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Depression of Developing Neuromuscular Synapses Induced by
Repetitive Postsynaptic Depolarizations
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Effect of postsynaptic activity on the synaptic efficacy was
studied in Xenopus nerve—-muscle cultures. Repetitive post-
synaptic depolarizations induced by injection of current
pulses into singly innervated myocytes resulted in signifi-
cant reduction in the frequency of spontaneous synaptic
currents and the amplitude of nerve-evoked synaptic cur-
rents at the majority of synapses that showed immature syn-
aptic properties. Repetitive hyperpolarizations and steady
depolarizations of similar duration were without effect. The
depolarization-induced synaptic depression appeared to re-
sult predominately from a reduced ACh secretion from the
presynaptic nerve terminal. Buffering the myocyte cytosolic
Caz* at a low level with intracellular loading of a Ca2+ buffer,
1,2-bis(2-aminophenoxy)ethane-N,N,N N -tetra-acetic acid
(BAPTA), significantly reduced the effect of the depolari-
zations. Thus postsynaptic electrical activity can regulate
the synaptic efficacy of the developing neuromuscular syn-
apses and the regulation may be mediated by retrograde
transsynaptic interactions.

[Key words: synaptic competition, synaptogenesis, syn-
aptic plasticity, neuromuscular junction, cell culture, Xeno-
pus laevis]

The formation and stability of synaptic connections in the ner-
vous system are influenced by the amount and the pattern of
electrical activity (Purves and Lichtman, 1985; Shatz, 1990). In
CNS and PNS, activity is known to influence the competition
between nerve terminals that coinnervate the same target region,
a process of critical importance during the consolidation of ma-
ture nerve connections (Hubel and Wiesel, 1965; Benoit and
Changeux, 1975; Constantine-Paton et al., 1990). Although the
mechanism underlying synaptic competition among coinner-
vating nerve terminals remains unknown, the involvement of
postsynaptic activity has been implicated. Postsynaptic block
of ACh receptors with curare reduced the elimination of poly-
neuronal innervation at developing neuromuscular junctions
(Srihari and Vrbova, 1978), and nerve terminals rendered in-
active by postsynaptic blockade are at a disadvantage when
forced to compete with nearby terminals on the same muscle
fibers (Balice-Gordon and Lichtman, 1991). In vivo observation
of the temporal sequence of the depletion of the postsynaptic
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ACh receptors and the withdrawal of the presynaptic axons from
the developing neuromuscular junctions suggests that the ACh
receptors may play an important role in competitive synaptic
reorganization (Balice-Gordon and Lichtman, 1993). In the frog
nervous system, pharmacological blockade of the NMDA re-
ceptors disrupts developing retinotectal connections (Cline et
al., 1987), and prevents the normal process of synaptic elimi-
nation in the cerebellum (Rabacchi et al., 1992).

Hebb (1949) postulated that the efficacy of a synaptic con-
nection may be influenced by the coincidence of pre- and post-
synaptic activities. Extensions of this postulate propose that a
synapse may be potentiated or stabilized by synchronous pre-
and postsynaptic activity, but weakened by asynchronous ac-
tivity (Stent, 1973; Brown et al., 1990; Constantine-Paton ¢t al.,
1990). Postsynaptic activity alone (in the absence of presynaptic
activity) resembles the condition of asynchronous activity, and
thus may weaken the synapse. In the present study, repetitive
postsynaptic depolarization was induced in innervated my-
ocytes, and the effect on synaptic efficacy was examined.

It has been shown recently that repetitive stimulation of a
presynaptic neuron in Xenopus nerve—muscle cultures results in
functional suppression of synapses made by other neurons in-
nervating the same postsynaptic myocyte (Lo and Poo, 1991,
1994). Similar synaptic depression can be induced at a singly
innervated myocyte by repetitive postsynaptic application of
ACh (Dan and Poo, 1992). Heterosynaptic suppression can be
induced with or without postsynaptic depolarization, but post-
synaptic depolarization appeared to slightly enhance the sup-
pression effect (Lo and Poo, 1994). Since one of the conse-
quences of nerve stimulation or ACh application is postsynaptic
depolarization, it would be of interest to know whether repet-
itive postsynaptic depolarizations alone can induce synaptic de-
pression. Systematic studies carried out in the present study
showed that significant reduction of both spontaneous synaptic
activity and nerve-evoked responses can indeed be induced by
repetitive postsynaptic depolarizations at most of the synapses
examined. Interestingly, the affected synapses consistently
showed functional properties of immature synaptic contacts.
Early synaptic activity is believed to play important roles in the
maturation of pre- and postsynaptic properties (Kidokoro and
Saito, 1988; Stretavan et al., 1988; Pasic and Rubel, 1989). The
present result supports the notion that postsynaptic depolari-
zations induced by active synapses impede the maturation and
stabilization of inactive, developing synapses.

