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Although activity-dependent expression of neurotrophins has
been studied extensively in the CNS, its physiological role
during synapse development is not well established. At the
developing neuromuscular junction in culture, exogenous ap-
plication of the neurotrophin BDNF or NT-3 has been shown to
acutely potentiate synaptic transmission and chronically pro-
mote synapse maturation. Using the same cell culture model,
we have investigated activity-dependent neurotrophin expres-
sion in muscle cells and its role in developing neuromuscular
synapses. Membrane depolarization, elicited by either depolar-
izing agents or repetitive electric stimulation, rapidly and spe-
cifically increased the levels of NT-3 mRNA in developing Xe-
nopus laevis muscle cells in culture. NT-3 gene expression also
was enhanced by acetylcholine (ACh), the neurotransmitter that
causes muscle membrane depolarization. The effects of depo-
larization were mediated by increasing intracellular calcium
concentration. Moreover, factor(s) induced by membrane de-

polarization appeared to enhance synaptic transmission at the
developing neuromuscular junction. The frequency of sponta-
neous synaptic currents (SSCs) recorded from neuromuscular
synapses was increased significantly after treatment with con-
ditioned medium from depolarized muscle cultures. The ampli-
tude, rise time, and decay time of SSCs were not affected,
indicating a presynaptic action of the conditioned medium. The
effects of the conditioned medium were blocked, partially, by
the NT-3 scavenger TrkC-IgG, suggesting that the potentiation
of synaptic efficacy was attributable, at least in part, to elevated
NT-3 as a consequence of muscle depolarization. Thus,
activity-dependent expression of muscle NT-3 may contribute
to the development of the neuromuscular synapse.

Key words: neurotrophins; RT-PCR; activity-dependent;
membrane depolarization; neuromuscular synapse; nerve–
muscle co-culture

Reciprocal interaction between pre- and postsynaptic cells plays
an important role in synapse development. Using the neuromus-
cular synapse as a model system, we have performed extensive
work to identify presynaptic factors that regulate postsynaptic
development. For example, acetylcholine receptors (AChR) are
induced to cluster at the postsynaptic membrane by agrin, a
protein factor derived from presynaptic motoneurons (McMahan,
1990). The transcription of AChR genes in postsynaptic muscle
cells is enhanced by ACh receptor-inducing activity (ARIA; Falls
et al., 1993; Jo et al., 1995). Postsynaptic muscle cells also provide
soluble factors that retrogradely regulate the development of
presynaptic motoneurons (Purves and Lichtman, 1985; Oppen-
heim, 1991; Hall and Sanes, 1993). However, the nature and
properties of the postsynaptic factors are much less well under-
stood than the presynaptic factors. Several recent experiments
suggest that neurotrophins may be a potential class of postsynap-
tic factors that regulate the development and function of presyn-
aptic nerve terminals (Lohof et al., 1993; Funakoshi et al., 1995;
Stoop and Poo, 1995, 1996; Wang et al., 1995).

Neurotrophins are a family of structurally and functionally
related proteins that include NGF, BDNF, NT-3, NT-4, and,
recently, NT-6 (Korsching, 1993; Gotz et al., 1994). The functions
of neurotrophins on distinct neuronal populations are mediated
by the cellular expression of the Trk family of tyrosine kinase
receptors (Chao, 1992; Barbacid, 1993). TrkA is activated pre-
dominantly by NGF, TrkB by BDNF and NT-4, and TrkC by
NT-3. At the neuromuscular junction trkB and trkC mRNAs are
expressed in motoneurons (Ernfors et al., 1992; Frisen et al., 1992;
Funakoshi et al., 1993; Henderson et al., 1993; Koliatsos et al.,
1993; Wong et al., 1993; Yan et al., 1993), whereas BDNF, NT-3,
and NT-4 are expressed in muscle cells (Schecterson and Both-
well, 1992; Henderson et al., 1993; Koliatsos et al., 1993; Funa-
koshi et al., 1995). Moreover, BDNF and, to a lesser degree, NT-3
reduce the death of spinal cord motoneurons during development
and after axotomy in the adult (Oppenheim et al., 1992; Sendtner
et al., 1992; Yan et al., 1992; Henderson et al., 1993; Koliatsos et
al., 1993). TrkB knock-out mice exhibit severe deficits in mo-
toneuron function (Klein et al., 1993). These findings imply that
neurotrophins serve as muscle-derived target factors that promote
motoneuron survival.

Despite rapid advances in neurotrophin research, functional
studies have concentrated primarily on the roles of neurotrophins
in neuronal survival and differentiation (Barde, 1989; Thoenen,
1991). However, the fact that expression of neurotrophins in the
CNS is rapidly enhanced by neuronal activity (Gall and Isackson,
1989; Zafra et al., 1990, 1991; Ernfors et al., 1991; Isackson et al.,
1991; Lu et al., 1991; Thoenen, 1991; Castren et al., 1992, 1993;
Patterson et al., 1992) suggests that they also have a role in
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activity-dependent processes, such as synaptic development and
plasticity (Lo, 1995; Thoenen, 1995). This idea was supported
further by several recent experiments. Neurotrophins rapidly reg-
ulate neuronal activity and synaptic transmission in brain neurons
in culture (Kim et al., 1994; Knipper et al., 1994; Lessmann et al.,
1994; Levine et al., 1995) and in hippocampal slices (Kang and
Schuman, 1995). The neurotrophin BDNF enhances synaptic re-
sponses to high-frequency stimulation and promotes long-term
potentiation (LTP) in developing hippocampus (Figurov et al.,
1996). These results are consistent with the finding that LTP is
impaired in adult BDNF knock-out mice (Korte et al., 1995;
Patterson et al., 1996). Moreover, neurotrophins have been shown
to play a role in the development of ocular dominance columns in
the visual cortex (Domenici et al., 1991; Maffei et al., 1992; Cabelli
et al., 1995).

