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Dishabituation and Sensitization Emerge as Separate Processes 
During Development in Ap/ysia 
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Until recently, dishabituation and sensitization have com- 
monly been considered to reflect a unitary process: Sensi- 
tization refers to a general facilitation produced by strong 
or noxious stimuli that enhances subsequent responding; 
dishabituation has been thought to represent a special in- 
stance of sensitization in which the facilitation is simply su- 
perimposed on a habituated response level. The unitary pro- 
cess hypothesis was based on the observation that both 
decremented and nondecremented responses are facilitat- 
ed by a common noxious or strong stimulus. However, this 
observation does not rule out the possibility that dishabitua- 
tion and sensitization could reflect separate processes that 
are activated in parallel by a strong stimulus. Recent cellular 
experiments by Hochner et al. (1986) suggest that this, in 
fact, occurs in the sensory neurons of the gill withdrawal 
reflex in Aplysia. A developmental analysis of learning in 
the marine mollusc Aplysia permits a direct behavioral test 
of this hypothesis. I f  dishabituation and sensitization reflect 
a unitary process then they should emerge at the same time 
ontogenetically. On the other hand, if they reflect different 
processes, then they might emerge according to different 
ontogenetic timetables. 

In the present study we examined the temporal emergence 
of dishabituation and sensitization in the defensive siphon 
withdrawal reflex in 3 stages of juvenile Aplysia: stage 11, 
early stage 12, and late stage 12. Animals received one of 
2 kinds of training: D&habituation training, in which the effect 
of strong tail shock on habituated responses was observed, 
and Sensitization training, in which the effect of strong tail 
shock on nondecremented responses was observed. We 
found that, while dishabituation was present in all stages 
examined, sensitization did not emerge until several weeks 
later, in late stage 12. These results were confirmed and 
extended in a group of animals that were tested twice: first 
in stage 11, when they showed no sensitization, and again 
13 weeks later, in late stage 12, when they then showed 
significant sensitization. 

Our analysis of nondecremented responses prior to the 
emergence of sensitization also revealed an unexpected 
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inhibitory component of tail shock that produces reflex 
depression. Moreover, there was a clear progression in the 
net effects of tail shock during development: reflex depres- 
sion was produced in stages 11 and early stage 12, followed 
by a transition to reflex facilitation (sensitization) in late stage 
12. Finally, when sensitization emerged in late stage 12, the 
process of dishabituation showed a significant increase 
compared with previous developmental stages. 

Our results permit 2 principal conclusions. First, in contrast 
to a unitary process view, dishabituation and sensitization 
emerge as separate behavioral processes according to very 
different developmental timetables in Aplysia. Second, the 
magnitude of dishabituation appears to be determined by 
the interaction of 3 underlying processes: (1) the dishabit- 
uation process itself; (2) an inhibitory process that com- 
petes with dishabituation (see also Rankin and Carew, 1987b); 
and (3) a facilitatory process (sensitization) that augments 
dishabituation (see also Hochner et al., 1986). 

The 3 most commonly observed forms of nonassociative leam- 
ing are habituation, dishabituation, and sensitization. Habit- 
uation involves a progressive decrement in the amplitude of a 
behavioral response produced by the repeated elicitation of that 
response. Dishabituation involves the facilitation of habituated 
responses by the presentation of a strong or noxious stimulus, 
and sensitization involves that facilitation of nonhabituated re- 
sponses by a similar presentation of a strong stimulus (Pavlov, 
1927; Grether, 1938; for reviews, see Thompson and Spencer, 
1966; Groves and Thompson, 1970; Carew and Kandel, 1974). 
Until recently, it has commonly been assumed that dishabitua- 
tion and sensitization reflect a unitary process: Sensitization has 
been viewed as a general facilitatory process, and dishabituation 
has been thought to represent a special instance of sensitization 
in which the facilitatory process is simply superimposed on a 
habituated response level. This general conclusion has come 
from studies examining a variety of systems, including the EEG 
arousal response (Sharpless and Jasper, 1956) human abdom- 
inal reflexes (Hagbarth and Kugelberg, 1958), the flexion reflex 
in the cat (Spencer et al., 1966a, b), and the gill and siphon 
withdrawal reflex in Aplysia (Carew et al., 1971; for a general 
review, see Groves and Thompson, 1970). 

In all of these studies, the basic observation that supported 
the unitary process view was that both decremented and nondec- 
remented responses were simultaneously facilitated by the pre- 
sentation of a single strong or noxious stimulus. The most par- 
simonious explanation of this kind of result was that a noxious 
stimulus initiated a general arousal-like process that was wide- 
spread in the nervous system, facilitating habituated and non- 
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habituated responses alike. Although both reasonable and log- 
ically consistent, this explanation does not rule out the possibility 
that dishabituation and sensitization could reflect separate fa- 
cilitatory processes that are activated in parallel by a strong 
stimulus. In fact, direct cellular evidence for 2 separate facili- 
tatory processes has recently been provided in Aplysia sensory 
neurons by Hochner and colleagues (1986) who suggested that 
dishabituation and sensitization in adult Aplysia are produced, 
at least in part, by different cellular mechanisms. 

One way to address the question of whether dishabituation 
and sensitization reflect a unitary process behaviorally is to 
examine how they emerge during development. If a single pro- 
cess is involved, both forms of learning should be expressed 
simultaneously when that process emerges developmentally. Al- 
ternatively, if more than one process is involved, it might be 
possible to separate them ontogenetically. The defensive with- 
drawal reflex of the gill and siphon in the marine mollusc Aplysia 
calijbrnica provides an excellent preparation in which to ex- 
amine this question directly. First, adult Aplysia exhibit habit- 
uation, dishabituation, and sensitization of this reflex, and these 
processes have been extensively analyzed on both behavioral 
and cellular levels (for review, see Hochner et al., 1986; Carew, 
1987; Hawkins et al., 1987). Second, it has recently been shown 
to be possible to analyze the development of different forms of 
learning and memory in this reflex in juvenile Aplysia (Peretz 
and Lukowiak, 1975; Rayport and Camardo, 1984; Nolen et 
al., 1987; Rankin and Carew, 1987a, b). 

In the present study we examined the temporal emergence of 
dishabituation and sensitization produced by tail shock in the 
siphon withdrawal component of the reflex in developing Aply- 
sia. In contrast to a unitary process view, we found that dishabit- 
uation and sensitization emerge at very different times during 
juvenile development, separated by at least 60 d. These results 
are therefore consistent with the idea that these 2 forms of 
learning are, in fact, relatively independent and may result from 
different cellular mechanisms (Hochner et al., 1986; for related 
findings, see also Boyle et al., 1984; Gingrich and Byrne, 1985). 
In addition, in examining the effects of tail shock in young 
animals prior to the developmental emergence of sensitization, 
we discovered an unexpected inhibitory component oftail shock 
that produces reflex depression. After sensitization emerges, this 
reflex depression appears to be masked by the more powerful 
facilitatory effects of sensitization. However, under appropriate 
stimulus conditions, the inhibitory process can be behaviorally 
demonstrated in adult Aplysia as well (Marcus et al., 1987; 
Mackey et al., in press). Finally, we found that the process of 
dishabituation is more complex than previously appreciated 
(Groves and Thompson, 1970; Carew and Kandel, 1974) and 
depends upon the interaction of 3 underlying processes: (1) the 
dishabituation process itself; (2) the inhibitory process that com- 
petes with dishabituation (see also Rankin and Carew, 1987b); 
and (3) the sensitization process that adds to dishabituation (see 
also Hochner et al., 1986). Thus, a developmental analysis in 
Aplysia has permitted the dissection of seemingly very simple 
forms of nonassociative learning into a number of underlying 
interactive components. 

A preliminary account of some of our results has previously 
been reported in abstract form (Rankin and Carew, 1986). 

