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We have investigated molecular mechanisms of synaptic plas-
ticity in the pathway between two forebrain structures impor-
tant for taste learning, the basolateral amygdala (BLA) and the
insular cortex. We report here that in vivo long-term potentiation
(LTP) induced by BLA stimulation requires functional NMDA
receptors and is modulated by muscarinic acetylcholine recep-
tors. In addition, LTP results in the activation of cortical extra-
cellular regulated kinase 1/2 (ERK1/2) and is blocked by inhib-
itors of ERK1/2 activation. Previous findings demonstrated the

involvement of the same molecular mechanisms in the same
cortical area during novel taste learning. The results demon-
strate that both synaptic and behavioral plasticity share com-
mon molecular mechanisms in the insular cortex.
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Many studies of the biological basis of memory have attempted to
link neurophysiological phenomena such as long-term potentia-
tion (LTP) with experimentally defined behaviors. LTP is an
attractive model for the cellular basis of learning and memory:
activity-dependent, sustained increases in synaptic efficacy hold
clear parallels with changes in behavior after salient learning
events (Bliss and Collingridge, 1993). LTP was first described in
the hippocampus, a structure that has been implicated in various
forms of learning and memory. The rodent hippocampus has
most notably been linked with learning related to spatial infor-
mation (Morris et al., 1986), but its specific role remains contro-
versial. Similarly, although molecular mechanisms of synaptic
plasticity in the hippocampus have been studied extensively, it is
becoming evident that different mechanisms subserve different
phases of LTP in different subregions (Bliss and Collingridge,
1993). We hoped to limit such complications by studying LTP and
its molecular substrates in the insular cortex, a region clearly
involved in well defined taste learning paradigms such as condi-
tioned taste aversion (CTA; Garcia et al., 1955).

Rodents rely heavily on their chemical senses, making taste
learning in the rat a natural and robust behavior useful for study
of the anatomical, physiological, and molecular substrates of
learning. The neuroanatomical structures involved in receiving
and processing taste information include the brainstem, the pons,
the thalamus, and two forebrain areas: the amygdala and the
central gustatory area, which resides in the insular cortex (IC; Fig.
1a). Quantified behavioral paradigms of novel taste learning (e.g.,
CTA and latent inhibition of CTA) enable the study of molecular
mechanisms of learning and memory in the above brain areas
(Berman et al., 1998). Furthermore, it was reported recently that
high-frequency stimulation of the basolateral amygdala (BLA)
induces LTP at synapses in the IC (Escobar et al., 1998), a pathway

involved in well defined-taste learning paradigms (Yamamoto
et al., 1984).

A range of molecular changes have been described in the IC
after novel taste learning. These include tyrosine phosphoryla-
tion of the 2B subunit of the NMDA receptor (Rosenblum et al.,
1995), release of acetylcholine (Shimura et al., 1995), increased
PKC activity (Yasoshima and Yamamoto, 1997), and increased
activation of extracellular regulated kinase 1/2 (ERK1/2) (Ber-
man et al., 1998). In addition, an obligatory role for functional
NMDA receptors, muscarinic acetylcholine (mACh) receptors,
activation of MAP/ERK kinase (MEK, the kinase that specifi-
cally activates ERK1/2), and protein synthesis machinery was
reported (Rosenblum et al., 1993). To establish correlations with
these molecular substrates of learning, we have begun to dissect
the molecular events that underlie LTP in the pathway from
basolateral amygdala to insular cortex.

MATERIALS AND METHODS
Electrophysiology. All procedures were performed in accordance with the
UK Home Office Animals (Scientific Procedures) Act, 1986. Adult male
Wistar rats (250–350 gm) were anesthetized with sodium pentobarbitone
(initial dose, 60 mg/kg, i.p.; supplementary doses of 10 mg/kg as re-
quired) and mounted in a stereotaxic frame. Body temperature was
maintained at 37–38°C throughout. A concentric bipolar stimulating
electrode was placed in the medial perforant path (PP; 4–4.2 mm lateral
of l, 1.5–2.0 mm dorsal to pial surface) and a recording micropipette in
the hilus of the dentate gyrus (DG; 4 mm caudal to bregma, 2.5 mm
lateral, 3–3.5 mm dorsal). Once DG field potentials had been maximized,
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the stimulating electrode was removed from the PP (except in MK801-
treated animals; see below) and lowered into the BLA (3 mm caudal to
bregma, 5 mm lateral, 7 mm dorsal). Successful stimulation of this
amygdaloid nucleus was confirmed by evoking characteristic responses in
the DG. A second recording electrode was then placed in the rostral IC
(1 mm rostral of bregma, 5.5 mm lateral, 4.5 mm dorsal), with placement
confirmed by histology in initial experiments (data not shown).