Materials and Methods

Culture preparation. Xenopus nerve-muscle culture was prepared as
previously reported (see preceding companion article, Lo and Poo, 1994).
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Figure 1. Depression of spontaneous
synaptic activity induced by repetitive
postsynaptic depolarizations. a, The
continuous trace depicts whole-cell
voltage-clamp recording of the mem-
brane current of a singly innervated
myocyte in a 1-d-old Xenopus nerve—
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Isolated myocytes singly innervated by cocultured spinal neurons were
used in the present study.

Electrophysiology. Gigaohm-seal whole-cell recording methods fol-
lowed those described previously (Hamill et al., 1981; Lo and Poo,
1994). Current injection was applied in current-clamp mode through
the whole-cell recording pipette. Action potentials resulting from the
current injections usually trigger a few muscle contractions at the onset
of repetitive stimulation. In the nerve-muscle cultures prepared for the
present study, these muscle contractions did not interfere with the sta-
bility of whole-cell recording, Initial tests of repetitive stimulation at
various frequencies suggested that stimuli with frequencies up to 6-8
Hz can be applied for prolonged period without deleterious effects on
the myocyte, as indicated by the maintenance of the same resting mem-
brane potential. Thus a standard stimulation frequency of 6 or 8 Hz
was adopted for most of the experiments. For iontophoretic mapping
of ACh sensitivity, conventional micropipettes were made and filled
with 3 M ACh chloride. The resistance of the ACh pipette was in the
range of 100-300 M, and required 2-6 nA braking current. The mean
amplitude of membrane current induced by identical pulses of ACh
(duration 1 msec) applied at the myocyte surface was used to assay the
ACh sensitivity.

Results

Effects of repetitive depolarizations on spontaneous synaptic
activity

Cultures of embryonic nerve and muscle cells were prepared
from Xenopus embryos. One day after cell plating, many spinal
neurons establish functional synapses with cocultured myoto-
mal myocytes (Xie and Poo, 1986; Evers et al., 1989). Spon-
taneous synaptic activity was assayed by whole-cell recording
of spontaneous synaptic currents (SSCs) from the innervated
myocyte, with the holding voltage set at the resting membrane
potential (range, —65 to —80 mV). To examine the effect of
postsynaptic depolarizations, recording of SSCs was interrupted
for a period of 20 min, during which the whole-cell recording
was switched to current-clamp mode and pulses of positive
currents were repetitively injected into the myocyte through the
recording pipette. In a typical experiment, as shown in Figure
I, we used square-pulse currents of 0.8 nA amplitude and 5
msec duration at a rate of 6 Hz, resulting repetitive firing of
myocyte action potential. The peak amplitude of the induced

l muscle culture. Spontaneous synaptic

currents (SSCs) are shown as downward
deflection of the membrane currents (7,
= —70 mV, filtered at 150 Hz). Repet-
itive depolarizations were induced at a
frequency of 6 Hz for a period of 20
min by injection of square-pulse posi-
tive currents into the myocyte under the
current-clamp condition. Calibration:
100 pA, 30 sec. b and d, Samples of
SSCs at a higher time resolution (fil-
tered at 2.5 kHz) are shown by super-
imposed oscilloscopic traces for the
same number of sweeps before (b) and
after (d) the depolarizations. Calibra-
tion: 150 pA, 20 msec. ¢, Sample traces
depicting action potentials induced by
the injected currents. Calibration: 30
mV, 10 msec.

it

action potentials was in the range of 70-100 mV., Myocyte mem-
brane currents were recorded for about 8 min before and after
the 20 min period of repetitive depolarizations. In this case,
both the frequency and the mean amplitude of SSCs were found
to be significantly reduced after the depolarizations.

The effect of repetitive depolarizations on the SSC frequency
was first analyzed. Figure 2a depicts changes in SSC frequency
observed in 17 experiments using a single episode of depolar-
izations at 6-8 Hz for 20 min: 11 cases showed significant re-
duction, one showed significant increase (all at p < 0.05, rank
sum test), and five remained unchanged. For control experi-
ments in which no current was injected into the myocyte over
the 20 min period, we found no significant change in the SSC
frequency in all five cases (Fig. 2b).

The change in the SSC amplitude was then analyzed by com-
paring the amplitude distribution before and after the depolar-
ization. A significant shift of the distribution toward smaller
amplitudes was found in 8 of 17 experiments (p < 0.05, rank
sum test), six cases showed no change (p > 0.05), and three
cases showed significant shift toward larger amplitude (p <
0.05). Among the eight cases that showed amplitude reduction,
six cases also exhibited reduction of SSC frequency. Including
all 17 cases, the average mean amplitude after depolarizations
was 80 = 11% (£SEM) of the predepolarization value (see Fig.
3). Interestingly, we found there was no apparent correlation
between the extent of depression in the frequency and amplitude
of SSCs (coefficient = 0.29), suggesting separate mechanisms
underlie these two effects. The observed reduction of SSC am-
plitude showed no recovery over the duration of these experi-
ments (up to 30 min postdepolarization).

