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Dishabituation in Aplysia can involve either reversal
of habituation or superimposed sensitization
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Dishabituation has been thought to be due either to reversal of the process of habituation or to a second process
equivalent to sensitization superimposed on habituation. One way to address this question is by testing whether
dishabituation and sensitization can be dissociated. Previous studies using this approach in Aplysia have come to
different conclusions about the nature of dishabituation, perhaps because those studies differed in many respects,
including (1) whether they also observed transient behavioral inhibition, and (2) whether they used test stimuli that
activated the LE siphon sensory neurons or as yet unidentified sensory neurons. To attempt to resolve the apparent
contradictions between the previous studies, we have explored the importance of these two factors by performing a
parametric study of dishabituation and sensitization of gill withdrawal in a simplified preparation that does not
exhibit transient behavioral inhibition, using two different test stimuli that are known to activate the LE (Touch) or
unidentified (Not Touch) sensory neurons. We find that dishabituation and sensitization in this preparation have
similar time courses and generally similar functions of shock intensity. However, under one condition, with the Not
Touch stimulus 2.5 min after the shock, dishabituation has a reverse effect of shock intensity. Additional analyses
suggest that dishabituation with the Not Touch stimulus 2.5 min after the shock is due to reversal of habituation,
whereas 12.5 min after the shock, dishabituation is due to superimposed sensitization. These results thus suggest that
dishabituation may involve either process in the same preparation, and begin to define the conditions that favor one

or the other.

Historically, there have been two schools of thought about the
nature of dishabituation. Pavlov (1927) thought that dishabitu-
ation was due to reversal of the process of habituation, whereas
Grether (1938) proposed that dishabituation was a second pro-
cess equivalent to sensitization that was superimposed on ha-
bituation. Studies of the cat leg flexion reflex (Spencer et al. 1966;
Groves and Thompson 1970) and the leech shortening reflex
(Ehrlich et al. 1992; Sahley et al. 1994) have provided experimen-
tal evidence for this “dual process” theory, but similar studies of
the Aplysia gill- and siphon-withdrawal reflex have produced
mixed results. For example, some studies have found that the
same noxious stimulation produces both dishabituation and sen-
sitization with similar time courses, suggesting that these forms
of learning may involve similar processes (Carew et al. 1971;
Cohen et al. 1997; Antonov et al. 1999). By contrast, other stud-
ies have found that noxious stimulation produces dishabituation
with a lower threshold and faster onset than sensitization, sug-
gesting that they might involve different processes (Marcus et al.
1988). Moreover, studies of cellular analogs of dishabituation
and sensitization have also suggested that although synaptic fa-
cilitation appears similar in the two cases, it involves different
molecular mechanisms (Gingrich and Byrne 1985; Hochner et al.
1986; Ghirardi et al. 1992). However, whether those differences
are expressed at the behavioral level is not known.

The mixed results in the behavioral studies may be due in
part to the fact that the different studies used different prepara-
tions, protocols, test stimuli, response measures, and noxious
(dishabituating/sensitizing) stimuli (Hawkins et al. 1998). In ad-
dition, some of the differences in results might be explained by
two unexpected observations that were made during these stud-
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ies. First, under some conditions sensitization is preceded by
transient (<5 min) behavioral inhibition, whereas dishabituation
is not (Mackey et al. 1987; Marcus et al. 1988). Hawkins et al.
(1998) found that the inhibition occurs under the same condi-
tions in which there is a difference between the time courses of
dishabituation and sensitization, suggesting that the behavioral
differences between dishabituation and sensitization may be due
to this additional process of inhibition. Second, during the
course of cellular studies of dishabituation and sensitization, it
became apparent that there exists a second, as yet unidentified
population of siphon sensory neurons with lower thresholds and
shorter latencies than the known LE sensory neurons (Frost et al.
1997). These unidentified sensory neurons can be activated by
water movement stimulation, whereas the LE sensory neurons
are activated only when the skin is touched, and different behav-
ioral studies used test stimuli that would have activated the dif-
ferent populations. Because very little is known about the plas-
ticity of the unidentified sensory neurons, it is possible that dis-
habituation and sensitization might have different properties
depending on which sensory neurons are activated.