The BLA was stimulated using 60 msec current pulses of an amplitude
that evoked a 50% maximal response in the IC (60–100 mA; mean 6 SD,
81 6 4.6 mA). Test stimuli were delivered at 0.033 Hz, and tetanic
stimulation of the BLA (six trains of 100 pulses at 100 Hz, 20 sec between
trains) was delivered once a stable baseline had been established. In
some animals, the same number and intensity of stimuli were given at 0.1
Hz to determine the effects of nonpotentiating activity on gene expres-
sion. In animals treated with MK801, the PP was tetanically stimulated
(three trains of 50 pulses at 250 Hz, 30 sec between trains) 40 min after
injection to confirm that the drug was effective in blocking the induction
of LTP in the hippocampus. The 0.033 Hz stimulation was continued for
20–60 min, according to the post-tetanic time point at which the brain
was removed.

Drugs and delivery. MK801 (Tocris Cookson, Bristol, UK) and atro-
pine (Sigma, St. Louis, MO) were dissolved in water or water mixed with
a few drops of ethanol, respectively. PD98059 (Calbiochem, Nottingham,
UK) was dissolved in 1:500 DMSO. An injection micropipette was placed
0.5 mm dorsal to the IC, and 1 ml injections of either 38 mM PD98059 (test
hemisphere) or 0.2% DMSO (control hemisphere) were made over 10
min. The injection pipette was then removed and replaced by a recording
micropipette.

In situ hybridization. One hour after tetanic stimulation of the BLA,
brains were removed, frozen on dry ice, and stored at 270°C. Fourteen-
micrometer-thick sections were cut on a cryostat and mounted on poly-
L-lysine-coated glass slides and stored at 270°C. In situ hybridization was
performed essentially as described by Wisden et al. (1990). Briefly,
sections were thawed at room temperature, fixed in 4% paraformalde-
hyde, actetylated in 1.4% triethanolamine and 0.25% acetic anhydride,
dehydrated through graded ethanol solutions, and delipidated in chloro-
form. Sections were hybridized overnight at 42°C in 100 ml of buffer
containing 50% formamide, 43 SSC (150 mM sodium chloride and 15 mM
sodium citrate), 10% dextran sulfate, 53 Denhardt’s solution, 200 mg/ml
acid- and alkali-cleaved salmon testis DNA, 100 mg/ml long-chain poly-
adenylic acid, 25 mM sodium phosphate, pH 7.0, 1 mM sodium pyrophos-
phate, and 100,000 cpm radiolabeled probe (;1 ng/ml) under Parafilm
coverslips. Sections were washed in 13 SSC at room temperature, 13
SSC at 55°C (30 min), and 0.13 SSC at room temperature (5 min) and
dehydrated in 70 and 95% ethanol. Sections were then exposed to
autoradiographic film. 35S-ATP end-labeled probes (New England Nu-
clear, Boston, MA) were generated using terminal deoxynucleotidyl
transferase (Promega, Madison, WI) according to manufacturer’s in-
structions (Promega) and purified over Sephadex G50 columns (Pro-
mega). A 50-fold excess of unlabeled oligonucleotide was used as a
negative control. Autoradiographs were analyzed by measuring the in-
tegrated density relative to a C 14 standard using the NIH Image pro-
gram. Oligonucleotides of unique sequence were supplied by Oswel
(Southampton, UK). Probe sequences were zif268, CCGTGGCTCAG-
CAGCATCATCTCCTCCAGTTTGGGGTAGTTGTCC, complemen-
tary to nucleotides spanning amino acids 2–16 (Milbrandt, 1987); c-Fos,
GCAGCGGGAGGATGACGCCTCGTGTCCGCGTTGAAACCCGA-
GAA, complementary to nucleotides spanning amino acids 1–15 (Mor-
gan et al., 1987); except in the experiment using PD98059, in which the
virtually identical oligonucleotide against murine cFos was used; the
specificity of this oligonucleotide was determined by competing with
excess unlabeled rat c-Fos oligonucleotide; Arc, GTTCTTCACCGAGC-
CCTGTTTGAACTCCCACCACTTCTTGGCTGG, complementary
to nucleotides spanning amino acids 249–263 (Lyford et al., 1995); and
Homer, GTCAGTTCCATCTTCTCCTGCGACTTCTCCTTTGCCAG,
complementary to nucleotides spanning amino acids 111–123 (Brakeman
et al., 1997; Kato et al., 1998).

