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Hebbian Depression of Isolated Neuromuscular 
Synapses in Vitro 

Yang Dan and Mu-ming Poo* 
Modulation of synaptic efficacy may depend on the temporal correlation between pre- and 
postsynaptic activities. At isolated neuromuscular synapses in culture, repetitive postsyn- 
aptic application of acetylcholine pulses alone or in the presence of asynchronous pre- 
synaptic activity resulted in immediate and persistent synaptic depression, whereas syn- 
chronous pre- and postsynaptic coactivation had no effect. This synaptic depression was 
a result of a reduction of evoked transmitter release, but induction of the depression 
requires a rise in postsynaptic cytosolic calcium concentration. Thus, Hebbian modulation 
operates at isolated peripheral synapses in vitro, and transsynaptic retrograde interaction 
appears to be an underlying mechanism. 

h formulating a cellular mechanism under- 
lying the temporal specificity in associative 
learning, D. 0. Hebb (1) postulated that 
the coincidence of electrical activities in 
the pre- and postsynaptic cells helps mod- 
ulate the strength of the synaptic connec- 
tion. Extensions (2) of Hebb's postulate 
suggest that synaptic efficacy may be poten- 
tiated or stabilized by synchronous pre- and 
postsynaptic activities but weakened by 
asynchronous activities. This Hebbian 
mechanism has been used to account for 
several forms of synaptic plasticity in ma- 
ture and developing central nervous systems 
(S), but whether it operates at peripheral 
synapses is unknown. We investigated 
whether Hebbian modulation occurs at iso- 
lated neuromuscular synapses in culture, 
where the simplicity of the cellular environ- 
ment facilitates the study of its mecha- 
nisms. 

Department of Biological Sciences, Columbia Univer- 
sity, New York, NY 10027. 
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Isolated myocytes innervated by single 
cocultured spinal neurons in 1-day-old Xe- 
nopus laevis nerve-muscle cultures (4) were 
used (Fig. 1A). In the first set of experi- 
ments, the postsynaptic myocyte was repet- 
itively activated by iontophoretic applica- 
tion of acetylcholine (ACh) pulses to the 
myocyte surface near the synapse either 
synchronously or asynchronously with su- 
prathreshold stimulation of the presynaptic 
neuron. The membrane current of the myo- 
cyte was monitored by whole-cell voltage- 
clamp recording (5) .  The amplitude and 
duration of the ACh pulses were adjusted to 
produce a membrane current equal to that 
of a usual impulse-evoked postsynaptic cur- 
rent (EPC). We assayed the synaptic effi- 
cacy by measuring the EPC amplitude be- 
fore and after repetitive coactivation (Fig. 
1, B and C). During the first 10-min con- 
trol ~eriod. the mean am~litude of EPCs 
elicited by low-frequency test stimuli re- 
mained relativelv constant. The mean EPC 
amplitude was unaffected by synchronous 
coactivation (100 stimuli at 2 Hz). In con- 

after the onset of each ACh pulse applied to 
the myocyte (Fig. ID). With no delay 
(synchronous coactivation) , depression was 
not observed. Small but significant depres- 
sion was found when a 10-ms interval was 
imposed between the pre- and postsynaptic 
stimuli. The effect increased to a maximum 
of about 50% at intervals above 63 ms. This 
critical dependenci. of synaptic depression 
on the asynchrony between pre- and 
postsynaptic activation agrees with the ex- 
pected temporal specificity in Hebbian 
modulation. In these experiments, the 
myocyte was voltage-clamped at the resting 
potential during repetitive coactivation to 
allow assessment of.the induced membrane 
current at the myocyte. Similar results were 
obtained when the myocyte was held in 
current-clamp condition, allowing depolar- 
ization of the myocyte membrane potential 
(6). 
\ ,  

We next tested whether synaptic depres- 
sion required postsynaptic ACh receptor 
activation, presynaptic stimulation, or 
both. Repetitive postsynaptic iontophoresis 
of ACh in the absence of presynaptic stim- 
uli induced synaptic depression similar to 
that induced by the asynchronous coactiva- 
tion. Significant depression was observed 
when the myocyte was held in either volt- 
age-clamp or current-clamp condition dur- 
ing ACh application, which suggests that 
postsynaptic receptor activation in the ab- 
sence of synchronous presynaptic activity 
was sufficient to induce synaptic depression 
(Fig. 2A). Thus, presynaptic activation is 
not required. Furthermore, presynaptic su- 
prathreshold stimulation (100 pulses at 2 
Hz) alone did not result in significant de- 
pression (n = 4), which indicates that 
asynchronous postsynaptic activation is not 
only sufficient but also necessary for the 
induction of depression. 

