
It will therefore be of theoretical interest dent replications were pooled. Data were ana- 0.5-second pulse of 60-Hz a-c current stepped 
lyzed for each animal by first computing a down from a variable transformer and dropped to determine whether these advanced difference score for each pathway (each test across a 10-ki~ohm resistor in series with the 

features of learning can be demonstrated score minus the pretest score for that pathway) electrode to produce relatively constant current. 
and then determining the difference between Currents used ranged between 5 and 10 mA. The 

in a simple behavior mediated by a neu- CS+ and CS- scores. Thus each animal provid- site at the base of the siphon usually required 
ral circuit containing a small number of ed a single score that reflected the difference in slightly less current to produce a withdrawal 

that animal's response to the paired and un- comparable to that produced from the other site. 
nerve cells. paired conditioned stimuli. Since multiple statis- Stimulus intensities were first adjbsted to pro- 

tical comparisons were not made, within-group duce siphon withdrawal pretest scores from T. J .  and between-group statistical comparisons were each site comparable to those in previous ex- 
R. D. HAWKINS made by means of t-tests for correlated means or periments (Figs. 1D and 2A) and then one site 

independent means respectively. All probability was randomly chosen to be CS+ or CS-. The E. R. KANDEL values are two-tailed. intensity of the US [60-Hz a-c current for 1 
Center for Neurobiology and Behavior, 13. These results confirm earlier findings (5) of second, delivered by a second pair of electrodes 

significant sensitization 30 minutes after 15 trials implanted in the tail (5)] was adjusted before 
College of  Physicians and Surgeons, of US-alone training [see figure 6B in (511. In training so that it produced a pronounced with- 
Columbia University, and N e w  York addition to sensitization (a generalized nonasso- drawal of the whole animal. Typical current 

ciative increase in responsiveness), increased range for the US was 20 to 30 mA. Five tri- 
State Psychiatric Institute, responsiveness in the CS- pathway may also be als were delivered (intertrial interval, 5 min- 

N e w  York 10032 due to stimulus generalization. On the other utes), and testing was carried out 15 to 30 
hand the CS- pathway may underestimate sen- minutes after training. Timing of stimuli was 
sitization because of habituation. Additional be- controlled by a programmable timing device (5). 
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8. Aplysia californica (80 to 300 g) were used. The 
parapodia of all animals were surgically re- 
moved to permit complete visualization and 
direct access to the mantle shelf and siphon. All A Cellular Mechanism of Classical Conditioning in Aplysia: 
animals were then housed in individual pans in a 
200-gallon aquarium for approximately 1 week 
before an experiment was begun. For details of Activity-Dependent Amplification of Presynaptic Facilitation 
housing and preparation of animals, see (5). 

9. The tactile stimulus to the siphon was applied 
with a nylon bristle (5); the electrical stimulus to Abstract. A training procedure analogous t o  differential classical conditioning 
the mantle was a very weak electric shock (60 produces differential facilitation of excitatory postsynaptic potentials (EPSPJs)  in the 
Hz a-c) with an intensity of approximately 15 
mA for 0.5 second delivered in seawater with n e ~ r 0 n a l  circuit for the siphon withdrawal reflex in Aplysia. Thus, tail shock (the 
bipolar capillary electrodes separated by ap- unconditioned stimulus) produces greater facilitation of  the monosynaptic EPSP 
proximately 5 mm. The electrode was in series 
with a 10-ki~ohm resistor to provide relatively from a siphon sensory neuron t o  a siphon motor neuron i f t h e  shock is preceded by 

~ ~ ~ ~ ~ ~ ~ ~ ~ , " ~ ~ C ~ ~ i , " i f ~ , " ~ $ i ~ ~ ~ , " , k ~ ~ ~ , " ~ ~ ~ ~  spike activity in the sensory neuron than i f  the shock and spike activity occur in a 
rable to those elicited by the tactile stimulus to spec$cally unpaired pattern or if the shock occurs alone. Further experiments 
~~,",s'$~'~~,"~~~~",~~J~",',"~~~~i%f,"~ndfn~ indicate that this activity-dependent amplification of  facilitation is presynaptic in 
1.0-second pulse of 60-Hz a-c current at an origin and involves a differential increase in spike duration and thus in Ca2+ influx in 
intensity of 75 mA in seawater. 

