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ABSTRACT In addition to well established trophic func-
tions, neurotrophins acutely affect neurotransmitter secre-
tion from the presynaptic nerve terminal, inf luence synaptic
development, and may serve as selective retrograde messen-
gers that regulate synaptic efficacy. The crucial question
related to the mechanisms of neurotrophin-mediated signal-
ing is whether acute effects of neurotrophins are spatially
restricted to the activated synapses. Here we have used a local
perfusion technique for local delivery of neurotrophin-3
(NT-3) to various regions of developing Xenopus embryo
neurons in culture. Within minutes after a focal exposure of
a soma or a small ('30 mm in length) axonal segment to NT-3,
we observed an increase in the spontaneous neurotransmitter
secretion from the presynaptic nerve terminals located '300–
400 mm away from the site of NT-3 application. Secretory
activity along the axonal shaft was not affected. Our findings
suggest that the NT-3-mediated signal may rapidly travel
through neuronal cytoplasm over unexpectedly long distances
and modulate neurotransmitter release specifically at the
presynaptic nerve terminals.

The neurotrophin hypothesis holds that proliferation, survival,
and differentiation of various neuronal populations are deter-
mined by the competition between neurons for a limited
amount of trophic factors produced primarily by target tissues
(1–3). In addition to these classic long-lasting trophic activities,
neurotrophins mediate neurotransmitter secretion from the
presynaptic neurons, both in cell culture (4) and in hippocam-
pal slices (5). Neurotrophin synthesis in the central nervous
system is rapidly regulated by neuronal activity (6, 7), and
neurotrophin release from the postsynaptic targets is activity
dependent (8). Taken together, these results support a positive
feedback model, in which presynaptic activity enhances neu-
rotrophin synthesis and release from the postsynaptic cells,
leading to potentiation of synaptic efficacy (9–12). Thus,
neurotrophins may serve as selective retrograde messengers
involved in the processes of synaptic maturation and synaptic
competition (13).

In the past, neurotrophin effects were thought to be pri-
marily mediated by long-range retrograde signaling to the
soma, where changes in gene transcription are induced (14,
15). The signaling requires autophosphorylation of specific
tyrosine residues on neurotrophin receptors (Trks), followed
by receptor endocytosis and retrograde transport to the cell
body (15). However, there are neurotrophin-mediated effects
that occur on the time scale of minutes; these do not require
protein synthesis or signaling to the cell body (4, 11, 16).
Although the signal transduction pathways involved in such
acute effects have yet to be firmly established, it is generally
believed that the neurotrophin-mediated acute effects are
spatially restricted to the site of neurotrophin secretion (11,
17).

Xenopus nerve-muscle coculture is a well established model
for synaptic plasticity. In these developing neuromuscular
synapses, spontaneous synaptic currents (SSCs) and impulse-
evoked currents are rapidly potentiated by neurotrophic fac-
tors neurotrophin-3 (NT-3) brain-derived neurotrophic factor
(BDNF), NT-4, or ciliary neurotrophic factor (CNTF) (4, 18,
19). On removal of NT-3 from the culture medium, the
frequency of SSCs returns to control value, suggesting that
NT-3-mediated signaling cascade does not induce a permanent
alteration in the secretory machinery (4). In this paper, we
have investigated whether NT-3-mediated signal may propa-
gate within isolated Xenopus neurons in culture. To mimic a
local release of NT-3 by a postsynaptic target or by neighboring
cells, we used a local perfusion technique to deliver NT-3 to
either a small axonal segment or to the soma. We detected
rapid potentiation of neurotransmitter release from the distant
presynaptic terminals, suggesting spreading of NT-3-mediated
signal over long distances ('300–400 mm). This propagation
of NT-3-mediated signal appears to be mediated by a cyto-
plasmic factor. Our results suggest that local exposure of the
cell body or the proximal axon to neurotrophic factors may
rapidly modulate neurotransmitter secretion from the distant
presynaptic nerve terminals.

MATERIALS AND METHODS

Cell Culture. Cultured Xenopus spinal cord neurons were
prepared according to previously reported methods (20, 21).
The cultures were used for experiments after 1-day incubation
at 20°C. Human recombinant NT-3 was generously provided
by Regeneron Pharmaceuticals (Tarrytown, NY).

