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a b s t r a c t
The intracellular mitogen-activated protein kinase (MAPK) pathway in the brain is necessary for the formation of a variety of memories including conditioned taste aversion (CTA) learning. However, the functional role of MAPK activation in the amygdala during lithium chloride (LiCl)-induced CTA learning has
not been established. In the present study, we investigated if local microinjection of SL327, a MAPK
kinase inhibitor, into the rat amygdala could alleviate LiCl-induced CTA learning. Our results revealed
that acute administration of a high dose of LiCl (0.15 M, 12 ml/kg, i.p.) rapidly increased the level of phosphorylated MAPK (pMAPK)-positive cells in the central nucleus of the amygdala (CeA) and nucleus of the
solitary tract (NTS) of rats as measured by immunohistochemistry. Local microinjection of SL327
(1 lg/0.5 ll/hemisphere) into the CeA 10 min before LiCl administration decreased both the strength
of LiCl-induced CTA paired with 0.125% saccharin and the level of LiCl-induced pMAPK-positive cells in
the CeA, but not in the NTS. Our data suggest that the intracellular signaling cascade of the MAPK pathway in the CeA plays a critical role in the processing of visceral information induced by LiCl for CTA
learning.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Conditioned taste aversion (CTA) is a form of associative learning
in which an animal avoids a taste after pairing of a novel taste (conditioned stimulus, CS) with a toxin (unconditioned stimulus, US;
Garcia, Hankins, & Rusiniak, 1974). Toxicity of the US, e.g. lithium
chloride (LiCl), evokes illness like nausea, diarrhea or physical discomfort in animals. The amygdala has been implicated in many
forms of emotional and aversive conditioning (Gallagher & Chiba,
1996; LeDoux, 1993), and the amygdala is involved in the central
processing of the toxic US. It has been reported that lesions (Lasiter
& Glanzman, 1985; Schafe & Bernstein, 1996; Yamamoto, Fujimoto,
Shimura, & Sakai, 1995) or blockade of synaptic transmission of the
amygdala (Roldan & Bures, 1994) impaired CTA induced by LiCl in
rats. LiCl toxicity also increases expression of some activator protein
1 (AP-1) transcription factors in the central nucleus of the amygdala
(CeA) (Kwon, Glotz, & Houpt, 2008; Kwon & Houpt, 2010a; Lamprecht & Dudai, 1995; Spencer & Houpt, 2001; Swank, 1999; Yamamoto et al., 1992). LiCl also induces c-Fos in the brainstem nucleus of
the solitary tract (NTS), which projects directly and indirectly to the
CeA (Houpt, Philopena, Wessel, Joh, & Smith, 1994; Swank, 1999;
Swank & Bernstein, 1994; Yamamoto et al., 1992). The gene expression and protein synthesis in the amygdala following LiCl is neces⇑ Corresponding author. Address: Department of Biological Science, 3010 King
Life Sciences Building, Florida State University, Tallahassee, FL 32306-4295, USA.
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sary for the formation of CTA memory because administration of
anisomycin, a protein synthesis inhibitor, into the rat amygdala impaired CTA acquisition (Lamprecht & Dudai, 1996).
LiCl-induced gene expression in the amygdala may result from
the molecular signaling cascades that are induced by LiCl-induced
chemoreceptive stimulation. The visceral pathway of LiCl toxicity
is indirectly relayed to the amygdala from the NTS and area postrema (Sakai & Yamamoto, 1999; Schafe & Bernstein, 1996; Schafe
& Bernstein, 1998) via the release of neurotransmitters such as glutamate (Miranda, Ferreira, Ramirez-Lugo, & Bermudez-Rattoni,
2002; Yasoshima, Morimoto, & Yamamoto, 2000) and glucagonlike peptide-1 (Kinzig, D’Alessio, & Seeley, 2002; Seeley et al.,
2000). It has been reported that acute administration of a high dose
of LiCl activated the intracellular signaling pathway involving
mitogen-activated protein kinases (MAPKs) in the CeA (Swank,
2000a), NTS (Swank, 2000b) and insular cortex (Swank, 2000a).
Conversely, novel taste experience did not activate MAPKs in the
CeA (Swank, 2000a) and NTS (Swank, Ellis, & Blaker, 1996), but
taste stimulation did activate MAPKs in the insular cortex (Belelovsky, Elkobi, Kaphzan, Nairn, & Rosenblum, 2005; Berman, Hazvi,
Rosenblum, Seger, & Dudai, 1998; Yefet et al., 2006). This suggests
that MAPK activity in the CeA and NTS is more associated with the
visceral stimulation induced by LiCl than the gustatory stimulation
induced by a novel taste.
MAPKs are a family of protein kinases that phosphorylate threonine and tyrosine residues of target proteins or themselves.
MAPKs are also known as extracellular signal-regulated kinases
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(ERKs), which amplify and transfer the information of extracellular
signals from the membrane to the cytoplasm and nucleus. MAPKs
are activated by phosphorylation by their upstream kinases,
MAPK/ERK kinases (MEKs), as the result of a variety of extracellular
stimuli such as growth factors, stress, osmotic and heat shock, hormones, and cytokines (Clayton & Mahadevan, 2003). MAPKs also
have a broad number of downstream targets such as transcription
factors, cytoskeletal proteins, regulatory enzymes and kinases. In
