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To examine the relationship between synaptic plasticity and
learning and memory as directly as possible, we have devel-
oped a new simplified preparation for studying the siphon-
withdrawal reflex of Aplysia in which it is relatively easy to
record synaptic connections between individual identified neu-
rons during simple forms of learning. We estimated that mono-
synaptic EPSPs from LE siphon sensory neurons to LFS siphon
motor neurons mediate approximately one-third of the reflex
response measured in this preparation, which corresponds to
siphon flaring in the intact animal. To investigate cellular mech-
anisms contributing to dishabituation and sensitization, we re-
corded evoked firing of LFS neurons, the siphon withdrawal
produced by stimulation of an LFS neuron, the complex PSP in
an LFS neuron, and the monosynaptic PSP from an “on-field”
or “off-field” LE neuron to an LFS neuron during behavioral
training. Unlike the simplified gill-withdrawal preparation (Co-

hen et al., 1997; Frost et al., 1997), in the siphon-withdrawal
preparation we found no qualitative differences between the
major cellular mechanisms contributing to dishabituation and
sensitization, suggesting that dissociations that have been ob-
served previously may be attributable to transient inhibition that
does not occur for this component of the reflex. Furthermore, in
the siphon-withdrawal preparation, all of the various cellular
measures, including monosynaptic PSPs from either on-field or
off-field LE neurons, changed approximately in parallel with
changes in the behavior. These results provide the most direct
evidence so far available that both dishabituation and sensiti-
zation involve multiple mechanisms, including heterosynaptic
facilitation of sensory neuron-motor neuron PSPs.
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Many theories of learning have proposed that plasticity at specific
synapses in the CNS is critical for memory storage, and a number
of mechanisms of synaptic plasticity have been identified that
might contribute to learning and memory (Hawkins et al., 1987;
Ito, 1989; Antonov et al., 1991; Bliss and Collingridge, 1993;
Linden and Connor, 1995). However, in most cases it has been
very difficult to test the causal relationship between these mech-
anisms and learning. The gill- and siphon-withdrawal reflex of
Aplysia is advantageous for such an analysis, and previous studies
have suggested that several simple forms of learning of the reflex
are caused in part by plasticity at synapses of the siphon sensory
neurons (for review, see Hawkins et al., 1993). However, even in
this simple system it has proven surprisingly difficult to demon-
strate a direct relationship between the synaptic plasticity and
learning. Most previous studies of the reflex have involved behav-
ioral experiments in the intact animal and either cellular analogs
or correlates in the isolated nervous system, which are only
indirectly related to the behavior. A few studies have attempted
to bridge the cellular and behavioral levels more directly by
examining the sensory neuron synapses and behavior in the same

preparation (Byrne et al., 1978; Lukowiak, 1986; Wright et al.,
1991). However, from these and other studies (Jacklet and Rine,
1977; Kanz et al., 1979; Hawkins et al., 1981; Colebrook and
Lukowiak, 1988; Frost et al., 1988; Trudeau and Castellucci,
1993), it has become clear that plasticity of the behavior is
determined by multiple mechanisms of cellular plasticity at a
number of loci, so that any one mechanism may not correlate well
with the behavior. Furthermore, the contribution of each mech-
anism appears to depend on the particular experimental proce-
dures such as the stimuli used and the response measured, making
comparisons between studies with different procedures problem-
atic (Hawkins et al., 1998a).

For these reasons, it seemed desirable to be able to study
cellular mechanisms and learning simultaneously in as simple a
behavioral system as possible. Toward that end, we have devel-
oped a new preparation with which it is relatively easy to measure
reflex contraction of the siphon while simultaneously recording
from one or more neurons in the ganglion with intracellular
electrodes and thus to relate the cellular events to behavior. This
preparation exhibits several simple forms of learning with prop-
erties generally similar to learning in the intact animal (Carew et
al., 1981; Hawkins et al., 1998a). The reflex response is mediated
in part by monosynaptic connections from the LE sensory neu-
rons to LFS motor neurons, which exhibit several types of plas-
ticity, including analogs of these forms of learning (Hawkins et al.,
1983; Mackey et al., 1987; Wright et al., 1991). We have now been
able to use this preparation to provide the first direct evidence
that heterosynaptic facilitation of the monosynaptic PSPs contrib-
utes to learning and memory for dishabituation and sensitization
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of the withdrawal reflex and to show that other sites and mecha-
nisms of plasticity also contribute.

MATERIALS AND METHODS
Aplysia californica weighing 100–150 gm were obtained from Marinus
(Long Beach, CA). They were housed in individual containers in a large
aquarium with circulating artificial seawater (Instant Ocean, Aquarium
Systems, Mentor, OH) at 15°C on a 12 hr light /dark cycle and food-
deprived for several days before an experiment was begun to try to
minimize variability in their motivational state. The animals were anes-
thetized by injection of 50 ml of isotonic MgCl2, and the siphon, tail, and
CNS were dissected out in 50% MgCl2, 50% artificial seawater. The
siphon was cut partially in half along the longitudinal axis, and the
abdominal ganglion was dipped in 0.5% glutaraldehyde for 60 sec to kill
muscle cells in the sheath. The preparation was then pinned to the
Sylgard floor of a Lucite recording chamber filled with circulating,
aerated artificial seawater at room temperature (see Fig. 1 A). One-half
of the cut part of the siphon was not pinned. Seawater was injected into
the tail and siphon to flush out the MgCl2, and the abdominal ganglion
was partially desheathed.

