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The induction of both synaptic plasticity and memory is thought to
depend on the balance between opposing molecular regulatory
factors, such as protein kinases and phosphatases. Here we show
that inhibition of protein phosphatase 2B (calcineurin, CaN) facil-
itates the induction of intermediate-term memory (ITM) and long-
term memory (LTM) for tail shock-induced sensitization in Aplysia
without any effect on short-term memory. To identify the molec-
ular cascade underlying the improvement of memory by inhibition
of CaN, we examined the role of extracellular signal-regulated
kinase 1/2/mitogen-activated protein kinase (MAPK). Molecular
experiments revealed that one pulse of serotonin, which by itself
does not activate MAPK, leads to significant MAPK activation in the
sensory neurons of the pleural ganglia when CaN is inhibited.
Extending these observations, behavioral experiments showed
that the facilitated induction of ITM and LTM produced by CaN
inhibition depends on MAPK activity. These results demonstrate: ()
that CaN acts as an inhibitory constraint in the formation of
long-lasting phases of memory, and (ii) that facilitated induction of
ITM and LTM by CaN inhibition requires MAPK activity.

memory enhancement | phosphatase | extracellular signal-regulated
kinase

he induction of synaptic plasticity underlying memory for-
mation is thought to depend on counteracting molecular
regulatory steps (1). This bidirectional control in neurons op-
erates at least at two levels: transcriptional regulation by acti-
vator and repressor forms of transcription factors (2-5) and
regulation of protein function by phosphorylation and dephos-
phorylation (6). Several lines of evidence suggest that protein
kinases and phosphatases play important roles in synaptic plas-
ticity and memory (7-9). Protein phosphatase 2B (calcineurin,
CaN), which is highly conserved from yeast to humans (10), is a
Ca?* /calmodulin-activated protein phosphatase that has been
implicated in synaptic plasticity and memory (9, 11, 12). For
example, an increase in CaN activity produces deficits in long-
term potentiation (LTP) and memory (13-15), and conversely,
inhibition of CaN facilitates LTP and memory formation (16—
20). However, other studies have shown that inhibition of CaN
actually inhibits hippocampal LTP (21-24) and long-term facil-
itation in crayfish (25). Finally, mutant mice in which the
regulatory subunit of CaN was knocked out in the adult fore-
brain show normal performance in contextual fear conditioning
and the Morris water maze task, but show an impairment in
working memory (26). Thus the mechanistic role of CaN in
synaptic and behavioral plasticity remains to be fully elucidated.
An important step in understanding the role of CaN in the
induction of plasticity is the identification of the molecular
cascades that are under its regulatory control. One molecular
pathway that has emerged as a major contributor to synaptic
plasticity and memory in both vertebrates and invertebrates is
the extracellular signal-regulated kinase/mitogen-activated pro-
tein kinase (MAPK) pathway (27). However, no functional link
between CaN and the MAPK pathway in plasticity has been
established. Here we demonstrate such a functional link by
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showing that CaN exerts a negative regulatory role on memory
formation, at least in part through its actions on the MAPK
signaling cascade.

Aplysia is well suited for the analysis of molecular mechanisms
underlying different phases of memory, because these phases can
be distinguished both temporally as well as mechanistically.
Synaptic facilitation of the sensory-motor (SN-MN) synapses, a
cellular model for sensitization in Aplysia, exists in at least three
temporally and mechanistically different phases (28-31). One
pulse of 5-hydroxytryptamine (SHT) (a modulatory neurotrans-
mitter released in the CNS during sensitization training) (ref. 32,
see also ref. 33) produces short-term facilitation (<30 min) of
SN-MN synapses. This form of facilitation is independent of
macromolecular synthesis. In contrast, five pulses of SHT pro-
duce two temporally distinct phases of SN-MN facilitation:
intermediate-term facilitation (>90 min) that requires transla-
tion but not transcription and long-term facilitation (>24 h) that
requires translation as well as transcription (28, 29, 31). In
parallel fashion, a single shock to the tail produces short-term
memory (STM; <30 min) for sensitization of tail-elicited siphon
withdrawal [T-SW (34, 35)] that does not require macromolec-
ular synthesis (35). In contrast, five spaced tail shocks produce
both intermediate-term memory (ITM; >90 min) that requires
protein but not RNA synthesis and long-term memory (LTM,;
>24 h) that requires protein as well as RNA synthesis (35-37).

