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We previously showed that the associative enhancement of
Aplysia siphon sensorimotor synapses in a cellular analog of
classical conditioning is disrupted by infusing the Ca21 chela-
tor 1,2-bis(2-aminophenoxy)ethane-N,N-N9,N9-tetraacetic acid
into the postsynaptic motor neuron before training or by train-
ing in the presence of the NMDA receptor antagonist DL-2-
amino-5-phosphonovalerate (APV). Our earlier experiments
with APV used a nondifferential training protocol, in which
different preparations were used for associative and nonasso-
ciative training. In the present experiments we extended our
investigation of the role of NMDA receptor type potentiation in
learning in Aplysia to differential conditioning. A cellular analog
of differential conditioning was performed with a reduced prep-
aration that consisted of the CNS plus two pedal nerves. A
siphon motor neuron and two siphon sensory neurons, both of
which were presynaptically connected to the motor neuron,
were impaled with sharp microelectrodes. One sensorimotor

synapse received paired stimulation with a conditioned stimu-
lus (brief activation of a single sensory neuron) and an uncon-
ditioned stimulus (pedal nerve shock), whereas the other sen-
sorimotor synapse received unpaired stimulation. Training in
normal artificial seawater (ASW) resulted in significant differen-
tial enhancement of synapses that received the paired stimu-
lation. Training in APV blocked this differential synaptic en-
hancement. A comparison of the present data with the data
from earlier experiments that used nondifferential training is
consistent with the possibility that differential training com-
prises competition between the presynaptic sensory neurons.
Synaptic competition may contribute significantly to the asso-
ciative effect of paired stimulation in the differential training
paradigm.
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The siphon-withdrawal reflex of the marine snail Aplysia can
express a form of classical conditioning. The conditioned stimulus
(CS) used for this form of associative learning is weak stimulation
of the siphon; the unconditioned stimulus (US) is strong electrical
shock of the tail (Carew et al., 1981). The original demonstration
of classical conditioning of the withdrawal reflex used a nondif-
ferential training protocol, in which separate groups of animals
received either associative training—paired presentation of the
CS and US—or nonassociative training—presentation of the US
alone or unpaired presentation of the CS and US. A more
rigorous demonstration of the dependence of classical condition-
ing of the withdrawal reflex on the paired presentation of the CS
and US was provided by the report of differential classical condi-
tioning by Carew et al. (1983). In their study each animal received
two conditioned stimuli, which consisted of weak stimulation of
two separate sites on the skin of the animal. The delivery of one
of the stimuli (CS1) was paired with the US, whereas the delivery
of the other stimulus (CS2) was explicitly unpaired with the US.

After differential training, animals exhibited a longer withdrawal
response to the CS1 than to the CS2. An advantage of differ-
ential conditioning is that each animal serves as its own control.
This not only permits a more convincing separation of the asso-
ciative and nonassociative effects of training but also provides an
advantageous experimental paradigm for a cellular analysis of
classical conditioning in Aplysia. In 1983 two groups, using some-
what different experimental paradigms, demonstrated a cellular
analog of differential conditioning in Aplysia (Hawkins et al.,
1983; Walters and Byrne, 1983). In this cellular analog of differ-
ential conditioning, synapses made by two different sensory neu-
rons, each of which was connected to same motor neuron, were
differentially trained. Activation of the CS1 sensory neuron was
paired with the US (tail or tail nerve shock), whereas activation of
the CS2 sensory neuron was unpaired with the US. Both
Hawkins et al. (1983) and Walters and Byrne (1983) found that
the synapses made by the CS1 sensory neurons were significantly
more enhanced after training than were the synapses made by the
CS2 sensory neurons. Based on these results, the two groups
jointly proposed a cellular mechanism to explain classical condi-
tioning in Aplysia. This mechanism, known as “activity-
dependent presynaptic facilitation (ADPF)” is hypothesized to
be an elaboration of the mechanism of presynaptic facilitation of
sensorimotor synapses (Byrne and Kandel, 1996). As originally
conceived, ADPF is a non-Hebbian mechanism, involving strictly
presynaptic processes.

