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Activity-Dependent Potentiation of Recurrent Inhibition: A Mechanism
for Dynamic Gain Control in the Siphon Withdrawal Reflex of Aplysia

Thomas M. Fischer,” and Thomas J. Carew'?

Departments of 'Psychology and 2Biology, Yale University, New Haven, Connecticut 06520

The siphon withdrawal response (SWR) of Aplysia supports
several forms of learning that are under both excitatory and
inhibitory control. Here we examine the role of interneuronal
processing on the regulation of siphon responses, with an
emphasis on the role of inhibition. We focus on the recurrent
circuit formed by the excitatory interneuron L29 and the in-
hibitory interneuron L30, and show that this circuit provides
a mechanism for use-dependent regulation of excitatory in-
put onto siphon motor neurons.

We utilized a reduced preparation in which input to the
SWR circuit was elicited by taps applied to the siphon; tap-
evoked EPSPs were measured in LFS siphon motor neurons.
We first show that L29 is an important source of excitatory
input to LFS motor neurons: voltage-clamp inactivation of a
single L29 (out of five) results in a significant reduction of
tap-evoked EPSPs. Next, we demonstrate that direct intra-
cellular activation of L29, surprisingly, produces transient
inhibition of evoked input to motor neurons that lasts up to
40 sec. We then provide several lines of evidence that the
mechanism of L29-induced inhibition is through the recruit-
ment and potentiation of recurrent inhibition from L30: (1)
L29 activation results in reduced tap-evoked responses of
other (nonactivated) L29s; (2) direct activation of L30 mimics
the inhibitory effects produced by L29 activation (LFS neu-
rons receive no direct synaptic input from L30); and (3) the
L30 IPSP is significantly potentiated as a result of its own
activity, whether produced directly (by L30 activation) or
indirectly (through L29 activation). This IPSP potentiationhas
the same time course as L29-induced inhibition of motor
neuron responses. Thus activity-dependent potentiation of
L30 transmission can inhibit motor neuron responses, in part
through inactivation of the L29 interneuronal pool. Finally,
we propose that L29-1 30 interactions provide a mechanism
for dynamic gain control in the SWR.

[Key words: interneuron, neuronal network, synaptic plas-
ticity, abdominal ganglion, motor neuron, learning]

A fundamental goal in neuroscience is to elucidate the general
principles of neural network operation that are involved in the
generation of behavior. Of particular interest are processes that
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underlie adaptive modifications in the output of a network that
result from experience, such as learning. A recurrent theme that
has emerged from work in a diverse variety of systems is that
changes in behavior produced by learning involve multiple,
activity-dependent alterations in synaptic efficacy that are dis-
tributed throughout a neural network (for review, see Kesner,
1984; Getting, 1989; Thompson, 1989; Weinberger et al., 1990;
Harris-Warrick and Marder, 1991; Levine and Leven, 1991).
This inherent network capability for distributed plasticity raises
a fundamental challenge in relating alterations in synaptic trans-
mission or intrinsic cellular properties observed at the single-
cell level to the modification of the functional output of a neural
network.

The siphon withdrawal response (SWR) of the marine mollusk
Aplysia californica is useful for addressing these questions, since
in this preparation it is possible to relate quantifiable modifi-
cations in behavior directly to cellular plasticity within a defined
neural circuit (Kandel, 1979; Carew and Sahley, 1986). Nu-
merous studies have shown that the SWR supports both asso-
ciative and nonassociative learning, which exist in short- and
long-term forms (for review, see Carew and Sahley, 1986; Byrne,
1987; Hawkins et al., 1987). Moreover, the SWR undergoes
both facilitatory and inhibitory modulation in a stimulus-de-
pendant fashion (Mackey et al., 1987, Marcus et al., 1988; Wright
et al., 1991; for review, see Fitzgerald et al., 1990). The cellular
basis of SWR plasticity has been extensively investigated. Many
studies have focused on the modification of the monosynaptic
EPSP between siphon sensory neurons (LE type) and siphon
motor neurons (Castellucci and Kandel, 1976; Kandel and
Schwartz, 1982; Hawkins et al., 1983; Walters, 1989; Small et
al.,, 1992). Recent observations suggest that other sites and
mechanisms also play an important role in plasticity. For ex-
ample, tail shock-induced inhibition of the SWR is paralleled
by a significant inhibition of the net, complex synaptic input
onto motor neurons evoked by siphon stimulation, while at the
same time the monosynaptic EPSP from LE sensory neurons
to these same motor neurons is facilitated (Wright et al., 1991).
A similar result, facilitation of the sensory neuron monosynaptic
EPSP but inhibition of both the SWR and the complex EPSP,
was found in response to exogenous application of 5-HT (Fitz-
gerald and Carew, 1991), a neurotransmitter implicated in fa-
cilitation of the SWR (Brunelli et al., 1976; Abrams et al., 1984).
These opposite effects on sensory neuron monosynaptic trans-
mission and the polysynaptic input to siphon motor neurons
show that other synaptic connections, presumably involving
interneurons in the siphon withdrawal circuit, play an important
role in the modulation of the SWR (Fitzgerald et al., 1990;
Fitzgerald and Carew, 1991; Wright et al., 1991; see also Frost
et al., 1988).
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Figure 1. Schematic drawing of re-
duced preparation, and physiological
criteria used to identify interneuron L29.
A, Reduced preparation (see Materials
and Methods). B, Response in 129
evoked by a brief (60 msec) tap to the
siphon. L29 interneurons typically fire
a burst of two to eight action potentials
per siphon tap. C, Injection of depo-
larizing current () into 1.29 recruits a
series of IPSPs, producing a typical
“stuttering” pattern in L29. D, Injec-
tion of depolarizing current into 1.29
that is below threshold for producing
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In this article, we begin to investigate the role of interneuronal
processing in the modification of siphon responses by focusing
on a class of identified excitatory interneurons in the abdominal
ganglion, the .29 cells. First described by Hawkinsetal. (198 1a),
these neurons are particularly attractive to study since, in ad-
dition to providing direct excitatory input to siphon motor neu-
rons, they have the ability to act as neuromodulators in the
SWR circuit (Frost et al., 1988; Hawkins et al., 1981a,b). For
example, direct intracellular activation of L29 has been shown
to facilitate LE sensory neuron monosynaptic transmission both
in vivo (Hawkins et al., 1981b) and in vitro (Hawkins and Scha-
cher, 1989). We present evidence here that L29 itself can be an
important site for modifications of siphon responses through
the regulation of its direct excitatory input to siphon motor
neurons. First, we demonstrate that L29 provides a significant
proportion of stimulus-evoked input to a particular class of
siphon motor neurons, the LFS cells. Next, we demonstrate the
novel finding that direct intracellular activation of .29 produces
significant inhibition of evoked input to LFS neurons. Finally,
we provide evidence that the mechanism of L29-induced in-
hibition involves recruitment of an identified class of inhibitory
interneurons, the 1.30 cells, which exhibit an activity-dependent
potentiation of inhibitory synaptic transmission. Thus, L29’s
activity recruits and potentiates inhibition back onto itself, in
effect transiently removing itself from the SWR circuit. In this
fashion, L29-L30 interactions provide a mechanism for an ac-
tivity-dependent regulation of excitatory input to siphon motor
neurons, thus acting as a dynamic gain control circuit in the
SWR network.