In this study, we examined the role of CaN in three different
phases of memory for sensitization in Aplysia (STM, ITM, and
LTM), by using the CaN inhibitor FK506. Because CaN has not
yet been identified in Aplysia, when we refer to the target of
FK506 as CaN it should be considered a “CaN-like” protein. We
show that inhibition of CaN significantly facilitates the induction
of both ITM and LTM with no effect on STM. Furthermore, we
have identified a molecular cascade, the extracellular signal-
regulated kinase 1/2/MAPK cascade, that contributes to the
enhanced induction of ITM and LTM through CaN inhibition.
Thus these results provide insights into the molecular mecha-
nisms through which CaN exerts negative regulatory control on
memory formation.

Materials and Methods

Phosphatase Assay. A phosphatase assay was carried out by using
a kit from Biomol (Plymouth Meeting, PA). Briefly, wild-caught
Aplysia californica (250-400 g; supplied by Marinus, Long
Beach, CA) were anesthetized by injecting isotonic MgCl, (=100
ml/100 g of body weight). The CNS (pleural, pedal, abdominal,
cerebral, and buccal ganglia) was removed, and ganglia were
desheathed in 50:50 MgCly/artificial seawater (ASW) contain-
ing 460 mM NaCl, 55 mM MgCl,, 11 mM CaCl,, 10 mM KCl, 10

Abbreviations: MAPK, mitogen-activated protein kinase; CaN, calcineurin; CREB, cAMP
response element-binding protein; LTP, long-term potentiation; SN-MN, sensory-motor;
5-HT, 5-hydroxytryptamine; STM, short-term memory; T-SW, tail-elicited siphon with-
drawal; ITM, intermediate-term memory; LTM, long-term memory; ASW, artificial seawa-
ter; NS, not significant.
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Inhibition of CaN facilitates the induction of ITM for sensitization. (A) Schematic diagram of the reduced preparation used for behavioral experiments.

(B) CaN inhibitor (FK506) or its vehicle was applied to the ring ganglia 30 min before training and was present throughout the testing period. Training was
performed by using two spaced shocks (10-min intertrial interval) to the tail (2xTS). NoTS, control preparations not given any shock. Data are expressed as mean
(=SEM) duration of T-SW normalized to baseline (FK506-2xTS, n = 9; vehicle-2xTS, n = 11; and FK506-NoTS, n = 4). In this and subsequent behavioral figures,
horizontal dashed line denotes baseline T-SW and vertical dashed line denotes training.

mM Tris, pH 7.6 to expose the neurons. The cells were washed
with TBS (20 mM Tris, pH 7.5/150 mM NacCl), and extract was
made. For the assay, the extract was diluted with buffer A (50
mM Tris, pH 7.5/0.2% Nonidet P-40/1 mM DTT/protease
inhibitors) to obtain the readings in the linear range of phos-
phate determination and incubated with 2 mM CaCl, and 62.5
uM FK506 (25 mM stock solution in DMSO, diluted 1:100 in
buffer A before adding to the extract to a concentration of 62.5
M) for 30 min at 30°C. For the control samples, an equivalent
amount of DMSO was used. The reaction was started by adding
the extract to the reaction mixture containing the RII phos-
phopeptide substrate. The final concentration of FK506 in the
reaction mixture was 10 uM. After completion of the reaction
and color development, absorbance (4) was measured at 620 nm.
Agno values (after background subtraction) were taken as phos-
phatase activity. The activity sensitive to EGTA was taken as
Ca?*-dependent phosphatase activity, and the activity remaining
in the presence of EGTA was taken as Ca?*-independent
activity. The Ca?"-dependent phosphatase activity in the pres-
ence of FK506 was obtained by subtracting the Ca?*-
independent activity from total activity (both in the presence of
FK506) and was expressed as percent of Ca?>"-dependent phos-
phatase activity in the absence of FK506 (obtained by subtract-
ing the Ca?*-independent activity from total activity, both in the
absence of FK500).