Evidence that classical conditioning in Aplysia might be medi-
ated by a different mechanism came from the discovery by Lin
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and Glanzman (1994a,b, 1997) that sensorimotor synapses pos-
sess the capacity for Hebbian long-term potentiation (LTP). This
discovery led to the hypothesis that classical conditioning of the
withdrawal reflex is mediated, in part, by Hebbian potentiation
(Glanzman, 1994; Lin and Glanzman, 1994b; Glanzman, 1995).
In support of this hypothesis we previously showed that the
cellular analog of nondifferential classical conditioning of the
withdrawal reflex is blocked by infusing the rapid Ca21 chelator
1,2-bis(2-aminophenoxy)ethane-N,N-N9,N9-tetraacetic acid into
the postsynaptic motor neuron (Murphy and Glanzman, 1996)
and by the NMDA receptor antagonist DL-2-amino-5-
phosphonovalerate (APV) (Murphy and Glanzman, 1997). In the
present experiments we tested whether the cellular analog of
differential conditioning (Hawkins et al., 1983; Walters and By-
rne, 1983), like the cellular analog of nondifferential conditioning,
depends on activation of NMDA-type receptors (Collingridge et
al., 1983; Dale and Kandel, 1993).

MATERIALS AND METHODS
Preparation. A reduced preparation was used (Hawkins et al., 1983;
Murphy and Glanzman, 1996, 1997). Aplysia californica (100–200 gm,
obtained from local suppliers) were anesthetized by injecting isotonic
MgCl2 (equal to approximately one-half body weight) into the hemocoel.
The CNS, except for the buccal ganglia, was removed from the animal,

together with two posterior pedal nerves (P9) that innervate the animal’s
tail. The tail, together with the rest of the animal’s body, was discarded.
After the abdominal ganglion was lightly fixed with glutaraldehyde [0.5%
in 50% MgCl2 and 50% normal artificial seawater (ASW; 460 mM CaCl2 ,
11 mM CaCl2 , 10 mM KCl, 55 mM MgCl2 , and 10 mM HEPES buffer, pH
7.6)], the preparation was pinned to the Sylgard-lined bottom of a
recording chamber containing 50% MgCl2 and 50% normal ASW (Fig.
1 A). The abdominal ganglion was then partially desheathed, and the two
P9 nerves were drawn into suction electrodes. Afterward the MgCl2-
containing solution was washed out by perfusing the recording chamber
with normal ASW for at least 30 min before the start of the experiment.

Electrophysiology. A single small siphon (LFS) motor neuron (Frost et
al., 1988; Hickie and Walters, 1995) and two siphon sensory (LE)
neurons (Byrne et al., 1974), each of which was presynaptically connected
to the motor neuron, were impaled with sharp micropipettes (20–30
MV); the micropipettes were filled with a solution of 2 M K-acetate, 0.5
M KCl, and 10 mM HEPES, pH 7.2. Stimulation and recording were
performed using standard methods, and the electrophysiological data
were digitized with a Maclab 4e system (ADInstruments, Castle Hill,
Australia). Before the start of an experiment the motor neuron was
hyperpolarized to 50 mV below its resting potential by passing negative
current through the bridge circuit of the amplifier. This hyperpolarizing
current was maintained throughout the experiment to prevent both
spontaneous firing by the motor neuron and evoked firing in response to
test stimulation of the sensory neurons. Action potentials were elicited in
LE neurons by brief (20 msec) injections of positive current.

Experimental protocol. The differential training protocol was similar to
that of Hawkins et al. (1983). The CS was brief activation of the sensory

Figure 1. Experimental preparation and pattern of stim-
ulation used for the cellular analog of differential classical
conditioning. A, I llustration of the reduced preparation
(see Methods and Materials for details). Note that the
abdominal ganglion is shown artificially enlarged relative
to the other ganglia. Sharp microelectrode recordings
were made from a single small siphon (LFS) motor neu-
ron and two siphon sensory (LE) neurons, both of which
were presynaptically connected to the motor neuron. B,
Differential conditioning was performed by pairing acti-
vation of one of the sensory neurons, the CS 1 sensory
neuron, with the US (tail nerve shock), whereas the acti-
vation of the other sensory neuron, the CS 2 sensory
neuron, was specifically unpaired with the US. The US
was delivered once per 5 min; the CS 2 stimulation oc-
curred 2.5 min after the US. All stimuli were presented
five times during training (see Fig. 2).
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neuron (12 action potentials at 25 Hz) (Figs. 1 B, 2). The level of current
used to stimulate the sensory neuron during the CS was twice the
threshold level for eliciting an action potential. The specific levels of
current used for the CS were 0.4–1.8 nA. The US was a 1 sec shock (3
msec pulses at 25 Hz) delivered to the P9 nerves via the suction elec-
trodes. The intensity of the US was six times the threshold level for
evoking an EPSP in the motor neuron. This shock intensity was 7–9 V,
measured from the front panel of the stimulator (S88; Grass Medical
Instruments, Quincy MA). During training only the activity of one
sensory neuron—the CS 1 sensory neuron—was paired with the US.
Activity in the other sensory neuron (the CS 2 sensory neuron) was
specifically unpaired with the US. Assignment of a sensory neuron to the
CS 1 or CS 2 condition was based on the size of its EPSP evoked on
pretest 2; the assignment was made to minimize the difference between
the CS 1 and CS 2 groups (and between the CS 1/APV and CS 2/APV
groups) with respect to the mean group value of the pretest 2 EPSP. In
each experiment the US was presented five times once per 5 min.
Sensorimotor synapses in the CS 1 condition received five paired pre-
sentations of the CS and US. During each bout of paired (CS 1) stimu-

