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Neuregulin Expression at Neuromuscular Synapses Is Modulated
by Synaptic Activity and Neurotrophic Factors
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The proper formation of neuromuscular synapses requires on-
going synaptic activity that is translated into complex structural
changes to produce functional synapses. One mechanism by
which activity could be converted into these structural changes
is through the regulated expression of specific synaptic regu-
latory factors. Here we demonstrate that blocking synaptic
activity with curare reduces synaptic neuregulin expression in a
dose-dependent manner yet has little effect on synaptic agrin or
a muscle-derived heparan sulfate proteoglycan. These changes
are associated with a fourfold increase in number and a twofold
reduction in average size of synaptic acetylcholine receptor
clusters that appears to be caused by excessive axonal sprout-
ing with the formation of new, smaller acetylcholine receptor
clusters. Activity blockade also leads to threefold reductions in

brain-derived neurotrophic factor and neurotrophin 3 expres-
sion in muscle without appreciably changing the expression of
these same factors in spinal cord. Adding back these or other
neurotrophic factors restores synaptic neuregulin expression
and maintains normal end plate band architecture in the pres-
ence of activity blockade. The expression of neuregulin protein
at synapses is independent of spinal cord and muscle neuregu-
lin mRNA levels, suggesting that neuregulin accumulation at
synapses is independent of transcription. These findings sug-
gest a local, positive feedback loop between synaptic regula-
tory factors that translates activity into structural changes at
neuromuscular synapses.
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During synaptogenesis, an excess number of synaptic connections
are reduced to a smaller number of functional connections de-
pendent on their degree of activity; those connections that are
more active become more stable, and those that are less active
deteriorate. One of the best studied synapses is this regard is that
between a motor neuron and a muscle cell or the neuromuscular
junction (NMJ; Sanes and Lichtman, 1999). In addition to many
presynaptic and postsynaptic proteins important for acetylcholine
signal transduction, a growing list of regulatory factors have been
discovered that may provide the necessary modulatory signals to
aid in this selection process.

In the anterograde direction, motor neurons promote the ac-
cumulation of acetylcholine receptors (AChRs) at NMJs through
at least two regulatory factors, including a specific form of agrin
that leads to the clustering of preexisting AChRs (Ruegg and
Bixby, 1998) and AChR-inducing activity (ARIA), which is made
in motor neurons, transported down axons (Loeb et al., 1999),
and released and concentrated in the synaptic basal lamina (Bur-
gess et al., 1995; Goodearl et al., 1995; Loeb and Fischbach, 1995;
Loeb et al., 1998, 1999; Meier et al., 1998; Wang et al., 2000).
There it induces the synthesis of new AChRs necessary to main-
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tain proper synaptic function (Sandrock et al., 1997). ARIA is
derived from the NRG-1 gene and belongs to a large family of
alternatively spliced growth and differentiation factors now called
neuregulins (NRGs; Fischbach and Rosen, 1997).

A number of retrograde regulatory factors are produced in
muscle; however, their individual effects on NMJ development
are less clear. Brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), NT-4, and glial cell line-derived neuro-
trophic factor (GDNF) are expressed in muscle during synaptic
development (Funakoshi et al., 1995; Moore et al., 1996; Sanchez
et al., 1996) and transported to motor neuron cell bodies (Koli-
atsos et al., 1993; Leitner et al., 1999; Watson et al., 1999). They
support the survival of motor neurons (Henderson et al., 1993,
1994; Koliatsos et al., 1993; Moore et al., 1996; Sanchez et al.,
1996; Alcantara et al., 1997) and, for BDNF and NT-4, promote
synaptic differentiation (Gonzalez et al., 1999).

Electrical activity is critical in orchestrating the normal forma-
tion of neuromuscular synapses. Blocking muscle activity with
curare prevents motor neuron cell death, the pruning of early
synaptic connections, and the loss of extrajunctional AChRs
(Chang et al.,, 1975; Burden, 1977; Oppenheim et al., 1989;
Hory-Lee and Frank, 1995). One way that activity may be trans-
lated into synaptic structure is through the regulated expression
of these regulatory factors. For example, NT-4 expression in
postnatal rat muscle increases with activity (Funakoshi et al.,
1995), and the neurotrophic factors BDNF, NT-3, NT-4, and
GDNF rapidly and selectively increase NRG in cultured motor
neurons, raising the possibility that this may be part of a positive
feedback loop (Loeb and Fischbach, 1997).