The neuromuscular junction is one of the best systems to study
synaptic function of neurotrophins. In Xenopus laevis nerve–mus-
cle co-culture, acute exposure to BDNF or NT-3 rapidly increases
the frequency of spontaneous synaptic currents (SSCs) and the
amplitude of impulse-evoked synaptic currents (ESCs; Lohof et
al., 1993). The neurotrophin effect seems to be mediated by an
increase in Ca21 concentration at presynaptic terminals, leading
to enhanced transmitter release (Stoop and Poo, 1995, 1996). In a
different set of experiments, chronic treatment of the nerve–
muscle culture with neurotrophins promotes the maturation of
the neuromuscular junction (Wang et al., 1995). Thus, the spon-
taneous and evoked synaptic currents recorded at the neuromus-
cular synapses exhibit more mature properties. There is a signif-
icant enhancement of the expression of synaptic vesicle proteins,
such as synaptophysin and synapsin I. The number of varicosities
also increased after neurotrophin treatment. Interestingly, NT-3
seems to have more potent effects than BDNF. A number of
important questions remain to be addressed. Are neurotrophins
expressed in muscle cells during neuromuscular development? Is
the expression of neurotrophins in muscle cells activity-
dependent? Can muscle-derived neurotrophins serve as retro-
grade messages at the neuromuscular synapse? Our studies pro-
vide direct evidence for the activity-dependent regulation of NT-3
expression in embryonic muscle cells and suggest that NT-3 me-
diates the activity-dependent potentiation of the neuromuscular
synapse during development.

MATERIALS AND METHODS
Culture preparation. Xenopus muscle cultures were prepared by the pub-
lished procedure with minor modification (Tabti and Poo, 1991; Lu et al.,
1992). The dorsal part of Xenopus 1-d-old embryos (stage 20–22; Nieuw-
koop and Faber, 1967) was dissected and incubated in a collagenase
solution (0.5 mg/ml in Ringer’s solution, type IV; Sigma, St. Louis, MO)
for 30–50 min. The neural tubes were removed, and the remaining
myotomal tissues were digested in Ca21–Mg21-free saline supplemented
with EDTA (CMF: 58.2 mM NaCl, 0.7 mM KCl, and 0.3 mM EDTA, pH
7.4) for 15–20 min. Cells derived from four to six embryos were dissoci-
ated, plated on a plastic dish, and grown in culture medium at room
temperature (20–22°C) for 1–7 d before being used for experiments. The
development of muscle cells in culture is very similar to that seen during
various time points of Xenopus development in vivo (Kullberg et al., 1977;
Cohen, 1980; Bridgman et al., 1984; Peng et al., 1991). The cultured
muscle cells were not undifferentiated myoblasts, because they did not
undergo mitosis any more. There were some morphological changes in
culture. They were initially (after 1 d in culture) round “myoballs” with
single nuclei. Later they turned into single-nucleus spindle-shaped cells.
After 2–3 d some of them fused to become myotubes with a few nuclei.
In most cases the embryonic muscle cells were cultured for 3 d. The
culture medium consisted (v/v) of 3% fetal calf serum (FCS; Life Tech-
nologies, Gaithersburg, MD), 50% Leibovitz L-15 medium (Sigma), and
47% Ringer’s solution containing (in mM): 115 NaCl, 2 CaCl2, 2.5 KCl,

and 10 HEPES, pH 7.6. We later omitted the collagenase digestion step,
because the old cultures (3 d or older) contained very few neurons and no
other cell types and RT-PCR experiments indicated that there was no
difference in neurotrophin gene expression with either method. On the
day of the experiments the drugs were added directly to culture media at
the desired concentrations and incubated for the desired lengths of time.
Then the media were removed. The cultures were rinsed with Ringer’s
solution and harvested for RNA extraction.

The 1-d-old nerve–muscle cultures used in electrophysiological ex-
periments were prepared essentially as described (Tabti and Poo, 1991;
Lu et al., 1992). Briefly, the neural tube and the associated myotomal
tissue of stage 20 –22 Xenopus embryos were dissociated in CMF, and
the dissociated cells from one embryo were plated on a glass coverslip
and grown at room temperature for 1 d before use. The culture medium
contained (v/v) 1% FCS, 50% L-15, and 49% Ringer’s solution. The
same lot of FCS, which had no neurotrophin activity (on neurite
growth, synaptic vesicle protein expression, etc.) was used in all exper-
iments. A majority of neurons in the Xenopus nerve–muscle co-culture
are cholinergic neurons (see Sun and Poo, 1987), which form functional
synapses with myocytes in culture very shortly after nerve–muscle
contact (Kidokoro and Yeh, 1982; Xie and Poo, 1986), similar to what
has been observed in vivo (Cohen, 1980, 1987; Myers et al., 1986;
Westerfield et al., 1986; Peng et al., 1989, 1991).

Physiological stimulation of cultured muscle cells. For electric stimula-
tion the muscle cultures were stimulated indirectly via two agarose
bridges (1% agarose in Ringer’s solution). Agarose bridges were used to
stimulate the muscle cells without direct contact of culture media with the
silver electrodes, which may be electrolyzed to create HCl gas. The
electric stimulus was delivered at 6 Hz for 1 hr with a voltage that was just
above the threshold of muscle contraction. The polarity of the electrodes
was switched in 10–15 min intervals. The contraction of the muscle cells
was monitored constantly under the microscope during the course of the
stimulation.

To minimize the desensitization of nicotinic receptors induced by ACh or
carbachol treatment, we perfused the cholinergic agonists into the cultures
for 5 min, followed by a 10 min wash with Ringer’s solution. This procedure
was repeated eight times, and the total experiment lasted for 2 hr.

