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The ability to study behavior on a cel- 
lular level in a number of higher in- 
vertebrates (1) makes is possible to ex- 
amine the cellular and synaptic altera- 
tions produced by simple forms of 
behavioral modifications and to begin to 

explore their molecular mechanisms. 
This report and its companion (la) repre- 
sent an attempt to apply this approach in 

Aplysia. 
Sensitization is an elementary form of 

learning in which a strong or noxious 
stimulus enhances an animal's pre- 
existing reflex responses for periods 
ranging from minutes to several weeks, 
depending upon the pattern and duration 
of training (2). Sensitization resembles 
classical conditioning in that activity in 
one pathway facilitates reflex activity in 
another. Unlike classical conditioning, 
however, reflex facilitation does not re- 

quire specific temporal association of the 
two stimuli. As a result of this similarity 
to classical conditioning, sensitization is 

thought by some to be closely related to 
associative learning (3). Sensitization 
can also produce dishabituation, the en- 
hancement of a reflex response that has 

previously been habituated (4, 5). Where- 
as habituation is restricted to the stimu- 
lated pathway, sensitization alters the 

responsiveness of a variety of related re- 
flex pathways. Because both sensitization 
and behavioral arousal lead to increased 

responsiveness that is generalized and 
sustained, sensitization is thought to 
be a component of behavioral arousal 
(5,6). 

We have studied the cellular mecha- 
nisms underlying sensitization of the gill- 
withdrawal reflex in the marine mollusk 
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Aplysia. Our results indicate that sensi- 
tization involves a novel synaptic mecha- 
nism, presynaptic facilitation. 

Weak or moderate stimulation of the 
siphon leads to brisk withdrawal of the 
gill. A single training session of 10 to 15 

repeated stimuli results in short-term 
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habituation (15 minutes to several hours) 
of the reflex response. The reflex re- 
sponse can be abruptly enhanced for 
many minutes if a single strong sensitiz- 
ing stimulus is applied to the head (2). 

The neuronal mechanisms of short- 
term habituation and sensitization can be 
studied in the isolated abdominal gangli- 
on (Fig. 1A). The ganglion contains an 
identified cluster of 24 sensory neurons 
that innervate the siphon skin and 6 iden- 
tified motor neurons that mediate the 
gill-withdrawal reflex (7). The sensory 
neurons make direct monosynaptic ex- 
citatory connections with the motor neu- 
rons (8, 9). With repeated sensory stimu- 
lation at rates that produce habituation in 
the intact animal (once every 10 seconds 
to once every 3 minutes), the mono- 
synaptic excitatory postsynaptic poten- 
tial (EPSP) produced in the motor neu- 
ron by action potentials in the sensory 
neuron becomes depressed (Fig. 1B) due 
to a decrease in transmitter release by 
the sensory neuron (9). Electrical stimu- 
lation (6 hertz for 10 seconds) of the neu- 
ral pathway (connective) from the head 
ganglion that mediates the effect of a sen- 
sitizing stimulus in an intact animal rapid- 
ly facilitates the EPSP for about 50 min- 
utes (Fig. 1, B and C) [for a similar phe- 
nomenon in another synaptic system in 

Aplysia, see (10)]. The facilitating stimu- 
lus does not fire the sensory neuron (Fig. 
1B); this distinguishes this form of heter- 
osynaptic facilitation from posttetanic fa- 
cilitation resulting from repetitive activi- 

ty in the sensory neurons (5, 10). 
To determine whether the facilitation 

occurs presynaptically or postsynapti- 
cally, we have used a quantal analysis. 
This analysis is technically difficult to 
achieve in most central neurons be- 
cause they receive many synaptic in- 