An LE siphon mechanosensory neuron, identified by its electrophysi-
ological properties and response to siphon stimulation (Byrne et al.,
1974), was impaled with a single-barreled glass microelectrode filled with
2.5 M KCl, and an LFSB siphon motor neuron, identified by its electro-
physiological properties and siphon movement (Frost et al., 1988), was
impaled with a double-barreled microelectrode. In some experiments,
current was passed through one barrel of the electrode either to hyper-
polarize the motor neuron ;30 mV below resting potential and prevent
spiking during the siphon stimulation or to depolarize the neuron and
cause spiking. Mechanical stimulation (taps) was delivered to the pinned
half of the siphon with a controlled force stimulator identical to the one
used by Cohen et al. (1997). The tip of the stimulator was a 1.5-mm-
diameter stainless steel rod, tap duration was 500 msec, and tap pressure
was usually ;20 gm/mm 2 [calibrated against a strain gauge transducer
(Grass Instruments, Quincy, MA)], which is considered to be relatively
innocuous (Walters and Cohen, 1997). Withdrawal of the other half of
the siphon, which was not pinned, was recorded with a low mass isotonic
transducer (Harvard Apparatus, South Natick, MA) connected to the
siphon with a silk suture. The component of contraction that was mea-
sured with this recording system would probably contribute to backward
bending or “flaring” of the siphon in the intact animal. During disha-
bituation and sensitization training, the tail was stimulated with a train of
four 60 Hz AC electrical shocks [1.0 sec duration, 2 sec interstimulus
interval (ISI), 25 mA] delivered via fixed capillary electrodes. Prepara-
tions were considered unhealthy and excluded from the results if the
shock produced a siphon withdrawal of ,3 mm, which occurred in ;25%
of dishabituation and sensitization experiments.

The preparation was rested for at least 1 hr before the beginning of
dishabituation or sensitization training (see Fig. 1 B). During habituation
and dishabituation, the siphon was stimulated eight times with a 5 min
intertrial interval, and habituation was measured as the decrease in
responding on trial 5 compared with trial 1. The tail was then shocked 2.5
min after trial 5, and dishabituation was measured as the increase in
responding on trials 6, 7, and 8 compared with trial 5. During sensitiza-
tion, there was a single siphon stimulation (trial 1) followed by 1 hr rest
to minimize habituation. The tail was then shocked, and the siphon was
stimulated again for 2.5 min (trial 2), 7.5 min (trial 3), and 12.5 min (trial
4) after the shock. Sensitization was measured as the increase in respond-
ing on trials 2, 3, and 4, compared with trial 1. During both dishabitua-
tion and sensitization, experiments were continued only if the siphon
withdrawal on trial 1 was between 0.5 and 3 mm (the maximal withdrawal
was usually ;6 mm). On each trial, we measured the siphon withdrawal,
the spikes in the LE siphon sensory neuron, and the spikes or complex
PSP in the LFS siphon motor neuron in response to the siphon stimu-
lation. In some experiments, we also fired an action potential in the LE
neuron with intracellular current injection through a bridge–balance
circuit and measured the monosynaptic PSP produced in the motor
neuron. The amplitudes and areas of the PSPs were measured using a
laboratory interface to a microcomputer and commercially available
software (Hilal Associates, Englewood, NJ). The data on dishabituation
and sensitization were analyzed with one, two, or three-way ANOVA
with one repeated measure (trial), followed by planned comparisons of
the experimental group to the appropriate pre-shock and no-shock
controls on each trial.

RESULTS

Contribution of the CNS to the reflex

The siphon-elicited siphon withdrawal reflex is mediated in part
by central motor neurons in the abdominal ganglion and in part
by peripheral motor neurons in the siphon itself (Perlman, 1979).
Both types of motor neurons receive monosynaptic input from
the LE siphon sensory neurons (Bailey et al., 1979). To estimate
the relative contributions of the central and peripheral compo-
nents of the reflex, we compared the reflex response before and
after cutting the siphon nerve, which connects the siphon to the
abdominal ganglion (Fig. 1A). To measure the baseline level we
first recorded the response during five trials of siphon stimulation,
which produced approximately equal habituation in two groups of
preparations (Fig. 2). We then cut the siphon nerve in one group,
waited 1 hr for recovery, and gave five more trials of siphon
stimulation. In the control (uncut) group, the siphon reflex recov-
ered completely on trial 6 after the 1 hr rest (107.6 6 13.4% of
trial 1, n 5 9). By contrast, in the experimental (cut) group, the
amplitude of the response on trial 6 was only ;45% of the
response on trial 1 (44.1 6 9.3%, n 5 11). We obtained similar
results when we compared the average responses on trials 6–10
with trials 1–5 (control, 96.7 6 8.3%; cut, 47.9 6 8.2%). These
results indicate that ;55% of the reflex is mediated through the
CNS, which agrees very well with the estimate of 55% by Perlman
(1979). When we looked at the area (instead of the amplitude) of
the response, the withdrawal on trial 6 was slightly smaller in the
cut group (31.9 6 4.7% of trial 1), suggesting that the CNS may
contribute to the duration as well as the amplitude of the reflex.

Figure 1. Experimental preparation (A) and behavioral protocols (B).
See Materials and Methods for details.
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Contribution of LFSB siphon motor neurons to
the reflex
The central component of the siphon withdrawal reflex is medi-
ated by five types of identified motor neurons in the abdominal
ganglion (LFSA, LFSB, LBS, LDS, and RDS), each of which
produces a different type of siphon movement (Perlman 1979;
Frost et al., 1988; Frost and Kandel, 1995; Hickie and Walters,
1995). At the beginning of each experiment, we searched for a
motor neuron which, when fired with intracellular current injec-
tion, produced movement of the siphon that was measurable with
our recording system. These were predominantly LFSB motor
neurons, which receive strong excitatory input from tail stimula-
tion and produce backward bending or “flaring” of the siphon in
intact animals. By contrast, intracellular stimulation of either
LFSA or LBS motor neurons produced only a very weak response
with our recording system.

We estimated the contribution of a single motor neuron to the
reflex response in our preparation in two ways. First, we mea-
sured the response alternately with and without that neuron

hyperpolarized by intracellular current injection, which prevents
spiking and effectively removes the neuron from the circuit (Fig.
3). In a few experiments in which we recorded from two LFSB

neurons simultaneously, we did not detect any evidence of elec-
trical coupling between them. In two series of experiments with
interstimulus intervals of either 1 or 20 min, hyperpolarizing a
single LFSB motor neuron reduced the reflex response ;25 or
30% (225.1 6 3.4%, n 5 6, with a 1 min ISI; 232.5 6 5.9%, n 5
4, with a 20 min ISI).