addition, the MAPK signaling pathway in the brain plays an important role in formation of a variety of memories (e.g. fear conditioning (Atkins, Selcher, Petraitis, Trzaskos, & Sweatt, 1998; Schafe,
Nadel, Sullivan, Harris, & LeDoux, 1999; Schafe et al., 2000; Villarreal & Barea-Rodriguez, 2006), spatial water maze learning (Blum,
Moore, Adams, & Dash, 1999; Selcher, Atkins, Trzaskos, Paylor, &
Sweatt, 1999), aversive olfactory learning (Zhang, Okutani, Inoue,
& Kaba, 2003) and recognition memory (Kelly, Laroche, & Davis,
2003)) including synaptic and neuronal plasticity (Adams &
Sweatt, 2002; Peng, Zhang, Zhang, Wang, & Ren, 2010; Sweatt,
2001; Thomas & Huganir, 2004).
Previous studies have provided evidence that the MAPK pathway is critical for LiCl-induced CTA learning. Systemic injection
of a MEK inhibitor attenuated LiCl-induced CTA learning in mice
(Swank & Sweatt, 2001) and rat pups (Languille et al., 2009). Local
microinjection of a MEK inhibitor into the rat insular cortex
(Berman et al., 1998) and mouse fourth ventricle (Swank, 2000b)
before conditioning attenuated LiCl-induced CTA learning. However, the functional role of MAPK activation in the amygdala during
LiCl-induced CTA learning has not been established.
In the present study, we investigated if local microinjection of
SL327, a MEK inhibitor, into the rat amygdala could alleviate
LiCl-induced CTA learning. Our results revealed that LiCl rapidly increased the level of phosphorylated MAPK (pMAPK) in the CeA and
NTS of rats. Local microinjection of SL327 into the CeA before LiCl
administration decreased both the strength of LiCl-induced CTA
and the level of LiCl-induced pMAPK in the CeA, but not in the
NTS. Our data suggest that the MAPK signaling pathway in the
CeA plays a critical role in LiCl-induced CTA learning.
2. Materials and methods
2.1. Animals
Adult male Sprague–Dawley rats (300–450 g, Charles River Laboratories, Wilmington, MA) were individually housed under a 12-h
light – 12-h dark cycle (lights on 07:00) at 25 °C with free access to
Purina rodent chow and distilled water. All experiments and procedures were conducted in the ﬁrst half of the lights-on period. Anesthesia (isoﬂurane and sodium pentobarbital) was used to minimize
pain and discomfort. All experiments were approved by the Florida
State University institutional animal care and use committee.
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0.5 ml). After surgery, rats were given at least 10 days for recovery. To conﬁrm cannula orientations, brain sections were examined under a microscope at the end of all experiments (see Figs.
4 and 6). Rats showing the cannula placement outside CeA were
excluded in the present study. Animal numbers shown in experiments 2 and 3 are those who had the cannula placement inside
CeA (see Fig. 4).
2.3. Immunohistochemistry
Rats were anesthetized with sodium pentobarbital and perfused
ﬁrst with 100 ml of isotonic saline containing 0.5% sodium nitrite
and 1000 U heparin, and then with 400 ml phosphate-buffered
4% paraformaldehyde. Brains were dissected out and post-ﬁxed
for 3 h, then cryoprotected in 30% sucrose for 2–3 days. Brain sections were cut at 40 lm at 20 °C by microtome, and washed twice
in 0.1 M phosphate-buffered saline (PBS) for 10 min. After PBS
washes, sections were washed in 0.2% Triton-1% bovine serum
albumin (BSA)-PBS for 30 min, and washed in PBS-BSA for 10 min
twice. Sections were incubated with primary antibodies in PBSBSA at room temperature for 20 h. The primary antisera used were
anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E)
rabbit mAb (#4370, 1:500, Cell Signaling Technology) and anti-cFos (Ab-5, 1:20,000, Oncogene Research). Sections were washed
in PBS-BSA for 10 min twice, and incubated for 1 h with the biotinylated goat anti-rabbit antibody (Vector Laboratories) at a dilution
of 1:200 in PBS-BSA. After washes in PBS-BSA for 10 min twice,
antibody complexes were ampliﬁed using the Elite Vectastain
ABC kit (Vector Laboratories), and visualized by a 5-min reaction
in 0.05% 3,3-diaminobenzidine tetrahydrochloride. Sections were
immediately washed twice in 0.1 M phosphate buffer and mounted
on gelatin-coated slides. Sections on the slides were stained with
Methyl Green Nuclear Counterstain (Vector Laboratories) and
coverslipped with Permount.
2.4. Quantiﬁcation and statistical analysis
For the chromogenic immunohistochemistry, cells expressing
darkly-positive, nuclear staining were quantiﬁed with custom software (MindsEye, T. Houpt). Regions were digitally-captured at 40
magniﬁcation on a Macintosh computer using an Olympus Provis
AX-70 microscope with a Dage-MTI DC-330 CCD camera and Scion
LG-3 framegrabber. Counting was restricted to the BLA, CeA, LA
and NTS as delineated by a hand-drawn outline based on the rat
brain atlas (Paxinos & Watson, 1997). Bilateral cell counts were
averaged for six sections of the amygdala and NTS for each rat.
The individual mean counts for each region were then averaged
across rats within experimental groups.
Signiﬁcant effects across treatment groups were detected by
one-way or two-way ANOVA and Newman–Keuls post hoc tests
(Kaleidagraph, Synergy Software). All data are presented as the
mean ± standard error of the mean.

