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ABSTRACT 
 

 Approximately 1 in 5 Americans smoke despite the widely known negative health 

consequences of the habit. One factor that contributes to the high rates of nicotine addiction 

and its continued use is the ability of the drug to alter long-term memory. Learning in the 

presence of nicotine results in changes to the cellular and molecular processes that support the 

formation and storage of long-term memories. The consolidation of long-term memory requires 

a number of mechanisms, such as gene transcription. Previous work has found that learning a 

contextual fear conditioning task in the presence of nicotine results in the upregulation of the c-

jun N-terminal kinase (JNK1) gene in the hippocampus and that JNK protein activation is 

necessary for the nicotine induced enhancement of contextual conditioning. The present study 

examines the transcription factors involved in the transcriptional regulation of jnk1 in the 

hippocampi of mice following learning in the presence of nicotine. The hypothesis that cAMP 

response element binding protein (CREB) regulates jnk1 transcription was examined. Further, a 

protein/DNA transcription factor array was used as an unbiased examination of changes in 

transcription factor activity following learning in the presence of nicotine. Using chromatin 

immunoprecipitation (ChIP), transcription factors identified from the array and CREB were 

examined for changes in their binding to the jnk1 promoter following fear conditioning in the 

presence of nicotine. An increase in the binding of phosphorylated CREB was found in the jnk1 

promoter of mice trained in the presence of nicotine. This implicates CREB activation in the 

increase of jnk1 transcription following learning in the presence of nicotine. Additionally, data 

from the transcription factor array suggest other factors such as PARP, TR, USF-1 and E2F-1 as 

potentially playing a role in the cognitive effects of nicotine. These findings are discussed with 

respect to how they inform our understanding of the signaling cascades and genetics involved in 

the memory enhancing effects of this addictive drug. 
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CHAPTER ONE 

INTRODUCTION 

Despite the widely known negative health consequences of tobacco use, approximately 

20% of Americans continue to smoke (CDC, 2008). Even when smokers are motivated to quit, 

their success rates are low, as only 3-7% of the over 13 million Americans that attempt to quit 

each year are successful (CDC, 2002; Hughes et al., 2004). Paradoxically, nicotine has relatively 

low reinforcing and rewarding properties compared to drugs of abuse that are of similar 

addictive liability such as cocaine or amphetamine (Chaudhri et al., 2006). Such persistence of 

tobacco use suggests that the administration of nicotine, the primary component of tobacco 

responsible for its addictive liability (USDHHS, 1988), can result in long-lasting changes in 

behavior. An additional factor thought to contribute to the addictive liability of nicotine is its 

ability to alter long-term learning and memory processes that underlie long-lasting changes in 

behavior (Hyman, 2005; Gould, 2006). For example, nicotine is known to alter long-term 

memory in various hippocampus-dependent tasks and models of synaptic plasticity (Kenney and 

Gould, 2008b). Nonetheless, little is known about the molecular mechanisms that underlie the 

ability of nicotine to alter mechanisms involved in the consolidation of long-term memory.  

Contextual fear conditioning has proven to be a particularly useful behavioral paradigm 

for studying the effects of nicotine on learning because the paradigm is rapidly acquired, robust 

and well studied. The neural and molecular mechanisms of contextual fear conditioning have 

been extensively examined (Sweatt, 2004; Fanselow and Poulos, 2005) and thus, provide a 

framework in which to understand how nicotine alters long-term memory formation at the 

molecular level. Fear conditioning consists of placing a rodent into a chamber and administering 

a mild foot shock, at which time the rodent forms an association between the context and 
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footshock. When placed back into the context at a later time point, rodents exhibit freezing, an 

easily identifiable species typical fear response (Blanchard and Blanchard, 1969). The rapid 

acquisition of this task makes it particularly apt for studying the effects of drugs on learning and 

memory because there are clear time points at which the acquisition, consolidation, or recall 

stages of memory formation can be examined. With respect to nicotine, acute nicotine 

administration results in an enhancement of contextual fear conditioning (Gould and Wehner, 

1999; Gould and Higgins, 2003; Wehner et al., 2004) and specifically contextual memories 

(Kenney and Gould, 2008a).  

The enhancement of a memory for a specific context may contribute to nicotine 

addiction through drug-context associations (Gould, 2006). When smokers ingest nicotine they 

experience the pleasurable effects of the drug while also strengthening the memory for the 

context in which the drug is administered. This contextual memory will be multi-modal and 

include the place in which smoking occurred, the smell of the cigarette, and the physical 

sensations associated with smoking. Exposure to cues associated with smoking increases drug 

cravings in smokers (Mucha et al., 1999; Geier et al., 2000; Rose, 2006), and cravings induced by 

such cues are the most common reason smokers relapse during quit attempts (Norregaard et 

al., 1993; Zhou et al., 2009). Thus, determining how nicotine administration alters the cellular 

and molecular substrates of long-term contextual memory consolidation is important for 

understanding an important aspect of nicotine addiction. 

The mechanisms by which nicotine alters long-term memories are not well understood. 

The acquisition and consolidation of contextual fear memories is known to require the 

involvement of specific neural areas, second messenger molecules, protein synthesis, and gene 

transcription (Sweatt, 2004; Alberini, 2009; Costa-Mattioli et al., 2009). This suggests that there 
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are a variety of processes which nicotine can potentially modulate to alter long-term memory. 

At the neural level, nicotinic receptor function in the hippocampus is known to be both 

necessary and sufficient for the enhancement of contextual fear conditioning by nicotine (Davis 

et al., 2007). Furthermore, using both pharmacological and genetic knockout techniques, a 

subset of nicotinic acetylcholine receptors (nAChRs) that have high affinity for nicotine and 

contain the β2-subunit have also been identified as necessary for the enhancing effects of acute 

nicotine (Wehner et al., 2004; Davis and Gould, 2007). Downstream from receptor level 

processes, signaling via the extracellular regulated kinase (ERK) cascade during acquisition is also 

involved in these effects (Raybuck and Gould, 2007). 

More recently we have identified alterations in processes specifically involved in the 

consolidation of the nicotine-induced enhancement of contextual fear conditioning. The 

nicotine-induced enhancement of contextual fear conditioning is associated with an 

upregulation of c-jun N-terminal kinase 1 (JNK1) mRNA in the hippocampus during consolidation 

(Kenney et al., 2010). The upregulation of jnk1 does not occur following nicotine administration 

alone or training alone suggesting that the increase in jnk1 is due to an interaction between 

nicotine and learning. Furthermore, the upregulation of jnk1 following training of nicotine-

treated mice is absent in β2 nicotinic acetylcholine receptor (nAChR) KO mice, mice that do not 

show the enhancement of learning and memory by nicotine (Wehner et al., 2004; Davis and 

Gould, 2007) suggesting that the upregulation of jnk1 is related to the enhanced learning. 

Blocking JNK activation in the hippocampus during consolidation, but not acquisition or recall, or 

genetically knocking out the JNK1 protein, also prevents the nicotine induced enhancement of 

contextual fear conditioning (Kenney et al., 2010 & Kenney, Leach and Gould, unpublished 

observations). Taken together, this evidence suggests that JNK1, and its transcriptional 

regulation, is critical to the mnemonic effects of nicotine. The goal of the present study is to 
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start filling the gap between nAChR function and the increase in jnk1 transcription so as to 

determine the molecular mechanisms that underlie the mnemonic effects of nicotine. 

