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5-Hydroxytryptamine Induces a Protein Kinase A/
Mitogen-Activated Protein Kinase-Mediated and
Macromolecular Synthesis-Dependent Late Phase of
Long-Term Potentiation in the Amygdala
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The amygdala is a critical site for the acquisition of learned fear memory in mammals, and the formation and long-term maintenance of
fear memories are thought to be associated with changes of synaptic strength in the amygdala. Here we report that serotonin (5-
hydroxytryptamine; 5-HT), a modulatory neurotransmitter known to be linked to learned fearful and emotional behavior, has dual
effects on excitatory synaptic transmission in the basolateral amygdala. There is an early depression of synaptic transmission lasting
30 –50 min, mediated by 5-HT1A , and a late, long-lasting facilitation lasting �5 h in slice recordings, mediated by the 5-HT4 receptor.
5-HT late phase long-term potentiation (L-LTP) is blocked by inhibitors of either protein kinase A (PKA) and/or mitogen-activated kinase
(MAPK) and requires new protein synthesis and gene transcription. Moreover, the 5-HT-induced L-LTP in neurons of amygdala is
blocked by the actin inhibitor cytochalasin D, suggesting that 5-HT stimulates a cytoskeletal rearrangement. These results show, for the
first time, that 5-HT can produce long-lasting facilitation of synaptic transmission in the amygdala and provides evidence for the possible
synaptic role of 5-HT in long-term memory for learned fear.
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Introduction
The basolateral amygdala complex (which contains the lateral,
basolateral, and basomedial nuclei) is thought to be critical for
the formation and storage of memory for learned fear
(Amorapanth et al., 2000; LeDoux, 2000; Maren, 2003, 2005).
Fear conditioning induces long-term facilitation of synaptic
transmission in amygdala that is similar to the properties of long-
term potentiation (LTP) induced by electrical stimulation
(McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997,
2005). Moreover, preestablishment of fear conditioning in ani-
mals occludes subsequent LTP induced by electrical tetanus in
amygdala (Tsvetkov et al., 2002; Schroeder and Shinnick-
Gallagher, 2004, 2005). These results suggest that fear condition-
ing and LTP in the amygdala may share aspects of a common
synaptic mechanism.

Serotonin (5-HT) is known to be a modulatory neurotrans-
mitter linked to emotional behavior and anxiety (Griebel, 1995;

Graeff et al., 1997; Lucki, 1998; Gordon and Hen, 2004). Indeed,
the amygdala is innervated richly by 5-HT-containing fiber orig-
inating from the dorsal raphe nucleus (Azmitia and Segal, 1978;
Azmitia and Gannon, 1986; Ma et al., 1991). Changes of 5-HT
levels and 5-HT functions in amygdala are associated with the
dysfunction of emotional behavior (Graeff et al., 1997; Hariri et
al., 2002; McGregor et al., 2003; Keele, 2005). The critical role of
5-HT in fear memory and anxiety raises a question: what is the
role of 5-HT on synaptic plasticity in amygdala? The short-lasting
effect of 5-HT on the excitatory synaptic transmission in the
basolateral subdivision (BL) has been reported. It has been shown
that bath application of 5-HT cause a reversible depression of
EPSPs in the basolateral amygdala that lasts �1 h (Cheng et al.,
1998; Wang et al., 1999). In contrast, nothing is known about the
long-term effect (� 1 h) of 5-HT on synaptic transmission in
amygdala.

These long-term effects are potentially very important, be-
cause one of the characteristic features of conditioned fear is
persistence (Schafe et al., 2001; Gale et al., 2004). In previous
studies we found that the late phase of LTP (L-LTP) in lateral
amygdala (LA) requires protein kinase A-mediated (PKA-
mediated) new protein synthesis, and the expression of L-LTP in
lateral amygdala is associated with increased phosphorylation of
cAMP response element-binding (CREB) proteins (Huang et al.,
2000). In the present study we have extended the analysis of
L-LTP in the BL of amygdala by focusing on 5-HT-mediated
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modulation. BL is an important site of plasticity in fear condi-
tioning. In contrast to LA, BL is critical for the expression, but not
the acquisition, of learned fear (Anglada-Figueroa and Quirk,
2005; Corcoran and Quirk, 2007). Projections from LA to BL
mediate the ability of a conditioned stimulus to reinforce the
acquisition of new responses (Amorapanth et al., 2000). Changes
of 5-HT levels during memory for learned fear have been detected
in the BL (Kawahara et al., 1993; Macedo et al., 2004, 2005;
Yokoyama et al., 2005). We therefore asked, what is the long-term
effect of 5-HT (� 1 h) on excitatory synaptic transmission in BL?
Which 5-HT receptor is responsible for this long-term effect? Is
the long-term effect mediated by the PKA/mitogen-activated ki-
nase (MAPK) signaling pathway? Is the long-term effect of 5-HT
dependent on new protein synthesis, gene transcription, and cy-
toskeletal remodeling of neurons?