2.2. Intra-amygdala cannulation
2.5. Experiment 1: The level of pMAPK after LiCl
Under isoﬂurane anesthesia, rats were placed in a stereotaxic
apparatus (David Kopf Instruments, Tujunga, CA) and bilateral
22-gauge guide cannulae (Plastics One, Inc., Roanoke, VA) were
implanted. Cannulae were directed at the CeA, with the tip of
the guide cannula positioned 2.5 mm anteroposterior, 4.3 mm
mediolateral from bregma and 8.5 mm dorsoventral from the
skull surface (stereotaxic coordinates based on the rat brain atlas
(Paxinos & Watson, 1997)). Dummy cannulae extending 1.0 mm
beyond the guide cannula were inserted to prevent clogging.
Screws were anchored to the skull and the assembly was ﬁxed
in place using dental acrylic. As an analgesic and anti-inﬂammatory drug, all rats received ketoprofen subcutaneously (2.5 mg/

In order to investigate whether LiCl increases the level of
pMAPK in the amygdala and NTS, rats were sacriﬁced 10 min,
30 min, 1 h and 3 h after LiCl injections (0.15 M, 12 ml/kg, i.p.,
n = 6 per time point) or NaCl injections (0.15 M, 12 ml/kg, i.p.,
n = 4 per time point). Their brains were processed for immunohistochemistry to measure the level of pMAPK as described above.
2.6. Experiment 2: Effect of SL327 on CTA learning
A schematic of timeline for experiment 2 is shown in Fig. 5A.
Eight days prior to the CTA conditioning day, the rats were placed
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on a water deprivation schedule under which they received daily
water access in one drinking session. The initial session was 3 h
in length and the session times were diminished each day so that
the day before conditioning the rats received their water in a 10min session. On the conditioning day, rats were divided into four
different groups (Vehicle (Veh)-NaCl, Veh-LiCl, SL327-NaCl, and
SL327-LiCl) and given a 10-min access to a bottle containing
0.125% saccharin solution. Ten minutes after the end of saccharin
intake, the SL327-LiCl (n = 6) and the SL327-NaCl groups (n = 5)
were injected bilaterally with a MEK inhibitor (SL327, Sigma,
1 lg/0.5 ll/hemisphere in 50% DMSO in saline). This dose was chosen according to previous reports showing that microinjection of
U0126, a structural analog of SL327, into the BLA or hippocampus
had a signiﬁcant effect on the memory of fear conditioning and
MAPK activation in rats (Schafe et al., 2000) and mice (Fischer
et al., 2007). The Veh-NaCl (n = 4) and Veh-LiCl (n = 6) groups were
microinjected bilaterally with vehicle (50% DMSO in saline) via 28
gauge injectors. The bilateral microinjections of SL327 or vehicle
were performed for 1 min by a mechanical pump. The injectors
were left in place 1 min before being withdrawn to avoid backﬂow
along the injection tract. Ten minutes after microinjections of
SL327 or vehicle into the CeA, the Veh-LiCl and SL327-LiCl groups
were injected with LiCl (0.15 M, 12 ml/kg, i.p.) and the Veh-NaCl
and SL327-NaCl groups were injected with NaCl (0.15 M, 12 ml/
kg, i.p.). Three hours after conditioning, rats received ad libitum access to water overnight. The next day, CTA acquisition and extinction was measured with 24-h, 2-bottle preference tests. Rats were
given 24-h free access to both saccharin and water bottles. Bottles
were placed side by side, and the placement of the bottles was
alternated each day to observe possible position bias. Consumption
of each solution was measured by weighing the bottles daily for
16 days. The preference score was calculated for each rat for each
day by dividing the saccharin consumed by the total ﬂuid
consumed (saccharin/(water + saccharin)). A score of 1.0 indicates
that all ﬂuid intake was saccharin. A low preference score indicates
intake largely of water, and thus an aversion to saccharin.

