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Recent behavioral
experiments
examining
the siphon withdrawal reflex of Apiysia have revealed inhibitory effects of
strong tail shock, a stimulus commonly
used as an unconditioned stimulus in studies of associative
and nonassociative learning in Aplysia.
We utilized a reduced
preparation
to perform a cellular
analysis of tail shock-induced
inhibition
in the siphon withdrawal reflex. First, we carried out behavioral
studies that
showed that the reduced preparation
exhibits a siphon withdrawal reflex to water jet stimuli, and that tail shock produces
inhibitory behavioral
effects comparable
to those in the intact animal: (1) strong shock produces
transient
inhibition
of nonhabituated
responses,
and (2) a habituated
response
is facilitated
by weak shock, but not by strong shock, suggesting that increasing
tail shock intensity recruits the inhibitory process that competes with facilitation
of habituated
reflexes. Next, we carried out cellular studies that showed
that the amplitude
of the complex
EPSP in siphon motor
neurons elicited by water jet stimuli to the siphon also exhibits the inhibitory patterns produced
by tail shock: (1) the
nondecremented
complex EPSP (a neural correlate of a nonhabituated
siphon withdrawal
reflex) is significantly
inhibited
90 set after strong tail shock and recovers to preshock
levels 10 min later, and (2) the decremented
complex EPSP (a
neural correlate
of a habituated
reflex) is significantly
facilitated by weak shock, but is not facilitated
by strong shock.
In addition to the complex
EPSP, we simultaneously
examined the monosynaptic
connection
between siphon sensory neurons and siphon motor neurons. The monosynaptic
EPSP does not show the pattern of inhibitory modulation
by
tail shock exhibited
by the siphon withdrawal
reflex and the
complex EPSP: (1) the nondecremented
monosynaptic
EPSP
is not inhibited
90 set after strong shock, but tends to be
above preshock
levels; and (2) the decremented
monosynaptic EPSP is facilitated
by weak as well as strong tail shock.
Our results suggest that an important
component
of the
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inhibitory process triggered
by strong tail shock is mediated
by neural elements presynaptic
to the siphon motor neurons.
Because
modulation
of the monosynaptic
connection
between identified
siphon sensory and siphon motor neurons
does not parallel the tail shock-induced
inhibitory patterns
observed in the siphon withdrawal
reflex and in the complex
EPSP, other synaptic connections
are likely to play an important role in mediating
tail shock-induced
inhibition
in the
siphon withdrawal
reflex.