In a series of experiments we studied the dependence of the
depression effect on the number of depolarizing current pulses
applied to the innervated myocytes. As shown in Figure 44, the
percentage reduction of mean SSC frequency increased with the
total number of current pulses. At 100 pulses, three out of five
cases showed significant reduction of SSC frequency. On the
average, a reduction of 15.4 + 8.8% (£SEM, n = 5) was ob-
served after 900 pulses and the reduction increased to 30.0 +
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Figure 2. Changes in the frequency of spontaneous synaptic currents (SSCs) under various conditions. a, Repetitive depolarizations were induced
in the myocytes at a frequency of 6-8 Hz for 20 min by postsynaptic injection of positive current pulses of 5 msec duration. The frequency of
SSCs (events/minute) was measured over 10 min periods immediately before and after the depolarizations. Two groups of frequency values obtained
were subjected to rank sum test to determine whether there was significant difference and that were averaged within the group to determine the
mean SSC frequency before and after depolarizations. Data point represents mean SSC frequency, and the line connects data from the same cell.
Solid lines indicate synapses that showed significant reduction in the SSC frequency (at p < 0.05). Dashed lines show significant increase (at p <
0.05) and dorted lines show no significant change. b, Control recordings for which no current was injected into the myocyte during the 20 min
period. ¢, Negative currents (square pulses of 5 msec duration) were injected into the myocyte to induce repetitive hyperpolarizations of amplitudes
70-100 mV for 20 min at a frequency of 6 Hz. d, Steady depolarization of the myocyte was produced by voltage clamping the myocyte membrane
potential at 0 mV for 20 min. ¢, The same as a except that the recording pipette contained 5 mM BAPTA and 2 mm Ca’*.

8.0% (=SEM, n = 17) after 7200 pulses. On the other hand, the
reduction in the mean SSC amplitude became significant only
after about 3000 pulses (Fig. 4b), again suggesting different
mechanisms may be involved in the reduction of SSC ampli-
tudes.

Effects of repetitive hyperpolarization and steady
depolarization on spontaneous activity

Whether the depression of spontaneous synaptic activity de-
pends on the polarity of postsynaptic potential changes was

Repetitive Depol

Figure 3. Effects of various types of
postsynaptic stimulation on the fre-
quency and amplitude of SSCs. The
percentage values refer to average val-
ues of SSC frequency or mean SSC am-
plitude after the experimental treat-
ment, normalized to the value prior to
the treatment at the same cell. The same
data set as that shown in Figure 2. Re-
petitive Depol, No Treatment, Repeti-
tive Hyperpol, Steady Depol, and Re-
petitive Depol with BAPTA correspond
to experimental conditions described
for Figure 2a-e, respectively. Error bars

No Treatment

Repetitive Hyperpol

Steady Depol

Repetitive Depol
with BAPTA

examined by injecting negative current pulses into innervated
myocytes. The duration of the current pulses was 10 msec and
the amplitude was adjusted to a level that produced hyperpo-
larizations in the range of 70-100 mV. For repetitive hyper-
polarizations induced at 6 Hz for 20 min, we found no significant
change in SSC frequency in all five cases examined (p > 0.05,
rank sum test, see Fig. 2¢). The average percentage change in
either the mean frequency or the mean amplitude was not sig-
nificant (Fig. 3).

In experiments studying the effect of repetitive depolariza-

represent SEM (n = 5-17). ANOVA test
of the entire data set suggested signifi-
cant difference in the subgroups (at p =
0.02 and 0.06 for mean SSC frequency
and amplitude, respectively). ¥, values
significantly different from the no treat-
ment control by paired ¢ test (p < 0.05).

Mean SSC Frequency
(% of Control)

50 100

Mean SSC Amplitude



tions, pulsed currents were used in order to initiate action po-
tentials in the myocytes. To determine whether action potentials
are required to produce the depression, steady depolarization
was applied to myocytes by voltage clamping the membrane
potential at 0 mV for a duration of 20 min. Many myocytes
showed irreversible loss in their membrane potential after 20
min of steady depolarization, and large leakage currents pre-
vented reliable assay of SSCs after the voltage clamp was set
back to the original resting potential. However, in all seven cases
where relatively stable membrane potential at the original level
was restored after the steady depolarization, we found no re-
duction in the frequency of SSCs in three cases, a significant
increase in three cases, and a significant reduction in one case
(Figs. 2d, 3).

Persistence of depression in spontaneous synaptic activity

The depolarization-induced depression of SSCs appeared to be
relatively long-lasting. Figure 5 depicts changes in SSC fre-
quency with time in three separate experiments. We found SSC
frequency remained relatively constant in the absence of post-
synaptic depolarizations (Fig. 5a). Persistent depression was
observed after 20 min of repetitive depolarizations at 6 Hz.
When repeated episodes of depolarizations were applied, the
effect appeared to accumulate until a steady level of depression
was reached (Fig. 5b,¢). No recovery of SSCs was observed for
as long as stable recording could be made (up to ! hr). Figure
5d depicts a composite graph of the SSC frequency with time
obtained by normalizing all frequency values against the mean
frequency observed prior to repetitive depolarizations from nine
experiments that showed significant suppression. Persistent de-
pression was apparent for the 15 min period after the depolar-
ization.