Cloning of Xenopus NT-3. Initially, we used RT-PCR (see below) on
RNA from adult Xenopus muscle with the specific primers XNT-1 (Xe-
nopus; Hallbook et al., 1991) and CNT-2 (chicken; Maisonpierre et al.,
1992) to obtain the 146 bp PCR fragment XNT-1/2, which includes the 66
bp published Xenopus NT-3 sequence. Rapid amplification of cDNA ends
(RACE)-PCR (McGinnis et al., 1992) with specific Xenopus primers led
to a 462 bp fragment, not long enough to cover the whole coding
sequence. PCR with specific primer sets HNT 3/XNT 4 and XNT 5/HNT
6 designed from the RACE-PCR product and the conserved human
sequence (Jones and Reichardt, 1990) led to two overlapping PCR
fragments, 551 and 486 bp in length. These PCR products were reampli-
fied, kinased, and cloned into M13mp19 for sequencing. Specific primers
used for cloning are listed as follows:

XNT 1: 59-GAATTCCAGTGTTTGTCG-39
CNT 2: 59-GACATTAGAGGACACCAGGT-39
HNT 3: 59-ATGTCCATCTTGTTTTATGTG-39
XNT 4: 59-GTTTTAATTTCCCCCAACAC-39
XNT 5: 59-TAATGGATGATTATATTG-39
HNT 6: 59-CATTTATATGCTACATGC-39
RT-PCR assay. Upon treatment with various drugs, the cultured Xeno-

pus muscle cells were rinsed briefly with Ringer’s solution. Total RNA
was extracted from cultured Xenopus muscle cells by the RNAzol method
(Biotecx Laboratories, Houston, TX). RT-PCR was performed with a
modification of standard protocol (Frohman, 1990; Rao, 1994). Briefly,
total RNA from one dish of muscle cells was reverse-transcribed with
oligo-dT16 primers (Pharmacia, Piscataway, NJ), and ;0.1 mg of cDNA
was generated. The reverse-transcribed cDNA then was used in the PCR
(1 min/95°C, 1 min/55°C, 1 min/72°C; for 25–35 cycles) to measure
neurotrophin gene expression. According to the published sequences of
Xenopus NGF, BDNF, NT-4 (Hallbook et al., 1991), and the sequence for
NT-3 derived by our experiments, the predicted sizes for the respective
neurotrophins are NGF, 522 bp; BDNF, 377 bp; NT-3, 402 bp; and NT-4,
548 bp. a-33P-dATP was used to label the reaction products. The radio-
active PCR products were separated on 6% nondenaturing PAGE. The
gel was dried, and the intensity of the PCR products was quantified by
phosphoimaging. Specific primers used in the RT-PCR assay are listed as
follows:
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NGF-1: 59-CCGCATTCCTCATCACACAC-39
NGF-2: 59-CCTCCCTTCCATTGTTAATGC-39
BDNF-1: 59-ACTCTGACCCAGCCAGGCGT-39
BDNF-2: 59-CAGTGTACATACACAAGAAG-39
NT-3-1: 59-GAATTCCAGTGTTTGTCG-39
NT-3-2: 59-CAGTCATCTCATTAGAAGC-39
NT-4-1: 59-GTGATCTCATACTGTTGTGC-39
NT-4-2: 59-TGCTTTTTGTCTACACCTCG-39
EF-1: 59-CAAATGCAGGGACCCAAAGCTAGTTTCAAG-39
EF-2: 59-CGTAATTGTTACCTTCCCTTCGTTCGTCGT-39

EF-1 and EF-2 represent primers for elongation factor 1a (EF-1a). To
ensure that the phosphoimaging signals faithfully reflect the changes in
neurotrophin mRNA levels in muscle cells under different experimental
conditions, we took the following measures. (1) The linear range of PCR
cycle numbers for each individual gene was determined experimentally,
and the cycle number near the midpoint of the linear range was used:
EF-1a, 26 cycles; NGF, 35 cycles; BDNF, 31 cycles; NT-3, 33 cycles. (2)
To compensate for variability of input of the first strand cDNA in each
assay, we normalized the signal for each neurotrophin gene against
EF-1a, which is expressed ubiquitously and constitutively and does not

Figure 1. Nucleotide and amino acid sequence of Xenopus NT-3. The deduced amino acid sequence, in single-letter code, is shown below the nucleotide
sequence. Primers used for cloning are underlined (in the order of appearance: HNT 3, XNT 5, XNT 4, and HNT 6). Primers used for the quantitative
RT-PCR assay are boxed (NT-3-1 and NT-3-2).
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change under various experimental conditions. (3) The linearity of the
assay was determined by varying the amount of input cDNA in the PCR.
The amount of input cDNA that falls in the middle of the linear range
was used. (4) Within each assay triplicates or quadruplicates of cDNA
were used in the PCR, and the mean 6 SD is presented in the figures.
Assays under the same experimental conditions were repeated at least
three times, and the number of experiments is given in the text and
figures.

Preparation of conditioned medium. Xenopus muscle cultures (3-d-old)
were rinsed with Ringer’s solution, followed by veratridine treatment (10
mM) for 3 hr. The supernatant of the cultures (the conditioned medium,
CM) was combined and dialyzed by centrifugation in a Centricon-10 tube
(molecular cutoff 10 kDa; Amicon, Beverly, MA) at 7500 3 g for 2 hr to
remove veratridine, resuspended in 2 ml, and centrifuged again for 2 hr.
The final volume of CM from one culture was ;100 ml.