Behavioral Procedures. We used a reduced preparation for the
behavioral experiments (Fig. 14) that has been described in
detail (35). Preparations were allowed at least 60 min to recover
before pretest measurements. Before training, four pretests with
an interstimulus interval of 15 min were conducted to measure
baseline T-SW duration. In each of these tests, the right or left
side of the tail (=1 cm anterior from its tip, and midway between
the lateral and medial margins) was stimulated with a brief jet of
sea water (0.5-s duration). For sensitization training, tail shocks
(1.5-s duration) were delivered through a bipolar hand-held
electrode on the side used for the pretest measurements at an
intertrial interval of 10 min. The nominal current across the
electrode was 100 mA (ac), although most of this current is
shunted by the seawater. Tests of T-SW after training (carried
out in the same fashion as the pretests) were conducted at
different times, depending on the phase of memory under
examination.

The CaN inhibitor (FK506) was obtained from either Calbio-
chem or Biomol. Rapamycin and the MEK1 /2 inhibitor (U0126)
or its inactive analog (U0124) were obtained from Calbiochem.
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Stock solutions of the drugs were made in DMSO at 25 mM
(FK506 and rapamycin) or 20 mM (U0126 and U0124). The
inhibitors were diluted in ASW to 10 uM (FK506 and rapamycin)
or 20 uM (U0126 and U0124) final concentration just before use.
All drug treatments were restricted to the ring ganglia subcham-
ber. The drug or vehicle (DMSO) incubations were carried out
in static baths, which were exchanged manually. In all experi-
ments, the control preparations received appropriate, equivalent
bath exchanges.

In all experiments examining the effect of inhibiting CaN on
memory for sensitization, FKS506 or its vehicle was applied to the
ring ganglia subchamber (after two pretests, five bath exchanges)
for 30 min before training. Two additional pretests were taken
at 15 and 30 min after beginning incubation with FK506 /vehicle,
after which the subchambers were exchanged with fresh solu-
tions (two bath exchanges) just before training with two shocks
to the tail (an additional 10-min incubation period was used in
cases where a single shock was used for training). FK506 /vehicle
remained in the bath throughout testing in experiments exam-
ining STM and ITM or for 60 min after training in experiments
examining LTM. The treatment with rapamycin was identical to
that of FK506. For experiments examining the requirement of
MAPK activity, the MEK inhibitor U0126, or its inactive analog
U0124, was applied to the ring ganglia subchamber (five bath
exchanges) 60 min before FK506 + U0126/FK506 + U0124
treatment (five bath exchanges, 30 min). Two additional pretests
were taken during incubation with FK506 + U0126/FK506 +
U0124. The drug baths were exchanged again just before train-
ing. U0126/U0124 remained in the bath throughout the duration
of FK506 treatment. In experiments examining LTM for sensi-
tization, FK506,/U0126 were washed out of the subchamber 60
min after training, and preparations were perfused with cold
(15-17°C) seawater overnight. Normal perfusion of the ring
ganglia subchamber with ASW (room temperature) resumed 60
min before the 18-h test.