Effects of repetitive depolarizations on evoked synaptic
responses

The amplitude of impulse-evoked synaptic currents (ESCs) was
measured by low-frequency (0.033 Hz) extracellular supra-
threshold stimulation of the presynaptic neuron at the soma
before and after repetitive induction of postsynaptic depolari-
zations. After 100 pulses of current injection (at 2 Hz), we ob-
served a significant reduction of mean ESC amplitude of 20.4
+ 5.8% (xSEM, n = 12; p < 0.005, ¢ test), as compared to the
control predepolarization level. After 20 min of repetitive de-
polarizations (7200 pulses at 6 Hz), a reduction of 41.2 + 4.6%
(£SEM, n=25; p < 0.0003, t test) was observed. Large variation
in the extent of depression was due to the lack of effect on a
minority of synapses examined. In 25 cases of prolonged (20
min) repetitive depolarizations, 6 showed no significant reduc-
tion in the mean ESC amplitude. Three examples of recordings
that showed significant depolarization-induced depression of
ESCs are shown in Figure 6. We noted that the reduction of
evoked responses was accompanied by a reduction in the SSC
frequency in most cases (14 of 19) and SSC amplitude in some
cells (9 of 19), although the extent and time course in the re-
duction of spontaneous activity varied greatly. However, there
was no apparent correlation between the extent of changes in
SSC frequency or amplitude with changes in ESC amplitude.
For example, in the case shown in Figure 60, recovery of the
evoked response was observed within 5 min after the depolar-
ization, while little recovery was observed for spontaneous events.

In a series of experiments we studied the depression of ESCs
after various number of depolarization pulses were applied. As
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Figure 4. Reduction in mean SSC frequency (a) and mean SSC am-
plitude (b) following different numbers of depolarization pulses. Current
pulses ranging from 10 to 7200 were applied to singly innervated my-
ocytes at a frequency of 2 or 6 Hz. Percentage of reduction from control
values (set as 100%) was determined within the first 10 min following
the depolarization. The error bars refer to SEM, and the number as-
sociated with each bar refers to the number of cells examined.

shown in Figure 7, a small but significant reduction of ESC
amplitude (20.2 + 8.7%, +SEM, n = 6) was found after 30
pulses of depolarizing currents but not hyperpolarizing currents,
and the effect increased with the number of the current pulses
from 10 to 7200. It may be noted that there was large variation
in the extent of depression in different cells. For example, at
100 depolarization pulses, 6 out of 12 cases showed significant
reduction in ESC amplitudes, while the rest (including the case
shown in Fig. 6a) showed no significant change.

Involvement of postsynaptic Ca’* elevation

In Purkinje cells of acute cerebellar slices, elevation of cytosolic
Ca?* resulting from depolarizing voltage pulses has been shown
to induce a reduction of spontaneous inhibitory currents (Llano
et al., 1991). In Xenopus nerve-muscle cultures, Ca?* influx
appears to be responsible for the induction of heterosynaptic



4698 Lo et al. « Synaptic Depression Induced by Postsynaptic Depolarization

0.50
- M«\/\/\\/\N“\/V\JV\/W
—
' b
0.157
> v
Q o ‘ ¥
. — ]
c | N
o | i
I [
0.05 ! P
-2 B VAVt
|l 1 ! ! }.—M\ K iﬂ.\\“ N 7\/\*
L 0- ' v w ,
Figure 5. Time course of depolariza- C v o
tion-induced depression in SSC fre- 0 12 V
quency. a Control recording from a syn- ] |
apse for a duration of about 70 min, /)] I v
showing the stability of SSC frequency (7p] 8 1 ] ' \
in the absence of repetitive depolari- i i i P
zations. b and ¢, The same 20 min ep- | ! i
isode of depolarizations (5 msec pulse, 41 ! /Vi | P
6 Hz) was repeated two or three times ‘ ! N e eV
during the course of the experiment (at 0 4 ! i v
time marked by the arrow), resulting
progressive reduction in the SSC.fre- 02468
quency. The effect of depolarizations
appeared to accumulate and reached a d
steady level after two episodes of de-
polarizations. No recovery of the fre- 5!\ o V
quency was observed for as long as the co 4 v,
recording could be made (1 hr in ¢). O = o o 2 o1
Data were omitted for 20 min intervals 3 150 o o o1 1
marked by the tilted dashed lines. d, g 8 o © ° ‘8’1 |
Normalized plot of the changes in SSC -t 0,5088850, "1 | °
frequency with time for nine synapses w "6 100 7 "5“§°§' 8553551103038 """""""""
that showed significant depression after o 06 oS0 1 1°2,885880 4 o
Py T O 1 o1g88c%e g g oss
repetitive depolarizations. For each o~ 50 e [ gg 8 ggs 8 o §°
synapse, the data for the frequency g ~ 't 188 95 goeSoo
(events/min) were normalized against 0 T T N
the mean frequency of the same synapse -5 0 10
during the entire recording period prior
to the depolarizations. Tl me (m | n)