The depression induced by asynchro- 
nous postsynaptic activation was long last- 
ing (Fig. 2B). Pulses of ACh were applied 
in current-clamp condition, and synaptic 
responses were monitored for 20 min after 
ACh application. No significant recovery 
of synaptic responses was observed. Persis- 
tent de~ression was observed in all four 
cases for which synaptic responses were 
monitored for 1 hour after ACh applica- 
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tion. In comparison, we observed no signif- 
icant change in synaptic efficacy when ACh 
pulses were not applied. The extent of 
synaptic depression induced by repetitive 
postsynaptic activation depended at least in 
part on the number of ACh pulses applied 
(Fig. 2C). Up to 60% of depression was 
observed after a single episode of 100 ACh 
pulses. When more episodes of ACh pulses 
were applied to the same myocyte, we 
observed further depression of the synaptic 
response (n = 5). 

The synaptic depression could be a result 
of a reduction in the evoked ACh release or 

in the postsynaptic ACh sensitivity or 
both. Application of 100 pulses of ACh at 
the myocyte surface did not change the 
muscle ACh sensitivity at either the stirn- 
ulated site or an adjacent site (n = 4) (Fig. 
3A), as assayed by two ACh iontophoretic 
pipettes separated by 5 to 10 pm (7). The 
possibility that ACh sensitivity at the sub- 
synaptic sites was selectively reduced was 
also excluded, as the amplitude distribution 
of miniature excitatory postsynaptic cur- 
rents (MEPCs) was udected by the repet- 
itive ACh application that induced signifi- 
cant depression of the EPCs (Fig. 3B). The 

lnterstlmulus intervals (ms) 
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Flg. 1. Effects of synchronous and asynchronous coactivation on synaptic efficacy. (A) Phase- 
contrast micrograph of an isolated neuromuscular synapse in a 1-day-old Xenopus culture. A 
spherical rnyotomal myocyte (M) was innervated by a cocultured spinal neuron (N). Also marked are 
positions for the whole-cell patch-recording pipette (P), the extracellular stimulating pipette (S), and 
the iontophoretic ACh pipette (ACh). Bar = 20 pm. (B) Result from a ooactiiation experiment in 
which the presynaptic neuron was stimulated at the soma to fire a c t i i  potentials either synchro- 
nously (SYN) or asynchronously (ASYN) at the same frequency (2 Hz, 100 pulses) as the 
postsynaptic ACh application. In the latter situation, each ACh pulse was applied 100 ms before the 
presynaptic stimulation. The continuous trace depicts the membrane current recorded from an 
innervated myocyte under voltage-clamp condition [holding potential (VJ = -70 mM, filtered at 150 
Hz, inward current downward]. The EPCs were elicited at the times marked by the small dots. Insets 
depict computer-averaged evoked membrane currents at a higher time resolution (filtered at 2.5 
kHz) for the recording periods pointed to by the arrows. Scales: slow traces, 2 nA, 50 s; fast traces, 
2 nA, 15 ms (test EPCs) and 30 ms (coactivation currents). (C) Same as (B), except that the 
asynchronous coactivation was applied before the synchronous one. @) The dependence of 
synaptic depression on the time interval between pre- and postsynaptic activation (both for 100 
stimuli at 2 Hz). Synaptic depression is defined as the percentage of reduction in the mean EPC 
amplitude after coactivation as compared to that of the same synapse before coactiiation. Each 
point represents the average value obtained from 5 to 14 synapses. Error bars represent SEM. 
Asynchronous coactivations at all time intervals are significantly diierent from synchronous 
coactivation (P < 0.05, Mann-Whitney U test). 

mean amplitude of MEPCs after ACh ap- 
plication was 101 + 5% (+ SEM; n = 5) of 
the control values. Statistical analysis of 
the distribution of MEPC amplitudes con- 
firmed that the spontaneous events re- 
mained unaffected by the postsynaptic acti- 
vation (Fig. 3B). The MEPC frequency also 
showed no significant change (102 & 8% of 
control values 2 SEM; n = 5) after appli- 
cation of ACh pulses under voltage-clamp 
conditions. 

The constancy of the mean amplitude of 
spontaneous events suggests that the reduc- 
tion of evoked synaptic responses is likely to 
result from a reduced quantal content of 
ACh secretion. We tested this idea by 
analyzing the fluctuation of evoked respons- 
es (8). We assumed that evoked synaptic 
transmission is quantal in nature and that 
the variation of EPC amplitudes can be 
described by binomial distribution modified 
to account for the variability of the quantal 
size. Given this assumption, the ratio vhn2, 
where m and v are the mean EPC amplitude 
and its variance, respectively, is a quantity 
independent of the quantal size and remains 
constant if the change in EPC is a result 
solely of the postsynaptic change in ACh 
sensitivity. On the other hand, if synaptic 
depression results from some presynaptic 
mechanisms, the vhn2 value will increase 
after depression. We found that v/m2 values 
were consistently larger for different degrees 
of depression (Fig. 3C). Thus, presynaptic 
reduction of quantal content appears to be 
the most likely cause of synaptic depression. 