To attempt to reconcile the mixed results from previous
studies, we have explored the importance of these two factors by
performing a parametric study of dishabituation and sensitiza-
tion in a semi-intact preparation that was initially used to char-
acterize the two populations of sensory neurons, using two dif-
ferent stimuli (Touch and Not Touch) that are known to activate
the different populations (Frost et al. 1997). Cohen et al. (1997)
examined dishabituation and sensitization with the Touch
stimulus in this preparation, and found that they have similar
time courses, with no transient behavioral inhibition, but did not
investigate whether they also have similar shock thresholds. We
have therefore extended their protocol by using three different
levels of shock as well. Our results confirm that dishabituation
and sensitization have similar time courses, and show that they
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also have similar functions of shock intensity both with the
Touch stimulus and with the Not Touch stimulus 12.5 min after
the shock. However, under one condition, with the Not Touch
stimulus 2.5 min after the shock, stronger shock was more effec-
tive for sensitization but less effective for dishabituation. Addi-
tional analyses suggest that dishabituation with the Not Touch
stimulus 2.5 min after the shock is due to reversal of the process
of habituation, whereas 12.5 min after the shock dishabituation
is due to superimposed sensitization.

Results

Dishabituation differs parametrically from sensitization
under one condition: With the Not Touch stimulus 2.5

min after the shock
We performed a parametric study of dishabituation and sensiti-
zation of the Aplysia gill-withdrawal reflex in a simplified prepa-
ration previously described by Cohen et al. (1997) (Fig. 1), exam-
ining the effects of four experimental variables: whether the
preparation was first habituated (sensitization vs. dishabitua-
tion), whether the tapper touched the siphon (Touch vs. Not
Touch), time of testing after the mantle shock (2.5 min vs. 12.5
min), and shock intensity (1 X 25 mA, 4 X 25 mA, or 4 X 100
mA) (Fig. 2). There were significant main effects of time
(F1,288) = 31.26, P < 0.001) and shock (F, »g5 = 5.34, P < 0.01) in
a four-way ANCOVA with the pre-test as a covariate. Taking
the pre-test levels into account, there were not significant
main effects of either Sensitization vs. Dishabituation or Touch
vs. Not Touch. However, there were several significant inter-
actions involving those factors, including Sen/Dis X Touch/Not
Touch X Time (F; ,35) = 12.58, P <0.001) and Sen/
Dis X Time X Shock (F, g5 = 4.14, P < 0.05). To elucidate the
meaning of those interactions, we analyzed different subsets of
the data separately.

The sensitization data (Fig. 2A) show a simple pattern: There
was a significant main effect of time (F[; ;,3; = 6.08, P < 0.05), as
in the overall analysis, with a greater increase in the gill-
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withdrawal reflex 12.5 min than 2.5 min after the shock. There
was also a significant main effect of shock (Fj, .3 = 3.88,
P <0.05), with the stronger shock levels being more effective.
There was not a significant effect of Touch vs. Not Touch, and
there were no significant interactions. Although there was
greater sensitization 12.5 min after the shock, there was also sig-
nificant sensitization (F; ;1,3 = 40.17, P < 0.001) rather than in-
hibition 2.5 min after the shock, when inhibition has been ob-
served following tail shock (Mackey et al. 1987; Hawkins et al.
1998). Because inhibition is sometimes more apparent with
shorter delays (Mackey et al. 1987; Hawkins et al. 1998), we also
tested the reflex 30 sec (0.5 min) after 1 X 25 mA shock and still
observed significant sensitization (Fj; 147 =9.26, P <0.01). (We
were not able to use stronger shocks in these experiments be-
cause the gill did not relax within 30 sec). These results are simi-
lar to those of Cohen et al. (1997) in the simplified gill-
withdrawal preparation and of Hawkins et al. (1998) in the intact
animal, both of whom observed sensitization rather than tran-
sient inhibition of the withdrawal reflex following mantle shock.
There was considerable variation in the amount of habitu-
ation in the different groups, but on average, there was no ha-
bituation with either the Touch or Not Touch stimuli with a 1-h
intertrial interval (Fig. 2A, no shock controls). By contrast, five
repeated taps at 5-min intervals produced significant habituation
with two phases: a sharp drop after the first tap that was some-
what greater with the Not Touch stimulus (F; ;50 = 5.30,
P <0.05 vs. Touch in a planned comparison following a 2-way
ANOVA), followed by a more gradual decline that was approxi-
mately exponential (linear on a log scale) and equal with the
Touch and Not Touch stimuli (Fig. 3A). The initial difference
between the Touch and Not Touch stimuli might be due to a
difference in depression of postsynaptic potential (PSPs) from the
LE and unknown sensory neurons, but Frost et al. (1997) found
that they undergo roughly similar depression. Another possible
explanation is that the first Touch stimulus may engage a tran-
sient facilitatory process that counteracts the habituation on trial
2 (Hawkins, 1989; Jin and Hawkins 2003). Extrapolating the ha-
bituation curves, trial 6 in the 2.5-min dishabituation condition
would be expected to be ~15% lower