suppression, since the latter was absent when myocyte Ca?* level
was buffered at a low level with BAPTA (Lo and Poo, 1994).
In the present study, Ca?* influx through the voltage-dependent
Ca?* channels due to postsynaptic depolarizations could also
be responsible for the induction of synaptic depression. This
possibility was tested by filling the whole-cell recording pipette
with 5 mM BAPTA and 2 mm Ca?* in order to buffer the Ca?+
concentration of the myocytes at 100 nM (see Lo and Poo, 1994).
The average frequency of SSCs after 20 min depolarizations at
6 Hz was 93 = 9.8% (+SEM, n = 7) and the mean ESC am-
plitude was 81 + 14.3% (+SEM, n = 9) of the predepolarization
control values, respectively. Although the reduction in the ESC
amplitude persisted relative to the control values, the percentage
reduction was significantly smaller than that found in the ab-
sence of BAPTA (p < 0.05, ¢ test).

Correlation of depolarization-induced depression with synapse
maturity

Although the majority of synapses studied were significantly
affected by repetitive depolarizations, a number of cases showed
no or opposite effect on either spontaneous or evoked synaptic
currents. To understand the cause of this variability, we have
examined the correlation between the depression effect and the
characteristics of synaptic currents observed prior to the de-
polarizations. As shown in Figure 8, 2 and b, we found a negative
correlation between depolarization-induced depression in SSC
frequency with the predepolarization mean amplitude of the
SSCs (correlation coefficient = —0.55). A weaker positive cor-
relation was observed between the depression and the initial
SSC frequency (coefficient = 0.40). The average value of the
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mean SSC amplitude of 6 cases that showed no suppression in
SSC frequency was 0.34 + 0.07 nA (+SEM), while that of the
11 cases showing depression was 0.14 + 0.02 nA (£SEM). The
difference was statistically significant (p < 0.05, ¢t test). More-
over, we noticed that all synapses that showed depression in
SSC frequency exhibited a simple skewed distribution of SSC
amplitudes with predominantly small events, as illustrated in
Figure 9a, while all cases that showed no change or increases
in frequency exhibited many events at higher amplitudes (Fig.
9b). A cumulative frequency plot of the SSC amplitude distri-
bution for all cases studied is presented in Figure 9¢. Statistical
significant difference (at 0.05 level, Kolmogorov-Smirnov test)
was found between the values for cases that showed significant
depression and that showed no change. Increases in SSC am-
plitudes are known to accompany synaptic maturation in these

40

Figure 6. Evoked synaptic currents

(ESCs) were reduced in amplitude after
r repetitive depolarizations. a, The con-
tinuous trace depicts the membrane
current recorded from an innervated
myocyte (V, = —70 mV, filtered at 150
Hz). The presynaptic neuron was stim-
ulated to fire action potentials and ESCs
recorded in the myocyte were shown as
downward deflections at the times
marked by the triangles. Randomly oc-
curring downward deflections are SSCs.
Calibration: 1 nA, 1 min. The recording
was interrupted for two intervals during
which 100 and 7200 depolarization
pulses, respectively, were applied.
Shown below at higher time resolution
are computer-averaged ESCs before and
after the depolarizations (calibration: 1
nA, 5 msec), and myocyte membrane
depolarizations during repetitive pulse
application (calibration: 25 mV, 10
msec). b and ¢, Results from two ex-
periments in which only one episode of
repetitive depolarizations (20 min at 6
Hz) was applied. The mean ESC am-
plitude (open circles) and the mean fre-
quency of SSCs (solid circles) were plot-
ted before and after repetitive
depolarizations. Each point represents
the mean value over 1 min interval.
Partial recovery of ESCs was observed
in b, while persistent depression of both
ESCs and SSCs was observed in c.

SSC Frequency ( Hz) —o—

cultures (Kidokoro, 1984; Lu et al., 1992). On the other hand,
no correlation of the synaptic maturation with the frequency of
SSCs has been established in previous studies. The present re-
sults thus are consistent with the idea that less mature synapses
are more susceptible to depression by repetitive postsynaptic
depolarizations.

The extent of depolarization-induced depression of evoked
responses appears to correlate with either the mean amplitude
or the relative fluctuation of the predepolarization ESC ampli-
tudes, as indicated by the coefficient of variation (SD/mean).
As shown in Figure 8, ¢ and d, the correlation coefficients were
—0.50 and 0.43, respectively. Since maturation of these syn-
apses is accompanied by an increase in the mean amplitude and
a reduction of amplitude fluctuation (Buchanan et al., 1989;
Evers et al., 1989; Lu et al., 1992), the above correlation again
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pulses applied to postsynaptic myocyte. Percentage of reduction in the
mean ESC amplitude is plotted against the pulse number, which ranges
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6 Hz pulses are represented by solid and open symbols, respectively.
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pulses were applied. The error bars refer to SEM, and the number
associated with each bar refers to the number of cells examined.
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suggests that less mature synapses are more susceptible to mod-
ulation by postsynaptic depolarizations.