Understanding the regulation of gene transcription is turning out to be one of the most 

exciting aspects of the post-genomic era in biology. Transcriptional regulation has turned out to 

be far more complex and intricate than previously imagined (Kasowski et al., 2010; Schmidt et 

al., 2010). Regulatory DNA sequences have been identified along with a large number of 

transcription factors that can bind such DNA sequences and either activate or repress 

transcription. In addition, epigenetic modifications via the regulation of histones, the proteins 

that DNA is wrapped around, has also proven important for allowing or denying access to the 

underlying DNA for various transcription factors. Transcription factors and histone 

modifications, such as H3 and H4 acetylation, have been found to be essential to the 

consolidation of contextual fear memories (Bourtchuladze et al., 1994; Impey et al., 1998; 

Levenson et al., 2004; Miller et al., 2007; Vecsey et al., 2007). Nicotine has long been known to 

alter gene transcription (Greenberg et al., 1986; Sun et al., 2007), and is also known to alter the 

expression or activation of a variety of transcription factors such as cAMP response element 

binding protein (CREB), c-fos and ΔfosB (Pich et al., 1997; Pandey et al., 2001; Brunzell et al., 

2003). Indeed, activation of CREB in the nucleus accumbens is necessary for the reinforcing 

effects of nicotine in mice (Brunzell et al., 2009). Whether or not nicotine administration can 

also result in epigenetic modifications in the brain has yet to be explored. Thus, alterations in 

various mechanisms that alter gene transcription likely play a role in the increase in jnk1 

transcription following learning in the presence of nicotine. Such alterations may be at the level 

of either transcription factor activation or epigenetic modifications. Identification of the specific 

molecules and mechanisms involved in the effects of nicotine on transcriptional regulation may 
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open new avenues to drug development and genetic screening for susceptibility to nicotine 

addiction and patient tailored therapeutics.  

The goal of the present study was to determine what transcription factors in the 

hippocampus are altered due to the interaction of acute nicotine and learning in contextual fear 

conditioning. Furthermore, we sought to determine the transcription factors that regulate the 

increase in jnk1 transcription during the consolidation of nicotine-induced memory 

enhancement. Using chromatin immunoprecipitation (ChIP) we examined the hypothesis that 

CREB, a transcription factor that is downstream from ERK (Sweatt, 2004) and is involved in 

contextual fear conditioning (Bourtchuladze et al., 1994; Impey et al., 1998), regulates jnk1 

transcription in the hippocampus. Additionally, an unbiased approach was taken using a protein-

DNA transcription factor array to determine other transcription factors that are regulated by 

learning in the presence of nicotine. The transcription factor array data were followed up using 

ChIP to determine whether the identified transcription factors regulate the effects of nicotine 

and learning on jnk1 transcription. 
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CHAPTER TWO 

METHODS 

Subjects 

 Male C57BL/6J mice aged 8-12 weeks were used because this strain demonstrates 

robust contextual fear learning and much of the work demonstrating the involvement of 

nicotine in contextual fear conditioning has been performed in this strain (Gould and Wehner, 

1999; Balogh and Wehner, 2003; Gould and Higgins, 2003). Mice were group housed (2-4 per 

cage), had ad libitum access to food and water and were maintained on a 12:12 light/dark cycle. 

 

Apparatus 

 Mice were trained in contextual fear conditioning in four identical conditioning 

chambers (26.5 x 20.4 x 20.8 cm) comprised of Plexiglas and housed in sound attenuating boxes 

(Med Associates, St. Albans, VT). Chamber floors were made of metal rods (0.20 cm diameter) 

spaced 1.0 cm apart and connected to a shock generator and scrambler (Med Associates, Model 

ENV-414). Ventilation fans mounted on the side of each box provided background noise and air 

exchange. Each box was illuminated by a 4-W light bulb from above. Stimuli administration was 

controlled by a PC running custom programmed LabView software.  

 

Behavioral Procedures 

 The training procedure was based on Davis et al (2006). During training mice were 

placed into the chambers for a total of 5.5 minutes. After an initial 148 second period, mice 

were administered two 0.57 mA, 2 second footshocks separated by a 148 second inter-trial 

interval. Following the administration of the last footshock, mice remained in the chambers for 

30 seconds before being removed. Home-cage control mice were injected and handled at the 
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same time points as those mice subjected to fear conditioning. 

 

Drug Administration 

 Nicotine hydrogen tartrate (0.09 mg/kg reported as freebase and based on (Gould and 

Higgins, 2003); Sigma, St. Louis) dissolved in physiological saline was administered via 

intraperitoneal injection five minutes prior to training in contextual fear conditioning.  

 

Nuclear Extraction from Brain Tissue 

 Mice were administered saline or nicotine five minutes prior to training in contextual 

fear conditioning. Thirty minutes following training mice were euthanized via cervical dislocation 

and the hippocampi were rapidly dissected. Extraction of the nuclear fraction of the 

hippocampal cells was performed using a nuclear extraction kit (Panomics, Fremont, CA) as per 

the manufacturer’s instructions. Protein concentrations were measured using the Lowry method 

(Lowry et al., 1951).  

 

Transcription Factor Array  

The transcription factor array was performed following the manufacturer’s instructions 

(Panomics). Hippocampal tissue was dissected 30 minutes following training in the presence of 

saline or nicotine or an equivalent amount of time following just saline administration (home-

cage control mice). The home-cage nicotine group was not examined because the arrays are 

packaged and sold in sets of three. Given that fear conditioning has long been known to alter 

transcription factor activity (Alberini, 2009), it was most important to obtain preliminary data 

about how nicotine could alter transcription in a manner that may differ from fear conditioning. 

The 30 minute timepoint was chosen as this is the timepoint in which the increase in 
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hippocampal jnk1 was observed (Kenney et al., 2010). Dorsal hippocampi from four mice in each 

condition were pooled and the nuclear fraction of the hippocampi dissected as described above. 

The transcription factor arrays were visualized using a chemiluminescent (Gel Logic 1500 CCD 

camera (Kodak)) imaging system. Densitometry was used to quantify spots for relative levels of 

transcription factor binding. As per the manufacturer’s suggestion, those spots that have a 

density twice (or half) the average of each individual spot as compared to the home-cage 

control group, were considered significantly altered.  

 

Chromatin Immunoprecipitation 

 Following hippocampal dissection, tissue was cut into small pieces and cross-linked via 

exposure to 1% formaldehyde for 10 minutes. Cross-linking was halted via the addition of 1M 

glycine. Tissue was then centrifuged and washed with phosphate buffered saline (PBS) 

containing protease and phosphatase inhibitors (PIs; Pierce Biotechnology, Rockford, IL) and the 

supernatant discarded. The pellet was resuspended in a cell lysis buffer (10 mM Tris-HCl, 10 mM 

NaCl, 1.5 mM MgCl2, 0.5% Igepal-CA630) containing PIs and homogenized. The sample was then 

centrifuged, supernatant discarded and pellet resuspended in nuclear lysis buffer (50 mM Tris 

HCl, 5 mM EDTA, 1% SDS) with PIs, now containing a chromatin/protein mix. The chromatin was 

sheared via sonication in a BioRuptor Sonicator (Wolf Laboratories, York, UK) for 5 minutes 

(setting: high, alternating 30 seconds on, 30 seconds off) and then centrifuged. A small aliquot of 

chromatin (5 μL) was removed and analyzed for chromatin fragment size via agarose gel 

electrophroesis and DNA concentration using a Nanodrop (Thermo Scientific, Rockford, IL). For 

each immunoprecipitation, 2 μg of DNA were added to dilution buffer (16.7 mM Tris HCl, 1.1% 

