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ABSTRACT 

 

            Conditioned taste aversion (CTA) learning occurs after the pairing of a novel taste with 

a toxin (e.g. sucrose taste with LiCl toxin). The immediate early gene c-Fos is necessary for CTA 

learning, but c-Fos alone cannot be sufficient for CTA consolidation. The expression of other 

activator protein 1 (AP-1) proteins from the Fos (c-Fos, FosB, Fra-1 and Fra-2)- and Jun (c-Jun, 

JunB and JunD)-families may also be required shortly after conditioning for CTA consolidation. 

To screen for the expression of AP-1 transcription factors within small subregions, RT-PCR 

analysis was used after laser capture microdissection (LCM) of the amygdala. Semi-quantitative 

reverse transcription-polymerase chain reaction (RT-PCR), in situ hybridization and 

immunohistochemistry showed that changes in Fra-2 and c-Fos expression in the BLA and CeA 

at the time of conditioning, together with constitutive expression of c-Jun and JunD, may 

contribute to CTA learning. 

             Using double immunolabeling, I confirmed that c-Fos co-localized with Fra-2 in a 

majority of LiCl-induced c-Fos-positive cells in the CeA. This co-localization of c-Fos and Fra-2 

following LiCl suggests that the transcriptional regulation of AP-1 dimeric complexes of c-Fos 

and Fra-2 may occur in a subset of cells in the CeA. 

            AP-1 family members bind each other to make homo- or hetero-dimers that regulate 

expression of target genes. For example, c-Fos needs to dimerize with a complementary member 

of other AP-1 proteins, specially Jun members. Therefore, it can be postulated that there may be 

transcriptional modulation of a set of AP-1 genes to form a functional AP-1 complex in a 

neuronal unit that is expressing c-Fos during CTA learning. I examined changes in mRNA 

expression of immediate early genes including AP-1 family members in c-Fos-specific neurons 

of the amygdala during CTA learning. Using X-Gal staining, single-cell LCM and RT-PCR, I 

detected mRNA expression of c-fos and β-actin genes in LiCl-induced lacZ-positive cells in the 

CeA, cortex and hippocampus of c-fos-lacZ transgenic mice. This result confirmed that 

endogenous c-fos gene and the c-fos-lacZ transgene were expressed in same cells of the brain. 



                                                                                xii 

            LiCl administration increases c-Fos expression in some brain regions including the CeA. 

Recent studies show that c-Fos expression in the brain after certain stimuli may be affected by 

histone modification such as acetylation and phosphorylation. Continuing our studies on gene 

expression in the amygdala in CTA learning, I investigated if LiCl-induced c-Fos expression in 

the amygdala is correlated with histone acetylation and phospho-acetylation. LiCl significantly 

increased the level of acetylated histone H3 (AcH3) in the CeA at 0.5 h and the number of 

phospho-acetyl-histone H3 (pAcH3)-positive cells in the CeA at 0.5 and 1 h, and the timecourse 

of LiCl-induced AcH3 and pAcH3 corresponded to LiCl-induced c-Fos timecourse in the CeA. 

Double immunolabeling results showed that c-Fos co-localized with pAcH3 in a majority of 

LiCl-induced c-Fos-positive cells in the CeA. These results suggest a possible correlation 

between LiCl-induced c-Fos expression and modifications of histone H3 in the CeA. 
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INTRODUCTION 

 

Conditioned Taste Aversion 

            Conditioned taste aversion (CTA) is a form of associative learning in which an animal 

avoids the same taste after pairing of a novel taste (conditioned stimulus, CS) with a toxin 

(unconditioned stimulus, US; Garcia et al., 1974). The general procedure of CTA learning in the 

laboratory is as follows: rats consume sucrose as a CS that has never been tasted by the rats 

before, and then LiCl as an US that evokes illness like malaise is injected into the rats. 

Subsequently, the rats will avoid the taste of sucrose as a defense mechanism protecting them 

against repeated consumption of toxic food.  

            CTA learning is a simple association between taste information via the taste nerves and 

general visceral information via the vagus nerve and area postrema. The neural projections 

mediating LiCl and sucrose signals reach the nucleus of the solitary tract (NTS) and area 

postrema (AP) in the central nervous system, and the signals are relayed to the amygdala and the 

insular cortex (IC) via the parabrachial nucleus (PBN) (Schafe and Bernstein, 1996 and 1998; 

Sakai and Yamamoto, 1999) (Figure 1). The amygdala is also connected with the IC. The 

connections between these brain regions are reciprocal. There is induction of gene expression 

and protein synthesis in these brain regions during the association of a CS with an US. For 

example, the number of c-Fos-like immunoreactivity (c-FLI)-positive cells was elevated in the 

central amygdala (CeA) (Lamprecht and Dudai, 1995; Wilkins and Bernstein, 2006), PBN, NTS 

(Lamprecht and Dudai, 1995), and IC (Wilkins and Bernstein, 2006) during CTA learning using 

saccharin (CS) and LiCl (US) pairings. Thus, the amygdala, PBN, NTS and IC have been 

considered as the brain sites that are responsible for CTA learning.  

 

A Role of the Amygdala in CTA Learning 

            Neural activation in brain regions such as the amygdala, PBN, NTS and IC during CTA 

learning shows involvement of these regions in CTA learning. Among these regions the 

amygdala has been implicated in many forms of emotional and aversive conditioning (LeDoux, 
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1993; Gallagher and Chiba, 1996). The amygdala is composed of multiple subdivisions and there 

are numerous connections with other brain regions and interconnections among these 

subdivisions. The lateral, basolateral and central nuclei receive gustatory, visceral, 

somatosensory, auditory and visual information from the brainstem (Sah et al., 2003).  

            Consistent with its role in aversive conditioning, electrolytic (Lasiter and Glanzman, 

1985; Schafe and Bernstein, 1996) and excitotoxic (Yamamoto et al., 1995) lesions of the rat 

amygdala blocked CTA learning. Administration of anisomycin, a protein synthesis inhibitor 

(Lamprecht and Dudai, 1996), or tetrodotoxin, a blocker of synaptic transmission (Roldan and 

Bures, 1994), into the rat amygdala also impaired CTA acquisition. Induction of c-FLI-positive 

cells in the intermediate NTS following the CS exposure after US-CS paired conditioning was 

also blocked in the amygdala lesion rats (Schafe and Bernstein, 1996). Thus, it can be suggested 

that the amygdala plays a necessary functional role in CTA learning and memory. 

 

Signal Transduction Pathways of CTA Learning 

            LiCl-induced gene expression in the brain may result from the molecular signaling 

cascades that are induced by LiCl-induced chemoreceptive stimulation. LiCl toxicity is indirectly 

relayed to the amygdala from the area postrema (AP) and NTS via the release of transmitters 

such as glutamate (Yasoshima et al., 2000; Miranda et al., 2002) and glucagon-like peptide-1 

(GLP-1) (Seeley et al., 2000; Kinzig et al., 2002). Previous studies have provided evidence that 

the pathway involving cyclic adenosine monophosphate (cAMP), protein kinase A (PKA), and 

cAMP response element (CRE)-binding protein is activated within the amygdala during CTA 

learning, perhaps upstream of c-Fos induction (Figure 2A) (Kandel et al, 2000; Bear et al., 2001; 

Jiménez and Tapia, 2004; Levenson and Sweatt, 2006). The CTA memory was attenuated and 

more rapidly extinguished when the activity of cAMP-dependent protein kinase (PKA) was 

blocked in the amygdala (Koh et al., 2002; Koh and Bernstein, 2003a). Disruption of the gene for 

the regulatory subunit of PKA in the amygdala also impaired CTA learning (Koh et al., 2003b). 

Phosphorylation of CRE-binding protein (CREB) was increased in the amygdala during CTA 

learning (Swank, 2000). Local microinjection of antisense oligodeoxynucleotides of CREB into 

the rat CeA impaired long-term CTA learning (Lamprecht et al., 1997). Because the c-fos gene 

has the CRE site in its promoter, during CTA learning c-Fos mRNA expression seems to be 

initiated by activating of this signal pathway. In addition to c-Fos, phosphorylated CREB also 
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regulates the gene inducible cAMP response element repressor (ICER), which is induced by LiCl 

in the CeA (Spencer and Houpt, 2001). Therefore, it is suggested that the cAMP, PKA and 

phosphorylation of CREB can be a part of the molecular cascade causing c-Fos induction in the 

amygdala during CTA learning (Kruijer et al., 1985; Bravo et al., 1987; Sassone-Corsi et al., 

1988; Fisch, 1989). 

 

c-Fos as a Neuronal Marker in CTA Learning 

            c-Fos is one member of the activator protein 1 (AP-1) family that regulates transcription 

of target genes by binding to the AP-1 site of target promoters. The number of c-Fos-positive 

cells is commonly used as a molecular marker to check neural activation during CTA learning, 

because it reflects intracellular signaling of second messengers (Herrera and Robertson, 1996). 

However, c-Fos expression at the time of CTA acquisition is not only a molecular marker of the 

neural activity, but may also serve a functional role in CTA learning. A local microinjection of 

antisense c-Fos oligonucleotides into the rat amygdala impaired CTA learning (Lamprecht and 

Dudai, 1996). Although this study has shown that c-Fos is necessary for CTA learning, c-Fos 

alone is not sufficient because c-Fos was induced in the CeA (Yamamoto et al., 1992; Spencer 

and Houpt, 2001), PBN and NTS (Yamamoto et al., 1992; Swank and Bernstein, 1994; Houpt et 

al., 1994) by LiCl alone in the absence of CTA learning. In order to form CTA memory, 

additional gene expression to process the association between a CS and US should be present in 

the brain regions.  

 

Activator Protein 1 

            AP-1 family members are a group of transcription factors composed of Fos (c-Fos, FosB, 

Fra-1 and Fra-2) and Jun (c-Jun, JunB and JunD) proteins (Foletta, 1996; Karin et al., 1997). AP-

1 family members bind each other to make homo- or hetero-dimers that regulate expression of 

target genes as a result of binding to specific AP-1 DNA binding sites in their promoter regions 

(Foletta, 1996; Karin et al., 1997). For example, a heterodimer of c-Fos and c-Jun appears to 

have an inducible effect on transcription of Fra-2 gene while a heterodimer of Fra-2 and c-Jun 

may suppress AP-1 dependent transcription (Foletta, 1996). Approximately one third of total 

genes in human contain the consensus AP-1 site in their promoter regions (Zhou et al., 2005).  



                                                                                4 

            A previous study (Swank, 1999) reported changes in c-Fos, FosB, and JunB expression in 

the CeA and brainstem after LiCl administration in mice. Moreover, c-Fos was colocalized with 

FosB and JunB in a majority of cells in these brain regions. In order to perform the 

transcriptional regulations of target genes, c-Fos needs to dimerize with a complementary AP-1 

protein, other than c-Fos itself, such as Jun members (Rauscher et al., 1988; Chiu et al., 1988; 

Halazonetis et al., 1988). Therefore, it can be postulated that there may be transcriptional 

modulation of a set of AP-1 genes to form a functional AP-1 complex in a neuronal unit that is 

expressing c-Fos during CTA learning. 

 

Laser Capture Microdissection of the Amygdala and RT-PCR 

            Laser Capture Microdissection (LCM) has been used to collect cell populations for 

analysis of region- or cell-specific gene expression (Bonner, 1997; Schutze, 1998). The LCM 

technique has some advantages that the classic dissection with tissue punches does not have. In 

particular, it can precisely dissect out very tiny cell populations or even single cell nuclei from 

preserved tissue sections. Discrete regions of arbitrary shape were visualized under the 

microscope and dissected using laser punches of 7 – 30 microns diameter. RT-PCR using a set of 

primer pairs allowed us to investigate mRNA expression for the multiple AP-1 genes with a tiny 

amount of amygdala tissue collected by LCM.  

 

c-fos–lacZ transgenic mice 

            In order to utilize c-Fos-specific cells in the amygdala, we used transgenic mice carrying 

a c-fos-lacZ fusion gene. This fusion gene has the same transcriptional regulatory elements 

including the CRE site as the endogenous c-fos gene (Schilling et al., 1991). c-fos-lacZ 

transgenic mice showed induction of expression of the fusion gene in many brain regions 

including the cortex, hippocampus and amygdala after convulsive stimulations (Smeyne et al., 

1992). Cells which express endogenous c-Fos following certain stimuli can be readily observed 

in c-fos-lacZ transgenic mice by measuring β-galactosidase activity. This property allowed us to 

use the c-fos-lacZ expression as a molecular marker of neural stimulation that corresponds with 

expression of endogenous c-Fos. Using LCM technique, we precisely dissected LiCl-induced 

lacZ-positive single cells from mRNA preserved brain sections. Gene expression in these cells 

was analyzed by RT-PCR. 
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Histone Modification and c-Fos Expression 

            Histones are DNA binding proteins. There are five different histones H1, H2A, H2B, H3 

and H4 in the nucleus. One H3/H4 tetramer and two H2A/H2B dimers are wrapped with 147 bp 

DNA to form a nucleosome. The N-terminal tail domains of histones are exposed on the 

nucleosome surface and are subject to enzyme-catalyzed modifications on specific amino acids 

such as acetylation, phosphorylation or methylation (Turner, 2002; Watson et al., 2004). The 

modifications on the tail domains of histones induce changes in chromatin structure. For 

example, modification of the tail domains of histone H3 by acetylation and phosphorylation may 

destabilize compaction of chromatin folding and maintain the unfolded structure of transcribing 

nucleosome (Figure 2B; Spencer and Davie, 1999).  

            Gene expression is controlled not only by the binding of transcription factors on the 

promoter but also by dynamic changes in chromatin structure. It has been demonstrated that 

chromatin acetylation, which can lead to changes in chromatin structure, plays a critical role in 

gene expression (Spencer and Davie, 1999; Chan and La Thangue, 2001; Ogryzko, 2001; Turner, 

2002; Martin and Sun, 2004; Levenson and Sweatt, 2006). Histone modifications such as 

acetylation and phosphorylation change the chromatin structure that becomes more accessible for 

transcription factors and RNA polymerases, activating transcriptional initiation (Chan and La 

Thangue, 2001; Ogryzko, 2001; Turner, 2002). In contrast to acetylation and phosphorylation, 

histones are deacetylated and dephosphorylated by histone deacetylase (HDAC) and protein 

phosphatase 1 (PP1). After histone tails are methylated by histone methyltransferase (HMT), 

unfolded structure of chromatin becomes folding structure that is a repressive state of 

transcription. 

            c-Fos is transiently induced in specific regions of the brain after a variety of external 

stimuli such as convulsive, noxious, osmotic, somatosensory, stressful stimulation or brain injury 

(Herrera and Robertson, 1996; Kovács, 1998). The stimuli-induced c-Fos expression in the brain 

may be triggered by dynamic changes in chromatin structure. Electroconvulsive seizures 

treatment increased expression of c-Fos mRNA and the levels of acetylated histone H4 (AcH4) 

and phospho-acetyl-histone H3 (pAcH3) at the c-Fos promoter in the rat hippocampus (Tsankova 

et al., 2004). Cocaine stimulation increased AcH4 and pAcH3 at the c-Fos promoter in the rat 

striatum (Kumar et al., 2005). c-Fos expression was correlated with high phosphorylation of 

histone H3 in the hippocampus after various stimuli (Crosio et al., 2003). 
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            Moreover, increased histone acetylation caused by inhibition of HDAC can increase 

stimulus-induced c-Fos expression in the brain. Inhibition of HDAC activity by trichostatin A 

(TSA) i.p. injections intensified mRNA expression of c-fos and c-jun genes in the hippocampus 

after kainite stimulation (Sng et al., 2005). Similarly, the HDAC inhibitor, sodium butylate i.p. 

injections increased cocaine-induced c-Fos mRNA expression in rat striatum (Kumar et al., 

2005). TSA treatment to norepinephrine-stimulated pinealocytes increased adrenergic-induced c-

Fos mRNA expression along increased acetylated histone H3 (AcH3) in vitro (Ho et al., 2007). 

These previous studies suggest that c-Fos induction in the brain after certain stimuli may become 

more intense if histone acetylation is increased. 

            LiCl administration increased c-Fos expression in some brain regions including the CeA 

(Yamamoto et al., 1992; Spencer and Houpt, 2001; Kwon et al., 2008). Although LiCl-induced 

c-Fos expression has been investigated at the molecular and cellular levels of the brain, the 

occurrence of histone modifications such as acetylation and phospho-acetylation following LiCl 

administration is unknown. Continuing our studies on gene expression in the amygdala in CTA 

learning, we investigated if LiCl-induced c-Fos expression in the CeA is correlated with histone 

acetylation and phospho-acetylation. 

 

Specific Aims of Dissertation 

1. To Analyze Expression of AP-1 Transcription Factors in the Rat Amygdala during CTA 

Learning.    

            Expression of AP-1 transcription factors in the rat amygdala during CTA learning was 

examined. Using LCM and RT-PCR of individual subnuclei of the amygdala, we first analyzed 

broad patterns of AP-1 gene expression after an intraoral infusion of sucrose, a LiCl injection, or 

pairing of sucrose and LiCl. Then, some candidate genes of AP-1 transcription factors that 

showed changes in expression were processed for in situ hybridization and 

immunohistochemistry to measure their expression patterns more precisely. Effect of sucrose 

pre-exposure, which would decrease subsequent CTA learning, on Fra-2 and c-Fos expression 

during CTA learning was also measured.  

 

2. To Determine whether LiCl-Induced c-Fos Is Co-localized with Fra-2 in the CeA.  
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            Using double immunofluorescence labeling, we examined co-localization of c-Fos and 

Fra-2 in the CeA 1h following a LiCl injection.  

 

3. To Analyze Expression of AP-1 Transcription Factors in c-Fos-Specific Cells during CTA 

Learning.   

            We aimed to examine changes in mRNA expression of AP-1 family members in c-Fos-

specific neurons of the amygdala during CTA learning by using c-fos-lacZ transgenic mice and 

single-cell LCM. The time courses of c-fos-lacZ and endogenous c-Fos expression in the 

amygdala of transgenic mice following LiCl administration were investigated by 

immunohistochemistry and 5-bromo-4-chloro-3-indoly-β-D-galactopyranosidase (X-Gal) 

staining. In order to utilize lacZ-positive cells for RT-PCR, RNA preservation after different 

fixations for X-Gal staining was examined. LiCl-induced c-Fos-specific neurons in transgenic 

mice were simply identified by X-Gal staining after a RNA preservative fixation. Using X-Gal 

staining, single-cell LCM and RT-PCR, we examined mRNA expression of c-fos and β-actin 

genes in LiCl-induced lacZ-positive cells in the CeA, cortex and hippocampus.  

 

4. To Examine Effect of LiCl Administration on Histone Acetylation and Phospho-Acetylation 

in the Amygdala.   

            We investigated if LiCl-induced c-Fos expression in the CeA is correlated with histone 

acetylation and phospho-acetylation. Acetylation levels of histone H3 and H4 following LiCl 

administration were measured by western bolt. Using immunohistochemistry, we also examined 

the levels of pAcH3 and c-Fos expression following LiCl administration. To determine whether 

LiCl-induced c-Fos is co-localized with pAcH3 in the CeA, double immunofluorescence labeling 

of c-Fos and pAcH3 was performed. 
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Figure 1. The central pathway for CTA. The neural projections of LiCl and sucrose signals reach 

the NTS and area postrema in the central nervous system, and the signals are relayed to the 

amygdala and the IC via the PBN. 
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A 

 
 

 

Figure 2A. The regulation of LiCl-induced AP-1 gene expression in a neuron. LiCl-induced 

gene expression in the brain may result from the molecular signaling cascades that are induced 

by LiCl-induced chemoreceptive stimulation. LiCl toxicity is indirectly relayed to the amygdala 

from the area postrema and NTS via the release of transmitters such as glutamate and GLP-1. 