Effect of repetitive depolarizations on myocyte ACh sensitivity

Electrical activity of the muscle cell is known to downregulate
the density of muscle surface ACh receptors (Berg and Hall,
1975; Schuetze and Role, 1987). It is possible that the observed
effect of repetitive depolarizations on the amplitude of synaptic
currents was due to a reduction of muscle ACh sensitivity. Lower
ACh sensitivity could reduce spontaneous ACh-induced muscle
responses to a level below the resolution of our recording, re-
sulting an apparent reduction in SSC frequency. This possibility
was examined by measuring the effect of repetitive depolari-
zations on the membrane current induced by focal iontophoresis
of ACh on the extrasynaptic surface of the innervated myocyte.
We found no significant change in ACh-induced responses at
randomly selected spots on the myocyte surface after repetitive
depolarizations of the myocyte for 20 min at 6 Hz. An example
of the result is shown in Figure 10. The average ACh-induced
response was 99.0 + 6.6% (£SE, n = 5) of the control value
before the depolarization. Although an effect of depolarizations
on subsynaptic ACh sensitivity was not excluded, the present
result suggests that depolarization paradigms used in the present
study did not induce a global reduction of myocyte surface ACh
sensitivity.

C

100

10

100

Reduction in ESC Amplitude (%)

oo

0 0.5 1.0
SD/ Mean ESC Amplitude

Figure 8. Correlation of the depolarization effect with the synaptic characteristics. @ and b, The percentage reduction in SSC frequency after the
depolarizations was plotted against the predepolarization mean SSC frequency or mean SSC amplitude observed for each synapse. The solid lines
represent the best-fit lines for all points, with linear correlation coefficient of —0.55 and 0.40, respectively, in @ and b. ¢ and d, The percentage
reduction in the mean ESC amplitude after the repetitive depolarizations was plotted against the predepolarization mean ESC amplitude (c) or the
coefficient of variation (SD/mean) of the ESC amplitude (d). Correlation coefficient was —0.50 and 0.43, respectively, in ¢ and d.
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Figure 9. Amplitude histograms of
SSCs from two groups of synapses. a
and b, Examples of synapses that
showed significant depression and no
depression in SSC frequency, respec-
tively, after repetitive depolarizations
(6 Hz, 20 min) were applied. Note the
distinct skewed distribution in group a
and appearance of events at higher am-
plitudes in group b. The arrow marks
the median amplitude. ¢, Comparison
of amplitude distribution between all
synapses in the “depression” and “no
depression” groups. Cumulative fre-
quency is defined as the percentage of
total events exhibiting amplitudes be-
low a given amplitude value. The data

SSC Amplitude ( nA)

Fluctuation analysis of the ESC amplitude

Analysis of the fluctuation of the ESC amplitude could help to
determine whether the observed synaptic depression was due
solely to a change in the quantal size, for example, resulting
from a reduction of postsynaptic density and/or sensitivity of
ACh receptors, or whether changes in presynaptic release mech-
anisms are involved. As described previously (Lo and Poo, 1994),
if the depression is due to a reduction of the quantal size, the
coefficient of variation (CV) of ESC amplitudes should remain
unchanged after induction of synaptic depression. We have mea-
sured the CV of ESC amplitudes before (CV,) and after (CV,)
synaptic depression induced by repetitive depolarizations of the
myocyte (6 Hz for 20 min). As shown in Figure 11, the ratios
of CV squared (CV,/CV,?) deviate significantly from unity
(dashed line) in 14 experiments for which sufficient number of
ESC events were collected for the analysis. Thus, the depression
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2 points depict the average frequency val-
ues for 11 and 6 synapses in the “de-
pression” (open circles) and “no de-
pression” (solid circles), respectively.

cannot be a result of a simple reduction of the quantal size, and
a reduction in quantal content of the ESCs is likely to be in-
volved. Whether this is due to a reduction of the number of
available quanta and/or the probability of quantal release re-
mained to be determined.

