receptor for agrin.

In muscle, an initial step in agrin-induced AChR clustering is
the rapid phosphorylation of the transmembrane tyrosine kinase
MuSK (Glass et al., 1996). Consistent with this model of agrin
action in muscle, activation of the putative neuronal receptor
occurs at the same agrin concentration that triggers MuSK phos-
phorylation and AChR clustering (Hopf and Hoch, 1998a,b).
Agrin induction of c-fos in cortical neurons is also rapid and
blocked by the protein kinase inhibitor staurosporine. Despite
these similarities, however, MuSK is unlikely to be a component
of the putative neuronal receptor for agrin. MuSK is not ex-
pressed in either developing or mature brain (Valenzuela et al.,
1995), and although heparin is an effective inhibitor of Fos
induction, it has no effect on agrin-induced MuSK phosphoryla-
tion (Hopf and Hoch, 1998a). Finally, only agrin isoforms active
in AChR clustering (i.e., those that include an insert at the z-site)
induce MuSK phosphorylation (Glass et al., 1996; Hopf and
Hoch, 1998b), in sharp contrast to the indiscriminant behavior of
the putative neuronal receptor whose activation can be effected
by any agrin isoform with equal potency.

The fact that the ECs, and other biochemical parameters of
c-fos induction are comparable with those reported for AChR
clustering suggests that components of the muscle and neuronal
receptors might be shared. Agrin activation of MuSK in skeletal
muscle requires an accessory component referred to as the
myotube-associated specificity component (M ASC) (Glass et al.,
1996). Interestingly, although MuSK is activated only by agrin-
containing inserts at the z-site, in the presence of MASC, MuSK
forms complexes with all agrin proteins (Glass et al., 1996). This
observation has been used to suggest a model in which MuSK
activation is regulated by its interaction with different MASC-
agrin complexes (Glass et al., 1996). A similar model for the
putative neuronal receptor for agrin would suggest MASC to be
a common feature of both systems but predict coupling to a
receptor tyrosine kinase other than MuSK in neurons. Possible
candidates would include the receptor-like tyrosine kinases Rorl
and Ror2 (Masiakowski and Carroll, 1992) that are highly ex-
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pressed in brain and display significant homology in their ectodo-
mains to MuSK, suggesting they might recognize a similar ligand.

Agrin induction of c-fos was blocked by the membrane-
permeant calcium chelator BAPTA AM, implying that an in-
crease in intracellular Ca?" is a necessary step in agrin signaling
in neurons. Activation of the putative neuronal receptor also
requires external Ca®*, but further experiments will be needed
to determine whether the increase in intracellular Ca®" derives
from extracellular or intracellular stores or both. It is interesting
to note that a transient increase in intracellular Ca>" also regu-
lates agrin-induced AChR clustering in muscle (Megeath and
Fallon, 1998), further evidence that although not identical, agrin
signaling in muscle and neurons is mediated by closely related
pathways. Calcium plays a key role in a number of intracellular
signaling pathways in neurons that could be modulated by agrin-
induced increases in intracellular Ca®". For example, intracellu-
lar Ca®" transients are important regulators of neural differen-
tiation, axonal growth, and guidance (Doherty and Walsh, 1994;
Spitzer et al., 1994), and several studies have provided evidence
that agrin may serve as a stop and differentiation signal for some
populations of neurons (Campagna et al., 1995; Gautam et al.,
1996; Chang et al., 1997). Interestingly, this activity it not isoform
dependent and appears to be a property of the C-terminal half of
the protein, consistent with our findings for the activation of the
putative agrin receptor in cortical neurons. Calcium is also an
important mediator of activity-dependent changes that underlie
long-term alterations in synaptic physiology associated with learn-
ing and memory (Bito et al., 1997). If, as is the case for MuSK in
muscle, agrin receptors are concentrated at synaptic sites on
neurons, then their activation might be expected to influence
local events associated with synaptic remodeling. Clearly it will be
important to identify these putative receptors for agrin and
determine their distribution on neurons.

REFERENCES

Bito H, Deisseroth K, Tsien RW (1997) Ca?" dependent regulation in
neuronal gene expression. Curr Opin Neurobiol 7:419-429.

Bothwell M (1996) p75N™R: a receptor after all. Science 272:506-507.