lation, the onset of the CS preceded that of the US by 500 msec. The
unpaired CS (CS 2) occurred 2.5 min after the US. Before training there
were four pretests with a 15 min interval between the tests. During each
pretest the two sensory neurons were each fired one time, and the
resulting EPSPs were recorded from the motor neuron. Training was
begun 5 min after the fourth pretest. Two post-tests were performed on
each synapse, one at 15 min and the other at 60 min, after the delivery
of the final CS in each experimental condition. For example, the 15 min
post-test for the CS 2 synapse occurred 15 min after the last unpaired CS
and 2.5 min after the 15 min post-test for the CS 1 synapse (Fig. 2). One
of the pretests (pretest 2) and both of the post-tests were performed in
the presence of a modified ASW that contained elevated levels of Mg 21

and Ca 21. This so-called “2:1” ASW (NaCl, 368 mM; CaCl2 , 13.8 mM;
KCl, 8 mM; MgCl2 , 101 mM; MgSO4 , 20 mM; and HEPES buffer, 10 mM,
pH 7.6) reduces the interneuronal contribution to the sensorimotor
EPSP (Trudeau and Castellucci, 1992). The 2:1 ASW was perfused into
the recording chamber after pretest 1 and was washed out immediately
after pretest 2. The 2:1 ASW was reintroduced after the final bout of
paired stimulation and remained in the recording chamber for both
post-tests. The training was performed with normal ASW in the record-
ing chamber. To test the potential contribution of NMDA-type receptors
to associative plasticity, in some experiments APV (Sigma, St. Louis,
MO) was dissolved in normal ASW (100 mM) and perfused into the
recording chamber immediately after the pretest 2; it was washed out
immediately after the fifth delivery of the CS 2.

Statistics. The summary statistics are presented as means 6 SEM. In
the figures and text n refers to the number of preparations. A nonpara-
metric paired t test (Wilcoxon signed rank test) was used to assess the
statistical significance of differences between two conditions within the
same preparations. Intragroup comparisons (between pre- and post-
tests) were also made with Wilcoxon signed rank tests. Planned compar-
isons between two experimental groups were made with unpaired non-
parametric Mann–Whitney tests, and planned multiple comparisons
were made with a nonparametric ANOVA (Kruskal–Wallis). All re-
ported levels of statistical significance represent two-tailed values.

RESULTS
Effect of APV on differential conditioning
There were no differences among the mean raw EPSP amplitudes
recorded on pretest 2 in the four different experimental groups
(CS1 EPSP 5 5.0 6 0.6 mV; CS2 EPSP 5 6.3 6 1.6 mV;
CS1/APV EPSP 5 5.0 6 1.5 mV; CS2/APV EPSP 5 5.4 6 1.3
mV; Kruskal–Wallis 5 2.6; p . 0.05). Synapses that received
paired stimulation (CS1 group; Fig. 3) showed significant en-
hancement for both the 15 min post-test (normalized EPSP 5
194 6 17%) and 60 min post-test (normalized EPSP 5 163 6
8%), based on the comparison with the pretest 2 EPSP ( p , 0.01
for each comparison). Unpaired presentations of the CS and US
(CS2 group; Fig. 3) did not produce a significant enhancement of
the EPSP for either the 15 min post-test (normalized EPSP 5
127 6 16%) or 60 min post-test (normalized EPSP 5 80 6 9%),
compared with the pretest 2 EPSP ( p . 0.05 for both compari-
sons). The training protocol produced significant differential en-
hancement of synapses in the CS1 group, as indicated by the
significant difference between the CS1 EPSP and CS2 EPSP on
both post-tests ( p , 0.01 for each comparison).