than trial 5 if there was no shock. The

L o E: Diehebitiaon Tl e ey habituation recovered only partially af-
ABDOMINAL ( > Shig ¢ ter 15 min of rest (trial 6 in the 12.5 min,
A — D) \ no shock condition, Fp, o7 = 16.47,
3 z; i ______/-—\___________/\\. P <0.01 vs. trial 1) (Fig. 3B), allowing
SHOOK_ o,g - = i i testing of dishabituation at that time
‘ g {Not Toush point as well.
g: Shock produced dishabituation
FERUSEAILL 52 on trial 6 (Post) compared with trial 5
R, %; T —— e (Pre), with a s.o.mewhat qifferent pat-
4 Shock tern than sensitization (Fig. 2B). There
O e TP tomoeetE =88 % was a significant main effect of time
B Ez Sentization Il ol (Fi1,164) = 29.37, P<0.001), as in the
= / overall analysis, and two significant in-
HABITUATION DISHABITUATION 23 . . . .
- Pt éz \\ teractions involving time: Touch/Not
it + . B - > = 4 % ;__/-\\ _ / . Touch X Time (F;,164) = 20.67, P < 0.001)
T — _é' i and Time X Shock (F[; 164) = 4.04,
2 5| Not Touch P <0.05). These interactions explain the
SENSITIZATION = corresponding interactions involving
P PHON L F:fe L F";‘ ! § ; N Sen/Dis in the overall analysis and were
=1 o i j \\ largely due to the unusual results in the
SHOGTLE e’ Shock - 2.5-min Not Touch condition. The re-
Ol b T Mmeses © ° sults 12.5 min after the shock were simi-
Figure 1. The experimental preparation (A) and behavioral protocol (B). For details, see Materials lar to the sensitization results, with no

and Methods. (C) Examples of dishabituation with a test stimulus that either touched or did not touch
the siphon 2.5 min after 4 X 25 mA mantle shock. (D) Examples of sensitization under similar con-

ditions.
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significant difference between Touch
and Not Touch (with a tendency for Not
Touch to be greater) and a significant ef-
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Figure 2. Parametric analysis of sensitization (4) and dishabituation (B)
of the gill-withdrawal reflex in response to a stimulus that either touched
or did not touch the siphon, tested either 2.5 min or 12.5 min after
1 X 25 mA, 4 X 25 mA, or 4 X 100 mA mantle shock, as well as sen-
sitization 30 sec (0.5 min) after T X 25 mA shock. The graph shows the
least squares mean (corrected for the pre-test amplitude) and SEM Post/
Pre (2/1 for sensitization and 6/5 for dishabituation) in each condition on
a logarithmic scale. *P < 0.05 compared with a Post/Pre ratio of 1 (no
change) in planned comparisons following an overall ANCOVA with the
pre-test as a covariate. #P < 0.05 compared with no shock in one-way
ANCOVAs of the Touch and Not Touch data followed by planned com-
parisons to the internal no shock control data (for sensitization) or the
internal habituation control data (for 2.5-min dishabituation), or by Neu-
man-Keuls post hoc comparisons to 12.5-min no shock control groups
(for 12.5-min dishabituation). The Ns in each group ranged from five to
24 (total, 352).

fect of shock (Fj, g0 = 6.04, P < 0.01), with increasing shock being
more effective. However, 2.5 min after the shock, there was sig-
nificantly less dishabituation for Not Touch than for Touch
(Fj1 83 = 16.68, P <0.001), and this effect was largely due to a
reverse effect of shock intensity, with the weakest shock (1 X 25
mA) being most effective for Not Touch. There was not a signifi-
cant difference between Touch and Not Touch for 1 X 25 mA
shock, but there was a difference for 4 X 25 mA (Fj; ;7 = 4.63,
P <0.05) and 4 X 100 mA (F}; ,;; =8.33, P <0.01). The Not
Touch results are similar to those of Marcus et al. (1988), who
used a water movement siphon stimulus in intact animals and
found that weak shock was more effective than stronger shock
for dishabituation 1.5 min after the shock.

