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Activity-Induced Potentiation of
Developing Neuromuscular
Synapses

Ji-jun Wan and Mu-ming Poo*

Electrical activity plays a critical role in shaping the structure and function of
synaptic connections in the nervous system. In Xenopus nerve-muscle cultures,
a brief burst of action potentials in the presynaptic neuron induced a persistent
potentiation of neuromuscular synapses that exhibit immature synaptic func-
tions. Induction of potentiation required an elevation of postsynaptic Ca* and
expression of potentiation appeared to involve an increased probability of
transmitter secretion from the presynaptic nerve terminal. Thus, activity-de-
pendent persistent synaptic enhancement may reflect properties characteristic
of immature synaptic connections, and bursting activity in developing spinal
neurons may promote functional maturation of the neuromuscular synapse.

Electrical activity can induce modifications
of synaptic connections in developing and
mature nervous systems (/). In various parts
of the central nervous system, a brief period
of repetitive synaptic activity induces a per-
sistent increase or decrease in synaptic effi-
cacy (2), known as long-term potentiation
(LTP) or long-term depression (LTD). At
developing neuromuscular synapses in cul-
ture, a form of persistent heterosynaptic de-
pression similar to LTD can be induced by
repetitive stimulation of an adjacent neuron
coinnervating the same muscle cell (3). Per-
sistent depression can also be induced by
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repetitive activation of postsynaptic acetyl-
choline (ACh) receptors with iontophoresis
of ACh (4) or by a brief elevation of postsyn-
aptic Ca®™ through release of caged Ca?*
(5). However, a phenomenon similar to LTP
has not been reported in any neuromuscular
system. In this work, we have identified con-
ditions under which repetitive activity can
induce persistent enhancement of synaptic
transmission at developing neuromuscular
synapses in a cell culture preparation.

We made simultaneous whole-cell perfo-
rated patch recordings from presynaptic spi-
nal neurons and postsynaptic myocytes in
1-day-old Xenopus nerve-muscle cultures
(6). We assayed the synaptic efficacy by
measuring the mean amplitude of excitatory
postsynaptic currents (EPSCs) evoked by test
stimuli at a low frequency (0.05 Hz) (7). For
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induction of synaptic changes, we initiated a
burst of five action potentials (at a frequency
of 10 or 40 Hz) in the presynaptic neuron by
injecting depolarizing current pulses (termed
burst stimulation), while the postsynaptic
myocyte was held in either current or voltage
clamp (8). We consistently observed an in-
crease in the amplitude of EPSCs after the
burst stimulation for synapses that exhibited
EPSCs with initial mean amplitudes less than
1.5 nA (Fig. 1, A and B). The appearance of
potentiation had a slow onset, reaching a
plateau value about 20 to 30 min after the
burst, and persisted for as long as a stable
recording could be made (up to 80 min after
the burst). In most cases, no change in the
EPSC amplitude was observed during the
period immediately after the burst. In the
absence of burst stimulation, the mean EPSC

REPORTS

amplitude showed no significant change dur-
ing the 1-hour period of the experiment (Fig.
1B). The degree of potentiation was inversely
correlated with the initial synaptic strength
(Fig. 1C) and positively correlated with the
coefficient of variation (CV) of the initial
EPSC amplitude (9), which measures the ex-
tent of fluctuation and decreases with increas-
ing strength and reliability of the synapse.
Synaptic transmission at immature neuro-
muscular synapses is characterized by EPSCs
of low amplitude and high fluctuation, with
frequent transmission failure (/0). Thus, im-
mature synapses appear to be more susceptible
to potentiation by a burst of synaptic activity.
In the absence of presynaptic action po-
tentials, quantal packets of ACh are released
spontaneously, as indicated by miniature
EPSCs (mEPSCs) recorded in the myocyte
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the times marked by small arrowheads. In (jii) to (v), a pulse of a-BGT (50 p.g/ml; RBI) or d-tubocurarine
(curare) (15 mM; Sigma) was pressure-ejected near the synapse (horizontal bar) after (iii and iv) or
during (v) burst stimulation. Scales: 1 nA, 4 min for the slow trace; 1 nA, 40 ms for fast EPSCs; 100 mV,
40 ms for depolarizations. (B) Summary of all experiments similar to that in (A). Mean EPSC amplitudes
at various times before and after burst stimulation were normalized to the mean value observed before