Fig. 1. Synaptic facilitation at the synapse 
between mechanoreceptor neurons and motor 
neurons. (A) Ventral aspect of the abdominal 
ganglion of Aplysia illustrating simultaneous 
recording from gill motor neuron L7 and a 
mechanoreceptor sensory neuron. (B) Depres- 
sion and subsequent facilitation of a mono- 
synaptic EPSP after a strong stimulus. Ar- 
rows indicate the last EPSP before the facili- 
tating stimulus and the first EPSP after the 
stimulus. Abbreviations: S.N., sensory neu- 
ron; M.N., motor neuron. (C) Time course of 
facilitation. Data were obtained from an ex- 
periment similar to the one illustrated in (B). 
Each point represents the average amplitude 
of ten successive evoked EPSP's. Facilitation 
occurred at time 0, when the left connective 
was stimulated as in (B). The EPSP's are 

habituation (15 minutes to several hours) 
of the reflex response. The reflex re- 
sponse can be abruptly enhanced for 
many minutes if a single strong sensitiz- 
ing stimulus is applied to the head (2). 

The neuronal mechanisms of short- 
term habituation and sensitization can be 
studied in the isolated abdominal gangli- 
on (Fig. 1A). The ganglion contains an 
identified cluster of 24 sensory neurons 
that innervate the siphon skin and 6 iden- 
tified motor neurons that mediate the 
gill-withdrawal reflex (7). The sensory 
neurons make direct monosynaptic ex- 
citatory connections with the motor neu- 
rons (8, 9). With repeated sensory stimu- 
lation at rates that produce habituation in 
the intact animal (once every 10 seconds 
to once every 3 minutes), the mono- 
synaptic excitatory postsynaptic poten- 
tial (EPSP) produced in the motor neu- 
ron by action potentials in the sensory 
neuron becomes depressed (Fig. 1B) due 
to a decrease in transmitter release by 
the sensory neuron (9). Electrical stimu- 
lation (6 hertz for 10 seconds) of the neu- 
ral pathway (connective) from the head 
ganglion that mediates the effect of a sen- 
sitizing stimulus in an intact animal rapid- 
ly facilitates the EPSP for about 50 min- 
utes (Fig. 1, B and C) [for a similar phe- 
nomenon in another synaptic system in 

Aplysia, see (10)]. The facilitating stimu- 
lus does not fire the sensory neuron (Fig. 
1B); this distinguishes this form of heter- 
osynaptic facilitation from posttetanic fa- 
cilitation resulting from repetitive activi- 

ty in the sensory neurons (5, 10). 
To determine whether the facilitation 

occurs presynaptically or postsynapti- 
cally, we have used a quantal analysis. 
This analysis is technically difficult to 
achieve in most central neurons be- 
cause they receive many synaptic in- 

Fig. 1. Synaptic facilitation at the synapse 
between mechanoreceptor neurons and motor 
neurons. (A) Ventral aspect of the abdominal 
ganglion of Aplysia illustrating simultaneous 
recording from gill motor neuron L7 and a 
mechanoreceptor sensory neuron. (B) Depres- 
sion and subsequent facilitation of a mono- 
synaptic EPSP after a strong stimulus. Ar- 
rows indicate the last EPSP before the facili- 
tating stimulus and the first EPSP after the 
stimulus. Abbreviations: S.N., sensory neu- 
ron; M.N., motor neuron. (C) Time course of 
facilitation. Data were obtained from an ex- 
periment similar to the one illustrated in (B). 
Each point represents the average amplitude 
of ten successive evoked EPSP's. Facilitation 
occurred at time 0, when the left connective 
was stimulated as in (B). The EPSP's are 
facilitated beyond the initial control ampli- 
tude. We do not know to what extent the 
decline after the facilitating stimulation is due 
to continued testing or to gradual spontaneous 
recovery from facilitation. 

SCIENCE, VOL. 194 

facilitated beyond the initial control ampli- 
tude. We do not know to what extent the 
decline after the facilitating stimulation is due 
to continued testing or to gradual spontaneous 
recovery from facilitation. 