To determine the relationship among synaptic activity, neuro-
trophic factors, and synaptic structure, we developed an in vivo



Loeb et al. ¢ Activity-Dependent Regulation of Neuregulin at NMJs

experimental system in which we measure regulatory factor ex-
pression on both sides of the synapse in the presence and absence
of normal synaptic activity. Despite early embryonic expression of
NRG in chick motor neuron axons at embryonic day 3 (E3),
NRG is not detectable in the synaptic basal lamina until E16
during synapse elimination (Burden, 1977; Loeb et al., 1999).
This late accumulation is concurrent with a concentration of
basal lamina heparan sulfate proteoglycans (HSPGs), including
agrin (Fallon and Gelfman, 1989; Loeb et al., 1999), that bind to
the heparin-binding domain of NRG (Loeb and Fischbach, 1995;
Meier et al., 1998) and thus focally enrich it at synapses. Using
this system, we demonstrate that synaptic NRG can be regulated
by an interplay between synaptic activity and neurotrophic fac-
tors. Activity blockade with curare significantly reduces synaptic
NRG accumulation, reduces muscle neurotrophic factor expres-
sion, and produces a dramatic change in end plate band architec-
ture. Both NRG accumulation and normal end plate band archi-
tecture were restored by adding back exogenous neurotrophic
factors. The accumulation of NRG was independent of transcrip-
tion, suggesting that local cues at individual synaptic contacts may
contain all of the signaling information necessary to release
NRG.

MATERIALS AND METHODS

Reagents and antibodies. All pharmacologic agents were purchased from
Sigma (St. Louis, MO) unless stated otherwise. Rhodamine and Bodipy-
labeled a-bungarotoxin were from Molecular Probes (Eugene, OR);
secondary antibodies coupled with either Cy2 or Cy3 were from Amer-
sham Biosciences (Piscataway, NJ). Affinity-purified polyclonal anti-
serum against the extracellular domain of NRG (183N) was prepared as
described previously (Loeb et al., 1999). Monoclonal antibodies against
SV2 were a generous gift from Kathy Buckley (Harvard Medical School,
Boston, MA), and those against agrin (6D2) were a generous gift from
Willi Halfter (University of Pittsburgh, Pittsburgh, PA). Mouse mono-
clonal IgG supernatant against neurofilaments (RT-97) was obtained
from the Developmental Studies Hybridoma Bank at the University of
Iowa (Iowa City, IA) under contract NO1-HD-7-3263 from the National
Institute of Child Health and Human Development. BDNF, NT-3, and
GDNF were generous gifts from Amgen (Thousand Oaks, CA) and were
diluted in 0.2% BSA and PBS before use.

Eggs and in ovo treatments. Fertilized chicken eggs were obtained from
Michigan State University Poultry Farms (East Lansing, MI) and incu-
bated at 37°C in a Kuhl (Flemington, NJ) rocking humidified incubator
at 50% humidity. Addition of chemical agents and neurotrophic factors
was made by opening the egg on the top and tearing a small hole through
the air sac without damaging underlying blood vessels. The eggs were
sealed after each treatment using transparent plastic packing tape. At
indicated times, tissues were processed for total RNA or immunohisto-
chemistry as described below.

Activity blockade. Stock solutions of D-tubocurarine were prepared in
sterile saline at 20 mg/ml. Aliquots containing the indicated total
amounts were added daily together with or without neurotrophic factors.
The total amount of liquid added each day for a given experiment was the
same for all eggs. Activity blockade was assessed daily before and after
the addition of curare by noting the absence of any movements over a 2
min period. The paralytic concentration of curare used produced com-
plete paralysis in most embryos at all times examined by these measure-
ments. No attempts were made to quantify numbers of movements in
partially paralyzed animals, as described recently by Oppenheim et al.
(2000).

Curare concentrations were determined empirically and from previous
literature requiring 3 mg/d for complete paralysis and 0.3 mg/d for
partial activity blockade (Hory-Lee and Frank, 1995). Similarly, 50 ug/d
a-bungarotoxin was required for paralysis.

Immunohistochemistry and quantitative analysis of synapses. Anterior
latisimus dorsi (ALD) muscles were exposed by removing the skin, and
a small piece of Kimwipe soaked in fresh 4% paraformaldehyde in PBS
was placed on top of the muscles for 40 min to fix the muscle in situ to
maintain normal muscle shape. Overfixation or underfixation led to a
reduction in NRG staining with 183N antisera. This was followed by
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overnight washing twice in cold PBS and then placing in 30% sucrose
before preparing 20 wm frozen sections on Superfrost slides (Fisher
Scientific, Pittsburgh, PA) on a cryostat. Sections were washed in PBS for
20 min, followed by blocking with 10% normal goat serum in PBS for 30
min. Antibody solutions prepared in the same blocking solution were
added in a humidified chamber as described previously (Loeb et al.,
1999). The following dilutions were used: 183N at 1:100, SV2 at 1:10,
RT-97 (neurofilament) at 1:10, 6D2 at 1:1, goat anti-mouse Cy3 or Cy2
at 1:500, and goat anti-rabbit Cy3 or Cy2 at 1:500. For each experiment
and figure, all sections were derived from the same experiment and
stained in parallel and repeated at least three times.

