5050 - The Journal of Neuroscience, June 15, 2003 - 23(12):5050 —5060

Differential Effects of Neurotrophins and Schwann
Cell-Derived Signals on Neuronal Survival/Growth and
Synaptogenesis
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Recent studies have shown that the survival of mammalian motoneurons in vitro is promoted by neurotrophins (NTs) and cAMP. There
isalso evidence that neurotrophins enhance transmitter release. We thus investigated whether these agents also promote synaptogenesis.
Cultured Xenopus spinal cord neurons were treated with a mixture of BDNF, glia-derived neurotrophic factor, NT-3,and NT-4, in addition
to forskolin and IBMX or the cell-permeant form of cAMP, to elevate the cAMP level. The outgrowth and survival of neurons were
dramatically increased by this trophic stimulation. However, when these neurons were cocultured with muscle cells, the trophic agents
resulted in a failure of synaptogenesis. Specifically, the induction of ACh receptor (AChR) clustering in cultured muscle cells was inhibited
at nerve-muscle contacts, in sharp contrast to control, untreated cocultures. Because AChR clustering induced by agrin or growth
factor-coated beads in muscle cells was unaffected by trophic stimulation, its effect on synaptogenesis is presynaptic in origin. In the
control, agrin was deposited along the neurite and at nerve-muscle contacts. This was significantly downregulated in cultures treated
with trophic stimuli. Reverse transcriptase-PCR analyses showed that this decrease in agrin deposition was caused by an inhibition of
agrin synthesis by trophic stimuli. Both agrin synthesis and induction of AChR clustering were restored under trophic stimulation when
Schwann cell-conditioned medium was introduced. These results suggest that trophic stimulation maintains spinal neurons in the

growth state, and Schwann cell-derived factors allow them to switch to the synaptogenic state.
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Introduction

The development of the nervous system is a complicated, multi-
step process. From neurogenesis to synaptogenesis, individual
neurons encounter a variety of environmental factors that can
profoundly influence their growth, differentiation, and survival
(Zigmond et al., 1999). Among these factors, the role of the
target-derived neurotrophins (NTs) has been particularly well
studied. Neurotrophins are obligatory for the survival of sensory
neurons and sympathetic neurons (Davies, 1994; Snider, 1994;
Thoenen, 1995). Recent studies have also elucidated the essential
role of this family of molecules in the survival of motoneurons.
The skeletal muscle, as the target tissue of motoneurons, is the
source of several neurotrophins, including BDNF, NT-3, NT-4/5,
and glia-derived neurotrophic factor (GDNF) (Maisonpierre et
al., 1990; Koliatsos et al., 1993; Henderson et al., 1994; Funakoshi
et al., 1995). These factors are needed for the survival of spinal
motoneurons both in vitro and in vivo (Henderson et al., 1993;
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Hughes et al., 1993; Vejsada et al., 1995; Becker et al., 1998). In
addition to promoting neuronal survival, neurotrophins are also
involved in neuronal differentiation and axonal outgrowth. This
is illustrated by the well known response of pheochromocytoma
12 cells to NGF to initiate neurite outgrowth (Unsicker et al.,
1978; Leonard et al., 1988). Thus, neurotrophins define a critical
need for the survival and outgrowth of neurons. After outgrowth,
neurons establish synaptic connections with their targets. During
synaptogenesis, the neurite outgrowth has to stop to allow the
establishment of a stable connection between the presynaptic and
postsynaptic partners (Sanes and Lichtman, 1999). This is ac-
companied by the development of synaptic specializations for
neurotransmitter release and detection. Thus, the neuron needs
to switch from the growth state to the synaptogenic state as it
establishes contact with the target. Recent studies have also sug-
gested the role of neurotrophins in modulating synaptic func-
tions and plasticity (Wang et al.,, 1995, 2002; Klintsova and
Greenough, 1999; Seil and Drake-Baumann, 2000). For example,
neurotrophins enhance transmitter release at both central and
peripheral synapses (Lohof et al., 1993; Carmignoto et al., 1997;
He et al., 2000; Poo, 2001). However, it is not clear whether they
also define the synaptogenic state of the neuron. In other words,
do neurotrophins also serve as synaptotrophins?

The spinal cord neurons isolated from Xenopus embryos offer
a convenient system to study neurite outgrowth and synaptogen-
esis (Cohen, 1980). They respond to bath application of neuro-
trophins by enhanced survival and outgrowth and to experimen-
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tally generated neurotrophin gradients by directional growth
either toward or away from the source of the factor (Ming et al.,
1997; Song and Poo, 1999, 2001). When cocultured with myo-
tomal muscle cells, functional neuromuscular junctions (NM]Js)
that develop to a high degree of maturity are formed (Anderson et
al., 1977). In an attempt to promote the formation of these NMJs
in vitro, we experimented with the four neurotrophins described
above, which are known to be synthesized by skeletal muscle cells.
Because the elevation of intracellular cAMP level has been shown
to be sufficient for motoneuron survival (Hanson et al., 1998), we
also experimented with its effect on these Xenopus neurons. Con-
sistent with previous results, we found that these neurotrophins
and cAMP, applied either singly or in combination, indeed en-
hanced the growth and survival of Xenopus spinal cord neurons.
To our surprise, this treatment rendered these neurons refractory
to synaptogenesis, as shown by the absence of postsynaptic ace-
tylcholine receptor (AChR) clustering at the nerve—muscle con-
tacts, a hallmark of NMJ development. The postsynaptic devel-
opment is triggered by the secretion of neural agrin from the
motor axon, which activates the muscle-specific receptor ty-
rosine kinase (MuSK) (McMahan, 1990; Glass et al., 1996; Sanes
and Lichtman, 2001). We thus investigated the pattern of agrin
deposition and transcription in response to neurotrophin treat-
ment. We report here that agrin synthesis and deposition are
downregulated by trophic stimulation of spinal neurons. Recent
studies have suggested that Schwann cells may promote synaptic
regeneration and formation (Son and Thompson, 1995a,b, 1996;
Herrera et al., 2000; Koirala et al., 2000), as well as enhancing the
aggregation of AChRs (Yang et al., 2001). We thus examined
whether factors released by Schwann cells might promote synap-
togenesis in the nerve—muscle coculture. The present results
show that Schwann cell-conditioned medium (SCCM) is able to
restore the NMJ formation and neuronal agrin synthesis after
trophic stimulation. This study thus delineates a novel regulation
of synaptogenesis by neurotrophins and Schwann cell-derived
factors. An elevated level of neurotrophins maintains the mo-
toneuron in the growth state even after its axons come into con-
tact with the target muscle. Synaptogenesis may require Schwann
cell-derived factors that promote agrin secretion and postsynap-
tic development.

