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Serotonin Mimics Tail Shock in Producing Transient Inhibition in the
Siphon Withdrawal Reflex of Aplysia

Kent Fitzgerald and Thomas J. Carew

Departments of Psychology and Biology, Yale University, New Haven, Connecticut 06520

Tail shock-induced modulation of the siphon withdrawal re-
flex of Aplysia has recently been shown to have a transient
inhibitory component, as well as a facilitatory component.
This transient behavioral inhibition is also seen in a reduced
preparation in which a cellular reflection of the inhibitory
process, tail shock-induced inhibition of complex EPSPs in
siphon motor neurons, is observed. The biogenic amine se-
rotonin (5-HT) is known to play a role in the facilitatory as-
pects of sensitization in Aplysia. The aim of this article was
to examine whether 5-HT might also contribute to the inhib-
itory effects of tail shock in the siphon withdrawal reflex.

To examine this question, we carried out two kinds of
experiments. First, in the isolated abdominal ganglion, we
recorded intracellularly from siphon motor neurons and ex-
amined the effects of 5-HT on (1) complex (polysynaptic)
EPSPs, produced by siphon nerve stimulation, and, simul-
taneously, (2) monosynaptic EPSPs from siphon sensory
neurons. We found that, paralleling the effects of tail shock
in the reduced preparation, 5-HT produced transient inhibi-
tion of the complex EPSP; the monosynaptic EPSP was fa-
cilitated by 5-HT. Second, we examined the behavioral ef-
fects of 5-HT on siphon withdrawal in a reduced preparation.
We found that 5-HT again paralleled tail shock by producing
transient inhibition of the siphon withdrawal reflex. Our re-
sults suggest that, in addition to its well-established facili-
tatory role in reflex modulation in Aplysia, 5-HT might play
an important inhibitory role, as well.

The marine mollusk Aplysia californica has proven to be a valu-
able model system for exploring the neural mechanisms of learn-
ing and memory. Because the CNS of Aplysia is accessible to
electrophysiological and biochemical analysis, considerable
progress has been made in examining the cellular and molecular
mechanisms of several forms of memory acquisition, storage,
and retrieval (Carew and Sahley, 1986; Byrne, 1987; Hawkins
et al., 1987). The most extensively studied form of learning in
Aplysia is sensitization, the facilitation of a reflex response fol-
lowing a noxious or novel stimulus. For example, the defensive
withdrawal reflex of the gill and siphon, elicited by a tactile
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stimulus to the siphon itself or to the surrounding mantle area,
can be sensitized by electric shock to the tail (Carew et al., 1981;
Marcus et al., 1988; Glanzman et al., 1989).

The neural circuit mediating the gill and siphon withdrawal
reflex is relatively well understood, consisting in part of iden-
tified sensory neurons, interneurons, and motor neurons in the
abdominal ganglion (Byrne et al., 1978; Hawkins et al., 1981a,b;
Frost et al., 1988; for review, see Hawkins et al., 1987). Several
converging lines of evidence implicate the biogenic amine se-
rotonin (5-HT) as one of the mediators of tail shock-induced
facilitation in this reflex. It has long been known that 5-HT
produces facilitation at the monosynaptic connection between
siphon sensory neurons and siphon and gill motor neurons (Bru-
nelli et al., 1976). Moreover, three more recent findings have
provided additional evidence for the role of 5-HT in reflex
facilitation. First, 5-HT applied directly to the abdominal gan-
glion facilitates the gill withdrawal reflex (Abrams et al., 1984).
Second, serotonergic interneurons in the cerebral ganglion have
been identified that are activated by tail shock and facilitate
synaptic transmission from sensory neurons onto motor neurons
in the siphon withdrawal circuit (Mackey et al., 1989). Third,
systemic depletion of 5-HT has been shown to interfere with
behavioral reflex facilitation (Glanzman et al., 1989). Thus, there
is compelling evidence that serotonergic facilitation of synapses
in the siphon and gill withdrawal reflex circuits contributes sig-
nificantly to behavioral reflex facilitation.