the burst at the same synapse and grouped into 6- to 9-min bins. Data represent mean = SEM. Filled
* circles (n = 9), burst stimulation (five pulses, 10 to 40 Hz) was applied at time O (arrow); open circles
(n = 8), control experiments with no burst stimulation; filled squares (n = 10), myocytes were loaded
with BAPTA (5 mM); filled triangles (n = 4), curare was applied during burst stimulation (five pulses; 40
Hz). In all experiments, the initial mean EPSC amplitudes were <1.5 nA. (C) Degree of potentiation,
defined by percentage change in the mean EPSC amplitude 15 to 45 min after burst stimulation, plotted
against the initial mean amplitude of EPSCs. Line represents the best linear fit of the data (r = —0.80;
P < 0.0001). Open and filled circles are data obtained for burst stimulation at 10 and 40 Hz (five pulses),

respectively.

(1I). The frequency and amplitude distribu-
tion of mEPSCs before and after burst stim-
ulation showed a clear increase in the fre-
quency of mEPSCs (Fig. 2A), whereas the
mean amplitude, amplitude distribution, and
time course of mEPSCs did not show any
significant change (Fig. 2B). This suggests
that burst stimulation resulted in enhanced
probability of quantal transmitter secretion
without any change in postsynaptic sensitiv-
ity to the transmitter. That enhanced presyn-
aptic release may account for the increase in
the EPSC amplitude is further supported by
the observation that the gradual increase in the
mEPSC frequency correlates with that in the
EPSC amplitude (Figs. 1B and 2A). However,
it is possible that the gradual enhancement
of EPSCs after burst stimulation was due to
the appearance of new postsynaptic ACh

H/Hﬂ\ .

|
1{8g 2 ?%%/E/E\z/ }\%{\E -

0 T T d
0 20 40 60
Time (min)

Normalized mEPSC frequency >

xxxxxxxxxx

Before After

0591

Cumulative probability

oo,
0 2 4
mEPSC amplitude (nA)

0.0

Fig. 2. (A) Summary of changes in the mEPSC
frequency induced by burst stimulation. Fre-
quency values were normalized against the
mean frequency before the burst. Filled circles
(n = 7), synapses treated with the burst stim-
ulation at the time marked by the arrow; open
circles (n = 6), controls (no burst stimulation).
(B) Distribution of mEPSC amplitudes before
and after induction of persistent potentiation.
Cumulative probability during a 5-min period
before (circles) and during a 15- to 20-min
period after (triangles) the burst. Values repre-
sent mean * SEM from seven experiments. The
difference between the two sets of data was
not significant (P > 0.1; Kolmogorov-Smirnov
test). (Insets) Sample 5-min traces of the myo-
cyte membrane current before and after the
burst. Trace below represents the average of all
mEPSCs recorded during the 5-min period, with
two traces superimposed on the right. Data of
the mEPSC frequency and amplitude were ob-
tained from experiments described in Fig. 1.
Scale: slow traces, 0.2 nA, 30 s; fast traces, 50
pA, 10 ms.
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receptor clusters in a manner that was not
reflected by any change in the mEPSC am-
plitude, reminiscent of the silent synapse hy-
pothesis (/2). Because there was a gradual
development of potentiation after the burst
(Figs. 1 and 2A), we further examined wheth-
er new receptors had appeared gradually after
the burst. A brief pulse of a-bungarotoxin
(a-BGT), an irreversible blocker of ACh re-
ceptors, was applied to the culture immedi-
ately after burst stimulation (Fig. 1Aiii). No
appearance of new ACh receptors was ob-
served after a-BGT was cleared from the
culture (n = 4). Application of the drug and
extensive washing of the culture did not re-
sult in any adverse effects, as shown by the
normal appearance of potentiation when
d-tubocurarine, a reversible blocker of ACh
receptors, was used instead of a-BGT (Fig.
1Aiv). Although the potentiation is expressed
as an increased transmitter secretion, the in-
duction of potentiation appears to require
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Fig. 3. Dependence of synaptic potentiation on
the pattern of burst stimulation. Degree of
potentiation was defined by the percentage
change in the mean amplitude of EPSCs 15 to
45 min after the burst. Each point represents
the average value obtained from four to eight
experiments. (A) The number of action po-
tentials initiated was kept constant at five
and the frequency within the burst was var-
ied from 0.15 to 40 Hz. (B) The frequency of
action potentials in the burst was kept con-
stant at 10 Hz and the number of action
potentials was varied from 2 to 50. All data
points represent mean = SEM. Asterisks mark
data that are significantly different from the
control (plotted at 0 Hz or O pulse number)
(*, P < 0.05; **, P < 0.01; t test). All synapses
exhibited EPSCs with initial mean amplitudes
less than 1.5 nA.
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postsynaptic activation of ACh receptors be-
cause we observed no potentiation when cu-
rare was present during burst stimulation
(n = 4) (Fig. 1, Av and B). Activation of ACh
receptors after burst stimulation is not essen-
tial for induction of potentiation because cu-
rare application after the burst for a pro-
longed period (30 min) did not interfere with
the appearance of potentiation, which was
immediately revealed after curare was re-
moved (13).