Materials and Methods

Reagents

The entactin-collagen IV-laminin cell attachment matrix was purchased
from Upstate Biotechnology (Waltham, MA). Neurotrophins (BDNF,
NT-3, NT-4/5, and GDNF) were obtained from Invitrogen (San Diego,
CA). Chlorophenylthio (CPT)-cAMP, Rp-cAMP, forskolin, IBMX (3-
isobutyl-1-methylxanthine), and K-252a were obtained from Sigma (St.
Louis, MO). Tetramethylrhodamine-conjugated a-bungarotoxin (R-
BTX) was obtained from Molecular Probes (Eugene, OR).

Spinal neuron culture and neuron survival assay
The spinal neurons were isolated from stage 22 Xenopus embryos accord-
ing to a method published previously (Peng et al., 1991). In short, the
neural tubes were dissected from embryos and dissociated in Ca*" - and
Mg?"-free Steinberg solution. Isolated neurons were cultured on cover
glass coated with entactin-collagen IV-laminin in Steinberg medium. To
prepare the nerve—muscle coculture, the myotomes were first isolated
from the embryos, dissociated in Ca?*- and Mg " -free Steinberg solu-
tion, and plated on the culture substratum. After 1-3 d in culture, spinal
neurons were seeded into the muscle cultures. Nerve—-muscle contacts
could be detected within 1 d of coculture.

To assess the survival of neurons in culture, phase-contrast micros-
copy was used to score the number of neuronal cell bodies and the num-
ber of neurites remaining at regular intervals after plating. All of the
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neurons on the cover glass were scored. Cultures were prepared in trip-
licate, and the mean number was calculated.

To visualize nerve-muscle contacts with fluorescence microscopy,
synaptophysin tagged with green fluorescence protein (GFP) was ex-
pressed in spinal neurons. GFP-synaptophysin cDNA [kindly provided
by Dr. Lian Li (Emory University, Atlanta, GA)] was transcribed in vitro
into mRNA using Ambion (Austin, TX) mMESSAGE mMACHINE Kkits.
The mRNA was injected into Xenopus blastomeres at the two-cell stage at
5-10 ng of mRNA per embryo. The neural tubes of the injected embryos
were isolated and dissociated to prepare neuron cultures.

Assaying the formation of AChR clusters

The formation of AChR clusters was assessed by fluorescence microscopy
after labeling the nerve—muscle cocultures with R-BTX. The nerve—mus-
cle contacts were determined by phase-contrast microscopy in live cul-
tures. All of the contacts on the cover glass were scored to determine the
extent of AChR clustering. In addition to nerve-muscle cocultures,
AChR clustering was also examined in pure muscle cultures after the
presentation of beads and agrin. Polystyrene latex beads with a 10 um
diameter (Polysciences, Warrington, PA) were coated with the growth
factor heparin-binding growth-associated molecule [HB-GAM; also
known as pleiotrophin; kindly provided by Dr. Heikki Rauvala (Univer-
sity of Helsinki, Helsinki, Finland)] and applied to muscle cells as de-
scribed previously (Peng et al., 1995). The formation of AChR clusters at
bead-muscle contacts was assessed by R-BTX labeling. These beads in-
duce highlylocalized clustering of AChRs. To induce AChR clustering by
agrin, muscle cultures were treated with conditioned medium from hu-
man embryonic kidney 293 cells transiently transfected with a cDNA
encoding the B8 form of neural agrin (Daggett et al., 1996). Bath appli-
cation of agrin globally induces AChR clustering throughout the muscle
cell. In addition to nerve-induced AChR clustering, the effects of neuro-
trophins on preexistent AChR clusters (hot spots) were also examined.
Hot spots are clusters that are not associated with nerve—muscle contacts
and thus do not conform to the neuritic track. They vary in size and shape
but are typically 5-20 wm in their linear dimensions.

The deposition and transcription of agrin by spinal neurons
The deposition of agrin along the neurite and the nerve—muscle contact
was studied with a polyclonal rabbit antibody, Pab 36 (Godfrey, 1991;
Cohen etal., 1994) [a generous gift of Dr. Earl Godfrey (Eastern Virginia
Medical School, Norfolk, VA)]. Cultures prepared on the entactin-
collagen IV-laminin substratum were labeled with Pab 36 followed by
FITC-conjugated goat anti-rabbit secondary antibody, either in the liv-
ing state or after fixation with 95% ethanol at —20°C. The presence of
agrin was then examined by fluorescence microscopy. The agrin protein
level in cultured neurons was detected by Western blot using anti-agrin
monoclonal antibody C3 (also kindly provided by Dr. Earl W. Godfrey)
as described previously (Yang et al., 2001).

Reverse transcriptase (RT)-PCR analysis was performed according to
a method published previously (Yang et al., 2001). In short, cells from
nerve—muscle cocultures or pure neuron cultures were harvested and
total RNAs of these tissues were isolated using QuickPrep total RNA
extraction kit (Amersham Biosciences, Arlington Heights, IL). Reverse
transcription was performed using oligo-dT primer by first-strand
cDNA synthesis kit (Amersham Biosciences). PCR primers flanking the
alternative splicing site B of frog agrin were designed on the basis of the
GenBank sequence AF096690: forward, 5'-5,, TTT GAC GGA AAG ACT
TAC CTGsy,-3, and backward, 5'-,,,GGC TTC AGT CTT TAT GCT
CAG CTC,,-3". PCR primers for Xenopus glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were designed on the basis of the GenBank
sequence U41753: forward, 5'-,,GTT GCT ATC AAT GACC,,,-3', and
backward, 5'-14,0AAG ATC CAC AAC ACG GT,5-3'. Separated by
PAGE, PCR products were visualized by UV transilluminator and im-
aged with a digital camera.