SCIENCE, VOL. 194 

Presynaptic Facilitation as a Mechanism 

for Behavioral Sensitization in Aplysia 

Abstract. Sensitization is an elementary form of nonassociative learning, related 
to behavioral arousal, in which a strong stimulus facilitates a reflex response. Stud- 
ies of the neural circuit of the gill-withdrawal reflex in the isolated abdominal gangli- 
on of Aplysia indicate that short-term sensitization is due to presynaptic facilitation. 
The facilitation results in a sudden increase in the amount of neurotransmitter re- 
leased by the sensory neurons at their synapses with motor neurons. 
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puts, making it difficult to analyze re- 
liably the spontaneous release from a 
single presynaptic source. In addition, 
the evoked quantal size is usually small 
in relation to the background synaptic 
bombardment produced by neural activi- 
ty. We increased the signal-to-noise ratio 
by examining fluctuations in the synaptic 
potentials produced by a single sensory 
neuron in one motor neuron using solu- 
tions with elevated concentrations of 
divalent cations (165 mM Mg2+, 10 to 33 
mM Ca2+) to depress the release of trans- 
mitter. In these solutions the total con- 
tent of divalent cations is tripled com- 
pared to normal (55 mM Mg2+, 10 mM 
Ca2+). This high concentration of diva- 
lent cations increases the threshold of 
neurons and reduces the activity of 
spontaneously active cells (9, 11). The fa- 
cilitation observed is similar in amplitude 
to that observed when the ganglion is 
bathed in artificial seawater. 

According to the quantal hypothesis 
(12), the average amplitude of the EPSP 
(E) is equal to m x q where m is the 

quantal content, and q is the average size 
of the transmitter quantum. We esti- 
mated m and q (i) from amplitude histo- 
grams of the evoked EPSP's (mli and q,) 
and (ii) from an analysis of failures in syn- 
aptic transmission (m2 and q2) (13). 

At low levels of transmitter release, 
when synaptic transmission occasionally 
fails, the data obtained can be roughly ap- 
proximated by a Poisson distribution (9, 
14). The application of this distribution 
assumes that the average response level 
is constant. At these synapses, however, 
the amplitude of the synaptic potential 
decreases gradually with repeated stimu- 
lation. Thetefore, we collected 100 to 
300 responses both before and after pre- 
senting a facilitating stimulus. We 
grouped the first 20 responses together 
and divided the other responses into 
equal consecutive regions of relative sta- 
bility, each containing 20 to 100 re- 
sponses. In each region the amplitude of 
the responses did not change by more 
than 15 percent. 

To compare the estimates mi and q1, 
obtained from the amplitude histograms 
with those obtained from the failure anal- 
ysis, we focused on the cases in which 
failures were found (Fig. 2A). We esti- 
mated mi and q1 (15) in six experiments 
before and after the facilitating stimulus. 
In these experiments, E increased as a re- 
sult of the facilitating stimulus from a me- 
dian control value of 100 percent (in the 
region before the facilitating stimulus) to 
141 percent (P < .025, one-tailed Wil- 
coxon matched-pairs signed-ranks test). 
This increase was paralleled by an in- 
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crease in m, from 100 to 200 percent 
(P < .05, two-tailed Wilcoxon test). By 
contrast, q1 remained at a median value 
of 100 percent. 

We obtained similar results when we 
estimated m2 and q2 using the failure anal- 
ysis. According to the Poisson distribu- 
tion, m2 can be obtained simply from the 
ratio of failures (no) to the total number 
of trials (N) (12), where m2 = In Nln,. 
Data from six experiments on synaptic 
facilitation were normalized to the region 
before the facilitation (Fig. 2B). The esti- 
mated values of q2 obtained in this way 
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did not vary significantly between suc- 
cessive regions. By contrast, m2 paral- 
leled E. Both increased from a control 
value of 100 percent to a maximum value 
of 200 percent before returning to control 
value. Since we only began to evaluate 
responses once failures occurred, the 
data do not describe the maximal facili- 
tation observed, in which m is presum- 
ably much larger (16). 