Digital images were obtained on a Nikon Eclipse 600 epifluorescent
microscope using rhodamine or FITC filters, unless stated otherwise,
with a Princeton Instruments Micromax 5 MHz cooled CCD camera.
Quantitation of synaptic number and size were performed using Meta-
morph Software (Universal Imaging, West Chester, PA). To count the
number and average size of synapses per 10,000 um? nonsaturated
images of ALD muscle stained with a-bungarotoxin were captured
digitally for the same time. To normalize for staining intensity differ-
ences from slide to slide, the threshold of each image was adjusted to
account for the relative background intensity of the muscle so that only
synapses were selected as objects. For each image, the total intensity
(sum of each pixel intensity within a region) and total area measurements
of ~40 synapses were selected that could be seen in their entirety. This
result yielded an average synapse size and intensity for these whole
synapses. This value was used to measure the total number of synapses an
image by dividing the total intensity of signal greater than the thresh-
olded value by the average intensity for a single synapse. Finally, the total
muscle surface area was measured, and the ratio of total number of
synapses per 10,000 wm? was thus calculated and found to represent best
the number of synapses obtained by counting manually. This process was
repeated for at least three images for each condition analyzed and
expressed as an average * 1 SD. Statistical significance was defined as
p < 0.05 using a two-tailed ¢ test assuming unequal variances.

Real-time quantitative PCR. We measured mRNA levels of BDNF,
NT-3, and GDNF using reverse transcription (RT)-PCR. Total RNA was
isolated by homogenization in Ultraspect (Biotecx Labs, Houston, TX)
and prepared according to the manufacturer’s instructions. RNA samples
used for RT-PCR were cleaned up further and treated with DNase using
RNeasy columns purchased from Qiagen (Valencia, CA) and quantified
using the Ribogreen method of Molecular Probes. We used a real-time
kinetic analysis for PCR products using the SYBR green system by
Applied Biosystems (Foster City, CA) on an Applied Biosystems Prism
7700 sequence detection system in quadruplicate using samples from
multiple animals. On chick muscle, this system gives linear measurements
over three orders of magnitude for each of the primer sets and for chick
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). To adjust for
RNA/cDNA concentration differences, each sample (in quadruplicate)
was normalized to the rate of chicken GAPDH amplicon synthesis from
the same RNA sample. Minus RT reactions (adding the same amount of
RNA with RT treatment) were performed routinely in parallel to be
certain that our samples were not contaminated with genomic DNA. The
following primer pairs were selected using Applied Biosystems Primer-
Express software: GDNF chick-172 forward (F), ATGCCAGAGGAT-
TACCCAGATC; GDNF chick-317 reverse (R), TCTACGTTTGTG-
GCTGCACTTT; BDNF chick-233F, AGCCCAGTGAGGAAAAC-
AAGG; BDNF chick-363R, CATGTTTGCAGCATCCAGGT; NT-3
chick-431F, CACCACTGTACCTCACAGAGGATT; NT-3 chick-578R,
GATGATTTGTCCGTGACCCATA; GAPDH chick-445F, TGAT-
GGGTGTCAACCATGAGA; and GAPDH chick-591R, TGGCATGGA
CAGTGGTCATAA.

Northern blot analysis and quantitation. Northern blots for NRG using
a full-length proARIA-1 2.3 kb probe (Falls et al., 1993) were performed
as described previously and normalized to GAPDH (Loeb and Fisch-
bach, 1997). Data were quantified either using a PhosphorImager (Am-
ersham Biosciences) or on nonsaturated x-ray films using Metamorph
image analysis software (Universal Imaging).

RESULTS

We examined the effects of nonparalytic (low-dose) and paralytic
(high-dose) concentrations of the AChR antagonist curare, ap-
plied daily from E14 through E18, on synaptic structure of the
polyinnervated ALD muscle. Dose-dependent changes in synap-
tic structure were observed both presynaptically, stained for SV2,
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Figure 1.  Activity blockade with curare results in a disorganized end

plate band architecture with an increase in number and a decrease in
average synaptic size. 4, Chick embryos were treated daily with saline
(CONTROL), a nonparalytic concentration (0.3 mg/d) of D-tubocurarine
(LOW CURARE), or a paralytic dose (3 mg/d) of D-tubocurarine (HIGH
CURARE) for 4 d from E14 to E18. ALD muscles at E18 were double-
labeled with rhodamine a-bungarotoxin (B7X'), which labels AChRs, and
SV2, which labels synaptic vesicles in the nerve terminals. Insets, Higher-
magnification views of AChR clusters and nerve terminals showing that
with curare treatment, a mixture of AChR clusters of variable size is seen,
and most of these are associated with nerve terminals. Scale bar, 50 wm.
Quantitation of the number (B) and size (C) of postsynaptic AChRs
stained with a-bungarotoxin revealed a fourfold to fivefold increase in
the number of postsynaptic AChR clusters and a twofold reduction in the
average size of the AChR clusters. *Significantly different from the
control; p = 0.0018 (B, HIGH CURARE), 0.048 (C, LOW CURARE), and
0.016 (C, HIGH CURARE).