MAPK Activation. Animals were anesthetized by injecting isotonic
MgCl, and pleural-pedal ganglia were removed. One pleural-
pedal ganglia pair of an animal was assigned to control and the
other pair was assigned to the experimental group. The ganglia
were desheathed in 50:50 ASW/MgCl, to expose the neurons,
then washed with ASW by continuous perfusion for 15 min. To
examine the effect of inhibition of CaN on MAPK activation, its
specific inhibitor (FK506, 10 uM) or vehicle (0.04% DMSO) was
applied by perfusion (dish volume ~4 ml, flow rate ~5 ml/min,
five bath exchanges) and incubations were carried out for 30 min.
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To examine the effect of one pulse of SHT and CaN inhibitor,
the control ganglia were treated with vehicle for 25 min, SHT was
added to the bath to a final concentration of 50 uM, and
incubations were carried out for an additional 5 min. The
experimental ganglia were treated with FK506 for 25 min, and
SHT was added and incubated as described above. The pleural
ganglia sensory clusters were excised immediately after the
treatments and processed for Western blot analysis as described
(38). The blots were first probed with anti-phospho-p42/44
MAPK antibody (which recognizes phosphorylated, active
MAPK), stripped, and then probed with phospho-independent
p42/44 MAPK antibody (which recognizes total MAPK).
Horseradish peroxidase-conjugated anti-rabbit antibody was
used as the secondary antibody and signal was detected by using
the ECL reagent (Amersham Biosciences). The antibodies were
obtained from Cell Signaling Technology (Beverly, MA). Expo-
sure of the film was kept in the linear range and band intensity
was quantified by using IMAGE software (National Institutes of
Health, Bethesda, MD). Phospho-MAPK signal was normalized
to the total MAPK signal in each sample (39, 40). Although the
phospho-MAPK and phospho-independent MAPK antibodies
recognize well-separated p42 and p44 in mammalian systems,
consistent with earlier observations (41-43), we routinely ob-
served a single band in Aplysia SN extracts. Occasionally how-
ever, we have observed two bands that run close together.

Data Analysis. Duration of T-SW was measured by an observer
who was blind to both training condition and drug treatment.
The duration of T-SW was defined as the elapsed time from
stimulus onset to the initial relaxation of the siphon from the
contracted position (35). In all experiments, baseline duration of
T-SW was determined by the average of the pretests.

For statistical analysis, differences among groups were exam-
ined with factorial ANOVA followed by Fisher’s protected least
significant difference post hoc test. Differences within a group
were assessed with a paired ¢ test. For MAPK activation, the raw
phospho-MAPK /total MAPK ratios of experimental and con-
trol groups were used, and for the phosphatase assay, 420 values
were used for statistical evaluation.

Results

Inhibition of CaN Facilitates the Induction of ITM for Sensitization. To
examine the role of CaN in different phases of memory in
Aplysia, it was first necessary to determine that FK506, a
commonly used CaN inhibitor, inhibited phosphatase activity in
Aplysia. We found that there was a significant reduction in
Ca’*-dependent phosphatase activity (but no change in total
Ca?*-independent phosphatase activity) when Aplysia CNS ex-
tracts were treated with FK506 [Ca®*-dependent, 78.04 =
3.35%,t; = —5.61, P < 0.05; Ca®*-independent, 103.02 + 2.74%,
t3 = 1.13, not significant (NS)]. Thus FK506 inhibits Ca?*-
dependent phosphatase activity in Aplysia.