Materials and Methods
C57/B6 mice (6 –12 weeks old) were decapitated quickly, the whole brain
was placed in ice-cold artificial CSF (ACSF), and a block containing the
amygdala was taken. Coronal section of slices (400 �m; from –1.4 to –1.9
mm bregma) were cut and transferred to an interface chamber (Fine
Science Tools, Foster City, CA). Slices were submerged fully and perfused
constantly with ACSF at a rate of 2 ml/min and bubbled with 95% O2/5%
CO2. The composition of ACSF was as follows (in mM): 124 NaCl, 1.2
MgSO4, 4 KCl, 1.0 NaH2PO4, 2 CaCl2, 26 NaHCO3, and 10 D-glucose. In
some experiments GABAergic antagonist picrotoxin (10 �M) was present
in the perfusion solution from the beginning of slice perfusion and
throughout the experiments. In these experiments 4 mM MgSO4 and 4
mM CaCl2 were used to reduce the epilepsy. The temperature of the slices
was maintained at 27°C. Experiments were started 2–3 h after slice
dissection.

Extracellular recordings were made by using ACSF-filled glass elec-
trodes (1–3 M). The recording electrode was placed in the BL of amygdala.
The stimulation electrode was placed in the LA to stimulate the LA–BL
circuitry (see Fig 1) (Cheng et al., 1998; Wang et al., 1999; Lin et al., 2000;
Rammes et al., 2000). Stimuli were delivered 1/min (0.017 Hz; 0.05 ms
pulse duration) through concentric bipolar stainless steel electrodes (25
�m wire diameter, CBBRC75, FHC, Bowdoinham, ME). The stimula-
tion intensity was adjusted to evoke the field potentials, which were
�50% of maximal amplitude. To achieve 5-HT LTP, we fully submerged
the slices, and 5-HT (100 –300 �M) was perfused for 25 min (50 ml) at a
constant speed of 2 ml/min. Field potentials were amplified with an
Axoclamp-2A amplifier (Molecular Devices, Foster City, CA), and the
signals were digitized with the Digidata 1320A data acquisition system.
On-line and off-line data acquisition and analysis were performed with
Clampex version 9.0 (Molecular Devices). Peak amplitudes of field po-
tentials were measured and plotted. Baseline values were acquired over a
period of 30 min before the application of 5-HT. To elicit LTP by elec-
trical stimulation, we used four groups of 100 Hz of tetanus (each group
containing two trains of 100 Hz, 1 s stimulation in 10 s intervals; the pulse
duration was 0.1 ms during tetanus) 3 min apart. Any changes in synaptic
strength were expressed relative to normalized baseline (mean � SEM).
Statistical comparisons were performed by using Student’s t test and
ANOVA.

When used, pharmacological agents were applied via the bath me-
dium. The following drugs were made in water or in DMSO, stored as
concentrated stock solution, and diluted 1000-fold when applied to the
perfusion solution: (9S,10R,12R)-2,3,9,10,11,12-hexahydro-10-hydroxy-
9-methyl-1-oxo-9,12-epoxy-1H-diindolo-[1,2,3-fg:3�,2�,1�-kl]pyrrolo[3,4-
i][1,6]benzodiazocine-10-carboxylic acid hexyl ester (KT5720; dissolved in
DMSO; Biomol, Plymouth Meeting, PA), 1,4-diamino-2,3-dicyano-1,4-
bis(2-aminophenylthio)butadiene (U0126; in DMSO; Biomol), anisomycin
(in water; Sigma, St. Louis, MO), D-(�)-2-amino-5-phosphonopentanotic
acid (D-APV; in water; Sigma), actinomycin D (ACTD; in DMSO; Sigma),
1-(2-methoxyphenyl)-4-[4-(2-phthalimido)butyl] piperazine (NAN-190;
in DMSO; Sigma), zimelidine (in water; Sigma), 1-(4-amino-5-chloro-2-
methoxyphenyl)-3-[1-butyl-4-piperidinyl]-1-propanone hydrochloride

(RS 67333; in DMSO; Tocris, Bristol, UK), 3-(piperidin-1-yl)propyl
4-amino-5-chloro-2-methoxybenzoate hydrochloride (RS 23597-190; in
water; Tocris), and cytochalasin D (in DMSO; Sigma). 5-HT (Sigma) was
freshly dissolved in ACSF just before application in each experiment. The
final concentration of DMSO was 0.1%. In each control experiment 0.1%
DMSO was used; no effect on baseline recording was found.