and postsynaptically, stained with a-bungarotoxin (Fig. 14), as
described previously (Srihari and Vrbova, 1978; Oppenheim et
al., 1989). On low-power magnification, there was a marked
disorganization of end plate band architecture that increased with
curare dose. Where ordered, linear arrays of synapses depicting
the course of the nerve across the muscle were clearly seen in the
control muscle, synapses in muscles treated with high-dose curare
were distributed haphazardly, making it almost impossible to
predict the course of the nerve. The low-dose curare showed a
pattern in between the control and high-dose curare-treated mus-
cle. Higher-magnification views (Fig. 14, insets), together with
neurofilament double-labeling studies (shown in Fig. 64), suggest
that this disorganization with activity blockade is attributable to
increased branching and sprouting of terminal axons. The higher-
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magnification views also reveal that activity blockade produces
more numerous AChR clusters of variable size, most of which are
associated with nerve endings. Although there may also be some
ACHR clusters not associated with nerve endings, most of these
clusters appear to have been produced from the sprouting of
distal axons to produce new synapses. Quantitation of the number
of synapses per unit area and the average size of AChR clusters
using digital morphometric analysis revealed a fourfold increase
in the total number of synapses with a corresponding twofold
reduction in average size of the AChR clusters with the high dose
of curare (Fig. 1B,C). Although there was some atrophy in muscle
thickness seen with only with the high curare concentration, the
total surface area of sections taken through the muscle was not
appreciably reduced and cannot fully account for the changes
seen.

As a first step toward determining the molecular mediators of
this change in synaptic organization, we monitored synaptic NRG
expression in these muscles (Fig. 2, top panel). With increasing
amounts of curare, a dose-dependent reduction in synaptic NRG
protein expression was seen so that, at paralytic concentrations of
curare, little to no NRG could be detected at synapses. A para-
Iytic dose of another nondepolarizing antagonist, a-bungaro-
toxin, also reduced the accumulation of NRG at synapses (data
not shown). To be certain that the reduction in NRG expression
was not attributable to changes in the synaptic basal lamina that
might reduce NRG-binding sites, we labeled adjacent muscle
sections with antibodies against two synaptic HSPGs: agrin and a
muscle-specific HSPG (Bayne et al., 1984), shown in Figure 2,
bottom four panels. Each of these was double-labeled with
a-bungarotoxin to colocalize HSPG staining to synaptic regions,
because these proteoglycans are expressed both synaptically and
extrasynaptically. These results show that both HSPGs remain
concentrated at synapses with activity blockade and, in fact, often
showed a more intense pattern of staining at higher curare con-
centrations. The same result for agrin was observed using a
different antibody, 5B1 (data not shown; Fallon and Gelfman,
1989).

The effect of activity blockade on synaptic NRG accumulation
was examined further and is shown in Figure 3. In this experi-
ment, replicate embryos were treated with either paralytic doses
of curare or saline as a control from E14 to E17. Some embryos
were analyzed at E17, showing that those treated with curare had
no NRG at synapses, but those with the saline control had low but
detectable levels of synaptic NRG. On subsequent days from E17
to E19, animals were either further treated with the same agents
or reversed so that some initially treated with curare now were
switched to saline and those in saline were switched to curare. In
each of these conditions, activity blockade was confirmed each
day by noting the absence or presence of movements of the
curare-treated embryos. Embryos with continued treatment with
curare showed no detectable NRG immunoreactivity at synapses,
and those treated with saline from E14 to E19 showed an intense
pattern of NRG staining, indicating additional NRG accumula-
tion at synapses from E17 to E19. The embryos initially treated
with saline and then curare showed no additional increase in
NRG staining, suggesting that no additional NRG accumulation
occurred after the addition of curare. The embryos first treated
with curare and then saline showed that with reversal of the
activity blockade, NRG accumulation at synapses resumed.
These results demonstrate that NRG accumulation at synapses is
closely coupled to synaptic activity and can resume once activity
blockade is discontinued, but once released into the synaptic
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Figure 2. Activity blockade blocks synaptic NRG expression in a dose-dependent manner but has little effect on synaptic HSPGs. NRG immunore-
activity (fop panel) at neuromuscular synapses was assessed with affinity-purified 183N antisera on the same ALD muscle sections shown in Figure 1
treated with saline or low or high doses of curare. A dose-dependent reduction in NRG immunoreactivity was noted so that, at paralytic doses of curare,
little to no NRG immunoreactivity was detected. Agrin immunoreactivity at neuromuscular synapses was measured using the monoclonal antibody 6D2
double-labeled with Bodipy-a-bungarotoxin (BT'X; middle two panels), and a muscle HSPG antibody (33) was double-labeled with Bodipy-a-bungarotoxin

(bottom two panels). Scale bars, 50 wm.

cleft, NRG remains concentrated there through interactions with
the synaptic basal lamina.