We next asked whether FK506 had any effect on the
induction of ITM in Aplysia. We used a reduced preparation
(Fig. 14, ref. 35) in which pharmacological agents can be
selectively applied to the ring ganglia, while simultaneously
measuring T-SW. We used a training regimen (two spaced tail
shocks) that is known to be insufficient to induce ITM (44).
FK506 (10 wM; refs. 45 and 46), which binds to intracellular
FK-binding protein (FKBP12) and inhibits CaN activity (10,
47), was applied to the ring ganglia subchamber 30 min before
training and was present throughout the testing period. Four
groups were examined: (i) two tail shocks + vehicle, (ii) two
tail shocks + FK506, (iii) FK506 alone (no tail shocks), and (iv)
two tail shocks + rapamycin (a negative control for FK506). As
shown in Fig. 1B, two tail shocks alone did not induce
significant ITM for sensitization (90 min, f;9 = 0.49, NS). In
contrast, significant ITM was induced with the same sub-
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threshold training when CaN was inhibited (90 min, tg = 2.94,
P < 0.05). Importantly, the same course of treatment with
FK506 had no effect on baseline T-SW in nontrained control
preparations examined in parallel (90 min, 3 = —0.11, NS). In
addition, rapamycin, which binds to FKBP12 but does not
inhibit the enzymatic activity of CaN (48), and thus can serve
as an effective negative control for FK506 (45, 46, 49) had no
effect on the induction of ITM (data not shown, 90 min, 92.01
*4.91%, t, = —1.65, NS), indicating that the effect of FK506
was likely caused by inhibition of CaN, although other possible
targets of FK506 cannot be completely ruled out. A between-
group comparison revealed a significant difference among
groups (90 min, F3,3 = 4.12, P < 0.05). A posthoc analysis
revealed a significant enhancement of T-SW in trained prep-
arations treated with FK506 relative to vehicle-treated/
trained, rapamycin-treated/trained, and FKS506-treated/
nontrained preparations (P < 0.05). These results demonstrate
that CaN inhibition significantly facilitates the induction of
ITM for sensitization in Aplysia.

CaN Inhibition Facilitates MAPK Activation. We have recently shown
that the normal induction of ITM with five tail shocks (35)
requires MAPK activity (50). Given this observation, we were
interested in asking whether the MAPK cascade was involved in
the facilitated ITM induced by CaN inhibition. To examine this
question, we first asked whether MAPK was activated with CaN
inhibition in conjunction with a subthreshold application of SHT,
a modulatory neurotransmitter released in the CNS during
sensitization training (ref. 32 and unpublished observations).
Desheathed pleural-pedal ganglia were exposed to FK506 for 30
min in the presence or absence of a single pulse of SHT, and
MAPK activation was examined by using phospho-dependent
and phospho-independent MAPK antibodies. Two control
groups were examined in parallel, one was treated with vehicle,
and the other with a single pulse of SHT. Confirming a previous
report (41), a single pulse of SHT had no effect on MAPK
activation (NS, data not shown). Moreover, CaN inhibition alone
also had no effect on MAPK activation (97.74 = 4.58%, t;1 =
—0.46, NS) (Fig. 24). However, there was significant activation
of MAPK when FK506 application was paired with one pulse of
SHT (133.11 = 9.99%, t7 = 3.12, P < 0.05) (Fig. 2B). These
results indicate that CaN inhibition reduces the threshold for
SHT-induced MAPK activation. The dual phosphorylation of
MAPK is necessary and sufficient for MAPK activation and the
increased phosphorylation of MAPK we observe (Fig. 2B) is
commonly taken as a reliable measure of MAPK activation (39,
40, 43).

MAPK Activity Is Required for the Facilitation of ITM Induced by CaN
Inhibition. The fact that the induction of ITM and LTM requires
MAPK activity (50), together with the observation that inhi-
bition of CaN facilitates SHT-induced MAPK activation (Fig.
2B), suggested that MAPK activity may be required for the
facilitation of ITM produced by CaN inhibition (Fig. 1B). We
examined the role of MAPK in facilitated ITM by inhibiting
MEK1/2, a kinase that acts upstream of MAPK and activates
it. We used the compound U0126, a specific MEK inhibitor
(51) that has been shown to block MAPK activation in Aplysia
(42, 43). The MEK inhibitor (U0126, 20 uM) or its inactive
analog (U0124, 20 uM) was applied to the ganglia subchamber
60 min before the application of FK506 (30 min, with U0126/
U0124), and FK506/U0126 or FK506/U0124 were present
throughout the testing period. Three groups were examined:
() two tail shocks + U0124 + FK500, (if) two tail shocks +
U0126 + FK506, and (iif) U0126 alone to assess its effects on
baseline T-SW. As shown in Fig. 3, whereas significant facil-
itated ITM was induced in trained preparations treated with
U0124 (90 min, t; = 3.45, P < 0.05), ITM was abolished in
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Fig. 2. Inhibition of CaN facilitates MAPK activation by 5HT. (A) Pleural-
pedal ganglia were treated with either vehicle (Veh) or FK506 (FK) for 30
min, and MAPK activation was examined in the SNs (n = 12 per group) by
using phospho-dependent and total MAPK antibodies. (B) Pleural-pedal
ganglia were treated with either vehicle and one pulse of 5HT (5HT) or one
pulse of 5HT coterminating with 30-min FK506 application (FK + 5HT), and
MAPK activation was examined in the SNs (n = 18 per group). Data are
presented as mean + SEM (percentage of control). Shown are the sample
blots with phospho-MAPK and total MAPK antibodies (Left) and the sum-
mary data (Right).

