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Serotonin (5-HT) mediates learning-related facilitation of sensorimotor synapses in Aplysia californica. Under some circumstances
5-HT-dependent facilitation requires the activity of protein kinase C (PKC). One critical site of PKC’s contribution to 5-HT-dependent
synaptic facilitation is the presynaptic sensory neuron. Here, we provide evidence that postsynaptic PKC also contributes to synaptic
facilitation. We investigated the contribution of PKC to enhancement of the glutamate-evoked potential (Glu-EP) in isolated siphon
motor neurons in cell culture. A 10 min application of either 5-HT or phorbol ester, which activates PKC, produced persistent (� 50 min)
enhancement of the Glu-EP. Chelerythrine and bisindolylmaleimide-1 (Bis), two inhibitors of PKC, both blocked the induction of 5-HT-
dependent enhancement. An inhibitor of calpain, a calcium-dependent protease, also blocked 5-HT’s effect. Interestingly, whereas
chelerythrine blocked maintenance of the enhancement, Bis did not. Because Bis has greater selectivity for conventional and novel
isoforms of PKC than for atypical isoforms, this result implicates an atypical isoform in the maintenance of 5-HT’s effect. Although
induction of enhancement of the Glu-EP requires protein synthesis (Villareal et al., 2007), we found that maintenance of the enhancement
does not. Maintenance of 5-HT-dependent enhancement appears to be mediated by a PKM-type fragment generated by calpain-
dependent proteolysis of atypical PKC. Together, our results suggest that 5-HT treatment triggers two phases of PKC activity within the
motor neuron, an early phase that may involve conventional, novel or atypical isoforms of PKC, and a later phase that selectively involves
an atypical isoform.

Introduction
In mammals the protein kinase C (PKC) family of enzymes con-
sists of three classes: conventional or classical PKCs that require
diacylglycerol (DAG), phosphatidylserine, and Ca 2� for their ac-
tivation; novel PKCs whose activation requires DAG but not
Ca 2�; and atypical PKCs that do not depend on either DAG or
Ca 2� for their activation (Majewski and Iannazzo, 1998). These
classes comprise at least 10 major isoforms. The different iso-

forms of PKC have been shown to subserve a variety of intracel-
lular signaling pathways. PKCs are also present in invertebrates,
where they play important roles in neural signaling (Sossin,
2007). Significant evidence indicates that PKC mediates synaptic
and behavioral plasticity in the marine mollusk Aplysia califor-
nica. Three isoforms of PKC have been cloned from Aplysia, a
classical form (Apl I), a novel form (Apl II) (Kruger et al., 1991),
and an atypical form (Apl III) (Bougie et al., 2006). Furthermore,
PKC activity has been implicated in learning and memory in
Aplysia, including long-term memory (Sossin et al., 1994; Hu et
al., 2007) and intermediate-term memory (Sutton and Carew,
2000; Sutton et al., 2004; Zhao et al., 2006).

One site of PKC’s contribution to plasticity of the sensorimo-
tor synapse in Aplysia is the presynaptic sensory neuron, as shown
in a recent study that used fluorescently tagged Apl I and Apl II to
examine PKC translocation in living Aplysia neurons (Zhao et al.,
2006). A brief (5 min) application of serotonin (5-HT), an en-
dogenous neurotransmitter that mediates behavioral sensitiza-
tion in Aplysia (Brunelli et al., 1976; Glanzman et al., 1989; Ma-
rinesco and Carew, 2002), caused the translocation of the Ca 2�-
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independent Apl II to the cell membrane of the sensory neuron.
[Such translocation is required for activation of the classical and
novel PKC isoforms (Sossin, 2007).] A single 5 min pulse of 5-HT
treatment by itself produces only short-term facilitation (STF, �
30 min). However, when a single pulse of 5-HT is paired with
four trains (10 Hz for 2 s, 1 min intertrial interval) of action
potentials in the sensory neuron, a form of intermediate-term
facilitation (ITF) is produced that lasts for 1–3 h (Sutton and
Carew, 2000). Interestingly, Zhao et al. (2006) found that this
activity-dependent ITF depends on translocation of Apl I, but not
Apl II, within the sensory neuron (see also Shobe et al., 2009).

Zhao et al. (2006) did not report a major contribution from
postsynaptic PKC activity to synaptic plasticity in Aplysia (see
Discussion). We have previously shown that activity-
independent ITF, produced by a 10 min application of 5-HT in
the absence of neuronal activity, depends on several postsynaptic
processes, including elevated postsynaptic Ca 2�, postsynaptic
exocytosis, postsynaptic protein synthesis, and modulation of the
trafficking of postsynaptic AMPA-type glutamate receptors (Li et
al., 2005; Villareal et al., 2007). Accordingly, we investigated
whether a 10 min treatment with 5-HT activates PKC in Aplysia
motor neurons and, if so, whether PKC contributes to 5-HT-
dependent enhancement of the motor neuron’s response to glu-
tamate, an effect that involves modulation of AMPAR trafficking
(Chitwood et al., 2001).

Materials and Methods
Cell cultures. Small siphon (LFS) motor neurons (Frost et al., 1988) were
individually dissociated from abdominal ganglia of adult Aplysia califor-
nica (80 –120 g; Alacrity) and isolated in cell culture as described previ-
ously (Chitwood et al., 2001). The dissociated neurons were placed into
the center well of plastic culture dishes (50 mm in diameter; No. P50G-
0 –14-F, MatTek Corp.); the center well of the dishes was 10 mm in
diameter and had a glass bottom. The cell cultures were 3–5 d old at the
time of the experiments.