We have shown previously that the neurotrophic factors
BDNF, NT-3, and GDNF, which are expressed in muscle during
synaptogenesis, regulate NRG mRNA and protein expression in
motor neurons in vitro (Loeb and Fischbach, 1997). Because they
may have similar effects in vivo, we investigated here whether
these neurotrophic factors are also regulated by electrical activity.
If so, we might predict that blocking synaptic activity postsynap-
tically would result in a reduction of muscle neurotrophic factor
expression that, in turn, may lead to a reduction of presynaptic
NRG expression in motor neurons. Consistently, using real-time,
quantitative RT-PCR on ALD muscle, we found threefold reduc-
tions in BDNF and NT-3 mRNA levels in curare-treated muscles
compared with saline-treated controls (Fig. 4). GDNF mRNA

levels were unchanged or modestly increased. Spinal cords from
the same animals showed no changes in mRNA levels of these
same three factors, suggesting that activity blockade with curare
selectively regulates these neurotrophic factors in muscle but not
in the spinal cord containing motor neurons.

Because activity blockade with curare results in a reduction of
neurotrophic factor mRNA in muscle, we would predict that
adding back neurotrophic factors in the presence of curare would
restore the accumulation of NRG in the synaptic basal lamina.
This in fact was seen and is shown in Figure 5, where curare
treatment alone blocked NRG staining at synapses, but the ad-
dition of 20 ng/ml BDNF, NT-3, or GDNF with curare restored
synaptic NRG expression. This effect could also be seen with
10-fold lower concentrations of BDNF or with combinations of
BDNF and GDNF (data not shown). Giving these same neuro-
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Figure 3. Synaptic NRG expression resumes after reversal of activity
blockade. Chicken embryos were treated with either paralytic concentra-
tions of curare (3 mg/d) or the same volume of saline from E14 to E17.
Some of the embryos were examined on E17, showing that activity
blockade blocked the appearance of NRG immunoreactivity compared
with untreated embryos that expressed submaximal, synaptic NRG levels.
All muscle sections were double-labeled at the same time with 183N
antibodies against NRG and a-bungarotoxin (BTX) for localization of
synapses. Each group was either continued with the same treatment or
switched to the opposite treatment from E17 to E19. Those that were in
saline for the entire period from E14 to E19 had maximal NRG staining,
whereas curare treatment from E17 to E19 prevented any additional
increase in NRG staining. Those animals maintained in curare for the
entire period had no NRG staining at synapses, whereas those switched
from curare to saline recovered their ability to release NRG at synapses.
Scale bar, 20 pwm.

trophic factors alone had no clear effects on synaptic NRG
(Fig. 5).

Not only did these trophic factors restore NRG expression, but
they also preserved synaptic structure (Fig. 6). High-power views
of synapses double-labeled for AChRs and terminal axons dem-
onstrated that curare treatment promotes massive axon terminal
sprouting that was prevented by BDNF, NT-3, or GDNF (Fig.
6A). When combined together or given alone, BDNF and GDNF
treatment with curare produced AChR cluster densities and an
end plate band architecture indistinguishable from controls (Fig.
6B,C). BDNF and GDNF alone, without activity blockade, had
no effect on synaptic organization. Taken together, these results
suggest that activity-dependent expression of neurotrophic fac-
tors in muscle may be needed both for the release of NRG at
synapses and to maintain normal end plate band architecture,
perhaps by preventing the unregulated sprouting of new axon
terminals.