Homogenization. Thirty minutes after tetanic stimulation, rats were
decapitated, and the insular cortex was excised on ice (the crossing of the
rhinal fissure and the middle cerebral artery was used as a reference
point). The samples were immediately homogenized in a glass-Teflon
homogenizer in 300 ml of SDS sample buffer (10% glycerol, 5%
b-mercaptoethanol, and 2.3% SDS, in 62.5 mM Tris-Hcl, pH 6.8) and
boiled for 5 min. Samples were stored at 220°C until further use.

Western blot analysis. Similar amounts of protein (Lowry method) in

SDS-sample buffer were separated by SDS-PAGE (10% polyacrylamide;
see Laemmli,1970) and identified by Western blot analysis. After sepa-
ration, the blots were blocked with 1% BSA for 1 hr at room temperature.
The blots were reacted either overnight in a cold room or for 1 hr at room
temperature with primary antibody. After three short washes the blots
were subsequently incubated for 1 hr at room temperature with HRP-
linked protein A or HRP-conjugated protein G (Chemicon, Temecula,
CA). The blots than were exposed to ECL substrate and film (Amer-
sham, Arlington Heights, IL). The antibodies used were dpERK (Pro-
mega; 1:30,000; New England Biolabs, Beverly, MA; 1:5000), ERK1/2
(New England Biolabs; 1:2000), and ERKII (Santa Cruz Biotechnology,
Santa Cruz, CA; 1:4000). Quantification was performed using a comput-
erized densitometer and image analyzer (Molecular Dynamics, Sunny-
vale, CA).

Statistics. Mean 6 SEM values are given throughout. For LTP exper-
iments, drug effects on the level of potentiation in different groups of
animals were compared using an unpaired Student’s t test, comparing
mean values over the period indicated. A t test was also used to compare
densitometric Western blot analyses. Effects were considered significant
at p , 0.05.

RESULTS
Single-pulse stimulation of the BLA evoked characteristic
positive-going field potentials in the DG and IC (Fig. 1b). The
DG responses were biphasic at maximal stimulation intensities,
with early and late components. The early component was not
elicited by the test stimulus intensities used for LTP experiments;
the late component had a latency of 20 6 1.1 msec to peak and
amplitude of 6.7 6 0.89 mV at test intensity (measured during the
10 min period before the tetanus; n 5 4). This late component of
the BLA3DG response reversed polarity when the recording
electrode was raised to the synaptic layer of the DG (data not
shown). The BLA3 IC evoked potential (EP) was monophasic
(mean amplitude, 0.97 6 0.06 mV; mean latency to peak, 12 6 0.5
msec over 10 min before tetanus; n 5 8) and did not show clear
reversal. Neither DG nor IC responses exhibited a population
spike at any stimulation intensity tested. EEG was monitored
throughout, and no sign of seizure was observed during any of the
protocols used.