Paired stimulation in the presence of APV did not produce
significant enhancement of the EPSP (CS1/APV group; Fig. 4).
Neither the mean normalized EPSP for the 15 min post-test
(101 6 12%) nor that for the 60 min post-test (105 6 10%) was
significantly different from the pretest 2 EPSP ( p . 0.7 for each
comparison). Furthermore, the presence of APV during the
training significantly blocked differential synaptic enhancement.
The mean EPSP in the CS1/APV group was not significantly
different from the mean EPSP in the CS2/APV group for either
the 15 min post-test (CS2/APV EPSP 5 131 6 17%) or the 60
min post-test (CS2/APV EPSP 5 129 6 14%) ( p . 0.05 for each

Figure 2. Experimental protocol used for differential conditioning.
Four pretests were performed on each of the two sensorimotor syn-
apses at an intertest interval of 15 min. The first was performed in
normal ASW. After the first pretest, 2:1 ASW (see Materials and
Methods), indicated by the black bars above the time line, was perfused
into the recording chamber. The second pretest was then performed in
2:1 ASW. After the second pretest the 2:1 ASW was replaced with
normal ASW, and the third and fourth pretests were performed.
Training began 5 min after pretest 4 and was performed either in
normal ASW or in ASW that contained 100 mM APV (indicated by the
hatched bar above the time line). Each of the stimuli (CS 1, US, and
CS 2) was presented 5 times. The filled arrows indicate paired presen-
tations of the CS 1 and US; the open arrows indicate presentations of
the CS 2. The paired stimuli were delivered at a rate of one per 5 min,
and the unpaired stimuli were separated from the paired stimuli by 2.5
min. Immediately after training 2:1 ASW was again perfused into the
recording chamber, and two posttests were performed; the post-tests
occurred 15 and 60 min after the final delivery of the CS for each
synapse (see Materials and Methods). Representative traces are from
the motor neuron and the two presynaptic sensory neurons recorded
during the sequential presentation of the stimuli (CS 1, US and CS 2)
in an experiment in which APV was present during training. Notice
that the US produced strongdepolarization and firing of the motor
neuron.
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comparison). Unpaired stimulation with the CS and US in the
presence of APV produced a small increase in mean EPSP
amplitude on the post-tests compared with the pretest 2 EPSP.
This increase was statistically significant for the 15 min post-test
( p , 0.05), although not quite for the 60 min post-test ( p . 0.07).
Therefore, in contrast to its disruption of associative synaptic
enhancement, APV did not reduce the effect of unpaired stimu-
lation on the EPSP. The mean EPSP in the CS2/APV group was
not significantly different from the mean EPSP amplitude in the
CS2 group trained without APV (Fig. 3) for the 15 min posttest
( p . 0.05) and was actually significantly greater for the 60 min
post-test ( p , 0.01).

Effect of APV on the excitatory drive of the motor
neuron during tail nerve shock
A potential explanation for the disruption of associative synaptic
plasticity by APV is that the drug might have reduced the efficacy
of excitatory or modulatory interneurons that are activated by tail
shock (Frost and Kandel, 1995). The effect of the excitatory
interneurons is to strongly depolarize the siphon motor neurons
during the US. A decrease in postsynaptic depolarization during
the US would be expected to interfere with Hebbian potentiation
of the sensorimotor synapses. To assess the possibility that APV
might have interfered with US-induced excitatory drive on the
motor neuron during paired training, we quantified the amount of

 
 

Figure 3. Training in normal ASW produces differential enhancement of
the synapse made by the CS 1 sensory neuron. A, Representative records
of the responses of the two presynaptic sensory neurons (bottom traces)
and the postsynaptic motor neuron (top traces) during the second pretest
and the 60 min post-test. Both tests were performed in 2:1 ASW (see
Materials and Methods). B, Group data for experiments in which training
was performed in normal ASW. The amplitude of the EPSP on each of
the posttests was normalized to the amplitude of the EPSP on pretest 2
(see Fig. 2). The data are presented as means 6 SEM. The EPSP in
synapses that received paired CS–US stimulation (the CS 1 group) was
significantly enhanced compared with the normalized pretest EPSP (in-
dicated by the dashed line). Furthermore, the CS 1 EPSP was significantly
more enhanced after training than was the EPSP in synapses that received
unpaired training (the CS 2 group; see Results).