Activated metabotropic receptors by neurotransmitter binding stimulate G-proteins and the 

activated G-proteins stimulate adenylyl cyclase, an enzyme that binds to the cellular membrane. 

Adenylyl cyclase converts ATP to cAMP and increased cAMP in the cytoplasm activates PKA. 

Activated receptors by neurotransmitter binding and increased second messenger cascades can 

also increase Ca
2+

 concentration in the cytoplasm through Ca
2+

 channels on the cytoplasmic 

membrane, the smooth endoplasmic reticulum, or other membrane-enclosed organelles in the 

cytoplasm. Increased Ca
2+

 in the cytoplasm activates CaMK. Activated PKA and CaMK induce 

the activity of CREB by phosphorylation. Binding of phosphorylated CREB to CRE sites in the 

promoter of the AP-1 genes triggers their gene expression. AP-1 family members bind each other 

to make homo- or heterodimers that regulate expression of target genes as a result of binding to 

specific AP-1 DNA binding sites in their promoter regions (Kandel et al, 2000; Bear et al., 2001; 

Foletta, 1996; Karin et al., 1997; Jiménez and Tapia, 2004; Levenson and Sweatt, 2006). 
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Figure 2B. A correlation between gene (c-fos) expression and modifications of histones. The tail 

domains of histones are exposed on the nucleosome surface and are subject to enzyme-catalyzed 

modifications on specific amino acids such as acetylation, phosphorylation or methylation. The 

modifications on the tail domains of histones induce changes in chromatin structure. For 

example, modification of the tail domains of histones by acetylation and phosphorylation 

destabilizes compaction of chromatin folding and maintains the unfolded structure of 

transcribing nucleosome. This modification changes the chromatin structure that becomes more 

accessible for transcription factors and RNA polymerases, activating transcriptional initiation. In 

contrast to acetylation and phosphorylation, the tail domains of histones are deacetylated and 

dephosphorylated by HDAC and PP1. After histone tails are methylated by HMT, unfolded 

structure of chromatin becomes folding structure that is a repressive state of transcription 

(Spencer and Davie, 1999; Chan and La Thangue, 2001; Ogryzko, 2001; Turner, 2002; Watson 

et al., 2004). Ac: acetylation, CBP: CREB binding protein, CRE: cAMP response element, 

CREB: cAMP response element binding protein, HAT: histone acetyltransferase, HDAC: histone 

deacetylase, HMT: histone methyltransferase, Me: methylation, P: phosphorylation, PKA: 

protein kinase A, PP1: protein phosphatase 1, TF: transcription factor. 
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CHAPTER 1 

 

EXPRESSION OF AP-1 FAMILY TRANSCRIPTION FACTORS IN THE 

AMYGDALA DURING CONDITIONED TASTE AVERSION LEARNING: 

ROLE FOR FRA-2 

 

1. Introduction 

 

            Conditioned taste aversion (CTA) occurs after the pairing of a novel taste (the 

conditioned stimulus, CS) with a toxin (unconditioned stimulus, US; Garcia et al., 1974).  Based 

on measures of neuronal activity, tract-tracing, and lesion studies, several regions are known to 

participate in CTA learning, including the nucleus of the solitary tract (NTS), parabrachial 

nucleus (PBN), gustatory cortex, lateral hypothalamus, and the amygdala.  Consistent with the 

amygdala’s role in other forms of aversive conditioning (Gallagher and Chiba, 1996; LeDoux, 

1993), electrolytic (Lasiter and Glanzman, 1985; Schafe and Bernstein, 1996) and excitotoxic 

(Yamamoto et al., 1995) lesions of the rat amygdala block or attenuate CTA learning. 

Administration into the rat amygdala of anisomycin, a protein synthesis inhibitor (Lamprecht and 

Dudai, 1996), or tetrodotoxin, a blocker of synaptic transmission (Roldan and Bures, 1994), also 

impaired CTA acquisition.  Thus, the amygdala plays a pivotal role in CTA learning and 

memory. 

            The induction of c-Fos has been used as a cellular marker of neural activation during 

CTA learning. For example, after administration of LiCl as an US, the number of c-Fos-positive 

cells is elevated in the PBN (Swank and Bernstein, 1994; Yamamoto et al., 1992) the NTS 

(Houpt et al., 1994; Swank and Bernstein, 1994; Yamamoto et al., 1992), and in the central 

nucleus of the amygdala (CeA) (Spencer and Houpt, 2001; Yamamoto et al., 1992). c-Fos is also 

induced in response to the taste CS, although it is usually of lower magnitude compared to the 

LiCl response (Houpt et al., 1994; Mickley et al., 2004; Swank and Bernstein, 1994).  Intraoral 
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infusions of saccharin alone or drinking saccharin from a bottle induced c-Fos-positive cells in 

the insular cortex and CeA, with significantly more induction of c-Fos in rats without prior 

experience of saccharin (Koh et al., 2003b). 

            Upstream of c-Fos induction, there is evidence that the cAMP and cAMP response 

element binding protein (CREB) pathway is activated within the amygdala during CTA learning.  

Injection of Rp-cAMP, an antagonist of cAMP effects on protein kinase A (PKA), attenuated 

long-term but not short-term CTA memory in rats (Koh et al., 2002).  Similarily, knockout mice 

with a forebrain-specific disruption of the gene for the regulatory subunit of PKA showed 

impaired CTA learning (Koh et al., 2003a). Downstream of PKA, phosphorylation of CREB was 

increased in the amygdala during CTA learning (Swank, 2000). Local microinjection of 

antisense oligodeoxynucleotides of CREB into the rat CeA impaired long-term CTA learning 

(Lamprecht et al., 1997). In addition to c-Fos, phosphoCREB also regulates the gene inducible 

cAMP response element repressor (ICER), which is induced by LiCl in the CeA (Spencer and 

Houpt, 2001).  Thus cAMP, PKA and phosphorylation of CREB appear to be part of the 

molecular cascade leading to CTA learning. 

            Activation of the cAMP-PKA-CREB pathway can induce c-Fos expression (Bravo et al., 

1987; Kruijer et al., 1985) via the consensus cAMP response element (CRE) sites in the c-Fos 

promoter (Fisch TM, 1989; Sassone-Corsi et al., 1988), thus revealing neurons and circuits 

activated during CTA learning.  c-Fos gene expression at the time of CTA acquisition is not only 

a marker of neural activity.   Local microinjection of antisense c-Fos oligonucleotides into rat 

amygdala to block c-Fos synthesis blocked CTA acquisition (Lamprecht and Dudai, 1996). Thus, 

c-Fos serves a functional role in CTA learning. Of course, c-Fos is induced in the amygdala by 

LiCl (and many other stressors) in the absence of CTA learning. Therefore, although c-Fos is 

present in the amygdala and necessary for CTA learning, c-Fos expression alone cannot be 

sufficient.  It is possible, however, that specific subpopulations of amygdalar neurons are 

activated and express c-Fos following different treatments, such that a particular subpopulation is 

specifically activated during CTA learning. Also, we cannot rule out the possibility that c-Fos 

expression in other brain regions may serve as an exclusive correlate of CTA learning, thus 

labeling cells that are activated only by the contingent pairing of taste and toxin. (Mickley et al., 

2004). 
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            Likewise, at the intracellular level, c-Fos alone is not sufficient to regulate target gene 

expression that is presumed to underlie long-term consolidation of CTA. Without dimerizing to a 

complementary member of the activator protein 1 (AP-1) family, c-Fos is unlikely to be 

functional.   The AP-1 family is a group of transcription factors composed of Fos (c-Fos, FosB, 

Fra-1 and Fra-2) and Jun (c-Jun, JunB and JunD) proteins. AP-1 family members bind each other 

to make homo- or heterodimers. AP-1 dimers regulate expression of target genes as a result of 

binding to specific AP-1 DNA binding sites in promoter regions (Foletta, 1996; Karin et al., 

1997). c-Fos does not bind to the AP-1 binding site in the absence of c-Jun or other Jun family 

members (Rauscher et al., 1988), and c-Fos protein alone is not sufficient to induce AP-1-

mediated reporter gene expression (Chiu et al., 1988). 

            Because of the many possible combinations between AP-1 family members, and because 

of ~33% of all mammalian genes have AP-1 sites (Zhou et al., 2005), very specific gene 

expression can be regulated by AP-1 proteins across tissues and stimuli. Thus, it is possible that 

transcriptional regulation by AP-1 members contributes to consolidation of CTA memory. The 

induction of c-Fos by LiCl identifies a set of candidate genes that must also be involved in CTA 

learning, namely the AP-1 family.   

            Other than c-Fos, little is known about the expression pattern of AP-1 transcription 

factors during CTA learning.  In one study, changes in c-Fos, FosB, and JunB expression were 

detected in the CeA and brainstem after LiCl administration in mice (Swank, 1999). The present 

study was performed to screen expression of all seven AP-1 genes within the rat amygdala. In 

order to profile mRNA expression within discrete subregions of the amygdala, we used reverse 

transcription-polymerase chain reaction (RT-PCR) with laser capture microdissection (LCM) 

(Bonner et al., 1997; Schutze and Lahr, 1998). The LCM technique allowed us to precisely 

dissect out specific subregions of the amygdala, and RT-PCR using a collection of primer pairs 

also allowed us to investigate mRNA expression of multiple AP-1 genes beginning with only a 

few micrograms of amygdala tissue.  

            Using LCM and RT-PCR of individual subnuclei of the amygdala, we first analyzed 

broad patterns of AP-1 gene expression after no treatment, intraoral infusion of sucrose, LiCl 

injection, or the pairing of sucrose with LiCl. Intraoral infusions were used both to standardize 

the gustatory stimulus, and because intraoral CTA learning is especially dependent on the 

amygdala (Schafe et al., 1998). Amygdalar regions were examined 1 hour after treatment, when 
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c-Fos mRNA and protein expression after LiCl is maximal (Spencer and Houpt, 2001). We 

found evidence for the expression of c-Fos, Fra-2, FosB, c-Jun, JunB and JunD (but not Fra-1) in 

the basolateral amygdala (BLA), CeA, and lateral amygdala (LA).  For the most robustly 

expressed genes, in particular Fra-2, we used in situ hybridization and immunohistochemistry to 

measure the expression patterns more precisely. Finally, a specific role for Fra-2 during CTA 

learning was indicated with the demonstration that prior exposure to intraoral infusions of 

sucrose, which diminishes CTA acquisition, also decreased the induction of Fra-2 in the BLA by 

the pairing of sucrose and LiCl. 

 

2. Methods 

 

2.1 Subjects 

            Adult male Sprague-Dawley rats (290-620 g, Charles River Laboratories, Wilmington, 

MA) were individually housed under a 12-h light –12-h dark cycle  (lights on 07:00) at 25 ºC 

with free access to Purina rodent chow and distilled water. There was no difference in body 

weight between groups in any of the experiments. Rats were not food- or water-deprived during 

the experiments. To minimize handling stress on the day of sucrose infusion and LiCl injection, 

rats were handled daily for 5-7 days prior to treatments. All procedures were conducted in the 

first half of the lights-on period. Anesthesia (halothane, sodium pentobarbital) was used to 

minimize pain and discomfort, and all experiments were approved by the Florida State 

University institutional animal care and use committee. 

 

2.2 Intraoral Catheterization and Infusions 

            Under halothane anesthesia, all rats were implanted with intraoral catheters made of PE-

90 tubing that entered the mouth through the lateral cheek and were externalized on the dorsal 

surface between the scapulae, as described previously  (Eckel and Ossenkopp, 1994).  Intraoral 

catheters were flushed daily with water to maintain patency.  For intraoral infusions, rats were 

weighed and placed in a glass aquarium subdivided into 4 individual compartments by Plexiglas 

sheets.  Syringe pumps infused 5% sucrose dissolved in distilled water into the mouth at a rate of 

1 ml/min over 6 min. After the infusion, rats and any feces were weighed again as a measure of 

consumption, and rats were returned to their home cages. Although all rats were implanted with 
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intraoral catheters, only rats in the sucrose and sucrose/LiCl groups received intraoral infusions.  

In each experiment, intakes of sucrose were compared between the sucrose and sucrose/LiCl 

groups by t-test. 

 

2.3 Treatment Groups 

            In experiments 1-3 below, rats were divided into four different groups (sucrose, LiCl, 

sucrose/LiCl and no treatment). On the experimental day, rats in the sucrose group received an 

intraoral infusion of 5% sucrose at the rate of 1 ml/min for 6 min.  Rats in the LiCl group were 

injected with LiCl (i.p., 0.15 M, 12 ml/kg).  Rats in the sucrose/LiCl paired group received an 

intraoral infusion of 5% sucrose at the rate of 1 ml/min for 6 min and then were immediately 

injected with LiCl (i.p., 0.15 M, 12 ml/kg).  Rats in the sucrose and no treatment groups did not 

receive any injections, and rats in the LiCl and no treatment groups did not receive an intraoral 

infusion of sucrose. Thus we examined rats after presentation of the CS alone (sucrose group), 

after the US alone (LiCl group), and after the pairing of US and CS (sucrose/LiCl); our 

laboratory has previously shown that this pairing of sucrose and LiCl induces a long-term CTA 

(Houpt et al., 1994; Houpt and Berlin, 1999).  

 

2.3 Experiment 1: Laser Capture Microdissection 

2.3.1 Tissue Collection 

             One hour after the four treatments described above (n = 3-5 per group), rats were 

anesthetized with sodium pentobarbital (104 mg/0.4 ml), decapitated, and the brains dissected. 

The brains were emmersed in M-1 Embedding Matrix (Shandon, Pittsburgh, PA), frozen with 

dry ice, and stored in a  –80 ºC freezer until used.  

            The frozen brains were sectioned between -2.30 and -3.14 mm from bregma (Paxinos and 

Watson, 1986) at 5 µm thickness and mounted on slides in a –20 ºC cryostat using the CryoJane 

system (Instrumedics, Hackensack, NJ). The frozen brain sections were defrosted at room 

temperature for 30 s, then stained and dehydrated by the following procedure: 75% ethanol for 

30 s, DEPC-treated deionized H2O (DEPC-dH2O) for 30 s, Histogene Staining solution 

(Arcturus, Mountain View, CA) for 3 min, DEPC-dH2O for 30 s, 75% ethanol for 30 s, 95% 

ethanol for 30 s, 100% ethanol for 30 s, xylene for 5 min, air dried in a fume hood for 15 min, 

and then desiccated with Drierite (W.A. Hammond Drierite, Xenia, OH) for 1 h.  
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            LCM parameters were 15 or 30 µm diameter laser spot, a 10 ms laser pulse duration, and 

a 65 mW laser power.  Multiple laser shots (150-200) were required to transfer each amygdala 

region.  Following dissection, tissue sections were stained with methyl green (Vector 

Laboratories, Burlingame, CA) and coverslipped to verify the specificity of the dissection. 

 

2.3.2 RNA Extraction and RT-PCR 

            Total RNA was extracted from individual LCM samples with the Total RNA Microprep 

Kit (Stratagene, La Jolla, CA) according to the manufacturer’s protocols. RT-PCR was 

performed by using the OneStep RT-PCR Kit (Qiagen, Valencia, CA). Ten primer pairs were 

used targeting the seven AP-1 family transcription factors, with ICER, TH, and β-actin as 

controls (see Table 1). For each RT-PCR reaction, 3.3 µl out of 40 µl of the total RNA extract 

from each LCM sample was mixed with 4 µl of 5X buffer, 4 µl of 5X Q-solution, 0.8 µl of 10 

mM dNTP mix, 0.4 µl of RNase Inhibitor, 0.8 µl of 10 µM sense primer, 0.8 µl of 10 µM 

antisense primer, and 0.8 µl of enzyme mix; reactions were brought to 20 µl with RNase-free 

H2O. The RT reaction was performed at 50ºC for 30 min first, and then PCR was started with an 

incubation at 95ºC for 15 min. The PCR for all primer pairs was performed with 40 cycles of 

94ºC for 30 s, 55ºC for 30 s and 72ºC for 60 s, ending with a final incubation at 72ºC for 5 min. 

10 µl out of 20 µl of total reaction volume was loaded in a 1.6% agarose gel; RT-PCR products 

were visualized with SYBR green (Invitrogen, Carlsbad, CA). 

 

2.4 Experiment 2: in situ Hybridization 

2.4.1 RNA Probe Synthesis 

            Amplified cDNAs were purified from RT-PCR reactions as above, and inserted into 

pCRII-TOPO cloning vectors (Invitrogen, Carlsbad, CA). Plasmids were sequenced by the FSU 

Sequencing Core to confirm the specificity of RT-PCR and determine the orientation of the 

cDNA within the vector.  Linearized plasmid (1 µg) was used as the template to make 35S-UTP-

labeled antisense RNA probes by in vitro transcription (MAXIscript kit, Ambion, Austin, TX). 

The template was mixed with 2 µl of 10x transcription buffer, 1 µl of ATP, CTP, and GTP (each 

10 mM), 5 µl of 35S-labeled UTP (20 mci/ml) (Amersham, UK) 2 µl of T7 or SP6 RNA 

polymerase, and 1 ug of cDNA templates, and brought to 20 µl with RNase-free H2O. The 

mixture was incubated at 37 ºC for 45 min, with 1 µl of DNase I added at 30 min. The reaction 
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was stopped with 1 µl of 0.5 M EDTA, and the RNA probes purified by ProbeQuantTM G-50 

Microcolumns (Amersham, Piscataway, NJ). 

 

2.4.2 Tissue Collection and Hybridization 

            One hour after the four different treatments (n=6 in each group), rats were anesthetized 

with sodium pentobarbital (104 mg/0.4 ml) and perfused first with 100 ml of isotonic saline 

containing 0.5% sodium azide and 1000 U heparin, and then with 400 ml phosphate-buffered 4% 

paraformaldehyde. The brains were removed and post-fixed for 1 hour, then cyroprotected in 

30% sucrose solutions for 1-2 days. The brains were cut at 40 µm on a -20ºC microtome and 

transferred into 20-ml glass scintillation vials containing 2x saline sodium citrate (SSC, 0.15 M 

NaCl-0.015 M sodium citrate) buffer. Free-floating sections were prehybridized at 55ºC for 2-3 h 

in 1 ml per vial of 50% formamide, 2x SSC, 10% dextran sulfate, 0.7% Ficoll, 0.7% 

polyvinylpyrrolidone, 0.7% bovine serum albumin (BSA), 85 mM dithiothreitol (DTT) and 1.4 

mg/ml of yeast transfer RNA. Sections were then hybridized at 55ºC for 18 h with heat-

denatured 35S-labeled antisense RNA probes (0.5 to1.5x107 cpm per 1 ml buffer per vial). 

Following hybridization with RNA probes, sections were washed sequentially in 2xSSC, 2xSSC, 

1xSSC, 0.5xSSC, 0.25xSSC, 0.125xSSC, 0.125xSSC at 55ºC for 15 min each. After the final 

washing in 0.125xSSC, sections were transferred into 1 ml of 0.1 M sodium phosphate buffer 

(PB). To decrease nonspecific binding of probes, 50 ug of RNase A was added and incubated at 

37ºC for 30 min. Sections were washed in 0.1 M PB at RT for 5 min, mounted on gelatin-coated 

slides, and  RNase A treatment performed again. Slides were soaked at 37ºC for 30 min in RNase 

buffer (8 mM Tris-HCl, 0.4 M NaCl, 0.8 M EDTA) with 30 ug/ml RNase A, and then blocked at 

37ºC for 30 min in RNase buffer with 1 mM DTT. Slides were washed sequentially in 2xSSC 

containing 50% formamide and 0.1% β-mercaptoethanol at 53ºC for 15 min, 0.1xSSC containing 

1% β-mercaptoethanol at 53ºC for 30 min, 50% ethanol / 0.3 M ammonium acetate at 25ºC   for 

3 min, 85% ethanol / 0.3 M ammonium acetate at 25ºC for 3 min, 100% ethanol  at 25ºC for 3 

min. The slides were apposed to Biomax MR film (Kodak, Rochester, NY) for 4-12 days (c-

Fos), 5-10 days (Fra-2), 1-2 days (JunD) and 1-2 days (c-Jun). 