Activity-dependent accumulation of NRG into the synaptic
cleft could be mediated by transcriptional or post-transcriptional
processes. To see the contribution of transcriptional control
mechanisms on the regulation of NRG expression at synapses, we
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Figure 4. Activity blockade results in altered neurotrophic factor expres-
sion in muscle but not in spinal cord. Using real-time RT-PCR methods
normalized to chicken GAPDH, both BDNF and NT-3 mRNAs were
reduced by approximately threefold with paralytic concentrations of cu-
rare from E14 to E18 relative to saline-treated ALD muscle. In contrast,
GDNF expression increased slightly in muscle. None of these neurotro-
phic factors was changed in spinal cords from the same animals, suggest-
ing that curare is working postsynaptically to induce its effects on these
factors. Each point represents the average = 1 SD from RT-PCR mea-
surements from three independent animals, and each RT-PCR from each
animal was performed in quadruplicate.

measured NRG mRNA levels by Northern blot analysis in spinal
cord and muscle with activity blockade with curare with or
without added neurotrophic factors (Fig. 74,B). We have found
that most NRG mRNA and protein in spinal cord is in motor
neurons and that there is a close correlation between NRG
mRNA and protein levels during development (Loeb et al., 1999).
Despite the absence of NRG accumulation at synapses treated
with curare, we found a dose-dependent increase in NRG mRNA
in spinal cord and no change in the lower levels of NRG mRNA
expressed in muscle. a-Bungarotoxin had similar stimulatory ef-
fects on NRG in spinal cord. This suggests that, while synaptic
activity appears to regulate NRG mRNA expression in spinal
cord but not in muscle, the mechanism that translates synaptic
activity into NRG concentration at synapses is independent of
transcription. Addition of BDNF and GDNF, with or without
curare, produced an even greater, fivefold to eightfold, increase in
NRG mRNA in spinal cord (Fig. 7B). This confirms previous in
vitro observations, now in vivo, that neurotrophic factors increase
NRG mRNA levels (Loeb and Fischbach, 1997) and raises the
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Figure 5. Neurotrophic factors restore synaptic NRG expression in the
presence of activity blockade. Chick embryos were treated daily with
saline (CONTROL), a paralytic dose of curare (3 mg/d; CURARE) or the
same dose of curare with 1 ug (~20 ng/ml) of BDNF, NT-3, or GDNF for
4 d from E14 to E18. ALD muscles at E18 were double-labeled for NRG
(183N) and acetylcholine receptors (a-bungarotoxin; BTX) to localize
synapses. Although the curare alone blocked NRG expression, each of
these neurotrophic factors restored NRG expression in the presence of
activity blockade. The neurotrophic factors alone had no effect. Scale bar,
20 wm.

possibility that neurotrophic factors have additional effects on
post-transcriptional processes that lead to the accumulation of
NRG at synapses.

DISCUSSION

Activity-dependent accumulation of NRG at NMJs

In this report we have examined how activity at chick neuromus-
cular synapses may be translated into changes in synaptic struc-
ture and organization through an interplay between presynaptic
and postsynaptic regulatory factors. We chose to look at a specific
developmental stage when synapse elimination occurs, because at
this time we are able to make direct assessments of NRG accu-
mulation at synapses together with measurements of both NRG
and neurotrophic factor mRNA expression and to correlate these
with synaptic structure. Our results are consistent with a model in
which acetylcholine-induced depolarization of muscle results in
increased levels of muscle neurotrophic factors that, in turn,
promote both the synthesis and release of NRG from motor
neurons. NRG then acts to increase the local synthesis of AChRs
that helps maintain synaptic function (Sandrock et al., 1997).
The profound changes observed in synaptic number, size, and
organization with activity blockade are a testament to the impor-
tance of normal synaptic activity during development and may
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result from an imbalance of normal neurotrophic factor signaling.
Paralytic doses of curare (or a-bungarotoxin) produced a disor-
dered array of synapses with approximately fourfold more syn-
apses per square micrometer of muscle that were of variable size,
on average, half the size of those in untreated muscle. Nonpara-
lytic doses of curare produced an intermediate response. These
changes appear to be attributable to excessive new sprouting of
axons. In other studies, axonal sprouting has been observed with
activity blockade or denervation and may represent a general
response to perturbations in neurotrophic factor expression
(Duchen and Strich, 1968; Srihari and Vrbova, 1978; Brown et al.,
1981; Holland and Brown, 1981; Zhao and Nonet, 2000). Con-
sistently, increased proximal nerve branching is observed with the
overexpression or underexpression of synaptic regulatory factors,
including NRGs, neurotrophins, and agrin (Funakoshi et al.,
1995; DeChiara et al., 1996; Gautam et al., 1996; Riethmacher et
al., 1997; Nguyen et al., 1998; Gonzalez et al., 1999; Morris et al.,
1999; Lin et al., 2000; Wolpowitz et al., 2000). Finally, during the
period of synapse elimination, activity blockade prevents the loss
of multiply innervated end plates that may also contribute to this
hyperinnervated appearance (Srihari and Vrbova, 1978; Colman
and Lichtman, 1993).