Recently, it has been shown that tail shock can have diverse
behavioral effects in the siphon withdrawal reflex (Krontiris-
Litowitz et al., 1987; Mackey et al., 1987; Marcus et al., 1987,
1988). For example, Marcus et al. (1988) found that reflex re-
sponses were transiently inhibited by tail shock, and that sen-
sitization emerged only after a significant delay of 20-30 min.
These opposing effects of tail shock have been further dissoci-
ated within the neural circuit for siphon withdrawal. Paralleling
the behavioral results of Marcus et al. (1988), Wright etal. (1988,
1989, 1991) found that the complex (polysynaptic) input to
siphon motor neurons produced by stimulation of the siphon
was transiently and significantly inhibited by tail shock, whereas
the simultaneously recorded monosynaptic connection from
sensory neurons to the same motor neurons was facilitated.
Thus, tail shock can have different modulatory effects on the
monosynaptic and polysynaptic components of the reflex.

Because tail shock produces multiple behavioral effects that
can be reflected in changes in the complex EPSP in siphon motor
neurons, and because serotonergic modulatory neurons are ac-
tivated by tail shock, in the present study we investigated the
possible role of 5-HT in producing some of the complex forms
of modulation observed at behavioral and cellular levels. We



found that 5-HT can mimic the inhibitory effects of tail shock.
Specifically, 5-HT application produces significant transient in-
hibition of the complex synaptic input to siphon motor neurons;
simultaneously, 5-HT produces significant facilitation of the
monosynaptic EPSP from siphon sensory neurons onto the same
motor neurons. This inhibitory effect of 5-HT may be specific,
because another transmitter implicated in sensitization, small
cardioactive peptide B (SCP,; Abrams et al., 1984), does not
produce inhibition. Finally, consistent with the cellular results,
5-HT also produces significant transient inhibition of the siphon
withdrawal reflex.

Some of the results described in this article have previously
been presented in preliminary form (Fitzgerald and Carew, 1989;
Fitzgerald et al., 1990).

Materials and Methods

Animals. Adult Aplysia californica (150-250 gm) were obtained from
Marinus Inc. (Long Beach, CA) or Sea Life Supply (Sand City, CA).
Animals were maintained in artificial seawater (Instant Ocean) on a 12-
hr:12-hr light/dark cycle.

Cellular experiments. For cellular preparations, animals were first
anesthetized by injection of approximately 100 ml of isotonic MgCl,
solution. The abdominal ganglion, along with a length of the siphon
nerve, was removed and immersed in 0.5% glutaraldehyde for 45 sec;
this treatment minimizes contractions of the ganglionic sheath induced
by 5-HT application. The ganglion was then pinned ventral side up in
a 5-ml Petri dish, and the siphon nerve was attached to bipolar Ag-
AgCl electrodes to allow electrical stimulation of afferent fibers (Fig. 1).
The sheath covering the ventral surface of the left side of the ganglion
was removed to expose the LE cluster of siphon mechanoreceptor neu-
rons and the LFS and LBS siphon motor neurons.

In each preparation, recordings were obtained from a sensory neuron
and a motor neuron using 10-30-MQ glass microelectrodes filled with
3 M KCl. Intracellular amplifiers (Getting) were used for voltage am-
plification and current passing, and data were digitally recorded and
analyzed on a microcomputer. LE sensory neurons were identified by
their appearance, location, absence of synaptic input, and their electrical
properties, including accommodation to sustained depolarization. The
motor neuron was hyperpolarized to a level 40 mV below resting po-
tential to prevent firing of action potentials. Two types of EPSP were
measured in the motor neuron: (1) the monosynaptic EPSP resulting
from a single sensory neuron action potential (elicited by brief depo-
larization of the sensory neuron) and (2) the complex EPSP produced
by electrical stimulation of the siphon nerve. The nerve stimulus was
a single 0.5-1.0-msec shock. Stimulus voltage (typically 5-10 V) was
adjusted to produce a subthreshold (complex) EPSP in the motor cell
comparable in amplitude to the EPSP caused by water jet stimulation
of the siphon (approximately 40 mV; see Wrightetal., 1991). The siphon
nerve stimulus required to produce a complex EPSP of this amplitude
was generally subthreshold for activation of the sensory neuron. In a
few preparations, it was not possible to record the monosynaptic EPSP,
and data were obtained only for the complex EPSP.

