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Associative Learning in Aplysia: 
Evidence for Conditioned Fear in an Invertebrate 

Abstract. Aversive classical conditioning of Aplysia californica, a gastropod mol- 
lusk suited for neurobiological study, produces a learned reaction to the chemo- 
sensory conditioned stimulus that is expressed as a marked facilitation of four de- 
fensive responses: two graded reflexes (head and siphon withdrawal), an all-or-none 
fixed act (inking), and a complex fired action pattern (escape locomotion). In addi- 
tion, the conditioned stimulus produces a concomitant depression of at least one 
appetitive response, feeding. These extensive and selective actions of the condi- 
tioned stimulus in Aplysia resemble the actions of conditioned fear stimuli in higher 
mammals and suggest that the functional equivalent of fear occurs in invertebrates 
and thus may be an adaptive mechanism that is widespread in the animal kingdom. 

It has recently proven possible to ana- 
lyze the cellular mechanisms of nonas- 
sociative forms of learning in several 
simple invertebrate preparations (I). The 
apparent generality of these mechanisms 
(2) has in turn encouraged the develop- 
ment of invertebrate models for the 
study of mechanisms of associative 
learning. Four independent studies have 
now shown that aversive associative 
learning occurs in gastropod mollusks, 
animals that offer many advantages for 
cellular neurobiological studies (3, 4). 
However, an analysis of the underlying 
neuronal mechanisms and an assessment 
of the generality of these mechanisms 
will require an understanding of what the 
animals actually learn during aversive 
associative conditioning. In particular, 
one needs to know how the con- 
sequences of aversive conditioning are 
organized in these animals and the extent 
to which these effects resemble those 

seen in mammals after aversive condi- 
tioning. 

Recently we found (4) that Aplysia 
californica can rapidly acquire a tempo- 
rally specific aversive reaction to a 
chemosensory conditioned stimulus (CS) 
paired with a noxious unconditioned 
stimulus (US). This learned reaction was 
expressed as a facilitation of escape lo- 
comotion triggered in the presence of the 
CS. Because the CS did not elicit obvi- 
ous conditioned responses after training, 
we proposed that the animals might have 
learned to associate the CS not with spe- 
cific motor responses but instead with a 
central defensive state that modulates 
escape locomotion. To test this inter- 
pretation, we have examined the effect 
of the CS on four defensive responses: 
two graded reflex acts (head and siphon 
withdrawal), an all-or-none fixed act 
(inking), and a complex fixed action pat- 
tern (escape locomotion). In addition we 
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have examined the effects of the CS on 
an appetitive behavior, feeding. We have 
found that aversive conditioning in Aply- 
sia produces a conditioned internal state 
which appears functionally equivalent 
to conditioned fear in mammals. 

One hundred and seventeen A,  califor- 
nica were studied. Animals were trained 
according to procedures previously de- 
scribed (4). Paired animals received the 
CS (shrimp extract for 90 seconds) 1 
minute before the onset of the US (elec- 
tric shock to the head for 30 seconds) (5). 
Unpaired controls received the same CS 
90 minutes after the US. In the experi- 
ments shown in Fig. 1, paired (N = 17) 
and unpaired (N = 16) animals received 
nine trials, three trials per day, with an 
intertrial interval of 3 hours. During 
training, all animals responded to the US 
with maximal withdrawal of the head; se- 
cretion of ink, opaline, and mucus; si- 
phon withdrawal; turning away from the 
shock, and (after a delay of several min- 
utes) escape locomotion. Animals were 
then tested 1 and 2 days after the last day 
of training (6) .  In each test session, the 
CS was delivered to the head and left 
in the chamber for the entire test period 
(6 minutes). In all tests, the observer 
was unaware of the identities of the 
animals. 

We first examined head withdrawal, 
the only overt response elicited by the 
CS after conditioning. We had not pre- 
viously seen significant differences be- 
tween paired and unpaired animals in the 
incidence of CS-evoked head with- 
drawals after conditioning (4), and we 
had observed that the CS produced weak 
withdrawals in untrained animals. To see 
if conditioning might produce a dif- 
ference in the intensity of head with- 
drawal to the CS, we rated the magni- 
tude of each withdrawal on a three-point 
scale: strong, weak, or no withdrawal. 
Significantly more paired animals with- 
drew strongly from the CS than unpaired 
animals did (Fig. 1A) (Fisher exact prob- 
ability test, P < .01). Similar differences 
were noted in separate experiments (7) 
(N = 12 per group) in which the ampli- 
tude of head withdrawal [in a restrained 
preparation (8)] was measured with a ten- 
sion transducer. Thus, although an un- 
conditioned head withdrawal response to 
the CS can be seen in both untrained and 
unpaired animals, aversive conditioning 
significantly facilitates the amplitude of 
this withdrawal in animals receiving 
paired training. 