Materials and Methods 
Animals. We used 132 post metamorphic juvenile A. calzfirnica ranging 
from 2.5 to 25.0 mm in length. The animals were laboratory cultured, 

obtained from the Howard Hughes Medical Institute (Woods Hole, 
MA). Small animals (2.5-8 mm) were maintained at 15°C in groups of 
4-8 on seaweed (Gracilluria) in 50 ml plastic centrifuge tubes filled with 
seawater obtained from Marine Biological Laboratories. Larger animals 
(18-25 mm) were kept in a 30 gal aquarium of artificial seawater main- 
tained at 15°C (Instant Ocean). The animals used in this study were 
developmental stages 11 and 12, as described by Kreigstein (1977). 
However, additional morphological criteria were used to further sub- 
divide stage 12. Our combined criteria were as follows: Stage 11 animals 
were at least 47 d posthatching and 1.5-3.0 mm in length. The rhi- 
nophores were seen only as rudimentary buds above the eyes. Early 
stage 12 animals were at least 60 d posthatching. They were 5.0-8.0 
mm in length, had well-developed anterior tentacles and rhinophores, 
and had white spots distributed over their bodies, with large patches of 
white on the parapodia. The genital groove was visible on the right side 
of the animal stretching from the anterior insertion of the parapodia to 
the propodium. Late stage 12 animals were 18-25 mm in length, had 
developed mottled colored patterns like adult animals, and weighed 
400-600 mg. Late stage 12 animals looked very much like miniature 
adults. 

Behavioralprocedures. Details of the behavioral procedures have been 
previously described by Rankin and Carew (1987a). Briefly, a Zeiss 
stereomicroscope (model SV8) fitted with a color video camera (JVC 
S-62U) was used to videotape behavioral responses. A timing signal 
from a video timer (Panasonic Time-Date Generator WJ-8 10) was su- 
perimposed onto the video image. Image and signal were recorded by 
a videotape recorder (Panasonic NV-8950) which permitted slow-mo- 
tion and stop-frame playback analysis when displayed on a color video 
monitor (Sony PMV- 12704). 

Stage II animals were restrained with 3 suction micropipettes mount- 
ed on micromanipulators and were positioned so that the siphon and 
gill were clearly visible. Suction micropipettes were pulled from PE 10 
plastic tubing, with tip diameters ranging from 45 to 150 pm. These 
were used to hold the animal (underwater but above the substrate) from 
both sides on the parapodia and on the tail (see Fig. 1A). To elicit a 
withdrawal reflex, a fourth manipulator was used to position a seawater- 
filled glass micropipette (tip size - 100 pm) attached to a Picospritzer 
II (General Valve Corporation), which delivered a 50 msec controlled 
pressure water-jet stimulus to the siphon. Early stage 12 animals were 
restrained in a manner similar to stage 11 animals. However, the large 
parapodia of early stage 12 animals restricted view of the siphon; there- 
fore, the right parapodia of each animal was surgically removed at least 
2 d prior to an experiment. Late stage 12 animals were too large to be 
restrained by the suction micropipettes. These animals were restrained 
in a seawater-filled petri dish with a Sylgard floor by retracting their 
parapodia with pins (made from 30 gauge syringe needles) to provide 
a view of the siphon and the gill. In order to deliver electrical stimuli, 
the stimulating suction micropipette was attached to the tails of late 
stage 12 animals. 

Once an animal was restrained, the micropipette from the picospritzer 
was directed at the siphon. The micropipette was gradually moved closer 
until a weak response (-20°h reduction in siphon area, see below) was 
produced by the water jet. The distance between the micropipette and 
the siphon was then adjusted to vary stimulus strength: If  a weak stim- 
ulus was desired, the micropipette was left at the 20% position; if a 
strong stimulus was desired, the micropipette was moved closer to the 
siphon (approximately r/z ofthe threshold distance), which usually evoked 
a large response (-50% reduction in siphon area). Stimulus intensities, 
estimated by the procedure described by Rankin and Carew (1987a), 
ranged from approximately 4-8 mg. Following the determination of 
stimulus intensity and prior to each experiment, each animal was rested 
for at least 10 min. 

In order to produce dishabituation and sensitization, brief electrical 
shocks (2 trains of 5 msec 110 V pulses at 7 Hz for 700 msec) were 
delivered through the suction pipette attached to the tail. Animals at 
each stage responded to the electrical stimulus to the tail by contracting 
all parts of their body, including the siphon. Approximately 80% of the 
animals in each stage exhibited a defensive inking response to the tail 
shock used to produce dishabituation or sensitization. 

Two different protocols were followed: 
1. Dishabituation. To examine dishabituation, the siphon withdrawal 

reflex was first habituated by repeatedly delivering water-jet stimuli to 
the siphon. We had previously found that animals at different devel- 
opmental stages habituate to stimuli delivered at different interstimulus 
intervals (ISIS). Specifically, younger animals require shorter intervals 
and more stimuli to produce habituation (Rankin and Carew, 1987a). 



The Journal of Neuroscience, January 1988, 8(l) 199 

(WATER JET ) 
AND ELECTRICAL 

STIMULUS 

Figure 1. Experimental preparation for the study of the siphon withdrawal reflex in juvenile Aplysiu. A, Juvenile animal is restrained with 3 
suction pipettes. The reflex is evoked with a brief tactile stimulus (water-jet) to the siphon. For dishabituation and sensitization training, a train 
of electric shocks are delivered through the pipette on the tail. B and C, Quantification of the reflex contraction: B,, enlarged view of the relaxed 
siphon 1 set prior to stimulation; B,, peak of the contraction following tactile stimulation; C, superimposed outlines of B, and B,. Reduction in 
siphon area (hatched portion) is used as a measure of response amplitude. 

RELAXED PEAK PERCENT REDUCTION 
CONTRACTION SIPHON AREA 

Thus, in the present experiments, different ISIS and number of stimuli 
were used, depending on the age of the animal: stage I1 animals received 
90 stimuli delivered at a 2 set ISI; early stage 12 animals received 30 
stimuli at a 2 set ISI; and the lute stage 12 animals received 30 stimuli 
at a 5 set ISI. For each ofthe stages, the habituating stimuli were followed 
by tail shock, which in turn was followed by 10 additional water-jet test 
stimuli delivered, at the same IS1 as the pre-shock stimuli, to the siphon 
to assess dishabituation. 

2. Sensitization. To examine sensitization, water-jet stimuli were de- 
livered at ISIS that would not produce response decrement. Thus, for 
stage 11 and early stage 12 animals, stimuli were delivered at a 2 min 
ISI, while for late stage 12 animals, stimuli were delivered at a 3 min 
ISI. For each animal, 6 water-jet stimuli were delivered. Between the 
third and fourth stimulus, tail shock (with parameters identical to those 
used in dishabituation) was delivered. The tail shock was delivered 
approximately 30 set prior to the fourth stimulus, so that the time 
between shock and the first test stimulus would be comparable for both 
sensitization and dishabituation studies. In one sensitization experiment 
(late stage 12) only 2 pretest and 2 test stimuli were used. 

In cases where sensitization was absent (as revealed by unchanged 
responses following tail shock), it was important to determine that the 
siphon was capable of large-amplitude responses. This was accom- 
plished by delivering a second tactile stimulus (a hair mounted in a 
syringe needle) to the siphon, which inevitably evoked a large siphon 
contraction. 

In one experiment, sensitization was examined in the same animals 
at 2 different stages of development. Twenty animals were tested for 
sensitization during stage 11. They were then housed individually for 
13 weeks until they could be retested in late stage 12. Of the original 
20 animals in the experiment, 8 survived and remained healthy 13 
weeks later. The data for these 8 animals are shown in Figures 10 and 
11. 