Electrophysiology. SSCs were recorded from innervated muscle cells by

Figure 2. Effect of membrane depolarization on neurotro-
phin gene expression in Xenopus embryonic myocytes cul-
tured for 3 d. Top, Left, A representative gel showing the
expression of neurotrophin genes in these cells. The PCR
products (cycle numbers: EF-1a, 24; all neurotrophins, 34)
were separated on a 6% acrylamide gel and viewed by
phosphoimaging. The PCR products exhibited predicted
sizes for the respective neurotrophins (NGF, 522 bp; BDNF,
377 bp; NT-3, 402 bp). Although NT-4 was not detectable in
this experiment with the use of embryonic muscle cells,
similar PCR that used mRNA from adult leg muscle exhib-
ited the predicted 548 bp band. Top, Right, A representative
gel showing the effect of depolarization on muscle NT-3
mRNA expression. Myocytes were cultured for 3 d and
treated with (Ver) or without (Ctr) veratridine (10 mM) for 2
hr. RNA was extracted from each of these cultures and
processed for RT-PCR assay. Note that the signals for NT-3
were normalized to that for EF-1a. Bottom, Summary of the
effect of membrane depolarization on neurotrophin gene
expression in embryonic myocytes. Six such experiments
were performed, and all generated similar results. This fig-
ure shows results from one such experiment. Xenopus mus-
cle cells from stage 22 embryos were cultured for 3 d and
then treated with the indicated drugs for 1 hr. K, KCl, 35
mM; TTX, tetrodotoxin, 1 mM; Ver, veratridine, 10 mM; con-
trol, no drug treatment. Each group contains cultures in
triplicate. RNA was extracted from each of these cultures
and processed for RT-PCR assay. The signal of neurotro-
phin mRNA from each of these cultures was normalized to
that of EF-1a mRNA from the same culture. The signals for
each condition were averaged. Then the relative levels of
neurotrophin mRNAs were obtained by normalizing data
from all experimental conditions to control values. In this
and all other figures, error bars are SD. *Significantly dif-
ferent from control ( p , 0.001, two-tailed Student’s t test).
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whole-cell recording methods (Hamill et al., 1981; Lu et al., 1992) at
room temperature in culture medium. The solution inside the whole-cell
recording pipette contained (in mM): 150 KCl, 1 NaCl, 1 MgCl2, and 10
HEPES buffer, pH 7.2. All data were collected by a patch-clamp amplifier
(EPC-7), with a current signal filter at 3 kHz. The data were stored on a
videotape recorder for later playback on a storage oscilloscope (Textronic
TDS 420) and a chart recorder (Gould EasyGraf 240, Glen Burnie, MD)
and for analysis by the SCAN program (Dagan, Minneapolis, MN).
Conditioned medium was applied directly to the nerve–muscle cultures
after a period of control recording. Considering the loss of factors during

Centricon preparation, the amount of CM applied to a nerve–muscle
culture was ;200 ml, which was equivalent of the supernatant from two
dishes. For TrkC-IgG blocking experiments, the cultures were treated
with TrkC-IgG (1 mg/ml) for 0.5–2 hr before recording. A minimum of 50
SSC events recorded from the same cell before and 5–10 min after
application of CM were analyzed.

RESULTS
RT-PCR assay for neurotrophin gene expression
Because of the limited number of cells in the Xenopus muscle
cultures (no more than 10,000 myocytes), conventional RNA
detection methods such as Northern blot or RNase protection
cannot be used to measure neurotrophin mRNAs. A sensitive and
quantitative RT-PCR assay was needed to quantify neurotrophin
gene expression (Frohman, 1990; Rao, 1994). Preliminary exper-
iments indicated that the known 66 bp Xenopus NT-3 sequence
(Hallbook et al., 1991) was insufficient for reliable quantitative
RT-PCR. Using PCR, RACE, and specific primers corresponding
to conserved sequences of chicken (Maisonpierre et al., 1992),
mouse (Hohn et al., 1990), rat (Maisonpierre et al., 1990), and
human (Jones and Reichardt, 1990) NT-3 genes, we cloned a
cDNA encoding full-length Xenopus NT-3 protein (Fig. 1). Xeno-
pus NT-3 showed 77–78% identity in the full-length 260 amino

Figure 3. Characterization of depolarization-induced NT-3 gene expres-
sion. Embryonic Xenopus muscle cells were cultured for 3 d and then
treated with the depolarizing agents veratridine or K1 and harvested for
NT-3 mRNA measurement with RT-PCR assay, as described in Figure 2.
Top, Time course of NT-3 gene expression induced by depolarization. KCl
(35 mM) or veratridine (10 mM) was applied to the cultures at time 0
(control). The muscle cells were harvested at different time points after
depolarization. The experiments were performed three times (n 5 3), and
the results were virtually identical. A typical result is shown. Bottom,
Concentration dependence of veratridine effects. The muscle cultures
were treated for 2 hr with different concentrations of veratridine, as
indicated. Control, no veratridine treatment; n 5 3.

Figure 4. Effects of electric stimulation and ACh on the levels of muscle
NT-3 mRNA. Top, Effects of electrical stimulation. Xenopus muscle cul-
tures of different developmental stages (2-day and 6-day) were stimulated
at 6 Hz via agarose bridges for 1 hr. Stimulation intensity was adjusted to
be just above the threshold of muscle contraction. Control, No electrical
stimulation; n 5 3. Bottom, Effects of ACh. Muscle cells cultured for 3 d
were treated with ACh (0.1 mM), a-bungarotoxin (aBTX, 10 mg /ml), or
both, as indicated. Drugs and Ringer’s solution were perfused to muscle
cultures alternately (5 min /10 min) for a total of 2 hr. Control, No drug
treatment; n 5 3.
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acid sequences, whereas the mature NT-3 protein had 94–95%
identity to the four known NT-3s from the above species (data not
shown). Xenopus NT-3 sequence information was used to design
primers for NT-3 RT-PCR assay.

The exogenous neurotrophins BDNF and NT-3 have been
shown to enhance transmitter release (Lohof et al., 1993) and to
facilitate synaptic maturation (Wang et al., 1995) at the develop-
ing neuromuscular junction in Xenopus nerve–muscle cultures. To
determine whether endogenous neurotrophins are expressed in
developing Xenopus myocytes, we reverse-transcribed total RNA
harvested from muscle cells cultured for 3 d (3 d muscle cultures),
and we used primers corresponding to sequences of specific neu-
rotrophins for PCR reactions. The PCR products of the respective
neurotrophins exhibited predicted sizes (Fig. 2, top, left). Se-
quence analysis of the PCR products confirmed the identities of
the neurotrophins (data not shown). Different levels of NGF,
BDNF, and NT-3 mRNAs were detected (Fig. 2, top, left, n 5 4).
In the 3 d muscle cultures, there was virtually no NT-4 mRNA
(Fig. 2, top, left), although the message was detected in later stages
of development (data not shown).