Electrophysiology. Gigaohm-seal whole-cell recording
methods followed those described previously (4, 22). The data
were analyzed with the SCAN program, kindly provided by J.
Dempster, Strathclyde University, Glasgow, U.K. To deter-
mine significant differences between averages, unpaired t-tests
assuming unequal variance were performed.

Micromanipulation. Manipulation of Xenopus myocytes
followed the procedures described previously (23, 24). Briefly,
myocytes were gently detached from the surface of the Petri
dish by heat-polished micropipettes attached to a hydraulic
micromanipulator (Newport, Irvine, CA). The cells were
transferred into the vicinity of the axon, allowed to reattach to
the glass surface, and manipulated into the contact with the
neuron.

Local Perfusion of the Axon and Soma. Local perfusion of
the axon was performed according to previously reported
methods (25). Briefly, two pipettes were placed opposite each
other at a distance of 20 to 40 mm from the neuronal surface.
The first pipette, with tip opening of '4 mm, served for
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continuous delivery of solution and was filled with culture
medium containing NT-3 alone or NT-3 and a-bungarotoxin
(Molecular Probes). The second pipette with tip opening of
'10 mm was used for removal of the superfusion solution from
the culture medium, thereby reducing the affected area to '30
mm.

Local Perfusion of the Presynaptic Nerve Terminal. For the
‘‘shielding’’ of the presynaptic nerve terminal from the bath-
applied NT-3, the pipette with a tip opening of '10–20 mm was
filled with culture medium and placed at a distance of about
30–50 mm from the synapse. Positive pressure was applied to
the pipette for 1–2 min before bath application of NT-3.

Microscopy. An Olympus IX 50 inverted microscope was
used for fluorescence microscopy (Olympus, New Hyde Park,
NY). Images were acquired with a charge-coupled device
camera (ImagePoint, Photometrics, Tucson, AZ) driven by
IPLab (Signal Analytics, Vienna, VA) imaging software and
background subtracted.

Immunocytochemistry. The neurons were fixed for 10 min
with 4% paraformaldehyde in PBS (pH 7.4), permeabilized
with 0.1% Triton X-100, and blocked in a solution of 5%
bovine serum albumin in PBS for 1 hr at room temperature.
Primary antibody (1:200) was applied at 4°C overnight and a
secondary antibody (1:200) for 1 hr at room temperature. The
primary antibodies used were: (i) a rabbit polyclonal antibody
to TrkC (cat no. sc-117, Santa Cruz Biotechnology) and (ii) a
chicken polyclonal IgY (cat no. 06-675, Upstate Biotechnol-
ogy, Lake Placid, NY), which is raised against the extracellular
domain of human TrkC. Accordingly, in this case the perme-
abilization step was omitted. For blocking experiments (Fig.
2D), we used the blocking peptide (cat no. sc-117 P, Santa
Cruz Biotechnology) that corresponds to the epitope for TrkC
antibody.

RESULTS

Acute Effect of NT-3 on Spontaneous Acetylcholine Secre-
tion from Growing Neurons. Experiments were performed on
nerve-muscle cocultures from Xenopus embryos 1 day after
cell culture preparation. An isolated Xenopus myocyte was
detached from the substrate by using a micropipette and
manipulated into contact with either the growth cone region
of the axon, the middle of the axonal shaft, or the soma (Fig.
1A). Recordings of the membrane currents in the myocyte
using a whole-cell voltage clamp technique revealed fast
inward currents (SSCs). The individual SSCs were caused by
the fusion of acetylcholine (ACh)-containing vesicles with the
neuronal plasmalemma (23).

In developing Xenopus neuromuscular synapses, spontane-
ous ACh secretion from the presynaptic nerve terminal is
known to be potentiated by acute exposure to NT-3 (4). To
investigate whether ACh release from other neuronal seg-
ments is affected by NT-3, we recorded membrane currents
from the myocytes manipulated into contact with the growth
cone region, the middle axonal segment and the soma of the
neuron. Fig. 1B shows examples of SSC recordings from a
myocyte at the spontaneously formed (‘‘performed’’) neuro-
muscular synapse and from myocytes manipulated into contact
with various neuronal regions. In agreement with previously
published data (4), bath application of NT-3 (50 ng/ml)
resulted in a rapid (within 10 min) increase in the frequency
of SSCs at the performed neuromuscular synapses (Fig. 1, B
and C). Similarly, SSC frequency in recordings from the
growth cone region also increased within minutes after NT-3
application. In contrast, spontaneous ACh secretion at the
middle of the axon and at the soma was not affected by NT-3
treatment (Fig. 1, B and C). In all four recording configura-
tions, no changes were observed in the mean amplitude of the
SSCs (Fig. 1D), suggesting that the observed increase in SSC
frequency reflects a higher frequency of exocytotic events in

the neuron, rather than an increase in the sensitivity of the
postsynaptic ACh receptors (4, 18).