2.7. Experiment 3: Effect of SL327 on LiCl-induced pMAPK
In order to conﬁrm that SL327 decreases the level of LiCl-induced pMAPK in the amygdala, rats were microinjected with
SL327 into the CeA before a LiCl injection. On the experiment
day, rats were divided into three different groups (Veh-NaCl,
Veh-LiCl and SL327-LiCl, n = 4 per group). The SL327-LiCl group
was microinjected bilaterally with SL327 (1 lg/0.5 ll/hemisphere
in 50% DMSO in saline). The Veh-NaCl and Veh-LiCl groups were
microinjected bilaterally with vehicle (50% DMSO in saline).
Intra-amygdala microinjection was performed as described in
experiment 2. Ten minutes after microinjections of SL327 or vehicle into the CeA, the Veh-LiCl and SL327-LiCl groups were injected
with LiCl (0.15 M, 12 ml/kg, i.p.) and the Veh-NaCl group was injected with NaCl (0.15 M, 12 ml/kg, i.p.). All rats in the three groups
were sacriﬁced 45 min after LiCl or NaCl injections. Their brains
were processed for immunohistochemistry to measure the levels
of pMAPK as described above. This time point (45 min after LiCl
or NaCl) was originally selected to measure the levels of both
pMAPK and c-Fos expression. However, we found a high basal level
of c-Fos induction around cannulation areas, which might be
caused by the tissue damage (Herrera & Robertson, 1996) rather
than LiCl stimulation. (There was no comparable induction of
pMAPK immunoreactivity by cannulation per se, and pMAPK staining was clearly localized in the CeA; see Fig. 7.) Thus, the results of
c-Fos immunohistochemistry were excluded in the present study.