Dishabituation with the Not Touch stimulus 2.5 min
after the shock may involve reversal of the process

of habituation

These results suggest that dishabituation with the Touch stimu-
lus resembles sensitization both 2.5 min and 12.5 min after the
shock. By contrast, dishabituation with the Not Touch stimulus
may involve different mechanisms at the different times, resem-
bling sensitization 12.5 min after the shock and perhaps involv-
ing reversal of the process of habituation 2.5 min after the shock.
We tested that idea in two additional ways. First, we examined
the relationship between the responses on trial 6 and trial 1,

rather than trial 5. If dishabituation is due to reversal of habitu-
ation, then the trial 6 response should be smaller than or equal to
the trial 1 (unhabituated) response. On the other hand, if disha-
bituation is due to sensitization superimposed on habituation,
then the trial 6 response could be larger or smaller than the trial
1 response. In an ANCOVA of the 6/1 data, there was a significant
effect of time (F[; 144) = 36.26, P < 0.001) and a significant Touch/
Not Touch X Time interaction (F=12.34, P <0.001) (Fig. 3B).
The trial 6 mean was larger than the trial 1 mean for both the
Touch and Not Touch groups 12.5 min after the shock (F = 21.59,
P <0.01 for the Not Touch stimulus). By contrast, the trial 6
mean was smaller than the trial 1 mean for the Not Touch group
2.5 min after the shock (F =4.83, P <0.05) and was not signifi-
cantly different for the Touch group 2.5 min after the shock.
These results are consistent with the conclusions from the data
shown in Figure 2 that dishabituation with either stimulus 12.5
min after the shock may involve superimposed sensitization,
whereas with the Not Touch stimulus 2.5 min after the shock, it
may involve reversal of habituation.

As another way to test that idea, we examined two correla-
tions, 6/5 vs. 1/5 and 6/1 vs. 5/1. If dishabituation is due to
reversal of habituation, then the larger trial 1 is compared with
trial 5 (i.e., the larger the habituation), the larger trial 6 should be
compared with trial 5. On the other hand, if dishabituation is
due to sensitization superimposed on habituation, then the
larger trial 5 is compared with trial 1 (i.e., the smaller the habitu-
ation), and the larger trial 6 should be compared with trial 1.
With either the Touch or Not Touch stimulus 2.5 min after the
shock, the 6/5 vs. 1/5 within-groups correlation was larger than
the 6/1 vs. 5/1 correlation (t}; 46 = 2.04, P < 0.05), consistent with
reversal of habituation (Fig. 3C). With the Not Touch stimulus
12.5 min after the shock, the 6/1 vs. 5/1 correlation was now
larger than the 6/5 vs. 1/§ correlation (fj4,) = 3.05, P < 0.01), con-
sistent with superimposed sensitization, and with the Touch
stimulus 12.5 min after the shock, the two correlations were not
significantly different.

The results of each of these three different analyses suggest
that dishabituation with the Not Touch stimulus may involve
reversal of habituation 2.5 min after the shock and superimposed
sensitization 12.5 min after the shock. Results with the Touch
stimulus in Figure 3, B and C, are consistent with a similar con-
clusion, but those in Figure 2 suggest that dishabituation may
involve superimposed sensitization at both times. Thus with the
Touch stimulus 2.5 min after the shock, the results are mixed,
suggesting that dishabituation may involve a combination of the
two mechanisms or additional mechanisms in that case.

Discussion

These experiments have attempted to resolve the apparent con-
tradictions between previous studies by addressing two ques-
tions: (1) Is there any difference at the behavioral level between
dishabituation and sensitization that might not be explained by
transient inhibition? (2) Do the properties of dishabituation and
sensitization depend on whether the siphon stimulus excites the
LE sensory cells or the unknown (low threshold) sensory cells?