 

2.5 Experiment 3: Fra-2 Immunohistochemistry 
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            One hour after the 4 different treatments, rats  (n=6 each group) were overdosed with 

sodium pentobarbital (104 mg/0.4 ml) and perfused with 4% paraformaldehyde as above. To 

assess the specificity of LiCl injections, two additional unoperated groups (n = 4 /group) were 

included: rats injected with 0.15 M NaCl (12 ml/kg), and rats injected with 0.15 M LiCl (12 

ml/kg).  

            Brains were dissected, post-fixed for 1 h, then cyroprotected in 30% sucrose for 1-2 days. 

Brain sections were cut at 40 µM on a freezing microtome, and washed twice in 0.1 M sodium 

phosphate-saline (PBS) for 15 min, then permeabilized in 0.2% Triton-1%  BSA-PBS for 30 

min. After PBS-BSA washes, the sections were incubated overnight at 25°C with a Fra-2 

polyclonal antibody (Q-20, Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:1,000. 

Sections were washed in PBS-BSA for 15 min, and incubated for 1 h with a biotinylated goat 

anti-rabbit antibody (Vector Laboratories) at a dilution of 1:200. Antibody complexes were 

amplified using the Vectastain ABC Elite 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 sodium phosphate and mounted on gelatin-coated slides. Slides were 

counterstained with methyl green and coverslipped with Permount. 

 

2.6 Experiment 4: Effect of Sucrose Pre-exposure on Fra-2 and c-Fos Expression during CTA 

Learning. 

            Rats were implanted with intraoral catheters and divided into two different groups 

(familiar and novel groups, n=6 each group). After recovery from the surgery, familiar and novel 

groups received 5% sucrose and water respectively for 6 min (1 ml/min) by intraoral infusions. 

The pre-exposure was performed once a day for 6 days. On the seventh day, all rats were infused 

with 5% sucrose and then LiCl (i.p., 0.15 M, 12 ml/kg) was immediately injected. One hour after 

LiCl injections, rats were perfused with 4% paraformaldehyde and their brains were dissected 

out. Immunohistochemistry for Fra-2 and c-Fos (Ab-5, 1:20,000, Oncogene Research, San 

Diego, CA) was performed as described above.  

 

2.7 Quantification and Statistical Analysis 

            For the RT-PCR results, band density was measured from the gels using the Gel Logic 

100 system (Kodak, Rochester, NY). To normalize the numbers of band density, each band 
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density was compared with the density of the β-actin band. For the immunohistochemistry, cells 

expressing darkly-positive, nuclear Fra-2 staining were quantified with custom software 

(MindsEye, T. Houpt). Regions were digitally-captured at 40x 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, or LA as delineated by 

a hand-drawn outline.   Bilateral cell counts were averaged for 6 sections of the amygdala for 

each rat.  The individual mean counts for each region were then averaged across rats within 

experimental groups. For in situ hybridization results, pixel density within the BLA, CeA, and 

LA was quantified after digitizing the autoradiographic films through a Zeiss Stemi-2000 

stereoscope attached to a Dage-MTI CCD 72 camera.  Light levels provided by a fiber optic light 

table (Fostec) were adjusted to standardize gray levels of film background. For each rat and 

probe, average pixel densities were obtained from delineated areas of 3-5 brain sections.  

Individual mean values for each region were then averaged across rats within experimental 

groups. 

            Significant effects across treatment groups were detected by one-way ANOVA and 

Neuman-Keuls post-hoc tests (Kaleidagraph, Synergy Software). All data are presented as the 

mean ± standard error of the mean. 

 

3. Results 

 

3.1 Experiment 1: LCM and RT-PCR 

            Rats received one of four different treatments (sucrose, LiCl, sucrose/LiCl or no 

treatment). Although tissue was microdissected from 6 rats after each of the four treatments, 

sufficient RNA for RT-PCR was extracted from only a subset of rats in each group: sucrose 

infusion (n = 4), LiCl injection (n = 4), sucrose infusion paired with LiCl injection (n = 5), or no 

treatment (n = 3 for CeA and LA, n=4 for BLA). There was no difference in intake between the 

two groups receiving intraoral infusions of sucrose; average intake was 3.8 ± 0.4 g. One hour 

later, the rats were anesthetized with sodium pentobarbital, decapitated, and the brains were 

dissected and frozen without fixation. Thin sections (5 µm) were cut through the amygdala, 

lightly stained with Histogene staining solution, and dehydrated. Three different regions of the 

amygdala (BLA, CeA, and LA) were microdissected using a PixCell II LCM system (Arcturus, 



                                                                                20 

Mountain View, CA). The boundaries of each subnucleus were determined with reference to 

gross landmarks visible even in a lightly-stained section, such as the rhinal fissure, optic tract, 

external capsule, and longitudinal association bundle, and the stria terminalis (Figure 3).  For 

each rat, each region was dissected unilaterally from a single tissue section onto an individual 

CapSure HS microfuge cap (Arcturus). Microdissection from a 5 µm section of a single 

unilateral subregion of the amygdala yielded sufficient total RNA for at least 10 RT-PCR 

reactions (Figure 4).   

             β-actin was detected in all samples.  c-Fos, Fra-2, and c-Jun were detected in the BLA, 

CeA and LA in the majority of rats (~ 90 %) in all conditions.  FosB, JunB and JunD were 

variably present; the 3 species of mRNA were detected in some rats after all treatments (~ 42%), 

but not in a consistent pattern across amygdalar regions or treatments. 

            Fra-1 and ICER expression were not detected in any amygdalar regions after any 

treatment. Tryosine hydroxylase (TH) expression was absent in the BLA and LA of almost all 

rats (16 of 17 rats); in the CeA, TH mRNA was generally absent, but it was detected in a small 

number of rats (7 of 16 rats). The presence of TH mRNA could be due to amplification of trace 

amounts of TH mRNA in catecholaminergic fibers innervating the CeA (Asan, 1998). 

            Because the levels of c-Fos and Fra-2 product appeared to differ across treatments, we 

attempted to quantify changes in the amount of RT-PCR product as measured by the intensity of 

their bands in the agarose gels, normalized to β-actin levels from the same microdissected 

sample.  Using this metric, c-Fos RT-PCR product was significantly increased in the CeA 

compared to rats in the no treatment group (F(3,14) = 4.83, p < 0.05)  after LiCl (398 ± 76%) and 

sucrose/LiCl paired treatment (340 ± 60%) but not after sucrose alone. There was a similar 

tendency for Fra-2 mRNA to increase in the CeA after LiCl treatment (174 ± 44 %), but the 

increase was not significant. There were no differences in c-Fos or Fra-2 RT-PCR product in the 

LA or BLA, nor were there specific changes among groups in c-Jun, JunB, JunD and FosB 

mRNA expression after any treatment.  

 

3.2 Experiment 2: in situ Hybridization 

            The RT-PCR results were confirmed by in situ hybridization in a second set of rats. There 

was no difference in intake between the two groups receiving intraoral infusions of sucrose; 

average intake was 4.5 ± 0.4 g.  
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3.2.1 c-Fos in situ Hybridization 

            c-Fos mRNA levels were relatively low in the LA and BLA of the amygdala with no 

significant differences among all treatments (Figure 5, top panels, and Figure 6).  In the CeA, c-

Fos mRNA levels were low after no treatment or sucrose infusions, but were significantly 

elevated from no treatment levels after LiCl or sucrose/LiCl treatments (F(3,23)=3.94, p < 0.05).  

 

3.2.2 Fra-2 in situ Hybridization 

            Fra-2 expression in the amygdala was both region-specific and dependent on treatment 

(Figure 5, bottom panels, and Figure 7). Compared to the optical density of the CeA and LA in 

the no treatment condition, the BLA appeared to have relatively high levels of Fra-2 mRNA 

under all conditions. However, no significant difference in Fra-2 mRNA in the BLA was induced 

by any of the treatments. The CeA had relatively low levels of Fra-2 mRNA under the no 

treatment condition. There was a significant effect of treatment (F(3,23) = 9.28, p < 0.0005), 

such that Fra-2 mRNA after LiCl treatment or combined sucrose/LiCl treatment was elevated 

compared to the no treatment and sucrose conditions.  The LA had relatively low levels of Fra-2 

mRNA under all conditions, with no significant differences after any treatment. 

 

3.2.3 c-Jun and JunD in situ Hybridization 

            The signal intensity of 35S-labeled riboprobes for c-Jun and JunD mRNA was not above 

tissue background levels, and no induction of c-Jun or JunD was observed after any treatment. 

 

3.3 Experiment 3: Fra-2 Immunohistochemistry 

            Because an increase in Fra-2 mRNA was observed by in situ hybridization, we checked 

the levels of Fra-2 protein by immunohistochemistry in an additional set of rats. There was no 

difference in intake between the two groups receiving intraoral infusions of sucrose; average 

intake was 4.0 ± 0.4 g. The pattern of Fra-2 expression observed with immunohistochemistry 

was similar to the pattern of Fra-2 mRNA expression (Figures 8 and 9). A large number of Fra-2 

positive cells were seen in the BLA under all conditions.  There was also a significant effect of 

treatment (F(3,23) = 6.79, p < 0.005; see Figure 9A).  LiCl increased the number of Fra-2 cells in 

the BLA compared to the no treatment and sucrose groups. Sucrose/LiCl treatment increased the 

number of Fra-2-positive cells in the BLA compared to sucrose alone, but not compared to the 
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no treatment group (p = 0.08). The CeA also had a large number of Fra-2 positive cells under all 

conditions, and there was a significant effect of treatment (F(3,23) = 7.83, p < 0.005; Figure 9B). 

LiCl increased the number of Fra-2 cells compared to no treatment and sucrose treatment. The 

pairing of sucrose with LiCl induced significantly more Fra-2-positive cells than sucrose alone, 

but did not induce significantly more cells than no treatment (p = 0.07). Very few Fra-2-positive 

cells (<10 cells per section) were seen in the LA, with no differences between treatment groups 

(Figure 9C). 

            Because the injection of LiCl (with or without sucrose infusion) appeared to increase the 

number of Fra-2-positive cells in the CeA and BLA compared to uninjected controls, we 

compared the effects of injecting NaCl or LiCl (0.15 M, 12 ml/kg, n=4/group) as a control for 

the injection procedure. LiCl induced significantly more Fra-2 positive cells in the BLA and 

CeA, and significantly more c-Fos in the CeA (Figure 10). 

 

3.4 Experiment 4: Effect of Sucrose Pre-exposure on Fra-2 and c-Fos Expression during CTA 

Learning. 

            One test of whether a gene product is important in CTA learning is if expression of the 

gene is diminished when CTA learning is diminished (Koh et al., 2003b).  This can be tested 

using pre-exposure to the taste (“learned safety”), which impairs the formation of LiCl-induced 

CTA learning (Bakner et al., 1991; Revusky and Bedarf, 1967; Turgeon and Reichstein, 2002) 

and taste-induced c-Fos in the central nucleus of the amygdala (Koh et al., 2003b).  Therefore, 

we investigated differences in Fra-2 and c-Fos expression between in groups that would be 

predicted to have robust CTA learning (with novel sucrose) or diminished CTA learning (after 

sucrose pre-exposure). The familiar and novel groups were pre-exposed 6 times to 5% sucrose or 

distilled water, respectively, before CTA conditioning. During pre-exposure, rats in the familiar 

group receiving intraoral infusions of 5% sucrose consumed significantly more than did rats in 

the novel group receiving intraoral infusions of distilled water (4.3 ± 0.5 g vs. 1.8 ± 0.3 g, p < 

0.005). During the final infusion prior to the injection of LiCl, both groups consumed most of the 

5% sucrose (familiar, 4.1 ± 0.8 g vs novel, 4.6 ±0.6 g, p = 0.3). One hour after the pairing of 

sucrose and LiCl, rates were perfused and processed for c-Fos and Fra-2 immunohistochemistry. 

The familiar group showed a significantly decreased number of Fra-2-positive cells compared 

with the novel group in the BLA  (p < 0.05; Figure 11A). However, no significant differences in 
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the number of Fra-2-positive cells in the CeA (p = 0.2) and LA (p=0.2) were observed (Figure 

11A). There was no significant difference in the number of c-Fos-positive cells between familiar 

and novel groups in the LA (p = 0.051), BLA (p = 0.08) and CeA regions (p =0.2; Figure 9B).  

 

4. Discussion 

 

            In the present study, we examined the expression patterns of AP-1 transcription factors in 

the amygdala during CTA learning. Using laser capture microscopy and RT-PCR, we screened 

discrete regions of the amygdala for the presence and regulation of AP-1 family members after 

sucrose, LiCl, or the pairing of sucrose with LiCl.  Semi-quantitative RT-PCR showed the 

consistent presence of c-Fos, Fra-2, c-Jun, and JunD. Regulation of the detected genes was 

further examined using in situ hybridization and immunohistochemistry. In situ hybridization 

confirmed that c-Fos mRNA expression was increased in the CeA after LiCl and sucrose/LiCl 

treatment, although sucrose infusion itself did not induce c-Fos mRNA. Similar to c-Fos 

regulation, LiCl and sucrose/LiCl treatment increased Fra-2 mRNA and immunolabeling in the 

CeA. Unlike the low basal levels of c-Fos, however, immunohistochemistry revealed high 

baseline levels of Fra-2 positive cells in the CeA and basolateral amygdala under all conditions. 

When rats with pre-exposure to sucrose were tested with sucrose/LiCl, the familiar (pre-

exposure) group showed a significantly decreased number of Fra-2-positive cells compared with 

the novel group in the BLA. Because the familiar group would be expected to have decreased 

CTA learning, the correlation of Fra-2 expression in the BLA suggests a specific response during 

CTA learning. 

            We profiled mRNA expression of a number of genes in small subregions of the amygdala 

using RT-PCR with LCM.  The LCM technique has some advantages over dissection with tissue 

punches.  Discrete regions of arbitrary shape can be visualized under the microscope and 

dissected using laser punches of 7 – 30 µm diameter. Thus, the closely-packed BLA, CeA, and 

LA subnuclei were dissociated and individually analyzed by RT-PCR. Using a panel of specific 

primer pairs, RT-PCR allowed us to investigate mRNA expression of multiple AP-1 genes 

within small amount of the amygdala tissue (i.e. < 4 µg of CeA / rat).  Although RT-PCR is a 

convenient and quick method to examine mRNA expression, it provides only limited 

experimental conclusions due to the absence of precise quantification. Because of its sensitivity, 
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however, we can rely on RT-PCR to show the presence or absence of gene expression.  Thus, we 

have found evidence for the presence of mRNAs for c-Fos, Fra-2, FosB, c-Jun, JunB and JunD.  

Because RT-PCR showed consistent robust expression of c-Fos, Fra-2, c-Jun and JunD mRNA, 

the products of these AP-1 genes were further examined by in situ hybridization and 

immunohistochemsitry (for Fra-2). Fra-1 and ICER were not detected in the amygdala after any 

treatment. Fra-1 is not constitutively expressed in the adult rat brain, but it can be induced, e.g. 

by kainic acid in the hippocampus (Pozas et al., 1999). Even then, however, Fra-1 expression 

appears limited to glial cells and not neurons, and may be expressed as part of a response to brain 

injury.  ICER mRNA in this study was not detected 1 h after LiCl by RT-PCR, although it has 

previously been observed using in situ hybridization in the CeA (Spencer and Houpt, 2001). 

However, ICER mRNA is maximally induced 3-6 h after LiCl, and so may have been below the 

detection threshold of RT-PCR at 1 h. TH was used as a negative control because TH mRNA is 

not expressed in the rat amygdala. Variable detection of TH in the CeA may be due to trace 

amounts of TH mRNA within the fibers of catecholaminergic cells that densely innervate the 

CeA (Asan, 1998).  

            The significant increase in c-Fos mRNA in the CeA after LiCl or sucrose/LiCl treatment 

is consistent with previous studies that have shown induction of c-Fos protein (Wilkins and 

Bernstein, 2006) and mRNA (Slattery et al., 2005) in the CeA after LiCl.  We did not observe an 

increase in c-Fos mRNA after exposure to sucrose alone, although an increase in c-Fos 

immunoreactivity has been reported in the CeA after rats drank a novel 0.5% saccharin solution 

(Koh et al., 2003b).  This may reflect a relative insensitivity of in situ hybridization vs. 

immunohistochemistry, or it may reflect a reduced response to 5% sucrose vs. 0.5% saccharin. 

Although Fra-2 mRNA levels were low throughout the amygdala of untreated rats, Fra-2 protein 

was present constitutively in the CeA and BLA of untreated rats. This contrasts with c-Fos, 

which has very low basal levels of both mRNA expression and immunoreactivity in the 

amygdala (Spencer and Houpt, 2001).  Similar to the response of c-Fos, we found that Fra-2 

mRNA and protein (i.e. immuno-positive cells) were increased by LiCl and sucrose/LiCl in the 

CeA.  In addition, the number of Fra-2 immuno-positive cells in the BLA was also increased 

after LiCl or sucrose/ LiCl.  The effects of LiCl on Fra-2 expression have not been previously 

reported, although increased Fra-2 expression can be induced in various brain regions by a 

variety of stimuli (e.g. kainic acid (Beer et al., 1998), morphine (Nye and Nestler, 1996), osmotic 
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stress (Miyata et al., 2001), photic stimulation (Schwartz et al., 2000), capsaicin-induced stress 

(Honkaniemi et al., 1994) or sleep deprivation (Terao et al., 2003)). The similarity between c-Fos 

and Fra-2 expression after LiCl needs to be investigated in other brain regions that show LiCl-

induced c-Fos expression such as the PBN (Yamamoto et al., 1992) and NTS (Houpt et al., 1994; 

Swank and Bernstein, 1994; Yamamoto et al., 1992). 

            Our finding of Fra-2 induction in both CeA and BLA by LiCl is consisent with the 

involvement of the BLA as well as the CeA in CTA learning. The BLA has long been implicated 

in CTA learning in lesion, pharmacological, or electrophysiological studies (Sakai and 

Yamamoto, 1999). c-Fos expression may also occur in the BLA during CTA learning, as we 

have recently found in mice that the number of c-Fos immuno-positive cells was increased in the 

BLA 3-6 hours after LiCl injection.  Thus the BLA may respond to CTA stimuli, but with a 

different temporal pattern of immediate early gene expression than the CeA. 

            Animals learn “safety” to the taste during pre-exposure and this “learned safety” blocks 

the association between the CS and US during conditioning (Lubow, 1973; Revusky and Bedarf, 

1967). Previous experiments demonstrated that pre-exposure to sucrose or saccharin blocked the 

formation of LiCl-induced CTA learning (Bakner et al., 1991; Koh and Bernstein, 2005; 

Revusky and Bedarf, 1967; Turgeon and Reichstein, 2002). This behavioral result may be due to 

changes in gene expression in the brain because rats with pre-exposure to CS taste using bottles 

showed decreased c-Fos expression in the CeA and BLA during LiCl-induced CTA learning, 

compared with rats without prior exposure to the CS taste  (Koh et al., 2003b; Koh and 

Bernstein, 2005; Wilkins and Bernstein, 2006). We investigated another possible change in gene 

expression between CTA learning and pre-exposed non-CTA learning groups. The novel (CTA 

learning) group showed an increased number of Fra-2 proteins in the BLA compared with the 

pre-exposed (non-CTA learning) group. The expression difference in Fra-2 protein in the BLA 

between the familiar and novel groups provides another correlate of Fra-2 expression with CTA 

learning. Specifically, the pairing of sucrose and LiCl during CTA learning in the novel group 

induced LiCl, but in the absence of CTA learning in the familiar group, Fra-2 expression was 

decreased. 