Triton-X, 0.01% SDS, 167 mM NaCl) along with PIs and the appropriate antibody or pre-immune 

IgG serum negative control and 20 µL of protein A (Millipore, Billerica, MA) or protein G 
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(ActivMotif, Carlsbad, CA) magnetic beads. One percent of the IgG chromatin solution was 

removed as input. The antibody-chromatin-magnetic bead solution was then incubated 

overnight at 4°C with rotation. Following incubation the solutions were washed once each with 

a low salt (20 mM Tris HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton-X, 0.1% SDS), high salt (20 mM 

Tris HCl, 500 mM NaCl, 2 mM EDTA, 1% Triton-X, 0.1% SDS), LiCl (10 mM Tris HCl, 250 mM LiCl, 1 

mM EDTA, 1% deoxycholate, 1% Igepal-CA630) and TE (10 mM Tris HCl, 1 mM EDTA) wash 

buffers then eluted via incubation at 62°C for two hours in elution buffer (0.1 M NaHCO3, 1% 

SDS) and 0.1 µg/µL proteinase K (Invitrogen, Carlsbad, CA).  Cross-links were then reversed via 

incubation at 95 °C for 10 minutes and DNA was isolated and purified using QiaQuick spin 

columns (Qiagen, Valencia, CA) and eluted twice to a total volume of 200 µL. Please see the 

appendix for a theoretical description of ChIP. 

The input control serves as a positive control for chromatin purification as primers 

should be effective at amplifying input control DNA as it is not subjected to selective purification 

via immunoprecipitation and serves as a baseline with which to compare the 

immunoprecipitated DNA. The IgG control serves to ensure that non-specific binding of 

chromatin to the magnetic beads does not occur and provides a measure of background 

immunoprecipitation. These methods were developed based on Vecsey et al (2007) and the 

Millipore Magna-ChIP kit manual. 

 ChIP-qPCR data was analyzed as follows: The DNA from the input sample, target sample 

and negative control sample were examined using qPCR (see below). The data is presented as 

percent input. The calculations were performed as follows (for more information concerning the 

determination of Ct values please consult appendix I): 

Cti = Ct value for input sample 

Ctt = Ct value for target sample 
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Ctnc = Ct value for negative control 

nc

t

Ctnc

Ctt

ncinc

tit

input

input

CtCtCt

CtCtCt













2

1
%

2

1
%

 

Percent input values were calculated individually for each subject based on median Ct values 

from samples run in triplicate. Percent input values from experimental groups were averaged 

for statistical analysis and expressed as fold changes over the home-cage control group (No FC + 

Sal).  

There are a variety of ways in which ChIP data can be analyzed (Haring et al., 2007) with 

the most robust way to determine if the signal obtained from ChIP is reliable is to examine both 

positive and negative controls alongside the experimental samples. The positive control consists 

of a gene that is known, or thought, to bind the transcription factor of interest whereas the 

negative control is a gene that is known, or thought, not to bind the transcription factor under 

study. For each transcription factor examined the positive control must be determined based on 

the specific factor, whereas for the negative control a retrotransposon known as the long 

interspersed nuclear element (LINE1) was used. LINE1s makes up approximately 20% of the 

mouse genome (Waterston et al., 2002) and are typically not expressed at high levels due to the 

accumulation of mutations and the active repression of transcription through epigenetic 

modifications (Yoder et al., 1997). Thus, for the examination of both transcription factors and 

histone modifications LINE1 provides a reliable and easily quantifiable negative control signal 

with which the signals from the positive control and genes of interest can be compared.  
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Antibodies 

 The antibodies used for ChIP experiments were as follows: From Cell Signaling (Danvers, 

MA): CREB (9197, 10 µL), pCREB (4276, 10 µL); from Millipore: H3Ac (06-599, 5 µg), H4Ac (06-

598, 5 µg); from Thermo Scientific: Thyroid receptor β1 (PA1-213A, 10 µL).  

 

Quantitative Polymerase Chain Reaction(qPCR) 

 qPCR was performed using 9 µl DNA,  250 – 500 nM primer solution and 10 µl Fast SYBR® 

Green PCR master mix. Reactions were carried out in triplicate on the 7500 Fast Real-Time PCR 

System (Applied Biosystems, Austin, TX). Primer sets used in experiments can be found in table 

1. Median Ct values were used for data and statistical analyses. Please see the appendix for 

more details regarding the workings of qPCR.  

 

Statistical Analysis 

 Paired sample and one-sample t-tests were used for statistical analyses. Percent input 

values from experimental groups were individually compared to home-cage control animals (no 

training and saline) using paired sample t-tests and expressed as a fold change over control 

animals. If the variance of compared groups was unequal as determined by the Leven statistic, 

independent samples t-tests were conducted without the assumption of equal variance.  This is 

typical for the analysis of qPCR data (e.g, Sun et al., 2007; Vecsey et al., 2007; Guo et al., 2009; 

Kenney et al., 2010). One sample t-tests were used to determine if transcription factors were 

enriched at a particular locus over LINE1. Data was expressed as fold over LINE1 and one sample 

t-tests were done against the test value of 1 which represents no enrichment over LINE1. 
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CHAPTER THREE 

RESULTS 

Transcription Factor Array 

 To obtain a relatively unbiased assessment of the transcription factors that may be 

modulated by learning in the presence of nicotine, several protein/DNA transcription factor 

arrays were utilized. The nuclear fractions of hippocampi from home-cage control mice (No FC + 

Sal) were compared to mice trained in contextual fear conditioning in the presence of either 

saline or nicotine. Each array contains spots for 56 to 94 transcription factors; an example of the 

results from transcription factor array I are shown (figure 1A). Overall, there were relatively few 

changes in transcription factor binding as only 9 of the 319 transcription factors examined 

demonstrated any differences due to fear conditioning or fear conditioning in the presence of 

nicotine (Figure 1B & C). In the hippocampi of mice trained in fear conditioning there was an 

increase in E2F-1, MEF-1 (mitochondrial elongation factor 1) and USF-1 (upstream stimulatory 

factor 1). In mice trained in the presence of nicotine there was an increase in TR and TR/DR4 

(thyroid receptor and thyroid receptor/direct repeat 4) and PARP (poly (ADP-riobse) 

polymerase) and a decrease in NF-1 (nuclear factor 1). Finally, there was a decrease in CETP/CRE 

(cholesteryl ester transfer protein) and Pit-1 (POU domain class 1 transcription factor 1) in mice 

trained in the presence of saline but no effect in mice trained in the presence of nicotine. These 

findings suggest that thyroid receptors and PARP are the most likely candidates for regulating 

alterations in gene transcription following learning in the presence of nicotine, and may play a 

role in the transcriptional regulation of jnk1 in the hippocampus. 

 To determine which transcription factors from the array would be most likely to 

regulate transcription of jnk1, the promoter region of the gene was analyzed for transcription 



13 
 

factor binding sites. In addition, based on previous findings suggesting that ERK signaling is 

necessary for the nicotine induced enhancement of contextual fear conditioning (Raybuck and 

Gould, 2007), we examined the jnk1 promoter for CREB binding sites, a transcription factor that 

is downstream from ERK. An examination of the jnk1 promoter using the Transfac database 

(Heinemeyer et al., 1999) indicated several binding sites for some of the transcription factors 

identified in the array (Figure 2). The PARP and CETP/CRE transcription factors were not 

represented in the Transfac database, and thus the DNA sequences that were in the 

transcription factor array were used to search the jnk1 promoter region.  