These results suggest that hetero- 
synaptic facilitation underlying sensitiza- 
tion is due to a novel synaptic mecha- 
nism, presynaptic facilitation. This facili- 
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o L A N=42(149-190) tation. (A) Histograms illustrate the region 
. +nl 5- _ ml=1.6 preceding the facilitating stimulation (-I) and 

~Mi j~ y~J~1 ~two subsequent regions (+I and +II). Before 
* / '"/ N-n facilitation, synaptic transmission often fails 

o0 - ' I 1 to occur (26 percent) (dark bar), but these 
57 114 171 228 285 failures probably include part of the adjacent 

Amplitude (juv) bin. In the first region after the facilitating 
stimulus there is no failure. There are still 

B 250 - proportionately fewer failures (14 percent) in 
region +II, but the amplitude of the unit peak 
is not altered, which indicates that m, increas- 

j_~, ~ es while 4q does not change (15). The inter- 
stimulus interval was 10 seconds. The number 

200 _- of stimuli is N, and the two values in parenthe- 
ses refer to the first and last EPSP's of the 

2PO~~~ /II~/ \ ~ plateau region. The dashed lines illustrate the- 
:|o ~~~ Dfr~ \ ~oretical curves based upon the Poisson distri- 
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method. Numbers in parentheses indicate the 

^~~~~t cetp number of experimental preparations. A t-test 
I of correlated pairs of means was performed 
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-1(6) +16) (5) during successive regions; comparison be- 

Plateau regions tween regions -I and +I; m2, P < .005; 
E, P < .001. The markers indicate the standard errors of the means, and the arrow indicates 
the facilitating stimulus. Fig. 3 (above). Postulated changes in the neuronal network of the 
gill reflex underlying behavioral habituation and sensitization. Only one sensory neuron and 
motor neuron are indicated. Habituation is postulated to result from a decrease in transmitter 
output at the synapse between the sensory neuron and the motor neuron (cross-hatched synapse); 
sensitization produced by presynaptic facilitation is postulated to result from an increase in 
transmitter output at the same synapse. Sensitization can be produced by a strong stimulus to 
any part of the animal's body surface, but only the head is indicated in the diagram. The exact 
neural pathway from the head, indicated by the interrupted line, has not yet been determined. 
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tation results in a sudden increase in the 
amount of transmitter released by the 
synapses of the sensory neurons as a re- 
sult of activity in another neuronal path- 
way (Fig. 3). We suggest that these path- 
ways contact the presynaptic terminals 
of the sensory neurons and regulate their 
transmitter release. The existence of pre- 
synaptic facilitation has been suggested 
in several synaptic systems on the basis 
of indirect evidence (5, 10); our data pro- 
vide direct evidence for its occurrence. 

We have so far examined only the syn- 
aptic connections made between sensory 
neurons and motor cells. We have not 
yet examined the connections between 
sensory neurons and interneurons or be- 
tween interneurons and motor cells. 
Thus we cannot exclude other mecha- 
nisms as contributing to the behavioral 
sensitization. 

Our results indicate that, although ha- 
bituation and sensitization are different, 
they act on a common locus: the pre- 
synaptic terminals of the sensory neu- 
rons (Fig. 3). Both of these short-term be- 
havioral modifications act by modulating 
the release of transmitter for periods 
ranging from several minutes to an hour 
or more. 

V. CASTELLUCCI 
E. R. KANDEL 

Division of Neurobiology and Behavior, 
College of Physicians and Surgeons of 
Columbia University, New York 10032 

References and Notes 

1. F. B. Krasne, J. Exp. Biol. 50, 29 (1969); J. G. 
Nicholls and D. Purves, J. Physiol. (London) 
209, 647 (1970); A. O. D. Willows, in Physi- 
ological and Biochemical Aspects of Nervous 
Integration, F. D. Carlson, Ed. (Prentice-Hall, 
Englewood Cliffs, N.J., 1968), pp. 217-243; R. S. 
Zucker,J. Neurophysiol. 35, 621 (1972); D. Ken- 
nedy, A. I. Selverston, M. P. Remler, Science 
164, 1488 (1969). 

la.M. Brunelli, V. Castellucci, E. R. Kandel, Sci- 
ence 194, 1178 (1976). 