Throughout the experiment, the preparation was perfused with buf-
fered saline solution consisting of (in mM) NaCl, 460; MgCl,, 55; CaCl,,
11; KCl, 10; Trizma (pH 7.6; Sigma), 10; the flow rate was approxi-
mately 10 ml/min. 5-HT (5-hydroxytryptamine creatinine sulfate; Sig-
ma) or synthetic Aplysia small cardioactive peptide B (SCP;; Peninsula
Laboratories) was bath applied by one of two methods: (1) perfusing
the recording chamber for 2 min with saline solution containing the
drug at the appropriate concentration (5-HT, 50 or 100 um; SCPy, 10
uM), or (2) ejecting a small volume (2 ml) of drug solution from a pipette
positioned directly over the desheathed surface of the ganglion (pipette
concentration of 5-HT or SCP,, 250 um).

Behavioral experiments. Animals were anesthetized as described above,
and the mantle organs (siphon, gill, and mantle shelf) were dissected,
leaving them attached to the abdominal ganglion by the siphon nerve
(see Fig. 7). The preparation was pinned in a 100-ml dish, and the
ganglion was desheathed as in the cellular experiments. Saline solution
was injected into the base of the siphon to flush out MgCl,, and the
dish was perfused with saline solution. The stimulus used to elicit siphon
withdrawal was the same as that used for behavioral experiments in the
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Figure 1. Isolated ganglion preparation used for cellular experiments.

The abdominal ganglion was desheathed on the ventral surface, and
intracellular microelectrode recordings were made from a siphon sen-
sory neuron (SN) and motor neuron (MN). The siphon nerve was at-
tached to posts to permit electrical stimulation.

accompanying paper (Wright et al.,, 1991): a water jet produced by a
Picospritzer (General Valve) set at 25 psi and 70-msec duration was
delivered with a pipette (5-mm inside diameter) positioned approxi-
mately 5 mm from the siphon. The duration of the resulting siphon
contraction was timed by an observer who was blind to the experimental
conditions. 5-HT (50 uM) or saline solution (for control preparations)
was applied for 30 sec via a micropipette positioned close to the gan-
glion. Bath perfusion was interrupted only during drug application; thus,
washout began at the termination of drug application.

Statistical analysis. In cellular experiments, statistical comparisons
were made for both complex and monosynaptic EPSP amplitudes at
two time points: test 1 (30 sec following drug application) and test 2
(10 min after test 1). To test for initial effects of drug application, EPSP
amplitudes at test 1 were computed as difference scores (test I minus
the average of the two pretests for each preparation). To test for recovery,
EPSP amplitudes at test 2 were computed as difference scores (test 2
minus test 1 for each preparation). Within group differences were an-
alyzed using  tests for repeated measures. In the behavioral experiment,
siphon withdrawal durations for each animal were converted to per-
centages of the average of the animal’s two pretests. Difference scores
were computed for test 1 and test 2, as above, and analyzed with ¢ tests.
Parametric statistics were used to analyze both cellular and behavioral
results because the data in each case were normally distributed. All p
values are reported as two-tailed, and all data are expressed in terms of
means + standard errors of the mean.
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Figure 2. Effects of 5-HT on monosynaptic and complex EPSPs in siphon motor neurons: intracellular recordings from a siphon motor neuron
(MN) and sensory neuron (SN). The monosynaptic EPSP (top) and complex EPSP (bottom) were tested at 10-min intervals. Following two pretests,
5-HT (50 um) was bath applied (arrow). After 5-HT application, the monosynaptic EPSP was facilitated, while the complex EPSP was inhibited
below baseline. Antiaccommodation is also apparent in the sensory neuron: the depolarizing current injection that elicited one action potential in
the pretests produces two action potentials in the test after 5-HT. The broken lines indicate initial baseline.

Results

5-HT mimics the effects of tail shock by simultaneously
producing inhibition of the complex EPSP and

facilitation of the monosynaptic EPSP

Wright et al. (1988, 1989, 1991) showed that, 90 sec after tail
shock, complex EPSPs in siphon motor neurons were signifi-
cantly inhibited, while the monosynaptic connection from si-
phon sensory neurons to the same motor neurons was simul-
taneously facilitated. We examined whether 5-HT could mimic
these diverse effects of tail shock.

Using the preparation shown in Figure 1, in the first experi-
ment we examined the effects of 50 um 5-HT on (1) the mono-
synaptic connection from a siphon sensory neuron to a siphon
motor neuron, and (2) the complex EPSP elicited in the same
motor neuron by electrical stimulation of the siphon nerve.
Throughout the experiment, the monosynaptic and complex
EPSPs were tested at 10-min intervals. This test interval is the
same that has been used in previous behavioral and cellular
experiments; it produces minimal depression of the reflex re-
sponse (Marcus et al., 1988) and of the complex EPSP (Wright
et al., 1988, 1991). At least two pretests were given in each
preparation. Seven and a half minutes after the last pretest, 5S-HT
was added to the perfusion medium for 2 min. The first test
occurred 30 sec after the end of 5-HT application.