In addition to determining whether binding sites existed in the jnk1 promoter, we also 

obtained information with respect to evolutionary conservation between the mouse and human 

genomes of transcription factor binding sites by using the evolutionary conserved region 

browser from the National Center for Biotechnology Information (NCBI) (Ovcharenko et al., 

2004). Evolutionary conservation of genes between mice and humans provides a good first 

approximation of the functional importance a particular genetic sequence. Since there are 

approximately 75 million years since the human and mouse lineage has split, genetic regions 

that have remained essentially unchanged between the two species suggest that mutations in 

those regions would be deleterious (Boffelli et al., 2004). An examination of CREB binding sites 

revealed several sites in the jnk1 promoter along with two conserved sites immediately 

upstream from the 5’UTR (untranslated region). Several thyroid receptor binding sites were also 

identified, although none of them demonstrated evolutionary conservation. One non-conserved 

NF-1 site was found. A number of USF and E2F-1 binding sites were also found, some of them 

being highly conserved. No binding sites for PARP, CETP/CRE or Pit-1 were identified.  
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Chromatin Immunoprecipitation 

 ChIP was used to determine if specific transcription factors or histone modifications play 

a role in the regulation of hippocampal jnk1 following learning in the presence of nicotine. ChIP 

allows for the examination of protein-DNA interactions and thus can provide both information 

regarding transcription factor binding to a particular region of DNA and the quantiation of 

differences in binding following a particular experimental manipulation. In this instance the 

region of the jnk1 gene immediately upstream from the 5’UTR is of greatest interest as this is 

the promoter region of jnk1 and is the most likely site of transcriptional regulation. Towards this 

end, three primer sets were designed to analyze the jnk1 promoter region using qPCR (Figure 2): 

the jnk1a primers were designed to amplify a region immediately downstream from the 5’UTR, 

the jnk1b primers amplified a region upstream from the 5’UTR, and the jnk1c primers amplified 

a region further upstream from jnk1b. Having the various primer sets spread over the promoter 

region allows us to determine where in the jnk1 promoter various transcription factors may bind 

or epigenetic modifications may occur. 

 Initially we examined the hypothesis that CREB regulates jnk1 transcription. We found 

that CREB does indeed bind to the promoter region of jnk1 (Figure 3A). As expected, CREB was 

bound to the greatest extent immediately upstream from the 5’UTR nearest to the conserved 

CREB binding sites. CREB was also found to bind to the positive control CREB binding site in the 

nr4a2 promoter with minimal binding to LINE1. CREB binding to the entire jnk1 promoter region 

and nr4a2 was significantly increased over LINE1 (p’s < 0.001) (Figure 3B). There was no change 

in CREB binding to the jnk1 or nr4a2 promoter regions or LINE1 following nicotine 

administration alone, fear conditioning alone or fear conditioning in the presence of nicotine 

(p’s > 0.05; Figure 3C). This finding was not surprising as CREB is largely thought to be a 
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constitutively bound transcription factor and its ability to activate transcription mediated 

through the phosphorylation of serine 133 (Mayall et al., 1997; Mayr and Montminy, 2001). 

Thus, we also examined the binding of phospho-CREB (pCREB) at the jnk1 promoter. As 

expected, pCREB was found to bind to the jnk1 promoter in a pattern similar to that of CREB 

(Figure 4A). The binding of pCREB at both the jnk1 and nr4a2 promoters was significantly 

increased over LINE1 (p’s < 0.001) (Figure 4B). There was no change in pCREB binding at the jnk1 

promoter following nicotine alone or fear conditioning alone (p’s > 0.05; Figure 4C). However, in 

the hippocampi of mice trained in the presence of nicotine, there was an increase in pCREB 

binding at the site of jnk1b primer set (t(10.9) = 2.66, p = 0.02) and a trend towards an effect at 

the site of the jnk1a primer set (t(14) = 1.75, p = 0.10) and no differences at the jnk1c, nr4a2 or 

LINE1 primer sets (p’s > 0.05). This strongly suggests that CREB phosphorylation may be 

regulating jnk1 transcription following learning the presence of nicotine. 

 To determine if the increase in pCREB binding to the jnk1 promoter following fear 

conditioning and nicotine is specific to the hippocampus, pCREB binding was also examined in 

the cerebellum. Given that different transcription factor binding can vary based on tissue and 

cell type, we first confirmed that pCREB bound to both the jnk1 and nr4a2 promoter regions as 

compared to binding to LINE1 (p’s < 0.01) (Figure 5A & B). Following fear conditioning in the 

presence of nicotine, there was no change in pCREB binding at the jnk1 or nr4a2 promoters, or 

for LINE1 (p’s > 0.05) (Figure 5C). This suggests that the increase in pCREB binding to the jnk1 

promoter observed in the hippocampus is not a brain-wide phenomenon. 

 Phosphorylation of CREB is known to recruit various proteins and factors, such as 

histone acetyltransferases (HATs) that can act to alter chromatin structure and increase gene 

transcription (Alberini, 2009). HATs can be recruited by pCREB and are thought to lead to an 
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increase in histone acetylation, which opens up the chromatin and can lead to increased 

transcription by making the chromatin more accessible to various aspects of the transcriptional 

machinery (Marmorstein and Trievel, 2009). To determine if pCREB is acting to recruit HATs to 

the jnk1 promoter we examined the acetylation of histones 3 and 4 (H3Ac, H4Ac respectively). 

ChIP for both H3Ac and H4Ac demonstrated that there was there was significantly more 

H3Ac/H4Ac at both the jnk1 and nr4a2 promoters than at LINE1 (p’s < 0.001) (Figure 6 & 7). 

There was no increase in H3Ac or H4Ac following nicotine alone, fear conditioning and saline or 

fear conditioning and nicotine at the jnk1 or nr4a2 promoters or at LINE1 (p’s > 0.05) (Figure 6C 

& 7C). This suggests that pCREB is not acting to recruit HATs as a mechanism for increasing 

transcriptional regulation of jnk1. 

 To determine if other factors are cooperating with pCREB to potentially regulate jnk1 

transcription we examined binding of TRβ1 to the jnk1 promoter (Figure 8A). ChIP for TRβ1 

demonstrated that the receptor is bound to the well characterized myelin basic protein thyroid 

response element (MBP-TRE) (Farsetti et al., 1992) to a greater extent than LINE1 (t (17) = 8.09, 

p < 0.001). There was no significant enrichment over LINE1 at the jnk1b (t(17) = 1.57, p = 0.13) 

or jnk1c (t(17) < 1) primer sets, but there was a slight increase over LINE1 at the jnk1a primer set 

(t(17) = 2.40, p = 0.028; Figure 8B). Nonetheless, there was no alteration in TR binding to the 

jnk1 promoter following nicotine administration alone, fear conditioning alone or learning in the 

presence of nicotine (p’s > 0.05; Figure 8C) suggesting that TRβ1 is not regulating jnk1 

transcription in the hippocampus under these experimental conditions.  
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CHAPTER FOUR 

DISCUSSION 

 The present study has identified CREB in the hippocampus as a potentially important 

transcription factor involved in the consolidation of memory following learning in the presence 

of nicotine. An increase in CREB phosphorylation at the jnk1 promoter was found only in the 

hippocampi of mice that were trained in the presence of nicotine. This strongly suggests that 

CREB phosphorylation is mediating the increase in hippocampal jnk1 transcription. Additionally, 

using a transcription factor array, we have identified other transcription factors such as the 

thyroid receptors, PARP and NF-1 as potentially important for the effects of nicotine on learning 

and memory. 