            However, there was no difference in expression of c-Fos-positive cells in the CeA, BLA 

and LA between the familiar and novel groups in this study. This result conflicts with an earlier 

study (Wilkins and Bernstein, 2006) which showed that pre-exposure to saccharin using intraoral 
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infusions reduced c-Fos expression in the CeA during LiCl-induced CTA learning. This 

discrepancy may result from differences in experimental methods. Compared to the current 

study, Wilkins et al. used a lower dose of LiCl  (5 vs. 12 ml/kg, 0.15 M LiCl) and higher 

intensity of CS (0.5% saccharin vs. 5% sucrose). The higher dose of LiCl may cause more 

cellular activation (c-Fos expression) in the amygdala that masks a pre-exposure effect; however, 

under our conditions, the higher dose of LiCl is required to achieve long-term consolidation 

against 5% sucrose (Houpt and Berlin, 1999).  

            The parallel increases in Fra-2 and c-Fos in the amygdala after LiCl administration might 

be due to common regulatory sites and intracellular pathways.  For example, many of the 

enhancers in the c-Fos promoter, such as the CRE, SRE, SCM and TATA box sequences,  are 

also located in the Fra-2 promoter (Yoshida et al., 1993). Among these enhancers, the CRE site 

is critical for c-Fos expression. The putative molecular cascade of LiCl-induced c-Fos expression 

involves activation of protein kinases by increased cAMP or intracellular Ca2+, the subsequent 

phosphorylation of CREB, and the binding of phosphorylated CREB to the CRE site.  The Fra-2 

promoter also has a CRE site in its enhancer region, and it has been reported that Fra-2 mRNA 

can be induced in vitro by cAMP and Ca
2+

 (Yoshida et al., 1993).  Thus, the cAMP/Ca2+/CREB 

pathway might induce both Fra-2 and c-Fos expression. 

            However, we also observed intra-amygdalar differences after LiCl or sucrose/LiCl 

treatment in c-Fos expression (in CeA only) vs. Fra-2 expression (in both CeA and BLA). Others 

have reported tissue specific differences in c-Fos and Fra-2 expression and induction. In the 

supraoptic nucleus, for example, Fras (Fra-1 and Fra-2) immunoreactivity is constitutively 

expressed at high background levels, but increased Fras and c-Fos are both induced by osmotic 

stimulation (Miyata et al., 2001).  In the rat locus coeruleus, c-Fos (but not Fra-2) is induced by 

acute immobilization stress, but after repeated immobilization both c-Fos and Fra-2 are present 

(Hebert et al., 2005).  Presumably these differences are due to tissue- or stimulus-specific 

engagement of signaling pathways, transcription factors, or epigenetic mechanisms that have 

distinct effects on the expression of c-Fos vs. Fra-2.  

            In the present study, we found constitutively high levels of Fra-2 immuno-positive cells 

in the CeA and BLA.  The higher baseline levels of Fra-2 might be due to the long-term 

accumulation of the protein, given the extended lifespan of Fra-2 vs c-Fos mRNA (5 h vs 2 h; 

(Greenberg and Ziff, 1984; Muller et al., 1984; Yoshida et al., 1991)) and Fras vs c-Fos 
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immunoreactivity (8 h vs 2 h; (Miyata et al., 2001)).  High levels of Fra-2 protein per se may not 

reflect Fra-2 activity, however, because Fra-2 is also regulated by post-translational 

phosphorylation (Murakami et al., 1997; Yoshida et al., 1991).  Unlike c-Fos, Fra-2 must be 

phosphorylated in order to bind to AP-1 enhancer sites and induce gene transcription (e.g., 

induction of Fra-2 itself; (Murakami et al., 1999)).  Thus, phosphorylation of Fra-2 by protein 

kinase activity induced by LiCl may be crucial to its transcriptional function with other AP-1 

family members in the amygdala.  

            Although in this study FosB, c-Jun, JunB and JunD mRNAs were detected by RT-PCR in 

the amygdala, there were no specific changes among treatment groups and their expression 

patterns were irregular.  It has previously been reported in the CeA of the mouse that FosB was 

constitutively expressed, while JunB immunoreactivity was increased by LiCl injection (Swank, 

1999).  The presence of constitutive Jun family expression and induced Fos family expression 

would satisfy the requirement that Fos and Jun proteins dimerize to regulate transcription. This 

study demonstated that c-Jun and JunD are constitutively expressed in the amygdala, while Fra-2 

and c-Fos expression is correlated with LiCl injection both as an unconditioned response (LiCl 

group) and during CTA learning (sucrose/LiCl group).  This is consistent with a role for Fra-2 in 

the response to LiCl, but does not confirm a specific or functional involvement in CTA learning. 

Even though their expression is not exclusive to the pairing of taste and toxin, however, Fra-2, c-

Jun, and JunD may still serve a functional role during CTA learning, as shown for c-Fos using 

transgenic and molecular knockdown approaches.  

            The specific genomic response to contingent taste and toxin stimuli underlying CTA 

consolidation may include not only a) the expression of a set of genes specific and exclusive to 

contingent stimulation, but also b) the combined expression of taste-stimulated genes and toxin-

stimulated genes. Both types of responses would generate a profile different from the 

unconditioned responses and specific to CTA learning. Genes induced specifically by gustatory 

stimulation have not been identified. Fra-2 and c-Fos may represent toxin-stimulated genes, 

albeit modulated by taste experience. 

            In conclusion, using LCM technology with RT-PCR, we profiled mRNA expression of a 

number of AP-1 genes in small discrete regions of the amygdala during CTA learning.  In situ 

hybridization and immunohistochemistry were then employed to confirm changes in expression 

of some AP-1 genes.  The results revealed that LiCl and sucrose/LiCl induced Fra-2 as well as c-
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Fos in the amygdala.  This confirmed activation of AP-1 immediate early genes within the CeA.  

Importantly, we also found that Fra-2 mRNA and protein expression can serve as a marker of 

cellular activation within the BLA during CTA learning.  Pre-exposure to sucrose, which would 

decrease subsequent CTA learning, decreased Fra-2 expression in the BLA induced by 

sucrose/LiCl; this correlation specific to taste experience suggests that Fra-2 in the BLA plays a 

specific role in CTA learning. Although other AP-1 genes were detected within amygdalar 

subnuclei (FosB, cJun and JunD), no changes in expression were found after sucrose or LiCl 

treatment. The presence of both Fos and Jun family members, however, is critical for 

transcriptional regulation. It remains to be determined if the differences in AP-1 gene expression 

between LiCl and sucrose/LiCl pairing contribute to consolidation of CTA learning and memory.  
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    Table 1. Primer sequences for RT-PCR 
Gene Forward primer 5’→3’ Reverse primer 5’→3’ Product  

size (bp) 

c-fos GGAGCTGACAGATACGCTCCA GCTAATGTTCTTGACCGGCTC 304 

fosB TTGAAGAGGAAAAGGCAGAGC AGCAAGAAGGGAGGGCGAGTT 433 FosB 

304 dFosB 

Fra-1 AGAGCTGCAGAAGCAGAAGG AGGAGCCTACAGGGTGTCCT 800 

Fra-2 AAGTGTCGGAACCGTCGACGTGAG TTCAAGGAGTCTGATGACTGGTCC 539 

c-Jun TAGATTGCGGATGAACTCCC CAACACCCTCTTCTTCCAGC 513 

JunB TGAAACCCACCTTAGCGCTCAACC AGACACGTTGGGGGGCGTCACGTG 362 

JunD CGACCAGTACGCAGTTCCTC CGTTCTTGCGTGTCCATGTC 433 

ICER GGCCAACAAGACCACTCTGTATGC TCTACTAATCTGTTTTGGGAGAGC 378 

TH TGTCACGTCCCCAAGGTTCAT GGGCAGGCCGGGTCTCTAAGT 274 

β-actin TTGTAACCAACTGGGACGATATGG GATCTTGATCTTCATGGTGCTAGG 740 
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Figure 3. Microdissection of the amygdala nuclei by laser capture microdissection.  A stained 

and dehydrated 5 µm section of unfixed rat brain is shown before (A) and after (B) 

microdissection of the three different subnuclei of the amygdala. The captured regions were 

transferred to individual microfuge caps (C-E) for RT-PCR analysis. C. Basolateral amygdala 

(BLA). D. Central Nucleus (CeA). E. Lateral amygdala (LA).  rh, rhinal fissure; st, stria 

terminalis; ic, internal capsule; ot, optic tract. Dashed line, external capsule.  Scale bar in (A), 1 

mm; in (C), 250 µm. 
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Figure 4. Example of RT-PCR product of AP-1 family members, ICER, TH and β-actin 

amplified from individual CeA from an untreated rat (“No Rx”), or 1 hour after intraoral infusion 

of sucrose, injection of LiCl, or the pairing of sucrose with LiCl (“Sucr/LiCl”).  
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Figure 5. Autoradiograms of c-Fos (top panels) and Fra-2 (bottom panels) in situ hybridization 

in the amygdala of an untreated rat (“No Rx”), or 1 h following an intraoral infusion of sucrose, 

injection of LiCl, or the pairing of sucrose with LiCl  (“Sucr/LiCl”). Abbreviations as in Figure 

1. Scale bar, 2 mm. c-Fos mRNA and Fra-2 mRNA are clearly visible in the CeA from both the 
LiCl and Sucr/LiCl groups. Low levels of Fra-2 mRNA were observed in the BLA of all groups.  
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Figure 6. Quantification of c-Fos in situ hybridization within the BLA (A), CeA (B) and LA (C) 

in untreated rats (“No Rx”), or 1 h following an intraoral infusion of sucrose, injection of LiCl, 

or the pairing of sucrose with LiCl (“Sucr/LiCl”). Data represent mean relative optical density ± 

S.E.M.  and are normalized to the untreated group.  No differences across groups were found in 

the BLA or LA.  In the CeA, significant increases in c-Fos mRNA were seen in the LiCl and 
Sucr/LiCl group. * p<0.05 vs. untreated rats, † p <0.05 vs. sucrose.  
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Figure 7.  Quantification of Fra-2 in situ hybridization within the BLA (A), CeA (B) and LA (C) 

in untreated rats (“No Rx”) or 1 h following an intraoral infusion of sucrose, injection of LiCl, or 

the pairing of sucrose with LiCl (“Sucr/LiCl”). Data represent mean relative optical density ± 

S.E.M. and are normalized to the untreated group.  No differences across groups were found in 

the BLA or LA.  In the CeA, significant increases in Fra-2 mRNA were seen in the LiCl and 

Sucr/LiCl group. * p<0.05, ** p < 0.005 vs. untreated rats, † p <0.05,  †† p <0.005 vs. sucrose. n 
= 6 per group.  
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Figure 8. Photomicrographs of Fra-2 immunohistochemistry in the BLA (top row), CeA (middle 

row) and LA (bottom row) from an untreated rat (“No Rx”) and 1 h following an intraoral 

infusion of sucrose, injection of LiCl or the pairing of sucrose with LiCl (“Sucr/LiCl”). Scale 
bar, 500 µm. 
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Figure 9. Quantification of Fra-2 immuno-positive cells in BLA (A), CeA (B) and LA (C) in 

untreated rats (“No Rx”), or 1 h following an intraoral infusion of sucrose, injection of LiCl or 

the pairing of sucrose with LiCl (“Sucr/LiCl”).  In both the BLA and the CeA, LiCl-treated rats 

had significantly more Fra-2 positive cells compared to untreated rats or sucrose rats, while the 

Sucr/LiCl group had significantly more cells than sucrose rats only. No differences across groups 

were found in the LA. * p <0.05 vs. untreated rats, † p < 0.05, †† p < 0.005 vs. sucrose. n = 6 per 

group. 
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Figure 10. Quantification of Fra-2 (A) and c-Fos (B) immuno-positive cells in the BLA, CeA 

and LA in rats 1 h following an injection (0.15M, 12 ml/kg) of NaCl (white) or LiCl (black). 

Compared to a NaCl injection, LiCl induced significantly more Fra-2 positive cells in the BLA 

and CeA, and significantly more c-Fos in the CeA. No differences in the number of Fra-2 or c-

Fos positive cells between groups were found in the LA. * p <0.05 vs. saline group. n = 4 per 
group. 
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Figure 11. Quantification of Fra-2 (A) and c-Fos (B) immuno-positive cells in the BLA, CeA 

and LA in sucrose (familiar) or water (novel) pre-exposed rats 1 h after an intraoral infusion of 

sucrose paired with LiCl injection. In the BLA, the familiar group had significantly less Fra-2 

positive cells compared to the novel group. No differences in the number of Fra-2 positive cells 

between groups were found in the CeA and LA. No differences in the number of c-Fos positive 

cells between groups were found in the BLA, CeA and LA. * p <0.05 vs. novel group. n = 6 per 
group. 
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CHAPTER 2 

 

CELLULAR CO-LOCALIZATION OF c-FOS AND FRA-2 IN THE 

CENTRAL AMYGDALA AFTER LiCl ADMINISTRATION 

 

1. Introduction 

 

            Conditioned taste aversion (CTA) is a form of associative learning in which an animal 

avoids the same taste after pairing of a novel taste (conditioned stimulus, CS) with a toxin 

(unconditioned stimulus, US; Garcia et al., 1974). CTA learning requires expression of 

immediate early genes in a number of cells within discrete brain regions (Lamprecht and Dudai, 

1995). For example, after administration of lithium as an US, the number of c-Fos-like 

immunoreactivity (c-FLI)-positive cells is elevated in the parabrachial nucleus (PBN) 

(Yamamoto et al., 1992; Swank and Bernstein, 1994), the nuclease of the solitary tract (NTS) 

(Yamamoto et al., 1992; Houpt et al., 1994; Swank and Bernstein, 1994), and the central nucleus 

of the amygdala (CeA) (Yamamoto et al., 1992; Spencer and Houpt, 2001). The c-FLI-positive 

cells are commonly used as a cellular marker to check neural activation during CTA learning. 

However, c-Fos expression at the time of CTA acquisition is not only a marker of the neural 

activity. Local microinjection of antisense c-Fos oligonucleotides into rat amygdala to block c-

Fos synthesis blocked CTA acquisition (Lamprecht and Dudai, 1996), showing that c-Fos may 

also serve a functional role in CTA learning. Although c-Fos is necessary at the intracellular 

level, c-Fos alone is not sufficient to regulate target gene expression that is presumed to underlie 

long-term consolidation of CTA. Without dimerizing to a complementary member of the 

activator protein 1 (AP-1) family, c-Fos is unlikely to be functional.  

            The AP-1 family is a group of transcription factors composed of Fos (c-Fos, FosB, Fra-1 

and Fra-2) and Jun (c-Jun, JunB and JunD) proteins. AP-1 family members bind each other to 

make homo- or hetero-dimers. AP-1 dimers regulate expression of target genes as a result of 

binding to specific AP-1 DNA binding sites in promoter regions (Foletta, 1996; Karin et al., 
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1997). c-Fos does not bind to the AP-1 binding site in the absence of c-Jun or other Jun family 

members (Rauscher et al., 1988), and c-Fos protein alone is not sufficient to induce AP-1-

mediated reporter gene expression (Chiu et al., 1988). One previous study (Swank, 1999) 

showed changes in c-Fos, FosB, and JunB expression in the PBN, NTS, and CeA after LiCl 

administration. This study also demonstrated that LiCl-induced c-Fos co-localizes with FosB and 

JunB in a majority (>50%) of cells in these brain regions except FosB (approximately 40%) in 

the CeA.  

            In chapter1, we for the first time revealed that LiCl and sucrose/LiCl induce Fra-2 as well 

as c-Fos in the amygdala. Importantly, we found that Fra-2 mRNA and protein expression can 

serve as a marker of cellular activation within the BLA and CeA during CTA learning. Pre-

exposure to sucrose, which would decrease subsequent CTA learning, decreased Fra-2 

expression in the BLA induced by sucrose/LiCl; this correlation specific to taste experience 

suggests that Fra-2 in the BLA plays a specific role in CTA learning. Although the result of pre-

exposure showed that Fra-2 might have a specific role in CTA in the BLA, but not in the CeA, it 

is still possible that LiCl-induced c-Fos correlates with LiCl-induced Fra-2 or the constitutively 

high level of Fra-2 in the CeA. In the present study, we performed double immunofluorescence 

labeling of c-Fos and Fra-2 to determine whether LiCl-induced c-Fos is co-localized with Fra-2 

in the CeA. 

 

2. Methods 

 

2.1 Subjects 

            Adult male Sprague-Dawley rats (340-370 g, Charles River Laboratories, Wilmington, 

MA) were individually housed under a 12-h light –12-h dark cycle  (lights on 07:00) at 25 ºC 

with free access to Purina rodent chow and distilled water. All procedures were conducted in the 

first half of the lights-on period. Anesthesia (halothane, sodium pentobarbital) was used to 

minimize pain and discomfort, and all experiments were approved by the Florida State 

University institutional animal care and use committee. 

 

2.2 Brain Collection 
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            One hour after LiCl (0.15 M, 12 ml/kg, i.p.) injections, rats (n = 6) were anesthetized 

with sodium pentobarbital (104 mg/0.4 ml). Rats were cardially perfused with 4% 

paraformaldehyde. Their brains were dissected out and post-fixed with 4% paraformaldehyde for 

1-3 h. The brains were then soaked in 30% sucrose overnight. 

 

2.3 Double Immunofluorescence Labeling of LiCl-Induced c-Fos and Fra-2 

            Brain sections were cut at 40 µm on a freezing 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 in the mixture of two primary antibodies (sheep anti-c-Fos, 

1:1000, Genosys Biotechnologies Ltd., Cambridgeshire, UK and rabbit anti-Fra-2, 1:1000, Santa 

Cruz Biotechnology, Santa Cruz, CA) in PBS-BSA at room temperature for 18 h. Sections were 

washed in PBS-BSA for 10 min twice and incubated in the mixture of two secondary antibodies 

(indocarbocyanine (Cy3)-conjugated donkey anti-sheep and Fluorescein isothiocyanate (FITC)-

conjugated goat anti-rabbit, 1:100, Jackson ImmunoResearch) in PBS-BSA at room temperature 

for 1.5 h in dark. Sections were washed in PBS for 10 min twice, mounted on gelatin-coated 

slides, and coverslipped with Vectashield mounting medium (Vector Laboratories) in dark. 

 

2.4 Image Analysis 

            Double immunofluorescence-labeled sections were examined and photographed under a 

fluorescence microscope (Leica DML, Leica Microsystems, Wetzlar, Germany). c-Fos- and Fra-

2-positive cells were respectively viewed with Cy3 and FITC fluorescence filters. Two photos of 

the CeA were taken from each rat. The number of immunofluorescence-labeled cells was 

counted with custom software (MindsEye, T. Houpt). 

 

3. Results 

 

            LiCl-induced c-Fos- and Fra-2-positive cells in the CeA were immunolabeled with 

fluorescent Cy3 and FITC second antibodies (Figure 12). The results of immunofluorescence 

labeling showed that the numbers of Cy3-labeled c-Fos- and FITC-labeled Fra-2-positive cells 

were 91±8 and 119±6 (Figure 13A). Among those cells, 74±4 cells were double-labeled with 
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both c-Fos and Fra-2 antibodies. Among Cy3-labeled c-Fos-positive cells, 83% cells were 

double-labeled with Fra-2 antibodies (Figure 13B). Sixty three percent of FITC-labeled Fra-2-

positive cells were also double-labeled with c-Fos antibodies. 

