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Activity-Dependent Synaptic Competition in Vitro: 
Heterosynaptic Suppression of Developing Synapses 

YI- JIUAN LO AND MU-MING POO* 

The development and stability of synaptic connections in the nervous system are 
influenced by the pattern of electrical activity and the competitive interaction between 
the adjacent nerve terminals. To investigate this influence, a culture system of nerve 
and muscle cells has been developed in which a single embryonic muscle cell is 
coinnervated by two spinal neurons. The effect of electrical activity on the synaptic 
efficacy was examined after repetitive electrical stimulation was applied to one or both 
neurons. Brief tetanic stimulation of one neuron resulted in immediate functional 
suppression of the synapse made by the unstimulated neuron innervating the same 
muscle cell. This heterosynaptic suppression was largely absent when the tetanic 
stimulation was applied concurrently to both neurons. This result demonstrates that 
activity-dependent synaptic competition can be studied in vitro at a cellular level. 

T HE EFFICACY OF SYNAPTIC TRANS- 

mission is susceptible to activity-de- 
pendent modulation, a process that 

underlies much of the plasticity in synaptic 
function (1). In developing nervous systems 
the pattern of electrical activity also exerts a 
critical influence on the stabilization and 
elimination of nerve connections (2). In 
neonatal animals each skeletal muscle fiber is 
innervated by several axons; all but one are 
eliminated as the animal matures (3). The 
process of synapse elimination is markedly 
affected by the activity of the motor nerves 
(4). However, little is known about the 
cellular mechanisms underlying the activity 
dependence of synaptic elimination and the 
nature of competitive interactions among 
coinnervating nerve terminals. We have de- 
signed a cell culture system .to study the 
synaptic physiology associated with the ac- 
tivity-dependent competition between de- 
veloping neurons. 

Cultures of embryonic spinal neurons and 
myotomal muscle cells were prepared from 

Depamnent of Biological Sciences, Columbia Universi 
ty, New York, NY 10027. 

*To whom correspondence should be addressed. 

1-day-old Xenopus embryos (5) .  Functional 
synaptic contacts between the nerve and muscle 
cells are established within 24 hours after cell 
plating (6). Experiments were carried out on 
mononucleated spherical myocytes, which 
were innervated by two nearby cocultured spi- 
nal neurons (see Fig. 1A). The use of the 
spherical myocyte (average diameter, 35 ~ m )  
ensured close proximity of the nerve terminals 
on the myocyte surface. The synaptic efficacy 
was examined by whole-cell voltage-clamp re- 
cording (7) of evoked synaptic currents (ESCs) 
in the innervated myocyte. 

ESCs elicited by the presynaptic neurons 
were first measured by low-frequency test 
stimuli. A brief episode of tetanic stimula- 
tion was then applied to one neuron, and the 
synaptic efficacy of both neurons was com- 
pared afterward with test stimuli (Fig. 1B). 
The amplitudes of the ESCs elicited by neurons 
1 and 2 averaged 3.4 ? 0.3 (+SEM; n = 7) 
and 1.6 ? 0.4 nA (+SEM; n = X), respective- 
ly, at the onset of the experiment. A train of 80 
impulses were then elicited in neuron 2 over a 
period of 40 s. After the stimulus, the synaptic 
efficacy of neuron 2 increased to an average of 
2.6 nA, but that of the unstimulated neuron 1 
decreased to 1.7 nA. Over the next 30 min, the 
ESCs of neuron 1 remained at a suppressed 

level, while those of neuron 2 remained elevat- 
ed. Figure 1C depicts the similar change in 
ESC amplitudes in three such stimulation ex- 
periments. 

We have performed 13 experiments in- 
volving preferential tetanic stimulation. The 
number of nerve impulses initiated during 
the tetanus varied between 50 to 100 (at 2 
to 5 Hz) (Fig. 2A). In all eight cases where 
the initial synaptic efficacy was higher at the 
stimulated synapse (S), significant suppres- 
sion of the unstimulated synapse (US) was 
found for all eight synapses within the first 
10 min after the tetanic stimulation (rank 
sum test, P < 0.05). In contrast, only one 
out of eight stimulated synapses showed 
sipficant reduction. Sipficant suppression of 
unstimulated synapse was also found in three 
out of five cases where the stimulated synapses 
had lower initial efficacy. None of the sdmulat- 
ed synapses showed any suppression, and three 
showed sigdicant potentiation. With the ex- 
ception of three cases where the suppressed 
synapse showed substantial recovery of the 
initial synaptic response with time, persistent 
suppression was observed for as long as the 
recording could be made (up to 1 hour; Fig. 
2B). The origin of the variability in the extent 
of suppression among Werent synapses is un- 
known. It may be related to the physical prox- 
imity of the coinnervating neurites on the 
muscle surface, which cannot be determined 
with the phase-contrast optics used here. 