Conditioned media

Schwann cell-conditioned medium. Adult Xenopus sciatic nerves were dis-
sected out, and epineurial membranes were removed. Nerve trunks were
cut and digested with 0.3% collagenase and 0.25% trypsin-EDTA (In-
vitrogen). Dissociated cells were plated on laminin-1-coated culture
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dishes with culture medium consisting of 45% Leibovitz’s L-15 medium
(Invitrogen), 45% Ringer’s solution (in mm: 115 NaCl, 2 CaCl,, 2.5 KCl,
and 10 HEPES; pH 7.4), and 10% fetal calf serum (Invitrogen). After 1
week in culture, this culture medium was replaced by serum-free me-
dium, L-15/Ringer’s solution (1:1, v/v). At the second week in culture,
there were ~15,000 Schwann cells that had grown in each culture dish
(35 mm diameter) containing ~2 ml of serum-free culture medium. The
Schwann cell-conditioned medium was collected once per week and re-
plenished with the fresh serum-free medium. Only cultures containing
=90% Schwann cells (the rest were fibroblasts) were used. In the cultures
treated with NT plus cAMP plus SCCM, the cultures were first incubated
in the normal culture medium with NT plus cAMP for 2 d and then
changed to a medium containing 95% of SCCM in addition to the NT
plus cAMP for 2 more days before the examination. In the control cul-
tures treated with SCCM alone, the cultures were incubated with SCCM
for 2 d before final examination.

Muscle-conditioned medium. Pure embryonic Xenopus muscle cultures
were prepared according to the method described above. Dissociated
muscle cells were plated on culture dishes coated with laminin-1 (In-
vitrogen). The culture medium contained 50% L-15 and 50% Ringer’s
solution. Conditioned medium from muscle cultures was collected 1
week after plating.

Fibroblast-conditioned medium. Fibroblast cultures were obtained by
enzymatic digestion of the epineurial sheath of the sciatic nerve trunk.
Dissociated fibroblast cells were plated on culture dishes coated with
laminin-1 and cultured in medium containing 50% L-15 and 50% Ring-
er’s solution. Conditioned medium from fibroblast cultures was col-
lected 1 week after plating.

Results

Effects of neurotrophins and cAMP elevation on neurite
outgrowth and survival

During the first day in culture, Xenopus spinal cord neurons ex-
hibited vigorous growth on a number of substrata. In this study,
neurons were plated on cover glass coated with a mixture of three
extracellular matrix molecules, entactin, collagen IV, and lami-
nin, extracted from Engelbreth-Holm-Swarm mouse tumor.
This substratum has been shown to support the growth of Xeno-
pus spinal neurons and to allow the deposition of agrin secreted
by these neurons (Cohen et al., 1994). Without the supply of
trophic molecules, these neurons do not survive long in culture.
Using the number of neurites as a marker of neuronal growth and
survival and treating that number in day 1 culture as 100%, no
neurons were found to survive beyond 5-6 d in culture (Fig. 1).
The neuronal survival, as scored by the number of cell bodies,
paralleled the neurite counts (data not shown).

The effect of neurotrophins on the survival of these neurons
was then tested. First, several neurotrophins that have been
shown to be expressed by muscle cells were tested individually.
Neurons were incubated with a neurotrophin at a concentration
of 10 ng/ml from the time of plating, and their survival during the
culture period was assessed (Hanson et al., 1998). As shown in
Figure 1, BDNF caused a large increase in neuronal survival.
Other neurotrophins also significantly enhanced neuronal sur-
vival, but their effects were not as strong as BDNF (data not
shown). The effect of cAMP that is sufficient to promote the
survival of mammalian spinal motor neurons (Hanson et al.,
1998) was also assessed in the Xenopus spinal neuron culture. As
shown in Figure 1, elevation of intracellular cAMP by treating
neurons with forskolin (10 uMm), an adenylate cyclase activator,
and IBMX (100 um), a phosphodiesterase inhibitor, also resulted
in a large increase in neuronal survival. A similar result was seen
when CPT-cAMP (125 uMm), a membrane-permeant form of
cAMP, was used instead of forskolin and IBMX (data not shown).
The efficacy of cAMP and neurotrophins in promoting spinal
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Figure 1.  The effect of trophic stimuli on the survival and growth of spinal neurons. The

number of neurites was scored as an indicator of neuronal survival and growth. Neurons cul-
tured in the absence of trophic stimuli (control; filled circles) did not survive beyond day 5 in
culture. The addition of a single neurotrophin (BDNF; open circles) or a combination of four
neurotrophins (NTs; BDNF, NT-3, NT-4/5, and GDNF; open triangles) enhanced neuronal survival
and growth. This effect was also seen when intracellular AMP was elevated by forskolin and
IBMX (cAMP:; filled triangles). Combining neurotrophins and cAMP (NTs -+ cAMP:; filled squares)
further promoted survival and growth. For each point, triplicate cultures, each with at least 100
neurons at day 1, were scored. A survival of 100% refers to the number of neurites at day 1. SEs
(error bars) were shown for the data points.

neuron survival was rated as follows: cAMP ~ BDNF > NT4 ~
GDNEF > NT3. A mixture of these four neurotrophins produced
the same rescue effect as cAMP or BDNF alone (Fig. 1). However,
when neurotrophins were combined with cAMP elevation, the
best result in neuronal survival was seen (Fig. 1). With this treat-
ment, little neuronal loss was seen during the first 5 d in culture.
This represents a dramatic increase in neuronal survival over the
control. We thus used this combined trophic stimulation in most
of our subsequent experiments on synaptogenesis.