Figure 4. Training in APV blocks differential synaptic enhancement. A,
Representative records of the responses of the two presynaptic sensory
neurons (bottom traces) and the postsynaptic motor neuron (top traces)
during the second pretest and the 60 min post-test. Both tests were
performed in 2:1 ASW (see Materials and Methods). B, Group data for
experiments in which training was performed in ASW containing APV
(100 mM). The amplitude of the EPSP on each of the post-tests was
normalized to the amplitude of the EPSP on pretest 2 (see Fig. 2). The
data are presented as means 6 SEM. The EPSP in synapses that received
paired stimulation in APV (the CS 1/APV group) did not exhibit signif-
icant enhancement compared with the normalized pretest EPSP (indicat-
ed by the dashed line) on either post-test. Furthermore, the CS 1/APV
EPSP was not significantly different from the CS 2/APV EPSP on either
post-test.
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postsynaptic depolarization produced by the US in our experi-
ments. This was done by mathematically integrating the area
under the postsynaptic membrane during the US (Fig. 5A, shaded
area). This integration was made for each bout of paired stimu-
lation for both the CS1 and CS1/APV groups. (The integration
was performed off-line with software options provided by our
data acquisition system. See Materials and Methods.) The pres-
ence of APV during training did not decrease the amount of

depolarization produced during the US, as indicated by the
results from integrating the area under the postsynaptic mem-
brane potential ( p . 0.05; Fig. 5B). As a second method of
quantifying the US-induced drive on the motor neuron in our
experiments, we also counted the number of action potentials
(spikes) produced in the motor neuron during the US. The drug
did not decrease the number of postsynaptic spikes during the US
( p . 0.05; Fig. 5B). Therefore, the block of associative plasticity
produced by APV cannot be attributed to a decrease in the
activity, or efficacy, of excitatory interneurons during training.

These data, together our previous demonstration that APV
does not alter the nonassociative enhancement of the sensorimo-
tor EPSP resulting from unpaired stimulation (Murphy and Glan-
zman, 1997), permit us to rule out a significant effect of the drug
on the actions of excitatory and facilitatory interneurons. We
cannot, however, completely exclude an effect of APV on inter-
neuronal pathways. Notice that sensorimotor EPSPs were rela-
tively more enhanced on the 60 min posttest after unpaired
training in APV than after unpaired training in normal ASW
(compare Figs. 3B, 4B). This effect may be attributable to a
disruptive effect of APV on the influence of presynaptic inhibi-
tory interneurons activated by the US (Mackey et al., 1987;
Marcus et al., 1988).

Possible recruitment of synaptic competition during
differential conditioning
Our present results differed in one major respect from the results
of our previous conditioning experiments, which used a nondif-
ferential training protocol wherein preparations received only
paired or unpaired stimulation (Murphy and Glanzman, 1997). In
the earlier nondifferential experiments we observed significant
synaptic enhancement 15 min after training in preparations that
received unpaired training in normal ASW (Murphy and Glan-
zman, 1997, their Fig. 2D; the CS2 EPSP was significantly
greater than its pretest value in both the 15 and 60 min post-tests).
But we did not observe significant synaptic enhancement attrib-
utable to unpaired training in the present experiments for the 15
min post-test (Fig. 3; the CS2 EPSP in the 15 min post-test was
not significantly different from its pretest value). Figure 6 shows
the post-test data from Murphy and Glanzman (1997), together
with the post-test data from the present study, for those experi-
ments in which training was performed in normal ASW. The data
from the two studies have been replotted as the mean difference
in millivolts between the EPSPs for pretest 2 and the post-tests.
The data are plotted in this manner to permit examination of the
absolute results from the two independent studies. In the study by
Murphy and Glanzman (1997) the mean synaptic enhancement in
the CS1 group (2.5 6 0.8 mV) was not significantly different from
that in the CS2 group (1.5 6 0.7 mV) for the 15 min post-test
(Fig. 6A; p . 0.05, Mann–Whitney test). However, the difference
between the two groups was significant for the 60 min post-test.
Paired training produced a mean synaptic enhancement of 2.7 6
1.2 mV (CS1 group), whereas unpaired training produced almost
no enhancement (0.1 6 0.6 mV, (CS2 group; p , 0.05, Mann–
Whitney test). In contrast to the nondifferential training protocol,
the differential training protocol used in the present experiment
resulted in significant differences between the CS1 and CS2

groups for both posttests (Fig. 6B). The mean synaptic enhance-
ment for the 15 min post-test was 4.4 6 1.0 mV in the CS1 group
but only 0.1 6 1.2 mV in the CS2 group ( p , 0.01, Mann–
Whitney test). The mean synaptic enhancement for the 60 min
post-test was 3.0 6 0.5 mV in the CS1 group; in the CS2 group