2. H. Pinsker, I. Kupfermann, V. Castellucci, E. 
R. Kandel, ibid. 167, 1740 (1970); H. Pinsker, 
W. Hening, T. Carew, E. R. Kandel, ibid. 182, 
1039 (1973). 

3. E. R. Kandel, in The Neurosciences, Q. C. 
Quarton, T. Melnechuk, F. O. Schmitt, Eds. 
(Rockefeller Univ. Press, New York, 1967), pp. 
666-689; M. F. Wells, in Symposium on Neuro- 
biology of Invertebrates, J. Salanki, Ed. (Ple- 
num, New York, 1968), pp. 391-411. 

4. W. A. Spencer, R. F. Thompson, D. R. Neilson, 
J. Neurophysiol. 29, 221 (1966). 

5. T. Carew, V. Castellucci, E. R. Kandel, Int. J. 
Neurosci. 2, 79 (1971). 

6. P. M. Groves and R. F. Thompson, Psychol. 
Rev. 77, 419 (1970). 

7. J. Byrne, V. Castellucci, E. R. Kandel, J. Neu- 
rophysiol. 37, 1041 (1974); V. Castellucci, H. 
Pinsker, I. Kupfermann, E. R. Kandel, Science 
167, 1745 (1970); I. Kupfermann, T. J. Carew, 
E. R. Kandel, J. Neurophysiol. 37, 996 (1974). 

8. The connections between sensory and motor 
neurons were studied by inserting a single micro- 
electrode into a sensory neuron; the electrode 
was connected to a Wheatstone bridge circuit 
for intracellular stimulation and recording. A 
low-resistance, double-barreled electrode was 

tation results in a sudden increase in the 
amount of transmitter released by the 
synapses of the sensory neurons as a re- 
sult of activity in another neuronal path- 
way (Fig. 3). We suggest that these path- 
ways contact the presynaptic terminals 
of the sensory neurons and regulate their 
transmitter release. The existence of pre- 
synaptic facilitation has been suggested 
in several synaptic systems on the basis 
of indirect evidence (5, 10); our data pro- 
vide direct evidence for its occurrence. 

We have so far examined only the syn- 
aptic connections made between sensory 
neurons and motor cells. We have not 
yet examined the connections between 
sensory neurons and interneurons or be- 
tween interneurons and motor cells. 
Thus we cannot exclude other mecha- 
nisms as contributing to the behavioral 
sensitization. 

Our results indicate that, although ha- 
bituation and sensitization are different, 
they act on a common locus: the pre- 
synaptic terminals of the sensory neu- 
rons (Fig. 3). Both of these short-term be- 
havioral modifications act by modulating 
the release of transmitter for periods 
ranging from several minutes to an hour 
or more. 

V. CASTELLUCCI 
E. R. KANDEL 

Division of Neurobiology and Behavior, 
College of Physicians and Surgeons of 
Columbia University, New York 10032 

References and Notes 

1. F. B. Krasne, J. Exp. Biol. 50, 29 (1969); J. G. 
Nicholls and D. Purves, J. Physiol. (London) 
209, 647 (1970); A. O. D. Willows, in Physi- 
ological and Biochemical Aspects of Nervous 
Integration, F. D. Carlson, Ed. (Prentice-Hall, 
Englewood Cliffs, N.J., 1968), pp. 217-243; R. S. 
Zucker,J. Neurophysiol. 35, 621 (1972); D. Ken- 
nedy, A. I. Selverston, M. P. Remler, Science 
164, 1488 (1969). 

la.M. Brunelli, V. Castellucci, E. R. Kandel, Sci- 
ence 194, 1178 (1976). 

2. H. Pinsker, I. Kupfermann, V. Castellucci, E. 
R. Kandel, ibid. 167, 1740 (1970); H. Pinsker, 
W. Hening, T. Carew, E. R. Kandel, ibid. 182, 
1039 (1973). 