Other defensive responses do not 
seem to be directly elicited by the CS af- 
ter training, but the effects of condi- 
tioning can be seen on these responses 
when test stimuli are used to trigger them 
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in the presence of the CS. We tested the 
effect of the CS on siphon withdrawal by 
applying weak shock to the tail (9). The 
duration of withdrawal was measured 
from the offset of tail shock until the si- 
phon reappeared above the parapodia. 
The duration of siphon withdrawal was 
significantly greater in paired than in un- 
paired animals (Fig. 1B) [U(17, 16) = 38, 
P < .005]. Similar significant differences 
have also been obtained in three separate 
experiments (combined N = 30 per 
group). 

To examine the effect of the CS on de- 
fensive inking behavior we applied a se- 
ries of progressively stronger shocks to 
the tail (10). Inking sensitivity was mea- 
sured as the reciprocal of the threshold 
(in milliamperes) for ink release. The me- 
dian sensitivity for ink release was signif- 
icantly greater in paired animals than in 
unpaired animals (Fig. 1C) [U(12, 12) = 

15, P < .005]. Similar results were 
found in other experiments (paired N 
= IS, unpaired N = 12) in which the 
test shocks were applied to the side 
of the animal rather than to the tail 
(11). 

The results indicate that the CS facili- 
tates two graded defensive reflexes and 
an all-or-none defensive act. We showed 
previously that aversive conditioning en- 
hances escape locomotion, a complex 
fixed action pattern (4). Confirming these 
earlier findings, in this experiment the 
amount of escape locomotion elicited by 
weak tail shock (9) in the presence of the 
CS was significantly greater in paired an- 
imals than in unpaired animals (Fig. ID, 
[t(31) = 3.81, P < .005]. 

In addition to these defensive re- 
sponses, we also examined the effect of 
the CS on an appetitive response, feed- 
ing. To maintain a high level of feeding 
motivation, all animals were deprived of 
food for 3 days. The test stimulus was a 
narrow strip of seaweed, which was 
gently brought into contact with the 
chemosensitive rhinophores, a proce- 
dure that causes the animal to lift its 
head and orient toward the food (12). 
When the animal lifted its head, the ex- 
perimenter transferred the seaweed to 
the lips, evoking biting responses. The 
latencies from contacting the rhinophore 
with the seaweed to lifting the head and 
to the first bite were recorded, as were 
the interbite intervals for ten bites. In or- 
der to display depressive effects clearly, 
we have analyzed the data in terms of the 
speed (reciprocal of latency) to the first 
response. After training, the CS signif- 
icantly depressed the speed to lift 
[U(17, 16) = 83, P < ,051 and the speed 
to the first bite [U(17, 16) = 84, P < .05] 

(Fig. 1E) in paired, compared with 
unpaired, animals. No significant dif- 
ferences were found in biting frequency 
after the initial bite. 

These results show that aversive con- 
ditioning in Aplysia produces a learned 
reaction to the CS that is characterized 
by three features. (i) Conditioning has 
widespread effects, significantly influ- 
encing at least five separate behavioral 
responses. (ii) The effects of condition- 
ing are selective: Whereas defensive 

responses are enhanced, at least one ap- 
petitive response is depressed. (iii) The 
expression of the conditioning depends 
largely upon modulatory mechanisms; 
the effects of training are seen most 
clearly in the alteration by the CS of the 
magnitude of responses elicited by test 
stimuli. In each of these features, aver- 
sive learning in Aplysia resembles that in 
mammals. Taken together, our observa- 
tions indicate that Aplysia, like verte- 
brates, can learn to associate the CS with 

D e f e n s i v e  

A Head withdrawal B Inking 

r o o  1 

Appet i t ive  

E Feeding 

C Siphon withdrawal D Escape locomotion 

Fig. 1. Effects of the CS on various responses after aversive conditioning. In each part, U refers 
to unpaired animals ( N  = 16) and P to paired animals ( N  = 17). These data are from multiple 
tests of the same animals after nine training trials. All test stimuli were applied after delivery of 
the CS. (A to D) Defensive responses. (A) The percentage of animals in each group exhibiting 
strong withdrawals in response to CS delivery in the first test (14). (B) The median duration of 
siphon withdrawal in response to weak tail stimulation. (C) Median sensitivity of ink release in 
response to a series of progressively stronger shocks to the tail. Sensitivity is expressed as the 
reciprocal of the threshold (in milliamperes) x lo4. (D) The mean number of steps (+ standard 
error) in response to weak tail stimulation. (E) Appetitive response (feeding). Median speed to 
take the first bite after stimulation of the head with seaweed. Speed is defined as the reciprocal 
of the latency to bite and is expressed as the reciprocal of the latency (in seconds) x lo4. Medi- 
ans are used for measurements subject to a ceiling and are shown 5 interquartile ranges. 