An example of our results is shown in Figure 2. Between the
two pretests, the monosynaptic EPSP exhibited considerable
depression. Such depression of the monosynaptic EPSP was
commonly observed (29 out of 43 preparations). In contrast,
between the two pretests, the complex EPSP was relatively sta-
ble. In the first test after S-HT application, the monosynaptic

EPSP was clearly facilitated. However, at the same time, the
complex EPSP in the motor neuron was inhibited well below
baseline. In the next test, 10 min later, the monosynaptic EPSP
had returned to its initial level, and the complex EPSP had
recovered substantially from inhibition.

The mean amplitudes of complex and monosynaptic EPSPs
from 15 preparations are shown in Figure 3. During the two
pretests, the complex EPSP was quite stable (N = 15; pretest 1,
X =43.7 £ 2.44 mV; pretest 2, X = 44.4 + 293 mV). The
average of these two pretests (X = 44.0 £ 2.62 mV) was used
as the baseline for statistical comparisons (see Materials and
Methods). The monosynaptic EPSP showed depression between
the pretests, even at an interstimulus interval of 10 min (N =
11; pretest 1, x = 7.83 + 1.81 mV; pretest 2, x = 5.44 = 1.14
mV; average pretest, X = 6.64 = 1.44 mV). Thirty seconds after
application of 5-HT, in test 1, the complex EPSP was signifi-
cantly inhibited (test 1 minus average pretest: X = —14.7 +
2.90 mV; ¢, = —5.08; p < 0.0001). In contrast, the monosyn-
aptic EPSP was significantly facilitated (test 1 minus average
pretest: X = 3.63 + 1.49 mV; ¢,, = 2.43; p < 0.04). The amount
of facilitation observed was comparable to previously published
reports (e.g., Brunelli et al., 1976). Ten minutes later, in test 2,
the complex EPSP had recovered significantly (test 2 minus test
1: x=18.86 £ 1.75mV;t,, = 5.07; p < 0.0001), and the mono-
synaptic EPSP no longer showed facilitation. Thus, paralleling
cellular experiments using tail shock (Wright et al., 1989, 1991),
5-HT causes transient inhibition of complex synaptic input from
the siphon nerve, while at the same time it causes facilitation
of the synapse from LE siphon sensory neurons onto siphon
motor neurons.

To examine the effects of 5-HT more thoroughly, we next
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Figure 3. Summary of effects of 5-HT
on complex and monosynaptic EPSPs.
Mean EPSP amplitudes (+ SEM) at each
test are given for the complex EPSP (Jeff)
and the monosynaptic EPSP (right; note
difference in scale). Test times: for the
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examined the effects of a range of concentrations, using the same
experimental protocol as described above. The results are shown
in Figure 4. Concentrations of 50, 100, or 250 um 5-HT each
produced significant inhibition of the complex EPSP (50 uMm, N
= |5, test 1 minus average pretest: X = —14.7 £ 2.90 mV; ¢,,
= —5.08; p < 0.0001; 100 um, N = 6, test 1 minus average
pretest: x = —16.7 = 6.09 mV; t; = —2.74; p < 0.05; 250 pm,
N = 8, test | minus average pretest: x = —21.8 + 6.28 mV; ¢,
= -3.47; p < 0.02). There was a tendency toward greater in-
hibition at higher concentrations, but this trend was not statis-
tically significant. Significant facilitation of the monosynaptic
EPSP was observed only with 50 um 5-HT.

SCP, does not produce inhibition of the complex EPSP

A specific class of neuromodulators, the endogenous SCPs, has
physiological and biochemical effects on the monosynaptic EPSP
very similar to those of 5-HT (Abrams et al., 1984). In order
to determine whether the transient inhibition observed with
5-HT was a general property of this class of neuromodulators,
we examined the effects of SCP, on both monosynaptic and
complex EPSPs. An example of our results is shown in Figure
5. Following application of 250 um SCPy, both the complex and
the monosynaptic EPSPs increased slightly above average pre-
test levels. Mean EPSP amplitudes from 18 preparations are
shown in Figure 6. We found that, in contrast to 5-HT, SCP,
(at concentrations of 10 and 250 umM, which bracket those used
for 5-HT) did not inhibit the complex EPSP, but rather caused
a modest increase (10 uM, N = 10, test 1 minus average pretest:
x =211 %= 1.31 mV; 250 um, N = 8, test 1 minus average
pretest: x = 1.80 + 0.98 mV). At both concentrations, the in-
crease in complex EPSP amplitude was not statistically signif-
icant. Thus, the inhibitory action of 5-HT on complex synaptic
input is not observed with SCP,,.