Some of the results in this article have been presented in
abstract form (Fischer and Carew, 1991).

Materials and Methods

Animals

Adult Aplysia californica (100-300 gm) were obtained commercially
(Marinus Inc., Long Beach, CA) and maintained in a 600 liter aquarium
containing continuously circulating, aerated Instant Ocean (Aquarium
Systems, Mentor, OH) at 15°C. Animals were housed in groups of up
to six, and fed once weekly with dried seaweed.

|—_| g"nx/ action potentials can also recruit recur-
500 msec rent IPSPs.
Reduced preparation

An isolated siphon/gill preparation was used in our experiments (Fig.
14). Animals were first anesthetized by injection of isotonic MgCl, (50%
of body weight) into the body cavity. The central nervous system (ab-
dominal, pedal, pleural, and cerebral ganglia) and the mantle organs
(siphon and gill) were then removed from the animal; all peripheral
nerves except the siphon nerve were cut. The preparation was then
transferred to a Sylgard (Dow-Corning)-coated recording dish contain-
ing 50% MgCl,, 50% artificial sea water (ASW; 460 mmM NaCl, 55 mm
MgCl,, 11 mm CaCl,, 10 mm KCl, 10 mm Tris, pH 7.4) and pinned
with the mantle dorsal side up and the siphon unobstructed. The ab-
dominal ganglion was pinned on a recording platform ventral side up,
and the left hemiganglion surgically desheathed. The preparation was
then continuously perfused with ASW (room temperature, 19-22°C)
throughout the experiment. At least 1 hr of postdissection recovery time
was allowed prior to physiological recordings, after which evoked con-
tractions of the siphon and gill could readily be elicited by a tactile
stimulus to the siphon.

Electrophysiology

Standard intracellular recording techniques were used. Neurons were
impaled with glass microelectrodes (resistance, 5-10 M) containing
either 3 M KCI or 3 M K-acetate. Electrical potentials were amplified
on Getting 5-A intracellular amplifiers (Getting Instruments, Iowa City,
IA), and then digitized (Medical Systems Corp., Greenvale, NY) for
tape storage and computer analysis. Standard two-electrode voltage-
clamp experiments were performed using an Axoclamp 2-A voltage-
clamp amplifier (Axon Instruments, Burlington, CA).

Input to the siphon withdrawal circuit was evoked by direct tactile
siphon stimulation using a stimulator-driven “tapper” (a glass probe
attached to a modified electrical relay). Stimuli consisted of taps 60
msec in duration delivered to the approximate center of the outer surface
of the siphon. The net evoked activity of the SWR circuit was monitored
as polysynaptic (complex) EPSPs in identified LFS motor neurons, which
were hyperpolarized 30 mV from rest to prevent action potentials. LFS
neurons could be uniquely identified by visually monitoring siphon
movements induced by intracellular activation of the neurons, since
they mediate characteristic movements that are either directed anteri-
orly (LFS, cells) or posteriorly (LFS, cells) (Frost et al., 1988). Identi-
fication criteria for the interneurons examined in this study are given
in the Results.

Experimental procedures and quantitative measures

Complex EPSP in the LFS motor neurons. To gain insights into inter-
neuronal processing in the SWR network, a primary goal of this study
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Figure 2. Voltage-clamp inactivation

of L29 reduces the net tap-evoked input

to LFS motor neurons. 4, Example of

an L29 voltage-clamp experiment. The

top row of traces are tap-evoked re-

sponses (arrows) recorded from an

identified LFS motor neuron (hyper- A
polarized to prevent action potentials).

The bottom row of traces are simulta-

neous recordings from an L29 inter-

neuron; both voltage (V,,) and current

(1,) traces are shown. Following two

baseline stimuli (the second is shown

at 0:00 min), L29 was voltage clamped LFS
at resting potential (clamp trial, 5:00 Motor
min); this resulted in a 40% reduction  Neuron
in area of the motor neuron complex
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the motor neuron response returned to Im
baseline levels. B, Summary of quan-
titative data from voltage-clamp ex-
periments. As a measure of the net mo-

tor neuron response in this and
subsequent experiments, the area
underneath the initial 500 msec of the B
tap-evoked EPSP was integrated (see
Materials and Methods); data are nor-
malized to the mean of two baseline

trials, and expressed as means + SEM.

The complex EPSP in LFS motor neu-

rons was significantly reduced during
voltage clamp of a single L29; 5 min
recovery trials were not different from
baseline values. *, p < 0.05 compared

to baseline; N = 13.
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was to determine how the activity of single, identified interneurons can
modify the output of the network, as measured in LFS siphon motor
neurons. Also of interest was to determine the time course of activity-
induced modifications of siphon motor neuron responses. To address
these questions, the following general procedure was employed. Each
animal was used for only a single experiment. A total of five tactile
stimuli (see Fig. 1 4) were delivered to the siphon ata 5 min interstimulus
interval (ISI): two baseline trials, followed by a test trial, and then two
recovery trials. In contro! experiments, siphon taps delivered at this ISI
did not lead to decrement of the complex EPSP in LFS neurons. Prior
to the test trial, an identified interneuron (either L29 or L30) was ac-
tivated for 5 sec by injection of depolarizing current. The timing of
intracellular activation was set so the cessation of firing preceded the
test trial by an interval of 10, 20, or 40 sec. The 20 sec interval was
used in most experiments; 10 or 40 sec intervals were used to assess
the time course of modulation produced by interneuron activation.
Sufficient current (2-8 nA) was injected to activate the interneuron
maximally; the rate of firing obtained was typically less than that which
can be attained using stimuli applied directly to the body surface (Haw-
kins and Schacher, 1989; T. M. Fischer and T. J. Carew, unpublished
observations). Since we observed no significant difference between the
two recovery trials for any set of experiments, only values for the first
recovery trial are presented.

As a quantitative measure of net SWR activity, the area underneath
the initial 500 msec of the evoked motor neuron complex EPSP (the
approximate duration of the response to the 60 msec tap) was integrated
(in mV -msec) using a PC-based physiological analysis software package
(spIkE, Hilal Associates, Englewood Cliffs, NJ). This particular measure
was used because it is sensitive to changes of both the amplitude and
duration of the motor neuron complex EPSP. Test and recovery re-
sponses are expressed as a percentage of the mean of the two pretest
baseline trials (thus scores of 0% signify no change in the response
compared to baseline). Statistical significance was assessed using ¢ tests
for repeated measures; all probability values reported are two tailed.

Monosynaptic IPSP from L30 to L29. In one set of experiments, we
investigated the activity-induced plasticity of the monosynaptic inhib-
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itory connection from interneuron L30 to interneuron L29. These ex-
periments followed the same general protocol as described above, with
the exceptions that a 1 min ISI was used, and only three trials (baseline,
test, recovery) were given for each test interval examined. In general,
we attempted a complete interval analysis for each preparation, ex-
amining test intervals of 10, 20, 30, and 40 sec. Within a preparation,
for each interval examined there was an independent series (baseline—
test-recovery) run, with at least 3 min separating each series. The order
in which the intervals were tested was varied between preparations. A
complete interval analysis was often not possible for each preparation.
When this was the case, all intervals successfully measured were included
in the analysis. Each interval was examined only once in a preparation;
thus, the group data obtained for each interval consist of uncorrelated
(independent) observations.