Response measures. Siphon reflex amplitude was quantified as de- 
scribed in Rankin and Carew (1987a): the outline of the siphon was 
traced from the video monitor both immediately before stimulation and 
at the peak of contraction (both of which could be reliably determined 
by repeated slow-motion playback and stop-frame analysis). The siphon 
area tracings were then digitized and quantified by a computerized Bio- 
quant II system (R&M Biometrics, Nashville, TN), and response am- 
plitude was assessed by computing the percentage reduction in siphon 
area (see Fig. 1 B). A blind procedure was used for all experiments: the 
experimenter tracing and digitizing the responses was unaware of the 
design or purpose of the experiment. 

Statistical analysis. Between-group and within-group comparisons of 
difference scores were made using t tests for independent and correlated 
means, respectively. Such comparisons were used to assess the signifi- 
cance of habituation, dishabituation, and senitization. Habituation: each 

animal contributed a single score, the difference between its first re- 
sponse and the averaged last 3 responses for the habituation run. Disha- 
bituation: each animal contributed a single score, the difference between 
the averaged last 3 responses of each habituation run and the first 
response following tail shock. Only the first postshock response was 
used to generate a dishabituation score because subsequent repeated 
test stimuli reinstated habituation. Sensitization: each animal contrib- 
uted a single score, the difference between the average of the responses 
prior to shock and either the first response or the average of all the 
responses following shock. In one case (see Fig. 12), a nonparametric 
analysis (sign test-Siegel, 1956) was used to assess the occurrence of 
reflex depression across several independent experiments. Data are ex- 
pressed as means * SEM. 

When statistical comparisons involved more than 2 groups, the data 
were analyzed by means of a l-way analysis of variance. Subsequent 
between-group comparisons were made by means of a Neuman-Keuls 
planned comparison test (Winer, 1962). 

Results 

The primary focus of this paper is a comparison of the devel- 
opmental emergence of dishabituation and sensitization in the 
defensive withdrawal reflex ofjuvenile Aplysia. Juvenile Aplysia 
can be divided into 4 main developmental stages (stages 9-12; 
stage 13 are adults) based on external morphological criteria 
(Kreigstein, 1977; Rankin and Carew, 1987a). We had previ- 
ously found that dishabituation emerges in stage 10 juvenile 
animals, whereas there was the suggestion that sensitization was 
absent in both stage 10 and stage 11 (Rankin and Carew, 1987a). 
Thus, in the present series of experiments we began our exper- 
iments with animals in stage 11. 

Stage 11 animals 
Dishabituation is present in stage I I, but sensitization is 
absent 
The results from stage 11 animals are shown in Figure 2. In 
response to repeated tactile stimulation of the siphon, stage 11 
animals (n = 22) exhibited significant habituation, which was 
asymptotic at a mean of 5.2% reduction in siphon area [t(2 1) = 
10.66, p < 0.00 11. Moreover, following tail shock, these animals 
exhibited significant dishabituation, increasing to a mean of 
15.9% reduction in siphon area [t(21) = 5.4, p < O.OOl]. In 
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Figure 2. Dishabituation and sensi- 
tization in stage 11 animals. Dishabitu- 
ation for stage 11 animals (n = 22) is 
on the left and the sensitization for a 
separate group (n = 20) is on the right. 
In this and subsequent figures, the ver- 
ticaldashed line shows the presentation 
of tail shock. Stage 11 animals exhib- 
ited significant habituation and disha- 
bituation; however, there was no sig- 
nificant sensitization. The 3 preshock 
scores in the sensitization group showed 
a modest downward trend, this de- 
crease was not statistically significant. 
In this and subsequent figures, data are 
expressed as means + SEM. 
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contrast to dishabituation, an analysis of a separate group of 
stage 11 animals (n = 20) revealed that sensitizaton was lacking. 
Tail shock (identical to that which produced significant disha- 
bituation in the group above) produced no facilitation of non- 
decremented reflex responses. In fact, it reduced reflex respon- 
siveness: the mean of the preshock responses was an 18.5% 
reduction in siphon area, while the mean of the postshock re- 
sponses was reduced to 14.9%, [t( 19) = 1.72, NS] (reflex depres- 
sion will be discussed in a subsequent section). Thus, the data 
from this experiment supports the conclusion that dishabitua- 
tion is present in stage 11 animals but that sensitization is not. 

The same animals that exhibit dishabituation also lack 
sensitization 
In the above experiment, dishabituation was present in one 
group of stage 11 animals, while sensitization was absent in 
another group at the same developmental stage. An important 
question was whether the same animals that showed dishabitua- 
tion would also lack sensitization and, conversely, whether the 
same animals that showed no sensitization would exhibit dis- 
habituation. To examine this question a subset of the 2 groups 
of animals whose data are shown in Figure 2 were rested for at 
least 2 hr following their dishabituation or sensitization training 
and were then exposed to the alternate protocol (sensitization 
or dishabituation, respectively). The results from this experi- 
ment are shown in Figure 3. To compare the magnitude of 
dishabituation and sensitization directly, the data in Figure 3 
were normalized by expressing the postshock responses as a 
percentage of the preshock responses. Confirming the previous 
results, animals that had exhibited significant dishabituation in 
the first phase of the study (group 1, n = 12), subsequently 
showed no sensitization [t( 11) = 0.6 1, NS]. Conversely, animals 
that had exhibited no sensitization in the first phase (group 2, 
n = lo), subsequently showed both significant habituation [t(9) = 
8.5, p < O.OOS] and, more importantly, significant dishabitua- 
tion [t(9) = 3.6, p < 0.005]. It is interesting to note that both 
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sensitization groups exhibited reflex depression following tail 
shock. In group 1 the effect was quite modest, while in group 
2, the depressive effect was highly significant [t(9) = 3.6, p < 
0.005, see below]. 

Having established that sensitization was absent in stage 11 
animals, we turned our attention to the next stage of develop- 
ment, stage 12. Stage 12 is a long stage in juvenile development 
(-40-50 d). To provide finer temporal resolution, we divided 
this stage into early and late substages (see Materials and Meth- 
ods for substage criteria). 

Early stage 12 animals 

The results from early stage 12 animals are shown in Figure 4. 
As in stage 11, these animals showed significant habituation 
(n = 10) in response to repeated siphon stimulation: from a 
mean initial response of 37.4% reduction in siphon area to 
asymptotic habituation at a mean of 6.3% [t(9) = 5.17, p < 
0.00 11. Moreover, following tail shock, these animals exhibited 
significant dishabituation, increasing to a mean of 16.8% re- 
duction [t(9) = 2.13, p < 0.0251. Finally, as in stage 11, a 
separate group of early stage 12 animals (n = 11) showed no 
evidence of sensitization following tail shock: The mean of the 
preshock responses was 25.1%, while the mean of the postshock 
responses was 25.3% [t(lO) = 0.06, NS]. In fact, consistent with 
observations in stage 11, there appeared to be weak depression 
ofthe first reflex response following tail shock (Fig. 4, see below). 

The same animals that exhibit dishabituation also lack 
sensitization 
As described in stage 11 animals (Fig. 3), it is important to show 
that the same animals that exhibit dishabituation also lack sen- 
sitization, and vice versa. To test this question, as before, the 
2 groups of animals whose data are shown in Figure 4 were 
rested for 2 hr and then exposed to the alternate training pro- 
tocol. The results are shown in Figure 5, in which the data have 
been normalized as described for stage 11 animals. Confirming 
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Figure 3. Same stage 11 animals that 
exhibit dishabituation also lack sensi- 
tization. A subset of stage 11 animals 
whose data are shown in Figure 2 were 
rested and then exposed to alternate 
training (sensitization and dishabitua- 
tion, respectively-see text). The data 
have been normalized by expressing 
postshock responses as a percentage of 
preshock responses. Group 1, Animals 
that had exhibited significant dishabit- 
uation in the first phase of the study 
subsequently showed no sensitization. 
Group 2, Animals that showed no sig- 
nificant sensitization in the first phase 
subsequently showed significant disha- 
bituation. 

previous results, animals that had exhibited significant disha- 
bituation in the first phase (group 1, n = 10) subsequently showed 
no sensitization [t(9) = 0.87, NS]. Conversely, animals that had 
exhibited no sensitization in the first phase (group 2, n = 1 l), 
subsequently showed both significant habituation [t( 10) = 8.33, 
p < O.OOl] and, more importantly, significant dishabituation 
[t(10) = 5.35, p < O.OOl]. 