TrkC Receptors Are Present Along the Axonal Plasma-
lemma and at the Soma and Are Functionally Active. Acute
effects of neurotrophins on spontaneous neurotransmitter
secretion from the nerve terminal are mediated by the Trk
family of tyrosine kinase receptors (4, 26). NT-3 predomi-
nantly activates TrkC receptors. The lack of secretory response
to NT-3 treatment at the soma and along the axonal shaft may
reflect preferential localization of TrkC receptors to the
growth cone area. To determine the distribution of TrkC
receptors along growing Xenopus neurites, we stained the
neuronal cultures with two different polyclonal antibodies for
TrkC. Immunoreactivity for the TrkC was detected at the
soma, along the axon, and at the growth cone area (Fig. 2,
A–F).

To test for the functional activity of Trk receptors along the
axon and/or at the soma, we used a pair of perfusion micropi-
pettes to apply NT-3 locally to the presynaptic terminal, to the
middle axonal segment, or to the soma of a neuron with a

FIG. 1. Acute effect of NT-3 application on SSC frequency at
different axonal segments. (A) Schematic diagram of recording con-
figurations. Whole-cell patch-clamp recordings were performed from
the myocytes (M) at the spontaneous formed (‘‘preformed’’) synapses
and from myocytes manipulated into contact with the growth cone
region, the middle axonal segment, and the soma of isolated neurons
1 day after cell culture preparation. The neurons chosen for manip-
ulation experiments were free of contact with other cells and had a
single axon '300–400 mm in length. (B) Membrane currents recorded
from the myocytes for a 3-min period before NT-3 application
(‘‘control’’) and for a period of 15–18 min after the onset of NT-3 (50
ng/ml) treatment. Downward spikes are inward currents reflecting
spontaneous ACh secretion from the neuron. (C) Changes in the SSC
frequency with time after the bath application of NT-3 (marked by
arrow). The mean SSC frequency was calculated for 2-min intervals
and normalized to the mean SSC frequency for a 5-min period before
NT-3 application. Each data point represents the mean 6 SEM of 5–15
experiments. p, significantly different from control values (P , 0.05).
(D) Changes in the mean SSC amplitude after bath application of
NT-3. In each recording, the mean SSC amplitude was determined
20–25 min after NT-3 application and normalized to the mean SSC
amplitude before NT-3 application.
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synaptic contact at a distance of 300–400 mm from the soma
(Fig. 3A). We simultaneously recorded SSCs from the myo-
cytes in the preformed synapses. The size of the affected area
('30 mm in a typical experiment) was made visible by using a
food-color dye in the perfusion medium. Within minutes after
local NT-3 application, we observed a marked increase in the
SSC frequency in recordings from the postsynaptic myocyte
(Fig. 3). This increase suggests functional activation of Trks at
the proximal axonal regions and anterograde spread of the
NT-3-mediated signal toward the presynaptic nerve terminal.
For a period of 15–20 min after the onset of NT-3 application,
the average SSC frequency was 6.8 6 1.1 (mean 6 SEM, n 5
10, NT-3 application to the soma), 4.5 6 1.1 (n 5 5, NT-3
application to the middle axonal segment) and 7.7 6 1.8 (n 5
12, NT-3 application to the presynaptic terminal) times higher
than the corresponding initial frequency. These values were
not significantly different from that recorded from the pre-
formed synapses after bath application of NT-3 to the culture
medium (Fig. 1). In none of the three experimental configu-
rations was the average amplitude of SSCs affected (Fig. 3D),
suggesting presynaptic mechanism of NT-3 action. In agree-
ment with previously published data (26), local application of
BDNF to the cell body had no effect on the SSC frequency
recorded at the distal synapses (Fig. 3C). Thus, the observed
anterograde spreading of neurotrophin-mediated signal is
specific to NT-3.