As a second method of estimating the contribution of a single
LFSB neuron to the reflex response, we compared the response
produced by intracellular stimulation of the motor neuron with
the response produced by mechanical stimulation of the siphon
(Fig. 4). There was a significant correlation between the fre-
quency of firing of the motor neuron and the amplitude of the
evoked contraction with either intracellular stimulation (r 5 0.93,
n 5 25, p , 0.01) or siphon stimulation (r 5 0.96, n 5 17, p ,
0.01). When intracellular current was used to fire the motor
neuron in the physiological range (10–20 Hz), the siphon with-
drawal produced was 24.3% of the withdrawal produced by si-
phon stimulation. This estimate agrees well with the estimate
obtained by hyperpolarizing the motor neuron (Fig. 3) and sug-
gests that a single LFSB motor neuron contributes ;25% of the
reflex response, which agrees fairly well with the estimate of 18%
by Frost and Kandel (1995). Because the entire CNS was esti-
mated to contribute ;55% of the reflex response (Fig. 2), these
results suggest that only two or perhaps three motor neurons

Figure 2. Contribution of the CNS to the siphon withdrawal reflex. A,
Records from representative experiments showing the siphon-withdrawal
reflex (SWR) in response to a siphon tap (TAP) on trials 1 and 6 in a
control preparation (A1) and a preparation in which the siphon nerve was
cut between trials 5 and 6 (A2). B, Average amplitude of siphon with-
drawal in two groups of preparations, both of which received five trials of
siphon stimulation with a 5 min interstimulus interval, a 1 hr rest, and
then five more trials of siphon stimulation. The siphon nerve was cut
immediately after trial 5 in one group (Cut). The average area of siphon
withdrawal (measured during the first 1 sec after the start of the with-
drawal) is also shown for trial 6 (bars). The points show the means, and
the error bars show the SEM. The data have been normalized to the value
on trial 1 for each preparation [average amplitude on trial 1 5 1.8 6 0.4
mm (Control ) and 2.0 6 0.3 mm (Cut), average area 5 2295 6 559 mm 3
msec (Control ) and 2049 6 367 mm 3 msec (Cut), not significantly
different).

Figure 3. Contribution of a single LFSB siphon motor neuron to the
siphon withdrawal reflex. A, Records from a representative experiment
showing the siphon withdrawal in response to a siphon tap with an LFSB
neuron alternately at resting potential (Control ) or hyperpolarized to
prevent it from spiking. B, Average amplitude of siphon withdrawal in two
groups with interstimulus intervals of either 1 min (B1) or 20 min (B2).
The bars in B1 show the average withdrawal on the last five trials with the
neuron either at resting potential or hyperpolarized. The average values
on trial 1 (Control ) were 2.9 6 0.4 mm (B1) and 3.2 6 0.9 mm (B2).
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mediate most of the central component of the reflex measured
with our recording system. This is slightly surprising because
there are thought to be four LFSB neurons (Frost et al., 1988;
Frost and Kandel, 1995; Hickie and Walters, 1995). However,
even the four LFSB neurons produce somewhat different siphon
movements (Hickie and Walters, 1995), not all of which may be
measured equally with our recording system.

Firing of LFS motor neurons and LE sensory neurons
during habituation, dishabituation, and sensitization
We next began an analysis of habituation, dishabituation, and
sensitization of the reflex. As shown in the example in Figure 5
and the average results in Figure 6A, there was significant behav-
ioral habituation of siphon withdrawal on trial 5, compared with
trial 1, in two independent groups (F(1,20) 5 133.27, p , 0.01).
One group (n 5 17), which received tail shock 2.5 min after trial
5, showed significant dishabituation on trial 6, 2.5 min after the
shock (F(1,40) 5 65.04, p , 0.01), and on trial 7, 7.5 min after the
shock (F(1,40) 5 16.65, p , 0.01) compared with trial 5. The
shocked group also showed significant dishabituation compared
with a no-shock control group (n 5 5) on trials 6 and 7 ( p , 0.05
in each case). Similarly, another group that was not first habitu-
ated (n 5 14) showed significant sensitization on trial 2, 2.5 min
after the shock, compared with trial 1 (F(1,32) 5 23.79, p , 0.01).

That group also showed significant sensitization compared with a
no-shock control group (n 5 4) on trial 2 ( p , 0.05). For both
dishabituation and sensitization, the effects were largest 2.5 min
after the shock and had partially declined by 12.5 min after the
shock. There was no significant difference between the ampli-
tudes or time courses of dishabituation and sensitization (F(1,36)

5 0.01 for the interaction of group and shock).
In these experiments we recorded the firing of an LFS motor

neuron and in most cases also an LE sensory neuron simulta-
neously with the siphon withdrawal. Figure 5 shows examples of
the neuronal activity, and Figure 6B shows the average evoked
firing during the first 1 sec after the start of the response to siphon
stimulation, which included the peak of the siphon withdrawal on
most trials (the average time-to-peak of siphon withdrawal was
731 6 23 msec overall and did not change by .170 msec during
habituation, dishabituation, or sensitization). There was a signif-
icant decrease in evoked firing of the motor neuron on trial 5,
compared with trial 1, in both habituation groups (F(1,20) 5
289.92, p , 0.01), which correlated significantly with the decrease
in siphon withdrawal (r 5 0.35, p , 0.05, one-tail comparing the
decreases in LFS spikes and siphon withdrawal). This correlation
was more modest than in similar studies on other preparations
(Cohen et al., 1997), perhaps because a single central motor
neuron contributes only ;25% of the siphon withdrawal re-
sponse. During dishabituation, there was a significant increase in
evoked firing of the motor neuron on trials 6, 7, and 8, compared
with trial 5 ( p , 0.01 in each case), which correlated significantly
with the increase in siphon withdrawal on each trial (r 5 0.45, p ,
0.05 on trial 6). The dishabituation group also showed a signifi-
cant increase in evoked firing of the motor neuron compared with
the no-shock control group on each trial after the shock ( p , 0.05
in each case). Similarly, during sensitization, there was a signifi-
cant increase in evoked firing of the motor neuron on trial 2,
compared with trial 1 (F(1,32) 5 25.66, p , 0.01), which correlated
significantly with the increase in siphon withdrawal (r 5 0.45, p ,
0.05, one-tail). The sensitization group also showed a significant
increase in evoked firing of the motor neuron compared with the
no-shock control group on trials 2 and 3 ( p , 0.05 in each case).
For both dishabituation and sensitization, the increases in evoked
firing of the motor neuron were largest 2.5 min after the shock
and had partially declined by 12.5 min after the shock. There was
no significant difference between the amplitudes or time courses
of the increases during dishabituation and sensitization (F(1,36) 5
0.03 for the interaction of group and shock).