Electrophysiology. The electrophysiological methods were similar to
those used earlier (Chitwood et al., 2001). Briefly, during the electrophys-
iological recordings the cell cultures were perfused with 50% L-15/50%
artificial seawater (ASW) at a rate of �1 cc/min using a peristaltic pump
(Dynamax Model RP-1; Rainin Instruments). The primary perfusion
system consisted of two glass pipettes, one used for the inflow and the
other for the outflow. The tips of the inflow and outflow pipettes were
placed within the central glass-bottomed well on either side of the motor
neuron, with each tip �3 mm away from the neuron. The bath volume in
the culture dish was maintained at 2 cc. To aid in maintaining a stable
bath volume a secondary perfusion outflow was used. This outflow con-
sisted of a glass pipette with a broken tip; the tip was positioned outside of
the glass-bottomed central well, just slightly touching the surface of the
bathing medium in the dish. When the bath volume rose �2 cc, the
secondary outflow was engaged, and restored the bath volume to the
desired volume. The secondary outflow pipette was coupled to a second
peristaltic pump (Dynamax, Rainin Instruments), which was run at a
slightly faster rate than the pump used for the primary perfusion system.
All experiments were performed at room temperature. The cell body of
the motor neuron was impaled with a sharp electrode (20 –30 M�) and
held at approximately �85 mV in current clamp mode (– 0.2 to – 0.6 nA
holding current) throughout the experiment. Glutamate was made as a 2
mM solution in 50% L-15–50% ASW with 0.02% Fast green added to
visualize the drug application. The glutamate solution was pressure-
ejected (Pico-Spritzer II, Parker Hannifin) from a micropipette onto the
initial segment of the motor neuron’s major neurite. The duration and
pressure of the ejection pulse used to deliver the glutamate were adjusted
at the start of each experiment to evoke an initial response of 7–20 mV
from the motor neuron; thereafter, the ejection pulse was held constant
throughout the experiment. The glutamate was washed out immediately

after application via the primary perfusion system to prevent desensiti-
zation of the response.

All drugs were obtained from Calbiochem unless otherwise indicated.
5-HT (Sigma) was prepared fresh daily as a 2 mM stock solution in ASW,
and diluted to a final concentration of 20 �M in normal perfusion me-
dium or DMSO-containing medium (see below) just before an experi-
ment. In experiments involving 5-HT the drug was perfused into the cell
culture dish after baseline glutamate stimulation for 10 min, after which
it was rapidly washed out with normal perfusion medium. A fresh stock
solution of phorbol ester 4b-phorbol-12,13-dibutyrate (PDBu; Sigma),
first diluted to 10 mM in 100% DMSO, then further diluted to 100 �M in
100% DMSO, was diluted in perfusion medium to a final concentration
of 100 nM plus 0.1% DMSO immediately before the experiments. The
PDBu was applied to the cell cultures for 10 min. Both chelerythrine and
emetine (Sigma) were made into stock solutions (1 mM in deionized
water), and then diluted to a final concentration of 1–3 �M in perfusion
medium. A fresh stock solution of bisindolylmaleimide I (Bis) (100 –500
�M in 100% DMSO) was diluted to a final concentration of 100 –500 nM

plus 0.1% DMSO in perfusion medium. In experiments that addressed
the potential role of PKC in inducing the enhancement of the glutamate
response, chelerythrine was added coincidently with 5-HT, whereas Bis
was added 10 min before the 5-HT treatment and then washed out to-
gether with the 5-HT. The calpain inhibitor N-acetyl-Leu-Leu-Norleu-al
(ALLN) (Hiwasa et al., 1990; Khoutorsky and Spira, 2005) was dissolved
in deionized water to a final concentration of 100 �M and added to the
cell cultures coincident with 5-HT. For experiments that addressed the
potential role of PKC or protein synthesis in the maintenance of 5-HT-
dependent enhancement, the PKC inhibitor or protein synthesis inhibi-
tor was applied 15 min after 5-HT washout; chelerythrine was washed
out after 10 min, whereas Bis and emetine were left in the culture dish for
the rest of the experiment. For those experiments in which a drug was
dissolved in DMSO, the vehicle solution in the 5-HT-alone and control
experiments contained the equivalent concentration of DMSO.

PKC purification and assays. PKC Apl III was cloned using degenerate
PCR and rapid amplification of cDNA ends (RACE) PCR (Bougie et al.,
2009). PKC Apl III and a PKM version of PKC Apl III beginning in the
hinge domain with the sequence MKVEQY were cloned into BBACHis2
and baculoviruses were generated as described previously for PKC Apl II
(Lim and Sossin, 2006). PKCs were purified on nickel columns as de-
scribed (Lim and Sossin, 2006); the purity was confirmed by Coomassie
staining (data not shown). Purified PKC preparations were diluted until
the kinase assay was in the linear range.

Statistical analyses. Peak amplitudes of the evoked glutamate poten-
tials (Glu-EPs) in motor neurons were normalized to the mean ampli-
tude of the 60 Glu-EPs immediately before application of 5-HT, 5-HT/
drug, or vehicle, and were expressed as percentage mean � SEM.
Parametric tests were used for all statistical analyses. A one-way ANOVA
was performed on the data for the 40 min time point, followed by Tukey
post hoc tests for pairwise comparisons (see Villareal et al., 2007). Statis-
tical significance of the group differences was assessed using Graph Pad
software. Differences were judged significant at p � 0.05.