‘‘Leakage’’ of NT-3 from the Perfusion Site into the Dish
Medium Does Not Contribute to the Potentiation of ACh
Release at the Nerve Terminal. The validity of the local
perfusion technique is based on the assumption that very little
NT-3 escapes from the superfused region into the dish me-
dium. The ‘‘leakage’’ of NT-3 from the perfusion site may lead
to the gradual elevation of the local concentration of NT-3 in
the vicinity of the preformed synapse and to the potentiation
of ACh release because of the direct effect of NT-3 on the
presynaptic membrane. To estimate the concentration of NT-3
in the vicinity of the synapse, we locally applied NT-3 (200
ng/ml) together with a-bungarotoxin (500 mg/ml) to the middle

axonal segment, while simultaneously recording SSCs at the
preformed synapse. a-bungarotoxin is a potent blocker of ACh
channels (27). If a significant amount of the superfusion
medium escapes from the locally perfused region, a-bungaro-
toxin would be expected to block ACh channels in the myocyte
and thus inhibit SSCs. However, local perfusion of the middle
axonal segment with a culture medium containing both NT-3
and a-bungarotoxin resulted in the potentiation of ACh se-
cretion at the preformed synapse (Fig. 4A). For a period of
15–18 min after the onset of NT-3 and a-bungarotoxin appli-
cation, the average SSC frequency was 5.9 6 2.0 (mean 6
SEM, n 5 7) times higher than the initial frequency (Fig. 4D);
the average amplitude of SSCs normalized to the control value
was 0.92 6 0.23 (n 5 7).

As expected, bath application of a-bungarotoxin (500 ng/ml)
resulted in the rapid reduction in the average frequency of
SSCs at the preformed synapses (Fig. 4B). Therefore, as a very
conservative estimate, the local concentration of a-bungaro-
toxin near the synapse during superfusion of the middle axon
is ,500 ng/ml, which is 1,000-fold lower than the concentration
of a-bungarotoxin in the perfusion pipette (500 mg/ml). Sim-

FIG. 2. TrkC immunoreactivity is detected at different neuronal
segments. (A–C) Representative examples of neurons stained with
antibodies to TrkC (Santa Cruz Biotechnology). The immunofluores-
cence signal is evident at the soma (A), along the axon (A and B); and
at the growth cone (C). (D) Control experiment demonstrating
specificity of staining. Preincubation of primary antibodies with the
blocking peptide largely abolished the immunofluorescence signal.
(E–F) Neurons were stained with antibodies to TrkC (Upstate Bio-
technology); this antibody was raised against the extracellular domain
of TrkC receptor. The immunofluorescence signal can be detected at
the cell body and along the axon (E) and at the distal axon (F). FIG. 3. Local exposure of different axonal segments to NT-3

rapidly potentiates ACh secretion from the distant presynaptic nerve
terminals. (A) Schematic representation of experimental approach.
Neurons with an axon '300–400 mm in length and synaptic contact
with a myocyte were chosen for experiments. Two glass micropipettes
positioned in the vicinity of the neuron were used for local perfusion
of a specific site with a culture medium containing 200 ng/ml NT-3.
SSCs in the postsynaptic myocyte were recorded by using the whole-
cell patch-clamp method. (B) Examples of current traces recorded
from the postsynaptic myocytes. Arrow marks the onset of local
perfusion of the neuron with the NT-3-containing culture medium.
Gradual increase in the SSC frequency with time is evident in all three
recording configurations. (C) Changes in the SSC frequency with time
after the onset of local perfusion. Each data point represents the mean
6 SEM of 5–12 experiments. No change in the SSC frequency was
detected after perfusion of the cell body with the fresh culture medium
(control) or with BDNF-containing culture medium (two lower lines).
p, P , 0.05. (D) Mean SSC amplitudes for a period of 15–20 min after
the onset of local NT-3-application normalized to the mean SSC
amplitude for a 5-min period before NT-3 application.
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ilarly, we estimate the local concentration of NT-3 near the
preformed synapse to be ,200 pg/ml. In agreement with
previously reported data (4), we found that bath application of
NT-3 in the concentration 25-fold higher than the above
estimate (5 ng/ml) has no statistically significant effect on the
SSC frequency at the preformed synapse (Fig. 4D). Therefore,
we conclude that ‘‘leakage’’ of NT-3 from the superfusion
medium does not contribute to the observed potentiation of
ACh secretion at the preformed synapses.