 

4. Discussion 

 

            In the present study, we examined co-localization of c-Fos and Fra-2 in the CeA 1h 

following a LiCl injection. Using immunohistochemistry with fluorescence-labeled secondary 

antibodies, LiCl-induced c-Fos- or Fra-2-positive cells were visualized under a fluorescence 

microscope. The result showed that c-Fos co-localized with Fra-2 in a majority (82%) of LiCl-

induced c-Fos-positive cells in the CeA. Consistent with the results of Fra-2 

immunohistochemistry in Chapter 1, the number of Fra-2-positive cells was higher than that of c-

Fos-positive cells in the CeA. This result might be due to a very high basal level of Fra-2 

expression in the CeA. Because of this high basal level of Fra-2, it was hard to determine 

whether LiCl-induced c-Fos co-localizes with LiCl-induced Fra-2 or constitutively extant Fra-2 

or both in the cells of the CeA.  

            The co-localization of Fra-2 and c-Fos in the CeA after LiCl administration might be due 

to the common regulatory sites and intracellular pathways. For example, many of the enhancers 

in the c-Fos promoter, such as the CRE, SRE, SCM and TATA box sequences, are also located 

in the Fra-2 promoter (Yoshida et al., 1993). Among these enhancers, the CRE site is critical for 

c-Fos expression. The putative molecular cascade of LiCl-induced c-Fos expression involves 

activation of protein kinases by increased cAMP or intracellular Ca
2+

, the subsequent 

phosphorylation of CREB, and the binding of phosphorylated CREB to the CRE site. The Fra-2 

promoter also has a CRE site in its enhancer region, and it has been reported that Fra-2 mRNA 

can be induced by cAMP and Ca
2+

 in vitro (Yoshida et al., 1993). Thus, LiCl administration may 

activate the cAMP/Ca
2+

/CREB pathway to induce both Fra-2 and c-Fos expression in the same 

cell in the CeA. 

            The present study confirmed that c-Fos co-localized with Fra-2 in a majority of LiCl-

induced c-Fos-positive cells in the CeA. This co-localization of c-Fos and Fra-2 following LiCl 

administration suggests that the transcriptional function of AP-1 dimeric complexes (e.g. c-

Fos/c-Jun and Fra-2/JunD) of c-Fos and Fra-2 may occur in a subset of cells in the CeA.  
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Figure 12. Fluorescence photomicrographs of LiCl-induced c-Fos and Fra-2 double labeling in 

the CeA 1 h after a LiCl injection. Red cells indicate c-Fos-positive cells visualized with cy3 (A 

and D) and green cells indicate Fra-2-positive cells visualized with FITC (B and E) in the same 

section. Yellow cells indicate c-Fos/Fra-2 double-labeled cells (C and F). Double arrowheads 

indicate cells expressing only c-Fos not Fra-2 (C). Arrowheads indicate cells expressing only 

Fra-2 not c-Fos (C). Arrows indicate c-Fos and Fra-2 double-labeled cells (C and F). D, E and F 

are 10 times magnified respectively from A, B and C. Scale bars, 200 µm in A and 20 µm in D. 
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Figure 13. Quantification of c-Fos and Fra-2 double immunofluorescence-labeled cells in the 

CeA 1 h after LiCl injection. The average numbers of immunofluorescence-labeled cells are 

shown in (A). LiCl-induced c-Fos co-localized with Fra-2 in a majority (82%) of c-Fos-positive 

cells in the CeA (B). Sixty three percent of Fra-2-positive cells also co-localized with c-Fos in 

the CeA (B). 
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CHAPTER 3 

 

ANALYSIS OF AP-1 GENE EXPRESSION IN THE c-FOS CELLS OF 

c-FOS-LACZ TRANSGENIC MICE DURING CONDITIONED TASTE 

AVERSION LEARNING 

 

1. Introduction 

 

            Conditioned taste aversion (CTA) is a form of associative learning in which an animal 

avoids the same taste after pairing of a novel taste (conditioned stimulus, CS) with a toxin 

(unconditioned stimulus, US; Garcia et al., 1974). The neural mechanisms to associate a CS with 

an US require gene expression and protein synthesis in discrete brain regions. For example, the 

number of c-Fos-like immunoreactivity (c-FLI)-positive cells was elevated in the central 

amygdala (CeA; Lamprecht and Dudai, 1995; Wilkins and Bernstein, 2006), the parabrachial 

nucleus (PBN; Lamprecht and Dudai, 1995), the nucleus of the solitary tract (NTS; Lamprecht 

and Dudai, 1995), and the insular cortex (Wilkins and Bernstein, 2006) during CTA learning 

using saccharin (CS) and LiCl (US) pairings. In chapter 1, we demonstrated the increases in 

mRNA or protein expression of c-Fos and Fra-2 in the CeA or basolateral amygdala (BLA) 

during CTA learning. A blockage of protein synthesis by administration of anisomycin into the 

rat amygdala impaired CTA acquisition (Lamprecht et al., 1996), indicating that gene expression 

(protein synthesis) in the amygdala plays a critical role in the formation of CTA.  

            c-Fos expression at the time of CTA acquisition is not only a molecular marker of the 

neural activity, but may also serve a functional role in CTA learning. A local microinjection of 

antisense c-Fos oligonucleotides into the rat amygdala impaired CTA learning (Lamprecht et al., 

1996). Although this study has shown that c-Fos is necessary for CTA learnin g, c-Fos alone is 

not sufficient because c-Fos was also induced in the CeA (Yamamoto et al., 1992; Spencer and 

Houpt, 2001; St Andre et al., 2007), PBN and NTS (Yamamoto et al., 1992; Swank and 
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Bernstein, 1994; Houpt et al., 1994) by LiCl alone in the absence of CTA learning. In order to 

form a CTA memory, additional gene expression to process the association between a CS and 

US should be present in the brain regions.  

            c-Fos is a member of activator protein 1 (AP-1) transcription factors which are composed 

of Fos (c-Fos, FosB, Fra-1 and Fra-2) and Jun (c-Jun, JunB and JunD) proteins. AP-1 family 

members bind each other to make homo- or hetero-dimers that regulate expression of target 

genes as a result of binding to specific AP-1 DNA binding sites in their promoter regions 

(Foletta, 1996; Karin et al., 1997). In order to perform the transcriptional regulations of target 

genes, c-Fos needs to dimerize with a complementary member of other AP-1 proteins, specially 

Jun members (Rauscher et al., 1988; Chiu et al., 1988; Halazonetis et al., 1988). For example, a 

heterodimer of c-Fos and c-Jun appears to have an inducible effect on transcription of Fra-2 gene 

while a heterodimer of Fra-2 and c-Jun may suppress AP-1 dependent transcription (Foletta, 

1996). A previous study (Swank, 1999) reported increases in c-Fos, FosB, and JunB expression 

in the CeA and brainstem after LiCl administration in mice. Moreover, c-Fos was co-localized 

with FosB and JunB in a majority of cells in these brain regions. Therefore, it can be postulated 

that there may be transcriptional modulations of a set of AP-1 genes to form a functional AP-1 

complex in a neuronal unit that is expressing c-Fos during CTA learning. 

            In order to utilize c-Fos specific cells in the amygdala, we used transgenic mice carrying 

a c-fos-lacZ fusion gene. This fusion gene has the same transcriptional regulatory elements 

including the CRE site as the endogenous c-fos gene (Schilling et al., 1991). c-fos-lacZ 

transgenic mice showed induction of expression of the fusion gene in many brain regions 

including the amygdala after convulsive stimulations (Smeyne et al., 1992). Cells which express 

endogenous c-Fos following certain stimuli can be readily observed in c-fos-lacZ transgenic 

mice by measuring of β-galactosidase activity. This property recommended us to use the c-fos-

lacZ expression as a molecular marker of neural stimulation that corresponds with expression of 

endogenous c-Fos. 

            In the present study, we aimed to examine changes in mRNA expression of immediate-

early genes including AP-1 family members in c-Fos-specific neurons of the amygdala during 

CTA learning by using c-fos-lacZ transgenic mice and single-cell laser capture microdissection 

(LCM). In order to conduct this experiment, we frist needed 1) to confirm that X-Gal staining in 

the amygdala of the c-fos-lacZ transgenic mice reflected endogenous c-Fos expression and 2) to 
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establish the optimal fixation conditions consistent with robust X-Gal staining and the 

preservation of extractable mRNA. We first investigated the time courses of endogenous c-Fos 

and the c-fos-lacZ transgene expression in the amygdala of the transgenic mice following LiCl 

administration by using immunohistochemistry and 5-bromo-4-chloro-3-indoly-β-D-

galactopyranosidase (X-Gal) staining. In order to utilize lacZ-positive cells, RNA preservation 

after different fixations for X-Gal staining was examined. After the lacZ-positive neurons were 

microdissected out by LCM, we employed reverse transcription-polymerase chain reaction (RT-

PCR) to confirm mRNA expression of the c-fos gene in the neurons.  

 

2. Methods 

 

2.1 Subjects 

            Transgenic mice (a gift from Dr. James Morgan, St. Jude Children's Research Hospital) 

carrying a c-fos-lacZ fusion gene (Figure 14) were used and previously described (Schilling et 

al., 1991; Smeyne et al., 1993). The c-fos-lacZ fusion protein contains 315 N-terminal amino 

acids from c-fos and 1050 C-terminal amino acids from lacZ. Mice were grouped or individually 

housed under a 12-h light (light on 07:00) –12-h dark cycle at 25 ºC and had free access to 

Purina rodent chow and distilled water. Adult male Sprague-Dawley rats (Charles River 

Laboratories, Wilmington, MA) were individually housed under a 12-h light –12-h dark cycle  

(lights on 07:00) at 25 ºC with free access to Purina rodent chow and distilled water. All 

procedures were conducted in the first half of the lights-on period. Anesthesia (halothane, 

sodium pentobarbital) was used to minimize pain and discomfort, and all experiments were 

approved by the Florida State University institutional animal care and use committee. 

 

2.2 Detection of Transgenic Mice 

            Transgenic males were bred to C57BL/6J females. Offspring were weaned 3-4 weeks 

after birth. To screen the transgenic mice carrying the c-fos-lacZ fusion gene, a tail biopsy was 

performed by clipping 0.5 cm from each offspring at the time of weaning. Because c-Fos is 

highly expressed in cells of the tail, the reporter gene can be detected in the tail. The tails were 

incubated in X-Gal solution overnight at 37 ºC. After the X-Gal detection, the tails were 

processed for PCR detection. Each genomic DNA was extracted from the tails and PCR was 
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performed by using HotStarTaq Master Mix Kit (Qiagen, Valencia, CA). Mice that showed 

positive results from both X-Gal and PCR reactions were used in the present study. 

 

2.3 Immunohistochemistry 

            The amygdala region was cut at 40 µm on a freezing microtome and washed twice in 0.1 

M phosphate-buffered saline (PBS) for 15 min. Every other section was also processed for X-Gal 

reaction. After PBS washes, sections were washed twice in 0.2% Triton-1% BSA-PBS for 30 

min, and incubated overnight with a c-Fos antibody (Ab-5, 1:20,000, Oncogene Research) at 

room temperature. Sections were washed in PBS-BSA for 15 min twice, and incubated for 1 h 

with the biotinylated goat anti-rabbit antibody (Vector Laboratories) at a dilution of 1:200. 

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 PB 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 β-Galactosidase Activity 

            For the time course experiment, free-floating brain sections were stained in X-Gal 

reaction buffer (0.8% NaCl, 8 mM Na2HPO4, 2.7 mM KCl, 1.5 mM KH2PO4, 2 mM MgCl2, 35 

mM potassium ferrocyanide, 35 mM potassium ferricyanide, 0.02% Nonidet P-40, 0.01% Na 

deoxycholate) containing 1 mg/ml of X-Gal (Sigma) to visualize β-galactosidase activity. In 

order to increase the reaction rate, nitroblue tetrazolium (1 mg/ml) and phenazine methosulfate 

(0.02 mg/ml) were added into the X-Gal reaction buffer. The reaction was performed for 20 h at 

37 ºC in the dark. Subsequent to X-Gal staining, sections were washed in 0.1 M PB for 10 min 

twice. Sections were mounted on gelatin-coated slides, stained with Methyl Green Nuclear 

Counterstain (Vector Laboratories), and coverslipped with Permount.  

            For the single-cell LCM experiment, brain sections were stained in X-Gal reaction buffer 

containing 1 mg/ml of X-Gal. The X-Gal reaction buffer for the single-cell LCM experiment was 

made with 0.1% DEPC-treated distilled H2O (DEPC-dH2O). Nitroblue tetrazolium and 

phenazine methosulfate were not added into the X-Gal reaction buffer. The reaction was 
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performed for 16 h at 37 ºC in the dark. Subsequent to X-Gal staining, sections were washed in 

DEPC-dH2O for 5 min. 

 

2.5 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

            RT-PCR was performed by using the OneStep RT-PCR Kit (Qiagen, Valencia, CA). The 

final elution was performed with 40 ul RNase-free H2O. For each RT-PCR reaction, 2 ul (Exp. 2) 

or 8.4 ul (Exp. 3) out of 30 ul of the total RNA extract from each sample was mixed with 4 ul of 

5X buffer, 4 ul of 5X Q-solution, 0.8 ul of 10 mM dNTP mix, 0.4 ul of RNase Inhibitor, 1.6 ul of 

10 uM primers and 0.8 ul of enzyme mix. Some RNase-free H2O was added to make 20 ul of 

total reaction volume. The RT reaction was performed at 50 ºC for 30 min first, and then PCR 

was started with an incubation of 95ºC for 15 min. The PCR was performed by 40 cycles of 94ºC 

for 30 s, 55ºC for 30 s and 72ºC for 60 s. The final incubation of the PCR was performed at 72ºC 

for 5 min. Ten microliters of each PCR reaction were loaded in 1.6% agarose gels. 

 

2.6 Laser Capture Microdissection (LCM) of Single Cells  

            The frozen brains were sectioned at 8 µm and mounted on slides in a –20ºC cryostat 

using the CryoJane system (Instrumedics, Hackensack, NJ). The frozen brain sections were 

defrosted at room temperature for 30 sec and then briefly washed with 0.1% DEPC-dH2O. The 

brain sections were fixed in 70% ethanol at room temperature for 5 min and then washed with 

0.1% DEPC-dH2O for 5 min. Brain sections were processed for X-Gal staining as described 

above. The sections were washed in 0.1% DEPC-dH2O for 5 min and dehydrated by the 

following procedure; 70% ethanol for 30 s, 95% ethanol for 30 s, 100% ethanol for 30 s, xylene 

for 5 min, air dry in a hood for 15 min, and then dried with drierite for 1 h. X-Gal stained cells in 

the CeA, cortex and hippocampus were microdissected using the PixCell II LCM system 

(Arcturus, Mountain view, CA). A 7 um diameter laser spot, a 10 ms laser pulse duration, and a 

85 mW laser power were used for the microdissection. Total RNA was extracted from the LCM 

samples with the Total RNA Microprep Kit (Stratagene, La Jolla, CA) according to the 

manufacturer’s protocols.  

 

2.7  Experiment 1: Time Course of Transgene Expression after LiCl Injection 
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            To identify the expression of the transgene and c-Fos in the amygdala of the transgenic 

mice after LiCl treatment, they were injected with LiCl (i.p., 0.15 M, 40 ml/kg). Mice were 

anesthetized with sodium pentobarbitol 1, 3, 6 and 9 h after LiCl or 1 h after NaCl treatment 

(n=4 each group), and perfused with 4% paraformaldehyde (PFA). Their brains were dissected 

and soaked in 30% sucrose at 4 ºC for one day. The brains were then processed for 

immunohistochemistry and X-Gal staining as described above. 

 

2.8  Experiment 2: RNA Preservation after Different Fixations 

            To utilize RNA from X-Gal stained cells, RNA preservation was examined after different 

fixations for X-Gal staining. A fresh rat brain was cut at 8 µm and mounted on slides in a –20 ºC 

cryostat using the CryoJane system (Instrumedics, Hackensack, NJ). Brain sections were fixed 

with 4% PFA, 70% ethanol, 95% ethanol, acetone, or methanol for 5 min at room temperature. 

Some brain sections fixed with 4% PFA were also treated with proteinase K (Sigma) overnight. 

After fixations, brain sections were incubated in 0.1% DEPC-dH2O for 0, 3 and 20 h at room 

temperature. Each section was scratched once using a pipette tip at the time points and total RNA 

was extracted from the scratch with the Total RNA Microprep Kit (Stratagene, La Jolla, CA) 

according to manufacturer’s protocols. RT-PCR using β-actin primers (Table 1) was performed 

as described above.  

            To examine the quality of X-Gal staining after each different fixation, brain sections from 

LiCl-treated transgenic mice were stained with X-Gal after each fixation. X-Gal solution was 

also tested to confirm RNA preservation. A fresh rat brain was cut at 8 µm and mounted on 

slides in a –20 ºC cryostat. Brain sections were fixed with 70% ethanol for 5 min at room 

temperature and washed with DEPC-dH2O for 5 min. Brain sections were then stained in X-Gal 

reaction buffer containing 1 mg/ml of X-Gal in 0.1% DEPC-dH2O for 16 h at 37 ºC. The cortex 

area of brain sections was scratched once using a pipette tip after X-Gal staining and total RNA 

was extracted from the scratch with the Total RNA Microprep Kit (Stratagene, La Jolla, CA) 

according to manufacturer’s protocols. RT-PCR using β-actin primers (Table 1) was performed 

as described above.  

 

2.9  Experiment 3: Detection of mRNA Expression in LacZ-Positive Cells after LCM  
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            In order to confirm mRNA expression and preservation in lacZ-positive cells, we 

performed RT-PCR after LCM of single cells. Transgenic mice were anesthetized with sodium 

pentobarbitol 1 h after LiCl (i.p., 0.15 M, 40 ml/kg) treatment. They were decapitated and their 

brains were dissected out. The brains were emmersed in M-1 Embedding Matrix (Shandon, 

Pittsburgh, PA), frozen with dry ice, and stored in a  –80 ºC freezer until used. The brains were 

processed for X-Gal staining and single-cell LCM as described above. RT-PCR using primer 

pairs for c-Fos and β-actin (Table 1) was performed by using the OneStep RT-PCR Kit (Qiagen, 

Valencia, CA) as described above. The total RNA extract from each LCM sample of single cells 

was used in each RT-PCR reaction (15-20 single cells for β-actin and 30-40 single cells for c-

Fos).  

 

2.10  Quantification and Statistical Analysis 

            For the immunohistochemistry and X-Gal staining, cells expressing darkly-positive, 

nuclear staining were quantified with custom software (MindsEye, T. Houpt). Regions were 

digitally-captured at 40x 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, or later amygdala (LA) as delineated by a hand-drawn outline. 

Bilateral cell counts were averaged for 6 sections of the amygdala 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 ANOVA and Neuman-

Keuls post-hoc tests (Kaleidagraph, Synergy Software). All data are presented as the mean ± 

standard error of the mean. 

 

3. Results 

 

3.1  Experiment 1: Time Course of Transgene Expression after LiCl Injection 

            The expression of the transgene and c-Fos in the amygdala of the transgenic mice after 

LiCl treatment was investigated by X-Gal staining and immunohistochemistry at different time 

points (1, 3, 6 and 9 h). LiCl increased the numbers of c-FLI- and lacZ-positive cells in the BLA 

and CeA. The numbers of c-FLI- and lacZ-positive cells were low in the LA (<20 cells/section) 

at every time point including 1 h after NaCl (Figure 17A). However, the number of c-FLI-
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positive cells increased rapidly in the CeA (631±97% at 1h) (Figure 15 and 17C) and slowly in 

the BLA (185±29% at 6h) (Figure 16 and 17B). The increased numbers of c-FLI-positive cells 

came back to the base level in the CeA at 3 h and BLA at 9 h. The number of lacZ-positive cells 

was also increased in the CeA at 1 h and 6 h and in the BLA at 6 h (Figure 15, 16, and 17B and 

C). The increased number of lacZ-positive cells came back to the base level in the BLA at 9 h. 