 The increase in pCREB at the jnk1 promoter in the hippocampi of mice during the 

consolidation of a memory formed in the presence of nicotine strongly suggests that CREB 

phosphorylation plays a role in the regulation of jnk1 transcription. Since there is no increase in 

CREB binding at the jnk1 promoter or an increase in CREB protein as detected by the 

transcription factor array, this suggests the increase in pCREB is due to increased 

phosphorylation of CREB that is already bound to the jnk1 promoter. This finding is consistent 

with previous work that has found that CREB is typically constitutively bound to promoters and 

is primarily regulated via phosphorylation and not increased binding (Mayall et al., 1997; Mayr 

and Montminy, 2001). Additionally, the fact that there is no alteration in histone acetylation at 

the jnk1 promoter also supports this interpretation as it suggests that the promoter region is 

already accessible to the transcriptional machinery and does not require further epigenetic 

modifications for CREB binding. 
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 The finding that nicotine may modulate learning via pCREB is consistent with previous 

work that has found that CREB is involved in the rewarding properties of the drug. Nicotine 

administration results in an increase in pCREB in the ventral tegmental area (VTA) and nucleus 

accumbens and the rewarding effects of the drug have been found to require CREB activation in 

the nucleus accumbens (Walters et al., 2005; Brunzell et al., 2009). In vitro, nicotine has been 

found to result in an increase in pCREB via ERK signaling in both dissociated hippocampal 

neurons and PC12h cells (Nakayama et al., 2001; Hu et al., 2002). In ciliary ganglion neurons, 

nicotine administration results in an increase in pCREB via both ERK and Calmodulin Kinase 

(CaMK) signaling pathways (Chang and Berg, 2001). Thus, the findings from the present study 

are in strong agreement with the previous literature and significantly extend it by being the first 

study to find a specific gene that is regulated by nicotine through a change in CREB 

phosphorylation. 

Implicating CREB phosphorylation in the effects of nicotine on learning and memory 

suggests the involvement of various signaling molecules as CREB is known to be phosphorylated 

via the ERK, protein kinase A (PKA), CaMKIV and p38 MAPK pathways (Alberini, 2009). A closer 

examination of some of the findings in the present study may provide some insight into how 

these upstream effectors may interact to regulate CREB phosphorylation at the jnk1 promoter. 

No significant change in pCREB binding to the jnk1 promoter following fear conditioning alone or 

nicotine alone was observed in the present study, but pCREB binding did demonstrate a non-

significant increase by approximately 1.5 fold in each group.  This suggests the effect observed 

in the fear-conditioning plus nicotine group may be due to an additive effect of nicotine alone 

and fear conditioning alone. It may be the case that nicotine alone and fear conditioning alone 

each individually increase the level of CREB phosphorylation at the jnk1 promoter, but not to the 

threshold necessary for transcriptional upregulation. There are two possibilities for how CREB 
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phosphorylation may reach this threshold: 1) nicotine alone and fear conditioning alone are 

acting on the same pathway or 2) nicotine alone and fear conditioning alone are acting on two 

separate pathways that converge on CREB and must both be activated for the enhancing effects 

of nicotine. One of the pathways that is already known to be involved in the enhancing effect of 

nicotine on contextual fear conditioning is ERK (Raybuck and Gould, 2007). ERK can 

phosphorylate CREB via the activation of ribosomal S6 kinase (RSK) and mitogen and stress 

activated protein kinase (MSK) (Xing et al., 1996; Cohen-Armon et al., 2004). As previously 

mentioned, the protein kinase A (PKA), CaMKIV and p38 MAPK pathways also converge on CREB 

(Alberini, 2009). It may be the case that learning and nicotine both independently activate the 

ERK pathway and are additive in their effect on ERK, or that the ERK pathway is working in 

parallel with PKA, CaMKIV or p38 MAPK to result in a large enough increase in CREB 

phosphorylation to stimulate jnk1 upregulation (Figure 9). This suggests that further 

examination of these upstream effectors of CREB is warranted. 

 

Other transcriptional mechanisms beyond CREB activation 

There may be other transcription factors that are working in concert with CREB to 

regulate the transcription of jnk1. The lack of an increase in histone acetylation at the jnk1 

promoter following learning and nicotine suggests that the recruitment of co-factors that act as 

HATs, such as CREB binding protein (CBP), are likely not integral to jnk1 upregulation. 

Additionally, although the thyroid receptors were identified as upregulated using the 

transcription factor array and TRβ1 binds to the jnk1a primer set, TRβ1 binding to the jnk1 

promoter does not appear to be regulated by learning in the presence of nicotine. Although, we 

cannot rule out the possibility that other thyroid receptor subtypes may be involved. Thyroid 
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receptors are particularly interesting because thyroid hormones have been found to play a role 

in learning and memory (Rivas and Naranjo, 2007). Hypothyroidism has consistently been found 

to result in deficits in learning, memory, and models of synaptic plasticity (Gerges et al., 2004; 

Sui et al., 2006; Wilcoxon et al., 2007), and chronic nicotine administration can alleviate some of 

these deficits via modulation of ERK and CREB (Alzoubi et al., 2006; Alzoubi et al., 2007). Thus, 

even if thyroid receptors do not regulate the transcription of jnk1, they may play still play a role 

by altering the transcriptional regulation of other genes that may be involved. The possibility 

that thyroid receptors may be important to the mnemonic effects of acute nicotine is currently 

being pursued via the use of TRα and TRβ knockout mice. 

Another potentially interesting factor identified by the transcription factor array, and 

that is currently under investigation, is PARP. PARP has been found to be involved in long-term 

facilitation in aplysia  (Cohen-Armon et al., 2004; Hernandez et al., 2009) and long-term 

memory formation in mice (Goldberg et al., 2009), and can be activated via the ERK signaling 

pathway (Cohen-Armon, 2007). Although no PARP binding sites were identified in the jnk1 

promoter, this enzyme may play an indirect role in the regulation of jnk1 transcription as it is 

known to take part in the formation of large transcriptional complexes (Kraus and Lis, 2003). 

PARP is a polymerase enzyme that catalyzes the addition of ADP-ribose to proteins such as 

histones and transcription factors (Quenet et al., 2009). Similar to phosphorylation or 

acetylation, ADP-ribosylation can result in a change in protein interactions that can then alter 

transcriptional regulation (Kraus and Lis, 2003). One such example of this is the addition of an 

ADP-ribose to the p53 transcription factor, a modification that alters the ability of p53 to bind to 

its DNA consensus sequence (Malanga et al., 1998). While p53 is not thought to interact with 

the jnk1 promoter, it may be the case that PARP is altering the activity of other transcription 

factors that do. Such secondary or tertiary binding to a promoter region is much more difficult 
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to pick up using the ChIP technique, but it is theoretically possible and is currently under 

investigation.  

NF-1 was a factor identified using the transcription factor array as being downregulated 

in the hippocampus following fear conditioning and nicotine administration. However, there 

was only one NF-1 binding site found in the jnk1 promoter, and it did not demonstrate 

conservation between mice and humans, suggesting this is an unlikely candidate for the 

regulation of jnk1. To date, there have been no reports of NF-1 being involved in learning, 

memory or synaptic plasticity. This may be due to the fact that the NF-1 family of transcription 

factors has been primarily implicated in the development of the nervous system and thus, 

studies using knockout animals in behavior have been limited due to lethality or abnormal 

neuronal structure (Mason et al., 2009). Nonetheless, NF-1 may still play a role in the regulation 

of genes that involved in the effects of nicotine on learning and memory. NF-1 can act as either 

a transcriptional activator or repressor, depending on the gene and cell type under study 

(Tapias et al., 2008; Schneegans et al., 2009). It may be the case that the decrease in NF-1 

following learning in the presence of nicotine results in a disinhibition of the transcriptional 

regulation of a hitherto unidentified relevant gene.  