10, siphon withdrawal was measured with a stop- paired versus unpaired sensory neurons. The results of  these cellular experiments are 
watch from stimulus onset until the siphon quantitatively similar t o  the results of behavioral experiments with the same protocol 
stopped contracting and began to relax. All 
responses were measured (blind) by an observer and parameters, suggesting that activity-dependent amplification of  presynaptic 
who did the history Of facilitation may make a significant contribution t o  classical conditioning of the the animals (5). 

11. Both CS's and the US were delivered by hand, withdrawal reflex. 
with the timing of the two stimuli guided by 
electronically controlled signals. Thus the inter- 
stimulus interval is approximate, although it was One of the major goals of neuroscience been difficult to study these events with 
usually accurate to within 0.25 second. More- 
over, the intertrial interval in group studies was has been to specify the cellular mecha- intracellular techniques, and it has been 
also somewhat variable (between 5 and 6 min- nisms of associative learning. Although impossible to establish a causal relation- 
Utes on average). In other experiments in which 
both the interstimulus and the intertrial intervals cellular correlates and analogs of asso- ship between the cellular events and 
were precisely (18), re- ciative learning have been observed in behavior. In the last decade, neural cor- sults were obtained (Fig. 2B2). 

12. For all experiments, the results of two indepen- several vertebrate species (1, 2) ,  it has relates of associative learning have been 
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investigated in a number of invertebrate 
species in which intracellular analysis is 
more feasible, but the behaviors studied 
have generally been complex (3, 4). It 
has therefore not been possible, even in 
these cases, to specify a minimal neuro- 
nal circuit for the learned behavior, mak- 
ing a complete analysis of the cellular 
mechanisms of the learning difficult. Re- 
cently, classical conditioning of a very 
simple behavior, the gill and siphon with- 
drawal reflex of Aplysia, was demon- 
strated, with weak tactile stimulation of 
the siphon as the conditioned stimulus 
(CS) and electric shock to the tail as the 
unconditioned stimulus (US) (5). Carew 
et al. (6) extended this finding by demon- 
strating differential conditioning of the 
siphon withdrawal reflex. Thus, if stimu- 
lation of one site on the siphon or mantle 
shelf was temporally paired with tail 
shock (the US) while stimulation of an- 
other site was specifically unpaired with 
the tail shock, the withdrawal response 
to the paired CS showed significantly 
greater enhancement than did the re- 
sponse to the unpaired CS. The neuronal 
circuit for the withdrawal reflex has been 
described; identified siphon mechanore- 
ceptor neurons make monosynaptic ex- 
citatory synaptic connections onto both 
gill and siphon motor neurons as well as 
onto interneurons that contribute to the 
reflex (7-9). Sensory neurons that medi- 
ate input from the tail have also been 
identified (10). 

In addition to classical conditioning, 
the gill and siphon withdrawal reflex also 
exhibits sensitization, a nonassociative 
form of learning, when tail shock is pre- 
sented either alone or unpaired with si- 
phon stimulation (5, 11). The biophysical 
and molecular mechanisms of sensitiza- 
tion have been explored in some detail. 
Tail shock excites a group of facilitator 
neurons that are thought to be serotoner- 
gic, the L29 cells, that produce presyn- 
aptic facilitation of the siphon sensory 
neurons (12, 13). This facilitation is due 
to adenosine 3',5'-monophosphate (cy- 
clic AMP)-dependent protein phosphor- 
ylation (14), which produces a decrease 
in K+ conductance, leading to an in- 
crease in the duration of action poten- 
tials in the sensory neurons. The in- 
crease in spike duration in turn leads to 
an increase in Ca2+ influx and increased 
transmitter release (15, 16). Because sen- 
sitization and classical conditioning both 
involve an increase in the response to 
one stimulus as a result of presentation 
of a second stimulus, it is attractive to 
think that classical conditioning might 
also involve presynaptic facilitation as a 
mechanism for strengthening the CS 
pathway. Conditioning and sensitization 
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differ, however, in that conditioning re- periments (6), except that we substituted 
quires that the two stimuli be presented 
in a temporally paired fashion, whereas 
sensitization does not. One mechanism 
that might confer temporal specificity on 
presynaptic facilitation would be en- 
hancement or amplification of the facili- 
tation by preceding spike activity in the 
facilitated neurons, as proposed by Kan- 
del and Tauc (17). To examine whether 
this mechanism contributes to differen- 
tial conditioning of the withdrawal re- 
flex, we investigated whether an experi- 
mental protocol based on the one used in 
the conditioning experiments would pro- 
duce differential facilitation of excitatory 
postsynaptic potentials (EPSP's) in the 
circuit for the withdrawal reflex. The 
experimental protocol and parameters 
were the same as in the behavioral ex- 