When we varied the frequency of action
potentials induced within the burst while
keeping the total number of action potentials
constant, we observed significant potentia-
tion when the frequency was 0.6 Hz or higher

(Fig. 3A). We then varied the total number of
stimuli within the burst and kept the frequen-
cy of action potentials constant at 10 Hz. We
observed significant potentiation when the
total number of stimuli was 5 or more and the
extent of potentiation was not significantly
different for 5, 15, and 50 stimuli (Fig. 3B).

Repetitive activation of the neuromus-
cular synapse causes an influx of Ca®*
through activated ACh channels, and such
Ca?* influx is necessary for induction of
the persistent synaptic depression (3, 4).
We thus examined whether Ca?* influx
into the postsynaptic myocyte is also nec-
essary for induction of persistent potentia-
tion by burst stimulation. When a Ca®*
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Fig. 4. Postsynaptic Ca?™" elevation induced by burst stimulation. (A) A phase-contrast image of an
innervated Xenopus myocyte (M), presynaptic neuron (N), whole-cell recording pipette (R), and
stimulating pipette (S). Scale bar, 20 pm. (B) Change of Ca?* concentration in the myocyte, as
indicated by fluo-3 fluorescence, was sampled over the entire myocyte [dashed box in (A)] at
different times (marked by the number in seconds) after burst stimulation at t = 0 (10 Hz; five
pulses). The myocyte was loaded with fluo-3 and voltage clamped at —70 mV (74). (C)
Percentage change (AF/F) in the intensity of fluo-3 fluorescence from the entire myocyte was
measured before and after burst stimulation at 10 Hz (five pulses) without (green circles, n =
8) or with (red circles, n = 6) intracellular loading of ruthenium red in the myocyte.
Fluorescence changes induced by a single presynaptic stimulus are also shown (open circles;
n = 5). Data points represent mean = SEM. (D) Persistent elevation of postsynaptic Ca*
induced by burst stimuli at different frequencies (0.6 to 40 Hz; all five pulses). Changes in the
fluo-3 fluorescence were averaged between 2 and 10 s after the last stimulus in the burst. For
two frequencies (10 and 40 Hz), the effects of intracellular loading of ruthenium red (RR) in
the postsynaptic myocyte are also shown. Bars represent mean + SEM. Number of experiments
is shown in parentheses. Asterisks mark data that are significantly different from that of the
single stimulation (*, P < 0.05; **, P < 0.01; t test). (E) Effects of postsynaptic manipulation
on induction of synaptic potentiation. Burst stimulation (40 Hz; five pulses) was applied in all
experiments except the controls. BAPTA (5 mM) (buffered with 2 mM CaCl,), EGTA (5 mM)
(buffered with 2 mM CaCl,), [Ala?®¢]Ca?*calmodulin kinase Il inhibitor(281-301) (200 M),
calcineurin inhibitor (CaN-AIP, 250 M), or ruthenium red (RR, 50 uM) was loaded into the
postsynaptic myocyte for at least 15 min before the burst was applied. Asterisks indicate data
that are significantly different from control (no burst stimulation; *, P < 0.05; **, P < 0.01;
t test). All synapses in (E) exhibited EPSCs with initial mean amplitudes less than 1.5 nA.