At both behavioral and cellular levels, a complete analysisof
the processesthat underlie learning requires understandingall
of the possibleeffectsof the stimuli usedto produce the learning.
In the marine mollusk Aplysia, a preparation well suited for a
behavioral and cellular analysisof learning, an aversive electric
shock to the tail hasoften been usedasan unconditioned stimulus (US) to produce a variety of forms of both nonassociative
and associative learning (Byrne, 1987; Carew, 1987; Hawkins
et al., 1987).For a complete mechanisticunderstandingof leaming in Aplysia when tail shock is usedas a US, it is important
to understand the cellular mechanismsunderlying all of the
behavioral effectsof tail shock.Tail shockhaslong beenknown
to have facilitatory effects on a number of defensive reflexes,
including siphon withdrawal, gill withdrawal, tail withdrawal,
and escapelocomotion, and in many casesa detailed understanding of the cellular basis of these facilitatory effects has
emerged(Klein and Kandel, 1980; Bemier et al., 1982; Siegelbaum et al., 1982; Occor et al., 1986; Walsh and Byrne, 1989;
Baxter and Byrne, 1989; for reviews, seeKandel and Schwartz,
1982; Byrne, 1987; Carew, 1987; Hawkins et al., 1987). Recently, however, it has become clear that tail shock can also
have inhibitory effectsin someof thesesamereflexes(KrontirisLitowitz et al., 1987; Mackey et al., 1987; Marcus et al., 1987,
1988; Rankin and Carew, 1987, 1989), In the presentstudy, we
have begun to explore the cellular basisof these inhibitory effects.
In addition to providing insightsinto cellular mechanismsof
inhibition in Apfysia, this article and its companion (Fitzgerald
and Carew, 1991) are also aimed at a more general objective.
Inhibitory processinghasfigured prominently in severalgeneral
theories of learning (Mackintosh, 1974). However, the detailed
cellular mechanismsby which inhibitory and excitatory processesinteract to give rise to behavioral outcomespredicted by
specific learning theories are very poorly understood. Because
restricted neural networks in Aplysia, suchas the neural circuit
for the siphon withdrawal reflex examined in this article, are
known to support several forms of learning, an understanding
of the cellular mechanismsby which excitatory and inhibitory
processesinteract in these networks may provide general in-
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sights into the specific roles that excitatory and inhibitory processes play in specific forms of learning.
Marcus et al. (1988) identified both excitatory and inhibitory
effects of tail shock on the water jet-elicited siphon withdrawal
reflex by systematically varying three parameters: (1) the initial
state of the reflex (habituated or nonhabituated), (2) the strength
of the modulatory tail shock, and (3) the time of testing after
tail shock. A principal finding from that study was that strong
tail shock recruited an inhibitory process, which could be observed directly as a transient decrease ofa nonhabituated siphon
withdrawal reflex (see also Krontiris-Litowitz
et al., 1987; Mackey et al., 1987; Rankin and Carew, 1987, 1989). The inhibitory
process could also be inferred from the observation that, when
the siphon withdrawal reflex was habituated just prior to tail
shock, weak tail shock produced robust facilitation of the habituated reflex (dishabituation), whereas strong shock produced
no reflex facilitation. This suggested that increasing the tail shock
intensity recruits the inhibitory process that competes with the
facilitatory process of dishabituation (Marcus et al., 1988; see
also Rankin and Carew, 1989).
Previous work on the siphon withdrawal reflex (Mackey et
al., 1987) had proposed the monosynaptic connection between
identified siphon sensory neurons (LE) and siphon motor neurons (LFS and LBS) as a possible locus mediating tail shockinduced inhibition. This suggestion was based on the observation that tail shock produced transient inhibition of the monosynaptic EPSP from sensory to motor neurons; the inhibition
later gave way to facilitation. However, as pointed out by Mackey et al. (1987), though the sequence of the synaptic changes
paralleled that of the behavioral changes, the time course of
these monosynaptic changes differed from that ofthe behavioral
changes. Specifically, inhibition ofthe monosynaptic connection
gave way to facilitation within 90 set after tail shock, whereas
behavioral inhibition of the reflex was observed to persist for
several minutes after shock (Mackey et al., 1987). Thus, the
synaptic changes observed at the level of the monosynaptic
connection did not appear to account fully for the observed
behavioral inhibition, implying that other cellular loci might be
involved. In this article, we present a cellular analysis that establishes neuronal correlates of the tail shock-induced inhibitory process in central neurons that mediate the siphon withdrawal reflex in Aplysia. We provide evidence that the inhibitory
processin the siphon withdrawal reflex is not directly mediated
by the LE sensoryneuron-motor neuron connection, but rather
appearsto rely on input from intemeurons, or from other as
yet unidentified sensory neurons.
Some of the resultsdescribed in this article have previously
beenpresentedin preliminary form (Wright et al., 1988, 1989).
Materials and Methods
Preparation. Adult Aplysia weighing 75-125 gm were obtained from
Marinus, Inc., Long Beach, CA. Animals were anesthetized by injection
of 120 ml of isotonic MgCl,, or by immersion in cold (-0°C) artificial
sea water (ASW) for 30-50 min. The tail, mantle, gill, and siphon were
dissected, leaving them attached to the CNS by their respective peripheral nerves: the tail via the paired P9 nerves, and the mantle/gill/siphon
via the siphon nerve (Fig. 1). The tail and mantle organs were then
pinned loosely in a Sylgard-lined dish. In order to purge the tail of MgCl,
and to deliver a supply of oxygen, the tail was constantly perfused with
ASW solution (460 mM NaCl, 55 mM MgCI,, 11 mM CaCl,, 10 mM
KCl, 10 mM Tris) via a hypodermic needle. In the behavioral experiments, approximately 60 ml of ASW was injected via hypodermic syringe into the siphon 15-30 min before the start of each experiment.
Protocol. The various stimulus paradigms used in our experiments
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Figure 1. The reduced preparation used to analyze the neuronal correlates of inhibition. See Materials and Methods for details.
are illustrated in Figure 2. Stimulus protocols equivalent to previous
experiments with intact animals were used (Marcus et al., 1988): (1) A
nondecremented (nonhabituated)
protocol consisted of four water jet
stimuli (two pretest and two test stimuli) delivered to the siphon at a
IO-min interstimulus interval (ISI). The waterjet stimulus was produced
by a Pica-Spritzer (General Valve Corp.), set at 25 psi and ‘IO-msec
duration, delivered with a pipette (i.d., 5 mm) positioned approximately
5 mm from the internal surface of the siphon (see Fig. 1). This stimulus
intensity was constant throughout each preparation. A strong electric
shock (four I-set pulses of 50 mA AC, at a 1-set interstimulus interval)
was delivered to the tail 90 set before the first test stimulus. (2) The
decremented (habituated) protocol was equivalent to dishabituation
training and consisted of 2 1 water jet stimuli delivered at a rate (1 OOset ISI) that produces habituation. Ninety seconds before the last water
jet stimulus, an electric shock was delivered with one of two intensities:
weak (a single 1-set pulse of 10 mA AC) or strong (four 1-set pulses of
50 mA AC).
Behavioralexperiments.
In the nonhabituated protocol, animals were
randomly assigned to shocked or unshocked groups. In the decremented
protocol, animals were randomly assigned to weak- or strong-shock
groups. Because some animals receiving strong shock produced ink, to
maintain blind procedures we introduced ink taken from the ink gland
of another animal into the chambers of all groups before the first postshock test. An observer blind to the specific experimental conditions
scored the duration of each water jet-elicited siphon withdrawal reflex
(see Marcus et al., 1988) throughout the experiment.
Cellular experiments. The abdominal ganglion was pinned ventral
side up in 50:50 isotonic MgCl,:ASW, and the left hemiganglion was
desheathed. After rinsing the ganglion in ASW, a siphon motor neuron
(LFS; Frost et al., 1988) and a siphon sensory neuron (LE; Byrne et al.,
1974) were impaled with glass microelectrodes (10-20 MQ) filled with
3 M KC1 (Fig. 1). Before each test, the motor neuron was hyperpolarized
40-50 mV below rest to prevent spiking. During each test, we monitored
the amplitude of two different synaptic inputs onto the motor neuron:
(1) A complex (polysynaptic) EPSP was produced by a water jet stimulus
to the siphon. Waterjet intensity was reduced in the cellular experiments
to permit stable long-term recordings; relative to the behavioral experiments the reduced intensity was still capable of eliciting a brisk discharge from the motor neurons at rest, even though it did not activate