Effects of membrane depolarization on neurotrophin
gene expression
The role of membrane depolarization on neurotrophin gene ex-
pression was examined by the application of commonly used
depolarizing agents, such as K1 (high concentrations, e.g., 35 mM)
or veratridine (10 mM), to muscle cells after they were cultured for
3 d. An example of the veratridine effect on the level of muscle
NT-3 mRNA is shown in Figure 2 (top, right). To ensure that the
RT-PCR assay was linear and semiquantitative, we took a number
of circumspect measures (see Materials and Methods). Particu-
larly, triplicated or quadruplicated signals for each neurotrophin
gene were normalized against constitutively expressed EF-1a in
the respective group, and assays under the same experimental
conditions were repeated a few times. Exposure of the 3 d muscle
cultures to elevated K1 for 1 hr resulted in a specific increase in
the levels of NT-3 mRNA without affecting the expression of
other neurotrophin genes (Fig. 2, bottom, n 5 6). Treatment of
the cultures with veratridine (10 mM), a Na1 channel agonist,
elicited a 2.5-fold increase in NT-3 mRNA expression. The effects

of veratridine were blocked by tetrodotoxin (TTX, 1 mM), a Na1

channel antagonist, indicating that the veratridine effect indeed
was mediated by voltage-dependent Na1 channels (Fig. 2,
bottom).

The expression of the NT-3 gene in muscle cells cultured for 3 d
was studied in further detail with the RT-PCR assay. NT-3 gene
expression was increased very rapidly after membrane depolariza-
tion. The levels of NT-3 mRNA peaked ;2 hr after K1 or
veratridine treatments (Fig. 3, top, n 5 3), and the effects subsided
after prolonged depolarization. The effects of both K1 and vera-
tridine were dose-dependent. Maximal stimulation of NT-3 gene
expression was achieved by 50 mM K1. The optimal concentration
for the veratridine effects was 3–10 mM (Fig. 3, bottom, n 5 3).

Effects of electric stimulation and ACh on the levels of
muscle NT-3 mRNA
To mimic muscle depolarization under physiological conditions,
we stimulated the muscle cultures repetitively for 1 hr via two
agarose bridges. Stimulation intensity was adjusted to a level just
above the threshold of muscle contraction. Repetitive stimulation
specifically increased the levels of NT-3 mRNA in muscle cells
cultured for 2 d (Fig. 4, top, n 5 3) and 3 d (data not shown).
However, electric stimulation did not affect NT-3 gene expression
in muscle cells cultured for 6 d (Fig. 4) and 7 d (data not shown),
suggesting that the effects of depolarization depend on the devel-
opmental stages of the muscle cells.

Muscle contraction in vivo normally is induced by ACh, the
neurotransmitter released from motor nerve terminals. To deter-
mine whether activation of nicotinic ACh receptors is involved in
neurotrophin gene expression in muscle, we treated the myocytes
with the nicotinic agonists ACh or carbachol after 3 d in culture.
The cultured muscle cells were exposed alternately with ACh or
carbachol (5 min) and Ringer’s solution (10 min) for a total of 2
hr. The effects of ACh (0.1 mM; Fig. 4, bottom, n 5 3) or carbachol
(1 mM; data not shown) were modest compared with those of
membrane depolarization and electric stimulation, presumably
because of rapid desensitization of ACh receptors induced by the
cholinergic agonists even with the alternate exposure procedure.
The effects were blocked by the nicotinic antagonist

Table 1. Role of calcium in NT-3 gene expression in embryonic muscle cells

Ca21 ionophores
Control A23187 3 mM Ionomycin 3 mM

1.00 6 0.03 1.64 6 0.03* 1.81 6 0.01*
Ca21-free media

Control K1 35 mM Control Veratridine 10 mM

1.00 6 0.02 0.97 6 0.10 1.00 6 0.05 0.67 6 0.13
Cd21 media

Control K1 35 mM Control Veratridine 10 mM

1.00 6 0.07 0.96 6 0.03 1.00 6 0.07 0.84 6 0.09
L-type channels

Control Veratridine 10 mM Veratridine 10 mM Veratridine 10 mM Veratridine 10 mM

1 nitrendipine 10 mM 1 nifedipine 10 mM 1 verapamil 10 mM

1.00 6 0.02 2.69 6 0.08* 2.31 6 0.21* 1.84 6 0.13* 1.65 6 0.12*

Xenopus muscle cells were cultured for 3 d and then treated with the indicated drugs for 1 hr at the indicated concentrations. “Control” means the group with no drug treatment.
To prevent Ca21 influx into the muscle cells, we first replaced culture media by Ca21-free media (Ringer’s solution that contains no Ca21) or Cd21 media (Ringer’s solution
that contains 0.1 mM CdCl2). Veratridine or K1 was added to the media 1 hr later and incubated for another hour. In L-type channel experiments, veratridine was added 1
hr after treatment of the cultures with dihydropyridine-type agents. The RNA was extracted from the cultures and processed for RT-PCR assay in triplicates. The signals of
NT-3 mRNA were normalized to EF-1a from the same culture. The relative levels of NT-3 mRNA then were measured by normalizing data from the experimental conditions
to respective control values. Each experimental condition was repeated two to four times, and all data are presented as mean 6 SD. *Significantly different from control
( p , 0.01, two-tailed Student’s t test).
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a-bungarotoxin (10 mg /ml), whereas a-bungarotoxin itself did not
affect NT-3 gene expression (Fig. 4, bottom).