For measurement of monosynaptic IPSPs, the peak amplitude of the
synaptic response in L29 was measured using the same PC-based system
as described above. These data are expressed as a difference score (in
mV) from baseline trials. All summary data are presented as mean
difference + standard errors of the mean. Statistical significance was
assessed using ¢ tests for repeated measures; all probability values re-
ported are two tailed.

Results

Identification of L29

It was particularly important in this study to identify the inter-
neuron L29 accurately and consistently. Candidate interneurons
were initially identified by size, color, and positional criteria
(Hawkins et al., 1981a). In addition, the use of three charac-
teristic features of 129 cellular responses (shown in Fig. 1) per-
mitted unambiguous identification of this interneuron. First, as
previously described (Hawkins et al., 1981a; Frost et al., 1988),
direct intracellular activation of L29 recruits a series of IPSPs
back onto itself. These recurrent IPSPs cause a “stuttering”
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pattern of action potential activity in L29 during prolonged
depolarization (Fig. 1C). Second, injection of depolarizing cur-
rent into L29 that is below threshold for producing action po-
tentials can also elicit recurrent IPSPs (Fig. 1D). Third, brief
(60 msec) taps to the siphon evoke a characteristic phasic, high-
frequency burst of two to eight action potentials in L29 (Fig.
1B). This burst terminates rapidly, usually within 500 msec;
tactile stimuli with a duration greater than 500 msec typically
evoke a second burst (off response). This response profile is
consistent with observations that L29 responds optimally to
moving stimuli within its receptive field. We have observed up
to four neurons in a single abdominal ganglion that meet these
cellular criteria, though we made no systematic attempt to search
for additional cells.

L29 provides significant excitatory input to LES motor
neurons

It has previously been shown that L.29 has an excitatory mono-
synaptic connection to an identified class of siphon motor neu-
rons, the LFS motor neurons (Frost etal., 1988). We have further
characterized this synapse by measuring the amplitudes of the
L29 EPSP in the two identified LFS subtypes, LFS, and LFS,
motor neurons, in a number of preparations. These measure-
ments (data not shown) were made with the motor neuron hy-
perpolarized by 30 mV from rest to prevent action potentials.
On average, the amplitude of the monosynaptic EPSP was large
in both subtypes (LFS,: x = 8.8 + 1.4 mV, n=13; LFS;: x =
10.0 = 1.5 mV, n = 14). The strength of the L29 EPSP is often
sufficient to produce an action potential when the motor neuron
is at resting potential. In a few cases, however, we observed 1.29
interneurons that had little or no discernable direct input to the
LFS motor neurons. Thus, although the L.29 interneuron pool
has extremely similar cellular characteristics (Fig. 1), different
members of the pool can vary in the strength of their synaptic
output to motor neurons. Finally, .29 appears to provide equiv-
alent input to both LFS, and LFS; cells; there was no significant
difference observed between the amplitude of the 1L29 EPSP and
type of LFS motor neuron (¢,, = 0.34, p = 0.74).

We were interested in determining the net contribution of a
single .29 to the complex EPSP in these motor neurons evoked
by a tap to the siphon. To examine this question, we performed
a series of voltage-clamp experiments (Fig. 2). Siphon taps were
delivered at a 5 min ISI. Following two baseline stimuli, 1.29
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Figure 3. Intracellular activation of
L29 inhibits tap-evoked complex EPSPs
in LFS motor neurons. The top row of
traces are tap-evoked responses in an
identified LFS motor neuron (hyper-
polarized to prevent action potentials);
the bottom row of traces are simulta-
neous responses recorded in 1.29. Fol-
lowing two baseline trials (the second
is shown at 0:00 min), L29 is intracel-
lularly activated for a 5 sec period at a
rate of approximately 30 Hz (4:30 min,
not shown). Twenty seconds following
this activation (test trial, 5:00 min), both
the tap-evoked complex EPSP and the
number of L29 spikes are reduced
(dashed line indicates a peak baseline
response). Both recover to baseline lev-
els 5 min later (recovery trial, 10:00
min).
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was voltage clamped at resting potential (approximately —60
mYV), which was effective in functionally removing it from the
SWR circuit (see Discussion). An example is shown in Figure
2B, which illustrates that voltage-clamp inactivation of a single
L29 interneuron can significantly reduce the net excitatory input
to LFS motor neurons. In the experiment shown, the area of
the complex EPSP was reduced by 40% (compared to baseline);
at the next trial the complex EPSP returned to baseline levels.
A summary of 13 experiments is shown in Figure 2B; these
experiments were performed without regard to the size of the
129 monosynaptic EPSP onto the motor neuron. These data
demonstrate that the complex EPSP is significantly reduced when
a single L29 is functionally removed from the SWR circuit
through voltage clamp (¥ = —14 + 5%, ¢, = —2.63, p < 0.02),
5 min recovery trials were not different from baseline values (%
= —5 * 8%, t,, = —0.66, p = 0.52). Taken together with the
results examining the monosynaptic EPSP from L29 to the mo-
tor neurons described above, these data demonstrate that L29
interneurons comprise a significant excitatory input pathway to
LFS motor neurons.

Intracellular activation of L29 inhibits siphon tap—evoked
complex EPSPs in LFS motor neurons

In light of the significant excitatory input of L29 described above,
and the previously documented facilitatory effects resulting from
L29 activation (Hawkins et al., 1981b), we were surprised to
find that direct intracellular activation of L29 produces a tran-
sient inhibition of the tap-evoked complex EPSP in LFS motor
neurons. An example of the kind of experiment we performed
to examine this effect is shown in Figure 3. Following baseline
trials, L29 was depolarized for 5 sec, producing an average firing
rate of 30 Hz (a discharge of this frequency and duration is
readily produced in L29 by a moving tactile stimulus to the tail,
a stimulus that produces marked inhibition of the SWR; see
Discussion). The complex EPSP was then examined 20 sec fol-
lowing L29 activation (test trial). Two typical effects resulting
from L29 activation are illustrated: first, the motor neuron com-
plex EPSP was substantially reduced, in this case a reduction
in area of 70%. The tap-evoked EPSP recovers to baseline levels
5 min later. Second, the number of L29 spikes were also reduced
(from seven spikes to two spikes); this response also recovers 5
min later. Comparable results were obtained in 11 additional
experiments (summarized in Fig. 5), in which the complex EPSP
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Figure4. L29 activation induces a re-
duction of tap-evoked responses of oth-
er (nonactivated) L29 interneurons. The
same protocol was used as in Figure 3,
except that tap-evoked responses were
recorded simultaneously from two L.29
interneurons, denoted L29, (top row of 'f
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min, inset). When L29, is activated,
L29, does not fire; in fact, a barrage of
IPSPs is recruited onto L29,. Twenty
seconds following activation (5:00 min),
the number of evoked spikes in both

L.29 interneurons is reduced. Both re-
sponses recover to baseline levels 5 min
later (10:00 min).

in the motor neuron was significantly reduced 20 sec following
L29 activation (x = —21 + 6%, ¢,, = —3.17, p < 0.01). Sig-
nificant recovery was observed 5 min later; the complex EPSPs
were no longer significantly different from baseline (x = —7 +
4%, t,, = —1.78, p = 0.10). Concurrently, the number of L29
spikes was also significantly reduced at 20 sec test trials (x =
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Figure 5. Summary of experiments examining the time course of L29-
induced inhibition of tap-evoked LFS motor neuron responses. Motor
neuron responses were tested either 10, 20, or 40 sec following 129
activation. Significant inhibition of the tap-evoked motor neuron com-
plex EPSP was found at 10 sec and 20 sec tests, but not for the 40 sec
test. Recovery trial measures for all three groups were not significantly
different from their respective baseline measures. **, p < 0.001; *, p <
0.01; compared to baseline.