In addition to the transcription factors identified using the transcription factor array that 

were upregulated only following learning in the presence of nicotine, there were other factors 

identified that were upregulated following fear conditioning by itself (see Figure 1). Of these 

factors, only USF1 and E2F-1 had binding sites in the jnk1 promoter region and thus could act in 

concert with CREB to regulate jnk1 transcription. Since these factors are increased by fear 

conditioning, they may bind to the jnk1 promoter, but in the absence of nicotine not be 

sufficient to increase jnk1 transcription. Fear conditioning in the presence of nicotine would 
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then lead to an increase in pCREB, which may then interact with USF1 or E2F-1 to stimulate 

transcription.  USF has previously been found to interact with CREB to regulate transcription of 

genes known to be involved in learning and memory, such as the brain derived neurotrophic 

factor (BDNF) and the metabotropic GABAB receptor (GABABR) genes (Tabuchi et al., 2002; 

Steiger et al., 2004). However, in the promoter regions of the BDNF and GABABR genes, the 

CREB and USF binding sites overlap, which results in a direct  competitive interaction of these 

proteins; whereas in the JNK1 gene the CREB and USF sites are separated by approximately 400 

bps decreasing the likelihood of their direct competitive interaction but not ruling out 

complementary interactions. E2F-1 has primarily been implicated in the regulation of apoptosis 

and cellular proliferation, and thus has been studied extensively for its role in cancer biology 

(Bell and Ryan, 2004). There is no evidence to date that E2F-1 can interact with CREB, but this 

does not necessarily rule out the possibility. Additionally, It may be the case that E2F-1 is 

regulating other genes that may interact with the JNK pathway as has been found in some 

cancer cells (Bashari et al., in press).  

Gene transcription can also be regulated by elements that are far away from promoter 

regions such as enhancers or insulators. Enhancers and insulators can be many thousands of 

base-pairs away from the promoter region of a gene but act to increase or decrease 

transcription, respectively (Zhao and Dean, 2005). These DNA sequences can bind a variety of 

proteins that indirectly interact with promoter regions through the complex tertiary structure of 

DNA molecules. An understanding of the complexity of enhancers and insulators is currently an 

active area of research as the extent of these elements in the genome is poorly understood. 

Nonetheless, certain histone modifications, such as the increase of mono-methylated histone 

H3 lysine 4 over tri-methylation of the same residues, can be used to identify enhancers 

(Heintzman et al., 2007; Heintzman et al., 2009). It could be that jnk1 transcription may, in part, 
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be regulated by interactions with such DNA elements many kilobase pairs away from the 

promoter region. Candidate genetic regions for enhancers and insulators could be identified by 

using antibodies for histone modifications known to be associated with these elements followed 

by ChIP in conjunction with high throughput DNA sequencing (known as ChIP-Seq). This is a 

relatively new field enabled by the recent developments in low-cost and high throughput DNA 

sequencing, and such investigations have recently been published for human DNA from various 

cell lines but not yet for adult mouse brain (Heintzman and Ren, 2009).  

 

Implications for Nicotine Addiction 

Increasing pCREB at the jnk1 promoter and upregulating jnk1 transcription following 

learning in the presence of nicotine may contribute to nicotine addiction by altering the strength 

of memories formed during smoking. Contextual memories that are formed during nicotine 

administration can become associated with the rewarding or reinforcing effects of the drug 

(Fudala et al., 1985; Grabus et al., 2006).  Strengthened contextual memories may result in an 

increase in the likelihood of context induced cravings, as re-exposure to a drug-associated 

context can reestablish nicotine seeking in rats (Diergaarde et al., 2008) and contextual stimuli 

can evoke cravings in humans (Rose, 2006; Ferguson and Shiffman, 2009). One of the more 

interesting findings from this and previous work (Kenney et al., 2010) is that nicotine is acting to 

usurp learning through a combination of altering signaling pathway commonly associated with 

learning and potentially novel pathways. This pathological usurpation of normal learning has 

been suggested to be one of the key characteristics of addictive drugs that contributes to the 

development and maintenance of addiction (Kelley, 2004; Hyman, 2005; Gould, 2006; Koob and 

Volkow, 2010). These changes alter the neural substrates of declarative memory, which may 
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contribute to self-identity, and thus the effects of nicotine may weave themselves into the 

neural and molecular fabric of the individual. This may explain why smokers typically consider 

their habit an integral part of their identity, even after prolonged abstinence (Haines et al., 

2009; Haines et al., 2010; Vangeli et al., 2010). These facts suggest that alterations to long-term 

memory and behavior play an important role in the development and maintenance of nicotine 

addiction.  

Another important implication of the present work is that identification of CREB binding 

sites in the jnk1 promoter may provide candidate regions for polymorphisms that contribute to 

nicotine addiction. The information obtained in the present study using ChIP allows for the 

approximate determination of the likely CREB binding site in the jnk1 promoter. By comparing 

the mouse and human genomes using the evolutionary conserved region browser available from 

NCBI (Ovcharenko et al., 2004), two highly conserved CREB binding sites immediately upstream 

from the 5’UTR in the jnk1 promoter were identified. CREB binding was greatest, and the 

increase in pCREB binding due to learning and nicotine was significant, at the region covered by 

the jnk1b primer set.  The jnk1b primer set was the closest of the sets used in the present study 

to the conserved CREB binding sites (see Figure 2), which strongly suggests that these conserved 

binding sites are the most likely candidates for the potential regulation of jnk1 transcription via 

CREB. Identifying the precise CREB binding sites is important because genetic diversity at these 

sites may play a role in determining susceptibility to nicotine addiction. If an individual has a 

mutation at one of these sites that alters CREB binding, this may serve as either a protective or 

risk factor for some of the modifications of long-term memory that nicotine is capable of 

inducing. This is an experiment that could be examined using a strain survey in mice with the 

prediction that mouse strains that have alterations in the CREB binding sites in the jnk1 

promoter that prevent or decrease CREB binding would not be susceptible to the enhancement 
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of contextual fear conditioning by nicotine. Alternatively, there could be base pair differences 

that increase the affinity of CREB for the CRE in the jnk1 promoter, and such mice may be more 

sensitive to the effects of acute nicotine on contextual fear conditioning. Understanding how 

genetic variability contributes to nicotine addiction may inform the development of therapeutics 

that could be targeted to specific populations based on their particular genetic risk factors. 

 

Limitations and Future Directions 

To more accurately determine the precise CRE in the jnk1 promoter region that may be 

regulating transcription, further investigations at both the in vivo and in vitro levels would be 

useful. In the present study ChIP was performed using sonication to shear the DNA into 

fragments approximately 200-800 bps long. This DNA fragment size is useful for the exploratory 

type experiments as in the present study because it maximizes the detection of transcription 

factor binding by covering a relatively large swath of the promoter region. However, to detect 

the CREB binding site with more precision an enzymatic shearing technique could be used with a 

DNase enzyme that randomly cuts DNA and provides resolution on the order of tens of base 

pairs. Thus, at the level of in vivo analysis, a change in the shearing technique in conjunction 

with primers that were more focused and amplified shorter pieces of the jnk1 promoter would 

allow for a more precise determination of the CREB binding sites that are occupied. At the in 

vitro level, using a mouse neuronal cell culture system, luciferase reporter assays could be used 

to determine both the specific CREB binding site that may be regulating transcription and how 

mutations in such sites would affect transcription. In a luciferase reporter assay, a construct is 

created that contains the luciferase gene in front of the promoter region of interest, such as the 

jnk1 promoter. Under the appropriate conditions, luciferase fluoresces and can be detected and 



26 
 

quantified using the appropriate imaging techniques, thereby providing a read out of the ability 

of the promoter to stimulate transcription.  By either deleting or altering one or a few base pairs 

in the conserved CREs in the jnk1 promoter, the sites that are most important for regulating the 

transcriptional activity of the promoter can be determined. 