Because synaptic depression can be in- 
duced by asynchronous ACh application to 
a myocyte that was voltage-clamped at the 
resting potential, postsynaptic depolariza- 
tion is not necessary for the induction of 
synaptic depression. Repetitive activation 
of muscle ACh receptors, however, could 
induce substantial elevation of the cytosolic 
CaZ+ concentration, either through Cat+ 
influx or release from internal stores (9), 
even in the presence of the voltage clamp. 
We examined the importance of postsynap- 
tic CaZ+ elevation by loading the myocyte 
with CaZ+ buffer 1,2-bis (2-aminophen- 
0xy)ethane-N,N,N1,N'-tetraacetic acid 
(BAPTA; 5 mM) through the whole-cell 
recording pipette. The BAPTA is a CaZ+ 
buffer with fast binding kinetics that effec- 
tively prevents changes in cytosolic CaZ+ 
(10). In all experiments using the 
BAPTA-containing recording pipette, we 
failed to observe synaptic depression after 
repetitive applications of ACh (100 puls- 
es, 2 Hz), either alone or in the presence 
of asynchronous presynaptic activation 
(Fig. 4). Thus, a rise in the Ca2+ concen- 
tration within the myocyte cytoplasm is 
necessary for the induction of synaptic 
depression. The importance of Ca2+ influx 
at postsynaptic cells in the induction of 
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long-term potentiation (LTP) in the hip- as a result of transsynaptic action of a 
pocampus i s  well established (I I ) .  Evi- retrograde factor or factors released by the 
dence suggests that the maintenance of postsynaptic cell (13). The synaptic de- 
LTP involves at least in part a potentia- pression we observed also required 
t ion of evoked transmitter release (8, 12), postsynaptic Ca2+ elevation and involved 

Fig. 2. Synaptic depression in- 
duced by postsynaptic ACh re- 
ceptor activation in the absence 
of presynaptic stimulation. (A) 
The EPC amplitudes were plotted 
versus time after the ACh pulses 
were applied to the myocyte (at 2 *. 
Hz for 50 s) during the period 
between the two dashed lines. o 0 10 20 30 

P 
During the ACh application, the .= 
myocytes were held in either volt- 
age-clamp (Vh = -70 mV; upper 
graph) or current-clamp (lower 
graph) condition, Insets above 
depict computer-averaged EPCs 
and myocyte membrane currents . • 
(upper) or potentials (lower) in- 
duced by the ACh pulses. Scales: 0 10 20 30 
1 nA, 20 ms (EPCs and ACh- Time (minl 
induced currents); 20 mV, 60 ms 
(ACh-induced depolarization). c 
(B) Time course of synaptic de- 
pression. Normalized mean EPC 
amplitudes were plotted versus 
time for five experiments after 100 
ACh pulses (2 Hz) were applied 2 50 
(e) under current-clamp condi- 
tion (during the period marked by O 

0 10 20 30 0 100 200 300 
the two dashed lines). The mean 
EPC amplitude before application Time (min) ACh Pulses (n) 

of ACh was set at 100%. Error 
bars represent SEM. Also shown are data from control experiments (0; n = 5) in which no ACh 
pulses were applied. (C) Synaptic depression induced by repetitive postsynaptic application of 30, 
100, and 300 ACh pulses (all at 2 Hz). Depression is defined as the percentage of reduction in the 
mean EPC amplitude after ACh application. The myocyte was current-clamped during ACh 
application. Each point represents the average value from five experiments. Error bars represent 
SEM. 

Fig. 3. Tests for pre- versus A . . 
po<tsynaptic mechanisms of syn- 
aptic depression. (A) Repetitive 
application of ACh pulses by two 
iontophoresis pipettes (1 and 2) -. 
to assay ACh sensitivity at two ' 40s 
adjacent sites (5 to 10 km apart) 
on the surface of an uninnervated C 
myocyte. Inward membrane cur- g 40 
rents (downward deflections) in- 5 20 
duced by ACh pulses at low fre- g o p I.0 - - - - - - - - - - - - -  
quency (0.1 Hz) through pipettes g f 

0 . ,' 
1 and 2 are marked 1 and 2, $ 40 5 0.5 respectively. The frequency of * 

20 .- 0 iontophoresis through pipette 1 c. , .. 
was then elevated to 2 Hz for 50 s. 0 a 0 '  
No significant change of ACh re- 0 1 .O 2.0 0 0.5 1 .O 