Results
5-HT has different short-term and long-term effects on
synaptic plasticity in amygdala
The pathway between the LA and the BL is a critical part of the
intra-amygdala circuit (Stefanacci et al., 1992). This pathway has
been used previously for the analysis of synaptic plasticity in the
BL of amygdala (Cheng et al., 1998; Wang et al., 1999; Lin et al.,
2000; Rammes et al., 2000; DeBock et al., 2003). Orthodromic
stimuli applied to the LA reliably elicited a negative field potential
in the BL (Fig. 1A,B).This field potential follows 50 Hz of stim-
ulation reliably, without failure, and is blocked completely by the
glutamate antagonist CNQX (Fig 1B), indicating that this field
potential reflects monosynaptic glutamatergic transmission
(Huang et al., 2000; Rammes et al., 2000). This field potential is
stable for many hours and therefore allows for the analysis of
L-LTP (�3 h) in the BL of amygdala.

We first examined the effect of 5-HT on synaptic transmission
in the BL nucleus. Consistent with the early reports (Cheng et al.,
1998; Wang et al., 1999), the bath application of 5-HT induced a
synaptic depression in the BL. The synaptic depression started
�10 min after 5-HT application (300 �M; 25 min) and lasted
�30 –50 min. By 30 min after exposure to 5-HT the amplitude of
field potential was reduced significantly (67 � 6%; n � 9). How-
ever, to our surprise, we found that the depression was followed
by a long-lasting facilitation of synaptic transmission. This in-
crease in the amplitude of field potential emerges �1 h after the
application of 5-HT and lasts for at least 5 h in slices (1 h, 129 �
7%; 3 h, 153 � 8%; 5 h, 152 � 10%; n � 9) (Fig. 1C). In control
experiments baseline recordings were stable for up to 5 h (5 h,
97 � 12%; n � 5; p � 0.01; Student’s t test). The 5-HT induces
L-LTP in a dose-dependent manner. Application of 50 �M 5-HT
induced only a weak potentiation of 109 � 7% (n � 5; 3.5 h after
5-HT). Doses of 100 and 200 �M increased the late synaptic po-
tentiation to 131 � 5% (n � 6) and 144 � 10% (n � 5; 3.5 h after
5-HT), whereas 300 �M 5-HT produced a maximal potentiation
of 159 � 6% (n � 12; 3.5 h after 5-HT). The dose–response
histograms of early synaptic depression (E-depression; 30 min
after the application of 5-HT) and late synaptic potentiation (3.5
h after the application of 5-HT) are shown in Figure 1D. ANOVA
revealed that E-depression measured 30 min after 5-HT and
L-LTP measured 3.5 h after 5-HT were significantly different
between groups [E-depression, F(3,24) � 6.8 ( p � 0.01); L-LTP,
F(3,24) � 12 ( p � 0.01); ANOVA].

The 5-HT receptor can be divided into several subtypes
(Barnes and Sharp, 1999). We next asked which subreceptor is
involved in the synaptic potentiation. Because the 5-HT4 recep-
tor is coupled positively with the cAMP/PKA signaling pathway
(Eglen et al., 1995; Torres et al., 1996; Barnes and Sharp, 1999;
Heine et al., 2002; Svenningsson et al., 2002) and we earlier had
found PKA signaling cascades to be involved critically in L-LTP
of amygdala (Huang and Kandel, 1998; Huang et al., 2000, 2005),
we asked whether 5-HT-induced L-LTP can be blocked by the
5-HT4 receptor antagonist RS 23597. We found that, in the pres-
ence of RS 23597 (50 �M), the depression produced by 5-HT was
not affected but that the long-term synaptic facilitation was abol-
ished completely [5-HT, 170 � 6% (n � 6); 5-HT plus RS 23597,
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106 � 12% (n � 6); 3.5 h after the application of 5-HT; p � 0.01;
Student’s t test] (Fig 2A). In contrast, in the presence of the
5-HT1A receptor antagonist NAN-190 (20 �M), the synaptic de-
pression in the first hour was reduced (93 � 5% in NAN-190 vs
61 � 6% in control, measured 20 min after 5-HT; n � 8 for each
group; p � 0.05), but the long-lasting synaptic potentiation
(measured 3.5 h after 5-HT) was unaffected (152 � 7% in NAN-
190 vs 169 � 5% in control; n � 8 for each group; p � 0.5) (Fig.
2B). These results show clearly that the two components of 5-HT