Bowe MA, Deyst KA, Leszyk JD, Fallon JR (1994) Identification and
purification of an agrin receptor from Torpedo postsynaptic mem-
branes: a heteromeric complex related to the dystroglycans. Neuron
12:1173-1180.

Bowen DC, Sugiyama J, Ferns M, Hall ZW (1996) Neural agrin activates
a high-affinity receptor in C2 muscle cells that is unresponsive to muscle
agrin. J Neurosci 16:3791-3797.

Campagna JA, Ruegg M, Bixby JL (1995) Agrin is a differentiation-
inducing “stop signal” for motorneurons in vitro. Neuron 15:1365-1374.

Campanelli JT, Roberds SL, Campbell KP, Scheller RH (1994) A role
for dystrophin-associated glycoproteins and utrophin in agrin-induced
ACHR clustering. Cell 77:663-674.

Chang D, Woo JS, Campanelli J, Scheller RH, Ignatius MJ (1997) Agrin
inhibits neurite outgrowth but promotes attachment of embryonic mo-
tor and sensory neurons. Dev Biol 181:21-35.

Craig AM, Blackstone CD, Huganir RL, Banker G (1994) Selective
clustering of glutamate and gamma-aminobutyric acid receptors oppo-
site terminals releasing the corresponding neurotransmitters. Proc Natl
Acad Sci USA 91:12373-12377.

Daggett DF, Cohen MW, Stone D, Nikolics K, Rauvala H, Peng HB
(1996) The role of an agrin-growth factor interaction in acetylcholine
receptor clustering. Mol Cell Neurosci 8:272-285.

Denzer AJ, Brandenberger R, Gesemann M, Chiquet M, Ruegg MA
(1997) Agrin binds to the nerve-muscle basal lamina via laminin. J Cell
Biol 137:671-683.

Doherty P, Walsh FS (1994) Signal transduction events underlying neu-
rite outgrowth stimulated by cell adhesion molecules. Curr Opin Neu-
robiol 4:49-55.

Fantl WJ, Johnson DE, Williams LT (1993) Signaling by receptor ty-
rosine kinases. Annu Rev Biochem 62:453-48]1.



Hilgenberg et al. + Neuronal Receptor for Agrin

Ferns MJ, Campanelli JT, Hoch W, Scheller RH, Hall Z (1993) The
ability of agrin to cluster AChRs depends on alternative splicing and on
cell surface proteoglycans. Neuron 11:491-502.

Fischbach GD (1972) Synapse formation between dissociated nerve and
muscle cells in low density cell cultures. Dev Biol 28:407-429.

Gautam M, Noakes PG, Moscoso L, Rupp F, Scheller RH, Merlie JP,
Sanes JR (1996) Defective neuromuscular synaptogenesis in agrin-
deficient mutant mice. Cell 85:525-536.

Gee SH, Montanaro F, Lindenbaum MH, Carbonetto S (1994)
Dystroglycan-«, a dystrophin-associated glycoprotein, is a functional
agrin receptor. Cell 77:675-686.

Gesemann M, Denzer AJ, Ruegg MA (1995) Acetylcholine receptor-
aggregating activity of agrin isoforms and mapping of the active site.
J Cell Biol 128:625-636.

Gesemann M, Cavalli V, Denzer AJ, Brancaccio A, Schumacher B,
Ruegg MA (1996) Alternative splicing of agrin alters its binding to
heparin, dystroglycan, and the putative agrin receptor. Neuron
16:755-767.

Ghosh A, Greenberg ME (1995) Calcium signaling in neurons: molec-
ular mechanisms and cellular consequences. Science 268:239-247.

Glass DJ, Bowen DC, Stitt TN, Radziejewski C, Bruno J, Ryan TE, Gies
DR, Shah S, Mattson K, Burden SJ, DiStefano PS, Valenzuela DM,
DeChiara TM, Yancopoulos GD (1996) Agrin acts via a MuSK re-
ceptor complex. Cell 85:513-524.

Godfrey EW (1991) Comparison of agrin-like proteins from the extra-
cellular matrix of chicken kidney and muscle with neural agrin, a
synapse organizing protein. Exp Cell Res 195:99-109.

Godfrey EW, Dietz ME, Morstad AL, Wallskog PA, Yorde DE (1988)
Acetylcholine receptor-aggregating proteins are associated with the
extracellular matrix of many tissues in Torpedo. J Cell Biol
106:1263-1272.