3. Results
3.1. Experiment 1: LiCl increases pMAPK in the CeA and NTS
The number of pMAPK-positive cells in the amygdala was quantiﬁed by immunohistochemistry 10 min, 30 min, 1 h and 3 h after
either LiCl or NaCl injections (Fig. 1). In the CeA, two-way ANOVA
showed that there was a signiﬁcant interaction of treatment and

Fig. 1. Photomicrographs of pMAPK immunohistochemistry in the CeA after LiCl administration. Rats were sacriﬁced 10, 30, 60 or 180 min after LiCl (0.15 M, 12 ml/kg, i.p.).
LiCl greatly increased the number of pMAPK-positive cells at 10–60 min; at 3 h after LiCl the number of pMAPK-positive cells returned to the level of NaCl-injected rats (not
shown). Scale bar, 500 lm.
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Fig. 2. Photomicrographs of pMAPK immunohistochemistry in the NTS after LiCl administration. As in the CeA, LiCl greatly increased the number of pMAPK-positive cells in
the medial intermediate and subpostremal NTS at 10–60 min, which by 3 h returned to the level of NaCl-injected rats. st, solitary tract; iNTS, medial intermediate NTS; IV,
fourth ventricle. Scale bar, 500 lm.

3.2. Experiment 2: Microinjection of SL327 into the CeA decreases LiClinduced CTA learning
Because it is known that SL327 decreases stimuli-induced
MAPK activation by inhibiting upstream kinases of MAPK, the effect of SL327 microinjection into the CeA on LiCl-induced CTA
was examined. The location of cannula tips within the amygdala
is diagrammed in Fig. 4.
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time on the number of pMAPK-positive cells (F(3, 47) = 19.85,
p < 0.0001; Fig. 3A). LiCl signiﬁcantly increased the number of
pMAPK-positive cells in the CeA at 10 min, 30 min, and 1 h compared to the NaCl-injected groups. The number of pMAPK-positive
cells returned to the level of the NaCl-injected group at 3 h.
LiCl did not increase the number of pMAPK-positive cells in the
BLA and LA (data not shown). The number of pMAPK-positive cells
was very low in the BLA (<15 cells/section) and LA (<6 cells/section) at all time points.
LiCl also signiﬁcantly increased the number of pMAPK-positive
cells in the NTS at 10 min, 30 min, and 1 h compared to the NaClinjected group (Fig. 2). The greatest density of pMAPK-positive
cells was found medially in the subpostremal and intermediate
NTS (abutting the fourth ventricle); very few cells were seen caudal
to the obex or in the rostral (gustatory) NTS. Two-way ANOVA
showed that there was a signiﬁcant interaction of treatment and
time on the number of pMAPK-positive cells (F(3, 34) = 2.88,
p < 0.05; Fig. 3B). The number of pMAPK-positive cells returned
to the level of the NaCl-injected group at 3 h.
The area postrema and dorsal motor nucleus of the vagus were
also present on the brainstem sections adjacent to the NTS. Despite
the critical role of the area postrema in neuronal activation by systemic LiCl (e.g. Spencer, Nardos, Eckel, & Houpt, 2011), only diffuse
staining was seen in the area postrema that did not distinctly label
soma, and it did not appear to vary among the groups. In the dorsal
motor nucleus, large soma were very lightly stained but also did
not vary among the groups.
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Fig. 3. Quantiﬁcation of pMAPK-positive cells in the CeA and NTS at 10 min, 30 min,
1 h and 3 h following LiCl (0.15 M, 12 ml/kg, i.p.) or NaCl. LiCl greatly increased the
number of pMAPK-positive cells in the CeA (A) and NTS (B) from 10 to 60 min
compared to the NaCl-injected groups. p < 0.005 vs. NaCl.