As shown in Figure 2, a and b, tetanic stimulation of the BLA
induced a stable potentiation of the BLA3 IC response (slope
increased by 43 6 5% and amplitude by 46 6 1% of control,
comparing mean measurement made 50–60 min after tetanus
with mean baseline responses in the 10 min before the tetanus).
BLA3 IC responses were not affected under these conditions,
remaining within 7 6 5% of control levels. Block of either
NMDA receptors or mACh receptors in the insular cortex sig-
nificantly attenuates novel taste learning in the rat (Naor and
Dudai,1996; Rosenblum et al., 1997). We therefore tested the
dependency of this form of cortical LTP on the same two recep-
tors. Induction of LTPBLA3 IC was blocked (responses remained
within 2 6 1% of control 10–30 min after tetanus; p , 0.05) by
the irreversible NMDA receptor channel blocker MK801 (Fig.
2b), administered systemically 60 min before tetanic stimulation
at a dose (1 mg/kg, i.p.) shown in the same animals to block
induction of LTPPP3DG in the hippocampus (where PP3DG
EPSP slope remained within 6 6 1% of control 5–10 min after
tetanus). LTPBLA3 IC was also significantly attenuated (slope
only increased by 32 6 1% of control 10–40 min after tetanus;
p , 0.05) by the muscarinic ACh receptor antagonist atropine (60
mg/kg, i.p., 40 min before tetanus), although unlike the NMDA
receptor antagonist, this dose of atropine clearly did not com-
pletely block LTPBLA3 IC (Fig. 2c). Neither MK801 nor atropine
affected test responses, which maintained a mean pretetanus
amplitude of 1.1 6 0.04 and 0.88 6 0.06 mV, respectively, at these
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doses (compared with the control response amplitude of 0.97 6
0.06 mV, values given as mean for 5 min before tetanus). This
suggests that BLA3 IC low-frequency synaptic transmission was
not affected by systemic administration of these antagonists.

Because both ACh receptor and NMDA receptor activation
induce ERK1/2 activation in primary cortical cultures (K. Rosen-
blum and M. Futter, unpublished data), and ERK1/2 activation
is correlated with novel taste learning in the insular cortex
(Rosenblum et al., 1995), we next investigated the involvement
of the enzymes ERK1/2 in this form of LTP. ERK1/2 belong to
the mitogen-associated protein kinase (MAPK) family of
serine/threonine kinases and are highly expressed in the ma-
ture CNS (Fukunaga and Miyamoto, 1998). MAPKs take part
in transmembrane signaling cascades, conveying information
from extracellular receptor proteins to cytoplasm and nucleus.
MAPKs are well established as playing a crucial role in dif-
ferentiation, proliferation, and development and have recently
been implicated in learning and memory-related plasticity in
different species (Orban et al., 1999). ERK1/2 activation (via
dual phosphorylation on Thr-201 and Tyr-203 by MEK) is
correlated with novel taste learning and has been reported to
underlie long-term but not short-term memory (Berman et al.,
1998). We tested the possibility that ERK1/2 are activated
after LTPBLA3 IC and that activation occurred with a time
course similar to that previously observed after learning (Ber-
man et al., 1998). Consistent with previous findings, 30 min
after the induction of LTPBLA3 IC there was a significant
activation of ERK1/2 in the IC (1.7 6 0.1-fold greater activa-
tion than in the unstimulated, contralateral IC) without change
in the amount of ERK1/2 protein expressed in this region (Fig.
3a). Using a specific inhibitor of MAPK kinase (MEK), the
upstream kinase required for ERK1/2 activation, we tested
whether ERK1/2 activation was required for LTPBLA3 IC. Mi-
croinjection of the specific MEK inhibitor PD948059 (Alessi et
al., 1995) into the IC 30 min before tetanic stimulation of BLA
blocked the induction of stable LTP. Although some post-
tetanic potentiation (to 128 6 1.5% of control 0 –10 min after
tetanus) was evident under these conditions, responses were
not significantly potentiated 30 – 40 min after the tetanus (Fig.
3b). PD98059 had no effect on test response amplitude (1.05 6
0.15 mV compared with the control response amplitude of
0.97 6 0.06 mV). These results parallel those obtained in an
in vivo study of LTP in the hippocampus, in which we observed
a block of LTP by PD98059 with a similar time course
(K. Rosenblum and M. W. Jones, unpublished data).