Results
PDBu enhances the glutamate response in isolated
motor neurons
Phorbol esters are pharmacological analogs of diacylglycerol
(DAG); they mimic DAG by directly binding to the C1 domains
of the PKC holoenzyme, thereby releasing the catalytic domain
from suppression (Sossin, 2007). In Aplysia, the phorbol ester
PDBu has been shown to facilitate Aplysia sensorimotor syn-
apses, and this effect is mediated by PKC (Braha et al., 1990;
Houeland et al., 2007). In addition, application of PDBu has been
shown to translocate fluorescently tagged PKC Apl I and PKC Apl
II isoforms from the cytoplasm to the cell membrane of motor
neurons (Zhao et al., 2006). Here, we tested whether PDBu pro-
duced facilitation of the glutamate response of isolated siphon
(LFS) motor neurons in dissociated cell culture. As previously
described (Chitwood et al., 2001; Villareal et al., 2007), a 10 min
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application of 5-HT (20 �M) produced
significant enhancement of the glutamate-
evoked potential (Glu-EP) (Fig. 1). The
mean normalized Glu-EP in the 5-HT
group, measured at the 40 min trial (30
min after 5-HT washout; this trial was
used for the group statistical comparisons
in this and all subsequent experiments),
was 146 � 11% (n � 7), whereas the mean
normalized Glu-EP for the same trial in
the control group was 106 � 9% (n � 6). A
10 min application of PDBu (100 nM) also
enhanced the Glu-EP. The mean normal-
ized PDBu Glu-EP at 40 min was 154 �
12% (n � 7). An ANOVA indicated that
the differences among the three groups
were significant (F(2,17) � 5.37, p � 0.02).
Post hoc comparisons showed that the 40
min Glu-EP in both the 5-HT and PDBu
groups was significantly greater than that
of the control group ( p � 0.05 for both
comparisons). The difference between the
Glu-EP in the 5-HT and PDBu groups was
not significant ( p � 0.05). These results are consistent with the
notion that a 10 min exposure to 5-HT activates PKC within the
siphon motor neurons.

Inhibitors of PKC and calpain block the induction of 5-HT-
dependent enhancement of the Glu-EP
We next tested whether inhibiting PKC activity disrupted 5-HT-
dependent enhancement of the glutamate response in motor
neurons. We used two general inhibitors of PKC, chelerythrine
(Herbert et al., 1990) and bisindolylmaleimide I (Bis) (Toullec et
al., 1991). As before, a 10 min treatment with 5-HT produced
prolonged enhancement of the Glu-EP. The mean normalized
Glu-EP on the 40 min trial in the 5-HT group was 150 � 13%
(n � 6) (Fig. 2A). Chelerythrine (1–3 �M) blocked the effect of
5-HT on the Glu-EP. The normalized 40 min Glu-EP in the 5-HT
group was greater than that in the groups that received 5-HT plus
chelerythrine (5-HT/Chel; 78 � 7%, n � 6), chelerythrine alone
(Chel; 80 � 6%, n � 7), or no drug (control; 84 � 11%, n � 5).
An ANOVA indicated that the differences among the groups were
significant (F(3,20) � 14.01, p � 0.0001). Pairwise comparisons
using post hoc tests indicated that the following differences were
also significant: 5-HT versus 5-HT/Chel ( p � 0.001), 5-HT ver-
sus Chel ( p � 0.001), and 5-HT versus control ( p � 0.01). None
of the other comparisons were statistically significant.

The effect of Bis on the induction of 5-HT-dependent en-
hancement was similar to that of chelerythrine (Fig. 2B). Specif-
ically, in the presence of Bis (100 –500 nM) 5-HT’s effect on the
Glu-EP was disrupted. The mean normalized Glu-EP for the 40
min trial in the 5-HT group was 146 � 14% (n � 5), whereas it
was only 98 � 8% (n � 6) in the group that received 5-HT
together with Bis (5-HT/Bis). An ANOVA indicated that the dif-
ferences among the group data were significant (F(3,18) � 4.76, p �
0.02. Post hoc tests confirmed the statistical significance of the differ-
ences between the 5-HT-alone Glu-EP and those in the other groups
( p � 0.05 for all pairwise comparisons). No other differences were
significant.

The results presented in Figs. 1 and 2, A and B, represent
strong evidence that a 10 min application of 5-HT alone stimu-
lates PKC activity within siphon motor neurons. Given this, an
important question is the nature of the isoform that is activated

by PKC. One likely candidate, because 5-HT elevates intracellular
Ca 2� within siphon motor neurons (Chitwood et al., 2001; Li et
al., 2005) is the Ca 2�-dependent isoform Apl I (Sossin, 2007).
However, the 5-HT-stimulated rise of Ca 2� within motor neu-
rons may have other effects as well. One possibility is that 5-HT
may stimulate the activity of one or more Ca 2�-dependent cys-
teine proteases (calpains) in motor neurons. This possibility is
intriguing, because some isoforms of PKC can be activated
through proteolytic cleavage by calpain; the cleavage separates
the autoinhibitory regulatory domain from the catalytic domain.
The resulting independent catalytic domain, known as PKM, is
autonomously active, and can persistently phosphorylate sub-
strates in the absence of second messengers (Sossin, 2007).

To provide initial evidence that an invertebrate PKM contrib-
utes to 5-HT’s effects on the motor neuron (Bougie et al., 2006,
2007), we tested whether 5-HT-dependent enhancement of the
Glu-EP required calpain activity. For this purpose we applied the
specific calpain inhibitor ALLN (Hiwasa et al., 1990; Khoutorsky
and Spira, 2005) to motor neurons at the same time as the 5-HT.
When ALLN (100 �M) was applied together with 5-HT the en-
hancement of the Glu-EP (Fig. 2C) was blocked. The mean nor-
malized Glu-EP following the combined application of 5-HT and
ALLN on the 40 min trial (5-HT/ALLN group) was 107 � 6%
(n � 7), which was smaller than that after application of 5-HT
alone (168 � 25%, n � 6). There was no apparent effect of ALLN
alone (ALLN Glu-EP � 102 � 1%, n � 7; control Glu-EP �
106 � 2%, n � 7). An ANOVA indicated that the group differ-
ences were significant (F(3,23) � 7.26, p � 0.002). Post hoc pair-
wise comparisons confirmed that the following differences were
also significant: 5-HT versus 5-HT/ALLN ( p � 0.01), 5-HT ver-
sus control ( p � 0.01), and 5-HT versus ALLN alone ( p � 0.01).