Behavioral comparisons of dishabituation

and sensitization in Aplysia

Marcus et al. (1988) examined dishabituation and sensitization
of the duration of siphon withdrawal by noxious tail stimulation
and found several parametric differences between the two forms
of learning, suggesting that they involve different processes: (1)
dishabituation appeared earlier than sensitization in develop-
ment; (2) dishabituation was maximal with weak tail stimula-
tion, whereas sensitization was maximal with stronger tail stimu-
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Figure 3. Average habituation and additional tests of whether dishabituation involves reversal of
habituation or superimposed sensitization. (A) Mean and SEM habituation on each trial normalized to
trial 1 for all experiments with the Touch (N =119) and Not Touch (N = 78) stimuli. (B) Parametric
analysis of dishabituation normalized to trial 1 rather than trial 5. The graph shows the least squares
mean and SEM of each group on the first trial (trial 1), the fifth trial of habituation (trial 5, the pre-test
for dishabituation), and the post-test (trial 6). *P < 0.05 for 6/1 compared with a ratio of 1 (no change)
in planned comparisons following ANCOVAs with the pre-test as a covariate. (C) Comparisons of
within-groups correlation coefficients expected to reflect either reversal of habituation (trial 6/trial 5 vs.
trial 1/trial 5) or sensitization superimposed on habituation (trial 6/trial 1 vs. trial 5/trial 1) for disha-
bituation with a stimulus that either touched or did not touch the siphon, tested either 2.5 min or 12.5
min after the shock. Data with the three shock intensities have been combined in these figures.

lation; and (3) dishabituation was maximal with a short delay
(1.5 min) after the tail stimulation, whereas sensitization was
maximal with a longer delay (20 min). However, they could not
also test dishabituation with a long delay because of recovery
from habituation. In addition, Marcus et al. (1988) and Mackey
et al. (1987) found that tail shock produced transient (<5-min)
inhibition of the duration of siphon withdrawal with a sensiti-
zation design but not with a dishabituation design. By contrast,
Cohen et al. (1997) examined dishabituation and sensitization of
the amplitude of gill withdrawal by noxious mantle stimulation
and found that the same noxious stimulus could produce both
effects with similar time courses. They used a relatively long in-
terstimulus interval (5 min) to produce habituation that recov-
ered slowly, allowing testing of dishabituation with a longer de-
lay. Furthermore, they did not observe transient inhibition fol-
lowing the noxious stimulus, suggesting that the apparent
differences between dishabituation and sensitization might be
due to differences in a third process, inhibition. However, there
were many differences in the experimental conditions and prepa-
rations in these studies that might also contribute to the differ-
ences in results.

Hawkins et al. (1998) investigated the importance of some
of those conditions in the same preparation by comparing dis-
habituation and sensitization of the amplitude or duration of gill
or siphon withdrawal at various times after tail or mantle shock.
They observed differences between dishabituation and sensitiza-
tion only when they measured the duration of siphon with-
drawal shortly after tail shock, when there was also transient
inhibition with the sensitization design. These results supported
the idea that differences between dishabituation and sensitiza-
tion might be due to differences in inhibition. However, Marcus
et al. (1988) used a water movement (Not Touch) stimulus,
whereas Cohen et al. (1997) used a Touch stimulus, and Hawkins
et al. (1998) did not examine that variable. In addition, only
Marcus et al. (1988) varied the intensity of the noxious stimulus.
Thus, those factors might also contribute to the differences in
results in the different studies.

We have addressed these questions by performing a para-
metric analysis of dishabituation and sensitization similar to that
of Marcus et al. (1988) with the semi-intact preparation and pro-
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tudes and durations of the stimuli were
different.

With a sensitization design, we did
not observe transient behavioral inhibi-
tion either 2.5 min or 30 sec after the
shock, similar to the results of Hawkins
et al. (1998) with the same response
measure and noxious stimulus in intact
animals. However, Cohen et al. (1997)
did observe modest inhibition at the cel-
lular level that was outweighed by com-
peting facilitation in this preparation. There was greater sensiti-
zation with a longer delay and a stronger shock, and no differ-
ence between the Touch and Not Touch stimuli. With a
dishabituation design, there was also a larger increase with a
longer delay (12.5 min). These results are similar to the behav-
ioral results of Cohen et al. (1997) and support the idea that
dishabituation and sensitization have basically similar time
courses when they are examined in the absence of transient be-
havioral inhibition or substantial recovery from habituation.
However, with the Not Touch (water movement) stimulus 2.5
min after the shock, dishabituation and sensitization had reverse
effects of shock intensity. These results are similar to those of
Marcus et al. (1988) and suggest that not all of the differences
between dishabituation and sensitization can be explained by
transient inhibition. Furthermore, we found that this reverse ef-
fect of shock intensity did not occur with the Touch stimulus 2.5
min after the shock or with either stimulus 12.5 min after the
shock, when Marcus et al. (1988) did not test it. Thus our results
suggest that dishabituation and sensitization can be dissociated
behaviorally, but only under limited conditions: in our experi-
ments with the Not Touch stimulus 2.5 min after the shock.
Consistent with that idea, additional analyses suggested that dis-
habituation with the Not Touch stimulus involves reversal of the
process of habituation 2.5 min after the shock, whereas disha-
bituation involves sensitization superimposed on habituation
12.5 min after the shock. These specific conclusions no doubt
depend on the specific preparation, protocol, stimulus intensity
and frequency, response measure, etc., that we used. More gen-
erally, however, our results suggest that dishabituation may in-
volve either reversal of habituation or superimposed sensitiza-
tion in the same preparation, and begin to define the types of
conditions that favor one process or the other.