Figure 5. APV does not alter the effect of the US on the postsynaptic
motor neuron. A, Examples of the responses of a motor neuron and the
two presynaptic sensory neurons during a bout of paired stimulation
(CS 1 and US). The excitatory drive on the motor neuron produced by the
US (tail nerve shock) was approximated by mathematically integrating the
area under the postsynaptic membrane potential during the 500 msec of
the US (shaded area). B, Group data (means 6 SEM) for the experiments
performed in normal ASW and the experiments performed in ASW
containing APV. There were no significant differences between the two
groups in the amount of postsynaptic depolarization or in the number of
postsynaptic action potentials (spikes) produced by the US.
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there was a synaptic decrease of 1.7 6 0.9 mV ( p , 0.0001,
Mann–Whitney test).

What might account for the discrepancy between our nondif-
ferential and differential data on the 15 min post-test? One
possibility, suggested by related experiments on sensorimotor
synapses in cell culture (Glanzman et al., 1991; Schacher et al.,
1997; Wright et al., 1999), is that the presynaptic sensory neurons
compete with each other for synaptic interaction with the motor
neuron. According to this idea, the significant effect of paired
stimulation at 15 min after training in the differential experiments
(Figs. 3, 6B) predominately reflects a competitive interaction
between the two presynaptic cells. In the differential experiments
both the CS1 and CS2 sensory neurons synapsed onto the same
target motor neuron. By contrast, only one presynaptic sensory
neuron per preparation was studied in the nondifferential exper-
iments; no effect of synaptic competition would therefore be
expected in the nondifferential results. Consequently, the signif-
icant synaptic enhancement for the 60 min post-test in the CS1

group in the nondifferential experiments is probably attributable

to a purely associative mechanism. The lack of a difference
between the paired and unpaired results at 15 min after training
in the nondifferential experiments suggests that this associative
synaptic mechanism has a relatively delayed onset, being absent
at 15 min but present at 60 min after training. We believe that the
significant difference between the CS1 and CS2 groups at 60
min after training in the differential experiments is also attribut-
able to a delayed associative synaptic enhancement. However, it is
possible that synaptic competition contributes to the 60 min
post-test results in the differential experiments as well (see
Discussion).

DISCUSSION
Comparison with earlier results
The present results demonstrate that the strengthening of the
monosynaptic sensorimotor synapses that occurs during the cel-
lular analog of differential classical conditioning in Aplysia re-
quires activation of NMDA, or NMDA-related, receptors (Dale
and Kandel, 1993). These results, together with our previous
findings (Murphy and Glanzman, 1996, 1997), support the hy-
pothesis that Hebbian potentiation of sensorimotor synapses (Lin
and Glanzman, 1994a,b, 1997) plays a role in classical condition-
ing of Aplysia’s siphon-withdrawal reflex. In our previous study
examining the potential contribution of NMDA-type LTP of
sensorimotor synapses to classical conditioning (Murphy and
Glanzman, 1997), we used a nondifferential protocol. Experi-
ments involving paired stimulation (both in normal ASW and in
APV) were performed separately from those involving unpaired
stimulation using different preparations. It has therefore been
suggested that the apparent disruption of associative plasticity by
APV we observed in the earlier study might have been caused,
instead, by fluctuation in the magnitude of the nonassociative
effects of training over time (Hawkins, 1998). The present data, in
which associative and nonassociative training were performed
within the same preparation at the same time, obviate this inter-
pretation of the effect of APV. Our new data therefore confirm
our previous conclusion that APV blocks associative,
conditioning-related synaptic enhancement of sensorimotor syn-
apses (Murphy and Glanzman, 1997, 1998).

Potential contribution from synaptic competition in
differential conditioning
An unexpected result from our earlier study was that there was no
associative effect of paired training in normal ASW on the 15 min
post-test (Fig. 6A; also see Murphy and Glanzman, 1997, their
Fig. 2D). This result contrasts with those of Hawkins et al. (1983),
who found significant associative synaptic enhancement in the
CS1 group as early as 5 min after five bouts of paired stimulation.
The study by Hawkins et al. (1983), unlike our earlier study, used
a differential paradigm. In the present study, which also used a
differential paradigm, we observed an associative effect of paired
training on the 15 min post-test for the CS1 versus CS2 protocol
(Figs. 3, 6B). This suggests that the early (15 min) associative
effect of paired training is peculiar to the differential paradigm.
We hypothesize that the differential conditioning paradigm, un-
like the nondifferential paradigm, recruits synaptic competition
between the CS1 and CS2 sensory neurons, and that this com-
petition accounts for the associative effect we observed at 15 min
after training in the present study.