Effects of trophic stimuli on synaptogenesis

When the axons of spinal neurons come into contact with myo-
tomal muscle cells, the formation of the NM]J follows. This is
evidenced by the development of AChR clusters at the nerve—
muscle contact visualized by R-BTX labeling (Anderson and Co-
hen, 1977). Because the neurite is not always clearly visible when
it is in contact with the muscle cell, we expressed GFP-
synaptophysin in neurons by blastomere injection of synthetic
mRNA and cocultured them with muscle cells isolated from un-
injected embryos. As shown in Figure 2 A, in which the neurite
was marked by GFP-synaptophysin, AChRs, labeled by R-BTX,
were first clustered into small punctate aggregates along the nerve
after the first day of coculture. These aggregates then became
consolidated into larger clusters after 1-2 d (Fig. 2B). NM]J in-
duction is a highly efficacious process in these cocultures, because
AChR clustering could be detected at up to 90% of nerve-muscle
contacts. When cocultures were treated with the neurotrophin
mixture plus forskolin and IBMX or neurotrophins plus CPT-
cAMP, there was a large reduction in NMJ formation despite
more numerous nerve—muscle contacts than seen in the control
as a result of the enhanced neurite outgrowth. Examples of
nerve—muscle contacts devoid of AChR clusters in the presence of
the trophic stimuli are shown in Figure 3. In contrast to extensive
AChR clustering induced in control cultures, contacts in cultures
treated with the NT mixture with or without cAMP showed much
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Figure 2.

AChR clustering at nerve—muscle contacts. GFP-synaptophysin was used as a pre-
synaptic marker, and R-BTX was used to label postsynaptic AChR clusters. A, On day 1 of nerve—
muscle coculture, punctate AChR clusters were seen along the contact area. B, These clusters
were consolidated into larger AChR patches in day 3. Scale bar: (in B) A, B, 20 um.

reduced postsynaptic specialization as quantified in Figure 4. The
neurotrophin effect was reversed by K-252a (100 nm), a specific
inhibitor of Trk tyrosine kinase receptors for neurotrophins, but
was not reversed by Rp-cAMP (100 uM), a membrane-permeant
inhibitor of cAMP-dependent protein kinases. A lesser, but sig-
nificant, inhibition was also seen when cAMP or individual neu-
rotrophins were applied alone (Fig. 4).

In addition to inducing AChR clustering locally along the
nerve—muscle contact, innervation also leads to a global effect in
the dispersal of preexisting AChR clusters (hot spots) that are
often located at a distance away from the contact site (Moody-
Corbett and Cohen, 1982; Kuromi and Kidokoro, 1984; Dai and
Peng, 1998). Unlike the nerve-induced clusters, hot spots are not
associated with the nerve—muscle contacts and are stable in the
absence of innervation. Their dispersal was invariably linked to
the nerve-induced clustering of AChRs in control cultures
(Fig. 3A,B). Treating cells with neurotrophin and cAMP
caused the nerve-contacted muscle cells to retain their hot
spots (Fig. 3D, F, open arrows). Thus, treatment of cocultures
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Figure3. Theeffect of trophic stimulation on NMJ formation. The formation of AChR clusters
(right, white arrows) along nerve—muscle contacts (black arrows in phase images on the left)
seen in the control (4, B) was abolished after NT plus cAMP treatment ( (—F ). However, preex-
istent AChR hot spots (open arrows) were dispersed in control cocultures but were left intact
after trophic stimulation. Scale bar: (in £) A=F, 50 pm.

with neurotrophins inhibits both local and global effects asso-
ciated with synaptogenesis.

To rule out the effect of neurotrophins and cAMP on the
ability of muscle cells to cluster AChRs, muscle cultures devoid of
neurons were treated with HB-GAM-coated beads or with agrin
in the presence of the trophic stimulation. Beads coated with
HB-GAM induce focal clustering of AChRs at bead—muscle con-
tacts (Peng et al., 1995). Bath-applied agrin, however, induces
global AChR clustering along the entire Xenopus muscle cell
(Daggett et al., 1996). Both stimuli induced AChR clusters as in
control cultures in the presence of neurotrophins plus cAMP
elevation (Fig. 5A-D) or neurotrophins alone (Fig. 5E). At indi-
vidual neurotrophin concentrations of up to 100 ng/ml, the clus-
tering induced by these stimuli was not diminished. Thus, the
inhibitory effect of these trophic agents is presynaptic in nature.

Agrin deposition and synthesis

It is well accepted that the neural agrin secreted by motoneurons
is necessary for the induction of postsynaptic specializations at
the NM]J (Bowe and Fallon, 1995; Sanes and Lichtman, 2001). To
understand the cause of the trophic inhibition on AChR cluster-
ing, we examined the deposition of agrin by spinal neurons using
Pab 36, a polyclonal antibody that recognizes Xenopus agrin
(Godfrey, 1991; Cohen et al., 1994). As shown in Figure 6, A and
B, the secretion of agrin was easily detected on the substratum
along the neuritic tracks in control cultures. The fine structure of
the agrin deposition often reflected the neuritic branching pat-
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Figure4. (Quantification of AChR clustering at nerve—muscle contacts in response to differ-
ent stimuli (filled bars). Neurotrophins were used at 10 ng/ml either singly or in combination.
NTs plus cAMP refers to neurotrophins plus forskolin, IBMX, and CPT-cAMP. The extent of AChR
clustering was normalized to the control (open bar). Data were collected from three indepen-
dent experiments with >>160 nerve—muscle contacts scored. The p values for the difference
between the test and the control were as follows: NTs, 0.0002, NTs plus K-252a, 0.71; NTs plus
cAMP, 0.0007; NTs plus Rp-cAMP, 0.0003; CPT-cAMP, 0.001; BDNF, 0.001; GDNF, 0.15; NT-3,
0.05; and NT-4/5, 0.004. SEs (error bars) are shown.

tern. Trophic stimulation by neurotrophins with or without
cAMP, or by cAMP alone, resulted in a dramatic reduction in
agrin deposition, as shown by a disappearance or a large reduc-
tion of agrin immunoreactivity along the neurites (Figs. 6C,D, 7).
This inhibition was reversed by the Trk inhibitor K-252a but not
by the cAMP-dependent protein kinase inhibitor Rp-cAMP
(Figs. 6 E, F, 7). Individual neurotrophins applied singly also in-
hibited agrin deposition (Fig. 7). In control nerve—muscle cocul-
tures, agrin was also detected at the contact area (Fig. 6J-K).
After trophic stimulation, little agrin deposition was seen along
the contact region in parallel with an abolishment of AChR clus-
tering (Fig. 6G-I).

