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Neurotrophins Promote Maturation of Developing Neuromuscular

Synapses

Ti Wang, Kewei Xie, and Bai Lu
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Although the effects of neurotrophins on survival and dif-
ferentiation of various neuronal populations have been well
studied, little is known about their role in synaptic devel-
opment and function. We have investigated the long-term
effects of neurotrophins in the maturation of neuromus-
cular synapses in Xenopus nerve-muscle cocultures.
BDNF and NT-3, but not NGF, elicited significant changes
in several properties of spontaneous synaptic currents
(SSCs), indicative of more mature synapses. Most synap-
ses treated by the neurotrophins exhibited a bell-shaped
distribution of SSC amplitudes, which reflects mature
quantal secretion. The neurotrophins also potentiated the
efficacy and reliability of stimulus-induced synaptic trans-
mission. Moreover, BDNF and NT-3 increased the levels of
the synaptic vesicle proteins, synaptophysin, and synapsin
| in the spinal neurons. The number of varicosities per neu-
ron also showed a significant increase after neurotrophin
treatment. The effects of the neurotrophins appear to be
mediated by the Trk family of receptor tyrosine kinases,
primarily through a presynaptic mechanism. These results
suggest that BDNF and NT-3 promote functional maturation
of synapses.

[Key words: neurotrophins, synapse maturation, neuro-
muscular junction, nerve-muscle coculture, spontaneous
and evoked synaptic currents, synaptic vesicle proteins]

Synapse formation is a well-concerted event that involves mul-
tiple stages. After initial synaptic contact is made, the synapse
undergoes a series of maturation processes (for a recent review,
see Hall and Sanes, 1993). Previous studies using Xenopus
nerve-muscle culture have provided a wealth of information on
the morphological and physiological events associated with the
maturation of neuromuscular synapses. These events include a
gradual increase of the frequency and amplitude as well as a
decrease in the rise time of spontaneous synaptic currents
(SSCs). The most characteristic feature of maturation is the tran-
sition from a skew to a bell-shaped distribution of SSC ampli-
tudes. Moreover, the amplitudes of impulse-evoked synaptic cur-
rents (ESCs) become much larger and more consistent (Kido-
koro et al., 1980; Kidokoro, 1984; Evers et al., 1989; Lu et al.,
1992). The enhancement of synaptic efficacy 1s accompanied by
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changes in the structure of the synapses. Thus, the nerve ter-
minals exhibit clusters of synaptic vesicles; both pre- and post-
synaptic membranes thicken; basal lamina material appears in
the synaptic cleft; and acetylcholine (ACh) receptors start to
aggregate on the postsynaptic membrane (Kelly and Zachs,
1969; Kullberg et al., 1977; Nakajima et al., 1980; Takahashi et
al., 1987; Buchanan et al., 1989).

Although the molecular mechanism underlying synaptic mat-
uration remains unknown, interaction between pre- and postsyn-
aptic elements appears to be crucial. At the presynaptic site,
vesicle-associated phosphoprotein synapsin I has been suggested
to participate in the maturation process (Lu et al., 1992; Valtorta
et al., 1995). On the other hand, extensive studies of synaptic
development have long suggested that postsynaptic muscle cells
provide soluble factors that retrogradely regulate various prop-
erties of motor neurons, including the maturation of neuromus-
cular synapses (Purves and Lichtman, 1985; Oppenheim, 1991;
Yin and Oppenheim, 1992; Hall and Sanes, 1993). Neurotro-
phins may be a potential class of the factors that serve such a
role.

Neurotrophins are a family of proteins that includes nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5). Exten-
sive studies in the past few years have elucidated the important
roles that the neurotrophins play in neuronal survival and dif-
ferentiation in both the PNS and CNS (Barde, 1989; Thoenen,
1991). The functions of neurotrophins on distinct neuronal pop-
ulations are mediated by the cellular expression of the Trk family
of tyrosine kinase receptors (Chao, 1992; Barbacid, 1993). Trk
is predominantly activated by NGE Trk B by BDNE NT-3, and
NT-4/5, and Trk C by NT-3. Recently, neurotrophins, particu-
larly BDNE, have been shown to reduce the death of motor neu-
rons in the spinal cord both during development and after axo-
tomy in the adult (Oppenheim et al., 1992; Sendtner et al., 1992;
Yan et al., 1992; Henderson et al., 1993; Koliatsos et al., 1993).
Trk B and trk C mRNAs are expressed in motor neurons (Hen-
derson et al., 1993; Ip et al., 1993; Koliatsos et al., 1993; Wong
et al., 1993), while BDNF and NT-3 are in muscle cells (Schec-
terson and Bothwell, 1992; Henderson et al., 1993; Koliatsos et
al., 1993). Although BDNF and NT-3 knockout mice do not
exhibit obvious motor neuron deficits (Ernfors et al., 1994a,b;
Farinas et al., 1994; Jones et al., 1994), genetic deletion of trk
B receptor results in a severe reduction of the number of motor
neurons in the spinal cord (Klein et al., 1993). Thus, BDNF and
NT-3 may have compensatory role during motor neuron devel-
opment. Taken together, these results support a model in which
neurotrophins serve as muscle-derived target factors that pro-
mote motor neuron survival.