Fig. 2. A model of conditioned 
fear in Aplysia. The noxious 

Head w~thdrawal  US, in addition to eliciting an 
S ~ p h o n  w~thdrawal  ensemble of motor responses, 

produces defensive arousal, a 
central state that selectively 
facilitates (open triangle) de- 
fensive responses and inhibits 
(filled triangle) appetitive re- 
sponses. An initially neutral 

cs ' chemosensory CS, when paired 
with the US, is proposed to 

become capable of eliciting this same defensive state. The mechanisms by which this state is 
expressed are not yet known and might involve peripheral competition between responses or 
interactions among motor systems as well as the central modulatory actions suggested. 
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a defensive arousal state, which orga- 
nizes the animal's behavior for defensive 
action. This central arousal state [which 
also appears to be elicited transiently by 
the US (13)] is expressed as a priming of 
defensive behaviors and a concomitant 
depression of behaviors incompatible 
with defense, such as feeding. A model 
summarizing these results and incorpo- 
rating previous findings on the effects of 
the US (13) is shown in Fig. 2. 

The classically conditioned central 
state in Aplysia resembles states in rnarn- 
mals that have been defined operation- 
ally as conditioned fear (14). Indeed, the 
conditioned state in Aplysia satisfies 
functional definitions of fear as a general, 
preparatory defensive state elicited by 
stimuli signaling imminent danger (15). 
That such a state can be conditioned in 
an invertebrate indicates that the capa- 
bility to anticipate danger and prepare 
for flexible defensive action is of consid- 
erable adaptive value and may be wide- 
spread in the animal kingdom. In addi- 
tion, the discoverv of a fearlike state in a 
simple invertebrate whose nervous sys- 
tem is amenable to neurobiological anal- 
ysis may permit the use of cellular ap- 
proaches to explore aspects of aversive 
learning not accessible to study with be- 
havioral techniques alone. In the accom- 
panying paper, we describe experiments 
in Aplysia in which we begin to examine 
aversive associative learning on the cel- 
lular level (8). 
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THOMAS J. CAREW 

ERIC R. KANDEL 
Center for Neurobiology and Behavior, 
Departments of Physiology and 
Psychiatry, College of Physicians and 
Surgeons, Columbia University, 
New York 10032 

References and Notes 

1. V. F. Castellucci, H. Pinsker, I. Kupfermann, 
E. R. Kandel, Science 167, 1745 (1970); R. S. 
Zucker. D. Kennedv. A. I. Selverston.ibid. 173. 
645 (1971); J. J. ~ a f i e c ,  J .  C. Guillet, Y .  Pichon, 
J .  Boistel, J .  Exp. Biol. 55, 123 (1971). 

2. W. A. Spencer, R. F. Thompson, D. R. Neilson, 
J .  Neurophysiol. 29, 253 (1%6). 

3. G. J. Mpitsos and S. D. Collins, Science 188, 
954 (1975); A. Gelperin, ibid. 189, 567 (1975); 
T. J. Crow and D. L. Alkon, ibid. 201, 1239 
(1978). 

4. E. T. Walters, T. J .  Carew, E. R. Kandel, Proc. 
Natl. Acad. Sci. U.S.A. 76, 6675 (1979). 

5. The US was a 30-second train of 450-mA (peak- 
to-peak) a-c (60-Hz) current pulses applied 
through AgiAgCl electrodes spanning the head. 
Each pulse in the train was 1.5 seconds long; in- 
terpulse interval was 3 seconds. 

6. Tests were given in the following sequence: (i) 
head withdrawal and feeding, 18 hours after 
training; (ii) siphon withdrawal and escape loco- 
motion, 22 hours after training; and (iii) inking, 
42 hours after training. 

7. Animals were tested In the semi-intact prepara- 
tion used for neuronal studies (8).  Head with- 
drawal in paired animals was significantly great- 
er than that in unpaired animals [t(21) = 3.63, 
P < .005]. 

8. T. J .  Carew, E. T. Walters, E. R. Kandel, Sci- 
ence 211, 501 (1981). 

9. A 15-second train of 45-mA a-c (60-Hz) current 

pulses applied through b~polar electrodes span- 
ning the tall. Pulse duration was 1.5 seconds and 
mterpulse interval, 3 seconds. 