2500 Wright et al.

l

Cellular Analysis

of Inhibition

NON-DECREMENTED

(ISI f 10 min)
PRE

TESTS

STRONG
TAIL SHOCK

DECREMENTED
(ISI = 100 set)

Figure 2. Schematic
illustrationof the

paradigmsusedto examinethe inhibitory process.Eachvertical tick mark
represents
a waterjet stimulusto the
siphon.Tail shockwasdeliveredat the
arrow. Theresponses
that wereusedto
calculatethe pretestbaselineand the
posttests
areindicatedby differentlevelsof shading.

the LE sensoryneurons.The amplitudeof the complexEPSPwasmeasuredasthe maximumdepolarizationoccurringwithin 800 msecafter
delivery of the waterjet stimulus.(2) A monosynapticEPSPwasproducedby a singleaction potentialin the sensoryneuron(elicitedby
injectingdepolarizingcurrent). Typically, the complex EPSP was tested
first.followed30setlaterbv a testof the monosynaptic
EPSP;however,
in someexperiments
the &onosynapticEPSPwastestedfirst, followed
within 10 set by a test of the complex EPSP. Earlier pilot studies had
demonstrated that there was no effect of the order of presentation of
the two stimuli. In a separate experiment, just prior to the water jet-
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hibition that are observed in the intact animal (Marcus et al.,
1988). To addressthis question, we explored inhibition in two
ways: (1) by examining the effectsof strong tail shock on nonhabituated responses,and (2) by examining the effects of both
weak and strong tail shock on habituated reflex responses(see
Fig. 2).

Nonhabituated responses
The siphon withdrawal reflex of two randomly assignedgroups
(shocked, N = 12, and unshocked, N = 12) was tested at a
and measurement of the resulting electrotonic potential.
Statistical analysis. All testresponses
are expressed
asa percentage nonhabituating 10-min IS1 before and after tail shock. As in the
ofbaseline responding obtained by dividing the test scores by the median
intact animal, stimulating the siphon at an interval of 10 min
of the two preshock scores in the nondecremented protocol, or the last
produced no habituation of the siphon withdrawal reflex bethreepreshockscores(trials 18-20)in the decremented
protocol.Between the first and secondtests.The two pretestswere averaged
cause some protocols gave rise to decremented behavioral and synaptic
responses with amplitudescores
approaching0, the resultantnon-nor- yielding a median duration of 4.9 set in both groups.Moreover,
mal distribution of response amplitudes necessitated the use of non90 set after strong tail shock, the reflex was markedly inhibited
parametric statistics. Between-group comparisons were made with the
(median, 2.7 set, 55% of baseline;Fig. 3A, test 1). The inhibited
Wilcoxontwo-sample
test(teststatisticW; HollanderandWolfe, 1973);
reflex was significantly lower than preshock levels (sign-rank
within-groupcomparisons
weremadewith the Wilcoxonsign-ranktest
test; N = 12; T+ = 2; p = 0.004) and wasalso significantly lower
for repeatedmeasures
(teststatisticT+;HollanderandWolfe, 1973).In
some cases, within- and between-group differences were modest, only
than the nonshockedcontrol group (two-sample test; N = 12;
achieving statistical significance with a one-tailed test (the use of a oneW = 106; p = 0.012). The reflex recovered significantly from
tailed test was appropriate because the direction of the effect had been
tail
shock-induced inhibition 10 min later (median, 4.7 set,
predicted a priori). These few cases are indicated. In all other cases,
95% of baseline; sign-rank test; T+ = 70; p = 0.003; Fig. 3A,
probabilities are two-tailed. Data are expressed as medians f the interquartile range. The asymmetry of the interquartile range in some
test 2), at which time it wasno longer significantly different from
figures reflects the fact that this measure of variability need not be equally
baselinelevels (sign-rank test; T+ = 25; p = 0.29), nor from the
distributed around the median.
nonshockedcontrol group (two-sampletest; W = 144;p = 0.75).
Thus, in the reduced preparation, strong tail shock producks
significant
transient reflex inhibition comparable to that obResults
served in intact animals (Marcus et al., 1988).
Behavioral analysis
In order to carry out a cellular analysisof inhibitory modulation
Habituated responses
in the siphon withdrawal reflex, it was first important to demTo examine the effects of tail shock on habituated responses,
onstrate that the reducedpreparation usedfor the cellular analthe siphon withdrawal reflex was habituated by 20 repeated
ysis (Fig. 1) exhibited the essentialbehavioral features of inelicitedcomplexEPSP,theinput resistance
of thehyperpolarizedmotor
neuronwasassessed
by injectionof 0.25nA of hyperpolarizingcurrent
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Figure 3. Tail shock-induced
modulationof the siphonwithdrawalreflexin thereducedpreparation.Durationof siphonwithdrawalin response
A, Nonhabituated
reflex:stimuliweredeliveredwith a lo-min ISI. Dataareexpressed
to waterjet stimuliis shownrelativeto thepreshockbaseline.