Do neurotrophins also regulate the development of neuro-
muscular synapses? Recent work by Lohof et al. indicate that
synaptic activities are rapidly potentiated by acute exposure to
BDNF and NT-3 (Lohof et al., 1993). However, during normal
development in vivo, synapses are probably exposed to limited
but constant amount of neurotrophins. In the present study, we
investigated the chronic effects of neurotrophins on developing
neuromuscular synapses in Xenopus nerve-muscle cultures. We
now provide evidence that BDNF and NT-3, but not NGF, elicit
both electrophysiological and morphological changes that reflect
synaptic maturation. These observations raise the possibility that
members of the neurotrophin gene family serve as retrograde
signals to promote the maturation of neuromuscular synapses.

Materials and Methods

Culture preparation. Xenopus nerve-muscle cultures were prepared ac-
cording to the procedure described previously (Tabti and Poo, 1991; Lu
et al., 1992). Briefly, the neural tube and the associated myotomal tissue
of 1-d-old Xenopus embryos (stage 20 to 22 according to Nieuwkoop
and Faber, 1967) were dissociated in Ca?*/Mg?*-free saline supple-
mented with EDTA (58.2 mm NaCl, 0.7 mm KCl, 0.3 mm EDTA, pH
7.4) for 15-20 min. The cells were plated on clean glass coverslips.
The cultures were grown for 2-3 d at room temperature (20-22°C)
before used for experiments. The culture medium consisted (vol/vol) of
50% Leibovitz L-15 medium (Sigma), 1% fetal calf serum (GIBCO),
and 49% Ringer’s solution (115 mM NaCl, 2 mMm CaCl,, 2.5 mm KCI,
10 mm HEPES, pH 7.6). Various neurotrophins (5 X 107" M, NGE,
BDNE NT-3, kindly provided by Genentech, Inc., South San Francisco,
CA) were added to the cultures 6 hr after plating, when cells were
completely settled. In some experiments, specific inhibitor for trk ty-
rosine kinase k252a (0.2 pM, Biomol Res. Lab., Inc., Plymouth Meet-
ing, PA) was added together with NT-3 to block the neurotrophin action.
Electrophysiology. Synaptic currents were recorded from innervated
muscle cells by whole-cell recording methods (Hamill et al., 1981; Lu
et al., 1992), at room temperature in culture medium. The solution in-
side the whole-cell recording pipette contained 150 mm KCl, 1 mm
NaCl, I mm MgCl,, and 10 mm HEPES buffer (pH 7.2). To elicit
evoked synaptic currents, square current pulses (0.5 msec, 0.5-5 V, 0.05
Hz) were applied to presynaptic neurons at soma with a glass micro-
electrode filled with Ringer’s solution. 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), or analysis by a microcomputer. The amplitude, rise and
decay times of SSCs and ESCs were analyzed by scan program (Dagan,
Inc.).
Cell manipulation experiment. Spherical myocytes (myoballs) from
1 d control cultures were used as a detecting probe to measure ACh
release from neurons in 3-d-old cultures treated with or without NT-3.
Two coverslips from 3 d cultures, one treated with and the other without
- NT-3, were brought together to a third coverslip of 1-d-old culture. An
isolated myoball on the 1 d culture coverslip was first whole-cell
clamped at resting membrane potential by patch-clamping method. The
cell was then detached from the culture substratum with the recording
pipette and repositioned on top of free nerve terminals of 3-d-old neu-
rons in either the control or NT-3—treated coverslip. These isolated ter-
minals were never in contact with muscle cells before, although other
branches of the same spinal neuron may do so. The same myoball was
used to probe many terminals and the synaptic currents of control and
NT-3-treated neurons were compared in the same dish.
Immunocytochemistry and image processing. Xenopus nerve-muscle
cocultures, 2 d and 3 d old, were fixed with 4% paraformaldehyde in
40 mm NaCl, 10 mm MgCl,, 10 mm EGTA, and 20 mm HEPES, pH
7.4. Immunofluorescent staining was performed through the following
steps: (1) washing 1X in phosphate-buffered saline (PBS), pH 7.4; 1X
with PBS containing 0.2% Triton X-100, and then 2X with PBS; (2)
incubation in 0.1 m glycine/NaOH, pH 7.4 for 15 min; (3) incubation
in blocking solution (3% BSA in PBS) for 1 hr; (4) incubation with
primary antibodies against Xenopus synaptophysin (Valtorta et al.,
1988), and Xenopus synapsin I (Lu et al., unpublished observations),
diluted 1:200 in blocking solution; (5) wash with blocking solution
twice; (6) incubation with FITC conjugated goat anti-rabbit IgG anti-
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body (1:200) in blocking solution; (7) wash, first with blocking solution,
then with PBS, and finally with water; (8) the coverslips were mounted
onto glass slides with Vectorshield mounting solution (Vector) and ex-
amined with a Zeiss microscope. We used Adobe PHOTOSHOP program
for semiquantitation of immunocytochemistry. Images of immunofiuo-
rescence staining were photographed with the same exposure time (30
sec) and scanned into the program. All varicosities along the axon of a
spinal neuron (minimum of 10) were measured by the program to obtain
a median value of fluorescence intensity of that particular neuron. The
median value was subtracted by the average nonspecific fluorescence
from the same image. The data from five to eight spinal neurons in
each treatment condition were then averaged, and divided by that of
control. The averaged values from all treatment conditions were pre-
sented as relative fluorescence intensities and subject to Student’s ¢ test.