Pre 2

tistical comparisons. The complex EPSP

Test 1 Test 2 Test3 (N = 15) is significantly inhibited at the
' first test after 5-HT, while the mono-
5-HT synaptic EPSP (N = 11) is significantly
(50 uM) facilitated.
10

[ Complex EPSP
D Monosynaptic EPSP

T

Change in EPSP Amplitude (mV)

50 M 100 uM 250 uM

Figure 4. Effects of different concentrations of 5-HT. Summary of
experiments using different concentrations of 5-HT (50, 100, and 250
uM). Data are expressed as difference scores, showing the change in
EPSP amplitude at the first test after 5-HT, compared to the mean of
the two pretests. Error bars indicate SEM. The complex EPSP (shaded
bars) is significantly inhibited at all three concentrations. The mono-
synaptic EPSP (open bars) is significantly facilitated by 50 um 5-HT,
but not by higher concentrations.
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Figure 5. Effects of SCP; on monosynaptic and complex EPSPs in siphon motor neurons: intracellular recordings from a siphon motor neuron
(MN) and sensory neuron (SN), as in Figure 2. After SCP, application (arrow), both the monosynaptic and the complex EPSPs were very slightly

increased.

5-HT mimics the effects of tail shock by producing reflex
inhibition

Facilitation of the monosynaptic EPSP by 5-HT has been ob-
served often, and the mechanisms of this effect are well under-
stood at biophysical and molecular levels (Byrne, 1987; Haw-
kins et al., 1987). However, the inhibition of the complex EPSP
by 5-HT that we observed has not been previously described.
This surprising finding raised the important question of whether
5-HT could produce comparable inhibition of the behavioral
reflex response. We examined this question using a surgically
reduced preparation consisting of the mantle organs (siphon,

10 UM SCP,

Figure6. Summary of effects of SCPy:
mean EPSP amplitude (£ SEM) for the
average pretest (solid bars) and the first
test after SCP, application (open bars).
Unlike 5-HT, SCP;, at either 10 um (N
= 10) or 250 um (N = 8) does not pro-
duce inhibition of the complex EPSP,
but causes slight increases (not statis- 0

EPSP Amplitude (mV)

gill, and mantle shelf), attached to the abdominal ganglion by
the siphon nerve (Fig. 7). This preparation exhibited a reliable
siphon withdrawal reflex in response to water jet stimulation
and allowed application of 5-HT to the CNS, comparable to its
administration in the cellular experiments described above.
Preparations were randomly assigned to experimental or control
groups (N = 10 per group), and siphon withdrawal was measured
using a blind procedure (see Materials and Methods). Average
baseline siphon withdrawal durations in the two pretests (pre-
sented at a 10-min interval as in the cellular experiments) were
comparable for the two groups (experimental, 6.05 + 0.24 sec;
control, 5.39 + 0.24 sec; ¢,; = 1.93, NS). To normalize the data,

250 uM SCP,_

- Pre-Test
] Test

tically significant) in both the complex
and monosynaptic EPSPs.

Complex
EPSP

Complex
EPSP

Monosynaptic
EPSP

Monosynaptic
EPSP



Abdominal
Ganglion

Siphon

Figure 7. Reduced preparation used for behavioral experiments. The
preparation consists of the siphon, gill, and mantle shelf, attached to
the abdominal ganglion via the siphon nerve. The water jet, used to
elicit siphon withdrawal, and the micropipette through which 5-HT was
delivered, are shown.