One hypothesis regarding the maintenance of long-term plas-
ticity suggests that modulation of gene expression is required to
support remodeling of synaptic efficacy and/or morphology (Frey

4

gyrus by stimulation of the PP. The crossing of the rhinal fissure (RF ) and
middle cerebral artery was used as a guide for dissection of the IC. b,
Characteristic field potentials recorded in the hilus of the dentate gyrus
during single-pulse stimulation of the medial perforant path (PP3DG; 80
mA, 60 msec) or basolateral amygdala (BLA3DG; 150 mA, 60 msec).
These responses were used to establish the correct position of the BLA-
stimulating electrode so that a second recording electrode could be used
to record the field potential evoked in the insular cortex by BLA stimu-
lation (BLA3IC; 80 mA, 60 msec). c, Stimulus–response curves for EP1,
the field potential evoked in the IC by stimulation of the BLA (n 5 3).
Sixty microsecond stimulus pulses of increasing current were given at 10
sec intervals, evoking responses of increasing slope and amplitude. The
arrow on the horizontal axis marks mean test intensity used for LTP
experiments.

Figure 1. Anatomy and physiology of projections to and from the baso-
lateral amygdala. a, Arrows indicate how three cranial nerves carry taste
information from the oral cavity to the nucleus tractus solitaruis (NTS) in
the brainstem. From there, the information flows to the parabrachial
nucleus (PBN ) of the pons, specific regions of the thalamus (Th), and
forebrain areas including the amygdala and the IC. We have studied
connections from the BLA, to the dentate gyrus of the hippocampal
formation (HF ), and to the IC. Field potentials were evoked in the
dentate
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et al., 1988). Thus in biochemical terms, late-phase LTP, like
long-term memory, can be distinguished from earlier phases by a
dependence on protein synthesis. Because taste learning has itself
been shown to be protein synthesis-dependent (Rosenblum et al.,
1993), and the MEK inhibitor PD98059 specifically blocks long-
but not short-term novel taste memory (Berman et al., 1998), we
tested the possibility that LTPBLA3 IC is correlated with altered
gene expression. The genes studied were immediate early genes
(IEGs) whose induction is correlated with synaptic activity:
Zif268, Fos, Arc, and Homer. Zif 268 and Fos are transcription
factors (Dragunow, 1996); Arc is associated with the cytoskeleton
(Steward et al., 1998); and Homer binds metabotropic glutamate
receptors (Brakeman et al., 1997).

In situ hybridization showed that the expression of Zif268, Fos,
Homer, and Arc mRNAs was markedly upregulated throughout
the majority of cortical areas, including IC, 1 hr after tetanic
stimulation of the BLA (Fig. 4). Low-frequency stimulation of
the BLA (such that the total number of stimuli delivered was
identical to that required to induce potentiation when given at
100 Hz) also increased IEG mRNA expression (data not shown).

Neither nonstimulated contralateral hemispheres nor any subcor-
tical area (e.g., caudate putamen) showed any clear change nor,
interestingly, did the cells of the hippocampal formation, despite
the sizeable responses evoked here by BLA stimulation. It is
possible that the expression of different genes is altered in these
areas at time points other than 1 hr after BLA stimulation. If so,
later time points would seem more likely, because Zif268 upregu-
lation in the hippocampus is rapid and peaks 1 hr after tetanic
stimulation of the perforant path (Wisden et al., 1990). Whereas
the NMDA receptor channel blocker MK801 completely blocked
LTPBLA3 IC, it did not block IEG upregulation, although the
increase in expression was clearly attenuated. The mACh recep-
tor antagonist atropine had effects similar to those of MK801 on
IEG expression, whereas it failed to block LTP completely.

DISCUSSION
Taste-learning paradigms have recently been used to investigate
specific molecular mechanisms associated with learning in the rat.
The emerging picture points to the involvement of glutamatergic
and cholinergic neurotransmission (via NMDA and mACh re-

Figure 2. Long-term potentiation induced by tetanic stimulation of the BLA. a,
Test responses were evoked 1 per 30 sec at a test intensity that elicited a half-
maximal EP1 slope. Once responses had stabilized, six trains of 100 test intensity
pulses at 100 Hz, 20 sec between trains, were delivered to the BLA (arrowhead, time
0), and responses were followed for up to 60 min. Percent changes in BLA3 IC
slope are plotted (n 5 8). Representative responses taken 10 min before (210min)
and 40 min after (40min) the tetanus are also shown Calibration: 1 mV, 5 msec. b,
c, LTP was completely blocked by systemic MK801 (b) (1 mg/kg, i.p., injected 60
min before tetanus) and significantly attenuated by atropine (c) (60 mg/kg, i.p., 40
min before tetanus; p , 0.05 10–40 min after tetanus).
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ceptors, respectively), the activation of tyrosine kinases and
MAPK, and a requirement for protein synthesis (Rosenblum et
al., 1993, 1997; Shimura et al., 1995). It is important to note that
it is the combination of the percept itself, i.e., the taste, and its
value, i.e., novelty, that induces the correlative molecular changes
observed. These changes occurred specifically in the insular cor-
tex, the central gustatory area (Braun et al., 1982). Here we show
that NMDA receptors, mACh receptors, and members of the
MAPK family ERK1/2 also subserve synaptic plasticity in the
same neocortical area.