Results

Effects of neurotrophins on spontaneous synaptic currents
Developing neuromuscular synapses were studied in Xenopus
nerve-muscle cultures grown in the absence or presence of var-
ious neurotrophins. In control cultures, synaptic contacts are es-
tablished within the first day after plating, and synaptic activity
undergoes a maturation process that takes 4-5 d (Kidokoro et
al., 1980; Kidokoro, 1984; Evers et al., 1989; Lu et al., 1992).
We chose to study synapses during the transition period, in the
2-d- and 3-d-old cultures. Figure 1 shows the effects of NT-3
on spontaneous synaptic currents (SSCs) recorded from 2-d-old
cultures. Chronic treatment of NT-3 (5 X 107" M, in all exper-
iments) dramatically potentiated the spontaneous synaptic activ-
ity. The mean amplitude and frequency of the SSCs recorded
from NT-3-treated synapses in 2 d cultures were 2 times and
2.5 times those of control cultures (Fig. 1A, Table [). Similar
effects of NT-3 were observed for 3-d-old cultures (Table 1).

An important measurement of synaptic maturation is the am-
plitude distribution of SSCs. The distribution from an immature
synapse is typically skewed towards small amplitudes and can
be fitted by an exponential curve. During the process of matu-
ration, the distribution becomes biphasic. In addition to the ex-
ponential component observed in immature synapses, many
higher amplitude events clustered to form a “bell” reminiscent
of normal distribution observed in adult synapses (Kidokoro,
1984; Lu et al., 1992). The immature exponential distribution is
regarded as “‘skewed,” while the maturing, biphasic distribution
as “bell-shaped.” This characteristic bell-shaped distribution of
SSC amplitudes reflects the development of a well-defined ACh
quantal unit and therefore can be used as an electrophysiological
measure of synaptic maturation. Treatment with NT-3 resulted
in a transition from skew to bell-shaped SSC amplitude distri-
butions (Figs. 1, 2). Representative histograms for 2-d-old syn-
apses treated with or without NT-3 are shown in Figure 18. A
more dramatic effect on SSC distribution was observed in 3 d
cultures treated with NT-3, although the peaks varied among
synapses (Fig. 2B). A bell-shaped distribution appeared at high
SSC amplitudes for many 2 d synapses (63%) and most of 3 d
synapses (80%) in N'T-3—treated cultures. In contrast, more than
80% of control synapses in 2 d and 3 d cultures exhibited a
skewed SSC amplitude distribution.

Another parameter of synaptic maturation is the time course
of SSCs. At an immature neuromuscular synapse, the area of
contact is usually small and irregular in shape, and the distances
between transmitter release sites and the postsynaptic membrane
are large and variable (Buchanan et al., 1989). This morpholog-
ical feature leads to synaptic currents with a slow and variable
rise time (Evers et al., 1989). However, when neurons were
grown in NT-3 for 2 d, the SSCs exhibited a faster and more



4798 Wang et al. - Neurotrophins Promote Synapse Maturation

A Control
) W"\W I L4 4 A L A /L A O

NT-3

H, T 1T *11 ;t‘l 1\ f IR

70 - 25 -
Z
o 60 4 -
q>) Control 20 1 NT-3
w 50 1
= a0 d|]] 15 -
S i
<) 30 - - 104k
=
E 20 4
5 J
2 10 1
0 L) T — Ile_l n-l !_l 0 ¥ 1 L] L} L) ” !_l