effects are mediated by different 5-HT re-
ceptors and that 5-HT-induced L-LTP is
mediated primarily by the 5-HT4 receptor.
We next asked whether L-LTP induced by
5-HT can be mimicked by the 5-HT4 re-
ceptor agonist. In the presence of the se-
lective 5-HT reuptake inhibitor zimeli-
dine (50 –100 �M) application of the
partial 5-HT4 receptor agonist RS 67333
(50 �M; 25 min) induced a slowly devel-
oped and long-lasting synaptic potentia-
tion in BL [RS 67333 plus zimelidine,
135 � 5% (n � 7); vehicle control, 99 �
6% (n � 6); 3.5 h; p � 0.01] (Fig. 2C),
whereas zimelidine alone or RS 67333
alone did not elicit LTP (zimelidine alone,
98 � 5%; RS 67333 alone, 103 � 6%; n �
6 for each group; p � 0.5; ANOVA). Two
possible explanations might account for
the lack of LTP in slices treated by RS
67333 alone. First, RS 67333 is a partial
5-HT4 receptor agonist, so the 5-HT4 re-
ceptor is not fully activated by RS 67333
(Eglen et al., 1995). Coapplication of a se-
lective 5-HT reuptake inhibitor, which in-
creases the endogenous 5-HT levels (Kim
et al., 2002), may produce a synergetic ef-
fect with RS 67333 on the activation of the
5-HT4 receptor. Alternatively, the activa-
tion of the 5-HT4 receptor is necessary but
may not be sufficient for the induction of
LTP. Other 5-HT receptors (5-HT6,
5-HT7) that also are coupled positively to
PKA pathways (Barnes and Sharp, 1999;
Bacon and Beck, 2000) may contribute to
the 5-HT L-LTP.

5-HT-induced L-LTP in amygdala is
mediated by the PKA/MAPK
signaling pathway
The 5-HT4 receptor and several other
5-HT receptors (5-HT6, 5-HT7) are cou-
pled positively to the cAMP signaling
pathway (Eglen et al., 1995; Barnes and
Sharp, 1999). Is the 5-HT-induced synap-
tic potentiation mediated by PKA? To test
this idea, we examined the effect of a PKA
inhibitor and found that PKA inhibitor
KT5720 (2 �M) completely blocked the
late and long-lasting synaptic potentiation
induced by 5-HT. At 1 and 3.5 h after
5-HT the amplitudes of field potentials
were 105 � 6 and 104 � 9% (n � 6) of the
baseline, significantly different from slices

treated with 5-HT alone (133 � 4 and 167 � 7%; n � 6; p � 0.01)
(Fig. 3A).

Studies in Aplysia indicate that 5-HT recruits MAPK, and the
coordinated action of PKA/MAPK is required for the activation
of CREB. Inhibition of MAPK blocks 5-HT-induced long-term
synaptic facilitation (LTF) in Aplysia (Martin et al., 1997; Michael
et al., 1998). Does MAPK play a similar role in L-LTP induced by
5-HT in neurons of amygdala? We next examined the effect of
MAPK inhibitor U0126. As was the case with the inhibitor of

Figure 1. 5-HT induces L-LTP in the BL of amygdala. A, Schematic illustration of stimulating and recording sites in a coronal
brain slice. The stimulating electrode (Stim) was placed in the LA of amygdala. The recording electrode (Rec) was placed in the BL
of amygdala. B, Top, The synaptic potential recorded from the LA–BL pathway is blocked completely by the glutamate antagonist
CNQX. Calibration: 0.5 mV, 3 ms. B, Bottom, The synaptic potential follows a 50 Hz tetanus in a one-for-one manner without failure.
Calibration: 0.5 mV, 10 ms. C, Bath application of 5-HT (300 �M) induces an early phase of synaptic depression, followed by a late
phase of long-lasting synaptic potentiation in the BL. 5-HT, Filled circles; baseline control, unfilled circles. Representative field
potentials 10 min before and 5 h after the application of 5-HT are shown in the insets. Calibration: 0.5 mV, 5 ms. D, Histograms
showing dose-dependent early synaptic depression and late synaptic potentiation. D1, Early synaptic depression induced by
different doses of 5-HT measured 30 min after 5-HT application. D2, L-LTP induced by different doses of 5-HT measured 3.5 h after
5-HT application. Error bars indicate the mean � SEM.
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PKA, the MAPK inhibitor U0126 (10 �M) blocked the late syn-
aptic potentiation induced by 5-HT [5-HT, 167 � 7% (n � 6);
5-HT plus U-0126, 100 � 12% (n � 6); 3.5 h after 5-HT; p � 0.01;
Student’s t test] (Fig. 3B). Although MAPK and PKA inhibitors
blocked the L-LTP, they did not block the early synaptic depres-
sion induced by 5-HT at this dosage (Fig. 3A,B). Presumably
other signaling pathways, such as calcium/calmodulin-
dependent protein kinase II (CaMKII) and protein kinase C
(PKC), may be involved in the mediation of this synaptic
depression.