aspercentchangefrom the medianof the two preshocktests.Strongshock(N = 12)producedsignificantinhibitionof the reflex90 set postshock
(TEST I) comparedto a nonshocked
controlgroup(N = 12).This inhibitionrecoveredwithin 10 min (TEST 2). B, Habituatedreflex: 20 water
jet teststimuliweredeliveredwith a lOO-setIS1prior to tail shock.Tail shockwasdelivered10set after the 20th siphonstimulus,anda single
teststimulus(TEST I) wasgiven90 set later.Dataareexpressed
aspercentchangefrom the medianof the lastthreepreshocktests(pretests1820).Weaktail shock(N = 11)producedmodestbut significantfacilitationin thesiphonwithdrawalreflex,whereas
strongshock(N = 10)produced
figures,dataareexpressed
asmedians+ the
no significantchange.The asterisk indicatesa one-tailedprobabilityvalue.In thisandall subsequent
interquartilerange.The asymmetryof the interquartilerangein somefiguresreflectsthe fact that this measure
of variability neednot be equally
distributedaroundthe median.

water jet stimuli to the siphon (N = 21). This produced significant habituation from a preshock median duration of 5.2 set
to a habituated median of 3.0 set (combining both groups’pretest responses;sign-rank test comparing last three responsesto
initial response;T+ = 0; p < 0.001). Half of the animals(N =
11) then received weak tail shock, while the other half (N = 10)
received strong shock. The behavioral responseto the weak
shockwasa brief tail and siphon withdrawal; in responseto the
strongtail shock, both the tail and siphonwithdrew much more
vigorously and for a longer period of time, and in somecases
inking occurred. In both conditions, the siphonreturned to baseline prior to the posttest. The resultsare shown in Figure 3B.
Weak tail shock produced modest but significant facilitation of
the habituated reflex (median, 109%of baseline;sign-rank test;
N = 11; T+ = 55; p = 0.028, one-tailed), while strong shock
produced no facilitation (median, 95%; sign-rank test; N = 10;
T+ = 20; p = 0.49, one-tailed; Fig. 38). Moreover, there was a
modest but significant difference between weak- and strongshockgroups(two-sampletest; N = 10, 11; W = 145;p = 0.049,
one-tailed).
In summary, though the behavioral effects in the reduced
preparation using the habituated protocol are modest, they are
consistentwith the observationsin intact animalsthat weak tail
shockfacilitateshabituatedresponses,
whereasstrongshockdoes
not. Taken together with our results on the nondecremented
reflex, theseobservationssuggestthat strongtail shockactivates
an inhibitory processthat competeswith the facilitatory process
of dishabituation.
Cellular analysis
The resultsof the behavioral experimentsdescribedabove demonstrate that strongtail shockproducesan inhibitory pattern in
the reducedpreparation similar to that previously observedin

the intact animal. We therefore usedthis preparation to search
for central neuronal correlates of this reflex inhibition. Specifically, we examined (1) whether strong tail shock producesinhibition of nondecrementedsynaptic responsesthat recovers
after 10 min, and (2) whether decrementedsynaptic responses
are facilitated by weak tail shock but not by strong tail shock.
Nondecrementedresponses
We first asked whether changesin nondecrementedcomplex
and monosynaptic EPSPsin siphon motor neurons paralleled
the inhibition and recovery of the nonhabituated siphon withdrawal reflex after a strongtail shock. An example of our results
is shown in Figure 4. The complex EPSPelicited by a water jet
stimulus to the siphon at a IO-min IS1 was relatively stable in
the two preshock tests (56 mV in pretest 1, 52 mV in pretest
2). However, the monosynaptic EPSP(elicited by a singleaction
potential produced by intracellular current injection in an LE
sensoryneuron) in the samemotor neuron showedconsiderable
decrement (5.6 mV in pretest 1; 2.2 mV in pretest 2). Strong
tail shockrecruited intenseexcitatory synaptic activity and spiking in the motor neuron, and a transient hyperpolarization in
the sensoryneuron. It is likely that the excitatory effects of tail
shockin the siphon motor neuronsare mediatedby interneurons
in the pedal and pleural ganglia(Cleary and Byrne, 1985), and
perhapsin the abdominal ganglion, as well. The inhibitory effects of tail shock on the siphon sensoryneuronsare mediated,
at least in part, by the identified inhibitory neuron L16, in the
abdominal ganglion (Hawkins et al., 198la; Wright and Carew,
1990).
In the first test after the tail shock, the complex EPSP was
inhibited to lessthan a third of the preshock amplitude, from
a baselineaverageof 56 mV to 16 mV. In contrast, the monosynaptic EPSPwas facilitated above the preshock levels, from
a baselineaverageof 3.9 mV to 6.0 mV. Finally, 10 min after
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Figure 4. Tail shocked-induced modulation of the water jet-elicited complex EPSP and monosynaptic EPSP. The top row of traces shows the
complex EPSPs in a siphon motor neuron (MN.) in response to water jet stimuli (arrows) to the siphon. The bottom pairs of traces show the
monosynaptic EPSP in the same motor neuron elicited by a single action potential (produced by intracellular current injection) in an LE sensory
neuron (S.N.). Also shown are the responses of the motor and sensory neurons during the tail shock (inset). The dark vertical dejections in the
inset truces are shock artifacts from four tail shocks in rapid succession. The complex EPSP is inhibited 90 set after the shock (first test after shock)
and recovers 10 min later (second test after shock). In contrast, the monosynaptic EPSP is facilitated both 120 set (first test after shock) and 10
min (second test after shock) after the tail shock.