the duration of each animal’s siphon withdrawal was computed
as a percentage of its own average pretest response. The results
are shown in Figure 8. A within-group comparison revealed that
application of 5-HT (50 um) to the CNS of experimental prep-
arations caused significant inhibition of the duration of siphon
withdrawal (x = 79.8 + 4.19% of pretest; ¢, = —4.83; p < 0.001).
Ten minutes later, the reflex recovered from inhibition (x =
99.8 = 10.2%). Control preparations, which received bath ap-
plication of saline solution (see Materials and Methods), showed
stable reflex responding throughout the experiment (test 1, x =
96.3 + 5.97%; test 2, x = 97.2 + 5.19%). Moreover, a between-
group comparison showed that the experimental group exhib-
ited a significantly reduced reflex response in test 1 compared
to the control group (7, = 2.27; p < 0.04). Thus, consistent with
our previous cellular observations, 5-HT produces significant
inhibition of the behavioral reflex response.

p<.04
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Discussion

5-HT as a facilitatory modulator in Aplysia

5-HT produces presynaptic facilitation in siphon sensory neu-
rons in Aplysia, and the mechanism of this facilitatory process
is understood in considerable detail. Briefly, 5-HT, acting via a
G-protein, is known to stimulate adenylate cyclase and thereby
produce an elevation of intracellular cAMP in the sensory neu-
ron. The increase in cAMP in turn activates a cCAMP-dependent
protein kinase, which mediates phosphorylation of one or more
substrates that leads to closure of a specific potassium channel
(the S-channel, which may itself be the target phosphoprotein),
resulting in increased excitability of the sensory neuron, action-
potential broadening, and greater transmitter release (Bernier et
al., 1982; Castellucci et al., 1982; Siegelbaum et al., 1982; for
reviews, see Kandel and Schwartz, 1982; Byrne, 1987; Carew,
1987; Hawkins et al., 1987). In addition to this mechanism,
5-HT has also been shown to enhance synaptic release by a
“second process,” which is less dependent on action-potential
duration (Hochner et al., 1986; Gingrich et al., 1988), and to
modify potassium conductances other than the S-channel (Bax-
ter and Byrne, 1989; Walsh and Byrne, 1989).

That 5-HT plays a role in reflex facilitation during learning
(e.g., sensitization and dishabituation) has been supported by
findings at both cellular and behavioral levels. For example,
5-HT mimics head or tail shock-induced synaptic enhancement
in the siphon withdrawal circuit (Brunelli et al., 1976) and can
produce facilitation of the gill withdrawal reflex in a reduced
preparation (Abrams et al., 1984). Additionally, identified se-
rotonergic interneurons in the cerebral ganglion (the CB1 cells)
produce presynaptic facilitation of sensory neurons in the siphon
withdrawal circuit and are activated by tail shock. These inter-
neurons thus constitute a serotonergic pathway that might me-
diate tail shock—induced reflex modulation (Mackey et al., 1989).
A behavioral test of the necessity of 5-HT for reflex facilitation
has been carried out using 5,7-dihydroxytryptamine to deplete
5-HT in the intact animal. 5-HT—depleted animals exhibit si-
phon withdrawal reflex responding, but do not show dishabitua-

120 —

Siphon Withdrawal Duration (% Pre)

Pre Test 1
90 sec

11.5 min

SEROTONIN

Test 2 Pre

CONTROL

Figure 8. Effects of 5-HT on the si-
phon withdrawal reflex in a reduced
preparation. Siphon withdrawal dura-
tion is expressed as a percentage of the
mean pretest response, which is indi-
cated by the solid bars at 100%. Error
bars indicate SEM. In the first test after
50 um 5-HT application (shaded bars),
siphon withdrawal duration of prepa-
rations that received 5-HT (N = 10) is
significantly inhibited below baseline.
Controls (N = 10) show no inhibition.
Moreover, a between-group compari-
son showed that siphon withdrawal in
experimental preparations is signifi-
cantly inhibited compared to control
preparations. At test 2 (10 min later;
open bars), siphon withdrawal has re-
turned to pretest levels.

Test 1
90 sec

Test 2
11.5 min
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Figure 9. Comparison of the inhibi-
tory effects of tail shock and 5-HT. Data
are shown for both siphon withdrawal
duration (open circles) and complex
EPSP amplitude (solid squares). All re-
sponses are expressed as a percentage
of pretest baseline, which is indicated
by the broken line at 100%. 4, In the
intact, freely moving animal, tail shock
produces transient reflex inhibition (zest
1, 90 sec after shock). Sensitization is
apparent only after a delay of more than
20 min (tests 2 and 3). Data are re-
plotted from Marcus et al. (1988). B, In
a reduced preparation (siphon, gill,
mantle shelf, and tail, attached to the
CNS via peripheral nerves), tail shock
produces comparable inhibition of both
the withdrawal reflex and complex
EPSP. Data are replotted from Wright
et al. (1988, 1989). C, In a reduced
preparation (siphon, gill, and mantle
shelf, attached to abdominal ganglion
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EPSP parallel the inhibition observed
in intact animals (4) and reduced prep-
arations (B) after tail shock.

tion in response to tail shock (Glanzman et al., 1989). Thus,
taken collectively, there is considerable evidence implicating
5-HT as playing an important role in reflex facilitation in Aply-
sia.