Role of Ca21 influx in NT-3 gene expression
A direct consequence of membrane depolarization of the muscle
cells is an increase in intracellular Ca21 concentration via Ca21

influx. Muscle cells cultured for 3 d exhibited a significant increase
in NT-3 mRNA levels after treatment with the Ca21 ionophores
A23187 (3 mM) and ionomycin (3 mM) for 1 hr (Table 1), suggest-
ing that a rise of intracellular Ca21 concentration indeed en-
hanced NT-3 gene expression. The major Ca21 channel on the
skeletal muscle membrane is the L-type Ca21 channel (Catterall,
1991). Blockade of this channel by dihydropyridine-type agents
(nifedipine, nitrendipine, verapamil, etc.) in the same cultures,
however, did not prevent the veratridine-induced increase of
NT-3 mRNA (Table 1). To test further whether Ca21 influx is
important for NT-3 gene regulation, we used a number of ap-
proaches to prevent Ca21 influx into the cultured muscle cells.
Depolarization elicited by veratridine or high concentration of K1

no longer increased NT-3 mRNA in Ca21-free media (Table 1).
The effects of depolarizing agents also were prevented by pre-
treatment of the muscle cultures with Cd21, a divalent ion that
blocks many types of Ca21 channels (Table 1). These data suggest
that Ca21 influx is involved in activity-dependent NT-3 gene
expression.

Developmental regulation of neurotrophin
gene expression
Different neurotrophins may function at different developmental
stages. The developmental profile of neurotrophin gene expres-
sion was determined in Xenopus muscle cells cultured for various
lengths of time. It has been demonstrated that Xenopus muscle
cells cultured for 5 d or longer become much more mature than
those for 1–3 d (Cohen, 1980; Kidokoro et al., 1980; Moody and
Cohen, 1981, 1982; Peng et al., 1981; Bridgman et al., 1984;
Kidokoro and Saito, 1988; Samuels et al., 1990). The levels of
NT-3 mRNA decreased with time in culture (Fig. 5, top, n 5 3).
Interestingly, the depolarization-induced increase of NT-3 gene
expression occurred only in immature muscle cells (cultured for
1–3 d), and veratridine was no longer effective in relatively mature
myocytes (7 d cultures; Fig. 5, bottom, n 5 3). This is consistent
with the finding that electric stimulation increased NT-3 mRNA
only in muscle cells cultured for 2 d, but not for 6 d (Fig. 4, top).
Thus, the activity-dependent regulation of NT-3 gene expression
seems to be restricted to the early stage of development when
neuromuscular synapses undergo a maturation process (Wang et
al., 1995; Lu et al., 1996).

Potentiation of synaptic activity by
muscle-derived factor(s)
To determine the physiological consequence of activity-
dependent muscle NT-3 expression on synaptic efficacy, we exam-
ined the effects of CM from muscle cultures on functional prop-
erties of developing neuromuscular synapses. Immature muscle
cells (cultured 2–3 d) were washed thoroughly with Ringer’s
solution and then treated with veratridine (10 mM) in Ringer’s
solution for 3 hr to enhance NT-3 expression. Then this CM was
dialyzed to remove the small molecular weight veratridine but
retain protein factors and concentrated to a smaller volume. The
concentrated CM was applied to separate 1-d-old nerve–muscle
co-cultures. SSCs were recorded from myocytes innervated by
single motoneurons in these cultures by whole-cell voltage-clamp
recording techniques (Lu et al., 1992; Wang et al., 1995). Bath
application of CM resulted in a gradual increase of SSC frequency
(Fig. 6), similar to that induced by treatment with exogenous NT-3
(Lohof et al., 1993). The increase of SSC frequency occurred
rapidly, usually within a period of 5–10 min. There was no change
in other properties of the SSC, such as rise time, decay time, and
amplitude (Table 2), nor in the distribution of SSC amplitude
(data not shown) after treatment with CM. However, the effect of
CM did not result from an increase in the rate of action potentials,
because these isolated spinal neurons do not fire spontaneous
action potentials, and the SSCs recorded from these cultures were
TTX-insensitive (Xie and Poo, 1986). Taken together, these re-
sults support the idea that CM enhances the presynaptic release of
the transmitter ACh at the developing neuromuscular synapses.
Several experiments indicated that the presynaptic effect of the
CM was clearly attributable to a factor or factors released from
postsynaptic muscle cells. (1) Normal veratridine-treated Ringer’s
solution not exposed to myocytes and prepared in the same way as
CM had no effect on synaptic activity (data not shown). (2)

Figure 5. Developmental regulation of NT-3 genes. Top, NT-3 gene
expression during development in culture. Muscle cells cultured for dif-
ferent lengths of time, as indicated, were harvested, and the relative levels
of NT-3 mRNA were measured (normalized to 1 d in culture); n 5 3.
Bottom, Effects of depolarization on NT-3 gene expression at different
developmental stages. The same muscle cultures as above were treated
with or without veratridine (10 mM) for 2 hr, and NT-3 gene expression was
determined. Data from veratridine-treated cultures were normalized to
their sister control (untreated) cultures for clarity of presentation; n 5 3.
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Control medium, which was treated identically to CM, except with
no depolarization treatment, did not elicit any change in SSCs
(Fig. 7). (3) There was no residual veratridine in CM, because its
application did not reduce the membrane potential of myocytes or
neurons (no change in baseline in Fig. 6).

We next determined whether NT-3 contributed to the effects of
CM on synaptic activity. Western blots that used specific antibod-
ies failed to detect any NT-3 in CM, presumably because the
amount of the neurotrophin was below the detection limit. The
fusion protein TrkC-IgG, which specifically scavenges NT-3 (Shel-
ton et al., 1995), previously has been shown to block specifically
the NT-3 activity in rat (Zheng et al., 1995). Because the amino
acid sequences of rat and Xenopus mature NT-3 proteins are very
similar, TrkC-IgG should recognize and neutralize the Xenopus
NT-3 in the CM. The acute effects of CM were blocked partially
by pretreatment of cultures with TrkC-IgG (1 mg /ml; Fig. 7). It is

possible that other factors released from depolarized muscle cells
also potentiate transmitter secretion at the neuromuscular syn-
apses, because in some cases the potentiating effect of CM cannot
be blocked by TrkC-IgG (Fig. 7). Taken together, these results
suggest that endogenous NT-3 is at least one of the factors that
potentiates synaptic activity during neuromuscular development
and that its synthesis is induced by postsynaptic muscle
depolarization.