intracellularly produced spike activity in 
two individual siphon sensory neurons 
for cutaneous stimulation of the siphon, 
and we measured the size of the EPSP's 
in a siphon motor neuron instead of 
siphon withdrawal. As in the behavioral 
experiments, we used a differential train- 
ing procedure. Thus, spike activity in 
one sensory neuron was paired with the 
US, while spike activity in a second 
sensory neuron was specifically un- 
paired with the US. This procedure al- 
lowed us to subtract any nonspecific 
effects from the effect of temporal pair- 
ing in each experiment. 

The preparation we used was the iso- 
lated central nervous system attached to 
the tail by the posterior pedal nerves 
(18). We measured the amplitudes of the 
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Fig. i .  Differential facilitation of monosynaptic EPSP's in the neuronal circuit for the 
withdrawal reflex. (A,) Experimental arrangement and (A,) training protocol. The US also 
excites the motor neurons through pathways that are not shown. Shading indicates that activity 
in the neuron is paired with the US. See text for details. (B) Examples of the EPSP's produced 
in a common postsynaptic siphon motor neuron (MN) by action potentials in a paired and an 
unpaired sensory neuron (SN) before (Pre)  and 1 hour after training (Post). Facilitation of the 
EPSP from the paired sensory neuron is greater than that of the EPSP from the unpaired 
sensory neuron in the same experiment. (C) Average acquisition of differential facilitation in 23 
experiments similar to the one shown in (B). Bars indicate S.E.M. Arrows show times at which 
the US (tail shock) was delivered. (D) Comparison of cellular data showing differential 
facilitation of EPSP's and behavioral data showing differential conditioning of the withdrawal 
reflex. PSP data are pooled from two types of experiments: paired versus unpaired (23 
experiments) and paired versus US alone (ten experiments). Behavioral data are from 
experiments on conditioning of the withdrawal reflex with the same experimental protocol and 
parameters (6). 



monosynaptic EPSP's produced in a 
common postsynaptic neuron by intra- 

tween these possibilities, we carried out fore investigated the possibility that this 
another series of experiments in which presynaptic mechanism might also be 

involved in the activity-dependent ampli- 
fication of facilitation described above. 
We examined the durations of the action 

cellular stimulation of each of two siphon 
sensory neurons both before and after 
training (19) (Fig. 1, Al and B). The two 

stimulation of one sensory neuron was 
paired with the US as before, but the 
other sensory neuron was not stimulated 

potentials in the sensory neurons in the 
presence of tetraethylammonium (TEA), 
which decreases K +  current and thus 

sensory neurons were chosen arbitrarily 
from an homogeneous cluster of siphon 
mechanoreceptor cells (7). In most ex- 

during training (it received US alone or 
sensitization training). Fifteen minutes 
after the end of training, facilitation of 
the EPSP from the paired sensory neu- 
ron was significantly greater than that of 
the EPSP from the sensory neuron re- 

periments, the postsynaptic neuron was 
one of a group of recently identified 
siphon motor neurons (20), but in a few 

broadens the action potential, making 
any changes in spike duration more ap- 
parent. Moreover, in the presence of 

experiments it was L7, a gill and siphon ceiving US-alone training. In ten experi- 
ments, the mean +. S.E.M. was 204 2 36 
percent of pretraining control for the 
paired neurons and 108 ) 16 percent for 
the US-alone neurons ( t9  = 3.45, P < .01). 
Since the EPSP's from neurons receiving 
US alone do not undergo synaptic de- 

TEA the late inward current during an 
action potential is carried predominantly 
by Ca2+ ions, so that a change in spike 
duration is indicative of a change in Ca2' 
influx (15). 