In summary, the results shown in Figures 3 and 5 demonstrate 

that in stage 11 and in early stage 12, the same animals that 
have the capacity to exhibit significant dishabituation lack the 
capacity for sensitization. 

Dishabituation is not due to recovery 
In dishabituation experiments the response to tail shock often 
exceeded the ISI. Thus, the delivery of the first postshock stim- 
ulus had to be delayed until a test response could be elicited 
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F&we 4. Dishabituation and sensi- 
: tization in early stage 12 animals. Early , # stage 12 animals (n = 10) exhibited sig- , I niticant habituation and dishabituation ,I , , 

123123 
(left); however, a separate group ofearly 
stage 12 animals (n = 10) exhibited no 

PRE POST significant sensitization (right). 
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Figure 5. The same early stage 12 an- 
imals that exhibit dishabituation also 
lack sensitization. Early stage 12 ani- 
mals whose data are shown in Figure 4 
were rested and then exposed to alter- 
nate training (sensitization and disha- 
bituation, respectively, see text). Group 
1. Animals that had exhibited sienifi- 
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0 il cant dishabituation in the first ph&e of 
the study subsequently showed no sen- 
sitization, Group 2, Animals that 
showed no significant sensitization in 
the first phase subsequently showed sig- 
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nificant dishabituation. There were no 
significant differences between the 2 
dishabituation groups. 
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and measured (average delay, 35.9 set). This raised the possi- In this experiment the delay between tail shock and the first 
bility that, in these instances, some recovery from habituation test stimulus was chosen to be approximately double the average 
could occur and contribute to the increased responsiveness that delay (35.9 set) that occurred in previous dishabituation ex- 
we are attributing to dishabituation. To directly examine this periments (thus providing a conservative estimate of the pos- 
question we produced habituation in 2 groups of early stage 12 sible contribution of recovery to our measure of dishabituation): 
animals. The first group (n = 10) received dishabituation train- Dishabituation x delay = 67.9 set, Recovery x delay = 68.3 
ing as described above while the other group (n = 10) received sec. The results of the delay groups are shown in Figure 6. 
“recovery training” in which tail shock was omitted. Confirming previous results, significant dishabituation was pro- 

EARLY STAGE 12 

Figure 6. Dishabituation is not due to 
recovery. A, (Dishabituation), This 
group (n = 10) received habituation 
training followed by tail shock, which 
produced significant dishabituation. A, 
(&cove@, This group (n = 10) re- 
ceived habituation training but re- 
ceived no tail shock. Rather, the post- 
test was delayed (average, 68.3 set). 
Modest but significant recovery oc- 
curred following the rest. B, Data for 
both groups are expressed as a differ- 
ence score (mean post-shock score mi- 
nus mean pre-shock score). Dishabitua- 
tion produced a significantly greater 
increase in response amplitude than rest 
alone (see text). RECOVERY DISHAB RECOVERY DISHABITUATION 
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duced by tail shock [increasing from 4.7% reduction to 25.6%, 
t(9) = 3.91, p < O.OOS] (Fig. 6A,). Moreover, the delay alone 
produced modest but significant recovery from habituation [from 
5.4% reduction in siphon area to 13.2%, t(9) = 2.08, p < 0.051 
(Fig. 6A,). Most importantly, the magnitude of response incre- 
ment produced by dishabituation was significantly greater than 
that produced by recovery [t( 18) = 2.02, p < 0.051 (Fig. 6B). 

The time for recovery examined in the present experiment 
was approximately twice as long as that which occurred in our 
previous dishabituation experiments. Moreover, in previous 
dishabituation experiments, those animals whose response to 
tail shock did not exceed the IS1 (thus excluding the possibility 
of recovery) still exhibited an increased response following tail 
shock. Thus, our results indicate that although some recovery 
from habituation can occur, it cannot account for the dishabitua- 
tion that we observe following tail shock. 

Lack of sensitization is not due to a behavioral ceiling effect 
Our data thus far suggested that sensitization is absent in stage 
11 and early stage 12. However, in the sensitization groups in 
both of these stages, the reflex responses prior to tail shock were 
greater in magnitude than postshock responses in the dishabitu- 
ation groups (see, for example, Figs. 2 and 4). This raised the 
possibility that there might be a behavioral “ceiling” above 
which response facilitation was not possible and that habitua- 
tion merely brought the response magnitude to a level below 
that ceiling. If this were the case, one would predict that nondec- 
remented small amplitude responses that were below this ceiling 
should also be capable of facilitation, i.e., they would exhibit 
sensitization. To examine this possibility directly, we used 2 
different stimulus intensities, weak and strong (approximately 
4 and 8 mg, respectively) to elicit either small- or large-ampli- 
tude reflex responses. 

Three groups of animals were examined: The first group (n = 
10) received strong stimuli in a dishabituation protocol; the 
second group (n = 10) received weak stimuli in a sensitization 
protocol; and the third group (n = 10) received strong stimuli 
in a sensitization protocol. The purpose of the first group was 
to establish the level of reflex facilitation that was possible dur- 
ing dishabituation. This level would then define the hypothetical 
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F&w-e 7. Lack of sensitization is not 
due to a behavioral ceiling effect. Three 
groups of early stage 12 animals were 
examined: The first group (left, n = IO), 
which received a strong stimulus to elicit , , the reflex, showed significant habitua- 

, tion and dishabituation. The second 
, , group (middle, n = lo), which received 
, I a weak stimulus to elicit small re- 

sponses, showed no significant sensiti- 
I I I III I I zation following tail shock. The third 

1 2 3 1 2 3 
group (right, n = lo), which received 
strong stimuli to elicit iarge responses, 

SENSITIZATION also showed no sensitization following 
(STRONG STIMULUS) tail shock. 

“ceiling” level against which both sensitization groups would 
be compared. The purpose of the second and third groups was 
to produce response levels in a sensitization paradigm that, prior 
to tail shock, were either below or above this ceiling level. If 
such a response ceiling existed, then one would predict that the 
weak-stimulus sensitization group (group 2), whose initial 
preshock response level is below that ceiling, would exhibit re- 
sponse facilitation (sensitization) up to that ceiling level, and 
the strong-stimulus sensitization group (group 3), whose initial 
response level is already above that ceiling, would not show 
facilitation. Alternatively, if sensitization were truly absent at 
this developmental stage, then one would predict that neither 
sensitization group would show response enhancement follow- 
ing tail shock. 

The results are shown in Figure 7. Confirming previous ex- 
periments, in group 1, repeated siphon stimulation produced 
significant habituation [t(9) = 11.62, p > O.OOl] and tail shock 
produced significant dishabituation [t(9) = 5.26, p > O.OOl]. 
The more interesting comparisons are in groups 2 and 3. No 
sensitization was exhibited by either sensitization group: Group 
2 (weak stimulus), t(9) = 0.71, NS; group 3 (strong stimulus), 
t(9) = 1.09, NS. In fact, consistent with observations from an- 
imals receiving sensitization training in this and earlier devel- 
opmental stages, inspection of the first test response following 
tail shock for groups 2 and 3 reveals a depression of reflex 
responsiveness, independent of whether the test stimulus was 
weak or strong (see below). 