In our experimental system, activity blockade greatly reduced
the normal deposition of NRG in the synaptic basal lamina.
However, agrin expression at synapses was preserved if not in-
creased. These effects on NRG and agrin correlate with changes
in synaptic size and number observed: the increase in the number
of acetylcholine clusters is associated with agrin expression at
many new synaptic sites, yet the smaller size of each of these
clusters could be attributable to a lack of NRG. Consistently,
mice partially deficient in NRG had a reduced density in synaptic
AChRs and a corresponding reduction in neuromuscular trans-
mission (Sandrock et al., 1997). These results lend further sup-
port for complimentary roles of agrin and NRG in concentrating
synaptic AChRs, in which agrin is critical for forming new AChR
clusters, NRG may build up the density and size of these clusters
on the basis of their level of activity.

The accumulation of synaptic NRG in the synaptic basal lam-
ina is a unique feature of this developmental stage that enabled us
to monitor synaptic NRG expression as a function of activity.
This likely results through interactions between the NRG
heparin-binding, Ig-like domain and HSPGs in the synaptic cleft
(Goodearl et al., 1995; Jo et al., 1995; Loeb and Fischbach, 1995;
Loeb et al., 1999). We have shown that NRG-HSPG interactions
promote sustained erbB receptor phosphorylation required to
induce AChR synthesis (Li and Loeb, 2001). Agrin also binds
heparin and is itself an HSPG present in the basal lamina (Tsen
et al., 1995) that can bind directly to the heparin-binding domain
of NRG (Meier et al., 1998). In fact, it is only one of several
synaptic HSPGs made by both muscle and nerve (Anderson et al.,
1984; Bayne et al., 1984; Sanes et al., 1986; Sanes, 1989; Peng et
al., 1999). A critical observation here is that the absence of NRG
at NMJs with activity blockade does not appear to be attributable
to a lack of HSPGs, because both agrin and another, muscle-
derived HSPG are expressed at NMJs at the same or higher levels
than controls. Therefore, our results imply that the absence of
NRG staining is in fact attributable to a failure of mechanisms
that release NRG into the synaptic cleft rather than an absence of
NRG binding sites.

When expressed ectopically in muscle, neural agrin is capable
of inducing clusters of AChRs with associated increases in local
ACHR transcription (Meier et al., 1998). There is some evidence
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Figure 6. Neurotrophic factors maintain nor-

mal end plate band architecture in the face of
activity blockade. A, High-magnification views

of synapses treated with saline (CONTROL),
high-dose curare (CURARE), or high-dose cu-

rare plus BDNF, NT-3, or GDNF (1 pg/d)
double-labeled with «-bungarotoxin (green)

and neurofilaments and synaptic terminals

(red) using a mixture of RT-97 and SV2 anti-
bodies. This reveals that the increased number B
of smaller synapses seen with curare is attrib-
utable to excessive sprouting of the terminal
axons and that this sprouting is suppressed by
the coaddition of BDNF, NT-3, or GDNF.
Scale bar, 10 wm. B, Examination of AChR
patterns in ALD with a-bungarotoxin at lower
magnification reveals that BDNF (2 ng/ml)
plus GDNF (20 ng/ml) in the presence of par-
alytic doses of curare helps maintain a normal
architecture. These factors given without cu-
rare had no effects. Scale bar, 100 um. C, Quan-
titation of the number of AChR clusters per
10,000 um? revealed increased numbers with
curare alone (as in Fig. 1) that normalized to
control levels with BDNF and GDNF (BG).
The density with curare treatment was signifi-
cantly increased from controls (p = 0.010) and
the curare with BDNF and GDNF treatment
was significantly lower than with curare alone
(p = 0.014).
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to suggest that these ectopic AChR clusters are associated with
NRG immunoreactivity, raising the possibility that muscle-
derived NRG may also be recruited to NMJs.

Presynaptic versus postsynaptic effects of activity on
NRG and neurotrophic factor expression
One advantage of studying synaptogenesis at peripheral NMJs is
the relative ease of differentiating presynaptic from postsynaptic
events. Our observations here that synaptic activity blockade
selectively changes neurotrophic factor expression in muscle but
not in spinal cord and changes NRG expression in spinal cord but
not in muscle help define the directionality of activity-dependent
neurotrophic factor signaling at NMJs. Consistently, neurotro-
phic factors increase both NRG mRNA and protein release from
cultured motor neurons (Loeb and Fischbach, 1997). However,
the exact sites of action and source of each of these factors are not
without ambiguity. Although NRG is most highly expressed in
spinal motor neurons by both in situ hybridization and immuno-
staining (Loeb et al.,, 1999), significantly lower levels are ex-
pressed in muscle (Ng et al., 1997) (Fig. 7). Thus, the preponder-
ance of evidence suggests that synaptic NRG is released from
motor nerve endings in an activity-dependent manner; however,
contributions of NRG from muscle are possible.