Our experimental protocol was similar 
to that described for the experiments 
demonstrating differential facilitation of 
EPSP's, except that we now (i) mea- 
sured the durations of the action poten- 

motor neuron. During training each sen- 
sory neuron was stimulated intracellular- 
ly, causing it to fire a train of five action 
potentials once every 5 minutes. Stimu- 
lation of one of the sensory neurons 
immediately preceded shock to the tail 
or posterior pedal nerve, while stimula- 
tion of the other (unpaired) neuron fol- 
lowed tail shock by 2.5 minutes (21) (Fig. 
1A2). On average, the EPSP's from both 
sensory neurons were facilitated during 
training, but facilitation of the EPSP 

pression during training, this differential 
effect can not be due to differential de- 
pression of the EPSP's. Rather, these 
results demonstrate that facilitation of 
the EPSP from a sensory neuron to a 
postsynaptic neuron is enhanced if the 

tials in the sensory neurons instead of 
the amplitudes of the EPSP's in the 
motor neuron, (ii) carried out both train- 

from the paired neuron was greater than 
that of the EPSP from the unpaired neu- 
ron (Fig. 1C). In fact, while the EPSP 
from the unpaired neuron was usually 

sensory neuron is active just before the 
facilitating stimulus (the US) is present- 
ed. The amplitude of this effect suggests 
that it can completely account for the 
differential facilitation of EPSP's from 
paired and unpaired sensory neurons 
shown in Fig. 1, B and C, although we 

ing and testing with the abdominal gan- 
glion (which contains the siphon sensory 
neurons) bathed in seawater containing 
50 mM TEA, and (iii) increased the num- 
ber of training trials from 5 to 15. We 
found that additional training trials were 
necessary to maximize the differential 

facilitated early in training, it often began 
to decrease in amplitude toward the end 
of training, probably as a result of the 
dominance of homosynaptic depression 
caused by repeated firing of the sensory 
neuron (7). When tested either 5 or 15 

cannot rule out the possibility that differ- 
ential protection from synaptic depres- 
sion might also contribute to those re- 

effect under these conditions, perhaps 
because the presence of TEA in the 
abdominal ganglion altered the efficacy 
of the CS or the US, or both, during 
training. As in the postsynaptic potential 
experiments, two arbitrarily selected si- 

minutes after a series of five training 
trials, the EPSP from the paired neuron 
was significantly facilitated compared to 

sults. 
These experiments demonstrate activ- 

ity-dependent amplification of facilita- 
tion of the EPSP's from sensory neurons its pretraining amplitude, whereas the phon sensory neurons were stimulated 

intracellularly, causing them to fire action 
potentials once every 5 minutes. Stimu- 
lation of one sensory neuron immediate- 

to motor neurons in the circuit for the 
siphon withdrawal reflex. The protocol 

EPSP from the unpaired neuron was not 
significantly facilitated. In 23 experi- 
ments, the mean k standard error of the 
mean (S.E.M.) was 161 2 27 percent of 
pretraining control for the paired neu- 
rons (tZ2 = 2.25, P < .05) and 86 +. 11 

and parameters used in these experi- 
ments are the same as those that have 
been used in behavioral experiments 

ly preceded tail shock, whereas stimula- 
tion of the other neuron was specifically 
unpaired with tail shock (24). Five to 15 demonstrating differential conditioning 

of the withdrawal reflex (6). A compari- 
son of the results of our cellular experi- 

percent for the unpaired neurons (22). 
Moreover, the percent change in the 
amplitude of the EPSP from the paired 

minutes after a series of 15 training trials, 
the action potential in the paired neuron 
was significantly broadened compared to ments with results from the behavioral 

neuron was significantly greater than 
that for the EPSP from the unpaired 
neuron (tZ2 = 2.77, P < .02). This differ- 
ential facilitation of EPSP's was main- 

experiments shows that they are similar 
quantitatively as well as qualitatively 
(Fig. ID). This fit between the cellular 

its pretraining duration, while the action 
potential in the unpaired neuron was not. 
In 21 experiments, the mean + S.E.M. 
was 123 -' 9 percent of pretraining con- and behavioral results and the fact that 

the sensory and motor neurons exam- 
ined in this study mediate the withdrawal 

tained for at least 45 minutes after train- 
ing in the six experiments in which all 
three neurons were held that long (Fig. 
1B). 

The EPSP's from both the paired and 

trol for the paired neurons (t20 = 2.45, 
P < .05) and 98 i: 5 percent for the un- 
paired neurons. Moreover, the percent reflex suggest that activity-dependent 

amplification of facilitation may contrib- 
ute to behavioral conditioning of the 
reflex (23). 