The data examining a ceiling effect are summarized in Figure 
8. In the dishabituation group, the postshock response was fa- 
cilitated to a mean amplitude of 27.7% reduction in siphon area. 
The dashed line through this response level indicates the hy- 
pothetical ceiling level. The weak-stimulus sensitization group 
had a preshock level significantly less than the dishabituation 
level [x= 16.9 f 2.7, t(18) = 2.32,~ < 0.0251, while the strong- 
stimulus sensitization group had a preshock level significantly 
greater that the dishabituation level [x = 43.3 f 5.7, t(18) = 
4.2, p < O.OOl]. Neither of these sensitization groups showed 
response facilitation following tail shock (Fig. 8). These results 
thus show that a ceiling effect cannot account for the lack of 
sensitization we observe. 
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Figure 8. Summary of results exam- 
ining a behavioral ceiling effect. Dashed 
line illustrates the level of facilitation 
achieved by the dishabituation group, 
and thus represents the hypothetical 
ceiling level for response facilitation. 
The weak-stimulus sensitization group 
had a pre-shock level significantly be- 
low the dishabituation level, while the 
strong-stimulus sensitization group had 
a pre-shock level significantly above the 
habituation level. Neither of the sen- 
sitization groups showed response fa- 
cilitation following tail shock, indicat- 
ing that a ceiling effect cannot account 
for the lack of sensitization. 

DISHABITUATION SENSITIZATION SENSITIZATION 
STRONG STIM WEAK STIM STRONG STIM 

Late stage 12 animals 
Sensitization emerges in late stage 12 
Our results thus far indicated that sensitization is absent up to 
and including early stage 12 animals. We next examined late 
stage 12 animals. The results are shown in Figure 9. As in 
previous experiments, 2 groups of animals were run. The disha- 
bituation group (n = 10) first showed significant habituation, 
decreasing from an initial mean response of 35.67% reduction 
in siphon area to a mean of 12.1% [t(9) = 3.56, p < O.OOS], and 
then significant dishabituation, increasing to a mean of 35.9% 

[t(9) = 4.13, p < O.OOS]. However, in contrast to previous de- 
velopmental stages, the sensitization group (n = 10) now ex- 
hibited significant sensitization. The mean of the preshock re- 
sponses (12.4%) was quite comparable in magnitude to the mean 
habituated level (12.1%) in the dishabituation group. The mean 
following tail shock was significantly elevated to 25.1% [t(9) = 
3.6, p > O.OOS], illustrating that sensitization was present in this 
developmental stage. 

The results shown in Figure 9 indicate that the process of 
sensitization in the defensive withdrawal reflex emerges in late 
stage 12 of juvenile development. If this developmental se- 
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separate group of late stage 12 animals 
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Figure 10. The same animals that lack sensitization in stage 11 exhibit 
sensitization in late stage 12. Sensitization is lacking in a group of stage 
11 animals (n = 8). (These animals are a subset of the stage 11 animals 
shown in Fig. 2; see text and Materials and Method). Thirteen weeks 
later, in late stage 12 (right), these same animals exhibited significant 
sensitization. 

quence is correct, one would predict that we should be able to 
examine sensitization in a group of animals at an early stage of 
development and establish that sensitization has not yet emerged, 
rear those animals through subsequent developmental stages, 
and then retest those animals in late stage 12 when sensitization 
should have emerged. To test this prediction directly, a group 
of animals (n = 8, a subset of the group shown in Fig. 2, see 
Materials and Methods) was tested for sensitization at stage 11, 
and then were individually maintained for 13 weeks, until they 
were 18-20 mm in length (i.e., until they were late stage 12). 
These animals were then retested for sensitization. The results 
are shown in Figure 10. When tested at stage 11, these animals 
showed no sensitization [preshock J? = 20.2%, postshock 3 = 
17.2%; t(7) = 1.12, NS]. Notice also that the first postshock 
response reveals the depressive effects of tail shock seen in early 
developmental stages (see below). However, 13 weeks later these 
same animals now exhibited significant sensitization [preshock 
x = 13.2, postshock 2 = 20.3; t(7) = 2.24, p < 0.0251. To 
compare directly the amount of sensitization exhibited by these 
animals at the 2 developmental stages, a difference score was 
obtained by subtracting the mean postshock score from the 
mean preshock score for the animals when they were in each 
stage (Fig. 11). The effects of sensitization training in each stage 
was dramatically different: stage 11, x difference = - 2.9 f 2.5 
(i.e., net reflex depression); late stage 12, x difference = 6.5 f 

6 

-4 

-6 

Figure II. Comparison of sensitization in animals examined in stage 
11 and again in late stage 12. To compare the amount of sensitization 
exhibited in the 2 developmental stages directly, a difference score was 
obtained (the mean preshock score minus mean postshock score) for 
the animals when they were in each stage. Whereas reflex depression is 
apparent in stage 11, reflex facilitation is clear in late stage 12. 

2.9; t(7) = 3.864, p < 0.005. These results thus confirm the 
developmental sequence for sensitization indicated in our pre- 
vious experiments and extend those findings by showing that 
the same individual animals that lack sensitization in early ju- 
venile stages acquire the capacity for sensitization by late stage 
12. 

Interstage comparisons 
Analysis of nondecremented responses reveals a transition 
from depression to facilitation during juvenile development 
In examining the developmental emergence of sensitization, we 
have assessed the effects of tail shock on nondecremented re- 
sponses in 3 juvenile stages: stage 11, early stage 12, and late 
stage 12. This analysis revealed an unexpected developmental 
sequence. In early developmental stages (stage 11 and early 12), 
an inhibitory effect of tail shock was apparent. This inhibitory 
effect was, in most cases, quite modest. Nevertheless, it was 
highly consistent and was especially apparent when thefirst test 
response following tail shock was examined. In fact, in 6 in- 
dependent experiments, depression of the first response follow- 

Table 1. Inhibitory effects of tail shock on first test response 

Experiment tn = 12) (2n = 10) :n = 10) ;n = 11) tn = 10) ;n = 10) 
Preshock 22.68 f 2.86 20.62 f 2.12 22.01 k 3.83 25.06 k 3.27 16.86 + 2.61 43.31 + 5.70 
Postshock 21.61 t 3.15 13.69 + 1.41 20.98 k 4.51 21.51 k 3.24 9.99 + 2.21 35.01 -t 5.96 
Difference score -1.07 + 1.67 -9.37 + 2.58 -1.04 + 3.89 -3.55 + 2.95 -6.87 + 2.57 -8.41 f 5.82 
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Figure 12. Developmental transition from inhibition to facilitation of 
nondecremented responses following tail shock. A composite facilitation 
ratio was computed for each stage (see text). In stage 11 and early stage 
12, tail shock produces significant reflex inhibition (p < 0.03 1,2-tailed). 
In contrast, in late stage 12, tail shock produces significant facilitation 
@ < 0.001). 

ing tail shock was always observed. This is illustrated in Table 
1, in which the difference between the first postshock response 
and the averaged preshock responses are shown for these 6 
experiments. Two experiments were in stage 11 animals: ex- 
periment 1, which examined the effects of sensitization following 
dishabituation (Fig. 3, group l), and experiment 2, which ex- 
amined the effects of sensitization preceding dishabituation (Fig. 
3, group 2). Four experiments were in early stage 12 animals: 
experiment 3, which examined the effects of sensitization fol- 
lowing dishabituation (Fig. 5, group 1); experiment 4, which 
examined the effects of sensitization preceding dishabituation 
(Fig. 5, group 2; see also Fig. 4); experiment 5, which examined 
the effects of sensitization training on weak responses (Fig. 7); 
and experiment 6, which examined the effects of sensitization 
training on strong responses (Fig. 7). The fact that the first test 
response is most sensitive to the inhibitory effects of tail shock 
in these early developmental stages may reflect the fact that the 
tail-shock-induced inhibition is rather short-lived (see Discus- 
sion). 