DISCUSSION
There are two main findings in the present study. First, we have
demonstrated the activity-dependent expression of the NT-3 gene
in embryonic myocytes. Second, the activity/depolarization-
induced elevation of NT-3 seems to be one of the factors that
potentiates synaptic activity at the developing neuromuscular
junction, at least in the cell culture model we tested in this study.

Figure 6. Potentiation of synaptic activity at the developing neuromuscular junction by conditioned medium from depolarized muscle cells cultured for
3 d. A representative recording of spontaneous synaptic currents (SSCs) from an innervated myocyte in a 1-d-old nerve–muscle culture before and after
bath application of control and conditioned media is shown. Downward deflections are SSCs (Vh 5 270 mV, filtered at 150 Hz). Calibration: 250 pA,
20 sec. Conditioned Medium was the supernatant collected from a muscle culture treated with veratridine (10 mM) for 2 hr, followed by removal of
veratridine via Centricon dialysis. The volume of conditioned medium added to the recording dish was 200 ml, which is the equivalent of the supernatant
from two muscle cultures. Control Medium was prepared from cultures in the same way as Conditioned Medium except without veratridine treatment.

Table 2. Effects of conditioned medium on the properties of spontaneous synaptic currents

Conditions
Rise time
(msec)

Decay time
(msec)

Amplitude
(pA)

Frequency
(events /min)

Ctr. med. Before 1.3 6 0.2 10.0 6 0.9 485 6 89 10.0 6 0.9
n 5 7 After 1.5 6 0.2 11.2 6 0.6 458 6 74 11.2 6 0.6

Ratio 1.13 6 0.06 1.14 6 0.07 0.98 6 0.07 0.9 6 0.1

Cond. med. Before 1.2 6 0.2 9.7 6 1.0 518 6 64 12.3 6 3.9
n 5 9 After 1.4 6 0.3 11.1 6 1.0 480 6 61 31.8 6 7.3*

Ratio 1.08 6 0.03 1.08 6 0.03 0.95 6 0.06 3.8 6 1.0*

Cond. med. Before 1.4 6 0.2 12.4 6 1.2 451 6 75 9.6 6 1.9
1TrkC-IgG After 1.4 6 0.2 11.6 6 0.5 429 6 82 9.4 6 2.2
n 5 7

Ratio 0.99 6 0.06 0.97 6 0.06 0.94 6 0.09 1.0 6 0.1

Spontaneous synaptic currents (SSCs) were recorded from an innervated myocyte in 1-d-old nerve–muscle cultures. The mean values of SSC properties before and 10 min after
bath application of control (Ctr. med.) and conditioned media (Cond. med.) for each synapse were calculated by the SCAN program. Only the recordings that have .50 SSC
events were used for the analysis. The values for before and after bath application of media were obtained by averaging the mean values for each synapse. To obtain ratio values,
ratios between the mean value after medium application and that before medium application for each synapse were calculated before averaging. All values represent mean
6 SEM, and n refers to the number of synapses recorded. The data were subject to Student’s t test. *p , 0.05.
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These results support a positive feedback model: presynaptic
activity enhances the postsynaptic expression of NT-3, which in
turn potentiates synaptic efficacy (Fig. 8).

It is important to point out that all of our experiments were
performed in a cell culture system, which may not reflect the
development of the neuromuscular junction in vivo accurately.
For example, we do not know whether the pattern of neurotro-
phin expression as well as the effect of depolarization in different
stages observed in the muscle culture correlates precisely with that
in various time points in Xenopus development in vivo. Moreover,
so far neither acute (Lohof et al., 1993; Stoop and Poo, 1995,
1996) nor long-term (Wang et al., 1995) effects of neurotrophins
at the developing neuromuscular synapses in culture have been
extended to in vivo. However, several lines of evidence suggest
that our present findings are relevant to the neurotrophic regula-
tion of neuromuscular synapse development in vivo. First, the
cultured Xenopus muscle cells develop in a very similar manner to
those in vivo (see Materials and Methods). Second, the develop-
ment of neuromuscular synapses in culture also resembles that
seen in vivo in many fundamental ways (Kullberg et al., 1977;
Cohen, 1980; Myers et al., 1986; Westerfield et al., 1986; Cohen et
al., 1987; Buchanan et al., 1989; Evers et al., 1989; Peng et al.,
1989, 1991). Third, although no information is available about the
muscle expression of neurotrophins in vivo in Xenopus, a great
deal about this expression is known in rodents. Developing mo-
toneurons express the neurotrophin receptors TrkB and TrkC
(Ernfors et al., 1992; Henderson et al., 1993; Koliatsos et al., 1993;
Yan et al., 1993). Different neurotrophins are expressed in muscle
cells at different stages of development (Ernfors et al., 1992;
Schecterson and Bothwell, 1992; Henderson et al., 1993; Koliatsos
et al., 1993; Timmusk et al., 1993; Funakoshi et al., 1995). The
levels of BDNF and NT-3 are high in embryonic and neonatal
muscle cells but low in those of adult rat, whereas NT-4 has an
opposite developmental profile (Funakoshi et al., 1995). These
results are consistent with the present study that uses cultured
Xenopus embryonic muscle cells. We demonstrated that levels of
mRNAs for BDNF and NT-3, but not NT-4, are high in the

immature muscle cells, and the expression of NT-3 decreases as
the muscle cells mature in culture. Although it is difficult to
compare the developmental stages between rodents and Xenopus,
these studies point to a general trend of developmental upregu-
lation of NT-4 and downregulation of NT-3. Fourth, similar to
Xenopus spinal neurons in culture, the rodent motoneurons are
capable of responding to NT-3 early in development in vivo
(Sendtner et al., 1992; Henderson et al., 1993; Koliatsos et al.,
1993; Wong et al., 1993; Yan et al., 1993). Finally, the muscle
expression of NT-4 in adult rodent can be regulated by synaptic
transmission and muscle activity (Funakoshi et al., 1995). The
present study showed that NT-3 expression in cultured Xenopus
developing muscle cells is also activity-dependent. Whether NT-3
expression in developing muscle cells in vivo can be regulated by
depolarization remains to be established.