Interestingly, although the two genes have a common promoter region and showed similar 

cortical expression, LacZ expression was significantly lower than c-Fos in the CeA at 1 h and 

BLA at 6 h (45 and 33% of c-Fos, respectively) (Figure 17B and C).  

 

3.2  Experiment 2: RNA Preservation after Different Fixations 

            Prior to the experiment of single cell LCM, RNA preservation using different fixations 

was examined by RT-PCR with β-actin primers. Ethanol, methanol and acetone fixations showed 

a dense band after 0, 3 and 20 h incubation in DEPC-dH2O (Figure 18), indicating good 

preservation of RNA. β-actin mRNA was not amplified after brief 4% PFA fixation, however 

there was a faint band after 3 and 20 h 4% PFA fixation. Even though it has been previously 

reported that mRNA can be amplified after proteinase K treatment subsequent to PFA fixation 

(Davies et al., 1996; Specht et al., 2001), there was no band at any time point with proteinase K 

treatment after 4% PFA fixation. The unfixed control showed a dense band after 0 and 3 h 

incubation, but a faint band after 20 h incubation, which indicated that RNA is naturally 

degraded when kept in DEPC-dH2O at room temperature for 20 h.  

            To find the best fixation for X-Gal staining combined with RT-PCR, brain sections from 

LiCl-treated transgenic mice were processed for X-Gal staining after each fixation. Among the 

fixations, 70 and 95 % ethanol fixations showed the best quality of X-Gal staining. β-actin 

mRNA was well amplified after X-Gal staining with 70% ethanol fixation (Figure 19). The result 

of RT-PCR following X-Gal staining confirmed that mRNA is still usable for RT-PCR 

amplification after X-Gal staining.  

 

3.3 Experiment 3: Detection of mRNA Expression in LacZ-Positive Cells after LCM 

          mRNA expression of c-fos and β-actin genes in c-Fos-specific cells was examined after X-

Gal staining, LCM and RT-PCR. Brains of transgenic mice were dissected out 1 h after LiCl 

injection. X-Gal stained single cells in the CeA, cortex and hippocampus were successfully 
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captured by LCM (Figure 20). Using RT-PCR, c-Fos and β-actin mRNA was amplified from 

total RNA extracted from X-Gal stained cells in the cortex, hippocampus and CeA (Figure 21).  

 

4. Discussion 

 

            In the present study, we first examined the time course of endogenous c-Fos and the c-

fos-lacZ transgene expression in the amygdala of the transgenic mice following LiCl 

administration. Immunohistochemistry and X-Gal staining were respectively employed to 

measure expression of endogenous c-Fos and the c-fos-lacZ transgene. LiCl increased the 

numbers of c-FLI- and lacZ-positive cells in the CeA and BLA. However, fewer cells expressed 

β-galactosidase activity than c-Fos immunoreactivity, especially in the CeA. Although the 

expression pattern of lacZ-positive cells was very similar with that of c-FLI-positive cells in the 

BLA and CeA, the results conflicts with our hypothesis which was “after LiCl injection, the 

numbers of lacZ-positive cells will be same with that of c-FLI-positive cells in the amygdala”.  

            The c-fos-lacZ transgene was thought to have the same expression amount and pattern 

with the endogenous c-fos gene in the transgenic mice because the c-fos-lacZ transgene has the 

same transcriptional regulatory elements including the CRE site as the endogenous c-fos gene. c-

Fos induction following LiCl stimulation is known to be via the intracellular second messenger 

cascades that are triggered from pre-synaptic transmission. Activation of the cAMP-PKA-CREB 

pathway can induce c-Fos expression (Bravo et al., 1987; Kruijer et al., 1985) via the consensus 

CRE sites in the c-Fos promoter (Fisch TM, 1989; Sassone-Corsi et al., 1988). However, LacZ 

expression following LiCl was significantly lower than c-Fos in the CeA and BLA in this study. 

Some possible explanations for the discrepancies between the numbers of c-FLI- and lacZ-

positive cells shown in this study include: 1) Integration effect: c-fos-lacZ transgene might be 

incorporated into a less accessible part of the genome, and so respond less vigorously in the 

amygdala. 2) Synthesis and degradation: Due to the short promoter or different structure of the 

transgene, c-fos-lacZ and native c-Fos might have different rates of mRNA and protein synthesis 

and degradation. 3) Method difference: X-Gal staining might be less sensitive than 

immunohistochemistry.  

            LiCl increased the numbers of c-FLI- and lacZ-positive cells in the CeA of c-fos-lacZ 

transgenic mice at 1 h. This result is consistent with previous studies of LiCl-induced c-Fos in 
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rats (Yamamoto et al., 1992; Spencer and Houpt, 2001). LiCl also increased the numbers of 

lacZ-positive cells in the CeA at 6 h. There were increases in c-FLI- and lacZ-positive cells in 

the BLA 3 and 6 h after LiCl injection. However, our other study using rats in chapter 4 showed 

that LiCl did not induce c-Fos in the CeA at 6 h and BLA at 3 and 6 h. There might be 

differences in the timecourse of LiCl-induced c-Fos expression between mice and rats. 

Otherwise, these different results might be due to the irregular expression pattern of the c-fos-

lacZ transgene because a number of c-FLI- and lacZ-positive cells were also detected in the 

cortex and hippocampus of saline-injected or non-treatment transgenic mice. Thus, it is not sure 

if these cells in the CeA at 6 h and in the BLA at 3 and 6 h in c-fos-lacZ transgenic mice are 

correlated with LiCl-induced CTA learning at the time points.  

            In order to utilize lacZ-positive cells for RT-PCR, we examined RNA preservation after 

different fixations for X-Gal staining. It has been demonstrated that RNA from tissue fixed with 

ethanol, methanol or acetone can be successfully amplified by RT-PCR (Goldsworthy et al., 

1999; Kohda et al., 2000). Our results of RT-PCR using β-actin primers also showed that 

ethanol, methanol and acetone fixations well preserve RNA in DEPC-dH2O at least until 20 h. 

These organic coagulants such as ethanol, methanol and acetone fix tissue by precipitating 

proteins, and we were able to utilize mRNA from alcohol- or acetone-fixed tissue without any 

additional treatment. However, we detected poor mRNA amplification from 4% PFA-fixed 

tissue at all time points. Because PFA preserves tissue by cross-linking of proteins, proteinase K 

treatment to PFA-fixed tissue may dissociate protein cross-linking. Some previous studies 

(Davies et al., 1996; Specht et al., 2001) showed that mRNA from PFA-fixed tissue can be 

amplified by RT-PCR after proteinase K treatment. However, we could not utilize mRNA, which 

was extracted from 4% PFA-fixed tissue followed by proteinase K treatment, for RT-PCR 

amplification. It is possible that proteinase K treatment hardly dissociates the protein cross-

linking in PFA-fixed tissue. Or, mRNA might be degraded at the high temperature during 

proteinase K treatment because of unstable properties of mRNA. The unfixed control showed a 

good mRNA amplification until 3 h, but a poor mRNA amplification at 20 h, indicating that 

RNA is naturally degraded when kept in DEPC-dH2O at room temperature for 20 h. This result 

suggests that we cannot use unfixed tissue for mRNA amplification after X-Gal staining.  

            Cells which express endogenous c-Fos following LiCl administration were easily 

observed in c-fos-lacZ transgenic mice by X-Gal staining in the present study. To identify LiCl-
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induced c-Fos-specific cells in the amygdala, we have routinely employed conventional 

immunohistochemistry using an anti-c-Fos antibody. However, it was not easy for us to extract 

mRNA after the immunohistochemistry process using PFA fixation. The procedure of X-Gal 

staining is more convenient and simpler than that of immunohistochemistry. In the present study, 

to utilize mRNA of c-Fos-specific cells in the amygdala, we employed transgenic mice carrying 

a c-fos-lacZ fusion gene that includes the same transcriptional regulatory elements as the 

endogenous c-fos gene. Using X-Gal staining, single-cell LCM and RT-PCR, we detected 

mRNA expression of c-fos and β-actin genes in LiCl-induced lacZ-positive cells in the CeA, 

cortex and hippocampus. This result confirmed that endogenous c-fos gene and the c-fos-lacZ 

transgene were expressed in same cells of the brain. β-actin as a control was also detectable in 

the same cells that express the c-fos-lacZ transgene. 

            In summary, ethanol fixation was best for both RNA preservation and X-Gal staining 

quality. Using X-Gal staining, single-cell LCM and RT-PCR, we confirmed mRNA expression 

of endogenous c-fos and β-actin genes in LiCl-induced lacZ-positive cells in the CeA, cortex and 

hippocampus. Although we confirmed mRNA expression of c-fos and β-actin genes in LiCl-

induced lacZ-positive cells in the CeA, cortex and hippocampus, we were not able to perform 

our original objective to analyze AP-1 gene expression in c-Fos-specific cells of the amygdala 

during LiCl-induced CTA learning. As shown in the results of experiment 1, much fewer cells 

were positive to X-Gal staining than immunohistochemistry in the CeA 1 h after LiCl injection. 

The number of LiCl-induced lacZ-positive cells in the CeA of a single tissue section was not 

enough for RT-PCR of multiple AP-1 genes.  
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Figure 14. Structure of c-fos-lacZ fusion gene (Schilling et al., 1991). This gene conatins 315 N-

terminal amino acids from c-fos and 1015 C-terminal amino acids from lacZ. The promoter 

region includes 611 bp of 5’ transcriptional regulatory sequences. SCM: The sis-conditioned 

medium, SRE: the serum response element, Ca/CRE: the calcium/cAMP response element. This 

photo is redrawn from Schilling et al., 1991. 
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Figure 15. Photomicrographs of c-Fos immunohistochemistry (top panels) and X-Gal staining 

(bottom panels) in the CeA 1 and 3 h following LiCl (i.p., 0.15 M, 40 ml/kg) or 1 h following 

NaCl administration.  
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Figure 16. Photomicrographs of c-Fos immunohistochemistry (top panels) and X-Gal staining 

(bottom panels) in the BLA 1 and 6 h following LiCl (i.p., 0.15 M, 40 ml/kg) or 1 h following 

NaCl administration. 
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Figure 17. Quantification of c-FLI- and lacZ-positive cells in LA (A), BLA (B) and CeA (C) 1, 

3, 6 and 9 h following LiCl (i.p., 0.15 M, 40 ml/kg) and 1 h following NaCl administrations. 

LiCl increased c-Fos-positive cells in the CeA at 1 h and BLA at 3 and 6 h. LiCl also increased 

X-Gal -positive cells in the CeA at 1 and 6 h and BLA and LA at 6 h. lacZ-positive cells were 

lower than c-Fos-positive cells in the CeA at 1 h and BLA at 6 h. * p <0.05 vs. NaCl, † p < 0.05 
vs. c-Fos. n = 4 per group. 
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Figure 18. RT-PCR products of β-actin after different fixations. Brain sections (8 um) were 

fixed with DEPC-dH2O (unfixed), 4% PFA, 70% ethanol, 95% ethanol, acetone, or methanol for 

5 min at room temperature. Some brain sections fixed with 4% PFA were also treated with 

proteinase K overnight. After fixations, brain sections were incubated in DEPC-dH2O for 0, 3 

and 20 h at room temperature. RT-PCR using β-actin primers was performed with total RNA 

extracted from each section scratch at the time points. β-actin mRNA was well amplified in the 

ethanol, methanol and acetone -fixed sections at all time points, indicating good mRNA 

preservation.  
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Figure 19. RT-PCR products of β-actin after X-Gal staining with 70% ethanol fixation. Brain 

sections (8 um) were fixed with 70% ethanol and then stained in X-Gal reaction buffer for 16 h 

at 37 ºC. After X-Gal staining, RT-PCR using β-actin primers was performed with total RNA 

extracted from each section scratch of the cortex area. The amplified β-actin bands indicate that 

mRNA is still useable for RT-PCR amplification after X-Gal staining.  
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Figure 20. Laser capture microdissection of lacZ-positive single cells in the CeA. A X-Gal 

stained and dehydrated 8 µm brain section of a LiCl-treated transgenic mouse is shown before 

(A) and after (B) microdissection of lacZ-positive single cells in the CeA. Blue spots in circles 

indicate lacZ-positive cells (A). 
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Figure 21. RT-PCR products of c-Fos (bottom panel) and β-actin (top panels) after laser capture 

microdissection of X-Gal positive single cells. Brain sections (8 um) from a LiCl-treated 

transgenic mouse were fixed with 70% ethanol and then stained in X-Gal reaction buffer for 16 h 

at 37 ºC. LacZ-positive single cells were microdissected in the cortex, hippocampus and CeA.  

The total RNA extract from each LCM sample of single cells (15-20 single cells for β-actin and 

30-40 single cells for c-Fos) was used in each RT-PCR reaction. The amplified c-Fos (bottom 

panel) and β-actin (top panels) bands confirmed mRNA expression of c-Fos and β-actin genes in 

LiCl-induced lacZ-positive cells in the CeA, cortex and hippocampus of the transgenic mice. 
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CHAPTER 4 

 

EFFECT OF LiCl ADMINSTRATION ON HISTONE ACETYLATION AND 

PHOSPHO-ACETYLATION IN THE AMYGDALA 

 

1. Introduction 

 

            LiCl as an unconditioned stimulus (US) induces c-Fos expression in the CeA (Yamamoto 

et al., 1992; Spencer and Houpt, 2001), PBN and NTS (Yamamoto et al., 1992; Swank and 

Bernstein, 1994; Houpt et al., 1994). LiCl also induces expression of other AP-1 family members 

such as Fra-2 in the amygdala (Kwon et al., 2008) and FosB and JunB in the PBN, NTS, and 

CeA (Swank, 1999).  

Gene expression is controlled not only by the binding of transcription factors on the DNA 

promoter but also by dynamic changes in chromatin structure and histones.  Histones are DNA 

binding proteins. There are five different histones H1, H2A, H2B, H3 and H4 in the nucleus. 

One H3/H4 tetramer and two H2A/H2B dimers are wrapped with 147 bp DNA to form a 

nucleosome. The N-terminal tail domains of histones are exposed on the nucleosome surface and 

are subject to enzyme-catalyzed modifications on specific amino acids such as acetylation, 

phosphorylation or methylation (Turner, 2002; Watson et al., 2004). The modifications on the 

tail domains of histones induce changes in chromatin structure. For example, modification of the 

tail domains of histone H3 by acetylation and phosphorylation may destabilize compaction of 

chromatin folding and maintain the unfolded structure of transcribing nucleosome (Spencer and 

Davie, 1999).  

  It has been demonstrated that chromatin acetylation, which can lead to changes in 

chromatin structure, plays a critical role in gene expression (Spencer and Davie, 1999; Chan and 

La Thangue, 2001; Ogryzko, 2001; Turner, 2002; Martin and Sun, 2004; Levenson and Sweatt, 

2006). Histone modifications such as acetylation and phosphorylation change the chromatin 

structure that becomes more accessible for transcription factors and RNA polymerases, 
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activating transcriptional initiation (Chan and La Thangue, 2001; Ogryzko, 2001; Turner, 2002). 

In contrast to acetylation and phosphorylation, histones are deacetylated and dephosphorylated 

by histone deacetylase (HDAC) and protein phosphatase 1 (PP1), respectively. After histone tails 

are methylated by histone methyltransferase (HMT), unfolded structure of chromatin becomes 

folding structure that is a repressive state of transcription. 

            LiCl-induced c-Fos expression in the brain may be correlated with dynamic changes in 

chromatin structure. Previous studies showed that stimulus-induced (e.g. electroconvulsive 

seizures and cocaine) c-Fos expression is correlated with acetylation and phosphorylation of 

histones in the brain (Tsankova et al., 2004; Kumar et al., 2005). c-Fos expression was correlated 

with high phosphorylation of histone H3 in the hippocampus after various stimuli (Crosio et al., 

2003). Moreover, induced histone acetylation by HDAC inhibition increased stimulus-induced c-

Fos expression in the brain. For example, inhibition of HDAC activity by trichostatin A (TSA, 

1mg/kg, i.p.) intensified mRNA expression of c-fos and c-jun genes in the hippocampus after 

kainite stimulation (Sng et al., 2005). Similarly, inhibition of HDAC activity by sodium butylate 

(NaB, 1.2 g/kg, i.p.) increased cocaine-induced c-Fos mRNA expression in rat striatum (Kumar 

et al., 2005). TSA treatment to norepinephrine-stimulated pinealocytes increased adrenergic-

induced c-Fos mRNA expression in vitro (Ho et al., 2007). These previous studies suggest that c-

Fos induction in the brain after certain stimuli may be correlated with histone remodeling and 

expression increases with increased histone acetylation. 

            Although LiCl-induced c-Fos expression has been investigated at the molecular and 

cellular levels of the brain, the occurrence of histone modifications such as acetylation and 

phospho-acetylation following LiCl administration is unknown. Continuing our studies on gene 

expression in the amygdala in conditioned taste aversion (CTA) learning, we investigated if 

LiCl-induced c-Fos expression in the CeA is correlated with histone acetylation and phospho-

acetylation. We examined acetylation levels of histone H3 and H4 following LiCl administration 

by using western bolt. Using immunohistochemistry, we also examined the levels of phospho-

acetyl-histone H3 (pAcH3) and c-Fos expression following LiCl administration. In order to 

determine whether LiCl-induced c-Fos is co-localized with pAcH3 in the CeA, double 

immunofluorescence labeling of c-Fos and pAcH3 was performed. 
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2. Methods 

 

2.1 Subjects 

            Adult male Sprague-Dawley rats (300-370 g, Charles River Laboratories, Wilmington, 

MA) were individually housed under a 12-h light –12-h dark cycle  (lights on 07:00) at 25 ºC 

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 (sodium pentobarbital) was used to 

minimize pain and discomfort, and all experiments were approved by the Florida State 

University institutional animal care and use committee. 

 

2.2 Experiment 1: The Level of Histone Acetylation after LiCl 

            In order to investigate whether LiCl induces elevated levels of acetylated histone H3 

(AcH3) and acetylated histone H4 (AcH4) in the amygdala, rats were injected with LiCl (Sigma). 

Rats (n=6 per group) were sacrificed 0.5, 1 and 3 h after LiCl (0.15 M, 12 ml/kg, i.p.) or 0.5 h 

after saline (0.15 M NaCl, 12 ml/kg, i.p.) injections. Rats were anesthetized with sodium 

pentobarbitol at the time point following an injection and their brains were dissected out. The 

brains were immediately frozen in the M-1 Embedding Matrix (Shandon, Pittsburgh, PA) by dry 

ice and kept at  – 80 ºC until used. The lateral, basolateral and central nuclei of the amygdala 

were punched out using Palkovits punches in a – 20 °C cryostat. The individual tissue was 

homogenized by using a tissue grinder in extraction buffer (0.5 M Tris–HCl, pH 6.8; 10% 

glycerol; 2% SDS; 1% β-mecaptoethanol; 0.5% bromphenol blue) on ice. The tissue homogenate 

was boiled for 5 min, centrifuged at 15,000×g for 10 min, and then transferred into new tubes. 