To determine whether trophic stimulation interfered with
agrin synthesis, RT-PCR analyses were performed to assess its
mRNA levels. Through alternative splicing, four isoforms of
agrin that differ in an insert of 0, 8, 11, or 19 amino acids at the B
site (also known as Z site in mammalian agrin) near the C termi-
nal are generated (Tsim etal., 1992). Previous studies have shown
that B8, B11, and B19 forms are synthesized by neurons (Tsim et
al., 1992) and Schwann cells (Yang et al., 2001), whereas both
neurons and non-neuronal cells, including skeletal muscle, ex-
press the BO form. Whereas neural agrin (B8, B11, and B19) are
effective in inducing AChR clustering in muscle cells, BO agrin is
ineffective in bath application assays (McMahan et al., 1992;
Gesemann et al., 1995). When neurons were cocultured with
muscle cells under normal circumstances, all four forms of agrin
transcripts were detected in them (Fig. 8 A, lane 1). Consistent
with previous results, only the BO form was detected in pure
muscle cultures (Fig. 8 A, lane 4). Because Schwann cells were not
presentin this culture system, the B8, B11, and B19 forms of agrin
in nerve—muscle cocultures were contributed by neurons only.
Upon trophic stimulation by neurotrophins plus cAMP eleva-
tion, the expression of neural agrin is downregulated (Fig. 8 A,
lane 2). It is noted that BO was still present after the trophic
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Figure 5.  Trophic stimulation by neurotrophins and cAMP did not affect the induction of
AChR clustering by HB-GAM-coated beads (A, B) or by agrin (C, D). A, B, Arrows point out
correspondence in bead—muscle contacts and AChR clusters. D, Arrows point out several agrin-
induced clusters. Scale bar: (in D) A-D, 10 m. £, Quantification of AChR clustering in the
presence of all four neurotrophins at different concentrations. For the bead experiments (filled
bars), data from four independent experiments with 50 cells at each neurotrophin concentra-
tion were pooled. The p values for the difference between treated versus the control were 0.47
(for 10 ng/ml NT) and 0.41 (for 100 ng/ml NT). For the agrin experiment (open bars), 50 cells
were scored for each concentration. The mean number of AChR clusters per 100 m of muscle
length was measured for each cell. The p values for the difference between treated versus the
control were 0.63 (for 10 ng/mI NT) and 0.25 (for 100 ng/ml NT). SEs (error bars) are shown.

stimulation in this nerve-muscle coculture. The presence of BO is
likely of muscle origin (see below). The control sample in which
the RNA template was deleted showed no band (Fig. 8 A, lane 5).

To further determine whether the effect of trophic stimulation
is directly presynaptic or postsynaptic via muscle, agrin expres-
sion in pure neuron cultures was examined. Whereas normal
neuron culture showed all four agrin isoforms at the B site as
expected (Fig. 8 B;, lane 1), the trophic stimulation by neurotro-
phins plus cAMP elevation caused a dramatic decrease in the
expression of all of the agrin isoforms, including BO (Fig. 8 B;,
lane 3). Although the agrin expression was greatly downregulated
by trophic stimulation, the general gene expression in these
neurons was not affected, as indicated by the GAPDH gene
expression, which remained unchanged by the treatment (Fig.
8B, bottom panel). This result further suggests that the trophic
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Figure 6.  The deposition of agrin along the neurite. A, B, Agrin was deposited along the neurite
and its branches as revealed by Pab 36 labeling. C, D, Agrin deposition was much reduced after trophic
stimulation. In this example, there was no association of agrin with the neurites. In the presence of
K-252a, neurotrophins did not inhibit agrin deposition (£, F). Agrin deposition at nerve—muscle con-
tacts was suppressed by trophic stimulation (G—). However, an AChR hot spot that was notinduced
by the nerve was not affected (H, arrowhead). In contrast, nerve—muscle contacts in control cultures
were associated with both AChR clusters and agrin deposition (J, K, arrows). Scale bars: (in F) A-F, 30
m; (in/) 61,20 m; (inK) J, K, 5 pem.

stimulation specifically affects the agrin expression in the neu-
rons, but not in muscle.

Together, these two lines of data demonstrate that agrin syn-
thesis and deposition are significantly downregulated after tro-
phic stimulation. This is most likely the cause of the inability of
spinal neurons to induce AChR clustering upon trophic
influence.

The effect of Schwann cell-conditioned medium in reversing
the trophic inhibition

The data presented above suggested that environmental factors
determine the state of the neuron between growth and synapto-
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Figure 7. Quantification of agrin deposition in control (open bar) and trophic factor-

stimulated spinal neuron cultures (filled bars). Data from three independent experiments (ex-
cept BDNF, NT-3, and NT-4/5) were pooled with =110 neurites scored for each treatment. They
were normalized to the control. The p values for the difference between the test and the control
were as follows: NTs, 0.006, NTs plus K-252a, 0.54; NTs plus cAMP, 0.01; NTs plus Rp-cAMP,
0.0003; cAMP, 0.003; and GDNF, 0.001. Data for BDNF, NT-3, and NT-4/5 were from one exper-
iment only. SEs (error bars) are shown.

genesis as it encounters the target muscle cells. To further under-
stand the molecular determinants that are involved in this
switching process, the role of Schwann cell-derived factors was
examined. This is based on recent results that Schwann cell pro-
cesses lead the growth of the axon during terminal sprouting
induced by NM]J inactivity (Son and Thompson, 1995b). There is
also evidence that synaptogenesis is promoted by glial cells in the
CNS (Pfrieger and Barres, 1997). We thus reason that terminal
Schwann cells play a role in the transition of the motoneuron
from growth to synaptogenic state. This hypothesis was tested in
nerve—muscle cocultures with conditioned medium from
Schwann cell cultures. In Figure 9, the contrast between trophic
stimulation alone and trophic stimulation plus SCCM is shown.
Whereas neurotrophins plus cAMP elevation downregulated
postsynaptic differentiation (Fig. 9A, B), the addition of SCCM
restored to a large extent the ability of spinal neurons to induce
AChR clustering (Fig. 9C,D). After SCCM treatment, a fivefold
increase in the association of AChR clusters with nerve—muscle
contacts was observed (Fig. 9E). In contrast to SCCM, condi-
tioned media from pure muscle or fibroblast culture were inef-
fective in restoring the reduced AChR aggregation by trophic
stimulation (Fig. 9E).