trained preparations treated with U0126 (90 min, t; = —0.3,
NS). The same course of treatment with U0126 had no effect
on baseline T-SW in nontrained control preparations (data not
shown, 90 min, 95.78 * 3.63%, t3 = —1.18, NS). A between-
group comparison revealed a significant difference between
the groups (90 min, F» 17 = 8.1, P < 0.05). A posthoc analysis
showed a significant enhancement of T-SW in trained prepa-
rations treated with U0124/FK506 relative to the trained
preparations treated with U0126/FK506 and the U0126-
treated/nontrained preparations (P < 0.05). These results
show that MAPK activity is necessary for the facilitation of
ITM induced by inhibition of CaN.
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Fig.3. Facilitated ITM induced by CaN inhibition requires MAPK activity. The
MEK inhibitor (U0126, Active) or its inactive analog (U0124, Inactive) was
applied to the ring ganglia for 60 min, after which FK506 along with U0126/
U0124 was applied for 30 min before training; both were present throughout
the testing period. Training was performed by using two spaced shocks to the
tail (2xTS). Data are expressed as mean (+=SEM) duration of T-SW normalized
to baseline (FK506-2xTS-Inactive, n = 8; FK506-2xTS-Active, n = 8).
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Fig. 4. STM for sensitization is unaffected by CaN inhibition. The CaN
inhibitor (FK506) or its vehicle was applied 40 min before training and was
present throughout the testing period. Training was performed by using a
single shock to the tail (1xTS). Data are expressed as mean (+ SEM) duration
of T-SW normalized to baseline (FK506-1xTS, n = 6 and Vehicle-1xTS, n = 7).

CaN Inhibition Does Not Affect STM for Sensitization. It is clear from
the results shown in Fig. 1B that memory at the 15-min test after
two tail shocks (which might be considered STM) was enhanced
in preparations treated with the CaN inhibitor. This finding
raised the possibility that STM for sensitization is also regulated
by CaN inhibition. To examine this idea directly, we analyzed
STM induced by a single tail shock (35). The CaN inhibitor was
applied to the ganglia subchamber 40 min before training and
was present throughout the testing period. The results shown in
Fig. 4 demonstrate that STM for sensitization was not affected
by CaN inhibition (5-15 min, all F ;; < 1.1, NS). The reason for
the enhancement of memory for sensitization at 15 min induced
by two tail shocks and CaN inhibition (Fig. 1B) remains to be
investigated. One possibility is that the enhanced memory tested
at 15 min after two shocks/FK506 treatment actually reflects the
beginning of the ITM process.