0 02 04 06 08 1 12 0 02 04 06 08 1 12

SSC Amplitude (nA)

Figure 1. Effect of NT-3 on spontaneous synaptic activity in 2-d-old cultures. A, Membrane currents recorded from innervated myocytes from
control (upper) or NT-3—treated (lower) cultures. Spontaneous synaptic currents (SSCs) of varying amplitudes are shown as downward deflections
(V, = =70 mV, filtered at 150 Hz). Note the increase in frequency and mean amplitude of the SSCs at the NT-3—treated synapse. Calibration: 0.5
nA, 40 sec. B, Histograms of SSC amplitude distribution constructed from recordings of control and NT-3~treated synapses shown in A.

consistent rise time compared with those of controls (Table 1). SD/mean) of SSC rise time to measure this tendency. There were
The average rise time for NT-3—treated 2 d and 3 d synapses statistically significant decreases for CV of SSC rise time in 3
were 29% and 32% shorter than for controls. The rise time in d, but not 2 d synapses cultured in NT-3, suggesting that longer
3-d-old cultures also become less variable after NT-3 treatment treatment with NT-3 is needed for the appearance of more con-
(Table 1). We used the average coefficient of variation (CV = sistent SSC rise time (Table 1). Interestingly, NT-3 did not affect
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Table 1. Effects of neurotrophins on spontaneous synaptic currents

Rise time Rise time CV Decay time Amplitude Amplitude CV Frequency
Conditions (msec) (%) (msec) (pA) (%) (events/min) n
2 d Control 1.3 £ 0.1 50 = 04 10.2 = 09 238 £ 23 827 = 1.1 4.1 =07 11
NT-3 0.9 + 0.2* 5.7 £ 20 10.1 £ 1.0 488 + 119** 854 = 1.8 10.5 + 3.9% 6
3 d Control 1.3 +02 4.8 =05 9.3 + 08 217 + 30 6.5 = 09 8.6 = 0.6 8
NT-3 0.9 = 0.1* 1.9 = Q.2%* 10.7 = 14 364 = 68* 3.7 £ 0.3%* 17.8 + 2.5%* 8
BDNF 1.0 = 0.1* 58 £ 1.0 103 £ 08 403 = 49%* 77 £ 07 129 £ 1.5* 12
NGF 14 = 0.1 5.0 £ 0.7 11.0 =+ 14 272 * 36 7.7 = 0.8 6.7 = 1.8 8
NT-3/k252a 1.2 £ 0.1 59 = 1.0 9.7 = 1.6 323 = 58 93 = 1.7 7.1 = 1.5 6

All values represent mean = SEM, which were obtained by averaging the mean values for each synapse calculated by the sSCAN program. n refers to the number
of synapses recorded. CV = SD/mean. The data were subject to Student’s ¢ test.

*p < 0.05.
** p < 0.01.
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Figure 2. Effect of NT-3 on spontaneous synaptic activity in 3-d-old cultures. A, Superimposed oscilloscopic traces of SSCs at higher time
resolution (filtered at 2.5 kHz). Note the decrease in the rise time of SSCs after NT-3 treatment. Calibration: 0.5 nA, 1 msec. B, Composite amplitude
distributions of SSCs. Three representatives from either control or NT-3—treated synapses are shown. The control data have been fitted by exponential
curves, and the NT-3—treated data fitted by polynomial curves to show peaks of the bell-shaped distribution of SSC amplitude.
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Figure 3. Effect-of NT-3 on impulse-evoked synaptic activity. The
continuous traces represent membrane currents recorded from innervat-
ed myocytes in 2-d-old cultures treated with (lower) and without (up-
pery NT-3. The presynaptic neuron was stimulated at the soma extra-
cellularly (0.5-5 V, 0.1 msec duration, 0.05 Hz) over the duration of
the recording to initiate action potentials. Evoked synaptic currents
(ESCs) appear as large, regularly spaced downward deflections marked
by arrowheads in the current traces amidst randomly occurring SSCs
(V, = =70 mV, filtered at 150 Hz). Calibration: 2 nA, 0.5 min.

the decay time of SSCs, which reflects the open time of post-
synaptic ACh receptors. These findings raise the possibility that
NT-3 promotes the formation of a more mature synaptic junction
with a closer and even pre- and post synaptic membrane appo-
sition.