MEPC Amplitude (nA) 
sponses was observed at either Depression factor 

site after the high-frequency ACh 
application. (6) Amplitude histograms of MEPCs recorded in the experiment shown in the upper 
graph of Fig. 2A, before and after the repetitive ACh application, normalized as a percentage of total 
events. Arrows mark the mean amplitude. The two distributions are not significantly different (P > 
0.20, Mann-Whitney Utest). (C) Quantal analysis of EPCs. The ratio of coefficients of variation (CVs) 
squared before and after depression (CVb2/CVa2) was plotted versus the depression factor. CV = 
~ " ~ / r n ;  the depression factor is defined as the ratio of mean EPC amplitudes (after ACh 
application/before ACh application). Results shown are data collected in seven separate experi- 
ments in which large enough numbers of EPCs were recorded. 

presynaptic modulation of transmitter re- 
lease, but the retrograde factor or factors 
apparently resulted in a persistent negative 
regulation. 

Heterosynaptic depression occurs in the 
hippocampus for inputs that are inactive or 
weakly active (14). Associative long-term 
depression can be induced by negatively 
correlated pre- and postsynaptic activities 
in a manner that follows the Hebbian rule 
(1 5). Our finding suggests that Hebbian 
synaptic depression may be a general prop- 
erty of synapses and can be observed at 
isolated synapses in culture. In the Xenopus 
cultures used in the present study, synapses 
made by two co-innervating nerve termi- 
nals may undergo activity-dependent com- 
petition: tetanic stimulation of one synapse 
results in immediate and persistent suppres- 
sion of the unstimulated synapse (1 6). 
Here, the iontophpretic ACh pulses pro- 
duced postsynaptic membrane currents sim- 
ilar to those induced by tetanic stimulation 
of an innervating neuron. Thus, our results 
strongly support the notion that tetanus- 
induced heterosynaptic suppression be- 
tween co-innervating nerve terminals i s  
mediated by postsynaptic ACh receptor 
activation. Rapid heterosynaptic inhibition 
of synaptic response has been observed after 
a single stimulus was applied to one of the 
co-innervating motor neurons (1 7). Al- 

Synaptic depression (%) 

No stirn. -i 
Stirn. post (v.c.) 

Stirn. post (c.c.) 

Syn. stirn. 
pre + post (v.c.) 

Asyn. ~ t i r n . ( ~ . ~ , ) ~ - ,  
pre + post 

Fig. 4. Prevention of synaptic depression by 
buffering postsynaptic cytosolic Ca2+ with 
BAPTA. Depression is defined as in Fig. 2C. 
Each bar represents the average value of the 
percentage of depression from fi3e synapses. 
Empty and striped bars represent experiments 
without and with BAPTA, respectively, in the 
recording pipette. All stimuli were 100 pulses at 
2 Hz. The error bars represent SEM. No stim., 
controls with no stimulation applied to either the 
pre- or postsynaptic cell; Stim. post (v.c.), the 
rnyocyte stimulated with ACh pulses in voltage- 
clamp condition (Vh = -70 mV); Stim. post 
(c.c.), the myocyte stimulated with ACh pulses 
in current-clamp condition; Syn. stim. pre + 
post (v.c.), the neuron and the rnyocyte coac- 
tivated synchronously; Asyn. stim. pre + post 
(v.c.), the neuron and the myocyte coactivated 
asynchronously, with 250 ms between each 
presynaptic stimulus and postsynaptic ACh ap- 
plication. The myocyte was voltage-clamped at 
-70 mV during coactivation. 
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though more than one mechanism mav be - 
involved in the heterosynaptic interaction, 
postsynaptic ACh  receptor activation may 
be sufficient to mediate the inhibitory ac- 
tion on the unstimulated synapse. 

Significant synaptic depression was in- 
duced when pre- and postsynaptic stimuli 
were separated by an  interval of only 10 ms. 
This suggests that the protection rendered 
by the synchronous synaptic activity against 
the depression is transient, perhaps lasting 
only the duration of the synaptic current. 
The temporal specificity of coactivation in 
the induction of synaptic depression re- 
quires the existence of a sensitive coinci- 
dence detection mechanism that controls 
either the vroduction or the action of the 
retrograde signal. One possibility is that 
postsynaptic Ca2+ entry results in  the re- 
lease of a transient retrograde factor and 
that such a factor causes synaptic depression 
except when presynaptic CaZ+ concentration 
is elevated by synchronous activity. The elu- 
cidation of molecular mechanisms underlying 
the detection of correlated pre- and postsyn- 
aptic activities and the retrograde signaling 
will contribute to the understanding of the 
nature of synaptic interactions. 
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