To test whether the restoration of AChR aggregation by the
SCCM treatment is attributable to a reversal of the neurotrophin-
induced suppression of agrin synthesis, RT-PCR analysis was
conducted. As shown in Figure 8 A (lane 3), SCCM co-incubation
with neurotrophins restored the expression of B, B11, and B19
neural agrin forms to the control level. Similar restoration was
also observed in pure neuron cultures after SCCM treatment
(Fig. 8 B, lane 4), which indicates that SCCM directly affects the
agrin expression in neurons. Not only was the gene expression of
agrin in neurons restored, a corresponding restoration of agrin
protein was also observed with SCCM treatment. As shown in the
Western blot in Figure 10 F, agrin immunoreactivity was mostly
reduced upon trophic stimulation, compared with normal neu-
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Figure 8.  RT-PCR analyses of agrin transcripts. Agrin isoforms at the B splicing site were

investigated by RT-PCR analysis in nerve—muscle cocultures (A) and pure neuron culture (B).
The nerve—muscle coculture in normal medium at 2 d showed all four isoforms (inactive B0 and
active B8, B11,and B19) (4, lane 1). The active isoforms were greatly reduced in cultures with NT
plus cAMP treatment (A, lane 2). The SCCM treatment was able to restore the expression of
active isoforms (A, lane 3). The BO isoform observed in the NT plus cAMP treatment probably
reflected the muscle agrin expression, as found in pure muscle culture (A, lane 4). No signal was
found in RT-PCR reactions containing no RNA sample (4, lane 5). In pure neurons cultured in
normal medium for 2d, all four agrinisoforms were observed (B,, lane 1). SCCM treatment alone
in this coculture had no effect on agrin expression (8;, lane 2). However, all of these agrin
isoforms were barely detectable after NT plus cAMP treatment (B, lane 3). These agrin isoforms
were restored to near-normal level after SCCM treatment (B,, lane 4). During all of these treat-
ments, the general gene expression in neurons was not affected, as shown by GAPDH gene
expression (B;, bottom panel). Agrin expression in pure neurons was quantified by densitomet-
ricscanning and normalized for GAPDH expression (B,) (n = 3 experiments; data are means
SEM). Control, Open bar; experimental, filled bars. These results suggest that the stimulation by
neurotrophins can downregulate the agrin expression in neurons, and Schwann cell-
conditioned medium can reverse this process. They further indicate that the effects of NT plus
cAMP and SCCM treatment are presynaptic in origin.

ronal culture (Fig. 10F, lane 2 vs 1). Treatment with SCCM was
able to restore the agrin protein level suppressed by trophic stim-
ulation (Fig. 10 F, lane 3). Consistent with the expression of agrin
gene and protein level, more neurites were found in association
with positive agrin staining in cultures treated with neurotro-
phins, cAAMP, and SCCM, compared with reduced agrin staining
in cultures treated only with neurotrophins and cAMP (Fig.
10A-E). Although SCCM was effective in restoring the effect of
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Figure 9.  SCCM reversed the effects of trophic stimuli on synaptogenesis. A, B, Nerve—

muscle cocultures were subject to trophic stimulus (NT -+ cAMP) only. In this example, no R-BTX
staining (B) was found on the muscle at the nerve—muscle contacts (4, B, arrowheads). Scale
bar: (in B) A-D, 20 um. C, D, Nerve—muscle cultures treated with NT plus cAMP plus SCCM
showed AChR clusters as revealed by R-BTX staining (D, arrows) at >50% nerve—muscle con-
tacts (G, arrows). The asterisk in D marks an AChR hotspot not directly associated with nerve—
muscle contacts. £, The effect of SCCM was quantified. In control nerve—muscle coculture with-
outany treatment, 84.2 = 9.8% of contacts were associated with AChR clusters (5 experiments
and 130 nerve—muscle contacts counted), and SCCM treatment alone did not change this ratio
significantly (90.5 == 8.2%; 5 experiments and 125 nerve—muscle contacts counted). However,
in NT plus cAMP-treated cultures, only 10.1 = 6.5% of contacts showed AChR clusters (5
experiments and 160 nerve—muscle contacts counted). In NT plus cAMP plus SCCM cultures,
there wasasignificantincrease in the percentage (54.2 = 7.1%) of nerve—muscle contacts that
showed AChR clusters (5 experiments and 154 nerve—muscle contacts counted) (Student’s ¢
test; *p << 0.001). In contrast, neither muscle-conditioned medium (MCM) nor fibroblast-
conditioned medium (FCM) reversed the NT plus cAMP effect. Data are means == SEM. Openbar,
Control; filled bars, experimental.

neurotrophin-induced suppression of synaptogenesis and agrin
expression, SCCM by itself did not enhance synapse formation
(Fig. 9E) and agrin expression (Fig. 8 B;) under normal condition
without trophic stimulation.

These results suggest that, whereas neurotrophins promote
neurite survival and outgrowth, SCCM promotes synapse forma-
tion, possibly by restoring agrin expression in neurons under
trophic stimulation.

Discussion

Two distinct states in the developmental behavior of spinal neu-
rons have been delineated by trophic stimulation with neurotro-
phins and cAMP in this study. In the absence of trophic stimula-
tion, these neurons have the propensity to induce synaptogenesis
on contact with the target muscle cell. However, upon stimula-
tion, the growth and survival state is favored at the expense of the
synaptogenic ability of these neurons, including the downregula-
tion of the agrin gene. We believe that these two states exhibited
by these fully differentiated spinal neurons in culture reflect the



Peng et al. « Neurotrophins and Schwann cells on Synaptogenesis

Phase | "_:

Agrin

60{ * p<0.001 %

40

20 ¥

% Neurites with agrin deposition

NT+cAMP NT+cAMP
+SCCM

Figure 10.