Chelerythrine disrupts the maintenance of 5-HT-dependent
enhancement of the Glu-EP, but Bis does not
Both chelerythrine and Bis blocked the induction of 5-HT’s effect
on the glutamate response (Fig. 2A,B). Therefore, the induction
of the enhancement depends on PKC activity. We next asked
whether the maintenance of the enhancement requires ongoing
PKC activity. Accordingly, we first treated the motor neuron with
5-HT for 10 min and then, beginning 15 min after washout of the

Figure 1. Both 5-HT and phorbol ester enhance the glutamate response in Aplysia motor neurons. A, Comparison of the effects
of 5-HT and PDBu on the glutamate-evoked potentials (Glu-EPs). Each pair of traces represents responses from a single experi-
ment, which lasted 1 h. The drug, either 5-HT or PDBu, was applied for 10 min. In the control experiments, the vehicle alone was
applied. Traces marked “1” represent Glu-EPs evoked 5 min before the onset of drug treatment (or 5 min after the start of testing);
those marked “2” represent Glu-EPs evoked 30 min after washout of the drug (or 50 min after the start of testing). Calibration: 10
mV, 500 ms. B, Summary of the enhancement of the Glu-EP produced by 5-HT or PDBu. The motor neurons were stimulated with
a glutamate test pulse once per 10 s; each symbol represents the mean normalized amplitude of six consecutive Glu-EPs. After 10
min of glutamate stimulation to establish a baseline response, motor neurons received either 5-HT (open squares), PDBu (filled
squares), or vehicle alone (control group, open circles). Drug treatment period is indicated by the black bar. The numbers below the
data indicate the trials during which the sample Glu-EPs shown in A were recorded. Error bars represent � SEM.
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5-HT, applied either chelerythrine or Bis to the culture dish. (The
chelerythrine was left in the dish for only 10 min, whereas the Bis
was left in for 25 min.) Chelerythrine eliminated the 5-HT-
induced enhancement of the Glu-EP within 5 min after introduc-

tion of the drug (Fig. 3A). The mean nor-
malized EPSP for the 40 min trial was
145 � 9% (n � 6) in the 5-HT group,
whereas it was 96 � 17% (n � 4) in the
group in which chelerythrine was applied
after 5-HT (5-HT/Chel group). The appli-
cation of chelerythrine alone had no ap-
parent effect on the Glu-EP (Chel Glu-
EP � 92 � 4%, n � 6), as indicated by the
similarity of the results in Chel group with
those in the control group (Glu-EP � 86 �
10%, n � 4). Note that the amplitude of
the Glu-EP did not recover after washout
of chelerythrine in the 5-HT/Chel experi-
ments. These group differences were sig-
nificant, as indicated by an ANOVA
(F(3,16) � 8.69, p � 0.002). Pairwise com-
parisons using post hoc tests indicated that
the Glu-EP in the 5-HT group was signifi-
cantly more enhanced at 40 min than those
in the other three groups ( p � 0.05 for each
comparison).

Unlike chelerythrine, Bis did not affect
the maintenance of the 5-HT-induced en-
hancement of the Glu-EP (Fig. 3B). There
was no difference between the 40 min
Glu-EP in the 5-HT group (146 � 14%,
n � 5) and that in the group treated with
Bis after 5-HT (5-HT/Bis Glu-EP � 131 �
10%, n � 6). The glutamate response was
enhanced in both groups compared with
that in the Bis-alone (Bis Glu-EP � 99 �
6%, n � 6) and control (Glu-EP � 100 �
10%, n � 6) groups. These findings were
confirmed by the results of the statistical
analyses. The results from the ANOVA in-
dicated that the group differences were sig-
nificant (F(3,19) � 5.32, p � 0.01). The post
hoc tests confirmed the lack of a significant
difference between the 5-HT and 5-HT/
Bis groups ( p � 0.05), as well as the signif-
icance of the differences between the 5-HT
group and the Bis and control groups ( p �
0.05 in each case).

It has been previously reported that
chelerythrine selectively blocks a mamma-
lian form of PKM, PKM�, at low concen-
trations (Ling et al., 2002). We therefore
investigated the effect of both cheleryth-
rine and Bis on the recently sequenced
Aplysia PKM isoform, PKM Apl III (Bou-
gie et al., 2006, 2007). PKM Apl III is
formed by calpain-dependent cleavage
from PKC III (Bougie et al., 2009). We
compared the inhibitory effects of chel-
erythrine and Bis on PKC Apl II, the novel
form of PKC in Aplysia (Sossin et al.,
1993), as well as on PKC Apl III and PKM
Apl III. [We did not test the effects of the