Similarly, although the primary sites of action of curare and
a-bungarotoxin are postsynaptic, it has been suggested that
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curare-induced motor neuron survival may be mediated through
presynaptic, neuronal nicotinic AChRs (Hory-Lee and Frank,
1995). Arguing against this possibility, Oppenheim et al. (2000)
found that programmed cell death could be prevented only with
antagonists that block muscle AChRs and that the previous study
did not adequately assess the extent of muscle paralysis. Although
we suspect that the primary actions of curare and a-bungarotoxin
are postsynaptic, we cannot rule out additional, presynaptic
effects.

Finally, a growing number of target-derived, “survival” factors
for motor neurons have been identified, including BDNF, NT-3,
NT-4, GDNF, cardiotrophin-1, and hepatocyte growth factor/
scatter factor (Ebens et al., 1996; Oppenheim, 1996). It is becom-
ing evident that these factors are expressed at different stages of
development and have both redundant and distinct activities on
motor neuron survival. Understanding how this multiplicity of
target-derived factors functions in motor neuron programmed
cell death and in synaptogenesis is far from simple. Here we
found that activity blockade with curare produced threefold re-
ductions in BDNF and NT-3 mRNA levels and a slight increase
in GDNF mRNA; however, all three of these factors were able to
rescue the disorganizing effects of curare when given systemically.
Funakoshi et al. (1995) found similar activity-dependent changes
in NT-4 mRNA expression, but when applied locally in muscle,
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Figure 7. NRG mRNA levels are increased in spinal cord with activity
blockade and neurotrophic factors but are unchanged in muscle. A, Total
RNA from lumbar spinal cords and gastrocnemius muscles taken from the
embryos described previously were analyzed for NRG mRNA by North-
ern blot analysis using a full-length pro-NRG probe revealing two tran-
scripts. Note that considerably less NRG mRNA is expressed in muscle
compared with spinal cord. Although there were significant increases in
NRG mRNA for both low and high doses of curare, no differences were
noted in muscle. Positions of the ribosomal RNA bands are indicated by
arrows on the left. B, The top, 7 kb transcript shown in A together with
data from similar Northern blots were quantified and normalized to the
level of chicken GAPDH mRNA (shown in the bottom of A) and sum-
marized as the mean * SD for spinal cord samples on the left and
gastrocnemius and ALD muscles on the right. Although curare alone
produced a twofold induction of NRG mRNA levels, BDNF and GDNF
alone or together with curare produced a fivefold to eightfold induction of
NRG mRNA. No difference was noted between gastrocnemius and ALD
muscles. The numbers of animals in each condition were as follows:
Control,n = 32; Low Curare, n = 8; High Curare, n = 13; a-Bungarotoxin,
n = 2; BDNF/GDNF + Curare,n = 6; BDNF/GDNF, n = 2; Control Gas,
n = 2; Low Curare Gas, n = 3; High Curare Gas,n = 5; Control ALD, n =
4; and High Curare ALD, n = 2.

NT-4 promoted sprouting. A key question is whether changes in
neurotrophic factor mRNA levels indeed predict how much of
each protein is released at synapses. In contrast to the above
findings, Gonzalez et al. (1999) argued that anterograde signaling
of neurotrophic factors, from nerve to muscle, was responsible for
changes in AChR clustering in mice with defective trkB signaling.
Although there is some additional evidence for trkB signaling in
cultured muscle (Wells et al., 1999), most other studies support a
retrograde supply of neurotrophic factors from muscle to nerve
(Koliatsos et al., 1993; Leitner et al., 1999; Watson et al., 1999).

Local cues at individual synapses

The lack of synaptic NRG accumulation despite an increase in
spinal cord NRG mRNA with activity blockade suggests that
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there is no clear relationship between NRG transcription and its
release at synapses. On the other hand, we found that both spinal
cord NRG mRNA and synaptic NRG protein increased in ani-
mals given exogenous neurotrophic factors, consistent with pre-
vious in vitro observations (Loeb and Fischbach, 1997). Even so,
it is difficult to imagine how transcriptional control mechanisms,
which require contact with the cell nucleus, could differentially
regulate the stability of one of many individual synaptic connec-
tions made by a single motor neuron.

Taken together, our results are consistent with a mechanism
whereby activity-dependent regulation of postsynaptic neurotro-
phic factors promotes the release of presynaptic NRG from
individual motor nerve terminals that is independent of motor
neuron transcription. Previous work has shown that NRG is first
synthesized as a transmembrane precursor that is proteolytically
cleaved and released in response to activation of protein kinase C
(Burgess et al., 1995; Loeb et al., 1998). Through similar signaling
pathways, target-derived neurotrophic factors may stimulate
NRG release at individual synapses based on the degree of
activity of a particular connection. This would form a local
feedback loop in which the directed release of neurotrophic
factors promotes the growth of connections through the recipro-
cal release of NRG that, in turn, promotes AChR densities at
more active synapses.
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