When the siphon tap was within the receptive field of an LE
sensory neuron (“on-field”), it always caused the LE neuron to
fire action potentials. Unlike the LFS motor neurons, evoked
firing of the LE sensory neurons did not change significantly
during habituation, dishabituation (n 5 10), or sensitization (n 5
9), although there were small and nonsignificant trends for a
decrease in firing of the LE neurons during habituation and an
increase during dishabituation and sensitization (Fig. 6C, and see
Fig. 15). Sensitizing stimuli have been shown to produce a much
larger increase in evoked firing of the Aplysia tail sensory neurons
(Walters et al., 1983), and repeated sensitizing stimuli can also
produce a larger increase in firing of the LE neurons (our
unpublished observations).

These results suggest that habituation, dishabituation, and sen-
sitization of siphon withdrawal are attributable at least in part to
changes in evoked firing of the LFS motor neurons. These
changes cannot be explained by alterations in firing of the LE
sensory neurons, and therefore could involve changes in synaptic

Figure 4. Comparison of siphon withdrawal produced by intracellular
stimulation of a single LFSB siphon motor neuron and by a siphon tap. A,
Records from a representative experiment showing the siphon withdrawal
produced by intracellular current injection in an LFSB neuron (left) and
a siphon tap (right). In both cases the LFSB neuron fired 19 spikes during
the first 1 sec after the start of firing. B, Group data from experiments like
the one shown in A. B1, Scatterplot of the amplitude of siphon withdrawal
and the frequency of LFS firing in the first 1 sec on trial 1 in 17
experiments with siphon taps (E) and on 25 trials in seven experiments
with intracellular stimulation of an LFSB neuron (F). The lines indicate
the linear regressions. B2, The average amplitude of siphon withdrawal
produced by LFSB firing in the physiological range (10–20 Hz) in the two
groups shown in B1.

Antonov et al. • Facilitation of Monosynaptic PSPs and Learning J. Neurosci., December 1, 1999, 19(23):10438–10450 10441



transmission in the CNS. Moreover, during habituation, the per-
centage change in siphon withdrawal was approximately the same
as the percentage change in evoked firing of LFS motor neurons,
but during dishabituation and sensitization the percentage
change in siphon withdrawal was larger than the change in evoked
firing of the motor neurons (see Fig. 15). These results suggest
that additional mechanisms may also contribute to dishabituation
and sensitization.

One possible additional mechanism is a change in the pattern
of firing of the LFS motor neurons, such that the same number of
spikes produced greater siphon withdrawal. As shown in the
examples in Figure 5 and the average results in Figure 7, the
evoked firing of LFS motor neurons on each trial tended to follow
a reproducible pattern with four components that have previously
been described for the gill motor neuron LDG1 (Cohen et al.,
1997): an initial high-frequency burst, a sustained response during
the tap, a smaller second burst around the offset of the tap, and a
gradual decline in firing after the tap. The pattern of firing of the
LE sensory neurons was also similar to that described previously
(Byrne et al., 1974; Frost et al., 1997) and matched the first two
components of the pattern of firing of the LFS neurons: an initial
high-frequency burst and a sustained response during the tap, but
little firing after the tap. These results suggest that the LE
neurons contribute directly to firing of the LFS neurons during
the tap but contribute only indirectly to LFS firing after the tap.

There was no significant change in the pattern of firing of the
LE neurons during habituation, dishabituation, or sensitization.
There was a small but significant change in the pattern of firing of
the LFS neurons during habituation (F(14,224) 5 2.04, p , 0.05 for
the effect of bin), with the biggest decreases in firing occurring
near the onset of the tap (in the first three bins or 150 msec).
However, there was no significant change in the pattern of firing
of the LFS neurons during dishabituation or sensitization that
could contribute to changes in siphon withdrawal during those
forms of learning.

Another possible mechanism that could contribute to enhanced
siphon withdrawal during dishabituation and sensitization is pe-
ripheral enhancement, perhaps attributable to post-tetanic poten-
tiation (PTP) at the neuromuscular junction. Frost et al. (1988)

provided evidence that PTP at the neuromuscular junction of
LFS neurons contributed to sensitization of the siphon-
withdrawal reflex in similar experiments. Consistent with that
possibility, there were changes in spontaneous as well as evoked
firing of LFS neurons during dishabituation and sensitization in
our experiments (Fig. 6C). During dishabituation, there was a
significant increase in spontaneous firing measured just before
trial 6, 2.5 min after the shock (F(1,32) 5 50.85, p , 0.01), and trial
7, 7.5 min after the shock (F(1,32) 5 5.31, p , 0.05). Similarly,
during sensitization, there was a significant increase in spontane-
ous firing on trial 2, 2.5 min after the shock (F(1,26) 5 53.20, p ,
0.01), and trial 3, 7.5 min after the shock (F(1,26) 5 4.89, p , 0.05).
These changes in spontaneous firing might give rise to peripheral
enhancement 2.5 and 7.5 min after the shock.

Peripheral enhancement contributes to dishabituation
and sensitization
We tested peripheral enhancement by measuring the siphon
withdrawal produced by intracellular stimulation of an LFS neu-
ron with a dishabituation design (Fig. 8). There was no significant
change in the siphon withdrawal produced by LFS stimulation on
trial 5 compared with trail 1, indicating that peripheral depression
or fatigue make little contribution to habituation. By contrast,
there was a modest (;10%) but significant increase in siphon
withdrawal on trial 6, 2.5 min after the shock (F(1,12) 5 15.22, p ,
0.01), that had worn off by trial 7, 7.5 min after the shock. These
results suggest that peripheral enhancement makes some contri-
bution to dishabituation and sensitization 2.5 min after the shock,
in agreement with previous studies on other preparations (Jacklet
and Rine, 1977; Cohen et al., 1997).

As shown in Figure 8, there was no significant change in the
number of spikes produced in the LFS neuron by constant current
injection. This result indicates that the excitability of the LFS
neuron remained relatively constant after the tail shock, and
therefore that changes in the number of spikes produced by
siphon stimulation during dishabituation and sensitization (Figs.
5, 6B) were attributable to changes in synaptic input to the motor
neuron.