two inhibitors on PKC Apl I. It has been previously shown that
the inhibitors do not distinguish between Apl I and Apl II (Sossin,
1997; Manseau et al., 2001).] His-tagged Aplysia PKC Apl II, PKC
Apl III and a PKM form of PKC Apl III were expressed in SF9 cells
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Figure 2. Inhibition of either PKC or calpain blocks the induction of 5-HT-dependent enhancement of the glutamate response.
A1, Effect of the PKC inhibitor chelerythrine on the induction of enhancement of the Glu-EP. The figure presents sample traces from
a single experiment for each experimental group. Note that in the control experiments, no drug was applied. Traces marked “1”
represent Glu-EPs evoked 5 min before the onset of the 10 min period of drug treatment (or 5 min after the start of testing); those
marked “2” represent Glu-EPs evoked 30 min after drug washout (or 50 min after the start of testing). Calibration: A1, B1, C1, 10
mV, 500 ms. A2, Summary of the experiments showing the effect of chelerythrine on induction. Motor neurons received either
5-HT alone (open squares), 5-HT combined with chelerythrine (filled squares), chelerythrine alone (Chel; filled circles), or perfu-
sion medium alone (controls; open circles). The black bar indicates the period of 5-HT treatment; the gray bar indicates the period
of chelerythrine treatment. The numbers below the data indicate the trials during which the sample Glu-EPs shown in A1 were
recorded. Error bars represent � SEM. B1, Effect of another PKC inhibitor, bisindolylmaleimide-1 (Bis), on the induction of
enhancement of the glutamate response. Shown are sample traces from a single experiment for each experimental group. In the
control experiments only the vehicle was applied. The Bis was applied for 20 min, and was present for 10 min before the onset of
the 10 min period of 5-HT or treatment, which occurred 10 min after the start of testing. Traces marked “1” represent Glu-EPs
evoked 5 min before the onset of 5-HT or vehicle (or 5 min after the start of testing); those marked “2” represent Glu-EPs evoked
30 min after washout of the drug or vehicle (or 50 min after the start of testing). B2, Summary of the experiments showing block
of the induction of 5-HT-dependent enhancement by Bis. Motor neurons were treated with 5-HT (open squares), 5-HT and Bis
(filled squares), Bis alone (filled circles), or vehicle alone (control; open circles). The black bar indicates the 5-HT treatment period,
whereas the gray bar indicates the Bis treatment period. The numbers below the data indicate the trials at which the sample
Glu-EPs shown in B1 were recorded. Error bars represent � SEM. C1, Effect of the calpain inhibitor ALLN on the induction of
enhancement. The figure shows sample traces from a single experiment for each experimental group. In the control experiments
no drug was applied. Traces marked “1” represent Glu-EPs evoked 5 min before the onset of drug treatment (or 5 min after the start
of testing); those marked “2” represent Glu-EPs evoked 30 min after drug washout (or 50 min after the start of testing). C2,
Summary of the experiments showing the block of enhancement of the Glu-EP by inhibition of calpain activity. Motor neurons
received 5-HT (open squares), 5-HT plus ALLN (filled squares), ALLN alone (filled circles), or perfusion medium alone (control; open
circles). The black bar indicates the 5-HT treatment period, whereas the gray bar indicates the ALLN treatment period. The
numbers below the data indicate the trials at which the sample Glu-EPs shown in C1 were recorded. Error bars represent � SEM.
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using baculovirus and purified on nickel
columns (Lim and Sossin, 2006). Kinase
assays were as described with 50 �M

adenosine triphosphate (ATP) (Lim
and Sossin, 2006), but 10 �M � substrate
(H2N0ERMRPRLRQGSVRRRV-OH) was
used because this substrate is equally well
phosphorylated by novel and atypical
PKCs (Ling et al., 2002) (data not shown).
The kinase assays used the activators phos-
phatidylserine (PS) and the phorbol ester,
12-O-tetradecanoylphorbol-13-acetate
(TPA). These are required for PKC Apl II
activity (Sossin et al., 1996). PKM Apl III
activity was not affected by PS, whereas PS
caused twofold stimulation of PKC Apl III
activity. (Presumably, this difference is
due to the C1 domain that is present in
PKC Apl III, but absent in PKM Apl III.)
TPA had no effect on either PKM Apl III or
PKC Apl III.

We observed that chelerythrine equally
inhibited PKC Apl II and PKC Apl III, but
inhibited the PKM Apl III at much lower
concentrations (Fig. 3C1), within the range
of those used in the electrophysiological
experiments (1–5 �M). Bis inhibited PKC
Apl II at low concentrations, had no signif-
icant effect on PKC Apl III even at high
concentrations (up to 50 �M), and inhib-
ited PKM Apl III, but only at concentra-
tions (5–10 �M) significantly higher than
those used for electrophysiology (100 –
500 nM) (Fig. 3C2). The greater inhibitory
effect of chelerythrine and Bis on PKM Apl
III than on PKC Apl III is probably due to
the loss of the regulatory subunit in PKM
Apl III, which may serve to block access of
the inhibitors to their binding sites in PKC
Apl III (Sossin, 2007). In summary, we
found that PKC Apl III activity was not
blocked by Bis, but was blocked by chel-
erythrine. Moreover, the PKM version of
PKC Apl III was particularly sensitive to low
concentrations of chelerythrine, similar to
those reported as effective in inhibiting
mammalian PKM� (Ling et al., 2002).