The idea that NT-3 induces structural changes in neuromus-
cular synapses is further supported by the fact that the potentia-
tion of SSCs persisted even after withdrawal of NT-3 from 3 d
cultures. In four experiments, SSCs were recorded from the
same synapses first in NT-3 containing culture media. The cul-
tures were then thoroughly washed and replaced with Ringer
solution. There was no statistical difference in the amplitude and
frequency of SSCs recorded before and after replacement of
NT-3 media. The electrophysiological parameters of the SSCs
recorded in the Ringer replacement media appeared still much
more mature than those in control cultures.

The activity of NT-3 is known to be mediated by trk receptor
tyrosine kinases (Chao, 1992; Barbacid, 1993). The membrane
permeable drug k252a, at a concentration of 50-200 nM, spe-
cifically inhibits autophosphorylation and activation of the Trk
family of receptors without affecting other tyrosine kinases
(Berg et al., 1992; Nye et al., 1992; Tapley et al., 1992). There-
fore, it has been frequently used to selectively block the biolog-
ical action of neurotrophins. The effect of NT-3 on synaptic
maturation was substantially inhibited when cultures were grown
in NT-3 together with k252a. Virtually all the changes in elec-
trophysiological parameters (except SSC amplitude) induced by
NT-3 were reversed by k252a (Table 1). The differences in av-
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Figure 4. Quantitative comparison of NT-3 effects on ESC amplitudes
and variations in 2 d and 3 d cultures. Approximately 20 to 50 evoked
currents were recorded from each individual synapse. The mean ampli-
tudes and coefficient of variation (CV, defined as SD/mean of ESC
amplitude) of ESCs were calculated individually for each group of syn-

“apses before averaging. Number of synapses used in each group: seven

control and nine NT-3-treated synapses in 2 d cultures; and six control
and seven NT-3~treated synapses in 3 d cultures. Error bars are standard
errors. The data were subjected to Student’s ¢ test. *p < 0.05; **p <
0.01.

erage SSC amplitudes between control and NT-3/k252a were not
statistically significant. Thus, activation of trk receptor tyrosine
kinases by endogenous NT-3 may be an important step in
strengthening the neuromuscular synapses during development.

To determine whether the NT-3 action was specific, we ex-
amined the effects of other neurotrophins on the properties of
SSCs. NGF (5 X 107'° M) had no effect on any of the parameters
analyzed (Table 1). In contrast, BDNF (5 X 10~ M) potentiated
spontaneous synaptic activity, although its effects were less dra-
matic than those of NT-3 (Table 1). In 3-d-old cultures treated
with BDNE the amplitudes and frequency of SSCs increased
68% and 107% over controls, respectively. The rise and decay
times of SSCs did not change. There were no statistically sig-
nificant changes in the variability of amplitude and rise time (as
reflected by their coefficients of variation). The differential ef-
fects of neurotrophins indicate not only the specificity, but also
the relative potency of various neurotrophins in regulating neu-
romuscular synapses.

Effects of NT-3 on evoked synaptic currents

Functional synaptic transmission is measured by the impulse-
evoked synaptic response. We therefore compared the evoked
synaptic currents (ESCs) of neuromuscular synapses grown in
the absence or presence of NT-3. In these studies suprathreshold
stimuli were applied to the soma of the neurons to fire action
potentials at a low frequency (0.05 Hz) and the ESCs were re-
corded from the postsynaptic muscle cells. Figure 3 shows the
effects of NT-3 on (ESCs) recorded from 2-d-old cultures.
Chronic treatment of spinal neurons with NT-3 resulted in a
three- and fourfold increase in ESC amplitude in 2-d- and 3-d-
old cultures, respectively (Figs. 3, 4). Moreover, the variation of
the amplitudes became much smaller, indicating that more ma-
ture and reliable synaptic functions were established. The aver-
age CV of ESC amplitudes of NT-3—treated neurons in 2-d- and
3-d-old cultures was significantly smaller than those of control
neurons (Fig. 4). The changes in evoked synaptic activity indi-



cate that NT-3 enhances the efficacy and reliability of functional
synaptic transmission at developing neuromuscular synapses.