Activity-dependent amplification of 
facilitation could result from either a 

change in the duration of the action 
potential in the paired neuron was signif- 

the unpaired neurons probably undergo a 
combination of facilitation (caused by 
the US) and synaptic depression (caused 

icantly greater than that for the unpaired 
neuron (tZ0 = 3.15, P < .01). This differ- 
ential broadening of action potentials 

by repeated firing of the sensory neu- 
rons). Thus the differential effect shown 
in Fig. 1, B and C, could be due either to 
increased facilitation or to decreased de- 
pression of the EPSP's from the paired 
neurons, compared to those from the 
unpaired neurons. To distinguish be- 

presynaptic or a postsynaptic mecha- 
nism. Facilitation at these synapses un- 
derlying behavioral sensitization is pre- 

was maintained for at least 3 hours after 
training in the 12 experiments in which 
both the paired and unpaired neurons 
were held that long (tll = 2.31, P < -05) 
(Fig. 2, Al and B). The action potentials 
in both neurons continued to broaden 

synaptic in origin (12) and is due to 
broadening of the action potentials, 
which leads to an increase in Ca2+ influx 
in the sensory neurons (15).  We there- during the 3 hours after training; this 
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parallels results from behavioral experi- 
ments on conditioning of the withdrawal 
reflex (5, 6, 25). When we blocked Ca2+ 
current by bathing the ganglion in 15 mM 
CoC12 after training, the durations of the 
spikes in both neurons were greatly re- 
duced, confirming that the inward cur- 
rent during the late phase of the action 
potential is carried by ca2+  ions (Fig. 
2A2). These results are consistent with 
the hypothesis that activity-dependent 
amplification of facilitation is presynap- 
tic in origin and involves a differential 
increase in spike duration and Ca2+ in- 
flux in paired vesus unpaired sensory 
neurons. 

An increase in spike duration (and 
hence in Ca2+ influx) may have as its 
primary cause either an increase in Ca2+ 
conductance or a decrease in K+ con- 
ductance. Klein and Kandel (16) found 
that presynaptic facilitation underlying 
sensitization of the withdrawal reflex is 
due to a decrease in K+ conductance, 
which is reflected in a decrease in the 
outward current elicited by depolarizing 
pulses in voltage-clamp experiments. Us- 
ing an experimental protocol similar to 
that described above for the postsynap- 
tic potential experiments (with five train- 
ing trials in normal seawater), we found a 
significantly greater decrease in the out- 
ward current in paired than in unpaired 
sensory neurons under voltage clamp 
(26). This result supports the conclusion 
from the spike broadening experiments 
that activity-dependent amplification of 
facilitation has a presynaptic mecha- 
nism. Since the pulse parameters used in 
this experiment were chosen to maxi- 
mize the contribution of the K+ conduc- 
tance that is modulated during normal 
presynaptic facilitation, this finding also 
suggests that the mechanism of differen- 
tial spike broadening is a differential de- 
crease in K+ conductance in paired ver- 
sus unpaired sensory neurons, although 
it does not rule out the possibility of 
a differential increase in Ca2+ conduc- 
tance 

The results of these experiments sug- 
gest that activity-dependent amplifica- 
tion of presynaptic facilitation (Fig. 2CI) 
is a mechanism of classical conditioning 
of the withdrawal reflex. However, at 
least two other types of cellular mecha- 
nisms could also explain conditioning of 
this reflex. First, the CS and US path- 
ways might converge on facilitator neu- 
rons in such a way that paired presenta- 
tion of the CS and US produces substan- 
tially greater firing of the facilitators and 
therefore greater presynaptic facilitation 
than unpaired presentation of the two 
stimuli (Fig. 2C2). That it is possible to 
produce differential facilitation of two 