—1.5 £ 0.5 spikes, ¢, = —3.25, p < 0.01), and recovered 5 min
later (x = —0.1 = 0.4 spikes, #,, = —0.31, p = 0.76).

One possible explanation for L29-induced inhibition is that
intracellular activation itself induces an intrinsic change in L29
(e.g., it becomes refractory), which in turn reduces its response
to tap-evoked input, thus diminishing its net effective output
to the motor neuron. Two types of results suggest that this is
not the case. First, we observed a number of instances in which
the complex EPSP is significantly reduced by the prior activation
of an L29 interneuron that itself had no discernable input to
the motor neuron. In fact, in the experiment shown in Figure
3, there was no observable synaptic connection between the L29
interneuron and the LFS motor neuron. Thus, even if that in-
dividual L29 were intrinsically inactivated, removing that L29
alone would unlikely reduce the complex EPSP by such an extent
(70%). Second, we have found that intracellular activation of
one L29 results in a decreased tap-evoked response of other
(nonactivated) L29 interneurons. An example is shown in Figure
4. The protocol in this experiment is the same as above, except
the tap-evoked response of one (nonactivated) L29 interneuron
(L29,) is examined 20 sec following the activation of another
L29 (L29,). The inset demonstrates that when L29, is driven,
L29, does not fire; in fact, a barrage of recruited IPSPs is ob-
served in the L29, trace (see below). At the test tap (20 sec
following L29, activation), the number of evoked spikes in both
interneurons is decreased, recovering 5 min later. This experi-
ment was repeated in two additional preparations and the same
results were obtained. Taken together, these results suggest a
heterosynaptic mechanism of inhibition that is invoked by L29
activation, one effect of which is the reduction of tap-evoked
activity in the L29 interneuronal pool.

We determined the time course of L29-induced inhibition by
examining, in separate experiments, the complex EPSP in LFS
motor neurons either 10, 20 or 40 sec following L29 activation
(the 20 sec test data were described above). These results are
summarized in Figure 5. The largest reduction of the tap-evoked
complex EPSP was observed in the 10 sec test (x = —22 + 3%,
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Figure 6. Synaptic relationship be-
tween interneurons L29 and L30. A4,
Schematic of the known synaptic con-
nectivity between L29 and 1.30. L29
makes an excitatory monosynaptic
connection onto L30; 130 in turn makes
a recurrent inhibitory monosynaptic
connection onto L29. In addition, these
cells are connected via an electrical syn-

L30 " L30

t, = —6.99, p < 0.001), with progressively smaller reductions
at longer testing intervals. Although the reduction observed in
the 40 sec test is not statistically significant (x = —11 + 6%, ¢,
= —1.72, p = 0.12), there is a clear trend toward a reduced
response; in 5 out of 10 experiments the test complex EPSP was
at least 10% less than baseline. Five minute recovery trials for
all test groups were not significantly different from their re-
spective baseline measures (10 sec test: x = —3 + 4%, ¢, =
—0.69,p=0.51;40sectests: x = —1 = 9%, f, = —0.12, p =
0.91). The results shown in Figure 5 thus indicate that L29-
induced inhibition is maximal immediately following 129 ac-
tivation, and recovers toward baseline values with a time course
of up to 40 sec.

The results described thus far demonstrate that L29 activation
produces a transient reduction of tap-evoked input to LFS motor
neurons, which is mediated through the recruitment of inhibi-
tion into the SWR circuit. This inhibitory process appears to
work in part through reducing the responsiveness of the L29
interneuronal pool, thereby diminishing the contribution of this
significant source of excitatory input to siphon motor neurons.
A prime candidate for the mediation of this inhibition is the
inhibitory interneuron L30, which is the identified source of the
recurrent IPSPs produced by L29 activation (Hawkins et al.,
1981a).

Identification of L30

Figure 64 illustrates the previously described synaptic relation-
ship between L29 and L30 (Hawkins et al., 1981a). L29 has an
excitatory monosynaptic connection to 1.30; L30 in turn has a
recurrent inhibitory monosynaptic connection onto L29. In ad-
dition, they are connected via an electrical synapse. Both cells
also receive direct excitatory input from siphon sensory neurons
(not shown). Figure 6, B and C, shows examples of physiological
responses illustrating the synaptic relationships, which were used
here as criteria for L30 identification. In Figure 6 B, intracellular
activation of L29 is shown to activate L30, which in turn is the
source of the recurrent IPSPs seen in L29. In Figure 6C, we
show that passing depolarizing current into L29, which is sub-

L apse. B, Direct intracellular activation
of L29 (top trace) activates L30, which
in turn provides recurrent inhibitory
input to L29. C, Injection of subthresh-
old current into L29 can also activate
L.30 via the electrical synapse between
these neurons. Note the transient in L30
when the current pulse in L29 is ter-
minated.

10mv
4nA
10mv

500 msec

threshold for its own spike initiation, activates L30 via the
electrical synapse between these cell types (see also Fig. 1D).
This shows that the voltage threshold for action potential ini-
tiation is lower in L30 than in L29, and that L29 can activate
L30 even when the depolarization in L29 is below threshold for
the initiation of its own action potentials. We have identified
two L30 neurons in the same abdominal ganglion that meet
these criteria, though we made no attempt to carry out a sys-
tematic search for additional cells.

Direct L30 activation mimics L29-induced inhibition

The synaptic relationship between 129 and L30 (Fig. 6) sug-
gested a likely candidate mechanism for L29-induced inhibition:
L29 may produce inhibition through the recruitment of L30,
which in turn inhibits the L.29 interneuronal pool. If this were
the case, then direct activation of L30 should result in similar
inhibitory effects as activation of L29; that is, it should produce
reductions of both L29 action potentials and tap-evoked com-
plex EPSPs in LFS motor neurons. To test this hypothesis di-
rectly, we performed an experiment similar to that used to ex-
amine L.29-induced inhibition (see Fig. 3), but instead activated
L30 prior to examining tap-evoked 129 and LFS responses. An
example of our results is shown in Figure 7. As shown in the
inset of Figure 7, L30 activation (at a rate of 11.4 Hz) produces
a series of IPSPs in L29; however, L30 has no discernable effect
on the motor neuron (Fig. 7, inset). Yet when examined 20 sec
following intracellular activation of L30, the tap-evoked com-
plex EPSP in LFS motor neurons is markedly reduced, as is the
number of spikes in L.29. Both of these inhibitory effects recover
5 min later. A summary of a series of these experiments is shown
in Figure 8. Twenty seconds following direct activation of L30,
we observed a significant reduction in both the evoked LFS
motor neuron complex EPSP (Fig. 94; x = ~24 = 7%, ¢, =
—3.22, p < 0.01) and the number of L29 spikes (x = —1.9 +
0.6 spikes, t; = —3.14, p < 0.05). As with L29-induced inhi-
bition, this inhibitory effect of L30 recovers within 5 min: re-
sponses in the 5 min recovery trials were not significantly dif-
ferent from baseline for either measure (LFS complex EPSP: x
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BASELINE