In order to compare the results from different developmental 
stages directly, an average facilitation ratio was computed for 
each stage by expressing the first response following tail shock 
as a percentage of the averaged preshock responses. In stage 11, 
two independent experiments were carried out, and in early stage 
12 four independent experiments were carried out (Table 1). To 
obtain a single score for each stage, a composite average was 
computed from the ratios from all of the experiments in each 
stage. This analysis revealed that tail shock produced significant 
depression of reflex responses in stages 11 and early 12 (Fig. 
12): since inhibition was observed in 6 out of 6 experiments 
(Table l), a 2-tailed sign test yields a significant difference of 

STAGE 11 EARLY 12 LATE 12 

DEVELOPMENTAL STAGE 

Figure 13. Summary of the emergence and maturation of dishabitua- 
tion and sensitization. To permit comparison of the magnitude of disha- 
bituation and sensitization, the data are expressed in terms of a mean 
difference score (see text). There was a significant developmental in- 
crease in both dishabituation and sensitization across the 3 juvenile 
stages examined. Dishabituation was present in all developmental stages, 
but sensitization did not emerge until late stage 12. Prior to the emer- 
gence of sensitization, in stage 11 and early stage 12 sensitization training 
(tail shock) produces reflex depression. When sensitization emerges in 
late stage 12, it appears to contribute to the magnitude of dishabituation 
(see text). 

p < 0.031 (a 2-tailed test is required in this case since the in- 
hibitory effect was unexpected, and thus not predicted in ad- 
vance). In contrast, tail shock produced significant facilitation 
of reflex responses in late stage 12 [t(9) = 3.6, p < 0.005] (Fig. 
12). These results thus show that there is a clear developmental 
transition in the effects of tail shock. Prior to the emergence of 
sensitization in late stage 12, a modest but significant inhibitory 
effect is apparent. 

Emergence and maturation of dishabituation and sensitization 

A summary of the results for all of the developmental stages 
we have examined is shown in Figure 13. To permit a com- 
parison of the magnitude of dishabituation and sensitization 
across different stages, the data are expressed in terms of a mean 
difference score obtained by computing the differences in am- 
plitude between the first response following tail shock and the 
mean preshock responses. An analysis of variance revealed a 
significant developmental increase for both dishabituation 
[F(2,50) = 4.25, p < 0.0251 and for sensitization [F(2,48) = 
7.29, p < O.OOS]. Moreover, subsequent planned comparisons 
(Neuman-Keuls, see Materials and Methods) showed, for disha- 
bituation, that there was no significant difference between stages 
11 and early stage 12 and that both stages were significantly 
different from the late stage 12 (p < 0.01 in each case). The 
analysis was identical for sensitization: there was no significant 
difference between stage 11 and early stage 12, and both stages 
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were significantly different from late stage 12 (p < 0.0 1 in each 
case). 

The summary of results shown in Figure 13 permits several 
interesting observations. First, while dishabituation is present 
at all developmental stages examined, sensitization does not 
emerge until late stage 12 in juvenile development. Second, 
inspection of the effects of sensitization training shows that the 
inhibitory effects of tail shock appear to diminish between stage 
11 and early stage 12, and in parallel with this reduction of the 
inhibitory effect, there is a modest increase in the magnitude of 
dishabituation. (It is not clear from these results whether the 
inhibitory process is truly diminishing during development or 
whether an independent facilitatory process is beginning to 
emerge in early stage 12, with the net effect of reducing the 
inhibition expressed at this stage; see Discussion.) Finally, when 
sensitization emerges in late stage 12, there is a parallel signif- 
icant increase in the magnitude of dishabituation, suggesting 
that the process of sensitization is adding to that of dishabitua- 

ried out in the defensive gill withdrawal reflex of Aplysia by 
Carew et al. (197 1). Using 2 independent afferent pathways to 
elicit the reflex, they showed that, after habituating one pathway, 
a strong stimulus produced an increase in response amplitude 
in both the decremented pathway (dishabituation) and the 
nondecremented pathway (sensitization). By recording from gill 
motor neurons during dishabituation and sensitization, they 
confirmed these results on a cellular level. Carew and colleagues 
(197 1) therefore concluded that dishabituation was simply a 
specialized case of a more generalized facilitatory process, sen- 
sitization. More recently however, Hochner and colleagues (1986) 
have reexamined this question on a biophysical level and reached 
the conclusion that dishabituation and sensitization may differ 
on a fundamental level (see below). 

In considering the analysis of habituation, dishabituation and 
sensitization, 2 key issues have thus emerged. The first issue 
concerns the relationship between habituation and dishabitua- 
tion. Although early theoretical formulations suggested that these 

tion. 

Discussion 

2 processes were interdependent (i.e., that dishabituation re- 
fleeted the removal of the inhibitory process underlying habit- 
uation), most studies support the opposite view, that habituation 

Habituation, dishabituation, and sensitization and dishabituation are independent processes. Consistent with 
Pavlov (1927) discovered habituation of the orienting reflex at this view is the recent observation that habituation and dishabit- 
the beginning of the century. He referred to the decreased re- uation emerge independently as separate processes during de- 
sponding after repeated presentation of a stimulus as “extinc- velopment in Aplysia (Rankin and Carew, 1987a; see below). 
tion” and attributed it to the build-up of an inhibitory process. The second major issue concerns the relationship between disha- 
In addition, Pavlov noted that a decremented response could bituation and sensitization. With the appreciation that disha- 
be restored by a period of rest without stimulus presentation. bituation reflected a facilitatory process that was independent 
He attributed this recovery to disinhibition, or the removal of from habituation, the view emerged that dishabituation repre- 
the inhibitory process (for review, see Pavlov, 1927). Thus, for sented a special instance of sensitization. This unitary process 
many years habituation was considered to reflect an inhibitory view was both theoretically attractive and consistent with the 
process, and dishabituation was thought to reflect the removal results of a number of behavioral and cellular studies. 
of that inhibition (Humphrey, 1930a, b; Konorski, 1948; So- An alternative theoretical formulation was provided by Wag- 
kolov, 1963; Wickelgren, 1967a, b; Wall, 1970). ner (1976), who suggested that dishabituation and sensitization 

Subsequent work provided evidence that habituation was not might be separable on the basis of the stimuli used to elicit these 
the result of an inhibitory process. For example, Spencer et al. processes. Specifically, Wagner proposed that dishabituation 
(1966a, b) found that habituation of the flexion reflex of the cat might be able to be produced by relatively innocuous stimuli 
was best explained by a decreased excitatory drive rather than that would not be sufficient to produce sensitization. This sug- 
by increased inhibition. Similarly, a cellular analysis of habit- gestion was supported by the results of Whitlow (1975; see also 
uation of the gill withdrawal reflex in Aplysia by Castellucci and Whitlow and Wagner, 1984), who showed that a vasomotor 
colleagues (1970) showed that habituation was due to a decrease response in the rabbit could be facilitated by a relatively in- 
in excitatory synaptic transmission from sensory neurons onto nocuous “distracting” stimulus only if that response were pre- 
gill motor neurons. Thus, although build-up of inhibition re- viously decremented; that is, the response could be dishabitu- 
mains a reasonable candidate mechanism for habituation, most ated but not sensitized. Wagner (1976) pointed out that most 
well-analyzed studies thus far show that habituation reflects the studies examining dishabituation and sensitization would not 
reduction of an excitatory process rather than the increase of distinguish between these 2 processes since strong or noxious 
an inhibitory one (for reviews, see Thompson and Spencer, stimuli are typically used to produce response facilitation. 
1966; Groves and Thompson, 1970). In summary, until quite recently the most commonly held 