10 SEPTEMBER 1999

1727



1728

chelator, 1,2-bis(2-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid (BAPTA), was
loaded into the postsynaptic myocyte, the
standard burst stimulation (40 Hz, five
pulses) was no longer effective in inducing
any synaptic change (Fig. 1B). We also
directly monitored changes in the amount
of Ca?" in the myocyte by using fluo-3
loaded through a whole-cell patch electrode
(14). Burst stimulation (10 Hz, five pulses)
of the presynaptic neuron induced a tran-
sient increase in the fluo-3 fluorescence
(Fig. 4), indicating increased Ca®™" in the
myocyte. The fluo-3 fluorescence decayed
to a steady level above the baseline and
persisted for at least 10 s after the burst.
When various patterns of the burst were
tested, a small but persistent elevation of
the postsynaptic Ca?" during the postburst
period was found for those patterns capable
of inducing synaptic potentiation (Figs. 3A
and 4D). This persistent Ca?™ elevation
produced by the burst appeared to result
from Ca?*-induced Ca®* release, because
it was abolished by intracellular loading of
ruthenium red (Fig. 4, C and D), an inhib-
itor of this release process (15).

Is Ca’* release from internal stores re-
sponsible for induction of potentiation?
Loading of ruthenium red into the postsynap-
tic myocyte completely abolished the induc-
tion of potentiation by standard burst stimu-
lation (Fig. 4E). Consistent with the notion
that a slow increase in cytosolic Ca* is
responsible for triggering potentiation, post-
synaptic loading of a slow Ca?* chelator,
EGTA, was as effective as BAPTA in pre-
venting the induction of potentiation (Fig.
4E). Prolonged Ca®* elevation is known to
activate calcineurin (16), a Ca?*-dependent
phosphatase involved in hippocampal synap-
tic plasticity (/7). When we loaded a cal-
cineurin autoinhibitory peptide into the
postsynaptic myocyte (/8), induction of po-
tentiation was completely blocked (Fig. 4E).
In contrast, similar loading of a peptide in-
hibitor of another Ca®*-dependent enzyme,
Ca?*-calmodulin—dependent protein kinase
II (CaMKII), did not significantly affect the
induction of potentiation (Fig. 4E). Interest-
ingly, loading of the same inhibitory peptide
of CaMKII blocked induction of the persis-
tent depression at these synapses (/9). In the
CA1l area of the hippocampus, CaMKII is
required for induction of LTP, whereas cal-
cineurin is required for induction of LTD (17,
20), a situation opposite that found here.

Bursting activity with frequency of ac-
tion potentials in the range of 10 to 60 Hz
has been observed in the developing spinal
cord (21). Our results suggest that such
activity in spinal motor neurons may be
effective in potentiating developing neuro-
muscular junctions. Through immediate
modification of the existing transmitter se-
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cretion machinery, the bursting activity
could promote functional maturation of the
synapse. Our finding that persistent poten-
tiation can be induced only at immature
neuromuscular junctions suggests that this
form of synaptic plasticity is intimately tied
to the immaturity of the synapse, presum-
ably in the transmitter release mechanism
of the presynaptic nerve terminal. Presyn-
aptic modification of transmitter release ac-
counts for the potentiation induced by burst
stimulation as well as the persistent depres-
sion induced by repetitive heterosynaptic
activity (3). In both cases, however, the
induction of synaptic modification requires
postsynaptic elevation of Ca®>* concentra-
tion. Thus, retrograde signaling is essential
for both up- and down-regulation of synaptic
efficacy of these developing synapses. The pat-
tern of synaptic activity, as reflected by changes
in postsynaptic Ca®*, represents a critical de-
terminant for the nature of retrograde signals.
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