Figure 5. Records from representative
experiments showing the siphon with-
drawal and the firing of an LFSB siphon
motor neuron and an LE siphon sensory
neuron in response to siphon stimulation
during habituation, dishabituation, and
sensitization (see Fig. 1B for the behav-
ioral protocols).
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Plasticity of the complex PSP in an LFS neuron during
habituation, dishabituation, and sensitization
We directly tested the possibility that habituation, dishabituation,
and sensitization involve changes in the synaptic input to LFS
motor neurons by hyperpolarizing the motor neuron during the
siphon tap, preventing it from firing, and allowing measurement
of the underlying complex PSP. In these experiments, we also
measured the remaining siphon withdrawal with the LFS motor
neuron hyperpolarized and found that although the overall am-
plitude of the reflex was reduced, its plasticity during habituation,
dishabituation, and sensitization was normal (Figs. 9, 10A). This
result suggests that firing of the remaining motor neurons under-

went plasticity similar to that of the neuron that was
hyperpolarized.

As shown in the examples in Figure 9 and the average results in
Figure 11, the complex PSP in an LFS neuron had a complicated
shape with the same four components that were described previ-
ously for evoked spikes: an initial peak near the onset of the tap,
a smaller sustained depolarization during the tap, a second peak
around the offset of the tap, and a gradual decline after the tap.
We therefore measured the total area under the PSP in the first 1
sec rather than simply measuring peak amplitude (Fig. 10B).
During habituation, there was a significant decrease in the area of
the PSP on trial 5, compared with trial 1, in two independent
groups (F(1,14) 5 78.91, p , 0.01). During dishabituation, there
was a significant increase in the area of the PSP on each trial after
the shock (6, 7, and 8) compared with either trial 5 or the
no-shock control group ( p , 0.01 in each case). Similarly, during
sensitization there was a significant increase in the area of the
PSP on the first two trials after the shock (2 and 3) compared with
either trial 1 or a no-shock control group ( p , 0.01 in each case).
For both dishabituation and sensitization, the increases in the
area of the complex PSP were largest 2.5 min after the shock and
had partially declined by 12.5 min after the shock. There was no
significant difference between the amplitudes or time courses of
the increases during dishabituation and sensitization (F(1,27) 5
1.28 for the interaction of group and shock).

These results are very similar to results on evoked firing of the
motor neuron (Fig. 6B) and suggest that changes in the complex
PSP can largely account for changes in evoked firing. However,
there were some more subtle differences between evoked firing
and the complex PSP, and also between dishabituation and sen-
sitization, when we examined changes in the shape of the re-
sponse (Fig. 11). Unlike evoked firing (Fig. 7), there was no
significant change in the shape of the complex PSP during habit-
uation. There was also no significant change during dishabitua-
tion. However, there was a small but significant change in the
shape of the complex PSP during sensitization (F(29,261) 5 2.31,
p , 0.01 for the effect of bin), with the biggest increase in the
amplitude of the PSP occurring around the offset of the tap (in
bins 7–12, during the end of the sustained depolarization during
the tap and the beginning of the second peak after the offset of
the tap). Moreover, the change in the shape of the complex PSP
was significantly different during sensitization than during disha-
bituation (F(29,551) 5 2.01, p , 0.01 for the interaction of group
and bin).

Contribution of monosynaptic PSPs from LE sensory
neurons to the complex PSP in LFS motor neurons
The complex PSP in an LFS motor neuron includes a direct
contribution from sensory neurons and an indirect contribution
via interneurons, several of which have been identified (Frost and
Kandel, 1995). To estimate the direct contribution of LE sensory
neurons, we compared the monosynaptic PSP produced in a
motor neuron by intracellular stimulation of an LE sensory neu-
ron and the complex PSP produced by mechanical stimulation of
the siphon, measured ;10 sec apart under identical conditions
(Fig. 12). On average, the amplitude of the monosynaptic PSP
produced by a single spike in an LE cell was 29.1 6 2.4% of the
amplitude of the complex PSP, and the area of the monosynaptic
PSP was 3.6 6 0.2% of the area of the complex PSP (n 5 21).
When the tap was within the receptive field of the LE cell, it fired

Figure 6. The average siphon withdrawal and firing of LFSB motor
neurons and LE sensory neurons during habituation (HAB) and disha-
bituation (DIS) in experiments like the one shown in Figure 5A and
during sensitization (SEN ) in experiments like the one shown in Figure
5B. A, The average amplitude of siphon withdrawal in response to siphon
stimulation in the group receiving tail shock (F) and in a no-shock control
group (E). *p , 0.05, **p , 0.01 compared with trial 1 for habituation and
sensitization, and compared with trial 5 for dishabituation. The average
values on trial 1 were 2.1 6 0.2 mm (DIS, Shock), 2.4 6 0.3 mm (DIS, No
shock), 2.3 6 0.3 mm (SEN, Shock), and 2.1 6 0.2 mm (SEN, No shock);
not significantly different. B, The average frequency of firing of LFSB
neurons during the first 1 sec after the start of firing measured simulta-
neously with the siphon withdrawals shown in A. The average values on
trial 1 were 15.8 6 0.9 Hz (DIS, Shock), 15.8 6 1.2 Hz (DIS, No shock),
15.6 6 0.9 Hz (SEN, Shock), and 15.0 6 1.1 Hz (SEN, No shock); not
significantly different. C, The average frequency of firing of LE neurons
during the first 1 sec after the start of firing (F) and the average sponta-
neous firing of LFS neurons during the 5 sec before each siphon stimula-
tion. The average values on trial 1 were 3.5 6 0.7 Hz (LE, DIS), 3.1 6 0.6
Hz (LE, SEN ), 1.2 6 0.1 Hz (LFS, DIS), and 1.0 6 0.1 Hz (LFS, SEN ).
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on average 3.3 6 0.5 spikes during the tap (n 5 19). Taps of this
strength are thought to activate approximately five LE cells
(Byrne et al., 1974; Hickie et al., 1997). Multiplying these num-
bers suggests that monosynaptic PSPs from the LE cells would
contribute ;60% of the area of the complex PSP if they added
linearly. Previous estimates of the average monosynaptic contri-
bution based on different methods have ranged from 5% (Hickie
et al., 1997), ;25% (Trudeau and Castellucci, 1992; Cohen et al.,
1997), to .50% (Byrne et al., 1978; Frost et al., 1997). Some of
the differences in results may be explained by differences in the
siphon stimulation, because very weak, brief stimuli are able to
elicit a withdrawal reflex without activating the LE cells at all,
presumably by activating an as yet unidentified class of sensory
neurons with a lower threshold but otherwise similar properties
(Frost et al., 1997).