If habituation is due to decreased excitation rather than in- contemporary view was that dishabituation and sensitization 
creased inhibition, what then is dishabituation due to? An at- reflect a unitary underlying process. However, none of the stud- 
tractive explanation for dishabituation was another facilitatory ies supporting this view ruled out the possibility that 2 facili- 
process, sensitization, a simple form of learning in which non- 
decremented responses are enhanced following a strong or nox- 
ious stimulus (Grether, 1938). In their analysis ofthe EEG arousal 
response, Sharpless and Jasper (1956) were the first to suggest 
that dishabituation might not be a disinhibitory process, but 
rather might reflect a special case of sensitization. Behavioral 
evidence supporting this suggestion came from Spencer et al. 
(1966a), who found that nonhabituated responses in the flexion 
reflex of the cat could be facilitated by the same strong stimulus 
that produced dishabituation. Finally, a detailed study of the 
relationship between dishabituation and sensitization was car- 

tatory processes, one underlying dishabituation and the other 
underlying sensitization, were triggered in parallel by strong or 
noxious stimuli. Thus, the possibility remained that dishabitua- 
tion and sensitization do not reflect a unitary process. The de- 
velopmental approach that we have used in the present study 
provides a means of behaviorally testing this idea. 

Dishabituation and sensitization have d$erent developmental 
timetables in Aplysia 
The gill and siphon withdrawal reflex of Aplysia has proved to 
be an extremely useful preparation for analyzing the cellular 
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mechanisms of a variety of different forms of both nonassocia- 
tive and associative learning (for review, see Carew, 1987; Haw- 
kins et al., 1987). We have recently begun to use development 
as an analytic tool to study the assembly of different forms of 
learning in this reflex (Nolen et al., 1987; Rankin and Carew, 
1987a; Rankin et al., 1987; see also Rayport and Camardo, 
1984). Juvenile Aplysia can be divided into 4 main develop- 
mental stages, which can vary in their exact weight and length 
depending on temperature and rearing conditions: stage 9 (last- 
ing 4-7 d), stage 10 (lasting 7-10 d), stage 11 (lasting approxi- 
mately 40-50 d), and stage 12 (lasting approximately 40-50 d) 
(Kreigstein, 1977; Rankin et al., 1987). In a previous study 
(Rankin and Carew, 1987a), we found that habituation in the 
siphon withdrawal component of the reflex was present very 
early in development (stage 9) and that dishabituation in this 
reflex emerged soon thereafter, at a distinct and later stage (stage 
10). Moreover, we found that habituation progressively devel- 
oped over the entire juvenile period in terms of its IS1 function: 
younger animals required progressively shorter ISIS to produce 
habituation. In this previous study, there was the suggestion 
that, although dishabituation was present in stage 10, sensiti- 
zation was absent. Specifically, when the reflex was habituated 
with a short (5 set) ISI, tail shock increased responsiveness (i.e., 
it produced dishabituation). However, at this same stage when 
a longer (10 set) IS1 was used, which produced no habituation, 
tail shock did not enhance the reflex above its initial control 
level (i.e., it produced no sensitization). Comparable results were 
also observed in stage 11 animals. 

In the present study we examined 2 major stages of Aplysia 
juvenile development, stages 11 and 12. Confirming previous 
results, we found that habituation and dishabituation were pres- 
ent in both of these developmental stages. In contrast, sensiti- 
zation was completely lacking in stage 11 and in early stage 12. 
It did not appear until late stage 12, a period approximately 9 
weeks after dishabituation had emerged in stage 10. Thus, in 
stages 11 and early 12 we found that nondecremented reflex 
responses were incapable of facilitation by tail shock, yet that 
same shock (in the same animals) produced significant disha- 
bituation. These observations ruled out the possibility that the 
lack of sensitization in early developmental stages was due sim- 
ply to lack of sensitivity to tail shock. 

In any developmental study there is a potential problem in 
equating stimuli across different developmental stages. In the 
present study, near-maximum intensity (100 V) sensitizing stim- 
uli were used in each stage to give sensitization every chance of 
being detected. Nonetheless, sensitization was absent in stages 
11 and early 12. Moreover, recent studies by Rankin and Carew 
(1987b) have confirmed and extended this finding. They found 
in early stage 12 animals that neither a much weaker stimulus 
(3 V), nor an even stronger sensitizing stimulus (150 V, just 
subthreshold for tissue damage) produced sensitization. Thus, 
we have examined a wide range of sensitizing stimulus inten- 
sities and found that, whereas dishabituation is consistently 
present in these early juvenile stages, sensitization is consistently 
absent. 

It was possible that the lack of sensitization in early devel- 
opmental stages was due to a behavioral “ceiling effect,” that 
is, that there was a response level above which reflex responses 
could not be facilitated. If this were the case, dishabituation 
might still be observed because prior habituation would simply 
bring the reflex amplitude below this ceiling. However, this 
possibility was ruled out since small, nondecremented reflex 

responses, significantly below the facilitated amplitude achieved 
by dishabituation (and thus below the hypothetical ceiling level), 
were still not facilitated by tail shock. Finally, the developmental 
timetable for sensitization was confirmed by examining a single 
population of animals at ‘2 different developmental stages. An- 
imals were tested in stage 11, and sensitization was absent. 
However, when tested 13 weeks later (when they reached the 
end of the late stage 12) these same animals exhibited significant 
sensitization. 

The emergence of the process of sensitization in late stage 12 
is not confined to the defensive withdrawal reflex of the gill and 
siphon in Aplysia. In the third paper in this series, Stopfer and 
Carew (1988) show that sensitization in another response sys- 
tem, escape locomotion, also emerges in late stage 12, in parallel 
with sensitization in the defensive withdrawal reflex. Thus, sen- 
sitization is expressed in 2 very different response systems, one 
a reflex and the other a centrally programmed cyclical behavior, 
at approximately the same time in development. This raises the 
interesting possibility that one or several developmental signals 
switch on the general process of sensitization in late stage 12, 
not only in individual response systems, but in the whole animal 
(for a general discussion of this issue, see Stopfer and Carew, 
1988). 

Analysis of nondecremented responses prior to the emergence 
of sensitization revealed a novel inhibitory component of tail 
shock 

In examining the effects of sensitization training in different 
developmental stages, we discovered an unexpected effect of tail 
shock: Prior to the emergence of sensitization in late stage 12, 
tail shock had a net inhibitory effect on reflex responsiveness. 
There was then a clear transition from this inhibitory effect to 
that of net facilitation between early and late stage 12. The 
existence of an inhibitory process in juvenile Aplysia has re- 
cently been confirmed and extended by Rankin and Carew 
(1987b), who found that the inhibition of siphon withdrawal 
produced by tail shock can be detected in 2 ways: (1) by reduc- 
tion of reflex responsiveness (as shown in the present paper) 
and (2) by competition of the inhibitory process with a facili- 
tatory process (dishabituation), which is present in early devel- 
opmental stages. Specifically, they found that inhibition induced 
by tail shock could significantly retard dishabituation in early 
stage 12 juvenile Aplysia. 