NMDA receptors and L-type voltage-dependent calcium
channels (L-VDCCs) play a role in some forms of LTP in amyg-
dala (Huang and Kandel, 1998; Rammes et al., 2000; Blair et al.,
2001; Bauer et al., 2002; Maren, 2005). Does LTP induced by
5-HT similarly require the activation of NMDA receptors and
L-type calcium channels? As shown in Figure 4A, in the presence
of NMDA receptor antagonist D-APV (50 �M) 5-HT still pro-
duced an early synaptic depression and L-LTP (154 � 6%, n � 6;
3.5 h after 5-HT), which was not different from that in control

Figure 2. 5-HT-induced L-LTP in the BL is mediated by the 5-HT4 receptor. A, 5-HT4 receptor
antagonist RS 23597 (50 �M; perfused 30 min before, during 5-HT, and 90 min after washout of
5-HT) blocks the L-LTP induced by 5-HT (300 �M). 5-HT, Unfilled circles; RS 23597 alone, unfilled
squares; RS 23597 plus 5-HT, filled circles. B, 5-HT1A receptor antagonist NAN-190 (20 �M;
perfused 60 min before and during 5-HT application) reduces the early synaptic depression but
does not alter the late phase synaptic potentiation. 5-HT, Unfilled circles; NAN-190 alone, un-
filled squares; 5-HT plus NAN-190, filled circles. C, 5-HT4 receptor agonist RS 67333 (50 �M)
induces L-LTP in the BL in the presence of the 5-HT reuptake inhibitor zimelidine. RS 67333
alone, Unfilled circles; zimelidine, filled triangles; RS 67333 plus zimelidine, filled circles; vehicle
control, filled squares. Representative field potentials 10 min before and 3.5 h after 5-HT or a
5-HT agonist in each group are shown in the insets. Calibration: 1 mV, 3 ms. Error bars indicate
the mean � SEM.

Figure 3. 5-HT-induced L-LTP in the BL depends on the activation of PKA/MAPK. A, PKA
inhibitor KT5720 (2 �M) blocks L-LTP induced by 5-HT (300 �M). 5-HT, Unfilled circles; KT5720
alone, unfilled squares; KT5720 plus 5-HT, filled circles. B, MAPK inhibitor U0126 (10 �M) blocks
the late synaptic potentiation induced by 5-HT but does not block the early synaptic depression.
5-HT, Unfilled circles; U0126 alone, unfilled squares; U0126 plus 5-HT, filled circles. Represen-
tative field potentials 10 min before and 3.5 h after 5-HT in each group are shown in the insets.
Calibration: 1 mV, 5 ms. Error bars indicate the mean � SEM.
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experiments (158 � 10%; n � 6; p � 0.5; Student’s t test) (Fig.
4A). In contrast, L-type calcium channel inhibitor nifedipine (15
�M) partially depressed the L-LTP induced by 5-HT [5-HT,
163 � 7% (n � 6); nifedipine plus 5-HT, 122 � 12% (n � 6); p �
0.05; Student’s t test; 3.5 h after 5-HT], although the early synap-

tic depression induced by 5-HT was not altered (Fig 4B). These
results indicate that 5-HT-induced L-LTP is independent of
NMDA receptors but dependent on the activation of L-type cal-
cium channels. 5-HT is known to increase the voltage-
dependent, nifedipine-sensitive calcium current in Aplysia sen-
sory neurons (Braha et al., 1993). The different blockade effect of
L-type calcium channels on 5-HT-induced L-LTP in neurons of
amygdala and Aplysia (Edmonds et al., 1990) could be attribut-
able to different sensitivity of the L-type calcium channels to
5-HT in these two different neurons.

The induction and maintenance of LTP in the LA–BL pathway
of mice are facilitated by the blockade of GABAergic inhibition in
interneurons (Rammes et al., 2000). 5-HT can activate GABAer-
gic interneurons of the BL directly via an activation of the 5-HT2

receptor (Rainnie, 1999). We therefore examined 5-HT L-LTP in
the presence of the GABAergic antagonist picrotoxin (10 �M). As
shown in Figure 4C, the application of 5-HT still induces a sub-
stantial L-LTP in picrotoxin-treated slices [5-HT, 143 � 7% (n �
6); control, 101 � 5% (n � 6); p � 0.01; Student’s t test; 3.5 h after
5-HT]. This result indicates that the 5-HT4 receptor-mediated
L-LTP in the BL is, at least partly, independent of GABAergic
inhibition, which is similar to the synaptic depression mediated
by 5-HT1A (Cheng et al., 1998).

5-HT-induced L-LTP in amygdala requires new protein
synthesis, gene transcription, and regulation
of actin cytoskeleton
The long-term stabilization of synaptic facilitation induced by
5-HT in Aplysia requires new protein synthesis (Dale et al., 1988).
To determine whether such a requirement exits in 5-HT-induced
L-LTP in amygdala, we perfused anisomycin, an inhibitor of pro-
tein synthesis, into amygdala slices. In the presence of anisomycin
(25 �M) L-LTP induced by 5-HT was depressed significantly
[5-HT, 163 � 9% (n � 6); 5-HT plus anisomycin, 115 � 5% (n �
6); 3.5 h after 5-HT; p � 0.01; Student’s t test] (Fig. 5A).

