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ABSTRACT 
 

Strain-dependent and Age-dependent Effects of Acute Nicotine, Chronic Nicotine, and 

Withdrawal from Chronic Nicotine on Fear Conditioning 

George Portugal 

Doctor of Philosophy 

Temple University 2010 

Doctoral Advisory Committee Chair: Thomas J. Gould 

Research in both humans and animals demonstrates that nicotine addiction is a 

complex disorder that can be influenced by several factors.  For instance, individual 

differences in genetics can impact sensitivity to nicotine and can modulate the severity of 

nicotine withdrawal.  Although nicotine alters cognitive processes such as learning and 

memory, it remains unknown whether genetic variability modulates the effects of 

nicotine on these cognitive functions.  Thus, the present study characterized the effects of 

acute, chronic, and withdrawal from chronic nicotine administration on fear conditioning 

in 8 strains of inbred mice.  Furthermore, nicotine withdrawal-related changes in somatic 

signs and the elevated plus maze were examined because nicotine withdrawal consists of 

multiple symptoms that can include increased somatic signs and increased anxiety.  

Strain-dependent effects of acute nicotine and nicotine withdrawal on contextual fear 

conditioning were observed in several inbred strains.  However, the effects of acute 

nicotine on contextual fear conditioning were not associated with the effects of nicotine 

withdrawal, suggesting that different genetic substrates may mediate these two effects.  

Nicotine withdrawal produced few changes in somatic signs and exploration in the 

elevated plus maze.  Overall, these data demonstrate that genetics contribute to variability 
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in the effects of acute nicotine and withdrawal from chronic nicotine treatment on 

contextual fear conditioning. The identification of genes that may alter the effects of 

nicotine on cognition may lead to more efficacious treatments for nicotine addiction. 

The age during which nicotine use begins is a second factor that may influence 

the severity of nicotine addiction.  Pre-adolescence and adolescence are periods of 

development that have an increased risk for developing addiction to nicotine.  Nicotine 

alters contextual learning, but it remains unknown whether these effects are age-

dependent.  Therefore, the present study examined the effects of acute, chronic, and 

withdrawal from chronic nicotine on fear conditioning in pre-adolescent, adolescent, and 

adult mice.  In addition, we investigated whether exposure to chronic nicotine during pre-

adolescence or adolescence has long-lasting effects on contextual learning that occurs 

during adulthood.  Pre-adolescent mice were more sensitive to the effects of acute 

nicotine than adolescents and adults, showed enhanced contextual learning when treated 

with high doses of chronic nicotine, and were less sensitive than adolescents and adults to 

nicotine withdrawal-related deficits in contextual learning.  In contrast, adolescent mice 

were less sensitive to the effects of acute nicotine on contextual learning than pre-

adolescents and adults and were more sensitive to nicotine withdrawal-related deficits in 

contextual learning relative to pre-adolescents and adults.  Chronic nicotine exposure 

during pre-adolescence or adolescence also produced long-lasting impairments in 

contextual learning that were observed during adulthood, whereas adult chronic nicotine 

exposure had no effect on fear conditioning.  Together, these data suggest that pre-

adolescent and adolescent nicotine exposure has both short-term and long-term effects on 
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contextual learning that may play an important role in the development and maintenance 

of nicotine addiction.   
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CHAPTER 1 

INTRODUCTION 

 Despite overwhelming evidence of the harmful effects of tobacco use, an 

estimated 1.1 billion people worldwide are smokers (Jha et al., 2002; Anderson, 2006). In 

the United States, tobacco use is the leading preventable cause of death, with an 

estimated 467,000 deaths occurring each year (Danaei et al., 2009). The economic burden 

of tobacco use in the United States is also high: it is estimated that tobacco use costs the 

U.S. economy $157 billion each year in lost productivity and medical expenses (Center 

for Disease Control., 2002). It is encouraging that 41.2% of the estimated 45.8 million 

smokers in the United States have attempted to quit (Center for Disease Control., 2004). 

However, only 6 – 9% of smokers successfully quit smoking after 12 months (McIlvain 

et al., 1995; Lee and Kahende, 2007).  The high worldwide prevalence of tobacco use and 

low smoking quit rates highlight the importance of developing more effective smoking 

cessation treatments. 