3. E. R. Kandel, in The Neurosciences, Q. C. 
Quarton, T. Melnechuk, F. O. Schmitt, Eds. 
(Rockefeller Univ. Press, New York, 1967), pp. 
666-689; M. F. Wells, in Symposium on Neuro- 
biology of Invertebrates, J. Salanki, Ed. (Ple- 
num, New York, 1968), pp. 391-411. 

4. W. A. Spencer, R. F. Thompson, D. R. Neilson, 
J. Neurophysiol. 29, 221 (1966). 

5. T. Carew, V. Castellucci, E. R. Kandel, Int. J. 
Neurosci. 2, 79 (1971). 

6. P. M. Groves and R. F. Thompson, Psychol. 
Rev. 77, 419 (1970). 

7. J. Byrne, V. Castellucci, E. R. Kandel, J. Neu- 
rophysiol. 37, 1041 (1974); V. Castellucci, H. 
Pinsker, I. Kupfermann, E. R. Kandel, Science 
167, 1745 (1970); I. Kupfermann, T. J. Carew, 
E. R. Kandel, J. Neurophysiol. 37, 996 (1974). 

8. The connections between sensory and motor 
neurons were studied by inserting a single micro- 
electrode into a sensory neuron; the electrode 
was connected to a Wheatstone bridge circuit 
for intracellular stimulation and recording. A 
low-resistance, double-barreled electrode was 
placed into a motor cell, usually gill motor neu- 
ron L7 (Fig. 1A). The signals from the motor cell 
were led to a cathode follower and then to a d-c 
and a high gain a-c amplifier (Tektronix No. 
2A61). To minimize baseline noise, the band 
width of the a-c amplifier was set between 0.6 

1178 

placed into a motor cell, usually gill motor neu- 
ron L7 (Fig. 1A). The signals from the motor cell 
were led to a cathode follower and then to a d-c 
and a high gain a-c amplifier (Tektronix No. 
2A61). To minimize baseline noise, the band 
width of the a-c amplifier was set between 0.6 

1178 

and 60 hertz. Data were tape-recorded and later 
displayed (Brush recorder No. 440). 

9. V. F. Castellucci and E. R. Kandel, Proc. Natl. 
Acad. Sci. U.S.A. 71, 5004 (1974). 

10. E. R. Kandel and L. Tauc, J. Physiol. (London) 
181, 28 (1965); T. Shimahara and L. Tauc, ibid. 
247, 321 (1975). 

11. G. Austin, H. Yai, M. Sato, in Invertebrates 
Nervous Systems, C. A. G. Wiersma, Ed. 
(Univ. of Chicago Press, Chicago, 1967) p. 39; 
A. Stuart, J. Physiol. (London) 209, 627 (1970). 

12. J. del Castillo and B. Katz, J. Physiol. (London) 
24, 560 (1954); M. Kuno, Physiol. Rev. 51, 647 
(1971). 

13. Since the evoked signal is small, failures might 
have not been recognized accurately by visual 
inspection. We therefore averaged all the fail- 
ures encountered in five experiments with a 
PDP-8 computer. We also averaged the back- 
ground activity 2 seconds before the occurrence 
of the triggered presynaptic spikes. In all cases, 
the averages of the failures and of the back- 
ground activity were indistinguishable. We ob- 
served no time-locked depolarizations, which 
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tion we examined the possibility that the failures 
occurred because of a conduction block in the 
terminals of the sensory cells. If this were so, 
the failures should have occurred in groups. To 
determine whether the failures tended to occur 
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e-3m, . . . and found that the number of succes- 
sive failures did not exceed that predicted by the 
Poisson equation. 14. By assuming that the first peak in a histogram 
was q, we also examined the fit between the 
observed data in a histogram of EPSP ampli- 
tudes and the values predicted by a Poisson 
distribution. Knowing E, we could derive m. In 
31 of 38 regions, the predicted values were not 
statistically different from the observed values 
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Sensitization of the gill-withdrawal re- 
flex in Aplysia involves a presynaptic fa- 
cilitation of neurotransmitter output at 
the monosynaptic connections made by 
an identified group of 24 sensory neurons 
innervating the siphon skin and six identi- 
fied gill motor cells (1). We have found 
that facilitation can be simulated by se- 
rotonin and that this action may be medi- 
ated by adenosine 3',5'-monophosphate 
(cyclic AMP). 