In Aplysia 5-HT-induced LTF also requires gene transcription
(Montarolo et al., 1986). We therefore examined next the effect of
transcription inhibitor ACTD. We found that ACTD (40 �M) did
not block early synaptic depression but blocked completely the
L-LTP induced by 5-HT [5-HT, 173 � 9% (n � 6); 5-HT plus
ACTD, 110 � 7% (n � 7); 3.5 h after 5-HT; p � 0.01; Student’s t
test] (Fig 5B). As with 5-HT-induced LTF in Aplysia and the
L-LTP in hippocampus, the requirement for transcription has a
critical time window (Montarolo et al., 1986; Nguyen et al.,
1994). When ACTD was applied 2 h after the application of 5-HT,
there was no blockade of 5-HT L-LTP (2 h, 148 � 8%; 5 h, 150 �
14%; n � 5; p � 0.5; Student’s t test) (Fig 5C). These results
indicate that new protein synthesis and gene transcription, me-
diated by the PKA/MAPK signaling pathway, are required for the
maintenance of 5-HT-induced L-LTP in the amygdala.

The protein synthesis-dependent long-term synaptic potenti-
ation in both Aplysia and hippocampus are associated with struc-
tural changes. One of the critical steps involved in synaptic re-
modeling is thought to be the reorganization of actin
cytoskeleton. Actin polymerization inhibitors block 5-HT-
induced LTF and the LTF-associated morphological changes in
the sensory neurons of Aplysia (Hatada et al., 2000; Udo et al.,
2005) and selectively block L-LTP in hippocampus (Krucker et
al., 2000; Fukazawa et al., 2003; Huang and Kandel, 2005). Does
L-LTP induced by 5-HT in neurons of the BL depend on the
regulation of actin cytoskeleton? We examined the effect of cy-
tochalasin D, an inhibitor of actin polymerization. In the pres-
ence of cytochalasin D (10 �M) 5-HT still induced an early syn-

Figure 4. 5-HT-induced L-LTP is independent of NMDA receptors. A, In the presence of
NMDA receptor antagonist D-APV (50 �M) 5-HT (300 �M) still induces L-LTP, which is not
significantly different from that in control experiments. 5-HT, Unfilled circles; 5-HT plus D-APV,
filled circles. B, In the presence of the L-VDCC blocker nifedipine (15 �M) L-LTP induced by 5-HT
was reduced. 5-HT, Unfilled circles; 5-HT plus nifedipine, filled circles. C, 5-HT (300 �M) still
induces L-LTP in the presence of the GABAergic antagonist picrotoxin. Control, Unfilled circles;
5-HT, filled circles. Representative field potentials 10 min before and 3.5 h after 5-HT in each
group are shown in the insets. Calibration: 1 mV, 5 ms. Error bars indicate the mean � SEM.
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aptic depression; however, the late
facilitation was blocked completely
[5-HT, 162 � 8% (n � 6); 5-HT plus cy-
tochalasin D, 98 � 3% (n � 7); p � 0.01;
Student’s t test; 3.5 h after 5-HT] (Fig 5D).
As a control, when cytochalasin D (10 �M)
was applied 2 h after 5-HT, L-LTP was not
affected (2 h, 150 � 8%; 5 h, 165 � 12%;
n � 6; p � 0.5; Student’s t test) (Fig. 5E).
These results indicate that activation of
the 5-HT receptor may stimulate rear-
rangements of cytoskeletal protein and
that 5-HT-induced L-LTP may accompa-
nied by synaptic remodeling of neurons in
amygdala.

5-HT-induced LTP occludes LTP
induced by electrical tetanization
Repeated tetanization induces LTP in the
LA and BL of amygdala in mice (Rammes
et al., 2000; Huang et al., 2005). We next
asked about the relationship between
5-HT-induced LTP and the LTP induced
by electrical tetanization in the BL of
amygdala. At 3 h after 5-HT-induced LTP
we applied eight tetanus trains (4 � 2
trains; 100 Hz; 1 s, in 3 min intervals) to
the same synaptic pathway. The tetaniza-
tion applied in 5-HT-treated slices in-
duced only a transient synaptic potentia-
tion, and the synaptic transmission after
high-frequency stimulation (HFS) gradu-
ally dropped to �75% of the pre-tetanus
level. In contrast, 4 � 2 tetanus trains (100
Hz; 1 s) induced a moderate LTP in con-
trol slices [control, 136 � 8% (n � 5);
5-HT-treated slices, 86 � 10% (n � 6);
measured 30 min after tetanus; p � 0.01;
Student’s t test] (Fig. 6). The occlusion of
HFS LTP in 5-HT-treated slices may be
caused by both 5-HT and HFS activating
the PKA signaling pathway. Indeed, we
found that L-LTP induced by HFS also
was blocked by the 5-HT4 receptor antag-
onist [control, 145 � 8% (n � 6); RS
23597, 110 � 4% (n � 5); measured
3.5 h after HFS; p � 0.01; Student’s t
test] (Fig 6 B); PKA activation and new
protein synthesis were required for the
maintenance of L-LTP induced by HFS
[control, 149 � 3% (n � 6); KT5720,
120 � 3% (n � 5); anisomycin, 118 �
2% (n � 5); measured 3.5 h after HFS;
p � 0.01; ANOVA] (Fig 6C).