In the second series of experiments, the 
same tetanic stimulation was applied con- 
currently to both neurons innervating the 
same myocyte, and the ESCs elicited by each 
neuron before and after the tetanus were 
compared. From a total of seven pairs of 
synapses that were tetanized synchronously 
(100 pulses, 2 Hz), only three out of 14 
synapses showed significant reduction of 
mean ESC amplitude after the tetani (P < 
0.05, rank sum test) (Fig. 2A). This result 
indicates that heterosynaptic suppression is 
largely absent after synchronous tetanic stimu- 
lation. The importance of the synchrony in pre- 
and postsynaptic activities for protecting the 
synapse from suppression is illustrated by the 
experiments in Fig. 3. Simultaneous stimula- 
tion (1 + 2) of both neurons produced little or 
no effea on the ESCs elicited by either neuron, 
but the same train of stimuli delivered to the 
neurons asynchronously (1 then 2, with a 
100-ms delay between the stimuli applied to 
the two neurons) resulted in immediate sup- 
pression of one or both neurons. Asynchro- 
nous tetani often led to asymmetric suppres- 
sion of the two neurons, as shown in all three 
cases illustrated. In cases (B) and (C), substan- 
tial recovery was observed within 10 min 
after initial suppression. We did not ob- 
serve any correlation between the asymme- 
try in suppression and the sequence of 
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Fig. 2. Changes in the mean amplitude of ESCs before and after tetanic stimulation was applied to one 
or both coinnervating neurons. (A) Summary of results from 13 experiments on preferential stimulation 
and seven experiments on synchronous stimulation. Each point is the mean amplitude of ESCs elicited 
by test pulses during a period of 5 to 10 min before (left point of a connected pair) or immediately after 
(right point of the connected pair) the tetanic stimulation. Data from the stimulated (S) and 
unstimulated synapses (US) are shown. Solid lines indicate significant difference after stimulation (rank 
sum test, P < 0.05); dotted lines represent no significant difference. The histograms below depict the 
average value (k SEM) of the change in mean ESC amplitude, normalized for each synapse as the 
percentage of the pretetanized value, for the data directly above each histogram. Significant difference 
between the stimulated and unstimulated synapses was found for the two groups of preferential 
stimulation experiments (P < 0.01 and 0.02, two-tailed t test), and no significant difference was found 
for synapses that were tetanized synchronously (P > 0.2). Tetanic stimulation was a train of pulses at 
2 to 5 Hz, applied for 10 to 50 s (total number of pulses between 50 to 100). No  consistent difference 
was found among the results we obtained by using different tetanus parameters within this range. (B) 
The time course of heterosynaptic suppression. For all 13  preferential stimulation experiments, the 
amplitude of ESCs recorded from each synapse was normalized against the mean amplitude of the last 
six ESCs recorded before the tetanus. The slight downward trend of the ESCs at stimulated synapses 
may be attributed to either the synaptic depression from the test stimuli or the wash-out effect of the 
whole-cell recording. 

Fig. 1. Heterosynaptic suppression of synaptic 
efficacy. (A) Phase contrast micrograph of a typ- 
ical 1-day-old Xenopus nerve-muscle culture. A 
spherical myotomal myocyte (M) was innervated 
by two cocultured spinal neurons (N).  Bar, 20 
bm. (B) The membrane current (continuous 
trace) of a doubly innervated myocyte [holding 
potential (V,,) = -70 mV, filtered at 150 Hz]. 
Neurons 1 and 2 were stimulated alternatively at 
low frequency (0.05 Hz) to induce ESCs (small 
triangles). Events not marked are currents that 
resulted from spontaneous ACh secretion from 
either neuron (6). High-frequency stimulation (2 
Hz, 80 pulses) was applied to neuron 2 at the 
time marked by the thick bar. Samples of ESCs 
are shown by the traces below at higher time 
resolution (filtered at 2.5 kHz). Scales: slow trace, 
2 nA and 40 s; fast trace, 1 nA and 10 ms. (C) 
Results From three experiments in which the 
stimulated synapse (filled circles) showed either 
lower (upper graph) or higher (two lower graphs) 
efficacy than the unstimulated synapse (open cir- 
cles) before the tetanus. The upper case depicts 
the same experiment as in (B). The tetanus ap- 
plied was 80, 100, and 50 pulses at 2, 2, and 5 
Hz, respectively. Error bars represent SEM; n = 3 
to 6. 

tetanic pulses applied to the two neurons. 
Instead, the more severely suppressed syn- 
apses exhibited lower average synaptic re- 
sponses before the tetani (A and B) or more 
rapid depression during the tetani (C), suggest- 
ing that effective heterosynaptic suppression 
requires not only presynaptic activity but also 
efficacious postsynaptic activation. 