Maintenance of 5-HT-dependent
enhancement does not require ongoing
protein synthesis
We have recently reported that the induc-
tion of 5-HT’s effect on the Glu-EP de-
pends on rapid, local protein synthesis
(Villareal et al., 2007) (Fig. 4A). Accord-
ingly, we wished to know whether the
maintenance of the 5-HT-dependent en-
hancement of the glutamate response de-
pends on ongoing protein synthesis. To
test this possibility the protein synthesis inhibitor emetine (1–3
�M) was applied to the cell cultures starting at 15 min after wash-
out of 5-HT (immediately before the 25 min trial) (Fig. 4B).
Inhibition of protein synthesis had no apparent effect on the

ongoing enhancement of the Glu-EP produced by 5-HT. The
mean normalized Glu-EP on the 40 min trial after 5-HT treat-
ment alone was 149 � 8% (n � 6), whereas the mean normalized
Glu-EP in the group treated with 5-HT and then emetine was
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Figure 3. PKM Apl III mediates maintenance of 5-HT-dependent enhancement. A1, Effect of chelerythrine on the maintenance
of the enhancement. The figure presents sample traces from a single experiment for each experimental group. No drug was
applied in the control experiments. Traces marked “1” represent Glu-EPs evoked 5 min before the onset of 5-HT treatment (or 5
min after the start of testing); those marked “2” represent Glu-EPs evoked 30 min after washout of 5-HT (or 50 min after the start
of testing). In the experiments involving chelerythrine, the inhibitor was applied for 10 min starting 15 min after washout of 5-HT,
or during the equivalent time period in the chelerythrine-alone experiments. Calibration: A1, B1, 10 mV, 500 ms. A2, Summary of
the experiments showing that chelerythrine disrupts the maintenance of enhancement. Motor neurons were stimulated with
5-HT alone (open squares), 5-HT followed by chelerythrine (25–35 min trials; filled squares), chelerythrine alone (filled circles), or
perfusion medium alone (control; open circles). The black bar indicates the period of 5-HT treatment, whereas the gray bar
indicates the chelerythrine treatment period. Notice that the enhancement did not reappear after washout of chelerythrine in the
5-HT/Chel experiments. The numbers below the data indicate the trials at which the sample Glu-EPs shown in A1 were recorded.
Error bars represent � SEM. B1, Effect of Bis on the maintenance of 5-HT-dependent enhancement of the Glu-EP. The figure
presents sample traces from a single experiment for each experimental group. Traces marked “1” represent Glu-EPs evoked 5 min
before the onset of 5-HT treatment (or 5 min after the start of testing); those marked “2” represent Glu-EPs evoked 30 min after
washout of 5-HT (or 50 min after the start of testing). In the experiments involving Bis, the inhibitor was applied for 25 min starting
15 min after washout of 5-HT, or during the equivalent time period in the Bis-alone experiments. In the control experiments the
vehicle was applied during the same time that Bis was applied in the 5-HT/Bis and Bis-alone experiments. B2, Summary of the
experiments showing the lack of an effect of Bis on maintenance of the enhancement. Cultures were exposed to 5-HT (open
squares), 5-HT followed by Bis (25–50 min trials; filled squares), Bis alone (filled circles), or vehicle alone (control; open circles).
The black bar indicates the 5-HT treatment period, whereas the gray bar indicates the Bis treatment period. The numbers below
the data indicate the trials at which the sample Glu-EPs shown in B1 were recorded. Error bars represent � SEM. C1, Inhibition of
PKC Apl II (filled circles), PKC Apl III (filled squares), and PKM Apl III (open squares) by chelerythrine. C2, Inhibition of PKC Apl II
(filled circles), PKC Apl III (filled squares), and PKM Apl III (open squares) by Bis. Error bars are � SEM; n � 3 for each
concentration.

5104 • J. Neurosci., April 22, 2009 • 29(16):5100 –5107 Villareal et al. • Postsynaptic PKC and Facilitation in Aplysia



144 � 20% (n � 5). The mean normalized Glu-EP in the control
group was 99 � 7% (n � 7). An ANOVA confirmed that the
group differences were significant (F(2,17) � 5.37, p � 0.02). Post hoc
tests indicated that the mean Glu-EPs in both the 5-HT and 5-HT/
Emetine groups were larger than that for the control group
( p � 0.05 for each comparison), and that the difference be-
tween the Glu-EPs in the 5-HT and 5-HT/Emetine groups was
not significant ( p � 0.05).

Discussion
We have shown that PKC plays a critical role in 5-HT-dependent
enhancement of the glutamate response in Aplysia motor neu-
rons. Previous work has shown that this form of plasticity de-
pends on release of Ca 2� from intracellular stores, exocytosis,
and rapid, local protein synthesis, and results in the functional
upregulation of AMPA-type receptors in the motor neuron
(Chitwood et al., 2001; Villareal et al., 2007). Furthermore, 5-HT-
elicited processes in the motor neuron contribute significantly to

activity-independent ITF of the sensori-
motor synapse, as well as to behavioral dis-
habituation and sensitization of the si-
phon withdrawal reflex (Li et al., 2005).
Together with the prior results, the present
results suggest that postsynaptic PKC me-
diates activity-independent ITF and be-
havioral enhancement in Aplysia.

The contribution of PKC to 5-HT-
dependent plasticity in the present experi-
ments appears to involve at least two dis-
tinct isoforms: one and possibly more that
mediate the induction of plasticity, and an
atypical PKM that mediates maintenance.
The evidence for a non-atypical PKC in
induction includes the ability of PDBu—
which activates PKC Apl I and PKC Apl II
but does not affect the atypical PKC Apl
III—to increase the Glu-EP, and the ability
of Bis—which inhibits PKC Apl I and PKC
Apl II but does not inhibit the atypical
PKC—to block induction. In contrast,
chelerythrine is a much more effective in-
hibitor of PKM Apl III than of PKC Apl I
or PKC Apl II (Fig. 3C1) (Ling et al., 2002;
Sossin, 2007). Because PKC Apl I depends
on Ca 2� for its activation (Sossin et al.,
1993, 2007), and because a 10 min expo-
sure to 5-HT elevates intracellular Ca 2�

within the motor neuron through release
from intracellular stores (Chitwood et al.,
2001; Li et al., 2005), we favor the idea that
the induction of 5-HT-dependent en-
hancement of the glutamate response is
mediated, at least in part, by PKC Apl I. In
support of this idea, Zhao et al. (2006) re-
ported that application of PDBu, which we
found to mimic the effect of 5-HT on the
Glu-EP, produced significant translocation
of green fluorescent protein (GFP)-tagged
Apl I from the cytoplasm to the plasma
membrane in LFS motor neurons.