Discussion
Dual effects of 5-HT on synaptic plasticity in amygdala
We here demonstrate that 5-HT has dual plastic effects on syn-
aptic transmission in the amygdala. In addition to the early tran-
sient synaptic depression mediated by 5-HT1A (Cheng et al.,
1998; Wang et al., 1999), 5-HT also induces a late synaptic facil-
itation that lasts �5 h. This late and long-lasting synaptic facili-

tation is mediated primarily by the 5-HT4 receptor and requires
PKA/MAPK, new protein synthesis, and gene transcription.

5-HT receptors are divided into seven subtypes: 5-HT1–5-
HT7. Among these subtypes 5-HT4 and 5-HT1A are two subtypes
of 5-HT receptor that are coupled with cAMP via G-protein in
opposite directions. The 5-HT1A receptor is coupled negatively to
the cAMP signaling pathway (Barnes and Sharp, 1999). In con-
trast, the 5-HT4 receptor is coupled positively to cAMP (Eglen et
al., 1995; Torres et al., 1996; Barnes and Sharp, 1999; Heine et al.,
2002). In striatal slices the application of 5-HT (100 �M) causes

Figure 5. Gene transcription and actin cytoskeletal regulation are required for 5-HT L-LTP. A, Protein synthesis inhibitor
anisomycin (25 �M; applied 60 min before, during, and 60 min after washout of 5-HT) blocks the late synaptic potentiation
induced by 5-HT. 5-HT, Unfilled circles; anisomycin alone, unfilled squares; anisomycin plus 5-HT, filled circles. Insets show the
representative field potentials 10 min before and 3.5 h after 5-HT in each group. Calibration: 1 mV, 3 ms. B, Transcription inhibitor
ACTD (40 �M; perfused 30 min before, during, and 60 min after washout of 5-HT) does not affect the synaptic depression but blocks
the L-LTP induced by 5-HT (300 �M). 5-HT, Unfilled circles; 5-HT plus ACTD, filled circles. Insets show the representative field
potentials 10 min before and 3.5 h after 5-HT in each group. C, ACTD applied 2 h after the application of 5-HT does not alter the
L-LTP induced by 5-HT. Insets show the representative field potentials 10 min before (left) and 5 h after (right) 5-HT. D, Actin
polymerization inhibitor cytochalasin D (Cyto D; 10 �M; perfused into slices 60 min before, during, and 90 min after washout of
5-HT) blocks the L-LTP induced by 5-HT (300 �M). 5-HT, Unfilled circles; 5-HT plus Cyto D, filled circles. Insets show representative
field potentials 10 min before and 3.5 h after 5-HT in each group. E, Cytochalasin D applied 2 h after the application of 5-HT does
not alter the L-LTP induced by 5-HT. Insets show representative field potentials 10 min before (left) and 5 h after (right) 5-HT.
Calibration: 1 mV, 5 ms. Error bars indicate the mean � SEM.
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an increased phosphorylation of the PKA sites of Thr34/
DARPP-32 (threonine 34/dopamine and cAMP-regulated
phosphoprotein). This effect could be blocked by the 5-HT4 an-
tagonist and PKA inhibitor recombinant protein-cAMP (Sven-

ningsson et al., 2002). Activation of the 5-HT4 receptor increases
neuronal excitability in hippocampal neurons (Andrade and
Chaput, 1991; Ansanay et al., 1995; Torres et al., 1996; Chapin et
al., 2002; Spencer et al., 2004; Kemp and Vaughan, 2005) and in
prefrontal cortex (Beique et al., 2004). 5-HT4 receptor agonists
enhance the magnitude of population spikes recorded in the CA1
region of hippocampus (Siarey et al., 1995; Spencer et al., 2004).
In neurons of colliculus and hippocampus the activation of the
5-HT4 receptor can inhibit K	 current and reduce afterhyperpo-
larization, which increases neuronal excitability and neurotrans-
mitter release. These effects occur via the mediation of cAMP/
PKA (Ansanay et al., 1995; Eglen et al., 1995; Heine et al., 2002).

The BL of amygdala is rich in 5-HT4 receptors (Waeber et al.,
1993, 1994, 1996; Jakeman et al., 1994; Eglen et al., 1995; Vilaro et
al., 2005). Although there are reports that the activation of the
5-HT4 receptor plays facilitative roles in neurons of the hip-
pocampus, the role of the 5-HT4 receptor on the synaptic trans-
mission in amygdala synapse is not known. Indeed, most of pre-
vious studies in the BL of amygdala limited the recording to �1 h,
and thus the slowly developing and long-lasting effect of 5-HT
was not observed. Our results demonstrate that, in addition to the
early depression effect mediated by 5-HT1A, 5-HT also produces
the 5-HT4 receptor/PKA-dependent late facilitation of synaptic
transmission in neurons of amygdala. In contrast to early synap-
tic depression, the 5-HT4 receptor-mediated late synaptic facili-
tation requires new protein synthesis, gene transcription, and
cytoskeletal rearrangement. This long-term effect of 5-HT may
be very important to the long-term storage of amygdala-based
emotional behavior, which also requires new protein synthesis.
The long-lasting synaptic potentiation induced by 5-HT also may
be involved in the long-term effect of 5-HT-based antidepressant
drugs.