Enhancement of presynaptic ACh secretion by NT-3

Changes in synaptic activity could be due to pre- or postsynaptic
mechanisms. To test directly whether NT-3 induces an increase
in neurotransmitter release we used a cell manipulation tech-
nique to detect transmitter secretion in isolated, free presynaptic
nerve terminals (Xie and Poo, 1986). A 1-d-old spherical my-
ocyte (myoball) was whole-cell clamped and detached from cul-
ture substratum with the patch pipette. The same myoball was
then manipulated into contact with the free nerve terminals of
either control or NT-3-treated neurons in 3-d-old cultures. These
free terminals were never in contact with any myocytes before,
and their ability to release ACh thus reflects faithfully the pre-
synaptic property. SSCs were then recorded from each terminal
for about 10-20 min using the whole-cell recording pipette at-
tached to the myoball. The mean amplitude and frequency of
SSCs in control terminals were 123 + 20 pA and 4.5 + 1.2
events/min, whereas those of NT-3—treated terminals were 345
+ 65 pA and 11.3 *= 2.8 events/min, respectively (n = 6 pairs).
The values from the NT-3-treated group were significantly high-
er than those from the control group (¢ test, p < 0.01). Interest-
ingly, 66% of NT-3-treated terminals even exhibited bell-shape
like distributions of SSC amplitudes (data not shown). Thus, it
appears that NT-3 produces significant presynaptic effects in-
dependent of postsynaptic cells.

Morphological changes induced by neurotrophins

To examine the morphological changes induced by the neuro-
trophins, we measured the levels of synaptophysin and synapsin
I, two synapse-specific proteins. Since there were only limited
a number of neurons in the nerve-muscle cultures, it was diffi-
cult to measure the levels of these proteins, even with the most
sensitive immunoblotting methods. Instead, immunocytochem-
istry was used to detect changes in the levels and distribution
of these proteins in the spinal neurons. Synaptophysin, an inte-
gral membrane protein of the synaptic vesicle (Sudhof and Jahn,
1991), has been shown to be required for functional synaptic
transmission (Alder et al., 1992). We were able to detect syn-
aptophysin in immature neurons on the first day of culture, in-
dicating that its expression is associated with early neural de-
velopment. In 2-d-old control cultures, the protein was evenly
distributed throughout the cell body and neurites of spinal neu-
rons. Treatment with BDNF and NT-3 for 2 d caused a marked
segregation of synaptophysin into varicosities (enlargements
along the axons) along the axons and nerve terminals (data not
shown). The staining of synaptophysin became gradually seg-
regated in 3-d-old culture (Fig. 5A), but the segregation was
more pronounced in BDNF- or NT-3-treated cultures (Fig.
5C,D). The staining also looked much brighter and appeared to
be concentrated on varicosities in the BDNF- and NT-3-treated
cultures (compare Fig. 54,C,D). We used an imaging analysis
program for semiquantitation of the staining. The staining inten-
sities from all varicosities along the axon of a spinal neuron
(minimum of 10) were subtracted from nonspecific fluorescence
from the same image and averaged. In BDNF- and NT-3—treated
neurons, the intensity of the staining on the varicosities increased
36% and 41% (Fig. 7). NGF had no effect on the distribution
and intensity of synaptophysin (Figs. 5B, 7). The effects of NT-3
were virtually prevented by cotreatment with k252a, suggesting

The Journal of Neuroscience, July 1995, 15(7) 4801

that the neurotrophin effects are mediated by trk receptor tyro-
sine kinases (Figs. 5E, 7).

We also investigated the effects of NT-3 on the staining of
synapsin I, a neuronal phosphoprotein associated with synaptic
vesicles (Greengard et al., 1993). Several lines of evidence sug-
gest that synapsin I may be one of the molecules involved in
the maturation of neuromuscular synapses (Lu et al., 1992; Val-
torta et al., 1995). Using an antibody specific for Xenopus syn-
apsin I, we found that the level of synapsin I was low in the
immature neurons in 2-d- and 3-d-old control cultures (Fig. 6).
Unlike synaptophysin, synapsin I immunoreactivity was usually
associated with nerve terminals and varicosities where synaptic
vesicles are concentrated. There were a few synapsin [ positive
spots on the neurites of spinal neurons in 2 d cultures (not
shown), and the number of spots increased slightly in 3 d cul-
tures (Fig. 64). Most of the synapsin I positive neurites were in
contact with myocytes, raising the possibility that endogenous
NT-3 released from target myocytes induces synapsin I expres-
sion in innervating neurons. In contrast to controls, the level of
the staining increased significantly in neurons cultured in BDNF
or NT-3 for 3 d (Fig. 6C,D). Computer imaging analysis showed
that the intensity of synapsin I staining increased by 75% and
102% after BDNF and NT-3 treatments (Fig. 7). Virtually all
nerve terminals and varicosities exhibited bright synapsin I pos-
itive staining. Again, NGF did not have any effect on synapsin
I expression, and k252a blocked the NT-3 effect (Fig. 6B,E).