the tail shock, the complex EPSP recovered to preshock levels
(50 mV), whereasthe monosynaptic EPSPwasstill elevated (8.0
mV).
A summary of nine experimentsin which complex and monosynaptic EPSPswere concurrently measuredbefore and after
strong tail shock is shown in Figure 5. Complex EPSPswere
alsomeasuredin a control group in which tail shockwasomitted
(N = 7; Fig. 5). As in the siphon withdrawal reflex, there was
no significant difference between the amplitude of the complex
EPSP in the two preshock tests (sign-rank test; N = 9; T+ = 9;
p = 0.23; data not shown). On the first test after strongtail shock
(Fig. 5, test l), the complex EPSP was significantly inhibited
(median response,62% below shock level; sign-rank test; N =
9, T+ = 1; p = 0.001). Moreover, a between-groupcomparison
at test 1revealedthat the preparationsreceiving tail shockshowed
significantinhibition comparedto the nonshockedcontrol group
(Wilcoxon two-sample; N = 9, 7; W = 5 1; p = 0.008). Finally,
the amplitude of the complex EPSP recovered significantly by
test 2 (Fig. 5; sign-rank test of test 2 vs test 1; N = 9, T+ = 40;
p = 0.044; median, 17%below preshock level). Moreover, the

amplitude of the complex EPSP at test 2 was statistically indistinguishableboth from baseline(sign-rank test; N = 9, T+ =
11; p = 0.13) and from the nonshocked control group (twosampletest; N = 9, 7; W = 77; p = 1.0).
The changesinduced by tail shock in the monosynaptic EPSP
(elicited by an action potential in an LE sensoryneuron) did
not parallel the changesobserved in the complex EPSP(Fig. 5).
Specifically, the monosynaptic EPSP was not inhibited in the
first test after tail shock (sign-rank test; N = 9; T+ = 30; p =
0.41) but rather tended to be above baseline(median, 136%).
Moreover, the relative amplitude of this elevated monosynaptic
EPSPwassignificantly higher than that ofthe inhibited complex
EPSP in the sametest (Wilcoxon two-sample test; W = 58; p
= 0.017). Thus, the effect of tail shock on the monosynaptic
EPSPwas significantly different from the effect of tail shock on
the complex EPSP: the monosynaptic EPSP did not show the
tail shock-induced inhibition observed in the complex EPSP.
In a separateset of experiments, we asked whether the inhibition of the complex EPSPin the siphon motor neuron could
be accounted for by a changein the input resistanceof the motor
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neuron. To examine this question, in 11 preparations, a 500msec pulse of hyperpolarizing current (0.25 nA) was injected
into the motor neuron just prior to each water jet stimulus to
the siphon, and the resulting electrotonic potential was measured. Two pretestsand two postshock tests were conducted.
The resultsare shownin Figure 6. As in the previousexperiment,
the complex EPSPwassignificantly inhibited 90 set after strong
tail shock (median, 20 mV, 53% of baseline;sign-rank test; N
= 11; T+ = 6; p = 0.018). In the same experiments, input
resistanceat test 1 (when the complex EPSPwasinhibited) was
not significantly different from pretest levels (median pretest
level, 32 MQ medianpostshocklevel, 32 MC&100%of baseline;
sign-rank

test; N = 11; T+ = 22; p = 1 .O). These data support
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the hypothesis that the inhibition of the complex EPSP is not
due to a decreasein the input resistanceof the siphon motor
neurons.To test this hypothesisfully, one should examine possible changesin resistanceacrossa wide range of membrane
potentials. Nonetheless,thesepreliminary observationssuggest
that the primary locus of inhibition is presynaptic to the motor
neurons(seeDiscussion).
In summary, the behavioral inhibition induced by strong tail
shock in the nondecrementedreflex was closely paralleled by
inhibition observedin the net complex synaptic input to siphon
motor neurons, but was not paralleled by inhibition of the
monosynaptic connection between siphon sensory and siphon
motor neurons.

i
TEST 1

AUgu8t

Figure 5. Summary of nondecremented synaptic responses. EPSP amplitude is expressed as percent change
from the median of the two preshock
responses, Significant inhibition and recovery are observed in the complex
EPSP elicited by a water jet stimulus to
the siphon, but no inhibition is observed in the monosynaptic postsynaptic potential (N = 9). The complex
EPSP was significantly lower than preshock levels 90 set after tail shock
(TEST 1) and recovers by TEST 2. In
contrast, 120 set after tail shock, the
monosynaptic EPSP tended to be higher (TEST 1). Moreover, the relative
changes in the complex and monosynaptic EPSPs at Test 1 were significantly
different. The complex EPSP recovered
significantly by the IO-min test.
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TEST 1

\1:
\lil
TEST 2

MOTOR NEURON
INPUT RESISTANCE

Figure 6. Inhibition of the complex
EPSP is not accompanied by a change
in input resistance of the motor neuron.
A, Summary data showing the amplitude of the complex EPSP before (solid
bar) and after (shaded bars) tail shock.
As in previous experiments, the complex EPSP is significantly inhibited 90
set (TEST 1) after tail shockand recovers by 10 min (TEST 2). B, The
input resistance of the siphon motor
neuron is not significantly different from
baseline at TEST 1 when the complex
EPSP is inhibited. There is a modest
but significant reduction in input resistance at the IO-min test (TEST 2), but
this occurs when the complex EPSP has
completely recovered from inhibition.
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Figure 7. Effect of weak tail shockon decremented
EPSPs. When first decremented by repeated stimuli, both complex and monosynaptic EPSPs
are facilitated by weak tail shock. The top row of traces shows complex EPSPs elicited in a siphon motor neuron (MN.) by water jet stimuli (arrows)
to the siphon. The bottompairs of traces show monosynaptic EPSPs in the same motor neuron elicited by a single action potential in a siphon
sensory neuron (S.N.). Complex EPSPs were decremented by repeated water jet stimuli; monosynaptic EPSPs were decremented by repeated single
spikes in a sensory neuron elicited by intracellular current injection (1 00-set IS1 for both). Responses to the first (INITIAL), 19th, 20th (DECREMENTED),
and 2 1st (POST-SHOCK)
stimuliareshown.Also shownarethe responses
in the motor neuronand sensoryneuronduringthe tail
shock (inset). Both decremented complex and monosynaptic EPSPs were facilitated by weak tail shock.