 To further confirm the finding in the present study that CREB phosphorylation likely 

regulates jnk1 transcription an additional experiment would need to be performed. While the 

findings using ChIP are strongly suggestive of a role for CREB phosphorylation in jnk1 

transcription following learning in the presence of nicotine, it does not demonstrate the 

necessity of pCREB for transcriptional regulation. To determine if CREB is necessary for this 

effect, jnk1 transcription in the hippocampus following fear conditioning and nicotine should be 

examined in mice lacking CREB. If CREB is a critical factor for the upregulation of jnk1 

transcription, then mice lacking CREB should not have an upregulation of jnk1 whereas their 

wild-type counterparts should. Mice lacking CREB in the hippocampus are available in the lab of 

one of our collaborators and animals are currently being bred for this experiment. At the current 

time, transgenic mouse technology is one of the most promising routes for directly determining 

if CREB is critical to the regulation of hippocampal jnk1 transcription following learning in the 

presence of nicotine as small chemical inhibitors of CREB have yet to be identified. Other 

methods to consider are the use of viral vectors to either express a dominant negative form of 

CREB or to knockdown the CREB gene via RNA interference in the dorsal hippocampus, both of 

which would disrupt CREB signaling (Carlezon et al., 1998; Hommel et al., 2003; Brunzell et al., 

2009). After a decrease in CREB activity is induced, the regulation of jnk1 could be examined 

with the prediction that a decrease in CREB would result in a decrease in hippocampal jnk1 

expression following learning in the presence of nicotine. 
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Conclusion 

Taken together, the findings from the present study strongly implicate CREB 

phosphorylation as a mechanism for the regulation of jnk1 transcription in the hippocampus 

following learning in the presence of nicotine. Implicating CREB phosphorylation in the 

mnemonic effects of nicotine suggests the involvement of various signaling molecules upstream 

from CREB. The identification of specific CREB binding sites in the jnk1 promoter may allow for 

the development of individually tailored therapeutics based on genetic variability at these 

regions. Finally, the potential involvement of other factors identified using the transcription 

factor array may provide a more complete picture regarding how nicotine and learning interact 

to alter gene transcription and synaptic plasticity. Elucidating these molecular mechanisms is 

important for forming a more complete picture of how nicotinic receptors contribute to learning 

and memory processes in both health and disease.  
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Table 1 
Primers for qPCR. 

Target Forward (5’-3’) Reverse (5’-3’) 

jnk1a CCGCTGTCCCTTTGTCTTG GCACATCTATTCTGTTCCATACTACC 
jnk1b GGGAGGAGGGGTTAGTGTTT GAGGCTCGTCAGTTTATCCG 

jnk1c TGTAATGGGAACAGTCTACCTGAA CTCGCCAACAACGGAGAA 
nr4a2 GTGTGAGGACGCAAGGTCTG CACGACTGGGGCTGATTT 
LINE1 AAACGAGGAGTTGGTTCTTTGAG TTTGTCCCTGTGCCCTTTAGTGA 
MBP-TRE CGGCTTTGTCCCCCTCTA TTGCCAGTTATTCTTTGGGTCT 
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Figure 1. Examination of changes in transcription factor binding in the hippocampus using a 

protein/DNA transcription factor array. A) An example of one of the arrays (array I) showing 

chemiluminescent imaging of from the no fear conditioning and saline (No FC + Sal) group 

compared to mice that were trained in fear conditioning in the presence of saline (FC + Sal) or 

nicotine (FC + Nic). B) A summary of all the significant findings from the four transcription factor 

arrays examined. C) A table of the significant findings from the four transcription factor arrays 

examined. Spots outlined in green or red boxes indicate factors that demonstrate a significant 

increase or decrease, respectively, in transcription factor binding as compared to the No FC + Sal 

group. *-indicates at least a 2 or 0.5 fold change from the No FC + Sal group.  
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Figure 2. Depiction of the jnk1 promoter region and associated transcription factor binding sites. 

Black lines labeled “jnk1a”, “jnk1b” and “jnk1c” indicate the areas covered by the primer 

sequences used in qPCR. Black and blue boxes next to transcription factors indicate approximate 

placement of theoretical transcription factor binding sites. Blue boxes indicate transcription 

factor binding sites that are conserved between mice and humans. 
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Figure 3. ChIP for CREB in the hippocampus. A) Percent input values for the three primers 

covering the jnk1 promoter region, the positive control primer for the CREB binding site in the 

nr4a2 gene and the negative control LINE1 demonstrating the relative CREB occupancy at these 

sites. B) Expression of the CREB ChIP data as fold enrichment over LINE1. All jnk1 and nr4a2 

promoter primers demonstrated significant enrichment over LINE1 suggesting that CREB is 

bound to these sites. C) Binding of CREB to the jnk1 and nr4a2 promoters and LINE1 in mice that 

remained in the home-cage and received nicotine or were subjected to fear conditioning and 

received saline or nicotine expressed as fold change relative to mice that remained in their 

home-cage and received saline. There were no significant differences in CREB binding due to 

nicotine administration or fear conditioning.  
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Figure 4. ChIP for phospho-CREB (pCREB) in the hippocampus. A) Percent input values for the 

three primers covering the jnk1 and nr4a2 promoter regions and the negative control LINE1 

demonstrating the relative pCREB occupancy at these sites. B) Expression of the pCREB ChIP 

data as fold enrichment over LINE1. All jnk1 and nr4a2 promoter primers demonstrated 

significant enrichment over LINE1 suggesting that pCREB is indeed bound to these sites. C) 

Binding of pCREB to the jnk1 and nr4a2 promoters and LINE1 in mice that remained in their 

home-cage and received nicotine or were subject to fear conditioning and received saline or 

nicotine expressed as fold change relative to mice that remained in their home-cage and 

received saline. * p < 0.05 compared to the No FC + Sal group.  
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Figure 5. ChIP for pCREB in the cerebellum. A) Percent input values for the jnk1b primer set in 

the jnk1 promoter, the CREB binding site in the nr4a2 promoter and LINE1 demonstrating 

relative pCREB occupancy at these sites in the cerebellum. B) Expression of the pCREB data as 

fold enrichment over LINE1. There was significant enrichment of pCREB over LINE1 in both the 

jnk1 and nr4a2 promoter regions suggesting pCREB is bound to these sites in the cerebellum. C) 

Binding of pCREB to the jnk1 and nr4a2 promoter regions and LINE1 in mice that received fear 

conditioning and nicotine as compared to home-cage control mice. There was no change in 

pCREB binding following fear conditioning in the presence of nicotine in the cerebellum. 
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Figure 6. ChIP for H3Ac in the hippocampus. A) Percent input values for the three primers 

covering the jnk1and nr4a2 promoter regions and LINE1 demonstrating relative level of 

chromatin accessibility to the underlying DNA at these regions. B) Expression of H3Ac ChIP data 

as fold enrichment over LINE1. All primer sets examined demonstrated enrichment over LINE1 

suggesting these regions are more accessible to transcription factor binding than LINE1. C) H3 

acetylation at jnk1 and nr4a2 promoter regions and LINE1 in mice that remained in their home-

cage and received nicotine, were subjected to fear conditioning and received saline  or nicotine 

expressed as fold change relative to mice that remained in their home-cage and received saline. 