Possible inhibitory role of 5-HT

It has long been known that molluscan neurons exhibit multiple
responses to exogenously applied 5-HT (Gerschenfeld and Pau-
pardin-Tritsch, 1974a,b; for review, see Gerschenfeld, 1973).
Consistent with this diversity of responses, 5-HT has recently
been found to have inhibitory as well as facilitatory effects in
Aplysia. For example, in addition to broadening of the action
potential and synaptic enhancement in one subpopulation of
sensory neurons in the cerebral ganglion, 5-HT also produces
action-potential narrowing and synaptic inhibition in another
subclass of sensory cells (Rosen et al., 1989). Moreover, in the
present article we have shown that both facilitatory and inhib-
itory actions of 5-HT can be observed in the neural circuit for
siphon withdrawal. Specifically, 5-HT produces enhancement
of monosynaptic EPSPs from siphon sensory neurons and, si-
multaneously, inhibition of complex EPSPs in siphon motor
neurons. Additionally, we have found that 5-HT inhibits the
nondecremented siphon withdrawal reflex in a reduced behav-
ioral preparation. A related behavioral observation has been
reported by Rubin (1981), who found that superfusion of the
abdominal ganglion with 5-HT (1-100 uM) did not facilitate the
amplitude of the gill withdrawal reflex; rather, in some instances,
5-HT appeared to produce a slight diminution in reflex ampli-
tude.

The inhibitory effect of 5-HT on siphon withdrawal that we
observe contrasts with the results of Abrams et al. (1984), who
report that 5-HT can produce reflex facilitation in Ap/ysia. There
are several differences between the experiments of Abrams et
al. (1984) and the present experiments that may contribute to
the different effects observed for 5-HT. For example, Abrams
et al. (1984) measured gill withdrawal responses elicited by elec-
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tric shock of the siphon skin; moreover, based on the short (30-
sec) interstimulus interval that they used, it is likely that they
were examining decremented responses. In the present study,
we measured siphon withdrawal responses elicited by water jet
stimuli to the siphon (comparable to the studies of Marcus et
al., 1988; Wright et al., 1989, 1991; Wright and Carew, 1990);
moreover, we examined nondecremented reflex responses. Thus,
the study by Abrams et al. (1984) and the present experiments
differed in the stimuli used to activate the reflex, the initial state
of the reflex, and the response measured. The difference in the
response that was measured is especially interesting in light of
the recent report by Hawkins et al. (1990) that the gill withdrawal
and siphon withdrawal components of the overall defensive
reflex can be differentially modulated by tail shock. It will now
be very interesting to examine systematically the effects of S-HT
on reflex responding under these different experimental condi-
tions. Such a comparison could provide important insights into
the mechanisms by which 5-HT can produce reflex facilitation
in some behavioral contexts and reflex inhibition in others.

The transient inhibition produced by 5-HT of both the com-
plex EPSP and the behavioral refiex in the present study parallels
the inhibition observed in the intact animal and in central neural
circuits following tail shock (Marcus et al., 1988; Wright et al.,
1989, 1991; Wright and Carew, 1990). The parallel magnitude
and time course of inhibition observed at these different levels
of analysis are illustrated in Figure 9. These observations suggest
the hypothesis that inhibitory modulation of elements in the
siphon withdrawal circuit, mediated at least in part by 5-HT,
might be involved in the behavioral inhibition that is induced
by tail shock.

Several possible mechanisms may contribute to the inhibitory
effect of 5-HT that we observe in our behavioral and cellular
experiments. For purposes of comparison, these putative mech-
anisms may be considered as modulation at three possible sites:
(1) presynaptic, (2) postsynaptic, or (3) interneuronal. We will
discuss each of these possibilities in turn.