As an alternative to the local perfusion method described
above, we attempted to activate Trks preferentially at the soma
and along proximal axon by concurrent bath application of
NT-3 and local perfusion of the preformed synapse with a fresh
culture medium (Fig. 5A). We expected that the perfusion of
the synapse with a fresh culture medium will prevent NT-3
from reaching the nerve terminal and thus will ‘‘shield’’ this
area from the NT-3 action. The size of the shielded area was
estimated by using a food-color dye in the perfusion pipette
and in a typical experiment was about 100 mm in diameter. We
simultaneously recorded SSCs from the myocytes in the su-
perfused synapses. Bath application of NT-3 (50 ng/ml) re-
sulted in a significant and characteristically rapid (within 5–10
min) increase in the SSC frequency in the shielded synapses
(Fig. 5B).

To estimate the degree of synapse protection from the
molecules present in the extracellular medium, we performed
a series of control video microscopy experiments. In these
experiments, we added the fluorescent dye acridine orange to
the culture medium while continuously perfusing the synapse
with fresh medium. As expected, the myocytes and the frag-
ments of broken cells located at a distance .100 mm from the

superfused region were rapidly stained with acridine orange
(Fig. 5, C–E). However, we observed no staining of the
myocyte in the shielded region (Fig. 5E). Quantitative analysis
of the fluorescent images indicated that the signal from the
myocyte outside the protected region overloaded the CCD
sensor of the eight-bit camera that we used. No changes in the
intensity of the fluorescence staining were observed for the
myocytes in the shielded region. Therefore, as a conservative
estimate, the concentration of acridine orange in the shielded
region is at least 256-fold lower than that outside this region.
Similar results were obtained by using another fluorescent dye,
FM1-43 (data not shown). Both acridine orange and FM1-43
have molecular weights smaller, and consequently diffusion
coefficient higher, than that of NT-3. Therefore, the protection
of a superfused synapse from extracellularly added acridine
orange and FM1-43 molecules that we observe provides a
high-stringency test for the shielding against NT-3.

Potentiation of Neurotransmitter Release Does Not Require
Protein Synthesis. Considering a rapid (within minutes) onset
of synaptic potentiation after local application of NT-3 to the
proximal axon and to the soma, it appears unlikely that either
induction of gene transcription or new protein synthesis is
involved in the acute effect of NT-3 on spontaneous neuro-
transmitter secretion. To test this prediction, we pretreated cell
cultures with a protein synthesis inhibitors anisomycin (40 mM)
or cycloheximide (10 mM) for 1 h before bath application of
NT-3. Similar to control experiments (Fig. 1), bath application
of NT-3 to the neuronal cultures pretreated with anisomycin

FIG. 4. ‘‘Leakage’’ of NT-3 from the superfused region does not
contribute to the potentiation of ACh secretion at the preformed
synapses. (A) Membrane currents recorded from the myocyte in the
preformed synapse. NT-3 (200 ng/ml) together with a-bungarotoxin
(500 mg/ml) was locally applied to the middle axonal segment as in Fig.
3A. The start of local perfusion is marked by the arrow. The postsyn-
aptic myocyte was '400 mm away from the site of drug application.
Withdrawal of the pipette used for the removal of the superfused
solution (arrow) resulted in the accumulation of a-bungarotoxin in the
dish medium and the inhibition of SSC at the preformed synapse. (B)
Membrane currents recorded from an innervated myocyte in the
preformed synapse. Bath application of a-bungarotoxin (500 ng/ml,
marked by arrow) resulted in the decrease in the frequency of SSCs.
(C) Membrane currents recorded from the innervated myocyte before
bath application of NT-3 application (5 ng/ml, marked by arrow) and
for a period of 15–18 min after NT-3 application (right trace). (D)
Quantitative analysis of the data. In each experiment, the mean SSC
frequency for a period of 15–18 min after the drug application was
normalized to the mean SSC frequency before drug application. Each
data point represents the mean 6 SEM of seven to nine experiments.