Possible implications for cellular mechanisms

of dishabituation and sensitization in Aplysia

Plasticity of the withdrawal reflex is due in part to plasticity at
synapses from known (LE) siphon sensory neurons that are acti-
vated by tactile stimulation and unknown sensory neurons that
are activated by water movement stimulation. Facilitation at syn-
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apses of the LE sensory neurons is thought to involve two differ-
ent presynaptic mechanisms depending on whether the synapses
are rested or depressed, as they would be during sensitization or
dishabituation (Byrne and Kandel, 1996), and it may also involve
postsynaptic mechanisms under some conditions (Li et al. 2005).
Facilitation at rested synapses involves PKA, which produces
broadening of presynaptic action potentials. By contrast, facili-
tation at depressed synapses involves PKC, which may produce
mobilization of transmitter vesicles to the readily releasable pool,
which is thought to be depleted during depression (Gingrich and
Byrne 1985; Hochner et al. 1986; Ghirardi et al. 1992). According
to that idea, facilitation at depressed synapses can be thought of
as a reversal of the mechanism of depression, and dishabituation
would be expected to involve reversal of the process of habitua-
tion rather than superimposed sensitization.

However, these different mechanisms of facilitation in vitro
may not be reflected at the behavioral level, for two reasons. First,
behavioral learning can involve plasticity at several sites in ad-
dition to the sensory-motor neuron synapses. Cohen et al. (1997)
performed a cellular analysis of dishabituation and sensitization
with a Touch stimulus using the same semi-intact preparation as
the present study, and found that whereas habituation of the
reflex is due primarily to depression of the monosynaptic PSP at
sensory-motor neuron synapses, dishabituation and sensitization
involve multiple mechanisms, including facilitation of the
monosynaptic PSP, facilitation and inhibition of interneurons,
and posttetanic potentiation (PTP) at the neuromuscular junc-
tion. No one of these mechanisms tracks the behavior, and each
contributes somewhat differently under different circumstances.
Facilitation of the monosynaptic PSP makes the largest contribu-
tion 2.5 min after the shock with a dishabituation design, when
the PSP is depressed, whereas plasticity in interneurons makes a
relatively larger contribution under the other conditions. Those
results suggest that the difference we observed between disha-
bituation with the Touch and Not Touch stimuli 2.5 min after
the shock could be due to differences in facilitation of the mono-
synaptic PSP from the known (LE) and unknown sensory neu-
rons. Similar to dishabituation with the Touch stimulus, facilita-
tion of depressed PSPs from LE sensory neurons is greater with
stronger shock (Wright et al. 1991). Frost et al. (1997) found that
PSPs from the unknown sensory neurons undergo depression
and facilitation generally similar to those of PSPs from LE sensory
neurons, but they did not vary shock intensity. The finding that
dishabituation with a Not Touch stimulus has a reverse effect of
shock intensity (Fig. 2; Marcus et al. 1988) suggests that facilita-
tion of depressed PSPs from the unknown sensory neurons may
also have a reverse effect of shock intensity. Alternatively, disha-
bituation with a Not Touch stimulus may preferentially involve
a covert inhibitory process that is larger with stronger shock. This
possibility seems unlikely because all previous studies with Not
Touch as well as Touch stimuli have found that inhibition is
preferentially involved during sensitization rather than disha-
bituation (Mackey et al. 1987; Marcus et al. 1988; Wright et al.
1991; Cohen et al. 1997; HawKkins et al. 1998), but both of these
possibilities remain to be tested at the cellular level.