LFS
Motor

Neuron
Figure 7. Direct intracellular activa-
tion of L30 mimics L29-induced L29

inhibition. The three rows of traces are
tap-evoked responses in an LFS motor
neuron (top trace; hyperpolarized), L29
(middle trace), and 130 (bottom trace).
The experimental protocol is similar to
that used to examine L29-induced in-
hibition (see Figs. 3, 4). Following two

baseline trials (the second baseline trial 0:00 Min
is shown at time 0:00 min), L30 was Siphon Tap
activated fora 5 sec period (4:35, inset). IS
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to the motor neuron. Twenty seconds
following L30 activation (test trial, 5:00
min), the responses of both the motor
neuron and L29 are markedly reduced
(dashed line indicates peak baseline re-
sponse). Both responses recover to
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baseline levels 5 min later (recovery tri- 7
al, 10:00 min).

=4 + 4%, t, = 1.00, p = 0.35; L29 spikes: x = —0.25 = 0.3
spikes, ;= —0.81, p = 0.46). These data demonstrate that direct
activation of L30 produces similar inhibitory effects as seen with
L.29 activation. Since L.30 has no apparent input to LFS motor
neurons, a likely site for this inhibitory modulation is the in-
hibitory synapse from L30 onto L29.

L30 shows activity-dependent enhancement of inhibitory
synaptic transmission

To explore the mechanism underlying 1.30-induced inhibition
(Figs. 7, 8), we examined the L30 monosynaptic IPSP onto 1L.29
and found that it is modified in an activity-dependent fashion.
An example of our experiments is illustrated in Figure 94. The
magnitude of the IPSP onto L29 was examined at 1 min intervals
by eliciting a single action potential in L30. To aid in measure-

Figure 8. Summary of experiments
examining L30-induced inhibition of A
tap-evoked LFS motor neuron and L29
responses. 4, Summary of data for LFS
motor neuron responses (N = 8). Twen-
ty seconds following L30 activation
(TEST trial), a significant reduction of
the tap-evoked motor neuron complex
EPSP was observed. Five minute re-
covery trials were not significantly dif-
ferent from baseline. B, Summary of
data for L29 responses (N = 6). Twenty
seconds following 130 activation (TEST
trial), a significant reduction of the
number of tap-evoked L29 spikes was
observed. Five minute recovery trials
were not significantly different from -850
baseline. **, p < 0.01; *, p < 0.05; com- TEST
pared to baseline. (20 sec)
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ment, L29 was hyperpolarized to a level 30 mV below rest to
invert the IPSP (thus it is seen as a depolarizing potential in
Figs. 9, 10); the reversal potential of the IPSP is near L29’s
resting potential (approximately —55 mV). To examine activity-
dependent alterations in synaptic strength, L30 was activated
for 5 sec as in previous experiments, and the size of the mono-
synaptic IPSP was tested 20 sec later. The example shown in
Figure 94 is a typical result. Initially, the size of the IPSP was
relatively small (less than 2 mV); however, 20 sec following L30
activation the synapse exhibited a dramatic (fivefold) enhance-
ment in amplitude. One minute following this test trial, the size
of the IPSP returned to baseline levels (not shown). This ex-
periment thus demonstrates that L30’s inhibitory synapse ex-
hibits a significant potentiation following activation (indicated
by asterisk, Fig. 94). While this type of synaptic facilitation
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formally can be described as “‘posttetanic potentiation” (Kretz
et al., 1984), we prefer the term ‘“activity-dependent potentia-
tion” to reflect the fact that this synapse can be enhanced at
very low (nontetanic) rates of activation (see below).

A summary of a series of experiments carried out to determine
the time course of activity-dependent synaptic potentiation in
L30 is shown in Figure 9B. In these experiments, the amplitude
of the monosynaptic IPSP from L30 to L29 was measured 10,
20, 30, or 40 sec following direct L30 activation. At all four test
intervals, statistically significant increases in the amplitude of
the L30 IPSP were observed (10 sec: x = 3.2 £+ 0.3 mV, ¢, =
10.16, p < 0.001; 20 sec: x = 4.1 + 0.9 mV, ¢, = 4.64, p <
0.01;30sec: x =22+ 0.5mV, t, =4.64, p < 0.01; 40 sec: x
=13+ 04 mV, ¢t =370, p < 0.01). Measures in the 1 min
recovery trials for 10, 30, and 40 sec tests were not significantly
different from baseline (10 sec: x = 0.5 + 0.3 mV, ¢, = 1.87, p
=0.10; 30 sec: x = 0.2 + 0.4 mV, t, = 0.57, p = 0.59; 40 sec:
x=-0.2+02mV,t,=—1.21,p=0.27). Inthe 20 sec recovery
trial, although the amplitude of the IPSP was markedly reduced,
there was still a significant difference from baseline (x = 0.8 +
0.3 mV, ¢, = 2.64, p < 0.05). These data demonstrate that
activation of L30 results in a significant potentiation of its
monosynaptic IPSP, which has a time course of at least 40 sec,
similar to the time course of L29-induced inhibition of the
motor neuron complex EPSP (Fig. 5). This suggests that the
mechanism of response inhibition seen when L30 is activated
(directly or through L29 activation) is through potentiation of
L30 inhibitory synaptic transmission.

If, as we propose, activation of L29 induces inhibition in the
SWR circuit through the subsequent activation (and potentia-
tion) of synaptic transmission from L30, then activation of L29
itself should drive 130 sufficiently to result in a potentiation of
the L30 IPSP. To test this hypothesis, we carried out a series
of experiments shown in Figure 104. The protocol was the same
as the experiment shown in Figure 9, except the L30 monosyn-
aptic IPSP was examined 20 sec following activation of L29.
During L29 activation, L30 was observed to spike (not shown),
albeit at a lower frequency than that attainable with direct L30
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Figure 9. The L30 IPSP onto 1.29 ex-
hibits activity-dependent facilitation.
A, The L30 IPSP onto L29 was exam-
ined at 1 min intervals by generating a
single action potential in L30 (only one
is shown). L29 was hyperpolarized to a
level 30 mV below rest to invert the
IPSP (the reversal potential is near rest);
thus, the IPSP is seen as a depolarizing
synaptic potential. L29 responses are
shown superimposed. Initially, the
magnitude of the IPSP is relatively small
(Pre). Twenty seconds following direct
L30 activation (see schematic at top),
the size of the IPSP is substantially larg-
er (20 sec test). The IPSP recovers to
near baseline values 1 min later (recov-
ery trial, not shown). B, Summary of
the time course of activity-dependent
synaptic potentiation of the L30 IPSP.
The amplitude of the monosynaptic L30
IPSP was measured 10, 20, 30, or 40
sec following direct L30 activation.
These measures, as well as those from
recovery tests (1 min following L30 ac-
tivation), are expressed as difference
scores from pretest measures. **, p <
0.01;*, p < 0.05; compared to baseline.