The protein concentration was determined with Bio-Rad Protein Assay kit (Bio-Rad, Richmond, 

CA). Each protein sample was loaded in 15 % SDS polyacrylamide gels and electrotransferred 

onto polyvinylidene-difluoride (PVDF) membranes. The membranes were blocked in 5% nonfat 

dry milk in Tris-buffered saline (TBS; 20 mM Tris pH 7.6, 0.8% NaCl) containing 0.1 % Tween 

20 (TBST) for 1 h or overnight, and then hybridized with primary antibodies in TBST for 3 h at 

room temperature. The primary antibodies were as follows: anti-acetyl Histone H3 (Lys14, 

1:1000, Upstate, Lake Placid, NY), anti-acetyl Histone H3 (Lys9/Lys14, 1:20,000, Upstate), 

anti-acetyl Histone H4 (Lys5/Lys8/Lys12/Lys16, 1:5000 or 1:10,000, Upstate) and, for a loading 

control, anti-Histone H4 (1:500, Upstate). The membranes were washed in TBST, and then 
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hybridized with a horseradish peroxidase conjugated secondary antibody (sc-2030, 1:5000, Santa 

Cruz Biotechnology, CA) in TBST for 1 h at room temperature. The membranes were washed 

again in TBST, incubated in Enhanced Chemiluminescence Plus (Amersham ECL plus, GE 

Healthcare, UK) solution for 5 min, and then exposed to film (Amersham Hyperfilm ECL). The 

film was digitized using the Gel Logic 100 (Kodak, Rochester, NY).  

 

2.3 Experiment 2: The Levels of Phospho-Acetyl-Histone H3 and c-Fos Expression after LiCl 

            In order to investigate whether LiCl induces the levels of pAcH3 and c-Fos expression in 

the amygdala, rats were injected with LiCl. Rats (n=6 per group) were sacrificed 0.5, 1, 3 and 6 h 

after LiCl (0.15 M, 12 ml/kg, i.p.) or 1 h after saline (0.15 M NaCl, 12 ml/kg, i.p.) injections. 

Rats were anesthetized with sodium pentobarbitol at the time point following an injection, and 

then perfused with 4% paraformaldehyde. Brains were dissected out and soaked in 30% sucrose 

for 1-2 days. Brain sections were cut at 40 µm on a freezing microtome, and washed twice in 0.1 

M phosphate-buffered saline (PBS) for 10 min. After PBS washes, sections were washed twice 

in 0.2% Triton-1% BSA-PBS for 30 min, and washed in PBS-BSA for 10 min twice. Sections 

were incubated overnight with primary antibodies in PBS-BSA at room temperature. The 

primary antibodies were as follows: rabbit anti-phospho-acetyl histone H3 (Ser10-Lys14, 1:200, 

Upstate) and rabbit anti-c-Fos (Ab-5, 1:20,000, Oncogene Research). Sections were washed in 

PBS-BSA for 10 min twice, and incubated for 1 h with a 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 for 1 h 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 PB 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 Experiment 3: Double Immunofluorescence Labeling of LiCl-Induced c-Fos and pAcH3 

            Rats (n=6) were anesthetized with sodium pantobarbitol 1 h after LiCl (0.15 M, 12 ml/kg, 

i.p.) injections, and then perfused with 4% paraformaldehyde. Their brains were dissected out 

and soaked in 30% sucrose overnight. Brain sections were cut at 40 µm on a freezing microtome, 

and washed twice in 0.1 M PBS for 10 min. After PBS washes, sections were washed in 0.2% 
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Triton-1% BSA-PBS for 30 min, and washed in PBS-BSA for 10 min twice. Sections were 

incubated in the mixture of two primary antibodies (sheep anti-c-Fos, 1:1000, Genosys 

Biotechnologies Ltd., Cambridgeshire, UK and rabbit anti-pAcH3, 1:200, Upstate) in PBS-BSA 

at room temperature overnight. Sections were washed in PBS-BSA for 10 min twice and 

incubated in the mixture of two secondary antibodies (indocarbocyanine (Cy3)-conjugated 

donkey anti-sheep and Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit, 1:100, 

Jackson ImmunoResearch) in PBS-BSA for 1.5 h at room temperature in dark. Sections were 

washed in PBS for 10 min twice, mounted on gelatin-coated slides, and coverslipped with 

Vectashield mounting medium (Vector Laboratories) in dark. 

 

2.5 Quantification and Statistical Analysis 

            For the western blot results, band density was measured from the gels using the Gel 

Logic 100 system (Kodak, Rochester, NY). To normalize the numbers of band density, each 

band density was compared with the density of each histone H4 band.  

            For the chromogenic immunohistochemistry, cells expressing darkly-positive, nuclear c-

Fos staining were quantified with custom software (MindsEye, T. Houpt). Regions were 

digitally-captured at 40x 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, or LA as delineated by a hand-drawn outline. Bilateral cell 

counts were averaged for 6 sections of the amygdala for each rat. The individual mean counts for 

each region were then averaged across rats within experimental groups.  

            Double immunofluorescence-labeled sections were examined and photographed under a 

fluorescence microscope (Leica DML, Leica Microsystems, Wetzlar, Germany). c-Fos- and 

pAcH3-positive cells were respectively viewed with Cy3 and FITC fluorescence filters. Three 

photos of the CeA were taken from each rat. The number of immunofluorescence-labeled cells 

was counted with custom software (MindsEye, T. Houpt).  

            Significant effects across treatment groups were detected by one-way ANOVA and 

Neuman-Keuls post-hoc tests (Kaleidagraph, Synergy Software). All data are presented as the 

mean ± standard error of the mean. 
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3. Results 

 

3.1 Experiment 1: The Level of Histone Acetylation after LiCl 

            One-way ANOVA results showed that there was no significant effect of treatment for the 

levels of AcH3 (Lys14 and Lys9/Lys14) and AcH4 (Lys5/Lys8/Lys12/Lys16) in the CeA, LA 

and BLA (Figure 22, 23 and 24). However, a t-test between LiCl and NaCl at 0.5 h in the CeA 

showed a significant difference (p < 0.05) in the level of AcH3 (Lys 14, Figure 22A).  

 

3.2 Experiment 2: The Levels of Phospho-Acetyl-Histone H3 and c-Fos Expression after LiCl 

            One-way ANOVA results showed that there was a significant effect of treatment for the 

numbers of pAcH3-positive cells in the BLA (F(4,25) = 15.71, p < 0.0001; Figure 25A), CeA 

(F(4,25) = 31.6, p < 0.0001; Figure 25B) and LA (F(4,25) = 8.4, p = 0.00019; Figure 25C). LiCl 

significantly increased the number of pAcH3-positive cells in the CeA at 0.5 and 1 h compared 

to the saline injection group (Figure 25B). The number of pAcH3-positive cells returned to the 

base level at 3 h. LiCl also increased the number of pAcH3-positive cells in the BLA and LA at 

0.5 and 1 h compared to the saline injection group (Figure 25A and 25C). Although LiCl 

significantly increased the numbers of pAcH3-positive cells in the BLA and LA, the numbers of 

pAcH3-positive cells were low in the BLA (<15 cells/section) and LA (<5 cells/section) at any 

time point following LiCl or NaCl.  

            One-way ANOVA results showed that there was a significant effect of treatment for the 

numbers of c-Fos-positive cells in the BLA (F(4,25) = 8.93, p = 0.00013; Figure 26A), CeA 

(F(4,25) = 31.6, p < 0.0001; Figure 26B) and LA (F(4,25) = 8.4, p = 0.03798; Figure 26C). LiCl 

significantly increased the number of c-Fos-positive cells in the CeA at 1 and 3 h compared to 

the saline injection group (Figure 26B). The number of c-Fos-positive cells returned to the base 

level at 6 h. Although there were significant differences in the number of c-Fos-positive cells 

between some groups in the BLA and LA, the numbers of c-Fos-positive cells were very low in 

the BLA (<3 cells/section) and LA (<1 cell/section) at any time point following LiCl or NaCl 

(Figure 26A and 26C). 

 

3.3 Experiment 3: Double Immunofluorescence Labeling of LiCl-Induced c-Fos and pAcH3 
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            LiCl-induced c-Fos- and pAcH3-positive cells in the CeA were immunolabeled with 

fluorescent Cy3 and FITC second antibodies (Figure 28). The results of immunofluorescence 

labeling showed that the numbers of Cy3-labeled c-Fos- and FITC-labeled pAcH3-positive cells 

were 96±12 and 110±8 per section (Figure 29A). Among those cells, 73±8 cells per section were 

double-labeled with both c-Fos and pAcH3 antibodies. Thus, 76% of Cy3-labeled c-Fos-positive 

cells were double-labeled with pAcH3 antibodies, and 66% of FITC-labeled pAcH3-positive 

cells were double-labeled with c-Fos antibodies (Figure 29B). 

 

4. Discussion 

 

            In the present study, we investigated the effect of LiCl administration on histone 

acetylation and phospho-acetylation in the amygdala. Although there was no significant 

difference in the overall level of AcH3 (Lys14) among groups in the CeA using one-way 

ANOVA, a t-test showed that LiCl significantly increased the level of AcH3 (Lys14) in the CeA 

at 30 min. LiCl also increased the numbers of pAcH3 (Ser10-Lys14)-positive cells in the CeA, 

BLA and LA at 0.5 and 1 h. The timecourse of LiCl-induced c-Fos expression revealed that LiCl 

induced the level of c-Fos protein in the CeA at 1 and 3 h. Although there was no increase in 

expression of c-Fos protein in the CeA 0.5 h after LiCl in this study, LiCl highly increased 

mRNA expression of c-fos gene at 0.5 and 1 h in the CeA (Figure 27B; Spencer and Houpt, 

2001). Considering that protein expression follows mRNA expression of the gene, the 

timecourses of c-Fos mRNA (Spencer and Houpt, 2001) and protein (the present study) 

expression corresponded to that of the level of pAcH3-positive cells in the CeA after LiCl 

administration. Similar with our results, other studies demonstrated that the numbers of pAcH3- 

and c-Fos-positive cells in rat dentate gyrus granule neurons were increased after novelty stress 

or forced swimming (Chandramohan et al., 2007 and 2008). Moreover, LiCl-induced histone 

acetylation (histone H3 at Lys14) in the CeA at 0.5 h may be also correlated with c-Fos 

expression because c-Fos mRNA was increased at the time point after LiCl (Spencer and Houpt, 

2001). Thus, LiCl-induced histone acetylation or phospho-acetylation is correlated with LiCl-

induced c-Fos expression in the CeA. 

            We further investigated the correlation between LiCl-induced c-Fos and pAcH3 in the 

CeA with double immunolabeling. Co-localization of c-Fos and pAcH3 in the CeA was 
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measured 1 h following a LiCl injection. The result showed that LiCl-induced c-Fos co-localized 

with pAcH3 in a majority of c-Fos-positive cells in the CeA. This result seems to be similar with 

a previous report demonstrating that novelty stress-induced c-Fos was co-localized with pAcH3 

in rat dentate gyrus granule neurons (Chandramohan et al., 2007). Thus, phospho-acetylation of 

histone H3 in the CeA may be an important factor for LiCl-induced c-Fos expression. However, 

other factors than pAcH3 must be also required to induce c-Fos expression in the cell because 

not all pAcH3-positive cells expressed c-Fos after LiCl administration. 

            Histone remodeling, which can lead to changes in chromatin structure, has been proved 

to play a critical role in gene expression (Spencer and Davie, 1999; Chan and La Thangue, 2001; 

Ogryzko, 2001; Turner, 2002; Martin and Sun, 2004; Levenson and Sweatt, 2006). Histone 

modification by acetylation and phosphorylation in the transcriptional region is necessary for 

high expression of a gene. LiCl induces expression of several AP-1 genes such as c-Fos, Fra-2, 

FosB and JunB in the brain (Yamamoto et al., 1992; Swank and Bernstein, 1994; Houpt et al., 

1994; Swank, 1999; Spencer and Houpt, 2001; Kwon et al, 2008). LiCl-induced c-Fos 

expression in the brain may be triggered by dynamic changes in chromatin structure. Some 

previous studies showed that stimulus-induced c-Fos expression is correlated with acetylation, 

phosphorylation or phospho-acetylation of histones. c-Fos expression was correlated with high 

phosphorylation of histone H3 in the hippocampus after various stimuli (Crosio et al., 2003). 

Electroconvulsive seizures treatment increased expression of c-Fos mRNA and the levels of 

AcH4 and pAcH3, but not AcH3 (Lys9/Lys14), at the c-Fos promoter in the rat hippocampus 

(Tsankova et al., 2004). Cocaine stimulation increased AcH4 and pAcH3, but not AcH3 

(Lys9/Lys14), at the c-Fos promoter in the rat striatum (Kumar et al., 2005). Unlike 

electroconvulsive seizure or cocaine stimuli, LiCl stimulation did not increase AcH4 and AcH3 

(Lys9/Lys14), but AcH3 (Lys14), in the CeA in this study. Thus, the type of histone acetylation, 

which may have an effect on c-Fos expression, may be specific to the type of stimulation or the 

activated brain region. 

            Moreover, induced histone acetylation by HDAC inhibition increased stimulus-induced 

c-Fos expression in the brain. Inhibition of HDAC activity by TSA intensified mRNA expression 

of c-fos and c-jun genes in the hippocampus after kainite stimulation (Sng et al., 2005). 

Similarly, inhibition of HDAC activity by sodium butylate increased cocaine-induced c-Fos 

mRNA expression in rat striatum (Kumar et al., 2005). TSA treatment to norepinephrine-



                                                                                72 

stimulated pinealocytes increased adrenergic-induced c-Fos mRNA expression along increased 

AcH3 (Lys14) in vitro (Ho et al., 2007). These previous studies suggest that c-Fos induction in 

the brain after certain stimuli can be more intense by increased histone acetylation. 

            The molecular pathway of LiCl-induced acetylation and phosphorylation of histone H3 

appears to be similar with that of LiCl-induced c-Fos expression. LiCl administration initiates the 

molecular signaling cascades that include the activation of protein kinases (e.g. protein kinase A 

(PKA)) by increased intracellular levels of cAMP or Ca
2+

, the subsequent phosphorylation of 

cAMP response element-binding protein (CREB) by the protein kinases, and the binding of 

phosphorylated CREB to cAMP response element (CRE) sites. Activation of the cAMP-PKA-

CREB pathway can induce c-Fos expression (Bravo et al., 1987; Kruijer et al., 1985) via the 

consensus CRE sites in the c-Fos promoter (Fisch TM, 1989; Sassone-Corsi et al., 1988). The 

pathway of histone H3 acetylation also seems to be mediated by PKA signaling. Activation of 

the PKA or protein kinase C (PKC) signaling pathway increased acetylation of histone H3 in 

area CA1 of the hippocampus in vitro (Levenson et al., 2004). Dopamine D2-like receptor 

antagonist-induced phospho-acetylation of histone H3 in rat striatum was inhibited by a PKA 

inhibitor, but increased by a PKA activator (Li et al., 2004). Like c-Fos induction, therefore, the 

PKA pathway may play an important role in acetylation of histone H3 in the brain. 

            Histone modifications in the brain have recently shown the correlation with the formation 

of different types of memories (Levenson et al., 2004; Alarcón et al., 2004; Korzus et al., 2004; 

Chwang et al., 2006; Bredy et al., 2007; Fischer et al., 2007). The formation of memory requires 

expression of many genes in a small number of neurons within discrete brain regions (Alberini et 

al., 2006).  Blockage of gene expression during memory consolidation blocks memory 

formation. Epigenetic alterations such as histione acetylation, phosphorylation and DNA 

metylation, which can lead to chromatin modification, have been proved to play a critical role in 

gene expression (Spencer and Davie, 1999; Martin and Sun, 2004). Moreover, recent studies 

have shown the correlation between memory formation and epigenetic mechanisms (Levenson 

and Sweatt, 2006). CREB is well known as a transcription factor for memory formation. CREB 

binding protein (CBP), a transcription coactivator, acts as a transcriptional scaffold protein for 

CREB and a component of the RNA polymerase II complex (Chan and La Thangue, 2001). In 

addition to the role as cofactors, CBP has the function of histone acetyltransferase (HAT) 

activity that can induce acetylation of histones. Histone acetylation by CBP changes the 
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chromatin structure that becomes more accessible for transcription factors and RNA 

polymerases, activating transcriptional initiation (Ogryzko, 2001; Turner, 2002). This HAT 

activity of CBP is thought to be involved in gene expression for memory formation in the brain. 

Thus, it can be hypothesized in this study that gene expression occurring during LiCl-induced 

CTA learning may be correlated with chromatin modification such as histone acetylation and 

phosphorylation. 

            In conclusion, we here demonstrated that LiCl increased acetylation and phospho-

acetylation of histone H3 in the amygdala. The timecourse of this increase corresponded to LiCl-

induced c-Fos timecourse. Moreover, LiCl-induced c-Fos co-localized with pAcH3 in a majority 

of LiCl-induced c-Fos-positive cells in the CeA. These results suggest a possible correlation 

between LiCl-induced c-Fos expression and modification of histone H3 in the CeA. Continuing 

our studies on gene expression in the amygdala during CTA learning, we will examine if 

induction of histone acetylation by sodium butylate (histone deacetylase inhibitor) has effects on 

LiCl-iduced CTA learning and c-Fos expression in the amygdala. 
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Figure 22. Quantification of immunoblot densities for acetylated histone H3 and H4 in the CeA 

following LiCl administration. Using western blot, acetylation of histones was measured 0.5, 1 

and 3 h after LiCl (0.15 M, 12 ml/kg, i.p.) or 0.5 h after saline injections. LiCl induced acetylated 

histone H3 (Lys 14) at 30 min compared to the saline group (A). There were no changes in 

acetylation of histone H3 (Lys9/Lys14, B) and histone H4 (Lys5/Lys8/Lys12/Lys16, C) in the 

CeA at any time point after LiCl injections. Representative immunoblots for acetylated H3 and 

H4 and total H4 are shown for each time point (D). Acetylation percentages were determined by 

comparing each band density of AcH3 or AcH4 with each band density of total H4 in the same 

blot. n = 6 per group. 
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Figure 23. Quantification of immunoblot densities for acetylated histone H3 and H4 in the LA 

following LiCl administration. Using western blot, acetylation of histones was measured 0.5, 1 

and 3 h after LiCl (0.15 M, 12 ml/kg, i.p.) or 0.5 h after saline injections. There were no changes 

in acetylation of histone H3 (Lys 14, A; Lys9/Lys14, B) and histone H4 

(Lys5/Lys8/Lys12/Lys16, C) in the LA at any time point after LiCl injections. Representative 

immunoblots for acetylated H3 and H4 and total H4 are shown for each time point (D). 

Acetylation percentages were determined by comparing each band density of AcH3 or AcH4 

with each band density of total H4 in the same blot. n = 6 per group. 
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Figure 24. Quantification of immunoblot densities for acetylated histone H3 and H4 in the BLA 

following LiCl administration. Using western blot, acetylation of histones was measured 0.5, 1 

and 3 h after LiCl (0.15 M, 12 ml/kg, i.p.) or 0.5 h after saline injections. There were no changes 

in acetylation of histone H3 (Lys 14, A; Lys9/Lys14, B) and histone H4 

(Lys5/Lys8/Lys12/Lys16, C) in the BLA at any time point after LiCl injections. Representative 

immunoblots for acetylated H3 and H4 and total H4 are shown for each time point (D). 

Acetylation percentages were determined by comparing each band density of AcH3 or AcH4 

with each band density of total H4 in the same blot. n = 6 per group. 
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Figure 25. Quantification of pAcH3-positive cells in BLA (A), CeA (B) and LA (C) 0.5, 1, 3 

and 6 h following LiCl (0.15 M, 12 ml/kg, i.p.) and 1 h following NaCl administrations. LiCl 

increased the number of pAcH3-positive cells in the BLA, CeA and LA at 0.5 and 1 h compared 

to the saline injection group (A, B and C). Although LiCl increased the numbers of pAcH3-

positive cells in the BLA and LA, the numbers of pAcH3-positive cells were low in the LA (<5 

cells/section) and BLA (<15 cells/section) at any time point following LiCl or NaCl (A and C). 

LiCl highly increased the number of pAcH3-positive cells in the CeA at 0.5 and 1 h compared to 

the saline injection group (B). These increases returned to the base level at 3 h. * p <0.001 vs. 