Second, even when the monosynaptic PSP makes a large
contribution to behavior, the different molecular mechanisms of
facilitation in vitro need not appear different at the cellular or
behavioral levels. In a semi-intact siphon withdrawal prepara-
tion, facilitation of the monosynaptic PSP from LE siphon sen-
sory neurons makes a large contribution and tracks behavioral
dishabituation and sensitization (Antonov et al. 1999). In that
preparation, as in the gill-withdrawal preparation (Cohen et al.
1997 and Fig. 2), parametric analyses have not revealed any be-
havioral dissociation between dishabituation and sensitization
with a Touch siphon stimulus. Nonetheless, preliminary results

from the siphon withdrawal preparation suggest that behavioral
sensitization and concurrent facilitation of the monosynaptic
PSP importantly involve PKA, whereas dishabituation impor-
tantly involves PKC (Antonov et al. 2005). These results are simi-
lar to facilitation at rested and depressed synapses of LE sensory
neurons in vitro (Ghirardi et al. 1992), and suggest that behav-
ioral dishabituation and sensitization may involve the two dif-
ferent molecular mechanisms of facilitation that have been de-
scribed in vitro (Gingrich and Byrne, 1985; Hochner et al. 1986).
However, those molecular mechanisms give rise to cellular and
behavioral phenotypes that are indistinguishable except by phar-
macological means. Likewise, other forms of plasticity such as
long-term potentiation refer to families of processes that appear
similar at the cellular level but can involve different mechanisms
at the molecular level depending on factors including the syn-
apses studied, the stage of development, and the induction pro-
tocol (see Zalutsky and Nicoll 1990; Huang et al. 1994; Salin et al.
1996; Huang and Kandel 1998; Lev-Ram et al. 2002; Jensen et al.
2003; Yasuda et al. 2003; Zakharenko et al. 2003). These findings
thus suggest that mechanisms of plasticity may be “degenerate”
in the sense that word is used to describe the genetic code, by
which several different DNA sequences may give rise to the same
amino acid.

Materials and Methods

Aplysia californica weighing 85-120 g were obtained from the
Howard Hughes Mariculture Facility (Miami, FL). Experiments
were performed on a dissected preparation that has been de-
scribed previously (Cohen et al. 1997) consisting of the siphon,
gill, mantle, and abdominal ganglion (Fig. 1A). The behavioral
methods were also generally similar to those of Cohen et al.
(1997), except that the siphon was stimulated with a tapper
driven by a solenoid that pulled against a spring (Frost et al.
1997). The tip of the tapper was soft plastic and 3 mm in diam-
eter, and the tap duration was 50 msec. The force of the taps was
adjusted by varying the initial distance between the tip of the
tapper and the siphon, with longer distances producing weaker
taps. The stimulation was calibrated against a strain gauge trans-
ducer (Grass Instruments), and the average pressure when it
touched the siphon was 4.1 g/mm?. In some cases, the tapper was
positioned far enough away that it never touched the siphon at
all (as judged by positioning the tapper the same distance from
the strain gauge), and the stimulus was presumably the water
movement produced by the tapper. A silk suture connected the
efferent vein of the gill to a low-mass isotonic transducer (Har-
vard Apparatus), which could reliably record gill withdrawals as
small as ~0.1 mm. The peak amplitude of withdrawal was mea-
sured by using a laboratory interface to a microcomputer and
commercially available software (Hilal Associates) that also con-
trolled the stimulation. During dishabituation and sensitization
training, the mantle shelf was stimulated with either a single
60-Hz AC electrical shock (1 sec, 25 mA) or a train of four shocks
(2-sec interstimulus interval (ISI), 25 or 100 mA) delivered via
fixed electrodes. The average gill withdrawals produced by
the three levels of shock were 10.1, 12.5, and 12.2 mm
(Fi2,287) = 29.50, P < 0.001). Experiments were continued only if
the response to the first siphon stimulation (trial 1) was between
0.2 and 10 mm and the response to the mantle shock was at least
6 mm.