FIG. 5. Bath application of NT-3 potentiates neurotransmitter
secretion at the synapses protected from direct exposure to NT-3. (A)
Schematic representation of experimental approach. ACh secretion
from the presynaptic nerve terminal was continuously monitored by
whole-cell patch-clamp recordings from the innervated myocyte in
spontaneously formed synapses. After establishing a baseline level of
synaptic activity, NT-3 was applied to the bath (final concentration 50
ng/ml). The synaptic area was protected from exposure to NT-3 by
continuous perfusion of the synaptic contact with a fresh culture
medium through a glass micropipette. (B) Changes in the mean SSC
frequency with time after the onset NT-3 treatment. Data points
represent mean 6 SEM of experiments in which NT-3 (filled circles,
n 5 13) or culture medium without NT-3 (open circles, n 5 7) was
added to the bath. p, P , 0.05. (C–E) Illustration of the degree of
protection of the synaptic area from the acridine orange molecules
applied to the bath. The pipette (P) was used for continuous perfusion
of the synapse with a fresh culture medium (see A). Phase contrast (C)
and fluorescent images before (D) and 5 min after (E) application of
acridine orange (30 mM). Notice the bright staining of the myocyte
(arrowhead) located '150 mm away from the protected region. No
staining of the myocyte in the shielded region (arrows in C–E) was
observed. Similar results were obtained in six different experiments.
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or with cycloheximide rapidly potentiated SSC frequency at
preformed neuromuscular synapses (Fig. 6A).

To directly test the idea that the NT-3-induced potentiation
of ACh release from the presynaptic terminal does not require
signaling to the soma, we transected the axonal shaft near the
soma with a sharp micropipette. ACh secretion at the pre-
formed neuromuscular synapse was continuously recorded for
a period of 5–10 min before transection and for 30 min after
transection. Immediately after the transection, we observed
about 50-fold increase in the SSC frequency as a result of Ca21

influx at the injured site. Within 10 min, the level of ACh
secretion returned to the baseline level, and NT-3 (50 ng/ml)
was added to the culture medium. Exposure of the distal
axonal fragments (which were now physically separated from
the soma) to NT-3 resulted in the increase in the SSC
frequency similar to that found in intact neurons (Fig. 6B).
Thus, neither protein synthesis nor signaling to the soma is
required for the potentiation of neurotransmitter release at the
presynaptic nerve terminal in response to NT-3 application.

DISCUSSION

Experimental evidence from a number of neuronal systems
indicates that activity-dependent changes in synaptic strength,
such as long-term potentiation and long-term depression, can
spread over considerable distances from activated synapse
(28–31). Neurotrophins secreted from postsynaptic targets
may contribute to the activity-dependent remodeling of syn-
aptic connections (10). An important question related to the
mechanisms and functional significance of neurotrophin-
mediated signaling is whether acute effects of neurotrophins
are spatially restricted to the activated synapses. Can activation
of TrkC receptors at the proximal axon and/or at the soma
because of the local NT-3 release in the vicinity of these
segments affect neurotransmitter secretion from the distant
nerve terminals? To mimic neurotrophin release near the
soma or along the axon, we used two versions of a local
perfusion technique to apply NT-3 to neuronal regions other
than presynaptic terminal (Figs. 3 and 5). In both cases, we
observed characteristically rapid (within 5–10 min of NT-3
application) potentiation of neurotransmitter release at the
synapses formed by the NT-3-exposed neuron. These results
suggest a rapid propagation of the NT-3-mediated signal from
the proximal axon and the soma to the nerve terminal.
Interestingly, it has been reported previously that the action of

NT-4 in Xenopus neurons is restricted to ,60 mm from the site
of NT-4 application (17). Therefore, TrkC-mediated cascade
of intracellular effector molecules elicited by NT-3 application
is likely to be different from that induced by activation of TrkB
receptors. This idea is consistent with reported differences in
the mechanisms of NT-3 and BDNF action on growth cone
motility in Xenopus embryonic neurons (32, 33).