Polyneuronal innervation of skeletal mus- 
cle fibers before synapse elimination is nor- 
mally restricted to the same endplate (8). In 
mature mammalian muscle fibers, coexisting 
nerve terminals from different motoneurons 
are physically separated (9). Synaptic corn- 
petition thus appears to operate effectively 
only among nearby synapses. In the present 
study we tested this idea by using spindle- 
shaped myocytes that received innervation 
from two neurons at distinctly separate sites 
on their surfaces. We found complete ab- 
sence of heterosynaptic suppression in all 
three cases examined. Although the precise 
configuration of the nerve terminal cannot 
be resolved in these experiments, the sepa- 
ration of nerve terminals (at the initial site of 
muscle contact) (Fig. 4) was in the range of 
50 to 75 pm. This result suggests that 
physical proximity may be a crucial factor 
for heterosynaptic suppression. 

The heterosynaptic suppression induced 
by preferential tetanic stimulation could re- 
sult from either direct interaction between 
the coinnervating nerve terminals or retro- 
grade modulation mediated through 
postsynaptic muscle cells. The synaptic re- 
sponses we observed in the myocyte were 
monosynaptic in nature. The synaptic delay 
of the stimulated and the suppressed syn- 
apses was 1.64 ? 0.15 and 1.54 2 0.14 ms 
(mean 2 SEM; six synapses each), respec- 
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choline (ACh) from the nerve terminal is 
modulated by local electrical or humoral 
interactions among presynaptic neuritic pro- 
cesses. Alternatively, postsynaptic activation 
may have modified the ACh receptor topog- 
raphy (10) or induced the release of retro- 
grade regulatory factors, both of which 
could alter synaptic efficacy. Since these 
studies were carried out under voltage- 
clamp conditions, postsynaptic depolariza- 
tion is not required for the induction of 
heterosynaptic suppression. However, other 
events associated with activation of postsyn- 
aptic ACh receptors may be responsible for 
the suppression. 

The role of electrical activity in synaptic 
competition has been a subject of many 
recent studies (1 1). Altering the amount of 
electrical activity in one of the coinnervating 
axons in neonatal rats or in adult animals 
after nerve regeneration has been reported 
to confer a competitive advantage (12) or 
disadvantage (13) on motoneurons during 
the elimination of polyneuronal innervation. 
Our results are consistent with the view that 
electrical activity confers a competitive ad- 
vantage. The effect of heterosynaptic sup- 
pression accumulates with repeated tetanic 
stimulation of the same synapse (Fig. 3B). I t  
remains to be determined whether long- 
term functional suppression may eventually 
lead to permanent structural alteration, such 
as the retraction of the nerve terminal. At 
multiply innervated adult rat and Xenopus 
skeletal muscle fibers, there is also physio- 
logical evidence for heterosynaptic interac- 
tions between nerve terminals coinnervating 
the same muscle fiber, although only short- 
term effects have been reported (14). 

In 1949, Hebb (15) postulated that the 
strength of a synapse may be enhanced if the 
activity at the synapse repeatedly takes part in 

the postsynaptic cell. This idea may 
be extended to suggest that a synapse is 
strengthened or stabilized by its own activity, 
but suppressed or eliminated by asynchro- 
nous activity from other synapses on the same 
postsynaptic cell. Our results are consistent 
with this generalized interpretation of Hebb's 
postulate (16). In the development of ocular 
dominance columns in the visual cortex, a key 
factor in synaptic competition may reside in 
the relative amount and the coincidence of 
the electrical activity in the competing path- 
ways (17). Our observation that synchronous 
stimulation of the coinnervating neurons pro- 
tects them from synaptic suppression demon- 
strates in vitro that the lack of synchrony 
between the pre- and postsynaptic activity 
leads to synaptic suppression. 

In conclusion, we have developed an in 
vitro system for studying activity-dependent 
synaptic competition at a cellular level. The 
simplicity of the culture environment may 
prove to be useful in elucidating the cellular 
mechanisms underlying activity-dependent 
changes in both pre- and postsynaptic cells. 
The rapid appearance and the persistence of 
heterosynaptic suppression underscore the 
delicate and plastic nature of early synaptic 
connections. 