Lesion studies confirm a role for the IC and its connections to
the BLA in taste learning (Bermudez-Rattoni and McGaugh,
1991) (see Fig. 1). Retrograde labeling with horseradish peroxi-
dase suggests direct and reciprocal BLA–IC connections (Ot-
tersen, 1982). Single-unit recording in the IC reveals neurons with
a range of response latencies after electrical stimulation of the
BLA (Yamamoto et al., 1984). Single-pulse stimulation of the
BLA evokes reproducible, positive-going field potentials in the IC
(Fig. 1b). Although not definitive, the latency of these responses

is consistent with a monosynaptic connection, as is the block of
LTPBLA3 IC by local injection of PD98059 (Fig. 3b).

We confirm the observations of Escobar et al. (1998) that
tetanic stimulation of the BLA results in a long-lasting enhance-
ment of IC responses. This potentiation is maintained for at least
1 hr (Fig. 2a) but could be followed for up to 3 hr without
decrement (data not shown). LTPBLA3 IC shares properties with
LTP in the hippocampus and other cortical regions, including
rapid induction by 100 Hz stimulation, persistence, and NMDA
receptor dependence (Bliss and Lømo 1973; Jay et al., 1995),
although this is in contrast to some reports of slowly developing
LTP in the cortex in vivo (Trepel and Racine, 1998). Responses
evoked in the DG by BLA stimulation have been characterized
previously (Ikegaya et al., 1996). Stimulation of the amygdala
(including the BLA) has also been shown to affect LTPPP3DG, a
possible mechanism for modulation of hippocampal-dependent
learning (Ikegaya et al., 1995, 1997). This may point to a more
general role of the amygdala in signaling novelty or salience
(Dunn and Everitt, 1988).

Figure 3. ERK1/2 activation is correlated
with and necessary for LTPBLA3 IC. a,
Thirty minutes after the induction of LTP,
the insular cortex was dissected out and
processed for SDS-PAGE and immunoblot-
ting with antiphosphospecific antibodies
(Thr-201–Tyr-203) recognizing the acti-
vated form of ERK1/2 or with anti ERKII
recognizing the ERKII polypeptide. Blots
were analyzed using a densitometer, and
the ratio between the signal on the potenti-
ated versus the control insular cortex was
calculated. Significant increases in ERK1/2
activation were observed in potentiated tis-
sue (n 5 4; *p , 0.05). Sample blots for
ERKII (top) and dpERK1/2 (bottom) are
shown on the lef t. b, Microinjection of 1 ml
of 38 mM PD98059 0.5 mm above the insular
cortex 30 min before tetanic stimulation of
the BLA (arrowhead, time 0; as for Fig. 1)
prevents long-lasting potentiation of IC re-
sponses. The right panel shows superim-
posed sample responses recorded 10 min
before ( gray) and 40 min after (black) tet-
anus in a control rat and a PD98059-
injected rat (top and bottom traces, respec-
tively). Calibration: 1 mV, 5 msec.
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Cholinergic transmission at the mACh receptor has been im-
plicated in learning and memory in humans and other mammals
(Levey, 1996; Mesulam, 1998), particularly with respect to the
encoding of salient input (Acquas et al., 1996). In vitro studies
have shown that mACh receptors can modulate, or even induce,
synaptic plasticity in the CA1 region of the hippocampus (Blitzer
et al., 1990; Auerbach and Segal, 1994); it is not known whether
this occurs in the hippocampus in vivo. Our results show that the
mACh receptor antagonist atropine attenuates LTPBLA3 IC (Fig.