Facilitation associated with short-term 
sensitization is not affected by prolonged 
inhibition of protein synthesis (2). This 

finding suggested to us that facilitation 

might result from a small molecule with- 
in the presynaptic terminal, perhaps an 
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(P > .05). For a given region, three to seven 
quantal classes were used with a minimum of 
five predicted responses in each class. The pre- 
dicted and observed distributions were com- 
pared in a chi-square table with 2 degrees of 
freedom fewer than the number of quantal 
classes used. 

15. The value of q was obtained from the median 
value of the first peak of evoked responses after 
the peak of failures (Fig. 2A). To qualify as a 
peak we demanded (i) a minimum of five re- 
sponses and (ii) that the two adjacent bins be 
lower by one or more units. 

16. In three other experiments, we could not pro- 
duce failures after 300 stimuli. We estimated q 
from the coefficient of variation (based on the 
assumption of a Poisson distribution). The equa- 
tion used for the coefficient of variation tech- 
nique was m = E2/aE, where o' is the variance 
of the amplitudes of the EPSP's and E is their 
mean amplitude. Our estimates of q were lower 
(5 to 15 ,/v) than those (20 to 90 ,uv) obtained 
when transmission was lower and m < 10. Dur- 
ing the peak of facilitation, average estimates of 
q decreased by as much as 50 percent while m 
(> 25) increased by more than five- to tenfold. 
Under conditions of high release (m 

- 25), the 
probability of release P may be high and the 
coefficient of variation estimates based on a 
Poisson distribution may underestimate the true 
value of q [for example, see X. Werig, J. 
Physiol. (London) 244, 207 (1975)1. This under- 
estimate would be more pronounced after facili- 
tation. 
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intracellular second messenger, regulat- 
ing the mobilization of the transmitter 

packets from one storage compartment 
to another. This idea was supported by 
the finding that strong and prolonged 
electrical stimulation of the connectives 
from the head (or other pathways that 

produce the facilitation) leads to a pro- 
longed, synaptically mediated increase 
in cyclic AMP in the abdominal ganglion 
(3). This action can be simulated by three 

biogenic amines: dopamine, octopamine, 
and serotonin (4). Exposure to one of 
these substances for 5 minutes increases 

cyclic AMP in the ganglion. The duration 
of this increase (up to 45 minutes) resem- 
bles that of presynaptic facilitation (and 
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Synaptic Facilitation and Behavioral Sensitization 

in Aplysia: Possible Role of Serotonin and Cyclic AMP 

Abstract. The neural changes accompanying sensitization of the gill-withdrawal 
reflex in Aplysia are associated with presynaptic facilitation at monosynaptic con- 
nections between sensory neurons and motor cells. To analyze the molecular mecha- 
nisms underlying the facilitation, the pharmacological actions of serotonin, octopa- 
mine, and dopamine were examined. Only serotonin enhanced synaptic transmission 
between the sensory and the motor neurons. A serotonin antagonist, cinanserin, re- 

versibly blocked the synaptic facilitation. The action of serotonin may be mediated 

by adenosine 3',5'-monophosphate (cyclic AMP). Exposing the ganglion to dibutyryl 
cyclic AMP or injecting cyclic AMP into the cell body enhances the synaptic action 

of a sensory neuron. The mechanism of presynaptic facilitation, therefore, may in- 
clude activation of one or more serotonergic neurons, which enhance the release of a 
neurotransmitter by increasing the intracellular concentration of cyclic AMP in the 
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