There were no changes in H3 acetylation due to nicotine administration or fear conditioning. 
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Figure 7. ChIP for H4Ac in the hippocampus. A) Percent input values for the three primers 

covering the jnk1and nr4a2 promoter regions and LINE1 demonstrating relative level of 

chromatin accessibility to the underlying DNA at these regions. B) Expression of H4Ac ChIP data 

as fold enrichment over LINE1. All primer sets examined demonstrated enrichment over LINE1 

suggesting these regions are more accessible to transcription factor binding than LINE1. C) H3 

acetylation at jnk1 and nr4a2 promoter regions and LINE1 in mice that remained in their home-

cage and received nicotine, were subjected to fear conditioning and received saline  or nicotine 

expressed as fold change relative to mice that remained in their home-cage and received saline. 

There were no changes in H4 acetylation due to nicotine administration or fear conditioning. 
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Figure 8. ChIP for TRβ1 in the hippocampus. A) Percent input values for the three primers 

covering the jnk1 promoter, the primer covering the MBP-TRE and LINE1 demonstrating relative 

level of transcription factor occupancy at these sites. B) Expression of TRβ1 ChIP data as fold 

enrichment over LINE1. Only the jnk1a and MBP-TRE primer sets were significantly increased 

over LINE1 suggesting that TRβ1 is bound to these sites but not to the jnk1b and jnk1c sites. C) 

TRβ1 binding at the jnk1 promoter region and the MBP-TRE and LINE1 in mice that remained in 

their home-cage and received nicotine or were subjected to fear conditioning and received 

saline or nicotine. There were no changes in TRβ1 binding due to nicotine administration or fear 

conditioning. 
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Figure 9. A simplified model of the potential mechanisms involved in the enhancement of 

learning and memory by nicotine. Nicotine and fear conditioning may both be acting to modify 

the same pathway, in this case most likely via ERK (left side). ERK in turn phosphorylates 

RSK/MSK which then activate CREB at the jnk1 promoter. Alternatively, nicotine and fear 

conditioning could be modulating parallel pathways. While ERK is known to be upstream from 

CREB and involved in fear conditioning so are PKA, p38 MAPK and CaMKIV. It may be the case 

that nicotine administration results in an increase in the signaling of PKA, p38 or CaMK to 

stimulate CREB phosphorylation at the jnk1 promoter (right side). Glowing proteins signify 

greater activation due to fear conditioning in the presence of nicotine as opposed to fear 

conditioning alone. 
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APPENDIX 
 

SUPPLEMENTARY MATERIALS 
 

Quantitative Polymerase Chain Reaction (qPCR) 

PCR is a method by which a particular genetic sequence in a DNA sample can be 

amplified, thus allowing for easier detection of the targeted genetic sequence. The reaction 

consists of the DNA of interest, primers (DNA fragments specific to the DNA flanking the 

sequence of interest), free floating nucleotides and taq polymerase (an enzyme that binds to 

double stranded DNA and incorporates 

complementary base pairs). The reaction 

proceeds as follows: 

Step 1: The DNA is heated to 95 ˚C, which 

causes the double stranded DNA to 

denature (figure 1, #5). 

Step 2: The temperature is decreased to 

about 60 ˚C, thereby allowing the primers 

to anneal to their complementary 

sequences on the DNA sample (figure S1, 

#6). 

Step 3: The temperature is increased to 

72˚C, the temperature at which taq polymerase is most active. Taq polymerase then binds to the 

primers and initiates polymerization via the incorporation of free floating nucleotides into a 

double stranded DNA molecule.  

Figure S1. Image from http://universe-review.ca/R11-16-
DNAsequencing.htm. For a nice video description please see 
http://www.youtube.com/watch?v=_YgXcJ4n-kQ 
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This process is then repeated (typically 30-40 times), resulting in amplification of the target 

sequence.  

qPCR, also known as real-time PCR, is a technique that allows for the examination of an 

increase in double stranded DNS (dsDNA) after each cycle. This real-time information allows for 

quantification of the initial amount of DNA in the sample. For qPCR, an additional dye, 

SybrGreen, is required to visualize the amplified DNA. SybrGreen is a dye that fluoresces when 

bound to dsDNA. Thus, as the dsDNA in the PCR reaction increases, so does the fluorescence 

signal from SybrGreen. 

 Real-time visualization allows for the exploration of the three phases of PCR 

amplification (figure S2 from (VanGuilder et al., 2008)): 

 

Figure S2. qPCR example; see text for details 
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Initially there is a baseline phase in which the signal to noise ratio is too low for detection of the 

PCR product (the baseline phase is not indicated in the figure). After the baseline phase, an 

exponential increase in the PCR product can be detected. It is at this point the differences in the 

amount of starting DNA will most detectable and provide the most reliable and least variable 

data. Following the exponential phase is a linear phase in which the exponential PCR reaction is 

restricted by the physical limitations of the reaction, such as finite amounts of excess 

nucleotides. Finally, once all the reaction components are exhausted, the plateau phase is 

reached, at which point no more PCR product can be produced. For quantitative analysis, a 

threshold is set such that it crosses the exponential phase of each reaction. The cycle number at 

threshold (Ct) is then indicative of the starting amount of DNA in the specific reaction. Lower Ct 

values indicate greater amounts of the target sequence in the initial sample. When the 

threshold is set in the exponential phase, each 1 Ct difference between two samples represents 

a 2-fold difference in the initial amounts of the targeted DNA sequence. These Ct values can 

then be used to determine the actual amount of starting DNA in the sample of interest via 

comparison to a standard curve of known DNA concentration (absolute quantification) or can be 

compared to other experimental groups (relative quantification). For the purposes of the 

accompanying dissertation proposal, relative quantification will be used, as we are interested in 

determining if our manipulation increases the amount of transcription factor binding to a 

particular DNA sequence relative to the amount of DNA in a control group. 
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Chromatin Immunoprecipitation (ChIP) 

 ChIP is a technique that allows for the in vivo examination of protein-DNA interactions. 

Transcription factors (TFs) bind to DNA to regulate the transcription of various genes. The first 

step in many ChIP protocols is to expose the tissue of interest to formaldehyde. Formaldehyde 

creates a protein-DNA 

and protein-protein 

crosslinks thereby 

“freezing” all 

interactions and 

allowing for a 

snapshot of the 

interactions between 

various molecular 

components (see 

figure S3). Following 

the crosslinking, the 

DNA/protein complexes are sheared into ~600bp pieces via sonication. Once sonicated, the 

complexes are incubated with an antibody specific to the TF of interest (e.g, CREB) along with 

beads that are coated with protein A/G. One side of the antibodies will bind to the TF of interest 

and the other side to the protein A/G that coats the beads. The bead-antibody-protein-DNA 

complex is then washed, crosslinks reversed and resulting DNA purified. We then have a DNA 

sample that is enriched for binding to the TF of interest. If the particular TF that we probe is 

Figure S3. See text for details. From: 
http://www.usbweb.com/category.asp?cat=252&id=78460 
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bound to the DNA sample in greater numbers following our manipulation, then there should be 

an increase in amount of bound DNA that should be detectable via qPCR.  

 
 