Plasticity of the monosynaptic PSPs from LE neurons
during habituation, dishabituation, and sensitization

To examine plasticity of the monosynaptic PSPs, we tested the
PSP from an LE neuron to the motor neuron 10 sec before the
first and fifth trials of habituation training, and before trials 6, 7,
and 8 of dishabituation and trials 1–4 of sensitization. As shown
in the examples in Figure 13 and the average results in Figure 14,
when the siphon tap was within the receptive field of an LE cell
and caused it to fire action potentials (on-field), the amplitude of
the monosynaptic PSP from that LE cell underwent significant
depression during habituation training in two independent
groups (239.5 6 4.4%, n 5 15; F(1,21) 5 78.43, p , 0.01 compared
with trial 1). By contrast, when the siphon tap was outside the
receptive field of an LE cell and did not cause it to fire (off-field),

Figure 7. The average pattern of firing of LFS
motor neurons and LE sensory neurons during ha-
bituation, dishabituation, and sensitization of siphon
withdrawal in the same experiments as Figure 6. A,
Firing of LFS (A1) and LE (A2) neurons during
habituation and dishabituation. B, Firing of LFS
(B1) and LE (B2) neurons during sensitization. On
each trial, the number of spikes in each 100 msec
interval has been normalized to the total number of
spikes on trial 1 in each experiment (average on trial
1 5 18.2 6 0.9 in A1, 3.5 6 0.7 in A2, 18.4 6 1.2 in
B1, and 3.1 6 0.6 in B2). The horizontal bar below the
x-axis indicates the duration of the siphon tap.
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the monosynaptic PSP did not undergo depression (23.6 6 5.6%,
n 5 5; F(1,21) 5 24.34, p , 0.01 compared with on-field). Results
were similar when we measured the area of the monosynaptic PSP
[which is more directly comparable to the area of the complex
PSP (Fig. 15)] instead of its amplitude [which can be measured
more accurately when the PSP includes a late polysynaptic com-
ponent (Fig. 13B)]. These results are similar to the results of
previous studies (Frost et al., 1997) and are consistent with the
idea that habituation involves homosynaptic depression of sen-
sory neuron PSPs attributable to firing of the sensory neurons
during the siphon stimulation (Castellucci et al., 1970; Kupfer-
mann et al., 1970; Byrne et al., 1978). Depression of the mono-
synaptic PSPs was of sufficient amplitude and duration to account
for most or all of the behavioral habituation in these experiments,
although other mechanisms may also contribute under some

circumstances (Goldberg and Lukowiak, 1984; Stopfer and
Carew, 1996; Frost et al., 1997).

We then went on to conduct similar studies of dishabituation
and sensitization. During dishabituation training, there was sig-
nificant facilitation of monosynaptic PSPs from on-field sensory
neurons on the first trial after the shock (trial 6) compared with
either trial 5 (F(1,42) 5 64.04, p , 0.01) or a no-shock control
group (F(1,42) 5 26.70, p , 0.01). Unlike habituation training,
during which depression was restricted to PSPs from on-field
sensory neurons, during dishabituation training there was also
significant facilitation of monosynaptic PSPs from off-field sen-
sory neurons on trial 6, compared with trial 5 (F(1,42) 5 20.66, p ,
0.01). Similarly, during sensitization training there was significant
facilitation of monosynaptic PSPs from either on-field or off-field
sensory neurons on the first trial after the shock (trial 2) com-

Figure 8. Siphon withdrawal produced by intra-
cellular stimulation of an LFSB neuron before
and after tail shock. A, Records from a repre-
sentative experiment showing the siphon with-
drawal produced by firing an LFSB neuron with
intracellular current injection. The LFSB neuron
was stimulated on eight trials with an intertrial
interval of 5 min, and the tail was shocked 2.5
min before trial 6. B, Average amplitude of si-
phon withdrawal (F) and LFS spike frequency
(E) in experiments like the one shown in A. The
average values on trial 1 were 1.5 6 0.3 mm
(SWR) and 24.0 6 2.1 mm (LFS spikes).

Figure 9. Records from representative
experiments showing the complex PSP
produced in an LFSB neuron by siphon
stimulation during habituation, dishabitu-
ation (A), and sensitization (B). The LFS
neuron was hyperpolarized to keep it
from firing during each siphon tap.
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pared with either trial 1 ( p , 0.01 in each case) or a no-shock
control group ( p , 0.05). During both dishabituation and sensi-
tization training, facilitation of the monosynaptic PSP was largest
2.5 min after the shock and had partially declined by 12.5 min
after the shock. There was no significant difference between the
amplitudes or time courses of facilitation of on-field PSPs during
dishabituation and sensitization (F(1,24) 5 0.76 for the interaction
of group and shock). These results are consistent with the idea
that dishabituation and sensitization involve heterosynaptic facil-
itation of sensory neuron PSPs attributable to firing of facilitator
interneurons during the tail shock (Castellucci et al., 1970; Kup-
fermann et al., 1970; Walters et al., 1983; Mackey et al., 1989;
Wright et al., 1991; Trudeau and Castellucci, 1993). Moreover,
the observation that facilitation of the monosynaptic PSPs was
approximately the same during dishabituation as during sensiti-
zation suggests that dishabituation involves the same basic mech-
anism as sensitization (heterosynaptic facilitation) superimposed
on homosynaptic depression. Carew et al. (1971) came to similar
conclusions based on an analysis of complex PSPs during neural
analogs of dishabituation and sensitization.

Plasticity of the on-field monosynaptic PSPs was approximately
equal to plasticity of the complex PSPs and firing of the LFS
motor neurons during habituation, dishabituation, and sensitiza-
tion (Fig. 15). Plasticity of LFS firing was in turn approximately
equal to plasticity of the behavior during habituation. However,
during dishabituation and sensitization, the increase in siphon
withdrawal was somewhat larger than the increase in LFS firing,
in part because of peripheral enhancement (Fig. 8). Thus, these
three mechanisms (homosynaptic depression and heterosynaptic
facilitation of monosynaptic PSPs, and peripheral enhancement)
appear to be sufficient to explain most of the changes in siphon
withdrawal during habituation, dishabituation, and sensitization.