arbitrarily chosen siphon sensory neu- rons in a semi-intact preparation, we 
rons makes this mechanism unlikely, found that paired presentation of the CS 
since it would require a separate facilita- and US produced no more total firing of 
tor neuron for each sensory neuron. Fur- the facilitators than did unpaired presen- 
thermore, in experiments in which we tation of the two stimuli (27). Thus our 
recorded from identified facilitator neu- evidence does not support a summation 
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Fig. 2. Differential broadening of the action potentials in two sensory neurons in the presence of 
50 mM tetraethylammonium (TEA). (A,) Examples of the action potentials in a paired and 
unpaired sensory neuron before (Pre) and 3 hours after training (Post). The action potentials in 
the two neurons have been superimposed. Broadening of the action potential in the paired 
neuron is greater than that of the action potential in the unpaired neuron in the same 
experiment. (A,) The action potentials in paired and unpaired neurons with 15 mM CoC12 added 
to the bath after the 3-hour posttest, from another experiment with action potentials similar to 
those shown in (A, ) .  (B, and B2) Average differential splke broadening and time course of 
retention in 12 experiments in which both neurons were held for at least 3 hours after training. 
(B1) Average spike broadening in the paired and unpaired neurons. (B2) Average difference 
between the spike broadening in the paired neuron and that in the unpaired neuron in the same 
experiment (from the experiments shown in B,). Bars indicate S.E.M. (C,. C2, and C,) Diagram 
of activity-dependent presynaptic facilitation and two other possible celluiar mechanisms of 
classical conditioning. These mechanisms require the occurrence of temporally paired spike 
activity in the shaded neurons. In (C2), paired activity in neurons CS1 and US causes firing of 
the left (but not the right) facilitator neuron. See text for discussion. 
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mechanism, although we cannot rule out 
the possibility that summation in inter- 
neurons might contribute to the behav- 
ioral conditioning. A second mechanism 
that might explain the temporal specific- 
ity of conditioning was first proposed by 
Hebb (28). In the Hebb model (Fig. 2C3), 
the strength of a particular synaptic con- 
nection is increased if use of that syn- 
apse contributes to the occurrence of an 
action potential in the postsynaptic (CR) 
neuron. Thus, if stimulation of a CS 
neuron is immediately followed by a U S  
that causes neuron CR to fire, the CS-CR 
synapse will be strengthened. This 
mechanism is not necessary for condi- 
tioning to occur in our system, since in 
some of our experiments the postsynap- 
tic neuron was held at a hyperpolarized 
level and did not fire any action poten- 
tials in response to the US. Furthermore, 
this mechanism is not sufficient, since 
intracellular stimulation of the postsyn- 
aptic neuron does not serve as  an effec- 
tive US (29). 

Our experiments indicate that the 
mechanism of classical conditioning of 
the withdrawal reflex may simply be  an 
elaboration of the mechanism of sensiti- 
zation of the reflex, namely, presynaptic 
facilitation caused by an increase in ac- 
tion potential duration and Ca2+ influx in 
the sensory neurons. These experiments 
also suggest that the pairing specificity 
characteristic of classical conditioning 
results from am~lification of the facilita- 
tion by temporally paired spike activity 
in the sensory neurons. We do not know 
which aspect of the action potential in a 
sensory neuron interacts with the pro- 
cess of presynaptic facilitation to  amplify 
it. Four possibilities are depolarization, 
Na' influx. Ca2+ influx, and Kt efflux. 
We also do not know which step in the 
biochemical cascade leading to presyn- 
aptic facilitation is sensitive to  one or 
more of these aspects of the action po- 
tential. As a working hypothesis we pro- 
pose that the influx of c a 2 -  with each 
action potential may provide the signal 
for activity and that it may interact with 
the serotonin-sensitive adenylate cyclase 
in the terminals of the sensory neuron so 
that the cyclase subsequently produces 
more cyclic AMP in response to  seroto- 
nin (30). Alternatively, the catalytic unit 
of the cyclase, the regulatory unit (which 
couples the catalytic unit to the seroto- 
nin receptor) and the receptor itself, all 
of which are membrane-associated pro- 
teins, may be modulated by the trans- 
membrane voltage changes that occur 
during an action potential. 

An attractive feature of the hypothesis 
that activity-dependent presynaptic fa- 
cilitation is a mechanism of conditioning 

is that it is a type of mechanism which 
could be very general, for three reasons. 
First, it requires little special circuitry 
since the mechanism of pairing specific- 
ity is intrinsic to neurons in the CS 
pathway. The minimum requirements of 
this model are (i) facilitatory neurons, 
such as  the L29 cells, which are excited 
by motivationally significant stimuli and 
which may project very diffusely (in 
principle, a single L29 neuron that pro- 
duced facilitation in all of the sensory 
neurons would be sufficient to  explain 
our results) and (ii) differential activity 
in the neurons that receive facilitatory 
input. We d o  not feel that there is any- 
thing unique about the siphon sensory 
neurons and believe that this mechanism 
is likely to operate throughout the ner- 
vous system wherever these two require- 
ments are satisfied. Indeed, Walters and 
Byrne (31) report independent and simi- 
lar results in another group of neurons in 
Aplysia. This mechanism may also oper- 
ate in the vertebrate nervous system, 
with the diffusely projecting aminergic o r  
cholinergic systems playing the role that 
the L29 neurons play in the abdominal 
ganglion of Aplysia. 