Presynaptic changes in the LE siphon sensory neurons have
been shown to underlie the synaptic enhancement produced by
5-HT. It is possible that the inhibitory effect of 5-HT might be
mediated by direct presynaptic inhibition of a separate popu-
lation of sensory neurons, analogous to the differential effects
of 5-HT on discrete subclasses of sensory neurons in the cerebral
ganglion (Rosen et al., 1989). Thus far, the siphon sensory neu-
rons that have been characterized appear to have only a facil-
itatory response to 5-HT. However, Dubuc and Castellucci (1991)
have recently identified several new populations of sensory neu-
rons in the abdominal ganglion of Aplysia. This leaves open the
possibility that a novel class of siphon sensory neurons may be
inhibited by 5-HT and thus could contribute to the behavioral
and cellular effects we observe.

A second possibility is that 5-HT might act by causing post-
synaptic inhibition at the siphon motor neurons. Frost et al.
(1988) directly examined the effects of 5-HT on siphon motor
neurons and found only facilitatory effects. Consistent with these
observations, we have not observed any indication of postsyn-
aptic inhibitory effects of 5-HT. For example, 5-HT does not
produce hyperpolarization of the motor neuron’s membrane
potential. While it is possible that 5-HT might produce inhi-
bition by shunting the input resistance of motor neurons, our
observation that different input pathways (from monosynaptic
and polysynaptic sources) that converge on the same postsyn-
aptic motor neuron are differentially modulated by 5-HT sug-
gests that the effects we observed are at least in part due to
changes in elements presynaptic to the motor neurons. Thus,
though possible, it is unlikely that postsynaptic changes in the
motor neuron account substantially for the inhibitory effects of
5-HT that we observed.

A third alternative, which we are currently investigating, is
that the inhibition observed in response to 5-HT could reflect
modulation of interneurons in the siphon withdrawal circuit. A
number of interneurons have been described that participate in
mediation or modulation of the siphon withdrawal reflex (Haw-
kins et al., 1981a,b; Frost et al., 1988; Wright and Carew, 1990;
Wright et al., 1991). Modulation of one or more interneurons
by 5-HT could produce reflex inhibition that, at a cellular level,
could be reflected in differential modulation of the complex
EPSP and the monosynaptic EPSP. For example, 5-HT could
increase synaptic transmission from the LE sensory neurons
onto inhibitory interneurons, which in turn could inhibit the
motor cells sufficiently to account for the behavioral and cellular
inhibition we observed. To examine this and related hypotheses,
we have begun to examine inhibitory interneurons in the siphon
withdrawal circuit to determine whether they may be activated
or facilitated by 5-HT and thus contribute to reflex inhibition.

In conclusion, previous behavioral and cellular experiments
indicate that tail shock can have diverse modulatory effects in
the siphon withdrawal reflex in Aplysia (Krontiris-Litowitz et
al., 1987; Mackey et al., 1987; Marcus et al., 1987, 1988; Wright
et al., 1988, 1989, 1991; Wright and Carew, 1990). Taken in
conjunction with these previous findings, our results suggest
that, in addition to its well-established facilitatory role in reflex
modulation in Aplysia, 5-HT might play an important role in
inhibitory modulation, as well. Such a possibility is consistent
with the observed effects of 5-HT in other neural systems. For
example, in the mammalian brain, 5-HT has been shown to
produce both inhibition (e.g., in dorsal raphe and hippocampal
pyramidal neurons; Aghajanian et al., 1972; Segal, 1980) and
facilitation (e.g., in facial motor nucleus, McCall and Aghaja-
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nian, 1979). These opposing effects of 5-HT are mediated by
pharmacologically distinct 5-HT receptors (for review, see
Aghajanian et al., 1990). Multiple receptor types for 5-HT have
also been identified in a number of invertebrate systems (for
review, see Walker, 1985), raising the possibility that the op-
posing modulatory effects observed in the siphon withdrawal
reflex of Aplysia may reflect the action of 5-HT on different
receptor subtypes. Recent observations by Mercer and Carew
(1991) lend support to the possibility of different 5-HT receptor
types in Aplysia. They found that some 5-HT blockers can se-
lectively antagonize certain facilitatory effects of 5S-HT in Aply-
sia sensory neurons (e.g., spike broadening) while leaving other
facilitatory effects (e.g., increased excitability) intact. Thus Ap/y-
sia may provide a useful preparation in which to explore the
diverse behavioral and cellular actions of 5-HT at a mechanistic
level.
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