There is considerable evidence for the rapid internalization
of Trk receptors on activation (34) and retrograde transport of
the putative signaling vesicles to the soma (14, 35–37). The
exact nature of the retrograde signal carrier, however, remains
controversial (38, 39). There are also precedents for the rapid
anterograde signaling mediated by neurotrophins (11, 26) and
anterograde transport of neurotrophins themselves (40, 41). In
our experiments, NT-3-mediated signal may be transmitted
from the site of NT-3 application to the presynaptic terminal
through the extracellular medium, by lateral diffusion in the
axonal plasmalemma or through the axonal cytoplasm. The
results of our experiments strongly suggest that the signal
spreads through the axonal cytoplasm. Indeed, the synaptic
transmission was potentiated after bath application of NT-3
under conditions in which the nerve terminal was protected
from exposure to the molecules present in the culture medium
(Fig. 5). The simple estimate also excludes mechanisms that
are based on the lateral diffusion of the putative messenger in
the axonal plasma membrane. Based on these considerations,
we speculate that the NT-3-mediated signal propagates
through axonal cytoplasm. The signaling appears to be very
fast: the onset of synaptic potentiation after perfusion of the
soma or the middle axonal segment is delayed by only '5 min
in comparison to the local perfusion of the synaptic terminal
(Fig. 3). Assuming that the signal travels by diffusion in the
axonal cytoplasm, the diffusion coefficient of the putative
messenger molecule is expected to be 'L2/t ' 300 mm2/s,
which is comparable to the diffusion coefficient of small
cytoplasmic molecules such as ACh or cAMP (42). Thus, the
distances of a few hundred mm appear to be within reach of
diffusional transport. However, if the signal is indeed trans-
mitted by diffusion in the axonal cytoplasm, the size of the
putative cytoplasmic messenger is unlikely to exceed a few
hundred daltons. Alternatively, the signal may travel from the
site of NT-3 application to the distal nerve terminal by
anterograde axonal transport. Because the rate of a fast axonal
transport in Xenopus neurons is '3 mm/sec (43), the vesicles
may be transported anterogradely to a distance of 300 mm from
the site of internalization within 2 min.

Neurotransmitters appear early in developing embryos and
may have important functions in the development of the
nervous system (10, 44). Neurotransmitter release is generally
believed to be localized to the nerve terminal of the presyn-
aptic neuron or to the growth cone region of isolated growing
axons (45, 46). However, using myocytes as the sensitive
detectors of ACh release, neurotransmitter secretion could be
detected not only at the growth cone region of Xenopus spinal
cord neurons but along the axon as well (47, 48). This finding
is not surprising in view of the reports on constitutive mem-
brane recycling along the entire developing processes of
cultured neurons (49–51).

An increase in the spontaneous synaptic activity induced by
neurotrophins may have an important role in maturation of the
initial contacts between the presynaptic neuron and the target
cell (10). In this study, we tested whether NT-3 has a stimu-
latory effect on the spontaneous ACh release at the middle
segments and at the soma. We have shown here that in
developing Xenopus neurons, potentiation of spontaneous
neurotransmitter secretion by NT-3 is limited to the presyn-
aptic nerve terminal and to the growth cone region. Therefore,
middle axonal segment and the cell body are expected to be less
competent for establishing functional presynaptic contacts
with postsynaptic targets. The molecular mechanisms that

FIG. 6. Protein synthesis and signaling to the soma are not required
for the acute potentiation of ACh release induced by NT-3. (A)
Pretreatment with anisomycin (40 mM) or with cycloheximide (10 mM)
for 1 h before bath application of NT-3 does not prevent rapid
potentiation of ACh release at spontaneously formed synapses.
Changes in the SSC frequency with time after the onset of NT-3
treatment. Each data point represents the mean 6 SEM of five
experiments. p, P , 0.01. (B) Potentiation of ACh release at the distal
axonal fragments. The axon was transected in the vicinity of the cell
body (Insert) and the SSC frequency was measured. Bath application
of NT-3 (marked by arrow) resulted in a characteristically rapid
potentiation of ACh release from the distal axonal fragments inner-
vating muscles. Each data point is a mean 6 SEM of five experiments.
p, P , 0.01.
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limit the potentiating effect of NT-3 on neurotransmitter
secretion to synapses remain to be established. It should be
noted that the identity of the vesicles responsible for neuro-
transmitter secretion along the developing axons and their
relation to genuine synaptic vesicles is not known. The elec-
trophysiological and pharmacological properties of neuro-
transmitter secretion at the nerve terminal and along the axons
of Xenopus neurons are somewhat different (our unpublished
data), suggesting different molecular composition of the ACh-
releasing vesicles at the different axonal segments. Therefore,
ACh-containing vesicles at the middle axonal segment and at
the soma may lack molecular components conferring sensitiv-
ity to neurotrophins.

Our results indicate that there is an extensive and rapid
propagation of the NT-3-mediated signal within single neuro-
nal cells. Although the phenomena that we observed in cell
culture may be an exaggeration of those occurring in vivo, the
developing Xenopus neurons in culture provide a simple model
to study the basic mechanisms of neurotrophin-mediated
signaling within neurons. Further investigation is necessary to
determine the molecular basis of the signaling machinery and
the mechanisms of signal propagation in more complex neu-
ronal cells with divergent synaptic outputs.
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