Evidence from studies of sensorimotor cocultures supports the

Figure 6. Comparison of the synaptic effects of nondifferential and
differential training. A, Replotted data from Murphy and Glanzman
(1997). The data are expressed as the mean 6 SEM difference (in
millivolts) between the non-normalized EPSP on each of the post-tests
and the non-normalized EPSP on pretest 2 (see Fig. 2). Paired and
unpaired training in these experiments was performed on different prep-
arations. B, Data from the present experiments, in which paired and
unpaired training was performed on the same preparations. The data are
presented as difference scores as in A. Statistical comparisons between
groups (CS 1 vs CS 2) in A and B were made using Wilcoxon signed rank
tests. Asterisks indicate statistical significance for the between-group com-
parison; *p , 0.05; **p , 0.01.
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idea that the strength of different sensory inputs to a common
target motor neuron is regulated by a competitive interaction,
during both development and learning-related plasticity. Glan-
zman and colleagues (1991) found that the mean size of the
sensorimotor EPSP of “mature” (5-d-old) sensorimotor cocul-
tures with two presynaptic neurons was half the size of the EPSP
of cocultures with one presynaptic neuron. Furthermore,
Schacher and colleagues (1997) found that long-term associative
enhancement of a connection made by one sensory neuron [at-
tributable to paired stimulation with serotonin (5-HT) and teta-
nus] interferes with long-term nonassociative enhancement (at-
tributable to 5-HT alone) of the connection made by a second
sensory neuron with the same target motor neuron. Schacher et
al. (1997) refer to this phenomenon as “pathway-specific facilita-
tion.” These in vitro results parallel the disparity we observed
between our nondifferential and differential conditioning experi-
ments with respect to the CS2 data for the 15 min post-test (Fig.
6). Interestingly, Schacher et al. (1997) found that both postsyn-
aptic hyperpolarization and APV disrupt pathway-specific facili-
tation. The results of Schacher et al. (1997) indicate that an
associative increase in strength of the connection made by one
sensory neuron with a motor neuron comes at the expense of the
potential nonassociative enhancement of the connection made by
a second sensory neuron with the same motor neuron. The results
further indicate that postsynaptic NMDA-type receptors may
play a role in the apparent competition among presynaptic inputs.

The hypothesis that synaptic competition is recruited during
differential conditioning in Aplysia is supported by a negative
correlation we observed in our data between a large initial size of
the non-normalized CS1 EPSP relative to that of the non-
normalized CS2 EPSP [pretest 2 CS1 (mV) 2 pretest 2 CS2

(mV)], and the absolute amount of differential conditioning pro-
duced by the training [(D CS1 EPSP amplitude) 2 (D CS2 EPSP
amplitude), where D CS3 EPSP 5 posttest CS3 EPSP 2 pretest
2 CS3 EPSP; Murphy and Glanzman, unpublished data]. We
have considered and rejected several alternative hypotheses that
might explain this negative correlation. For example, one possible
explanation for the negative correlation is the existence of a
ceiling effect for EPSP size. According to a ceiling effect hypoth-
esis, initially large CS1 EPSPs undergo less positive differential
conditioning because of an intrinsic upper limit for sensorimotor
EPSP size. But we found no significant correlation, either nega-
tive or positive, between the non-normalized size of the pretest 2
CS1 EPSP (in millivolts) and the absolute change in the size of
the CS1 because of training [posttest CS1 EPSP (mV) 2 pretest
2 CS1 EPSP (mV)] for either the 15 or 60 min post-test, contrary
to what a ceiling effect hypothesis would predict (G. G. Murphy
and D. L. Glanzman, unpublished data).

A mechanism that could account for our conditioning data, as
well as for the data from in vitro studies of the sensorimotor
synapse (Glanzman et al., 1991; Schacher et al., 1997), is homeo-
static regulation of the sizes of multiple sensory inputs to a
common motor neuron. According to a current theory (Miller,
1996), the total strength of excitatory inputs to a postsynaptic cell
is relatively fixed. Consequently, if some inputs increase in
strength, the strength of others must correspondingly decrease.
Such a homeostatic mechanism has been referred to as “postsyn-
aptic normalization” (Buonomano and Merzenich, 1998). A
model incorporating postsynaptic normalization can explain the
pattern of synaptic alterations we observed during the cellular
analog of differential classical conditioning. According to this
model, conditioning is a zero-sum situation: a large increase in

the strength of the synaptic connection made by the sensory
neuron that received paired training (CS1 sensory neuron) is
compensated for by decreases in some (or possibly all) of the
other sensory neurons that synapse with the motor neuron. The
algebraic sum of all of these synaptic decreases is approximately
equal to the inverse of the training-induced increase in strength of
the synapse made by the CS1 sensory neuron. Further experi-
mental work will be required to test the validity of such a model
for classical conditioning in Aplysia.