[0 10sec (N=8)
W 0sec(N=8)
Fd 30secN=7
B 0sec(N=7)

RECOVERY
1 min)

activation. Following L.29 activation, a threefold enhancement
of the IPSP over the baseline response was observed. The size
of the IPSP returned to baseline levels 1 min later. Activation
of L29 can thus generate sufficient activity in L30 to potentiate
the L30 IPSP.

Figure 10B is a summary of experiments performed to de-
termine the time course of L30 potentiation produced by 129
activation. As before (Fig. 9), the amplitude of the L30 IPSP
was measured 10, 20, 30, or 40 sec following L29 activation.
The data are qualitatively similar to those obtained using direct
L30 activation (Fig. 9B); significant increases in the amplitude
of the L30 IPSP were observed at all four test intervals (10 sec:
x=23+04mV,t,=547,p <0.001;20sec: x= 1.7 = 0.3
mV, t, =591, p <0.001;30sec: x= 1.3 £ 0.3 mV, ¢, = 4.34,
p <0.01;40sec: x =04 + 0.1 mV, t;, = —1.09, p < 0.01).
Measures in 1 min recovery trials were not significantly different
from baseline (10 sec: x = 0.2 £ 0.4 mV, ¢, = 0.54, p = 0.60;
20sec: x =03+ 0.1mV, ¢, =212, p=0.07,30 sec: x = 0.1
+03mV,4=0.12,p=0091;40sec: x = —0.1 + 0.1 mV, £,
= —1.09, p = 0.31). The magnitude of L30 potentiation ob-
served in these experiments is less than that obtained using
direct L30 activation (note difference in scale in Figs. 9B, 10B).
This is primarily due to the higher firing rates of L30 that are
attained through direct activation. Consistent with this, we found
a significant correlation between the rate of L.30 activation and
percentage change in the L30 IPSP, using a combined data set
from both direct (Fig. 9B) and indirect (Fig. 10B) L30 activation
experiments (regression analysis: R? = 0.20, p < 0.01). These
data show that the L30 IPSP is potentiated in an activity-de-
pendent fashion. Further, this enhancement is attainable even
at low rates of activation; we have observed significant poten-
tiation of the L.30 IPSP with activity rates in L30 as low as 1.8
Hz.

Discussion
Modulation of the siphon withdrawal response

The Aplysia SWR has been extensively studied as a model sys-
tem for the analysis of neural control of behavior and behavioral
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Figure 10. The L30 IPSP is poten-
tiated following activation of L29. 4,
The L30 IPSP onto L29 was examined
at | min intervals by generating a single
action potential in L30 (only one is
shown). L29 was hyperpolarized to a
level 30 mV below rest to invert the
1PSP (data as in Fig. 9). Initially, the
magnitude of the IPSP is relatively small
(Pre). Twenty seconds following direct
intracellular activation of L29 (see
schematic at top), the size of the L30
IPSP is larger (20 sec test). The IPSP
recovers to near baseline values | min
later (recovery trial, not shown). B, A
summary of the time course of synaptic
potentiation in L30 following L29 ac-
tivation. The amplitude of the mono-
synaptic IPSP from L30 to L29 was
measured 10, 20, 30, or 40 sec following
direct L30 activation. These measures,
as well as those from recovery tests (1
min following L29 activation), are ex-
pressed as difference scores from pretest
measures. **, p < 0.0l compared to
baseline.
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plasticity (for review, see Carew and Sahley, 1986; Byrne, 1987;
Hawkins et al., 1987). This research has mainly centered on the
synaptic connection between identified sensory neurons and their
follower cells, work that has elucidated cellular correlates that
contribute to certain forms of learning (Castellucci and Kandel,
1976; Kandel and Schwartz, 1982; Hawkins et al., 1983; Byrne,
1987). The role of interneurons in the regulation of siphon re-
sponses is less well understood. A primary focus has been on
their role as modulators of sensory neuron synaptic transmis-
sion. This research has identified a number of cells, among them
the L29 interneurons examined here, whose activation can ei-
ther facilitate LE sensory neuron transmission (Hawkins et al.,
1981b; Mackey et al., 1989) or inhibit it (Mackey et al., 1987,
Small et al., 1992).

Interneurons also have an important mediating role in pro-
ducing siphon responses through their direct synaptic connec-
tions to motor neurons. This has been well documented in the
neural analysis of siphon/gill respiratory pumping behavior, in
which an identified set of interneurons (collectively named in-
terneuron II) has been shown important for both the initiation
and mediation of respiratory pumping (Byrne and Koester, 1978;
Byrne, 1983; Koester, 1989). Because interneurons can serve as
both premotor cells and modulators, they can provide an im-
portant locus for learning-induced modifications of the SWR
neural network. For example, Eberly and Pinsker (1984) have
demonstrated that under certain conditions, changes in the
probability of triggering respiratory pumping (hence activating
the interneuron II network) can significantly contribute to both
habituation and sensitization of siphon responses. The locus of
this change is likely within the interneuron II network itself
(Koester, 1989).

Recent observations demonstrate that interneuronal process-
es are also important for modifications of the SWR as well.
Electric shocks applied to the tail produce a transient inhibition
of both the reflex (Mackey et al., 1987; Marcus et al., 1988) and
complex EPSPs in siphon motor neurons (Wright et al., 1991);
this effect is mimicked by the exogenous application of 5-HT
(Fitzgerald and Carew, 1991). Following a short-lived inhibition
ofthe LE sensory neuron EPSP induced by tail shock, facilitation
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of the sensory neuron EPSP is observed (Mackey et al., 1987,
Wright et al., 1991; Small et al., 1992), while at the same time
the complex EPSP and the reflex still exhibit significant inhi-
bition (Fitzgerald and Carew, 1991; Wright et al., 1991). This
dissociation between the polysynaptic and monosynaptic input
to motor neurons suggests that interneurons are of major im-
portance in mediating this form of inhibitory plasticity. These
data further demonstrate that treatments that are known to
induce learning in Aplysia are likely to elicit a number of parallel
alterations throughout the SWR neural network. This idea was
emphasized by Frost et al. (1988), who provided considerable
evidence that a number of physiological modifications in the
SWR circuit occur in parallel as a result of pleural-abdominal
connective stimulation (discussed below), which is used as a
cellular analog of sensitization.

In the present article, we have examined the interneuronal
circuit between the excitatory interneuron L29 and the inhibi-
tory interneuron L30, and provide evidence that this circuit is
capable of playing an important role in regulating siphon motor
neuron excitation through a use-dependent mechanism. First,
L.29 provides significant excitatory input to the LFS motor neu-
rons. Voltage-clamp inactivation of a single L29 (out of a pos-
sible five) significantly reduces the siphon tap—evoked complex
EPSPs in these motor neurons. In light of the weak electrical
coupling between L29 interneurons (Hawkins et al., 1981a), a
possible confound in these experiments is that voltage-clamp
inactivation of one L29 interneuron may affect the responses of
other L29 interneurons in the SWR circuit, hence overestimat-
ing the contributions of individual L29s to evoked motor neuron
responses. We addressed this possibility in separate control ex-
periments, in which the tap-evoked responses of other L29 in-
terneurons (two experiments) or L30 interneurons (two exper-
iments) were examined during voltage-clamp inactivation of a
single L29 interneuron. In no case was there a qualitative or
quantitative change in the response of the other L29s or L30s
during inactivation of the voltage-clamped L29. The experi-
ments examining L30 responses are particularly informative,
since the L29 interneurons are strongly electrically coupled to
these cells (Hawkins et al., 1981a; see Fig. 6C). Thus, we are



confident that we are only inactivating the L29 interneuron
directly under voltage clamp in these experiments.