The preparation was rested for at least 1 h before the begin-
ning of dishabituation or sensitization training (Fig. 1B-D). Dur-
ing habituation, the siphon was stimulated five times with a
5-min intertrial interval, and habituation was measured as the
decrease in responding on trial 5 compared with trial 1 (5/1). The
mantle was then shocked 2.5 min after trial 5, and the siphon
was stimulated again (trial 6) either 2.5 or 12.5 min after the
shock (5 or 15 min after trial 5). Dishabituation was measured as
the increase in responding on trial 6 compared with trial 5 (6/5).
The habituation parameters in this study are the same as those
used by Cohen et al. (1997) and are within the range of other
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previous studies of dishabituation, which have typically used
four to 20 stimuli with an interstimulus interval of 30 sec to 5
min (Kupfermann et al. 1970; Pinsker et al. 1970; Carew et al.
1971; Mackey et al. 1987; Marcus et al. 1988; Glanzman et al.
1989; Wright et al. 1991; Hawkins et al. 1998; Antonov et al.
1999). We used a 5-min ISI because it produces slower recovery
from habituation, allowing measurement of the time course of
dishabituation. During sensitization, there was a single siphon
stimulation (trial 0), a 1-h rest followed by a second siphon
stimulation (trial 1) to test for habituation with that interstimu-
lus interval, and another 1-h rest. The mantle was then shocked,
and the siphon was stimulated again (trial 2) either 2.5 min or
12.5 min after the shock. Sensitization was measured as the in-
crease in responding on trial 2 compared with trial 1 (2/1).
Because the Post/Pre measure for dishabituation and sensi-
tization was skewed toward large values and therefore highly
non-normal (x* = 620.76, df = 7, P < 0.001), we used a log trans-
formation, which made the distribution of the results approxi-
mately normal overall (x* = 17.24, df = 11, not significant) (Fig.
4A) and for each of the major subgroups (data not shown). The
graphs show the corresponding geometric means on a log scale.
The Post/Pre scores did not correlate significantly with the shock
responses, but they did correlate negatively with the Pre value
overall (within groups r= —0.51, fj,55; = 10.16, P <0.001) (Fig.
4B) with similar slopes for each of the major subgroups (data not
shown), presumably because of a ceiling effect. This effect would
tend to decrease disproportionately the Post/Pre scores of the
sensitization and Touch groups, which on average had higher
pre-test scores than the dishabituation and Not Touch groups
(sen vs. dis, F|; 300 = 145.67, P <0.001; Touch vs. Not Touch,
F=132.77, P <0.001) (Fig. 4C). In addition, differences between
the Touch and Not Touch stimuli were confounded with differ-
ences in stimulus strength and thus Pre values, although there
was considerable overlap between the groups (Fig. 4B). We ad-
dressed these problems by using the pre-test score as a covariate
in three- or four-way ANCOVAs, which should give estimates
of the effects of Sen/Dis and Touch/Not Touch independent of
differences in pre-test values or stimulus strength. We used the
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Figure 4. Statistical properties of the behavioral response measure. (A)
The Post/Pre measure of dishabituation (6/5) and sensitization (2/1) is
approximately normally distributed (solid curve) on a logarithmic scale.
(B) The Post/Pre measure is negatively correlated with the Pre value (the
solid line is the linear regression for all of the data plotted on a log-log
scale). (C) The average Pre values were larger for sensitization than for
dishabituation and for the Touch stimulus than the Not Touch stimulus.
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ANCOVAs to test for main effects and interactions of the experi-
mental variables, followed by planned comparisons of the group
means to a Post/Pre ratio of 1 (no change). We also ran two
additional sensitization groups (0.5-min Touch and Not Touch)
and analyzed them similarly with one-way ANCOVAs. In addi-
tion, we compared each of the sensitization groups to no shock
by subtracting the animals’ internal no shock controls (trial 1/0)
from their sensitization scores (2/1) and performing one-way
ANCOVAs for the Touch and Not Touch data, followed by
planned comparisons of the group means to zero (no difference
from the internal control). We performed a similar analysis for
the 2.5-min dishabituation data, subtracting the animals’ inter-
nal habituation controls (trial 5/4) from their dishabituation
scores (trial 6/5). Because we expected some recovery from ha-
bituation in the 12.5-min dishabituation groups, we also ran no
shock controls for those groups with the Touch and Not Touch
stimuli, and compared each of the other 12.5 min dishabituation
groups to the corresponding control group in one-way ANCOVAs
followed by Neuman-Keuls post hoc tests. Animals were ran-
domly assigned to the different groups.
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