Various cellular mechanisms contributing to classical
conditioning in Aplysia
The present data, together with those of our earlier study (Mur-
phy and Glanzman, 1997), suggest that classical conditioning of
the siphon-withdrawal reflex comprises at least three different
cellular mechanisms. First, there is a sensitization-related, non-
associative component (Carew et al., 1971). This component
results, in part, from presynaptic facilitation of sensorimotor
synapses (Byrne and Kandel, 1996) attributable to 5-HT released
by serotonergic interneurons activated by tail shock (Glanzman et
al., 1989; Mackey et al., 1989). The approximate time course of
the nonassociative enhancement under the conditions of our
experiments is indicated by the CS2 data in the nondifferential
conditioning experiments (Fig. 6A; Murphy and Glanzman,
1997). The nonassociative component is maximal shortly after
training but is still present at 1 hr after training, as indicated by
the significant difference in the nondifferential data for the 60 min
post-test between the amplitude of the (normalized) CS2 EPSP
and the amplitude of the EPSP in preparations that received only
test stimuli (test-alone preparations; see Murphy and Glanzman,
1997, their Fig. 2D). The second cellular component is a hypoth-
esized competitive mechanism that operates whenever different
synapses on the same motor neuron receive different types of
plasticity-inducing stimulation. We infer the presence of synaptic
competition among sensory neurons from the difference between
the nondifferential and differential data with respect to the CS2

results at 15 min after training (Fig. 6; also compare the CS2

results in Fig. 3B for the 15 min post-test with those of Murphy
and Glanzman, 1997, their Fig. 2C). The outcome of the proposed
synaptic competition appears to interact with Hebbian, NMDA
receptor-dependent potentiation, because it is blocked by the
NMDA receptor antagonist APV (Fig. 4; Schacher et al., 1997).
Furthermore, the effects of the putative competition between the
CS1 and CS2 sensory neurons appear to have their onset rela-
tively early, because they are apparent at 15 min after training in
the differential conditioning experiments (Figs. 3, 6). The third
component of conditioning is a purely associative process, which
we believe to be Hebbian potentiation. As indicated by the lack of
a significant difference between the CS1 and CS2 data on the 15
min post-test in the nondifferential experiments (Fig. 6A, Murphy
and Glanzman, 1997, their Fig. 2D), the associative component of
conditioning appears to have a delayed onset. It is robust, how-
ever, by 60 min after training, as indicated by the significant
difference between the CS1 and CS2 data in the nondifferential
experiments (Fig. 6A).

We propose that the specific outcome of behavioral condition-
ing in Aplysia is determined, at least in part, by a parametric
interaction among the above three cellular components. For ex-
ample, the significant difference between the CS1 and CS2

groups on the 15 min post-test in the present experiments appears
to be attributable predominately to the effect of synaptic compe-
tition between the CS1 and CS2 sensory neurons. The difference
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between these two groups on the 60 min post-test, however,
appears to be attributable to the associative component and,
possibly, the competitive mechanism as well.

At present the nature of the associative cellular mechanism
recruited by classical conditioning in Aplysia is controversial.
Originally, this associative mechanism was thought to be exclu-
sively presynaptic (Hawkins et al., 1983; Walters and Byrne, 1983;
Carew et al., 1984; Abrams, 1985; Buonomano and Byrne, 1990).
Given our data (Murphy and Glanzman, 1996, 1997; present
study), together with the other data (Schacher et al., 1997; Bao et
al., 1998), however, this idea is no longer tenable. One recent
proposal is that conditioning-related associative plasticity of sen-
sorimotor synapses is attributable to a combination of presynaptic
and postsynaptic coincidence detectors (Bao et al., 1998; Lechner
and Byrne, 1998). Alternatively, it is possible that detection of the
coincident occurrence of the CS and US occurs postsynaptically,
but that presynaptic mechanisms are critically involved in the
persistent expression of the synaptic change. Further experiments
will be required to delineate the relative roles of presynaptic and
postsynaptic mechanisms in the associative strengthening of sen-
sorimotor synapses during classical conditioning in Aplysia.
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