The block of induction by calpain was
rapid and, importantly, we observed no
early calpain-independent phase of en-
hancement (Fig. 2C). The simplest expla-

nation for our results is that PKC Apl I and calpain act together to
stimulate proteolysis of PKM Apl III, and that production of this
isoform is sufficient to increase the Glu-EP. [PKM � is also suffi-
cient to increase AMPA receptor-mediated synaptic currents in
area CA1 of the hippocampus (Ling et al., 2002; Yao et al., 2008).]
However, we cannot rule out the possibility that actions of PKC
Apl I or calpain that are independent of PKM Apl III formation
support the early phase of the 5-HT-mediated increase in the
Glu-EP.

The requirement for activation of PKC Apl I within the motor
neuron during 5-HT-dependent enhancement of the Glu-EP
conflicts with the results of Zhao and colleagues (2006), who
found that a 5 min treatment of 5-HT did not produce translo-
cation of either GFP-tagged Apl I or Apl II in LFS motor neurons.
Possibly, due to lack of sensitivity of their fluorescence method-
ology, Zhao et al. missed the 5-HT-stimulated translocation of
Apl I or Apl II in motor neurons in their study (despite detecting

Figure 4. Although induction of the enhancement of the glutamate response requires protein synthesis, maintenance of the
enhancement does not depend on ongoing protein synthesis. A1, Effect of emetine treatment on the induction of 5-HT-dependent
enhancement of the Glu-EP. The figure presents sample traces from a single experiment for each experimental group. No drug was
applied in the control experiments. Traces marked “1” represent Glu-EPs evoked 5 min before the onset of drug treatment (or 5
min after the start of testing); those marked “2” represent Glu-EPs evoked 30 min after drug washout (or 50 min after the start of
testing). Calibration: A1, B1, 10 mV, 500 ms. A2, Summary of experiments showing that inhibition of protein synthesis blocks the
induction of the enhancement of the Glu-EP. Motor neurons received either 5-HT alone (open squares), 5-HT and emetine (filled
squares), emetine alone (filled circles), or perfusion medium alone (control; open circles). The overall mean Glu-EP in the 5-HT-
alone group (131 � 1%, n � 8) was significantly greater than those in groups treated with 5-HT and emetine (109 � 1%, n �
7) and emetine alone (102 � 1%, n � 6), as well as in the control group (101 � 1%, n � 6) ( p � 0.05 for each comparison). The
black bar indicates the 5-HT treatment, and the gray bar the emetine treatment. The numbers below the data indicate the trials at
which the sample Glu-EPs shown in A1 were recorded. Error bars represent � SEM. From Villareal et al. (2007). See that study for
additional details. B1, Effect of emetine treatment on the maintenance of 5-HT-dependent enhancement of the Glu-EP. The figure
presents sample traces from a single experiment for each experimental group. No drug was applied in the control experiments.
Traces marked “1” represent Glu-EPs evoked 5 min before the onset of 5-HT treatment (or 5 min after the start of testing); those
marked “2” represent Glu-EPs evoked 30 min after washout of 5-HT (or 50 min after the start of testing). B2, Summary of
experiments showing that protein synthesis is not required for the maintenance of 5-HT-dependent enhancement. Motor neurons
received either 5-HT alone (open squares), 5-HT followed by emetine (filled squares), or perfusion medium alone (control, open
circles). In the experiments involving emetine, the inhibitor was applied for 25 min starting 15 min after washout of 5-HT. The
black bar indicates the 5-HT treatment period, and the gray bar indicates the emetine treatment period. The numbers below the
data indicate the trials at which the sample Glu-EPs shown in B1 were recorded. Error bars represent � SEM.
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PDBu-stimulated translocation); for example, their methodol-
ogy may not have been sufficiently sensitive to detect changes in
the activity of PKC isoforms in signaling microdomains in the
motor neuron plasma membrane (Mager et al., 2007). The idea
that 5-HT stimulates translocation of PKC within Aplysia motor
neurons is supported by data from Fulton et al. (2008), who
found that 5-HT-dependent enhancement of the Glu-EP in iso-
lated motor neurons requires phospholipase C (PLC) activity.
PLC activity, through DAG production, activates both classical
and novel PKC isoforms (Sossin, 2007). Furthermore, Zhao et al.
(2006) did not test the effect of a 10 min 5-HT exposure on
postsynaptic PKC activity. A 5 min application of 5-HT induces
only short-term facilitation (STF; lasting �30 min) of the senso-
rimotor synapse; in contrast, a 10 min application of 5-HT in-
duces activity-independent ITF (lasting �30 min and �3 h) (Li
et al., 2005) (see Sutton and Carew, 2000). A fundamental mech-
anistic distinction between STF and ITF may be that ITF recruits
postsynaptic PKC activity whereas STF does not. We have previ-
ously suggested (Li et al., 2005) that STF relies on exclusively
presynaptic processes, whereas ITF relies on both presynaptic
and postsynaptic processes. If so, one might expect there to be an
early stage of facilitation of the sensorimotor synapse that is inde-
pendent of calpain-stimulated postsynaptic PKM Apl III activity.
[Notice that PKM� activity does not contribute to the early phase of
LTP in the CA1 region of the hippocampus, but is required for in-
termediate and late phases of LTP (Serrano et al., 2005).]