CaN Inhibition Facilitates the Induction of LTM for Sensitization in a
MAPK-Dependent Fashion. In a final series of experiments, we
asked whether CaN inhibition had a facilitatory effect on the
induction of LTM, and if so, whether such facilitated LTM
required MAPK activity. FK506 was applied 30 min before
training and was present until 1 h after training. The MEK
inhibitor (U0126) was applied 60 min before the application of
FK506 + U0126 (30 min) and both were present until 1 h after
training. Training was performed with two tail shocks, which
are known to be insufficient for inducing LTM (43, 44). Five
groups were examined: () two tail shocks + vehicle, (if) two
tail shocks + FK506, (iii) two tail shocks + U0126 + FKS506,
(iv) FK506 alone, and (v) U0126 alone. These last two groups
were run to assess effects on baseline T-SW. As shown in Fig.
5, two tail shocks alone did not induce LTM (#s = 0.28, NS).
In contrast, significant LTM was induced by the same sub-
threshold training when combined with CaN inhibition (5 =
1.89, P < 0.05, one tail). The same course of treatment with
FKS506 had no effect on baseline T-SW at the long-term test in
nontrained preparations (¢4 = 0.97, NS). Importantly, like
ITM, facilitated induction of LTM by CaN inhibition was
blocked by U0126 (s = 0.53, NS). Finally, the MEK inhibitor
had no effect on baseline T-SW at the long-term test in
nontrained preparations (3 = —0.05, NS). These results
demonstrate two important conclusions: (i) CaN inhibition
significantly facilitates the induction of LTM for sensitization,
and (if) the facilitatory effect of CaN inhibition on LTM
formation requires MAPK activity.
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Fig. 5. CaN inhibition facilitates the induction of LTM for sensitization in a
MAPK-dependent manner. The MEK inhibitor (U0126) or its vehicle was
applied to the ring ganglia for 60 min, then FK506 (alone or with U0126) was
applied 30 min before training, which was performed by using two spaced
shocks to the tail (2xTS). The drugs were present until 60 min after training.
Data are expressed as mean (=SEM) duration of T-SW 18 h after training
(percentage change from baseline, FK506-2xTS, n = 9; FK506-2xTS-U0126,
n = 9; Vehicle-2xTS, n = 7; FK506-NoTS, n = 5; U0126-NoTS, n = 4). NoTS,
control preparations not given any shock. The enhancement of LTM by CaN
inhibition is blocked by inhibition of MAPK.

Discussion

A number of studies suggest that protein kinases and phos-
phatases play important regulatory roles in synaptic plasticity
and memory formation (7-9). In this study, we show that
FK506, a specific CaN inhibitor, inhibits Ca?*-dependent
phosphatase activity in Aplysia neuronal extracts. Although
significant inhibition was observed, it was modest. However, a
relatively small change in an early step of a molecular cascade
can have profound effects on the final outcome of a complex
function such as memory formation. We further show that
inhibition of CaN, or at least a CaN-like protein in Aplysia,
facilitates the induction of ITM and LTM, suggesting that CaN
acts as an inhibitory constraint in the formation of long-lasting
memories in this system. Our observations are consistent with
previous studies reporting that CaN can constrain LTP and
memory formation. In the hippocampus, cytosolic activity and
expression levels of CaN increase with age, which is correlated
with deficits in memory (52). Mice that overexpress a trun-
cated form of CaN have deficits in LTP (13) and impaired
LTM without any effect on STM (14). Conversely, reduction
in CaN activity by antisense oligonucleotides reduces the
threshold for LTP induction and facilitates memory (17, 18).
Similarly, expression of a CaN inhibitor in the mouse brain
facilitates the induction of LTP in vitro and in vivo and leads
to enhanced learning and memory (20). However, other
studies suggest that CaN may not act as a general negative
constraint in all cases and may in fact have a positive role in
the induction of plasticity and memory (21-26). Thus the role
of CaN in synaptic plasticity and memory is not yet fully
understood.

The observations described above raise the important ques-
tion as to the molecular cascades that are regulated by CaN. We
have identified one such pathway, the MAPK cascade, that is
required for the facilitated induction of long-lasting phases of
memory with CaN inhibition. Previous results in Aplysia have
shown that repeated pulses of SHT activate MAPK in the SN,
but a single pulse is insufficient for MAPK activation (41). We
found that a single pulse of SHT becomes sufficient to induce
MAPK activation when it is applied in the presence of a CaN
inhibitor. Collectively, these observations show that one molec-
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ular cascade that is under inhibitory control by CaN is the
MAPK cascade, which is known to play important roles in the
induction of long-lasting facilitation at the SN-MN synapse (43,
53) and long-lasting memory in Aplysia (50). Our observations
further indicate that the effect of CaN inhibition on memory
formation in Aplysia is upstream of MAPK, because the facili-
tated ITM and LTM induced by CaN inhibition is abolished
when MEK, an upstream kinase that phosphorylates and acti-
vates MAPK, is inhibited in the CNS.