Discussion

In dually innervated Xernopus myocytes in culture, repetitive
stimulation of one input resulted in persistent suppression of
synaptic efficacy of the unstimulated input (Lo and Poo, 1991,
1994). Repetitive iontophoretic application of ACh on singly
innervated myocytes also resulted in synaptic depression similar
to that induced by stimulation of one input on dually innervated
myocyte (Dan and Poo, 1992). In all these studies, ACh receptor
activation and associated Ca?* influx appear to play a major
role in the induction of synaptic depression. However, under
physiological conditions, postsynaptic receptor activation is al-
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Figure 10. lontophoretic mapping of ACh sensitivity of the myocyte
before (a) and after (b) repetitive depolarizations. The experiment was
similar to that shown in Figure 1 except that focal ACh iontophoresis
was also used to induce ACh responses at the myocyte surface, in order
to assay the myocyte ACh sensitivity. Square ACh pulses of the same
amplitude (2 nA), duration (1 msec), and frequency (1 Hz) were applied
during the interval marked by the solid bar. Insets depict 20 superim-
posed oscilloscopic traces of ACh-induced currents at a higher time
resolution. Calibrations: continuous trace, 300 pA and 25 sec; insets,
150 pA and 10 msec.

ways accompanied by membrane depolarization and the open-
ing of voltage-dependent Ca?* channels in the plasma mem-
brane. Moreover, in elongated muscle fibers, receptor activation
and associated Ca?* influx are restricted to the endplate region,
while muscle depolarization propagates throughout the entire
muscle fiber via action potentials. In multiply innervated neo-
natal muscle fibers, direct stimulation of the muscle, which pre-
sumably did not activate ACh receptors, accelerates the synapse
elimination (Thompson, 1983). If synaptic depression is a pre-
lude to synapse elimination, a depolarization-dependent syn-
aptic depression could facilitate synapse elimination at sites
relatively distant from the active synapses.

The main finding of the present study is the reduction in
spontaneous and evoked synaptic currents after repetitive de-
polarizations of the postsynaptic myocyte. This is not due to
deleterious effect of current injections, since similar hyperpo-
larization pulses were not effective. The viability of the myocyte
was also suggested by the stability of myocyte membrane po-
tential during and after repetitive depolarizations.

Two factors may account for the variability in synaptic de-
pression following repetitive depolarizations. First, there may
be heterogeneity in the neuronal types among the presynaptic
neurons examined (Bixby and Spitzer, 1984). Although a great
majority of neurons in these cultures are cholinergic and capable
of forming functional synapses with cocultured myocytes (Xie
and Poo, 1986), the SSC frequency at different synapses can
vary by two orders of magnitude, suggesting intrinsic differences
in the secretory activity among these spinal neurons. Such dif-
ferences may contribute in part to the differences in their re-
sponse to muscle depolarizations. Second, the status of matu-
ration of various synapses may differ. The SSCs of early
developing synapses show skewed amplitude distributions and
small mean amplitudes, and their ESCs exhibit higher fluctu-
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Figure 11. Analysis of the amplitude fluctuation of ESCs before and

after depolarization-induced synaptic depression. The ratio of coeffi-
cients of variation (CV) squared before and after depression, that is,
CV,2/CV 2, was plotted against the ratio of mean ESC amplitude after
the depolarizations to that before the depolarization. Each point rep-
resents data from one experiment. Dashed line represents theoretical
prediction for pure postsynaptic changes in synaptic responses, and the
Tvolid diagonal line represents the prediction for pure presynaptic changes
in transmitter secretion.

ation. These synapses appear to be most affected by the repet-
itive depolarizations (Fig. 9). Indeed, our analysis of ESC fluc-
tuation (Fig. 11) showed that synapses with higher fluctuation
exhibited more pronounced synaptic depression after depolar-
ization.

Depolarization-induced depression could result from a de-
creased postsynaptic ACh receptor density/sensitivity, a re-
duced ACh secretion from the presynaptic neuron, a change in
synaptic morphology, or a combination of these factors. The
finding that iontophoretically induced ACh responses at the
myocyte surface remained unchanged suggests that a global de-
crease in the ACh receptor density/sensitivity seems unlikely.
Since subsynaptic ACh receptors are not accessible to ionto-
phoresis assay (because of the hindrance of presynaptic neu-
rites), it is possible that the density/sensitivity of junctional
receptors was selectively reduced by depolarizations. We have
observed significant reduction of SSC frequency after 100 pulses
of depolarization, but significant reduction of SSC amplitude
was observed only when the number of depolarization pulses
was more than 3000. Even for prolonged repetitive depolari-
zations at 7200 pulses, there was substantial fraction of cells (5
of 11) for which the reduction in SSC frequency was not ac-
companied by any significant change in the mean SSC ampli-
tude. It should also be noted that no change in the SSC amplitude
was detected in experiments using heterosynaptic stimulation
at 100 pulses (see preceding companion article, Lo and Poo,
1994). Results from the analysis of ESC amplitude fluctuation
have suggested changes in presynaptic release mechanisms after



depression, either a reduction in available quanta or reduced
probability of secretion. Nevertheless, we cannot exclude the
possibility that the depression was caused by purely morpho-
logical changes of the synapse, for example, a selective with-
drawal of some of the nerve terminal branches, or by a selective
elimination of some postsynaptic ACh receptor clusters. The
reduction of the mean amplitude of SSCs and the significant
shift of amplitude distribution toward smaller sizes in some
cells suggest that there may be a reduction of subsynaptic ACh
sensitivity, a reduced content of ACh contained in the quantal
unit, a reduced release probability of larger quanta, or a selective
withdrawal of terminal branches responsible for their secretion.
Different mechanisms responsible for the effects on the fre-
quency and amplitude of SSCs may operate after different du-
ration of depolarizations. For example, reduction of postsyn-
aptic ACh sensitivity may appear after presynaptic changes had
occurred, thus reduction of SSC amplitude was observed only
after prolonged repetitive depolarizations.