10. A series of 1.5-second shocks (a-c, 60 Hz) were 
applied at 15-second intervals through Ag/AgCl 
electrodes spanning the tail in the sequence 50, 
100, 150, 200, 250, 3002 350, and 700 mA. 

11. Test shocks were appl~ed at 60-second intervals 
in the sequence 20, 40, 60, 80, and 100 mA 
through thin capillary electrodes (filled w ~ t h  sea- 
water) held in contact with the side bodv wall. 
  gain, the median inking sensitivity was greater 
in paired animals than in unpaired animals 
[U(15, 12) = 35 ( P  < ,011. 

12. I. Kupfermann, Behav. Biol. 10, l(1974). 
13. - and H. Pinsker. Commun. Behav. Biol. 

Part A 2,  13 (1968); H. Pinsker, I. Kupfermann, 
V. Castellucci, E. R. Kandel, Science 167, 1740 
(1970); E. T. Walters, thesis, Columbia Univer- 
sity (1980). 

14. W. R. McAllister and D. E. McAllister, in Aver- 
sive Conditioning and Learning, F .  R. Brush, 
Ed. (Academic Press, New York, 1971), pp. 
105-179. 

15. J. Konorski, Integrative Activity of the Brain 
(Univ. of Chicago Press, Chicago, 1967); R. C. 
Bolles and M. S. Fanselow. Behav. Brain Sci. 3. 
291 (1980). 

16. This work was su~oor t ed  bv fellowshi~s from - ~ ~ - -  - ~ - ~  --.--- 
the National 1 n s t h e s  of kealth to =E.T.w. 
(5T32MH1574), T.J.C. (5K02MH0081), and 
E.R.K. (5K05MH18558) and bv NIH erants 
~ ~ 1 2 7 4 4 ' a n d  ~ ~ 2 3 5 4 0 ' a n d  a grant f rok the 
McKnight Foundation. We thank J. Lupatkin 
and R. Bingham for technical assistance, R .  
Hawkins and I. Kupfermann for helpful dis- 
cussions. L. Katz and K. Hilten for illustrations. 
and H. Ayers for typing. 

11 August 1980; revised 21 November 1980 

Suckling Infant Rats Learn a Preference for a 
Novel Olfactory Stimulus Paired with Milk Delivery 

Abstract. When presented a novel oCfactory stirnulus while suckling a passive dam, 
11- to 14-day-old rat pups acquire a conditioned preference for that stimulus. The 
magnitude of the conditioned preference is greater i f  the pups received milk while 
suckling than i f they  did not. The results indicate that infants are capable of learning 
while suckling and that milk delivery plays a role in this associative process. 

Freud believed infants capable of 
learning that milk comes from the 
mother and thought that this was one of 
the more important reasons the infant 
sought to maintain proximity with her 
(1). This position has received some sup- 
port over the years ( 2 ) ,  but many have 
criticized it because there has been no 
clear demonstration that the infant asso- 
ciates the reinforcing properties of the 
milk it receives while suckling with any 
stimulus in the environment, including 
the mother (3). I now report what is to 
my knowledge the first demonstration in 
the suckling mammalian infant of learn- 
ing based on milk reward and the trans- 
fer of that learning to a situation re- 
moved from the suckling environment. 

Rat pups are capable of learning a re- 
markable variety of responses (4) but the 
only attempt to demonstrate that infant 

Isolated 
Condition 

rats can learn while suckling the mother 
was that of Martin and Alberts (5) .  They 
found that pups suckling a passive dam 
were unable to learn an illness-mediated 
aversion to flavored milk unless they 
were of weanling age, even though much 
younger pups learn this same aversion if 
they received the flavored milk when 
they were not suckling the mother. How- 
ever, suckling, even in the absence of 
milk, is rewarding in its own right, so 
that any experimentally arranged nega- 
tive contingency might be overshadowed 
by the inherently positive value of suck- 
ling itself. Thus, a question of more im- 
mediate importance becomes whether an 
infant rat might learn a preference for 
stimuli present in the environment when 
it suckles and whether mother's milk 
plays any role in this learning. 

The study consisted of two phases. In 

0 Orange + milk 

Orange 

P ~ n e  

Pine + milk 

NO treatment 
Fig. 1. Mean percent- 
age of time spent in 
the presence of orange- 
scented shavings by 

- DUDS conditioned while 
k i a t e d  or suckling, 
and by nalve pups. 

Suckling Naive 
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