In addition to enhancing the levels of synapsin I and synap-
tophysin staining, BDNF and NT-3 also elicited more varicosi-
ties per spinal neuron. Varicosities were defined as synaptophy-
sin and synapsin I positive enlargement along the neurites of
spinal neurons. Because of the heterogeneity of the number of
varicosities per unit length of neurite, we counted the total num-
ber of varicosities per neuron. As shown in Figures 5 and 6,
significantly more varicosities were found in neurons grown in
BDNF and NT-3 than those in control cultures. Quantitative
measurements indicated that the total number of varicosities per
neuron increased 104% and 152% in 3 d cultures treated with
BDNF and NT-3 compared with control and NGF-treated cul-
tures (Fig. 8). k252a also blocked the effect of NT-3 on the
number of varicosities. These results suggest that BDNF and
NT-3 increase the number of nerve terminals and synaptic con-
tacts. Thus, the neurotrophins not only enhanced the expression
of synaptic vesicle proteins, but also induced morphological dif-
ferentiation of presynaptic terminals.

Discussion

Xenopus neuromuscular synapses undergo a maturation process
in culture similar to the one in vive (Kullberg et al., 1977; Na-
kajima et al., 1980). A number of electrophysiological parame-
ters can be used to monitor the progress of synaptic maturation.
There is a gradual increase of the frequency and amplitude as
well as a decrease in the rise time of SSCs (Evers et al., 1989).
The transition from a skew- to a bell-shaped SSC amplitude
distribution usually occurs around 4-5 d in culture (Kidokoro,
1984; Lu et al., 1992). The amplitude of ESCs becomes much
larger and more consistent (Evers et al., 1989). A major finding
of the present study is that NT-3 and BDNF accelerated the
progression of synaptic maturation, as measured by the above
electrophysiological parameters. The increase in the frequency
of SSCs and the amplitudes of ESCs upon acute application of
BDNF and NT-3 to the same culture system has been recently
reported (Lohof et al., 1993). The chronic effects of the neuro-
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Control
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Figure 5. Effects of NT-3 on synaptophysin expression. Dissociated, 3-d-old Xenopus nerve-muscle cultures were fixed and processed for standard
indirect immunofluorescence histochemistry, using an anti-synaptophysin antibody. Note the increase of synaptophysin staining as well as the
number of varicosities in BDNF- and NT-3—treated neurons. Scale bar, 20 pum.

trophins, however, showed several distinctive features, when
compared with acute effects of the factors observed previously.
For example, long-term BDNF or NT-3 treatment resulted in an
increase in the mean amplitude and a decrease in the rise time
of SSCs (Table 1). A more dramatic change was the earlier ap-
pearance of a bell-shaped distribution of SSC amplitudes (Figs.
I, 2). No such changes were seen after acute exposure of neu-
rotrophins (Lohof et al., 1993). Moreover, the acute effects of
NT-3 are transient, depending on a continuous presence of the

factors. In contrast, chronic exposure of NT-3 elicited a pro-
found change in synaptic efficacy that persists even after with-
drawal of the neurotrophin. Long-term neurotrophin treatment
also enhanced the levels of presynaptic vesicle proteins (Fig. 7).
Finally, BDNF and NT-3 induced a morphological change of
presynaptic neurons: the number of varicosities increased sig-
nificantly (Fig. 8). Thus, the acute application of neurotrophins
induces transient change in the probability of transmitter release,
possibly through phosphorylation. In contrast, the chronic ef-




Control

NT-3+k252a
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Figure 6. Effects of NT-3 on the expression of synapsin I. Three-day-old nerve-muscle cultures were stained with an antibody against Xenopus
synapsin I. Note the increase of synapsin I staining in BDNF- and NT-3-treated neurons. Also notice that the number of varicosities in cultures

treated with BDNF and NT-3 were markedly increased. Scale bar, 20 pum.

fects of neurotrophins may involve gene regulation that ulti-
mately leads to long-term structural and functional maturation
of the synapses.

The higher frequency and amplitude of SSCs observed at syn-
apses after neurotrophin treatment could result from pre- and/or
postsynaptic changes. A higher SSC amplitude could be due to
a larger amount of ACh per quantal package in the presynaptic

terminals or to an increase in postsynaptic ACh sensitivity. An
increase in SSC frequency usually indicates a presynaptic effect:
either more releasable ACh packages are available or the prob-
ability of release is increased. However, a potentiation of post-
synaptic ACh responsiveness could also elevate synaptic cur-
rents normally hidden within the recording noise and thus in-
creasc the apparent SSC frequency. Our cell manipulation
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Figure 7. Quantitation of neurotrophin effects on the staining of syn-
apsin I and synaptophysin. Images of spinal neurons in 3 d cultures
grown in different conditions as indicated were analyzed by the Adobe
PHOTOSHOP program. Data are expressed as percentage of control (mean
+ SEM). Each column represents relative staining intensity on vari-
cosities averaged from five to eight spinal neurons. *Significantly dif-
ferent (z test, p < 0.001).