In contrast to induction, maintenance of 5-HT-dependent
enhancement appears to require PKM Apl III activity, because
the maintenance is blocked by chelerythrine (Fig. 3A). Impor-
tantly, our bioassay measurements indicated that chelerythrine
was an effective inhibitor of PKM at the low concentrations (1–5
�M) used in the electrophysiological experiments, whereas Bis
was ineffective at inhibiting PKM at concentrations (100 –500
nM) used for electrophysiology (Fig. 3C). Recent evidence indi-
cates that in Aplysia the PKM fragment is generated by calpain-
dependent cleavage from the atypical PKC (Bougie et al., 2009). In
support of this idea, we observed that an inhibitor of calpain, ALLN,
blocked the induction of enhancement of the glutamate response
when applied together with 5-HT (Fig. 2C).

Sutton et al. (2004) have reported that persistent activity of a
PKM-like isoform of PKC mediates site-specific intermediate-
term sensitization memory (ITM) in Aplysia. This type of behav-
ioral memory was demonstrated in a reduced preparation by
testing a specific site on the preparation’s tail after delivering a
shock to the test site. Activity-dependent ITM appears to differ,
mechanistically, from activity-independent ITF (Li et al., 2005).
First, the induction of activity-dependent ITM does not depend
on protein synthesis (Sutton et al., 2004), in contrast to activity-
independent ITF (Villareal et al., 2007). Second, although the
maintenance of activity-dependent ITM is disrupted by chel-
erythrine, the memory returns as soon as the inhibitor is washed
out [Sutton et al. (2004), their Fig. 4A]. This finding contrasts
with our observation that 5-HT-induced enhancement of the
Glu-EP did not reappear after washout of chelerythrine (Fig. 3A).
A potential explanation for the differing results in the two studies
is that the behavioral change is regulated predominantly by an-
other PKM-type isoform of PKC, one whose activity is not per-
manently disrupted by 15 min of chelerythrine/Bis treatment.

Recent work in the mammalian hippocampus indicates that
the persistent form of LTP, referred to as late-phase LTP (L-LTP)
is maintained by PKM�, an isoform derived from the gene for an
atypical mammalian PKC, PKC� (Ling et al., 2002; Hernandez et
al., 2003; Pastalkova et al., 2006). Activity-independent ITF and

L-LTP have a maintenance mechanism in common, specifically,
upregulation of postsynaptic AMPA receptor function (Ling et
al., 2002; Li et al., 2005; Yao et al., 2008). In the hippocampus
PKM� appears to direct postsynaptic AMPA receptor trafficking
(Yao et al., 2008), and this is a likely role for PKM Apl III in
Aplysia as well (Chitwood et al., 2001; Glanzman, 2007, 2008).
One apparent difference between mammalian PKM� and the
PKM version of PKC Apl III in Aplysia is that PKM� is not formed
by proteolysis; rather, PKM� is generated by local translation
from PKM� mRNA (Hernandez et al., 2003). However, the alter-
native transcriptional start site required for formation of the
PKM�-specific mRNA and the initiating methionine for PKM�
are only found in chordates, and probably emerged after the du-
plication of an ancestral atypical PKC into separate � and � iso-
forms (Bougie et al., 2009). Therefore, although the regulation of
plasticity by an atypical PKM may be highly conserved, it is pos-
sible that the mechanism for formation of this kinase has changed
over evolution. On the other hand, calpain is also required for
some forms of learning-related synaptic plasticity in the mamma-
lian brain (Lu et al., 2001); consequently, cleavage-formed PKM
may contribute to synaptic plasticity in mammals as well.

Despite potential differences in the formation and regulation
of the mammalian and molluscan PKM fragments, their roles in
synaptic plasticity and learning appear remarkably similar. In
particular, disruption of the ongoing activity of PKM� by � inhib-
itory peptide (ZIP) appears to “erase” both established synaptic
plasticity and learning (Ling et al., 2002; Pastalkova et al., 2006;
Shema et al., 2007) in mammals. Similarly, in the present exper-
iments we found evidence for erasure of persistent plasticity in
Aplysia motor neurons through inhibition of PKM Apl III by
chelerythrine (Fig. 3A). The precise mechanisms that underlie the
erasure of memory/synaptic plasticity in mammals are unclear at
present. One possibility is that the ongoing activity of PKM� is
critical for maintaining additional AMPA receptors in postsyn-
aptic membranes (Ling et al., 2006; Yao et al., 2008); inhibiting
PKM� may cause recently inserted AMPA receptors to be endo-
cytosed and unavailable for trafficking when the enzyme is no
longer inhibited after washout of ZIP/chelerythrine. Another
possibility is that PKM� is prone to proteolysis in the inhibited
state. Similar phenomena may explain the apparent irreversibility of
the disruption of enhancement of the Glu-EP following washout of
chelerythrine in our study. It will be important to determine in fu-
ture experiments whether persistent synaptic plasticity in Aplysia,
particularly long-term facilitation (LTF) (Montarolo et al., 1986),
can be permanently erased by inhibition of PKM Apl III. In this
regard, it has been found that, although chelerythrine did not block
the induction of 24 h LTF by five spaced pulses of 5HT (Hu et al.,
2003, 2004), a 2 h application of chelerythrine, applied after the five
pulses of 5-HT, did block the 24 h LTF (Hu et al., 2007). These are
intriguing results, because they implicate PKM Apl III in the main-
tenance of at least one form of LTF. The Aplysia sensorimotor syn-
apse in cell culture may offer an advantageous preparation for a
rigorous analysis of the mechanisms underlying erasure of long-
term synaptic plasticity through inhibition of PKM.
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