2d). This is the first demonstration of cholinergic modulation of
LTP in the neocortex in vivo. NMDA and mACh receptors, both
shown here to be important for LTPBLA3 IC, can activate
ERK1/2 in primary cortical culture (Rosenblum and Futter, un-
published data). Indeed, LTPBLA3 IC is associated with ERK1/2
activation (Fig. 3). Thus ERK1/2 could serve as a detector for
coincident activation of mACh receptors and glutamate
receptors.

In this paper we demonstrate a necessary role for ERK activa-

Figure 4. High-frequency stimulation of
the BLA induces immediate early gene
expression in the cortex. a, One hour
after tetanic stimulation of the BLA and
confirmed induction of LTP (see Fig. 2)
in the insular cortex, brains were removed
and frozen on dry ice. Sections were
taken from the area containing the insu-
lar cortex or the hippocampus, and in situ
hybridization was performed with oligo-
nucleotides specific to Zif268 and Fos. As
shown by the representative sections on
the lef t, levels of Zif268 and Fos mRNA
expression were increased in much of the
cortex of the stimulated hemisphere but
not in the nonstimulated contralateral
cortex. There was no increased expres-
sion in the caudate putamen (CPU) or
other noncortical areas. The histogram
represents the mean ratios obtained by
dividing densitometric measures from the
same areas in the ipsilateral and con-
tralateral hemispheres (n 5 3 or 4). In the
animals treated with MK801 or atropine
(see Fig. 2c,d), the increase in Zif268 and
Fos mRNA expression was attenuated
but not abolished. b, mRNA expression
of the immediate early genes Arc and
Homer was significantly increased in the
same regions 1 hr after tetanic stimula-
tion of the BLA. No induction of any of
the mRNAs described above was ob-
served in the dentate gyrus of the hip-
pocampus after BLA stimulation (data
not shown). *p , 0.05 for comparison
between hemispheres.
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tion in neocortical LTP in vivo (Fig. 3). We have also found that
LTP in the DG of the hippocampus in vivo is dependent on
ERK1/2 (our unpublished data). It has been suggested that
MAPK is likely to play a fundamental role in memory consoli-
dation (Blum et al., 1999; Impey et al., 1999). However, the time
scales of the activation of ERK1/2 and the effects of PD98059 in
both the neocortex in vivo (Fig. 3b) and in the hippocampus in
vivo and in vitro (English and Sweatt, 1997; Atkins et al., 1998)
suggest an action on the early phase(s) of LTP. Given the range
of potential cytosolic and nuclear effects of ERK, including the
modulation of gene transcription in neurons via the proteins
cAMP response element-binding protein and RSK (Impey et al.,
1999; Roberson et al., 1999), it seems reasonable to suppose that
ERK1/2 may also have a role to play in the late, protein synthesis-
dependent phase of LTP.

Immediate early genes are potential targets for the modulatory
activity of ERK. One such gene is the transcription factor Zif268,
which shows expression correlated with NMDA receptor-
mediated LTP but not with low-frequency activity, in the DG
(Cole et al., 1989; Wisden et al., 1990). In the DG, stimulation of
the perforant path leads to upregulation of mRNA for Zif268
only if the stimulation induces LTP; in contrast, stimulation of the
BLA, whether it leads to LTP, can upregulate Zif268 message.
As with Zif268, strong activation of Fos, Arc, and Homer mRNA
expression was observed throughout most of the ipsilateral cere-
bral cortex after high-frequency stimulation of the BLA (Fig. 4).
Again, this activation was not correlated simply with the degree
of resulting potentiation, because the NMDA receptor antagonist
MK801 only attenuated the increased mRNA expression but
completely blocked LTP; moreover, low-frequency stimulation
also induced increased transcription. It remains unclear how and
why different activity in different brain areas is correlated with
IEG expression. However, the extent to which BLA stimulation
influences cortical IEG expression may reflect the importance of
the amygdala in modulating neocortical function.

We demonstrate here that LTP shares some of the same mo-
lecular mechanisms as learning in the mature neocortex. The
physiological role of LTP in learning and memory remains to be
fully established, but in view of the observation that an LTP-like
phenomenon is detected in the amygdala after fear conditioning
(Rogan et al., 1997), it will be interesting to explore the possibility
that novel taste learning induces changes in the strength of
connections between the basolateral amygdala and the insular
cortex.
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