We used 5HT to examine the activation of MAPK, whereas
tail shocks were used to examine sensitization in the behavioral
experiments. The rationale for this approach is as follows: we
have previously shown that both tail-nerve shock and tail shock
induce the release of SHT in the CNS (ref. 32 and unpublished
data). In addition, application of SHT both to the intact CNS
and SN-MNs in culture has served as an analog of sensitization
training in a wide variety of experiments (28-31, 53). Finally,
the tail shock procedure that we used, which alone does not
induce ITM or LTM (Figs. 1 and 5), also does not induce
MAPK activation when examined 1 h after tail shocks (J.
Shobe and T.J.C., unpublished observations). Thus, the ob-
servation that the facilitated induction of ITM and LTM by
FK506 requires MAPK activity (Figs. 3 and 5) strongly sup-
ports the view that FK506 enhances MAPK activation by two
tail shocks.

What downstream molecular steps might be regulated by facil-
itated MAPK activation induced by CaN inhibition? Because ITM
requires translation but not transcription (35), inhibition of CaN,
leading to SHT-induced activation of MAPK, could regulate as-
pects of protein synthesis that are required for the induction of ITM.
Consistent with this hypothesis, Takei et al. (54) recently showed
that brain-derived neurotrophic factor-induced protein synthesis
requires MAPK activity. In addition to protein synthesis, the
facilitatory effect of CaN inhibition in the induction of LTM is likely
to involve the regulation of transcription factors and possibly
cytoplasmic substrates (55). Among the transcription factors,
cAMP response element-binding protein (CREB), C/EBP, and
Elk-1 are potential candidates. Phosphorylation of CREB and
subsequent cCAMP response element-dependent gene expression
plays important roles in synaptic plasticity and memory (56, 57). In
Aplysia, MAPK phosphorylates CREB2 (a repressor of CREB 1a)
and C/EBP (41). Phosphorylation of C/EBP leads to an increase
in its DNA binding activity (58). In principle, CaN inhibition could
facilitate CREB-dependent transcription in two ways: (i) by
MAPK-dependent CREB activation (through p90rsk, refs. 59 and
60) and/or MAPK-dependent relief of repression by CREB2 (41,
53), and (i) by inhibition of protein phosphatase 1 (PP1) through
protein phosphatase inhibitor-1 (6). PP1 is known to dephosphor-
ylate and regulate CREB activation (61, 62) and has recently been
shown to act as a negative constraint in learning and memory (63).
Consistent with this overall view, inhibition of CaN has been shown
to produce sustained CREB phosphorylation by weak synaptic
input that normally produces only transient CR EB phosphorylation
(62). In addition, CaN dephosphorylates Elk1, a transcription factor
acting downstream of MAPK (64). Thus, in considering its facili-
tatory role in LTM formation, CaN inhibition may act to enhance
transcription in two ways: first, by stimulating transcription through
MAPK activation, and second, by preventing dephosphorylation of
CREB and EIk1, thereby prolonging the activation state of these
transcription factors.

In conclusion, we have shown that inhibition of CaN facilitates
the induction of ITM and LTM in Aplysia, without any effect on
STM, and that inhibition of CaN also facilitates MAPK activa-
tion by subthreshold application of SHT. Finally, we show that
the facilitatory effect of CaN inhibition on the induction of ITM
and LTM depends on MAPK activity. These results indicate that
CaN acts as an important inhibitory constraint on the formation
of long-lasting phases of memory for sensitization in this system,
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and that at least one molecular pathway regulated by CaN is the
MAPK cascade. It will now be of interest to examine whether
CaN activity is modulated by the stimuli that are normally
required to produce both long-lasting synaptic facilitation and
long-lasting memory for sensitization.
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