Godfrey EW, Roe J, Heathcote RD (1999) Overexpression of agrin
isoforms in Xenopus embryos alters the distribution of synaptic acetyl-
choline receptors during development of the neuromuscular junction.
Dev Biol 205:22-32.

Gorecki DC, Derry JMJ, Barnard EA (1994) Dystroglycan: brain local-
ization and chromosome mapping in the mouse. Hum Mol Genet
3:1589-1597.

Gramolini AO, Burton EA, Tinsley JM, Ferns MJ, Cartaud A, Cartaud
J, Davies KE, Lunde JA, Jasmin BJ (1998) Muscle and neural iso-
forms of agrin increase utrophin expression in cultured myotubes via a
transcriptional regulatory mechanism. J Biol Chem 273:736-743.

Gu X, Spitzer NC (1995) Distinct aspects of neuronal differentiation
encoded by frequency of spontaneous Ca®* transients. Nature
375:784-781.

Hall ZW, Sanes JR (1993) Synaptic structure and development: the
neuromuscular junction. Neuron [Suppl] 10:99-121.

Herrera D, Robertson HA (1996) Activation of c-fos in the brain. Prog
Neurobiol 50:83-107.

Hoch W, Ferns M, Campanelli JT, Hall ZW, Scheller RH (1993) De-
velopmental regulation of highly active alternatively spliced forms of
agrin. Neuron 11:479-490.

Hoch W, Campanelli JT, Harrison S, Scheller RH (1994) Structural do-
mains of agrin required for clustering of nicotinic acetylcholine recep-
tors. EMBO J 13:2814-2821.

Hopf C, Hoch W (1997) Heparin inhibits acetylcholine receptor aggre-
gation at two distinct steps in the agrin-induced pathway. Eur J Neu-
rosci 9:1170-1177.

Hopf C, Hoch W (1998a) Dimerization of the muscle-specific kinase
induces tyrosine phosphorylation of acetylcholine receptors and their
aggregation on the surface of myotubes. J Biol Chem 273:6467-6473.

Hopf C, Hoch W (1998b) Tyrosine phosphorylation of the muscle-
specific kinase is exclusively induced by acetylcholine receptor-
aggregating agrin fragments. Eur J Biochem 253:382-389.

Jacobson C, Montanaro F, Lindenbaum M, Carbonetto S, Ferns M (1998)
a-Dystroglycan functions in acetylcholine receptor aggregation but is
not a coreceptor for agrin-MuSK signaling. J Neurosci 18:6340-6348.

Ji R-R, Bose CM, Lesuisse C, Qiu D, Huang JC, Zhang Q, Rupp F (1998)
Specific agrin isoforms induce cAMP response element binding protein
phosphorylation in hippocampal neurons. J Neurosci 18:9695-9702.

Jones G, Herczeg A, Ruegg M A, Lichtsteiner M, Kroger S, Brenner HR
(1996) Substrate-bound agrin induces expression of acetylcholine re-
ceptor e-subunit gene in cultured mammalian muscle cells. Proc Natl
Acad Sci USA 93:5985-5990.

J. Neurosci., September 1, 1999, 19(17):7384-7393 7393

Kroger S, Horton SE, Honig LS (1996) The developing avian retina
expresses agrin isoforms during synaptogenesis. J Neurobiol
29:165-182.

Li Z, Massengill JL, O'Dowd DK, Smith MA (1997) Agrin gene expres-
sion in mouse somatosensory cortical neurons during development in
vivo and in cell culture. Neuroscience 79:191-201.

Li Z, Hilgenberg LGW, O’Dowd DK, Smith MA (1999) Formation of
functional synaptic connections between cultured cortical neurons from
agrin-deficient mice. J Neurobiol 39:547-557.

Magill-Solec C, McMahan UJ (1988) Motor neurons contain agrin-like
molecules. J Cell Biol 107:1825-1833.

Mann S, Kroger S (1996) Agrin is synthesized by retinal cells and
colocalizes with gephyrin. Mol Cell Neurosci 8:1-13.

Masiakowski P, Carroll RD (1992) A novel family of cell surface recep-
tors with tyrosine kinase-like domain. J Biol Chem 267:26181-26190.