Decrementedresponses
We next examined the effects of weak and strong tail shock on
decremented complex and monosynaptic EPSPs, in order to
establisha neural correlate of our behavioral data demonstrating
that weak shock producesdishabituation of the reflex response,
whereasstrong tail shock does not.
An example of our results with weak tail shock is shown in
Figure 7. Twenty stimuli delivered at a lOO-set interval produced synaptic decrement of both the complex EPSP and the
monosynaptic EPSP, which paralleled behavioral habituation:
the initial complex EPSP was 47 mV, and decrementedto 22
and 18 mV on trials 19 and 20, respectively; likewise, the initial
monosynaptic EPSP was 8.0 mV, and decrementedto 1.6 and
3.8 mV on trials 19 and 20, respectively. Both complex and
monosynaptic EPSPs showed facilitation 90 set after a weak
electric shock to the tail (the complex EPSP facilitated to 42
mV; the monosynaptic EPSP, to 4.2 mV). Thus, both decre-

mented monosynaptic and complex EPSPsshowedfacilitation
after weak shock that paralleled dishabituation to weak shock
in behavioral experiments.
An example of our results examining the effects of strong
shock on decrementedsynaptic responsesis shown in Figure 8.
Again, both complex EPSPsand monosynaptic EPSPsshowed
synaptic decrement(complex EPSP,from an initial value of 34
mV to 16 and 17 mV on trials 19 and 20, respectively; monosynaptic EPSP, from 1.4 mV to 0.3 and 0.8 mV on trials 19
and 20, respectively). After strong tail shock,the complex EPSP
remainedat approximately its preshock(decremented)level (20
mV). In contrast, the decremented monosynaptic EPSP was
facilitated more than twofold (to 1.8 mV).
The median EPSP amplitudes from 10 experiments using
weak shock and 10 experiments using strong shock are shown
in Figure 9. Consistentwith the effectsobserved for the siphon
withdrawal reflex in the intact and reduced preparations, after
weak shock both complex and monosynaptic EPSPswere fa-
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Figure 8. Effect of strong tail shock on decremented EPSPs. In contrast to weak tail shock, the decremented complex EPSP is not facilitated by
strong tail shock, whereas the decremented monosynaptic EPSP is clearly facilitated by strong tail shock. See Figure 6 caption for details.