The depressive effect of 5-HT1A receptor activation and the
facilitative effect 5-HT4 receptor activation on synaptic plasticity
are also consistent with the opposite effects of 5-HT1A and 5-HT4

receptors in behavioral studies. In general, activation of the
5-HT4 receptor facilitates memory, and activation of the 5-HT1A

receptor impairs memory. For instance, administration of 5-HT4

receptor agonists enhances acquisition and performance of spa-
tial learning (Fontana et al., 1997; Terry et al., 1998; Lamirault
and Simon, 2001; Lelong et al., 2001). The 5-HT4 antagonist
impairs olfactory-associated memory (Marchetti et al., 2000). In
5-HT4 receptor knock-out mice the responses to stress and nov-
elty are attenuated (Compan et al., 2004). In contrast, injection of
the 5-HT1A agonist impairs retention, and administration of the
5-HT1A antagonist enhances the retention of passive–avoidance
task (Liang, 1999; Schneider et al., 2003). In 5-HT1A knock-out
mice the fear response to contextual clues increases (Toth, 2003;
Klemenhagen et al., 2006).

Learned fear memory in invertebrates and vertebrates may
share some common synaptic mechanism
Learned fear is a form of implicit memory. The synaptic mecha-
nism for learned fear in invertebrates such as Aplysia and Dro-
sophila has been well studied. In Aplysia neurons 5-HT inhibits
K	 current through cAMP/PKA, leading to spike broadening
and prolonged enhancement of transmitter release from the sen-
sory neuron to the motor neuron (LTF). LTF is thought to un-
derlie the enhancement of the gill withdrawal reflex of Aplysia in
response to aversive stimulation (Kandel, 2001). In contrast,
much less is known about the signaling pathway underlying the
long-term storage of learned fear in mammals. The amygdala is
an important locus for defensive memory in mammals. More-

Figure 6. 5-HT-induced L-LTP occludes the LTP induced by electrical tetanus. A, 5-HT L-LTP
occludes subsequent L-LTP induced by HFS. At 3 h after the application of 5-HT (300 �M) the
stimulus intensity was reduced to match the amplitude of baseline potential before 5-HT, and
eight trains of tetanus (4 � 2 trains of 100 Hz of stimulation in 3 min intervals) were applied.
These tetanus trains failed to induce LTP in 5-HT-treated slices. LTP induced by eight trains of
tetanus in control experiments, Unfilled circles; LTP in 5-HT-treated slices, filled circles. Insets,
Representative field potentials before (left) and 40 min after (right) tetanus in control and in
5-HT-treated slices. Calibration: 1 mV, 5 ms. B, 5-HT4 receptor antagonist RS 23597 (50 �M)
blocks the L-LTP induced by HFS (4 � 2 trains of 100 Hz). Control, Unfilled circles; RS 23597,
filled circles. C, PKA inhibitor KT5720 (2 �M) and protein synthesis inhibitor anisomycin (25 �M)
block L-LTP induced by HFS. Control, Unfilled circles; KT5720, unfilled squares; anisomycin, filled
circles. Error bars indicate the mean � SEM.
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over, the synaptic circuitry for learned fear in the amygdala is
relative simple, and the correlation between synaptic strength
and behavior is possibly clearer than for hippocampus and spatial
memory. Previous studies has revealed that long-term synaptic
facilitation in the cortical–amygdala synaptic pathway requires
the activation of PKA-mediated protein synthesis, similar to LTF
in Aplysia (Huang and Kandel, 1998; Huang et al., 2000, 2005).
The present finding of involvement of 5-HT in the protein syn-
thesis and gene expression-dependent long-term synaptic facili-
tation in amygdala provides additional evidence for the similar
signaling pathway for the memory-related changes of synaptic
plasticity between Aplysia and mammals. It appears that LTF
(L-LTP) in both Aplysia and the mammalian amygdala requires
5-HT-mediated activation of the PKA/MAPK cascade, which
subsequently leads to the synthesis of new protein and CREB-
mediated gene expression, Moreover, both 5-HT-induced LTF in
Aplysia and L-LTP in amygdala are associated with actin
cytoskeletal-regulated morphological changes. Although the
mechanisms of plasticity at different synapses are unlikely to be
identical, additional studies of 5-HT in the synaptic plasticity of
amygdala and fear memory, using approaches similar to those
used in studies of Aplysia, are likely to provide additional insights
into the conserved common synaptic mechanism underlying
memory storage for learned fear across the simple models in
invertebrate and mammals.
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