Next, activation of L29 produces a net inhibition of siphon
tap—evoked input (complex EPSP) to LFS motor neurons. Sev-
eral lines of evidence show that this inhibitory effect is due to
the recruitment and enhancement of inhibitory transmission
within the SWR circuit, as opposed to any intrinsic changes
within L29 itself. First, an activated L29 need not have a direct
synaptic input to a particular LFS motor neuron to induce a
reduction in its evoked response. Second, L.29 activation results
in a reduced tap-evoked response of other, nonactivated L29
interneurons. Third, we provide evidence that the likely mech-
anism of 1.29-induced inhibition is an activity-dependent po-
tentiation of inhibitory synaptic transmission from L30 neu-
rons. L29 and L30 are tightly coupled both chemically and
electrically so that activation of L29 invariably generates activ-
ity in L30. L30, in turn provides recurrent inhibition onto L29
(Hawkins et al., 1981a). Substituting direct activation of L30
mimics the inhibitory effects seen with 1.29 activation, reducing
the evoked responses of both L29 and LFS motor neurons (LFS
neurons receive no direct synaptic input from L30). Further-
more, the L30 IPSP is significantly enhanced as a result of
activity, whether produced by direct intracellular activation, or
indirectly by driving L29. The potentiation of the 1.30 IPSP has
a time course of decay that directly mirrors the time course of
L29-induced inhibition of evoked motor neuron responses. Thus,
the mechanism of L29-induced inhibition appears to involve
the activation and potentiation of L30 inhibitory transmission.
This effectively removes L.29 from the SWR circuit, eliminating
a significant source of excitatory input to LFS motor neurons.

Our results differ from those obtained by Hawkins et al.
(1981b), who found an increase in the size of motor neuron
complex EPSPs as a result of L29 activation. There are several
important differences between our experiments that may ac-
count for this dissimilarity. First, Hawkins et al. (1981b) mon-
itored responses in an identified gill motor neuron, L7, whereas
we examined responses in identified siphon motor neurons. Re-
cently, Hawkins et al. (1990) have shown that gill and siphon
responses can be simultaneously modified in different direc-
tions, the gill showing enhanced responses at the same time
siphon responses are reduced, suggesting some independence of
siphon and gill modifications. Interestingly, there appears to be
no direct synaptic connection between L29 and L7 (Hawkins et
al., 1981a). It will thus be of interest to determine the extent to
which modifications of the L29-1.30 circuit provide for siphon-
specific plasticity. Second, Hawkins et al. (1981b) examined
decremented responses; facilitation was expressed as an increase
in response above that predicted by a habituation function. Our
experiments were performed at an ISI (5 min) that did not
produce decremented responses. Decrementing the reflex may
alter the way in which responses are modified; for example,
Marcus et al. (1988) demonstrated that nondecremented siphon
responses were more susceptible to inhibitory modulation as a
result of tail shock. Third, Hawkins et al. (1981b) used electric
shocks to the siphon nerve to evoke the response, whereas we
used tactile stimuli applied to the siphon itself. It is possible
that the electric shocks may result in activation of neurons that
are not activated by the peripheral sensory stimuli used here.
Relevant to this, it has been shown that tactile stimuli to the
siphon can evoke a reflex that does not involve activation of
the LE sensory neurons (Cohen et al., 1991). We have also
observed in numerous instances that the siphon tap used in this
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study does not activate the LE sensory neurons (Fischer and
Carew, unpublished observations). One possibility, then, is that
electrical stimulation of the siphon nerve invokes a contribution
of LE sensory neurons (and their follower cells) that is not pres-
ent in our experiments, perhaps altering the relative contribu-
tions of different sets of neurons in the SWR circuit.

Our results address an issue that has been raised in experi-
ments using optical recording techniques to examine the si-
multaneous activity of multiple neurons in the abdominal gan-
glion. Using these techniques, Zecevic et al. (1989) demonstrated
that tactile stimuli to the siphon can activate as many as 300
neurons, leading these authors to suggest the possibility that the
number of neurons evoked by siphon stimulation may be suf-
ficiently large to preclude any determination of the relevance of
individual neurons (or neuron classes) to the mediation of be-
havior. By demonstrating that inhibitory modulation of 129
activity can significantly effect motor neuron responses, our re-
sults show that individual neurons do contribute significantly
to the control of siphon responses. For example, voltage-clamp
inactivation of a single L29 can reduce the net reflex input to
siphon motor neurons by as much as 40% (and on average
produces a significant reduction of 15%). Moreover, activation
of a single 1.30 interneuron results in an average of 24% reduc-
tion in motor neuron responses 20 sec following the activation.
In addition to our results, Wright and Carew (1990) have shown
that a single abdominal ganglion interneuron, 116, plays an
essential role in the behavioral inhibition of siphon responses
resulting from tail shock. Specifically, they have demonstrated
that L.16 is active during tail shock, that direct L16 activation
can mimic tail shock—induced inhibition, and that voltage-clamp
inactivation of a single L16 during tail shock completely pre-
vents the occurrence of inhibition (Wright and Carew, 1990).
Taken together, these results show that single neurons, as well
as small subsets of neurons, can have great relevance to the
regulation of behavior. While it is likely that other, presently
unidentified neurons also contribute significantly to both re-
sponse production and modification in the SWR (as well as to
other behavioral systems receiving siphon input), our results
suggest that several identifiable interneurons can provide a focal
point in the Aplysia nervous system for a tractable analysis of
neural network interactions and behavior.

Functional significance of the L29-1.30 circuit: dynamic,
use-dependent gain control

Our results demonstrate a significant correlation between L30
firing frequency and potentiation of the 1.30 IPSP: higher fre-
quencies of activation result in greater potentiation. Thus, the
L30 IPSP is enhanced in an activity-dependent fashion. In ad-
dition, we have observed that the L.30 IPSP potentiates even at
low frequencies of activation; for example, we have obtained
significant potentiation at rates as low as 1.8 Hz. We have ob-
served in these and other experiments that this frequency is well
below that which is attainable using stimuli applied cutaneously
to the siphon or tail (Fischer and Carew, unpublished obser-
vations). These observations suggest that 130 can exert a pow-
erful inhibitory influence onto its follower cells that is regulated
in an activity-dependent fashion.