On the day of conditioning, average intake of saccharin was
12.7 ± 0.7 g. On the ﬁrst day of 2-bottle testing, one-way ANOVA
showed a signiﬁcant effect of treatment (F(3, 17) = 12.9,
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Fig. 4. Diagram showing the location of bilateral SL327 microinjection sites within
the CeA. Black dots indicate the location of the tip of guide cannulae for rats whose
data were used in analyses in experiments 2 and 3 (coronal rat brain sections,
spanning 2.30 mm through 3.14 mm relative to bregma; modiﬁed from Paxinos
& Watson, 1997). rf, rhinal ﬁssure; ec, external capsule; ot, optic tract.

p < 0.0005; Fig. 5B), such that both the LiCl-injected groups (VehLiCl and SL327-LiCl) were not different from each other but showed
a signiﬁcantly decreased preference for saccharin compared to the
NaCl-injected groups (Veh-NaCl and SL327-NaCl).
Across the 16 days of 2-bottle preference testing, 2-way ANOVA
found a signiﬁcant interaction of group and test day (F(45, 55 = 1.5,
p < 0.05; Fig. 5B). Rats in the Veh-NaCl and SL327-NaCl groups
showed a high preference for saccharin. Both LiCl-injected groups
initially showed very low preference for saccharin, demonstrating
acquisition of CTA against saccharin. The saccharin preference of
the Veh-LiCl rats showed almost no extinction of their CTA, and
remained signiﬁcantly lower than the Veh-NaCl group across all
16 days. The preference of the SL327-LiCl rats, however, rapidly
increased; by day 3 they showed a signiﬁcantly higher preference
than the Veh-LiCl rats and their saccharin preference was not signiﬁcantly different from the control Veh-NaCl rats by day 9. Thus,
the SL327-LiCl rats showed only a transient CTA and rapid
extinction.
3.3. Experiment 3: Microinjection of SL327 into the CeA decreases LiClinduced pMAPK
To determine if SL327 decreases the level of LiCl-induced
pMAPK, rats were microinjected with SL327 into the CeA 10 min
before LiCl. An example of cannula placement and pMAPK immunoreactivity in the CeA is shown in Fig. 6. One-way ANOVA showed
that there was a signiﬁcant effect of treatment for the numbers of
pMAPK-positive cells in the CeA (F(2, 11) = 25.16, p < 0.0005;
Fig. 7). Both the LiCl-injected groups (Veh-LiCl and SL327-LiCl)
showed a signiﬁcant increase in the number of pMAPK-positive
cells in the CeA compared to the NaCl-injected group (Veh-NaCl).
However, microinjection of SL327 into the CeA signiﬁcantly
decreased the number of LiCl-induced pMAPK-positive cells in
the CeA (Veh-LiCl vs. SL327-LiCl).
The numbers of pMAPK-positive cells in the NTS were signiﬁcantly increased by LiCl (F(2, 11) = 15.45, p < 0.005; Fig. 7). There

Veh-NaCl

SL327-NaCl

Veh-LiCl

SL327-LiCl

Fig. 5. A. Timeline for experiment 2. Water-restricted rats were given 10-min
access to 0.125% saccharin, then injected bilaterally with either SL327 (1 lg/0.5 ll/
hemisphere in 50% DMSO in saline) or vehicle into the CeA, followed by a systemic
injection of LiCl or NaCl (0.15 M, 12 ml/kg, i.p.). The day after conditioning 2-bottle
preference tests were begun to assess CTA. B. Saccharin preference scores measured
by 24-h, 2-bottle preference tests during CTA extinction. Rats injected with vehicle
or SL327 before NaCl (Veh-NaCl and SL327-NaCl group) showed a high preference
for saccharin. Rats injected with vehicle before LiCl (Veh-LiCl group) showed a
signiﬁcantly lower preference for saccharin across all 16 test days compared to the
Vehicle-NaCl group. Rats injected with SL327 before LiCl initially showed a
signiﬁcantly lower saccharin preference compared to the Veh-NaCl group, but
showed a signiﬁcantly higher saccharin preference compared to the Veh-LiCl group
from test day 9 onwards such that their CTA rapidly extinguished. p < 0.05 SL327LiCl vs. Veh-NaCl, p < 0.05 SL327-LiCl vs. Veh-LiCl.