J. Neurosci., June 15,2003 - 23(12):5050 5060 * 5057

NT+cAMP+SCCM

40 pm

NT+ NT+cAMP

control cAMP +SCCM

. ¢

Restoration of agrin deposition and protein level by SCCM. A, B, Nerve—muscle cocultures were subject to trophic stimulus (NT+cAMP) only. In this example, no anti-agrin staining

(B) was found along neurites (A, B, arrowheads). C, D, Nerve—muscle cultures treated with NT plus cAMP plus SCCM showed clear agrin deposition along the neurites (arrowheads). Scale bar: (in D)
A-D, 40 um. These results are quantified in £. Only 20.1 == 0.9% of neurites in cocultures with trophic stimulus showed agrin deposition (open bar; 5 experiments). In contrast, SCCM was able to
significantly restore this ratio to 56.2 = 1.3% of neurites (filled bar; 5 experiments) (Student’s ¢ test; *p << 0.001). F, To further confirm this result, agrin protein level in pure neuron cultures was
examined by Western blot. In control culture without any treatment, agrin immunoreactivity was detected at above 200 kDa (Iane 1, arrowhead). After trophic stimulus, no agrin protein could be
detected (lane 2). In contrast, pure neurons treated with NT plus cAMP plus SCCM showed clear agrin immunoreactivity (lane 3). These results suggest that SCCM was able to restore neural agrin
expression that was downregulated by NT plus cAMP trophic stimulus, and this regulation was presynaptic.

normal development of motoneurons in vivo. Before coming into
contact with the skeletal muscle, trophic and guidance cues allow
motoneurons to grow toward the target. Once axons come into
contact with the target, they need to switch from a growth-
oriented state to a synaptogenic state. Our data suggest that en-
vironmental cues, including the downregulation of the trophic
signals and the presentation of Schwann cell-derived factors, are
possible mechanisms for this switch.

Differential effects of trophic stimulation on neuronal
survival/growth and synaptogenesis

During normal NM]J development in vivo, once motor axons
come into contact with muscle fibers, they induce the formation
of AChR clusters (Anderson et al., 1977; Frank and Fischbach,
1979; Sanes and Lichtman, 1999). This postsynaptic differentia-
tion is accompanied by the cessation of axonal growth and the
initiation of presynaptic differentiation, leading to the establish-
ment of a stable junctional complex. The axons terminate near
the main intramuscular nerve in an end-plate band (Sanes and
Lichtman, 2001). When NM]J formation is disrupted in animals
with targeted deletion in agrin or MuSK genes, motor axons do
not terminate near the main intramuscular nerve but continue to
grow throughout the muscle fiber (DeChiara et al., 1996; Gautam
etal., 1996). This enhanced growth of motor axons in these NMJ-
deficient animals bears resemblance to the situation in our

nerve—muscle cocultures under the influence of trophic stimuli as
shown here. Our results thus suggest the possibility that, in the
absence of NMJ formation in agrin and MuSK knock-out ani-
mals, motor axons experience a higher level of trophic stimuli
that are globally distributed in the target muscle field.

Previous studies have suggested that the skeletal muscle can
regulate its trophic influence on motoneurons on the basis of
NM]J function. For example, the programmed cell death of spinal
motoneurons during normal embryogenesis is reduced when the
muscle is chronically treated with activity blockers such as curare
(Pittman and Oppenheim, 1978; Houenou et al., 1991; Usiak and
Landmesser, 1999). This may be attributable to the elevation of
the level of trophic factors as a result of NMJ blockade. In addi-
tion to the increased axonal growth along the muscle fiber in
agrin, rapsyn, and MuSK knock-out animals showing NM]J defi-
ciency, the survival of motoneurons is actually enhanced (Ter-
rado et al., 2001). All of these results are consistent with the
notion that aberrant NMJ development leads to an increase in
target-derived trophic stimuli that sustain enhanced motoneu-
ron survival and growth. It follows that normal NMJ formation is
necessary for the downregulation of trophic stimulation on mo-
tor axons to establish stable nerve—muscle contacts and synapto-
genesis. As the NM]J is established, there may be a decrease in the
global presence of trophic signals and an increase in their local
concentration at the developing junction. Although it is not
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known whether neurotrophins are localized at the NM]J, the TrkB
receptor is indeed concentrated at the postsynaptic membrane
(Gonzalez et al., 1999). The localization of trophic stimuli is
probably necessary for the stabilization of the nerve-muscle con-
tact. Thus, in addition to AChR clustering, the postsynaptic dif-
ferentiation may also involve the redistribution of trophic stimuli
to the subsynaptic site. There appears to be a reciprocal signaling
between the innervating nerve and its target muscle. First, trophic
stimuli promote the growth and branching of motor axons dur-
ing the early stages of innervation. We speculate that, once AChR
clusters are induced, a global downregulation and a synapse-
specific localization of trophic molecules take place to allow sta-
bilization of the nerve—muscle contact and the survival of mo-
toneurons that successfully establish their NM]Js. In addition to
trophic effects on promoting neuronal survival, neurotrophins
are also known to increase the secretion of neurotransmitters at
the NMJ as described above (Lohof et al., 1993; He et al., 2000;
Poo, 2001). Thus, the localization of trophic stimuli at the NM]J
serves multiple functions in stabilizing the nerve—muscle contact,
providing trophic support to motoneurons that successfully es-
tablish NM]Js and a mechanism to increase the efficacy of synaptic
transmission. In addition to its effect on postsynaptic AChR clus-
tering, our preliminary study also indicates that trophic stimula-
tion via neurotrophins and cAMP downregulates presynaptic
differentiation as shown by a decrease in the number of varicos-
ities along the spinal neurite in culture (H. W. Hung and H. B.
Peng, unpublished observations).