The identification of an inhibitory process in juvenile Aplysia 
raises the interesting question of whether this depressive process 
that we have observed during development endures into the 
adult stage. Previous results examining sensitization and clas- 
sical conditioning in this same reflex system in adult Apfysiu 
are consistent with the possibility that the inhibitory process 
induced by tail shock does persist in the adult. Carew et al. 
(198 1) found that sensitization produced by a single tail shock 
had a significantly delayed onset. The time for sensitization to 
reach its peak was approximately 30 min, a much greater delay 
than the time course of the inhibitory process we observe in 
juvenile animals (which appears to last only a few minutes). It 
is possible that the difference in time course might reflect the 
further maturation of the inhibitory process in adult animals. 
But, as Carew and colleagues (198 1) pointed out, the behavioral 
observation of a delayed onset of sensitization in adults cannot 
distinguish between a true suppressive effect of tail shock that 
is short-lived and thus counteracts the immediate expression of 
sensitization, or simply a relatively slow time course for the 
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maximal expression of sensitization in the adult. Quite recently, 
however, direct behavioral evidence for an inhibitory process 
in adult Aplysia has been obtained by Marcus and colleagues 
(1987) who found that significant depressive effects of tail shock 
can be observed in the siphon withdrawal reflex by varying both 
the magnitude of tail shock and the time after shock that the 
reflex is examined. Finally, cellular evidence for tail shock-in- 
duced inhibition has been obtained in adult Aplysia by Mackey 
et al. (in press), who found that strong tail shock can produce 
both transient reflex suppression and transient narrowing of 
action potentials and reduction of transmitter release from sen- 
sory neurons. Thus, there is both behavioral and cellular evi- 
dence supporting the hypothesis that the inhibitory process we 
found in juvenile animals before sensitization emerges also per- 
sists in adult Aplysia. 

A second interesting consequence of the inhibitory process is 
its apparent interaction with dishabituation. Since both the in- 
hibitory process described above, and the facilitatory process 
involved in dishabituation, are produced by tail shock, it is likely 
that the inhibitory process competes with dishabituation (direct 
evidence for such competition has now been obtained for early 
stage 12 animals by Rankin and Carew, 1987b). Moreover, it 
is striking that, at the same time in development that the effects 
of tail shock on nondecremented responses shows a transition 
from inhibition to facilitation (i.e., sensitization emerges), the 
magnitude of dishabituation significantly increases. A reason- 
able behavioral explanation for this increase is that the sensi- 
tization process now adds to dishabituation. Thus, these ob- 
servations during development suggest the hypothesis that the 
process of dishabituation may be more complex than previously 
thought (e.g., see Groves and Thompson, 1970; Carew et al., 
197 1; Carew and Kandel, 1974). Specifically, the magnitude of 
dishabituation may be determined by the interaction of 3 sep- 
arate processes: (1) the dishabituation process itselc (2) the in- 
hibitory process that subtracts from dishabituation (see also 
Rankin and Carew, 1987b); and (3) the sensitization process 
that adds to dishabituation (see also Hochner et al., 1986). 

Although the above hypothesis can, in principle, account for 
the developmental changes in behavioral plasticity we see, we 
should stress that the behavioral phenotype we observe at dif- 
ferent developmental stages could be due to a variety of different 
interactions of a number of underlying processes, which behav- 
ioral experiments alone might not be able to resolve. Cellular 
experiments in juvenile Aplysia, which can be directed at the 
same class of questions, may enable us to distinguish between 
different alternative explanations. As a step in this direction, 
Nolen and Carew (1987, 1988) have recently identified the cel- 
lular analogs of dishabituation, sensitization, and the inhibitory 
process in the CNS of stage 12 juvenile animals. 

Mechanistic implications 

Since dishabituation of the siphon withdrawal reflex can be 
developmentally expressed for several weeks during which sen- 
sitization is absent in the same reflex system, our results are 
consistent with the hypothesis proposed by Hochner et al. (1986) 
that dishabituation and sensitization may not be mediated by 
a single, unitary process in Aplysia. 

Extensive previous work in the siphon sensory neurons of 
Aplysia has implicated presynaptic facilitation as the mecha- 
nism underlying both dishabituation and sensitization in Aply- 
sia. Presynaptic facilitation is produced by the action of a num- 
ber of facilitatory transmitters (e.g., 5-HT, SCP, and SCP,). 

These transmitters reduce a specific K+ current (the S current) 
in the sensory neurons and thereby broaden their action poten- 
tials and promote increased Ca2+ entry, leading to greater trans- 
mitter release (Klein and Kandel, 1978, 1980; Klein et al., 1982; 
Siegelbaum et al., 1982; Abrams et al., 1984; Schuster et al., 
1985). However, several recent studies have shown that spike 
broadening is not the only component of presynaptic facilitation 
and that a second process, related to CaZ+ handling and trans- 
mitter mobilization, is also implicated in presynaptic facilita- 
tion. In a study of voltage-clamped sensory cells, Boyle et al. 
(1984) demonstrated a component of 5-HT-mediated enhance- 
ment of Ca*+ accumulation that was independent ofspike broad- 
ening. They suggested that this second process might involve 
either a change in Ca2+ influx, Ca*+ buffering, or Ca2+ release 
from intracellular stores. Gingrich and Byrne (1985) have also 
provided evidence that a second process contributes to facili- 
tation. To explain the features of homosynaptic depression and 
heterosynaptic facilitation, they constructed a quantitative mod- 
el of the release process at the presynaptic terminal of the sensory 
neuron. They suggested that serotonin enhanced the release of 
neurotransmitter by: (1) suppression of the K+ current leading 
to spike broadening, and (2) alteration of the subcellular distri- 
bution of a Ca2+/calmodulin binding protein, which would stim- 
ulate the mobilization of transmitter and increase the size of 
the releasable pool. 

Recent experiments by Hochner et al. (1986) provided further 
support for the hypothesis that 2 processes are involved in pre- 
synaptic facilitation. Confirming previous studies, they found 
that prolongation of the action potential in sensory neurons 
enhances synaptic transmission at normal, nondecremented 
levels of release. However, when repeated activation of the sen- 
sory neurons induced pronounced synaptic depression, subse- 
quent prolongation of the duration of either action potentials 
or depolarizing commands (under voltage clamp) had little effect 
on transmitter release. Nonetheless, 5-HT was still effective in 
enhancing release. These results led Hochner et al. (1986) to 
suggest that 2 processes are involved in facilitation: (1) Spike 
broadening produced by S channel closure, which would con- 
tribute significantly to behavioral sensitization; and (2) trans- 
mitter mobilization, perhaps induced by alterations in Ca2+ han- 
dling, which would contribute to behavioral dishabituation. 

Although our behavioral data support the interpretation that 
separate cellular mechanisms contribute to dishabituation and 
sensitization, our behavioral results alone cannot rule out the 
possibility that a unitary process could, in principle, be involved. 
For example, if early in development each siphon sensory neu- 
ron released a maximum amount of transmitter with each action 
potential, those synapses might be incapable of facilitation un- 
less they were first depressed by repeated activation. By analogy 
to behavioral results, these synapses would be incapable of me- 
diating sensitization but could mediate dishabituation. Thus, a 
type of “synaptic ceiling” could, in principle, explain our be- 
havioral results, including those in which very weak responses 
were incapable of sensitization in early developmental stages. 
This could be so if one assumes that weak responses were pro- 
duced by fewer sensory neurons being activated with weak stim- 
uli (and that each neuron releases a maximum amount of trans- 
mitter), rather than weak responses being produced by the same 
number of sensory neurons releasing less transmitter. In light 
of the cellular experiments suggesting 2 processes in the adult, 
we think it more likely that separate mechanisms for dishabitua- 
tion and sensitization will differentially emerge during devel- 



210 Rankin and Carew - Development of Sensitization in Aplysia 

opment. Nonetheless, other possibilities can be directly assessed 
by a cellular analysis in early juvenile stages. 

In conclusion, our behavioral results, in conjunction with 
previous cellular evidence (Hochner et al., 1986; see also Boyle 
et al., 1984, and Gingrich and Byrne, 1985), suggest a funda- 
mental difference between the behavioral processes of disha- 
bituation and sensitization. Since these processes emerge in 
Aplysia according to very different ontogenetic timetables, it is 
now possible to analyze one process in developmental isolation 
from the other, providing a powerful means of establishing both 
the similarities and differences in their underlying cellular mech- 
anisms. Initial steps towards such a cellular analysis are de- 
scribed in the following companion paper (Nolen and Carew, 
1988). 
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