cilitated over their decrementedbaselines(complex EPSP:median, 121%;sign-rank test; N = 10; T+ = 50; p = 0.025; monosynaptic EPSP: median, 167%; sign-rank test; N = 9; T+ = 38;
p = 0.038, one-tailed). The changesfrom baselineofthe complex
and monosynapticEPSPsafter weak shockwerenot significantly
different from eachother (two-sampletest; N = 9, 10; W = 88;
p = 0.348), suggestingthat weak tail shock had a similar facilitatory effect on both synaptic responses.However, after strong
tail shock, only the complex EPSP paralleled the behavior,
showing no significant changefrom its decrementedbaseline
(median, 110%; sign-rank test; N = 10; T+ = 40; p = 0.22). In
contrast, the decrementedmonosynaptic EPSPwassignificantly
facilitated (median, 188%; sign-rank test; N = 9; T+ = 35; p =
0.02 1) by strong shock. Furthermore, the relative amplitude of
the monosynaptic EPSP tended to be higher than that of the
complex EPSP (two-sampletest; W = 76; p = 0.055).
In summary, paralleling the effectsof tail shockon the siphon
withdrawal reflex, weak tail shocksignificantly facilitated decremented complex EPSPs,whereasstrongtail shock failed to produce facilitation. This inverse relationship betweenthe degree
of facilitation and tail shockintensity wasnot observedfor the
decrementedmonosynaptic EPSP.
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Figure 9. Summary of decremented synaptic responses. EPSP amplitude is expressed as percent change from the median of the last three
responses (trials 18-20) before the tail shock. Decremented complex
EPSPs were significantly facilitated by weak but not by strong tail shock.
In contrast, decremented monosynaptic EPSPs were facilitated by both
weak and strong tail shock. The asteriskindicates a one-tailed probability level.
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Discussion
Neuronal correlates of inhibition in the siphon withdrawal
reflex
The primary goal of the present work was to explore the neural
basis of tail shock-induced inhibitory modulation in the siphon
withdrawal reflex in Aplysia. In these experiments, we employed
a reduced preparation that allowed using the same stimuli that
were used in the intact animal (Marcus et al., 1988): water jet
stimuli to the siphon to elicit the reflex, and tail shock to modulate the reflex. In order to identify neural correlates of inhibition in the neural circuit for siphon withdrawal, we examined
two different sources of synaptic input onto siphon motor neurons: the complex EPSP elicited by water jet stimuli to the
siphon, and the monosynaptic EPSP elicited by an action potential in a siphon sensory neuron.
Our results are summarized in Figure 10, which compares the
effect of tail shock on decremented and nondecremented responses in the siphon withdrawal reflex of the intact animal,
the siphon withdrawal reflex of the reduced preparation, the
complex EPSP in siphon motor neurons, and the monosynaptic
connection between LE sensory neurons and the siphon motor
neurons. In the intact animal (Fig. 1OA; redrawn from Marcus
et al., 1988), strong tail shock produces significant inhibition of
the nonhabituated (nondecremented) siphon withdrawal reflex.
The same strong tail shock fails to produce facilitation of habituated responses, suggesting the recruitment of an inhibitory
process that competes with the facilitation produced by weak
shock. This pattern (inhibition of nondecremented responses
and a reduction in the amount of facilitation in the decremented
responses) is paralleled in the reduced preparation, both at the
level of the behavioral reflex and at the level of the complex
EPSP elicited by water jet stimuli (Fig. 1OS.C). In contrast, tail
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shock-induced modulation in the monosynaptic connection between siphon sensory and siphon motor neurons does not reflect
the inhibitory pattern (Fig. 1OD): at a time when the siphon
withdrawal reflex and the complex EPSP are inhibited, strong
tail shock produces no inhibition of noncremented monosynaptic EPSPs, and facilitation after strong shock is at least as
great as after weak shock.
The data summarized in Figure 10 show that tail shock can
produce opposite effects in complex and monosynaptic EPSPs
in siphon motor neurons. Tail shock activates tail sensory neurons in the pleural ganglia (Walters et al., 1983a,b), which in
turn modulate the siphon withdrawal reflex through intemeuronal pathways. For example, it is known that tail shock can
activate serotonergic interneurons that project to the neural circuit for siphon withdrawal (Mackey et al., 1989). These observations raise the question of whether 5-HT, like tail shock, can
also differentially affect synaptic inputs to siphon motor neurons. Fitzgerald and Carew (199 1) have examined this issue and
found that S-HT can in fact inhibit the complex EPSP in siphon
motor neurons, as well as the siphon withdrawal reflex, while
simultaneously facilitating the monosynaptic EPSP from siphon
sensory neurons. Thus, the dissociation of inhibition and facilitation produced by tail shock in the neural circuit for siphon
withdrawal (Fig. 10) is mimicked by the neuromodulator 5-HT.
When the cellular loci of tail shock-induced inhibition are identified, it will be interesting to examine whether 5-HT will similarly mimic the effects of tail shock at these sites.
Possible neuronal sites mediating the inhibitory process
In considering inhibition in the siphon withdrawal reflex, four
broad classes of hypotheses about the cellular locus of the inhibitory process can be considered. These are schematically illustrated in Figure 11. We will discuss each of these hypotheses
in light of our present results.
The first hypothesis is that the inhibition is produced by
changes in the input resistance of the motor neuron (Fig. 11A).
Specifically, tail shock could induce a large decrease in the input
resistance of the motor neuron, which would shunt the synaptic
current generated by the reflex input, thereby reducing the complex EPSP. Two lines of evidence suggest that this hypothesis
is not likely to account for the inhibition: (1) the input resistance
in the motor neuron (as measured by electrotonic potentials
produced by current injected into the soma) does not change
during the inhibition of the complex EPSP, and (2) following
tail shock, when the complex EPSP is reduced, the monosynaptic
EPSP is simultaneously increased. Thus, though it is possible
that remote changes in input resistance could, in principle, contribute to inhibition of the complex EPSP, our results favor the
idea that the principal site(s) of inhibition is presynaptic to the
motor neuron.
The second hypothesis is that the direct monosynaptic connection between LE siphon sensory neurons and siphon motor
neurons is diminished immediately following tail shock, so that
it contributes less to the total synaptic input onto the motor
neurons (Fig. 11B). Mackey et al. (1987) observed a decrease
in this monosynaptic EPSP immediately after tail shock. However, the inhibition they observed gave way to facilitation by
90 set after shock, whereas the behavioral inhibition persisted
at least 2.5 min after shock. Thus, as Mackey et al. (1987) point
out, there was a discrepancy between the time course of behavioral inhibition and the reduction in transmitter release from
the LE sensory neurons. This discrepancy suggests that modu-
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lation of the monosynaptic connection between LE sensory neurons and siphon motor neurons cannot, by itself, account for