was no difference in the levels of pMAPK in the NTS between the
LiCl-treated groups (Veh-LiCl vs. SL327-LiCl). Thus, MEK inhibition
in the CeA did not alter pMAPK induction in the NTS.

4. Discussion
In the present study, we established that systemic administration of a high dose of LiCl greatly increased the level of pMAPK
in the CeA and NTS. Local microinjection of SL327, a MEK inhibitor,
into the CeA decreased both the strength of LiCl-induced CTA and
the level of LiCl-induced pMAPK. This is the ﬁrst demonstration
showing that the MAPK signaling pathway in the CeA plays a critical role in LiCl-induced CTA learning.
We ﬁrst investigated the time course of MAPK activation in the
amygdala and NTS following LiCl administration. LiCl rapidly increased the numbers of pMAPK-positive cells in the CeA and NTS,
but not in the BLA and LA, as measured by immunohistochemistry.
This result is consistent with the previous reports showing that
MAPK is activated in the CeA (Swank, 2000a) and NTS (Swank,
2000b) after LiCl injection. The pattern of LiCl-induced MAPK activation in this study closely corresponded to that of c-Fos expression
in the CeA and NTS as a neuronal activation marker following LiCl
administration (Houpt et al., 1994; Spencer & Houpt, 2001; Spencer
et al., 2011; Swank, 2000a,b; Swank & Bernstein, 1994). This supports the schema that LiCl-induced chemoreceptive stimulation
reaches the amygdala via ascending transynaptic input from the
NTS; intracellular signaling at both the forebrain and hindbrain
sites involves the activation of the MAPK signaling pathway.
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Fig. 6. Photomicrograph of cannula placement and pMAPK immunohistochemistry in the CeA after vehicle injection into the CeA and systemic LiCl injection. B is
magniﬁcation of inset in A. rf, rhinal ﬁssure; ec, external capsule; ot, optic tract. Scale bars, 1 mm.
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pMAPK Cells / Section

Veh-LiCl

75

SL327-LiCl

50

25

0
CeA

NTS

Fig. 7. Quantiﬁcation of pMAPK-positive cells in the CeA and NTS. Rats were
injected with SL327 or vehicle into the CeA 10 min before LiCl or NaCl. Both LiClinjected groups (Veh-LiCl and SL327-LiCl) showed a signiﬁcant increase in the
number of pMAPK-positive cells in the CeA and NTS compared to the NaCl-injected
group (Veh-NaCl). Injection of SL327 into the CeA signiﬁcantly decreased the
number of LiCl-induced pMAPK-positive cells in the CeA, but not in the NTS.

p < 0.005 vs. Veh-NaCl, p < 0.05 vs. Veh-LiCl.

LiCl-induced pMAPK may be downstream of the protein kinase
A (PKA) pathway that activates cAMP response element (CRE)binding protein (CREB) and other transcription factors to induce
gene expression (Adams & Sweatt, 2002; Sweatt, 2001; Waltereit
& Weller, 2003). Previous studies have provided evidence that
the intracellular signaling pathway involving cAMP, PKA, and CREB
is activated in the amygdala after LiCl administration, perhaps upstream of c-Fos induction (Koh, Thiele, & Bernstein, 2002; Lamprecht, Hazvi, & Dudai, 1997; Swank, 2000a, 2000b). Thus, c-Fos
induction in the CeA after LiCl stimulation may be regulated by
the activation of MAPK. Unfortunately, in the present study we
were unable to examine the level of LiCl-induced c-Fos in the
CeA after reduction of MAPK activity by SL327 because a high basal
level of c-Fos induction was detected around cannulation areas,
which might be caused by the tissue damage (Herrera & Robertson,
1996) rather than LiCl stimulation.
To establish a functional role for MAPK of the CeA in CTA learning, we microinjected SL327, a MEK inhibitor, into the CeA just
before LiCl administration. Reduction of LiCl-induced MAPK activity by SL327 in the CeA decreased the strength of LiCl-induced CTA
during extinction. SL327 by itself did not induce CTA. This result is
similar with previous reports showing that MAPK activity in the
insular cortex (Berman et al., 1998) and fourth ventricle (Swank,