DISCUSSION
To try to test the relationship between synaptic plasticity and
learning and memory in a more rigorous fashion than was previ-
ously possible, Cohen et al. (1997) first developed a simplified
gill-withdrawal preparation in which most of the reflex response is
mediated through a single identified motor neuron. Frost et al.
(1997) then used that preparation to provide direct evidence that
homosynaptic depression of monosynaptic PSPs from LE siphon
sensory neurons contributes to habituation of the reflex response.
However, it was difficult to record monosynaptic PSPs during
dishabituation and sensitization in the gill-withdrawal prepara-
tion. We therefore developed the simplified siphon-withdrawal
preparation and have been able to use it to provide direct evi-
dence that plasticity of monosynaptic PSPs from LE sensory
neurons contributes to habituation, dishabituation, and sensitiza-
tion of the reflex response. We have found that monosynaptic
PSPs from LE sensory neurons to LFS motor neurons make a
substantial contribution to the behavioral response in the siphon-
withdrawal preparation and that there is a good fit between both
the amplitude and duration of plasticity of the monosynaptic PSPs
and plasticity of the behavior during habituation, dishabituation,
and sensitization.

Although encouraging, the fit between plasticity of the PSPs
and behavior is in fact somewhat surprising. We have estimated
that monosynaptic PSPs from LE sensory neurons contribute
60% of the complex PSP in LFS motor neurons and that LFS
neurons (and all central neurons) in turn contribute 55% of the
behavioral response, so that the monosynaptic PSPs should con-
tribute approximately one-third of the behavioral response.
These results imply that the other central and peripheral compo-
nents of the reflex undergo plasticity similar to that of the mono-
synaptic PSPs from LE to LFS neurons. We have found that tail
shock produces peripheral enhancement that is roughly similar to
plasticity of the monosynaptic PSPs during dishabituation and
sensitization (Fig. 8). Frost et al. (1997) earlier found that plas-
ticity of monosynaptic PSPs from other as yet unidentified sensory
neurons also appears to be similar to plasticity of PSPs from the
LE sensory neurons during habituation, dishabituation, and sen-
sitization in the gill-withdrawal preparation. Furthermore, plas-
ticity of PSPs from LE neurons to peripheral motor neurons is
similar to plasticity of PSPs to central motor neurons during a
neural analog of habituation (Bailey et al., 1979). Plasticity of the
polysynaptic component of the reflex might also be similar if it
were primarily attributable to plasticity of the monosynaptic input
from sensory neurons to interneurons. However, although plas-
ticity of the monosynaptic PSPs, complex PSPs, motor neuron
firing, and behavior were similar during habituation, dishabitua-
tion, and sensitization overall (Fig. 15), there were some more
subtle differences between motor neuron firing and the complex

Figure 10. The average siphon withdrawal and area of the complex PSP
in an LFSB neuron during habituation, dishabituation, and sensitization
in experiments like the ones shown in Figure 9. A, The amplitude of
siphon withdrawal in response to siphon stimulation in experiments in
which an LFSB motor neuron was hyperpolarized and therefore did not
contribute to the withdrawal response. The average values on trial 1 were
1.7 6 0.2 mm (DIS, Shock), 1.1 6 0.3 mm (DIS, No shock), 1.6 6 0.2 mm
(SEN, Shock), and 1.0 6 0.2 mm (SEN, No shock). B, The average area of
the complex PSP in the hyperpolarized LFSB neuron measured simulta-
neously with the siphon withdrawals shown in A. PSP area was measured
during the first 1 sec after the start of the PSP and normalized to the area
on trial 1 in each experiment (average on trial 1 5 38,217 6 3835 mV 3
msec for DIS, Shock, 41,904 6 5389 mV 3 msec for DIS, No shock,
40,171 6 4125 mV 3 msec for SEN, Shock, and 48,330 6 5430 mV 3 msec
for SEN, No shock, not significantly different).
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PSP, and between dishabituation and sensitization, when we
examined changes in the shapes of the responses (Figs. 7, 11).
These more subtle differences are probably attributable to differ-
ences in plasticity of excitatory and inhibitory interneurons in the
polysynaptic component of the reflex, which would thus also
contribute to plasticity of the behavior.

Comparison with the gill-withdrawal preparation
Having two simplified preparations has allowed us to compare
plasticity of the gill- and siphon-withdrawal components of the
reflex. Such comparisons have revealed a number of similarities
but also some important differences between the two prepara-
tions. In both preparations, habituation appears to be attributable
primarily to homosynaptic depression of monosynaptic PSPs
from siphon sensory neurons. Also, in both preparations, disha-
bituation and sensitization involve facilitation of the monosynap-
tic component of the PSP that is maximal 2.5 min after the shock,
as well as peripheral enhancement that is also maximal 2.5 min
after the shock and is associated with an increase in spontaneous
firing of the motor neurons.

Although in the siphon-withdrawal preparation the facilitation
of monosynaptic PSPs has approximately the same amplitude and
duration as facilitation of complex PSPs, increased firing of motor
neurons, and increased siphon withdrawal, in the gill-withdrawal
preparation there are dissociations between facilitation of the
monosynaptic component of the PSP and the other response
measures (Cohen et al., 1997). First, although maximal facilita-
tion of the monosynaptic PSP occurs 2.5 min after the shock, in
the gill-withdrawal preparation the maximal increases in with-
drawal, evoked firing of the motor neuron, and the complex PSP
all occur 12.5 min after the shock and are therefore thought to
involve an important contribution from plasticity in interneurons.
The time of maximal dishabituation or sensitization has similarly
ranged from 2 or 3 min to .20 min in studies on intact animals
(Pinsker et al., 1970; Mackey et al., 1987; Marcus et al., 1988;
Hawkins et al., 1998a).