Fig. 3. Effects of synchronous and asynchronous 
stimulation on ESCs in three separate experi- 
ments (A, B, and C). Recordings were similar to 
those in Fig. lB, except that the same tetanic 
stimulation (2 Hz, 50 s) was applied to both 
neurons innervating the same myocyte, either 
synchronously (1  + 2) or asynchronously (112, 
100-ms interval). Insets of oscilloscopic traces 
above depict samples of ESCs, recorded in the 
myocyte during the synchronous (left) and asyn- 
chronous (right) tetanic stimulation, respectively. 
Scales: 1 nA and 40 ms. Open and closed symbols 
refer to data from cells 1 and 2, respectively. In 
(A) each data point represents average value of 
three measurements of ESCs over 1 min. In (B) 
and (C), individual measurements are shown. (A) 
Repeated synchronous and asynchronous stimu- 
lation. (B) Synchronous stimulation, then the 
same tetanus applied selectively to neuron 1, 
followed by asynchronous stimulation of both 
neurons. (C) Repeated asynchronous stimula- 
tions after synchronous stimulation. (Inset) The 
amplitude of the ESCs for both neurons during 
the period of tetanic stimulation. The suppressed 
neuron 2 showed rapid depression during the 
tetanus. Tetanus-induced synaptic depression re- 
covered quickly after the tetani; thus, it cannot 
account for the persistent posttetanic suppression 
observed. 

tively. These were not significantly different 
from the synaptic delay observed in singly 
innervated myocytes (1.62 2 0.30 ms, n = 
6)  (P > 0.5, t test). Moreover, when one of 
the neurons was damaged at the end of the 
experiment and its synaptic response disap- 
peared, responses could still be elicited by 
the other neuron, suggesting that the con- 
nections to the myocyte were monosynaptic. 
Whole-cell recordings at the neuronal soma 
(five cases) detected no synaptic response 
when impulses were initiated in the other 
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Expression Cloning of an Adenylate Cyclase-Coupled 
Calcitonin Receptor 

A calcitonin receptor complementary DNA (cDNA) was cloned by expression of  a 
cDNA library from a porcine kidney epithelial cell line in COS cells. The 482-amino 
acid receptor has high affinity for salmon calcitonin (dissociation constant K, = 6 
nM) and is functionally coupled to increases in intracellular cyclic adenosine 
monophosphate (CAMP). The receptor shows no sequence similarity to other 
reported G protein-coupled receptors but is homologous to the parathyroid 
hormone-parathyroid hormone-related peptide (PTH-PTHrP) receptor, indicating 
that the receptors for these hormones, which regulate calcium homeostasis, repre- 
sent a new family of G protein-coupled receptors. 

C ALCITONIN IS A  MINO NO ACID 

hormone that lowers serum calci- 
um concentrations by increasing 

renal calcium excretion and inhibiting os- 
teoclast-mediated bone resorption (1). A 
major pathway for intracellular signaling 
by calcitonin is through increases in cyto- 
solic CAMP (2). The calcitonin receptor is 
thought to couple to G,,, the heterotrim- 
eric guanosine triphosphate (GTP)-bind- 
ing protein that is sensitive to cholera 
toxin (3). The receptor can also couple 
to an additional signaling pathway via a 
pertussis toxin-sensitive G protein in iso- 
lated osteoclasts (4) and in LLC-PK, cells 
( 5 ) .  

We cloned the calcitonin receptor by 
expression in COS cells using a previously 
reported strategy ( 6 ) .  A size-fractionated 

cDNA library was constructed (7)  from 
LLC-PK, cells (Z),  a porcine kidney epithe- 
lial cell line that expresses -3 x lo5 calci- 
tonin receptors per cell with an apparent 
dissociation constant (K,) of -3 nM (Fig. 
1A). Pools of mini-prep cDNA (9)  contain- 
ing lo4 recombinants were transfected into 
COS cells and screened for binding to radio- 
iodinated salmon calcitonin (SCT) by emul- 
sion autoradiography (10). After screening 
30 pools representing 3 x lo5  clones, we 
identified two positive pools from which 
two positive clones with cDNA inserts 2.2 
and 3.9 kilobases in length were isolated. 
The 2.2-lulobase clone (3J8-14-F1) was a 
truncated version of the 3.9-kilobase clone 
(2B5-0-1) but encoded the same open 
reading frame. We studied and character- 
ized the properties of the 2.2-kilobase 
clone. 

Radioiodinated SCT binds to LLC-PK, 
H. Y. Lin, E. H. Kaji, H. F. Lodish, Whitehead Institute cells and to COS cells transfected with the 
for Biomedical Research, Cambridge, MA 02142 and 
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tor) with an apparent K, of -6 nM, similar 
chusetts Institute of Technology, Cambridge, MA to that expressed by LLC-PK, cells. Bovine -. 
02139. 
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PTH(~-34) [see ( i l ) ]  did not compete for 
ical school and Medical Services ( W r i t i s  Unit), Mas- binding of radioiodinated SCT to the CTR 
sachusetts General Hospital, Boston, MA 02114, and transfectants, 
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