2000b) is critical for LiCl-induced CTA learning. In addition, other
studies (Languille et al., 2009; Swank & Sweatt, 2001) also demonstrated that systemic injection of a MEK inhibitor attenuated LiClinduced CTA learning. Blockade of the MAPK signaling pathway in
the CeA, insular cortex or brain stem during CTA learning may
block processing or consolidation of the visceral and gustatory
information, which results in attenuated or impaired CTA
acquisition.
Unlike in the insular cortex, however, gustatory stimulation by
a novel taste does not increase the MAPK activity in the CeA
(Swank, 2000a). This suggests that MAPK activity in the CeA is correlated with LiCl-induced visceral stimulation while MAPK activity
in the insular cortex is correlated with gustatory stimulation
induced by a novel taste. Thus, blockade of the MAPK signaling
pathway in the CeA may block the processing of the visceral information, and its association with taste during CTA acquisition. It is
also possible that acute blockade of MAPK signaling facilitated
extinction, rather than attenuating acquisition. The effects of a
MAPK inhibitor on extinction at a later time points (i.e. after acquisition occurred) was not explicitly tested, however.
Microinjection of SL327 into the CeA signiﬁcantly decreased the
level of LiCl-induced pMAPK-positive cells (30%) in this study.
The reduction of LiCl-induced MAPK activity in the CeA was enough to attenuate the strength of CTA during extinction although
MAPK activity in the NTS was intact. However, the reduction of
LiCl-induced MAPK activity did not completely block CTA acquisition, suggesting that this level of MAPK in the CeA was enough to
produce CTA. Previous evidence suggests that the levels of molecules such as c-Fos, phospho-CREB, PKA and phospho-acetylated
histone H3 in the amygdala following LiCl stimulation may regulate or reﬂect the strength of CTA (Koh & Bernstein, 2003; Koh,
Clarke, Spray, Thiele, & Bernstein, 2003; Koh et al., 2002; Kwon &
Houpt, 2010b; Lamprecht & Dudai, 1996; Lamprecht et al., 1997;
Swank, 2000a). Thus, the MAPK in the CeA may be one of the
critical factors modulating the strength of LiCl-induced CTA.
Many intracellular factors in the CeA have been shown to be engaged by acute lithium. In recent years our laboratory has demonstrated that the AP-1 family members c-Fos, Fra2, c-Jun, and JunD
are expressed in the CeA after systemic LiCl (Kwon et al., 2008;
Spencer & Houpt, 2001). Transcriptional activation of the CeA by
systemic LiCl is dependent, in part, on transynaptic input from
the area postrema (Spencer et al., 2011). CREB phosphorylation
and expression of inducible cAMP early repressor (ICER) support
a role for cAMP and CREB (Spencer & Houpt, 2001). Endogenous
PP1/PP2A phosphatase activity serves as a constraint on CREB
phosphorylation and CTA learning (Oberbeck, McCormack, &
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Houpt, 2010). Similarly, histone deactylase activity constrains both
c-Fos induction in the CeA and CTA learning (Kwon & Houpt,
2010b). Taken together with the work of others, these results
demonstrate that the CeA contributes gene expression induced
by LiCl via CREB and AP-1 transcription factors to the process of
CTA acquisition. A critical issue remains, however. The acquisition
and consolidation of a CTA must require a unique pattern or combination of gene expression induced by the contingent pairing of
novel taste and LiCl toxicity. This unique pattern has not yet been
identiﬁed.
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