the behavioral inhibition observed in the siphon withdrawal
reflex.
The results of the present study, in which the monosynaptic
connection was monitored simultaneously with the water jetelicited complex EPSP in siphon motor neurons, indicate that
the inhibitory patterns observed in the complex EPSP are not
paralleled by changes in the monosynaptic EPSP. First, 90 set
after strong tail shock, when the behavioral reflex and the complex EPSP show significant inhibition, the monosynaptic EPSP
is not inhibited; rather, consistent with the observations of
Mackey et al. (1987), it tends to be facilitated. Second, the
absence of facilitation of decremented responses after strong
shock, which we observed in the reflex and the complex EPSP,
was not observed in the monosynaptic connection. Indeed, strong
tail shock produced a twofold facilitation of the decremented
monosynaptic connection at the same time that the decremented
complex EPSP showed no facilitation. Taken together, these
results indicate that the monosynaptic connection between LE
sensory neurons and siphon motor neurons cannot by itself
account for tail shock-induced inhibition of either the water
jet-elicited complex EPSP, or the siphon withdrawal reflex.
Although the tail shock-induced
inhibition of the siphon
withdrawal reflex we observed at 90 set cannot be accounted
for by inhibition of the monosynaptic connection, it is known
from work by Mackey et al. (1987) that this synapse is inhibited
for about 30 set following tail shock. R. D. Hawkins and E. R.
Kandel (personal communication) have recently found that, in
the gill withdrawal reflex, tail shock-induced inhibition is more
short-lived than in the siphon withdrawal reflex. Thus, the time
course of inhibition in the gill withdrawal reflex is more closely
paralleled by inhibition of the monosynaptic connection. This
observation raises the possibility that the short-lasting reduction
in transmitter release from the sensory neurons produced by
tail shock (Mackey et al., 1987) contributes more to inhibition
ofgill withdrawal than to that ofsiphon withdrawal. The broader
implication of this possibility is that the neural circuits for the
siphon withdrawal reflex and the gill withdrawal reflex, as well
as plasticity within these circuits, may be less similar than previously appreciated. It will therefore be of interest to examine
the inhibitory process induced by tail shock, as well as other
forms of modulation, simultaneously in the circuits for siphon
withdrawal and gill withdrawal.
It is also possible that tail shock-induced increases in transmitter release from LE sensory neurons onto some of their follower cells could contribute indirectly to the net inhibition of
the complex EPSP in the siphon motor neurons. For example,
if after tail shock the functional connections between LE sensory
neurons and inhibitory interneurons (Hawkins et al., 1981a;
Frost et al., 1988) were increased more than the connections to
excitatory interneurons, then the increase in synaptic transmission from the sensory neurons could, in principle, play a significant role in mediating tail shock-induced inhibition.
A third hypothesis for the locus of inhibition is illustrated in
Figure 1lC, which suggests the possibility that another (as yet
unidentified) set of sensory neurons may be modulated by tail
shock in ways consistent with the inhibition we observed in
both the complex EPSP and the behavior. Such a possibility is
supported by recent observations of Rosen and colleagues (Rosen et al., 1989), who examined sensory neurons in the cerebral
ganglion ofAplysia. They showed that different classes ofsensory
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neurons responded oppositely to the same modulatory inputs:
nerve shock or 5-HT application produced spike broadening
and enhanced synaptic release in one class of sensory neurons,
while simultaneously producing spike narrowing and diminished synaptic release in another class. Moreover, Dubuc and
Castellucci (199 1) have recently described several new populations of sensory neurons in the abdominal ganglion. While
some of these new sensory neurons closely resemble the LE
sensory neurons in their sensitivity to a variety of neuromodulators, others do not. Thus, we are currently examining the
possibility that another set of sensory neurons in the siphon
withdrawal reflex may contribute to the inhibitory process that
we observe.
A fourth hypothesis for the locus of inhibition is illustrated
in Figure 11D, which suggests the possibility that plasticity at
central intemeurons might contribute significantly to the inhibitory process. Many intemeurons (both excitatory and inhibitory) that have a role in mediating the siphon withdrawal reflex
have already been identified (Hawkins et al., 1981a,b; Frost et
al., 1988; Frost and Kandel, 1990). The synaptic efficacy ofthese
cells, as well as that of other as yet unidentified intemeurons,
may be altered by tail shock in ways that contribute to inhibition
of the complex EPSP. For example, Hawkins et al. (198 1b) first
showed that intracellular activation of an identified inhibitory
intemeuron (L16) can inhibit the complex EPSP elicited by
siphon nerve shock. We have recently found that intracellular
activation of L16 also inhibits the complex EPSP elicited by
water jet stimuli to the siphon (Wright and Carew, 1990). Furthermore, we have found that tail shock produces strong spike
activity in L16. Finally, hyperpolarizing or voltage clamping
L16 (which prevents its firing in response to tail shock) significantly diminishes or abolishes the inhibition of the complex
EPSP produced by tail shock (Wright and Carew, 1990; W. G.
Wright and T. J. Carew, in preparation). Thus, L16, as well as
other intemeurons, may play a significant role in the reflex inhibition we observe.
In conclusion, our results show that different functional elements underlying a single reflex can be simultaneously modulated in opposing ways. Important insights into the cellular and
subcellular basis of behavioral facilitation in the siphon withdrawal reflex have already been obtained (for review, see Byrne,
1987; Carew, 1987; Hawkins et al., 1987). Once the sites that
mediate inhibition in the siphon withdrawal reflex have been
identified, it will be ofconsiderable interest to examine similarly
the cellular and subcellular mechanisms underlying the inhibition. Moreover, to understand fully the neuronal basis of tail
shock-induced modulation in the reflex, it will be important to
analyze how the nervous system integrates opposing modulatory
changes to produce the net reflex output observed at motor
neuronal and behavioral levels. This question of integration of
opposing signals by cells within a circuit is analogous to questions that have arisen from intensive study of integration within
single cells (see, e.g., Abrams and Kandel, 1988). For example,
within a single sensory neuron in Aplysia, second-messenger
systems with opposing biophysical effects can be simultaneously
activated by modulatory stimuli such as tail shock (Belardetti
et al., 1987; Mackey et al., 1987; Piomelli et al., 1987). The
results of the present study lend emphasis to the suggestion that
an analysis of the principles of integration both within individual neurons and between neurons in a functional neural circuit
may provide insights into the mechanisms underlying learning
and memory.
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