experiments indicated that ACh pulses from NT-3—treated nerve
terminals were obviously bigger and more frequent. In addition,
NT-3 induced the expression of synaptic vesicle proteins. Inter-
estingly, NT-3 treatment did not elicit significant changes of
decay time, although the reduction of SSC decay time occurs
during normal development of neuromuscular synapses. This of-
fers additional evidence that NT-3 acts on presynaptic nerve
terminal without affecting postsynaptic ACh receptors. All these
observations are in favor of a presynaptic action of neurotro-
phins.

Exactly how BDNF and NT-3 enhance synaptic efficacy is
unknown. A previous study showed that the neurotrophins in-
duced choline acetyltransferase (CAT) activity in motor termi-
nals (Wong et al., 1993). However, enhancement of ACh syn-
thesis can only partially explain the changes in synaptic physi-
ology. Assuming that BDNF and NT-3 increase ACh levels uni-
formly in all vesicles, one could predict a general increase in
the frequency and amplitude of SSCs. This would not lead to
the appearance of a bell-shaped amplitude distribution nor a
change in the rise time. A more likely mechanism is that BDNF
and NT-3 enhance the loading of ACh to unfilled synaptic ves-
icles. This will lead to uniformed vesicles and, thereby, a bell-
shaped distribution of SSC amplitude. Neurotrophic regulation
of synapsin I expression at neuromuscular synapses may con-
tribute to mechanisms underlying the enhancement of synaptic
efficacy. Exogenous synapsin I loaded into Xenopus spinal neu-
rons accelerates structural and functional maturation of neuro-
muscular synapses (Lu et al.,, 1992; Valtorta et al., 1995). In
addition, when endogenous synapsin 1 was induced to express
earlier neuromuscular synapses matured much earlier (Lu et al.,
unpublished observations). Since synapsin I can cause aggre-
gation of synaptic vesicles (Benfenati et al., 1994), it is con-
ceivable that the interaction of synapsin [ with synaptic vesicles
and cytoskeletons may help the assembly of mature transmitter
release machinery, including the development of active zones
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Figure 8. Scatted plot of neurotrophin effects on the number of var-
icosities per neuron. Each data point represents number of varicosities
of a single spinal neuron. The horizontal lines indicate the mean values
of control and neurotrophin-treated groups. The BDNF and NT-3
groups are significantly different from the control group (¢ test, p <
0.001). The NT-3 + k252a group is not significantly different from the
control group.

and loading of ACh to synaptic vesicles. However, knockout
mice lacking the synapsin I gene manifest no significant changes
in their synaptic architecture (Rosahl et al., 1994). It is unclear
whether synapses in the mutant mice undergo normal maturation
process during development. In the present study, we have
shown that NT-3—-enhanced synapsin [ staining at these terminals
(Figs. 6, 7). It is tempting to think that neurotrophins elicit their
effects by inducing synapsin I expression. Whether neurotro-
phin-induced synaptic maturation is, indeed, mediated by syn-
apsin I requires further investigation.

BDNF and NT-3 also enhance the survival and neurite exten-
sion of spinal neurons in Xenopus nerve muscle cultures (Wang
and Lu, unpublished observation; M.-m. Poo, personal com-
munication). The neurotrophins have also been shown to upre-
gulate the CAT activity in embryonic motor neurons (Wong et
al., 1993). These findings raised the concern whether the poten-
tiation of synaptic maturation observed in the present study is
merely a natural consequence of motor neuron differentiation
induced by the neurotrophins. However, several lines of evi-
dence suggest that the effects of the neurotrophins on synapse
maturation are distinguishable from those on general neuronal
differentiation. First, BDNE although it enhances survival and
neurite extension better than NT-3, was less effective in pro-
moting synaptic maturation (Table 1). Second, an overall in-
crease in the CAT activity in spinal neurons cannot explain the
appearance of a bell-shaped amplitude distribution of SSCs. Fur-
thermore, longer and more branched neurites do not automati-
cally confer more mature synapses with reliable synaptic effi-
cacy. In fact, we detected virtually no SSCs on neurites between
varicosities in neurons grown in NT-3 (Lu et al., unpublished
observations). It appears that transmitter release capacity became
more restricted to the varicosities or nerve terminals after neu-
rotrophin treatment. Nevertheless, it is difficult to fully establish
that BDNF and NT-3 exert distinct effects on synaptic matura-



tion, independent of their effects in promoting neuronal survival
and neurite outgrowth.
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