Depolarization is a natural consequence of innervation of mus-
cle cells. We found that upregulation of NT-3 mRNA in cultured
muscle cells is directly attributable to muscle depolarization
rather than to effects of other factors coreleased with transmitters
from the motor nerve terminal. This conclusion is based on the
observations that depolarization of the muscle membrane by a
variety of means (e.g., the principal neurotransmitter ACh, chem-
ical depolarizing agents, and direct electric stimulation) leads to
an enhancement of NT-3 gene expression. Our experiments also
indicate that the increase of intracellular Ca21 concentration via
Ca21 influx may be an intermediate step for activity-dependent
NT-3 gene expression. The exact channel type or types that
mediate the rise of intracellular Ca21 and subsequent steps that
lead to selective increase in NT-3 mRNA require further
investigation.

Whether activity-dependent expression of NT-3 mRNA actu-
ally can lead to an increase in the release of NT-3 protein is an
issue difficult to address with our experimental system. There was
a limited number of cells, and there is no good antibody that can
be used to detect Xenopus NT-3 with high affinity.

In the CNS activity-dependent neurotrophin expression seems
to be a general phenomenon (Isackson, 1995). However, different
responses have been observed for different neurotrophins, sug-
gesting that each neurotrophin gene is regulated independently.
In the present study we showed that, although similar levels of
BDNF and NT-3 messages were detected, only NT-3 expression
was activity-dependent in cultured developing muscle cells (Fig.
2). This selective effect of depolarization suggests that the two
neurotrophins may play different roles during neuromuscular de-
velopment. Interestingly, in all cases in which exogenous applica-
tion of the two neurotrophins is compared, BDNF exhibited
slightly more potent effects on the survival of motoneurons than
NT-3 (Sendtner et al., 1992; Koliatsos et al., 1993; Yan et al.,
1993). In contrast, exogenous application of NT-3 seems to be
more effective than that of BDNF in modulating the properties of
neuromuscular synapses. This is true either in acute regulation of
transmitter release (Lohof et al., 1993) or in long-term facilitation
of synapse maturation (Wang et al., 1995). The functions of the
two neurotrophins may overlap during neuromuscular develop-
ment. It is possible, however, that NT-3 may be involved primarily
in the activity-dependent process, such as modulation of synaptic
efficacy, whereas BDNF may play a role in other aspects of
motoneuron development, such as development of cholinergic
phenotypes or cell survival. However, because the BDNF knock-
out mice did not exhibit a severe loss of motoneuron, the function
of BDNF in motoneuron survival has not been firmly established
(Ernfors et al., 1994; Jones et al., 1994).

Figure 7. Quantitation of changes in synaptic activity under different
experimental conditions. The frequency of SSCs was calculated as the
number of SSC events per minute, averaged from at least 10 min of
recording in each condition. Each data point represents one experiment.
The ratios of SSC frequencies at 1 min before and 20 min after the control
medium (ctr. med.) or conditioned medium (cond. med.) are presented. In
the cond. med. 1 TrkC-IgG group, conditioned medium was added to
cultures pretreated with TrkC-IgG (1 mg /ml) for 0.5–2 hr. The filled circles
and filled diamonds represent the ratio of SSC frequency higher than 10.
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Recently, activity-dependent NT-4 expression has been demon-
strated elegantly in rat adult muscle fibers (Funakoshi et al.,
1995). The experiments described here have addressed several
important issues not covered by that report. First, the rodent study
showed that the levels of NT-4 mRNA were decreased after
blockade of neurotransmission and were increased after electrical
stimulation of the adult muscles. In cultured embryonic Xenopus
muscle cells NT-4 was virtually undetectable (Fig. 2, top), making
it unlikely to function as a factor involved in activity-dependent
modulation of synaptic efficacy during development. The present
study focused on developing neuromuscular synapses, where
activity-dependent modulation is most physiologically relevant. In
fact, the regulation of NT-3 seemed to be restricted to young
muscle cells; depolarization stimuli were no longer effective on
myocytes cultured for longer than 5 d, which are presumably
more mature (Fig. 4, top, and Fig. 5, bottom). In addition, the
ease of pharmacological manipulations in culture allowed us to
demonstrate that an increase in intracellular Ca21 concentra-
tion may play a role in the activity-enhanced NT-3 gene ex-
pression in the embryonic myocytes (Table 1). Although trans-
plantation of genetically engineered fibroblasts overexpressing
NT-4 into adult muscle fibers elicits motor nerve sprouting,
direct effects of muscle-derived NT-4 on nerve sprouting were
not examined, so the functional consequences of motor nerve
sprouting are unclear (Funakoshi et al., 1995). The present
work demonstrates that depolarization-induced NT-3 indeed
potentiates the efficacy of developing neuromuscular synapses
(Figs. 6, 7), providing direct evidence for a functional role of
this activity-dependent regulation.

The reciprocal interaction between synaptic activity and neuro-
trophin gene expression suggests a positive reinforcement model
(Fig. 8), which may have implications in Hebbian-type homosyn-

aptic potentiation. During neuromuscular development, innerva-
tion and consequent depolarization of muscle cells will specifically
increase NT-3 levels. We propose that NT-3 will act in a retro-
grade manner to potentiate neurotransmission or promote synap-
tic maturation. Thus, activity-dependent synaptic stabilization
could be mediated by NT-3 at the early stage of neuromuscular
development.
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