Second, the mechanism that we pro- 
pose underlies activity dependence of 
presynaptic facilitation is amplification 
of a cyclic AMP-dependent decrease in 
K +  conductance by the voltage or ion 
fluxes that occur during an action poten- 
tial. If the same mechanism occurred in 
locations other than the terminals of the 
sensory neurons, it could produce other 
aspects of learned behavior-for in- 
stance, if it occurred in the integrative 
region of interneurons or  motor neurons 
it could produce features of operant con- 
ditioning (32). This speculation is ren- 
dered more plausible by the fact that 
cyclic nucleotides and decreases in K +  
conductance have been implicated in 
both classical and operant conditioning 
in other preparations (4, 33). Of particu- 
lar relevance are experiments on Dro- 
sophila which show that both sensitiza- 
tion and avoidance conditioning are af- 
fected by mutations that alter cyclic 
AMP metabolism (34). 

Finally, the aspects of a mechanism of 
associative learning that are most likely 
to be general phylogenetically are those 
at the fundamental molecular and bio- 
physical level. Activity-dependent am- 
plification of presynaptic facilitation 
probably involves the same cascade of 
biochemical and biophysical processes 
that mediate conventional presynaptic 
facilitation at the sensory neuron synap- 
ses: cyclic AMP-dependent protein 
phosphorylation and decreased ionic 
conductance. These processes are wide- 

spread phylogenetically and seem to be 
highly conserved (35). It  thus seems pos- 
sible that activity-dependent amplifica- 
tion of these processes may have similar 
generality. If so, it could provide a mech- 
anism of conditioning in a wide range of 
species, including vertebrates. 
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Associative Conditioning of Single Sensory Neurons 
Suggests a Cellular Mechanism for Learning 

Abstract. A cellular analog of associative learning has been demonstrated in 
individual sensory neurons of the tail withdrawal reflex of Aplysia. Sensory cells 
activated by intracellular current injection shortly before a sensitizing shock to the 
animal's tail display significantly more facilitation of their monosynaptic connec- 
tions to a tail motor neuron than cells trained either with intracellular stimulation 
unpaired to tail shock or with tail shock alone. This associative efect  is acquired 
rapidly and is expressed as a temporally specific amplification of heterosynaptic 
facilitation. The res~tlts suggest that activity-dependent neuromoclulation may be 
a mechanism ~tnderlying associative information storage and point to aspects 
of s~tbcellular processes that might be involved in the formation of neural associa- 
tions. 

The use of intracellular techniques to 
investigate neuronal changes produced 
by classical and operant conditioning 
paradigms (I) encourages the belief that 
mechanisms of associative information 
storage can be analyzed on the cellular 
level. Because associative learning is 
usually quite sensitive to motivational 
and attentional factors, some psycholo- 
gists have assumed that the formation of 
associations depends, in part, upon the 
contiguous activation of sensory "ana- 
lyzers" and modulatory "arousal cen- 
ters" (2). We have tested this general 
idea on the neuronal level in the mollusk 
Aplysia calfornica by examining the as- 
sociative interaction of electrophysiolog- 
ical activity in individual sensory neu- 
rons with neuromodulatory concomi- 
tants of defensive arousal. Our results 

suggest a cellular mechanism for associa- 
tive information storage, activity-depen- 
dent neuromodulation, that may be of 
general significance. 

We applied a cellular analog of a dif- 
ferential classical conditioning proce- 
dure simultaneously to three mechanoaf- 
ferent neurons-which innervate the tail 
(3)-in the left pleural ganglion of each 
animal. Because noxious tail stimulation 
produces defensive arousal and modu- 
lates (heterosynaptically facilitates) (3, 
4) synaptic connections of these sensory 
neurons, we used tail shock as the rein- 
forcing or unconditioned stimulus (US) 
(5). Training and testing were conducted 
in a reduced "split-foot" preparation (6). 
Associative and nonassociative effects of 
training were measured by testing the 
amplitude of single monosynaptic excit- 
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