Second, in the gill-withdrawal preparation when facilitation of
the monosynaptic PSP is maximal, there are relatively small
increases or no change in the behavior and firing of the motor

Figure 12. Direct contribution of monosynaptic PSPs from LE neurons
to the complex PSP in LFSB neurons. A, Examples of the monosynaptic
PSP produced in an LFSB neuron by intracellular stimulation of an LE
neuron and the complex PSP produced by a siphon tap, measured ;10 sec
apart under identical conditions. B, The average amplitude (lef t) and area
(right) of the monosynaptic and complex PSPs in experiments like the one
shown in A. The area of the complex PSP was measured in the interval
indicated by the dotted lines in A, which is when LE neurons fire and
contribute directly to the complex PSP (see Fig. 7).

Figure 11. The average shape of the complex PSP in
an LFSB neuron during habituation and dishabitua-
tion (A) and sensitization (B) in the same experi-
ments as Figure 10. The PSP in each 50 msec interval
has been normalized to the total area on trial 1 in each
experiment (average on trial 1 5 49,627 6 5371 mV 3
msec in A and 49,844 6 5206 mV 3 msec in B).
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neuron and an actual decrease in the complex PSP (Cohen et al.,
1997). Wright et al. (1991) observed similar dissociations between
monosynaptic and complex PSPs and suggested that they could be
attributable to the contribution to the complex PSP of unidenti-
fied sensory neurons with different plasticity than the LE sensory
neurons. However, the monosynaptic component of the PSP in
the gill-withdrawal preparation was measured by stimulating the
siphon with the abdominal ganglion bathed in high divalent
seawater (which reduces the polysynaptic component) and there-
fore included the contribution of any unidentified sensory neu-
rons (Cohen et al., 1997). Thus, the dissociation between the
monosynaptic and complex PSP was more likely caused by tran-
sient inhibition of interneurons involved in the polysynaptic com-
ponent. Such transient inhibition has also been observed behav-
iorally for some components of the gill- and siphon-withdrawal
reflex (Mackey et al., 1987; Marcus et al., 1988) but not for others
(Hawkins et al., 1998a), and in particular does not occur for the
“flaring” response that is thought to be measured in the siphon-
withdrawal preparation (Illich et al., 1994). Thus, the simpler
pattern of behavioral and cellular results in the siphon-withdrawal
preparation may be attributable in part to the lack of transient
inhibition of interneurons involved in the particular response
measured in that preparation.

Similarly, although in the siphon-withdrawal preparation in-
creases in monosynaptic PSPs, complex PSPs, firing of the motor
neurons, and behavior were all approximately the same during
dishabituation as during sensitization (Fig. 15), in the gill-
withdrawal preparation there were dissociations between disha-
bituation and sensitization (Cohen et al., 1997). In particular,
facilitation of the complex PSP in the gill motor neuron was larger
(or transient inhibition was smaller) during dishabituation than
during sensitization. Similar dissociations have been observed at
both the behavioral and cellular levels for some components of
the gill- and siphon-withdrawal reflex (Mackey et al., 1987; Mar-

cus et al., 1988; Wright et al., 1991), and these dissociations as well
as other lines of evidence (Hochner et al., 1986; Rankin and
Carew, 1988) have suggested that dishabituation and sensitiza-
tion might involve different underlying mechanisms. However,
such dissociations have not been observed for other components
of the reflex in intact animals (Hawkins et al., 1998a) or in the
siphon-withdrawal preparation, indicating that they are not uni-
versal. Moreover, the dissociations between dishabituation and
sensitization have only been observed under circumstances when
transient inhibition was also observed, suggesting that they may
be attributable, at least in part, to an interaction between habit-
uation and inhibition rather than a fundamental difference be-
tween dishabituation and sensitization. In the siphon-withdrawal
preparation, there appears to be no transient inhibition and also
no difference between the major cellular mechanisms contribut-
ing to dishabituation and sensitization insofar as we have exam-
ined them, although such a difference cannot be excluded. There
were some more subtle differences between dishabituation and
sensitization, and also between motor neuron firing and the
complex PSP, when we examined changes in the shapes of the
responses (Figs. 7, 11). However, these were the reverse of similar
changes observed in the gill-withdrawal preparation (Cohen et

Figure 13. Records from representative experiments showing the mono-
synaptic PSP produced in an LFSB neuron by intracellular stimulation of
an on-field or off-field LE neuron ;10 sec before the siphon tap on trials
1 and 5 during habituation and trials 6–8 during dishabituation (A), and
before each trial during sensitization (B).

Figure 14. Average amplitude (lef t) and area (right) of the monosynaptic
PSP produced in an LFSB neuron by intracellular stimulation of an
on-field or off-field LE neuron during habituation and dishabituation (A)
and sensitization (B). The average values on trial 1 were 12.0 6 1.5 mV
and 659 6 104 mV 3 msec (Dishabituation, on-field), 12.0 6 1.9 mV and
824 6 155 mV 3 msec (Dishabituation, off-field), 9.8 6 2.0 mV and 629 6
144 mV 3 msec (Dishabituation, no shock control), 9.0 6 1.1 mV and
703 6 114 mV 3 msec (Sensitization, on-field), 10.9 6 1.4 mV and 880 6
115 mV 3 msec (Sensitization, off-field), 13.9 6 3.5 mV and 874 6 247
mV 3 msec (Sensitization, control); not significantly different.
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al., 1997), suggesting that learning in the two preparations in-
volves different plasticity in interneurons participating in the two
components of the reflex.

These differences between the gill- and siphon-withdrawal
preparations illustrate that the withdrawal is not unitary but has
distinguishable components that make different contributions to
the observed behavior depending on the experimental circum-
stances and undergo different plasticity during learning. Similar
results have been observed in intact animals (Hawkins et al.,
1998a). These findings demonstrate the importance of examining
cellular mechanisms of learning under the same circumstances
and preferably at the same time as the behavior. The simplified
gill- and siphon-withdrawal preparations have made it possible for
us to do that. Our studies of these preparations have provided the
first direct evidence that plasticity of monosynaptic PSPs contrib-
utes to learning and memory for habituation, dishabituation, and
sensitization of the reflex, and they have shed new light on the
relationship between dishabituation and sensitization. It will now
be interesting to examine how plasticity of the gill- and siphon-
withdrawal components of the reflex are integrated during these
forms of learning and to perform a similar analysis of classic
conditioning in these preparations (Hawkins et al., 1998b; our
unpublished observations).
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