Megeath LJ, Fallon JR (1998) Intracellular calcium regulates agrin-
induced acetylcholine receptor clustering. J Neurosci 18:672-678.

O’Connor LT, Lauterborn JC, Gall CM, Smith MA (1994) Localization
and alternative splicing of agrin mRNA in adult rat brain: transcripts
encoding isoforms that aggregate acetylcholine receptors are not re-
stricted to cholinergic regions. J Neurosci 14:1141-1152.

O’Toole JT, Deyst KA, Bowe MA, Nastuk MA, McKechnie BA, Fallon
JR (1996) Alternative splicing of agrin regulates its binding to hepa-
rin, a-dystroglycan, and the cell surface. Proc Natl Acad Sci USA
93:7369-7374.

Pun S, Tsim KWK (1997) Antisense agrin cDNA transfection blocks
neuroblastoma cell-induced acetylcholine receptor aggregation when
co-cultured with myotubes. Mol Cell Neurosci 10:87-99.

Roberts WM (1993) Spatial calcium buffering in saccular hair cells.
Nature 363:74-76.

Ruegg MA, Tsim KWK, Horton SE, Kroger S, McMahan UJ (1992)
The agrin gene codes for a family of basal lamina proteins that differ in
function and distribution. Neuron 8:691-699.

Rupp F, Ozgelik TH, Linial M, Peterson K, Francke U, Scheller R (1992)
Structure and chromosomal localization of the mammalian agrin gene.
J Neurosci 12:3535-3544.

Sanes JR (1997) Genetic analysis of postsynaptic differentiation at the
vertebrate neuromuscular junction. Curr Opin Neurobiol 17:93-100.
Sanes JR, Apel ED, Gautam M, Glass D, Grady RM, Martin PT, Nichol
MC, Yancopoulos GD (1998) Agrin receptors at the skeletal neuro-

muscular junction. Ann NY Acad Sci 841:1-13.

Schofield JM, Gorecki DC, Blake DJ, Davies K, Edwards YH (1995)
Dystroglycan mRNA expression during normal and mdx mouse em-
bryogenesis: a comparison with utrophin and the apo-dystrophins. Dev
Dyn 204:178-185.

Serpinskaya AS, Feng G, Sanes JR, Craig AM (1999) Synapse formation
by hippocampal neurons from agrin-deficient mice. Dev Biol 205:65-78.

Spitzer NC, Gu X, Olson E (1994) Action potentials, calcium transients
and the control of differentiation of excitable cells. Curr Opin Neuro-
biol 4:70-77.

Stern MD (1992) Buffering of calcium in the vicinity of a channel pore.
Cell Calcium 13:183-192.

Stone D, Nikolics K (1995) Tissue- and age-specific expression patterns
of alternatively spliced agrin mRNA transcripts in embryonic rat sug-
gest novel developmental roles. J Neurosci 15:6767-6778.

Sugiyama J, Bowen DC, Hall ZW (1994) Dystroglycan binds nerve and
muscle agrin. Neuron 13:103-115.

Tsen G, Halfter W, Kroger S, Cole GJ (1995) Agrin is a heparan sulfate
proteoglycan. J Biol Chem 270:3392-3399.

Tsien RY (1981) A non-disruptive technique for loading calcium buffers
and indicators into cells. Nature 290:527-528.

Valenzuela DM, Stitt TN, DiStefano PS, Rojas E, Mattsson K, Compton
DL, Nunez L, Park JS, Stark JL, Gies DR, Thomas S, LeBeau MM,
Fernald AA, Copeland NG, Jenkins NA, Burden SJ, Glass DJ, Yan-
copoulos GD (1995) Receptor tyrosine kinase specific for the skeletal
muscle lineage: expression in embryonic muscle, at the neuromuscular
junction, and after injury. Neuron 15:573-584.

Wallace BG (1988) Regulation of agrin-induced acetylcholine receptor
aggregation by Ca** and phorbol ester. J Cell Biol 107:267-278.

Wallace BG (1990) Inhibition of agrin-induced acetylcholine-receptor
aggregation by heparin, heparan sulfate and other polyanions. J Neu-
rosci 10:3576-3582.

Wallace BG (1994) Staurosporine inhibits agrin-induced acetylcholine
receptor phosphorylation and aggregation. J Cell Biol 125:661-668.