A previous study showed that BDNF and NT-4 also have a
postsynaptic effect on AChR clustering induced by agrin (Wells et
al,, 1999). At low agrin concentration, AChR clustering is inhib-
ited by these two neurotrophins but not by NGF or NT-3 in
cultured chick myotubes. The inhibition is overcome when the
agrin concentration is high. Our study with Xenopus muscle cul-
tures, however, has not shown a postsynaptic neurotrophin effect
(Fig. 5). Neither bead nor agrin-induced AChR clustering was
inhibited by neurotrophins up to a concentration of 100 ng/ml,
whereupon their effect on chick myotubes was obvious. A possi-
ble explanation for this discrepancy is that, unlike the chick myo-
tube, the Xenopus muscle cell may lack or have very low TrkB
receptor expression. However, our results have clearly shown that
neurotrophins act on the nerve terminal to inhibit innervation-
induced AChR clustering.

Differential regulation of agrin expression by neurotrophins
and Schwann cell-derived factor(s)

Although it has been well documented that agrin plays a major
role in the formation of the NMJ (Bowe and Fallon, 1995; Sanes
and Lichtman, 2001), remarkably little is known about how the
expression of agrin genes and proteins are regulated. It has been
shown that cultured Xenopus spinal neurons deposit agrin along
the neuritic track (Cohen et al., 1994, 1995). Consistent with
these findings, our data also showed agrin association with both
large and small neuritic branches in control cultures. Thus, agrin
deposition is probably a constitutive process in vitro. As shown in
the present study, both the synthesis and deposition of agrin can
in fact be downregulated by neurotrophins. The downregulation
is a direct effect on the neuron rather than on the muscle. Thus, it
is most likely that the decrease in agrin expression and deposition
accounts for the lack of synaptogenic activity of trophic factor-
stimulated neurons. The present study has also shown for the first
time that glial cells play a role in the regulation of neuronal agrin
gene expression. SCCM can reverse the inhibition of agrin gene
expression by the trophic stimulation in vitro. Similar to neuro-
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trophins, SCCM directly affects the agrin gene expression (Fig.
8B), protein level (Fig. 10F), and deposition (Fig. 10A-E) in
neurons. Our recent study has shown that Schwann cells them-
selves are also capable of synthesizing agrin, including both active
and nonactive forms (Yang et al., 2001). Thus, it is possible that
agrin provided by SCCM might affect postsynaptic differentia-
tion at nerve—muscle contacts under trophic stimulation. This is,
however, unlikely because AChR clusters conform to the nerve—
muscle contacts rather than scatter over the entire muscle cell as
in the situation of bath application of agrin to cultured muscle
cells. Furthermore, although cultured Schwann cells may en-
hance AChR aggregation through the continuous release of na-
tive agrin protein, the SCCM by itself does not increase AChR
clustering (Yang et al., 2001). This is probably attributable to the
fact that the amount of active agrin is low in SCCM. Thus, the
restoration of agrin expression and enhanced synaptogenesis by
SCCM likely results from a direct effect on the neurons by some
unknown factor(s) released by Schwann cells.

The role of glial cells in synaptogenesis

The NMJ is composed of the presynaptic nerve terminal,
postsynaptic membrane specializations, and synapse-associated
glial cells called perisynaptic Schwann cells (PSCs). Recent stud-
ies have shown the pivotal role of PSCs in leading the growth of
the nerve terminal at the NM]J during synaptic sprouting and
development (Son and Thompson, 1995a,b; Trachtenberg and
Thompson, 1997; Herrera et al., 2000; Koirala et al., 2000). In
addition, they also lead the way in guiding nerve terminal sprout-
ing when neurotransmission is interrupted (Son and Thompson,
1995b) and during synaptic remodeling (Ko and Chen, 1996).
Our current data suggest a new role of Schwann cells in regulating
the switching from the growth to synaptogenic state of motoneu-
rons. Although the molecular mechanism of how glial cells pro-
mote synaptic growth is not known, the present study on the
effects of SCCM suggests that diffusible factor(s) secreted by
Schwann cells promote the synaptogenic potential of trophic
factor-stimulated axons. Our recent finding has also shown that
SCCM greatly increases transmitter release at nerve—muscle con-
tacts in Xenopus cultures (Cao and Ko, 2001). These observations
are consistent with the recent findings that glia-derived factors
enhance synaptogenesis and transmitter release in CNS neuron
cultures (Pfrieger and Barres, 1997; Mauch et al., 2001; Nagler et
al,, 2001). Thus, glial cells may play multiple roles in promoting
synaptic growth and function during synaptogenesis. On the ba-
sis of previous studies and the current findings, we propose the
following sequence of events during NMJ formation in vivo. Be-
fore innervation, there is a global expression of trophic signals in
the target muscle that allow motor axons to grow on its surface.
Their contact with perisynaptic Schwann cells causes a switch of
the growth state into synaptogenic state that allows the induction
of NMJ formation. This causes the muscle cell to downregulate
the trophic stimuli and to localize them at the NM]J.

Schwann cells are known to release various growth factors,
such as neurotrophin 3, insulin-like growth factor, as well as
extracellular matrix molecules (Mirsky et al., 2002). However, it
is not known whether and how any of these or novel factors
derived from Schwann cells may be responsible for the upregula-
tion of neuronal agrin expression and the enhancement of syn-
apse formation after the neurotrophic stimulation. One possible
mechanism for the upregulation is that Schwann cell-derived
factors may inhibit the level of cAMP and/or the downstream
effects of neurotrophic stimulation in motor neurons, thereby
preventing the downregulation of agrin expression in neurons
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treated with neurotrophins. This explanation would be consis-
tent with our finding that SCCM treatment by itself is not effec-
tive in promoting agrin expression in motor neurons when they
are not under the trophic stimulation. The identification of
Schwann cell-derived signals and how these signals interplay with
neurotrophins/cAMP in promoting neuronal agrin expression
and synaptogenesis are now under investigation. Future studies
aimed at understanding the regulation of the synthesis and redis-
tribution of trophic factors by the muscle and the role of Schwann
cells in promoting the synaptogenic fate of the motoneuron
should lead to additional advances in our understanding of NM]J
development.
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