In this article we have shown that L30 can have a significant
influence in the SWR circuit through the potentiation of its
recurrent inhibitory synapse onto L.29. Figure 11 is a summary
on how L29-L30 interactions may thus function as a circuit



1312 Fischer and Carew « Recurrent Inhibition in Aplysia

< Excitatory synapse
@ Inhibitory synapse
» Eloctrical synapse

Siphon 1

SENSORY INPUT MOTOR OUTPUT

Dynamic gain control

*Activity-dependent facilitation

Figure 11. The L29~L30 circuit provides dynamic gain control in the
SWR circuit. A simplified representation of the neural circuit underlying
directional siphon responses (mediated by the LFS motor neurons) is
shown to highlight a possible functional role of the L29-L30 circuit (in
shaded box). Interactions between these interneurons can provide a use-
dependent mechanism for regulating excitatory input to LFS motor
neurons (dynamic gain control), through the activity-dependent facili-
tation of the L30 monosynaptic IPSP (asterisk) (see Discussion).

that regulates excitatory input to LFS motor neurons. The ac-
tivation level of L29 we have used in our experiments (20-30
Hz for 5 sec) is well within a physiological range. For example,
a moving tactile stimulus across the tail will activate L29 at this
frequency or higher for the duration of the stimulus (Fischer
and Carew, unpublished observations), and tail input is known
to produce inhibition of the SWR (Mackey et al., 1987; Marcus
et al., 1988; Wright et al., 1991). How, then, does L29 affect
L30? In essence, the more L29 is active, the more L30 fires,
increasing the efficacy of its IPSP onto L29 (and presumably
other follower cells). This has the effect of removing L29 from
the SWR circuit. Since L29 is a major excitatory input to the
LFS-type motor neurons, L29-1.30 interactions alone can func-
tion as a circuit that provides a dynamic gain control of excit-
atory input to these motor neurons.

Consistent with the idea that inhibitory modulation of reflex
activity can be achieved through L.30, we have recently obtained
evidence that cutaneous stimulation of the tail produces similar
inhibitory effects in the SWR circuit as those reported here,
transiently inhibiting siphon tap—evoked responses both in LFS
motor neurons and in a subtype of L29 interneurons that do
not discharge to the tail stimuli (similar to the the L29, cells
reported by Hawkins and Schacher, 1989). Further, this inhi-
bition has a time course similar to the potentiation of the L30
IPSP that we observe (about 40 sec). Finally, we have obtained
preliminary evidence that these cutaneous tail stimuli both
strongly activate 1.30 and potentiate the .30 IPSP; we do not
yet know the extent to which the excitatory drive on L30 under
these conditions is mediated through L29. We are now carrying
out experiments to test directly the involvement of L30 in this
form of reflex inhibition by voltage-clamp inactivation of L30
during application of tail stimuli.

In addition to the recurrent (feedback) inhibitory effects dis-
cussed thus far, L30 may also have significant feedforward in-
hibitory effects on other neural circuits. 130 has identified input
to a number of neurons in the abdominal ganglia, some of which
have been identified (Hawkins et al., 1981a; Frost, 1987). We
have also observed that 1.30 has synaptic input to many other
neurons that have yet to be uniquely identified. Moreover, we
have found in several instances that the L30 IPSP to these other
neurons also shows activity-dependent potentiation (Fischer and

Carew, unpublished observations), suggesting that .30 can have
widespread inhibitory effects on a number of response and reg-
ulatory systems. The observed plasticity of the L30 synapse
makes this neuron an intriguing subject for studies examining
the role of inhibitory processing on the functioning of neural
circuits.

Possible behavioral significance of the L29-L30 circuit

Recurrent inhibitory circuits like that formed by L29 and L30
are a common architectural feature of nervous systems, and
have been demonstrated to be important for the modulation of
the output of several diverse neural circuits. One well-studied
example of recurrent inhibition is the circuit between Renshaw
cells and a-motor neurons in the spinal cord. Renshaw cells
provide a tonic inhibitory influence on motor neurons that is
regulated in part by the motor neuron itself, as well as through
a number of extrinsic sources (Pompeiano, 1984). Moreover,
extrinsic inputs can exert a significant control over the gain of
spinal cord reflexes through the modification of recurrent in-
hibition. For example, electrical stimulation of the locus coe-
ruleus can increase the response gain of certain spinal reflexes
through decreasing Renshaw cell activity (Fung et al., 1988).
Similar modifications of recurrent inhibition have been shown
important for processing in a number of other neural circuits,
such as in the hippocampus (Miles, 1991). Since recurrent in-
hibitory circuits can provide a powerful mechanism for the mod-
ulation and control of neural output, a question of general sig-
nificance is how (or whether) recurrent inhibition contributes
to neural processes underlying adaptive alterations of circuit
functioning such as occurs during learning. In this regard, the
L29-L30 circuit is particularly intriguing because it is a recurrent
inhibitory circuit with a built-in mechanism for synaptic plas-
ticity, activity-dependent potentiation of the L30 inhibitory syn-
apse.

The behavioral significance of the L29-L30 circuit is as yet
unknown. However, the dynamics of L29-L.30 interactions that
we have observed provide testable predictions for the involve-
ment of this circuit in different forms of behavioral plasticity.
For example, since the L30 IPSP potentiates at low rates of
activation, one prediction might be that this circuit may have
a direct role in habituation, a form of learning exhibited by the
SWR (see, e.g., Carew et al., 1972). Repeated activation of the
SWR (and consequently repeated L.29-1.30 activation) may be
sufficient to potentiate the L30 IPSP, moving the balance of the
circuit towards inhibition and thus decreasing the net excitatory
input to motor neurons. Hence, one component of habituation
in the SWR may involve a buildup of inhibition in the 1L.29-
L30 circuit.

Additional modifications of the L29-1.30 circuit, potentially
from extrinsic sources, could also play an important role in the
response facilitation seen with sensitization. This could be ac-
complished through the removal of the inhibitory influence of
L30, in essence enhancing excitatory transmission in the SWR
circuit. In this way, enhancement of siphon responses would be
accomplished through a disinhibition mechanism similar to that
observed in the vertebrate spinal cord (Fung et al., 1988). Ev-
idence for this type of disinhibitory mechanism has been pro-
vided by Frost et al. (1988), who demonstrated parallel modi-
fications in the L29-L30-LFS motor neuron circuit using pleural-
abdominal connective stimulation, an analog of sensitization.
They found that connective shock induces presynaptic inhibi-
tion of the L30 synapse, effectively reducing the size of the L30



synapse, effectively reducing the size of the L30 IPSP. This was
coupled with a concomitant potentiation of the 1.29 EPSP to
LFS motor neurons, and an increase in LFS excitability, having
the net effect of increasing the efficiency of L29’s excitatory input
to the LFS motor neurons (Frost et al., 1988). These circuit
modifications suggest important candidate mechanisms con-
tributing to sensitization of the SWR. Further, since the LFS
motor neurons have been identified as those which mediate
directional siphon responses (Walters and Erickson, 1986;
Hickie and Walters, 1990), this circuit can play an important
role in the regulation and modulation of this behavior, such as
that demonstrated in several studies of both associative and
nonassociative modifications of directional siphon responses
(Erickson and Walters, 1988; Hawkins et al., 1989; Walters,
1989).

Finally, the facilitatory and inhibitory interactions in the SWR
offer an excellent opportunity for a computational analysis of
information processing in a restricted neural circuit (Blazis et
al., 1991, 1992, in press). The dynamic interactions within the
L29-1.30 circuit itself form a restricted computational network
that is capable of effecting substantial alterations of information
processing in the SWR circuit, as well as serving as a potentially
important locus for different forms of external modulation. Thus,
a computational analysis, coupled with behavioral and cellular
studies, may provide important insights into different models
of information processing that contribute to different forms of
learning and memory.
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