The finding that steady depolarization was not effective in
producing synaptic depression suggests that initiation of action
potentials in the myocyte may be required for the observed
effect. An immediate consequence of repetitive action potentials
is the opening of voltage-dependent ion channels in the muscle
membrane and the resulting flow of cations across the mem-
brane. It is well known that extracellular accumulation of K+
after repetitive impulse activity may significantly affect the
membrane potential and signaling processes in the nervous sys-
tem (Kuffler et al., 1966). Because of the easy access of diffusion
space in these monolayer cultures, membrane depolarization
resulting from extracellular K+ accumulation is likely to be less
significant than that occurring in vivo. Depolarization of nerve
terminal induced by K+ accumulation is clearly not the cause
of reduced frequency of spontancous release, since elevating
extracellular K+ was found to markedly increase the SSC fre-
quency (Tabti and Poo, 1990). The accumulation of K+ within
the synaptic cleft, however, may exert other actions on the nerve
terminal which are not directly related to membrane depolar-
ization. Neurites in cell cultures have been shown to exhibit
negative chemotropic response to elevated concentrations of
extracellular K+ (Sussdorf and Camponot, 1986). Withdrawal
of some of the terminal branches from the muscle surface could
account for the present result as discussed above.

In addition to K+ efflux, influx of Ca2* ions through voltage-
dependent Ca2* channels could trigger Ca?*-dependent cyto-
solic events in the myocyte that eventually result in a retrograde
modulation of the presynaptic nerve endings. In Purkinje neu-
rons of acute cerebellar slices, an elevation of Ca?* resulting
from depolarizing voltage pulses has been shown to induce a
reduction of spontaneous inhibitory synaptic currents (Llano et
al., 1991). In Xenopus nerve-muscle cultures, iontophoretic ap-
plication of ACh pulses at postsynaptic myocytes is also effective
in inducing persistent synaptic depression at nerve—muscle syn-
apses, which appears to be due to the influx of Ca?*+ through
ACh channels (Dan and Poo, 1992). Similar dependence of Ca2+
influx was also observed for heterosynaptic suppression induced
by tetanic stimulation of neurons coinnervating the same my-
ocyte (Lo and Poo, 1994). 1t is thus likely that Ca?*+ influx
through voltage-dependent Ca>+ channels is responsible for trig-
gering the depolarization-induced depression reported here. This
contention is supported by the finding in the present study that
buffering myocyte cytosolic Ca’* at a low level significantly
reduced the depolarization-induced effects. If postsynaptic Ca?+
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is the sole determinant of the synaptic depression, the elevation
of myocyte Ca?* by depolarizations is apparently lower than
that induced by ACh receptor activation. For the same fre-
quency (2 Hz) and total number of stimuli (100), the level of
depression induced by depolarizations is significantly lower than
that induced by heterosynaptic stimulation (Lo and Poo, 1994)
or by repetitive iontophoretic application of ACh on the post-
synaptic myocyte (Dan and Poo, 1992).

Induction of spontaneous secretion of ACh is one of the ear-
liest events during the formation of neuromuscular synapse (Xie
and Poo, 1986). The developmental significance of this early
ACh secretion is now beginning to be understood. Because of
the high input resistance of the embryonic muscle cell (Chow
and Poo, 1984), spontaneous ACh secretion at developing syn-
apses produces large postsynaptic potentials, many of which are
capable of inducing action potentials and contraction of the
muscle cell (Xie and Poo, 1986). It has been shown that the
differentiation of muscle striations in Xenopus myocytes is reg-
ulated by the ACh-induced contraction during the first few days
of synaptogenesis (Kidokoro and Saito, 1988). Muscle activity
is also known to regulate the biochemical and contractile prop-
erties of the innervated muscle cells (Salmons and Sreter, 1976).
It is likely that such regulation starts soon after nerve-muscle
contact, and the spontaneous release of ACh as well as other
trophic factors plays a crucial role in the regulation of synaptic
specializations. Results from the present study suggest that re-
petitive postsynaptic depolarizations that accompanying the
muscle activity will exert a negative influence on the ACh se-
cretion from the innervating nerve terminal. If the secreting
nerve terminal is capable of protecting itself from the effect of
postsynaptic depolarizations induced by its own secretion, then
depolarization-induced depression could contribute in the syn-
aptic competition whereby other terminals on the same post-
synaptic cell become suppressed. Since depolarization-induced
effects appear to be most pronounced at synapses of immature
properties, these effects may contribute more to synaptic com-
petition during the initial period of synaptogenesis.
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