NaCl, n = 6 per group. 
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Figure 26. Quantification of c-Fos-positive cells in BLA (A), CeA (B) and LA (C) 0.5, 1, 3 and 

6 h following LiCl (0.15 M, 12 ml/kg, i.p.) and 1 h following NaCl administrations. The numbers 

of c-FLI positive cells were very low in the LA (<1 cells/section) and BLA (<3 cells/section) at 

any time point following LiCl or NaCl (A and C). LiCl highly increased the number of c-Fos-

positive cells in the CeA at 1 and 3 h compared to the saline injection group (B). These increases 

returned to the base level at 6 h. * p <0.005 vs. NaCl, n = 6 per group. 
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Figure 27. Comparison between the level of pAcH3 and c-Fos expression in the CeA 0.5, 1, 3 

and 6 h following LiCl (0.15 M, 12 ml/kg, i.p.) and 1 h following NaCl administraion. 

Quantification of pAcH3-positive cells (A), c-Fos mRNA (B) and c-Fos-positive cells (C) in the 

CeA following LiCl and NaCl administrations. After LiCl administration, the level of pAcH3 

parallels c-Fos transcription and precedes c-Fos translation in the CeA. Time course of c-Fos 

mRNA (B) is redrawn from Spencer and Houpt, 2001. * p <0.005 vs. NaCl, n = 6 per group. 
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Figure 28. Fluorescence photomicrographs of LiCl-induced c-Fos and pAcH3 double labeling in 

the CeA 1 h after a LiCl injection. Red cells indicate c-Fos-positive cells visualized with cy3 (A 

and D) and green cells indicate pAcH3-positive cells visualized with FITC (B and E) in the same 

section. Yellow cells indicate c-Fos/pAcH3 double-labeled cells (C and F). Double arrowheads 

indicate cells labeled with only anti-c-Fos not pAcH3 (C). Arrowheads indicate cells labeled 

with only anti-pAcH3 not c-Fos (C). Arrows indicate c-Fos and pAcH3 double-labeled cells (C 

and F). D, E and F are 10 times more magnified compared with A, B and C. Scale bars, 200 µm 

in A and 20 µm in D. 
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Figure 29. Quantification of c-Fos and pAcH3 double immunofluorescence-labeled cells in the 

CeA 1 h after LiCl injection. The average numbers of immunofluorescence-labeled cells are 

shown in (A). LiCl-induced c-Fos co-localized with pAcH3 in a majority (76%) of c-Fos-

positive cells in the CeA (B). Sixty six percent of pAcH3-positive cells also co-localized with c-

Fos in the CeA (B). 
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CONCLUSION 

 

            The research purpose of this dissertation was to analyze activator protein 1 (AP-1) gene 

expression in the amygdala during conditioned taste aversion (CTA) learning. Using high 

technology of laser capture microdissection (LCM), we were able to correctly microdissect out 

tiny sub-regions and c-Fos-specific single cells in the amygdala. Subsequent to LCM, RT-PCR, 

in situ hybridization and immunohistochemistry were employed to measure gene expression. 

Continuing to epigenetic regulation of gene expression in CTA learning, we also examined 

acetylation and phospho-acetylation of histones in the amydala following LiCl (as an 

unconditioned stimulus; US) administration. My major findings are listed below. 

 

1. Fra-2 Expression in the Amygdala May Play an Important Role in CTA Learning 

            The expression patterns of AP-1 transcription factors in the amygdala during CTA 

learning were examined (Chapter 1). Using LCM and RT-PCR, we screened discrete regions of 

the amygdala for the presence and regulation of AP-1 family members after sucrose, LiCl, or the 

pairing of sucrose with LiCl.  Semi-quantitative RT-PCR showed the consistent presence of c-

Fos, Fra-2, c-Jun, and JunD. Regulation of the detected genes was further examined using in situ 

hybridization and immunohistochemistry. In situ hybridization confirmed that c-Fos mRNA 

expression was increased in the central amygdala (CeA) after LiCl and sucrose/LiCl treatment, 

although sucrose infusion itself did not induce c-Fos mRNA. Similar to c-Fos regulation, LiCl 

and sucrose/LiCl treatment increased Fra-2 mRNA and immunolabeling in the CeA. Unlike the 

low basal levels of c-Fos, however, immunohistochemistry revealed high baseline levels of Fra-

2-positive cells in the CeA and basolateral amygdala (BLA) under all conditions. When rats with 

pre-exposure to sucrose were tested with sucrose/LiCl, the familiar (pre-exposure) group showed 

a significantly decreased number of Fra-2-positive cells compared with the novel group in the 

BLA. Because the familiar group would be expected to have decreased CTA learning, the 

correlation of Fra-2 expression in the BLA suggests a specific response during CTA learning. 
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2. LiCl-Induced c-Fos Co-localized with Fra-2 in the Amygdala 

            Co-localization of c-Fos and Fra-2 in the CeA 1h following a LiCl injection was 

examined (Chapter 2). Using immunohistochemistry with fluorescence-labeled secondary 

antibodies, LiCl-induced c-Fos- or Fra-2-positive cells were visualized under a fluorescence 

microscope. The result showed that c-Fos co-localized with Fra-2 in a majority of LiCl-induced 

c-Fos-positive cells in the CeA. This co-localization of c-Fos and Fra-2 following LiCl 

administration suggests that the transcriptional regulations of AP-1 dimmeric complexes of c-Fos 

and Fra-2 may occur in same cells in the CeA. 

 

3. mRNA Expression of Endogenous c-Fos Was Confirmed in LacZ-Positive Single Cells of c-

fos-lacZ Transgenic Mice 

            The time courses of endogenous c-Fos and the c-fos-lacZ transgene expression in the 

amygdala following LiCl administration were examined by using immunohistochemistry and X-

Gal staining (Chapter 3). LiCl increased the numbers of c-Fos- and lacZ-positive cells in the CeA 

and BLA. Although the timecourse pattern of lacZ-positive cells was very similar with that of c-

Fos-positive cells in the BLA and CeA, fewer cells expressed β-galactosidase activity than c-Fos 

immunoreactivity. In order to utilize lacZ-positive cells, RNA preservation after different 

fixations for X-Gal staining was examined (Chapter 3). Ethanol fixation was best for both RNA 

preservation and X-Gal staining quality. Using X-Gal staining, single-cell LCM and RT-PCR, 

we confirmed mRNA expression of endogenous c-fos and β-actin genes in LiCl-induced lacZ-

positive cells in the CeA, cortex and hippocampus. 

 

4. LiCl Induced Acetylation and Phospho-Acetylation of Histone H3 in the Amygdala   

            The levels of acetylated histones and the number of phospho-acetyl histone H3 (pAcH3)-

positive cells in the amygdala following LiCl were examined by western blot and 

immunohistochemistry (Chapter 4). LiCl increased acetylation and phospho-acetylation of 

histone H3 in the amygdala. The timecourse of this increase closely corresponded to LiCl-

induced c-Fos expression. Moreover, LiCl-induced c-Fos co-localized with pAcH3 in a majority 

of LiCl-induced c-Fos-positive cells in the CeA. These results suggest a possible correlation 

between LiCl-induced c-Fos expression and modifications of histone H3 in the CeA. 
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5. Discussion 

5.1 Fra-2 Expression in the Amygdala Is a Novel Marker of Neural Activity 

            This is the first report examining the basal expression of Fra-2 protein and demonstrating 

LiCl-induced Fra-2 in the amygdala. The number of c-Fos-positive cells is commonly used as a 

molecular marker to check neural activation, because it reflects intracellular signaling of second 

messengers (Herrera and Robertson, 1996). Similar to c-Fos, expression of Fra-2 mRNA or 

protein in the CeA and BLA was increased after LiCl administration. In the study of learning and 

memory (e.g. CTA learning and fear conditioning), we can now use Fra-2 as a molecular marker 

to check neural activation in the amygdala. 

            However, there were notable differences between Fra-2 and c-Fos protein expression in 

the amygdala. Unlike c-Fos, 1) There is high basal expression of Fra-2 protein in the CeA and 

BLA, 2) LiCl increased Fra-2 protein expression in the BLA, and 3) Fra-2 activity is regulated 

by phosphorylation. These different subregional responses may indicate functional differences in 

transcriptional regulation of target genes between c-Fos and Fra-2 within the amygdala. 

Moreover, high basal levels of Fra-2 protein itself may not reflect Fra-2 activity in the CeA and 

BLA because Fra-2 is also regulated by post-translational phosphorylation (Murakami et al., 

1997; Yoshida et al., 1991). Therefore, to use Fra-2 as a molecular marker to check neural 

activation, we need to examine the levels of phospho-Fra-2 as well as Fra-2 expression. In 

addition, since Fra-2 is constitutively extant in the CeA and BLA, Fra-2 expression can be also 

used as a marker to define the structure and function of regional subdivisions. 

 

5.2 Fra-2 in the Amygdala Is a Novel Gene in Learning and Memory 

            This is the first study showing a change in gene expression in the BLA correlated with 

CTA learning. It has been known that c-Fos expression can be increased in the brain during a 

variety of learning such as fear conditioning and water maze training (Tischmeyer and Grimm, 

1999). However, there have been no reports of a specific role for Fra-2 in any type of learning 

beyond a general increase in AP-1 binding activity (Lukasiuk et al., 1999). Investigation of Fra-2 

involvement in other types of learning may be applicable in future studies. 

 

5.3 Expression of Other AP-1 Genes in the Amygdala Is Essential for Transcriptional Activity 
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            c-Fos is a standard marker, but to understand the role of c-Fos, it is essential to examine 

other AP-1 members. Because of the many possible combinations between AP-1 family 

members, and because of ~33% of all mammalian genes have AP-1 sites (Zhou et al., 2005), 

very specific gene expression can be regulated by AP-1 proteins across tissues and stimuli. Thus, 

it is possible that transcriptional regulation by multiple AP-1 members in the amygdala 

contributes to consolidation of CTA memory.  

            c-Fos and Fra-2 do not bind to the AP-1 binding site in the absence of c-Jun or other Jun 

family members (Rauscher et al., 1988; Foletta, 1996; Karin et al., 1997), and c-Fos and Fra-2 

protein alone is not sufficient to induce AP-1-mediated reporter gene expression (Chiu et al., 

1988; 1988; Foletta, 1996; Karin et al., 1997). Along with elevated levels of c-Fos and Fra-2 

expression, my demonstration that there is consistent expression of Jun family members reveals 

evidence for possible interactions among these AP-1 genes in the amygdala during CTA 

learning.  

 

5.4 Cellular Co-localization of c-Fos and Fra-2 in the CeA Suggests Common Regulation but 

Heterogenous AP-1 Complexes 

            Nothing has been previously reported about co-localization between stimulus-induced c-

Fos and Fra-2 in the cellular level of the brain. We demonstrated that c-Fos co-localizes with 

Fra-2 in a majority of LiCl-induced c-Fos-positive cells in the CeA. This co-localization of Fra-2 

and c-Fos in the CeA after LiCl administration might be due to the common regulatory sites and 

intracellular signaling pathways. The co-localization of c-Fos and Fra-2 following LiCl 

administration suggests that the transcriptional function of AP-1 dimeric complexes (e.g. c-

Fos/c-Jun and Fra-2/JunD) of c-Fos and Fra-2 may occur in a subset of neurons in the CeA. 

Because of the high basal level of Fra-2, however, it remains to be determined whether LiCl-

induced c-Fos co-localizes with LiCl-induced Fra-2 or constitutively extant Fra-2 or both in the 

cells of the CeA.  

            Analysis of gene expression or co-localization with other proteins in c-Fos-positive cells 

is necessary for phenotyping of LiCl-induecd c-Fos-positive cells. Phenotyping of LiCl-induced 

c-Fos-positive cells is important to understand not only functional correlations among proteins 

but also specific neural circuitries among brain regions in CTA learning. Genes with AP-1 

regulatory sites (e.g. enkephalin) are potential candidates for phenotyping. 
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5.5 Gene Expression during CTA Learning Is Correlated with Histone Modification 

            Gene expression is controlled not only by the binding of transcription factors on the DNA 

promoter but also by dynamic changes in chromatin structure and histones. Activated 

intracellular signaling cascades induce histone modification such as acetylation and 

phosphorylation in the transcriptional region, which is necessary for high expression of the gene.      

             LiCl increased acetylation and phospho-acetylation of histone H3 in a majority of LiCl-

induced c-Fos-positive cells in the CeA. The timecourse of these increases closely corresponded 

to LiCl-induced c-Fos expression. This is the first report showing the correlation between LiCl-

induced c-Fos expression and histone modification in the amygdala and is an important step 

towards understanding the epigenetics of learning and memory.  

            Surprisingly, LiCl administration did not increase the levels of AcH3 and AcH4 in the 

BLA and only slightly increased the number of pAcH3-positive cells. Therefore, unlike LiCl-

induced c-Fos in the CeA, Fra-2 expression in the BLA following LiCl administration may not 

be regulated by histone acetylation and phospho-acetylation. This discrepancy needs to be 

explained in future studies. 

            Taken together, LiCl administration may induce gene expression via two different ways. 

LiCl administration activates intracellular signaling cascades in the CeA that may induce both 1) 

the activity of transcription factors by phophorylation, and 2) histone modification in the 

transcriptional region of the gene. These transcriptional regulations control expression of 

immediate early genes such as c-Fos in the CeA, and the AP-1 complexes may regulate 

expression of target genes for memory consolidation.  

 

5.6 The Amygdala and CTA Learning 

            The amygdala is composed of multiple sub-regions. There are numerous connections 

with other brain regions and interconnections among these sub-regions. These individual sub-

regions independently receive information from other brain regions such as the hypothalamus, 

parabrachial nucleus, brain stem and many cortical areas. The BLA, CeA and lateral amygdala 

(LA) receive gustatory, visceral, somatosensory, auditory and visual information. The cortical 

amygdala receives olfactory information and the medial amygdala receives information from the 

accessory olfactory bulb, hypothalamus and many cortical areas (Swanson and Petrovich, 1998; 

Sah et al., 2003). The individual sub-regions of the amygdala can send the information to other 
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amygdalar sub-regions because most of them are connected each other. The multiple sub-regions 

of the amygdala also send the information to other brain regions. However, this extensive 

connectivity makes us difficult to understand the function of the amygdala. The general concept 

of the main signal pathway among these sub-regions is from the LA to the CeA via the BLA. 

However, other signal pathways among these sub-regions are probably exist because some 

connections are reciprocal and these sub-regions also have their own connections with other 

brain regions. The BLA, CeA and LA directly receive gustatory inputs from the insular cortex 

(Shi and Cassell, 1998), however the CeA mainly gets a direct input from brainstem (e.g. PBN 

and NTS; Sah et al., 2003). Thus, the CeA may play an important role in CTA acquisition.  

            The efferent circuitry is different among the sub-regions of the amygdala. The LA and 

BLA mainly project to cortical regions. However, the CeA has major projections to the brain 

stem and hypothalamic regions that control the autonomic, hormonal and behavioral systems. 

The CeA is activated when animals express conditioned responses of CTA (Navarro et al., 2000) 

and the activation decreases as conditioned responses of CTA disappear. Thus, the CeA may 

have an important role in the control of behavioral responses of CTA memory. It is possible that, 

like c-Fos increase in the CeA during CTA expression, Fra-2 in the CeA may be correlated with 

CTA expression. 

            It has been known that the amygdala is involved in regulation of unconditioned emotional 

responses such as fear, anger, happiness, aggression, anxiety and aversion. The amygdala is also 

thought to be involved in the emotion-related memory formation of associative learning such as 

CTA and fear conditioning. Many researches have proven the important roles of the amygdala in 

the memory formation of CTA and fear conditioning. However, the functional process for a 

certain task in the amygdala does not appear to occur in the whole amygdala region. For 

example, neural activation mainly occurs in the CeA during CTA learning (Lamprecht and 

Dudai, 1995) and long-term potentiation mainly occurs in the LA during fear conditioning 

(Sigurdsson et al., 2006). Studies on functional blockage of a local amygdalar sub-region by 

lesions or inhibition of protein synthesis also indicate that the CeA and BLA play a critical role 

in CTA learning (Lamprecht and Dudai, 1996; Reilly and Bornovalova, 2005) and the LA, BLA 

and CeA play a critical role in fear conditioning (Sah et al., 2003).  

            I certainly think that the amygdala, specially the CeA and BLA, plays a critical role in 

CTA learning. Considering that the CeA, BLA and LA receive gustatory and visceral 
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information, our results that Fra-2 and c-Fos were increased after LiCl and sucrose/LiCl in the 

CeA or BLA show appropriate sub-regional responses in the amygdala. However, we cannot tell 

if the expression of Fra-2 and c-Fos is in response to the gustatory cortex or PBN or NTS inputs 

without lesion studies.  

            Little has been reported about gene expression and neural activation in the BLA and LA 

during CTA learning. Although the LA is mainly involved in fear conditioning and mRNA of 

some AP-1 genes was detected in the LA by RT-PCR in the present study, it seems to be lack of 

response in the LA during CTA learning. There is still a controversy about BLA involvement in 

CTA, however it appears that the BLA has a critical role in CTA because lesions of the BLA 

show attenuated or impaired CTA learning (Reilly and Bornovalova, 2005). Moreover, our result 

that the Fra-2 expression in the BLA was significantly decreased in sucrose pre-exposed non-

CTA learning rats compared with CTA learning rats also strongly supports that the BLA has a 

critical role in CTA learning. 

 

6. Future Aims 

            In chapter 1, we found that sucrose/LiCl and LiCl alone increased Fra-2 expression in the 

BLA and CeA. Moreover, the result of sucrose pre-exposure showed a possible role of Fra-2 in 

CTA learning. However, constitutively high levels of Fra-2 immuno-positive cells were also 

found in the CeA and BLA. High levels of Fra-2 protein by itself may not reflect Fra-2 activity 

because Fra-2 is also regulated by post-translational phosphorylation (Murakami et al., 1997; 

Yoshida et al., 1991). Unlike c-Fos, Fra-2 must be phosphorylated in order to bind to AP-1 

enhancer sites and induce gene transcription (e.g., induction of Fra-2 itself; (Murakami et al., 

1999)). Thus, phosphorylation of Fra-2 by protein kinase activity induced by LiCl may be crucial 

to its transcriptional function with other AP-1 family members in the amygdala. Examining Fra-2 

phosphorylation during CTA learning is considered for a future study. 

            In chapter 2, we found that c-Fos co-localized with Fra-2 in a majority of LiCl-induced c-

Fos-positive cells in the CeA. However, it was not determined whether LiCl-induced c-Fos co-

localizes with LiCl-induced Fra-2 or constitutively extant Fra-2 or both in cells of the CeA. A 

further study to distinguish LiCl-induced Fra-2 cells from constitutively extant Fra-2 cells is 

being considered. 
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            In chapter 3, we originally aimed to examine changes in mRNA expression of AP-1 

family members in c-Fos-specific neurons of the amygdala during CTA learning by using c-fos-

lacZ transgenic mice. However, the number of LiCl-induced lacZ-positive cells in the CeA was 

not enough for RT-PCR of multiple AP-1 genes. Immunohistochemistry using ethanol fixation 

may be applied for utilizing c-Fos-specific cells in a future study. 

            In chapter 4, we found a possible correlation between LiCl-induced c-Fos expression and 

modification of histone H3 in the CeA. Because histone modifications such as acetylation and 

phosphorylation in the brain have shown a correlation with memory formation (Levenson et al., 

2004; Alarcón et al., 2004; Korzus et al., 2004; Chwang et al., 2006; Bredy et al., 2007; Fischer 

et al., 2007), it can be hypothesized that gene expression occurring during LiCl-induced CTA 

learning may be also correlated with histone modifications. Continuing our studies on gene 

expression in the CeA during CTA learning, effects of histone acetylation on LiCl-induced CTA 

learning and c-Fos expression in the amygdala will be examined in a future study. 
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