Tobacco addiction is a complex disorder that can be modulated by both genetic 

and developmental factors (Chambers et al., 2003; Ho and Tyndale, 2007), and an 

improved understanding of how these factors alter risk for tobacco addiction may aid in 

the development of more effective smoking cessation treatments.  Research has 

demonstrated that variability in several genes that are involved in neurotransmission and 

nicotine metabolism are associated with differences in phenotypes such as smoking 

initiation, nicotine dependence, and number of cigarettes smoked daily (see Ho and 

Tyndale, 2007 for review).  These studies are supported by research using genetically 

modified mice and by strain studies that compare the effects of nicotine in multiple 
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strains of inbred mice (Robinson et al., 1996; Grabus et al., 2006; Damaj et al., 2007; 

Jackson et al., 2008).  It is also clear that exposure to nicotine during pre-adolescence or 

adolescence is also associated with a greater risk for the onset of nicotine addiction 

(Giovino, 2002; Nelson et al., 2008).  For instance, studies with smokers have 

demonstrated that smoking initiation during pre-adolescence or adolescence is predictive 

of a more severe addiction (Everett et al., 1999), and research in rats and mice has shown 

that adolescent rodents are more sensitive to the positive effects of nicotine and less 

sensitive to the negative effects of nicotine withdrawal (O'Dell, 2009).   

Nicotine-induced changes in cognitive processes may facilitate the development 

and maintenance of nicotine addiction (Kelley, 2004; Hyman, 2005; Gould, 2006; Davis 

and Gould, 2008; Koob and Volkow, 2010).  For example, several studies have 

demonstrated that stimuli associated with smoking will elicit cravings in both withdrawn 

smokers and non-withdrawn smokers (Lazev et al., 1999; Geier et al., 2000; Due et al., 

2002; Franklin et al., 2007), and contextual cues that indicate smoking availability can 

also increase cravings for smoking (Dols et al., 2000; Dols et al., 2002; Thewissen et al., 

2005).  These data suggest that maladaptive drug-context associations may lead to 

increased cravings that can lead to continued nicotine use.  Furthermore, nicotine 

withdrawal can disrupt cognitive processes such as learning and memory (Jacobsen et al., 

2005; Mendrek et al., 2006; Jacobsen et al., 2007), and deficits in working memory can 

predict the likelihood of relapse during abstinence from tobacco (Patterson et al., 2010).  

Thus, withdrawal-related deficits in learning and memory may contribute to nicotine 

addiction by facilitating relapse.  Consistent with these data, research in mice has 

demonstrated that acute nicotine enhances contextual fear conditioning in C57BL/6J mice 
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but has no effect on cued fear conditioning (Gould and Wehner, 1999a; Gould and 

Higgins, 2003; Wehner et al., 2004; Davis et al., 2005; Davis et al., 2006; Davis et al., 

2007).  Furthermore, withdrawal from chronic nicotine impairs contextual but not cued 

fear conditioning (Davis et al., 2005; Davis and Gould, 2007a; Portugal and Gould, 2007; 

André et al., 2008; Portugal et al., 2008; Davis and Gould, 2009).  It remains unknown 

whether the effects of nicotine on cognitive processes can be modulated by individual 

differences in genetics or by age-dependent effects.  Therefore, the goal of the present 

studies is to examine the influence of genetic and developmental factors on nicotine 

modulation of fear conditioning.  Specifically, Chapter 2 will discuss research that 

characterized the effects of acute, chronic, and withdrawal from chronic nicotine on fear 

conditioning in eight strains of inbred mice.  In Chapter 3, age-dependent effects of acute, 

chronic, and withdrawal from chronic nicotine on fear conditioning were examined in 

pre-adolescent, adolescent, and adult mice are discussed.  
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CHAPTER 2 

STRAIN-DEPENDENT EFFECTS OF ACUTE, CHRONIC, AND WITHDRAWAL 

FROM CHRONIC NICOTINE ON FEAR CONDITIONING 

 

Rationale 

Despite overwhelming evidence of the harmful effects of tobacco use, only a 

small percentage of smokers successfully quit smoking (McIlvain et al., 1995; Lee and 

Kahende, 2007).  Furthermore, current treatments for smoking cessation only produce a 

small increase in the likelihood of successfully quitting, which highlights the need for 

more effective strategies that facilitate smoking cessation (Silagy et al., 2004; Cahill et 

al., 2007; Hughes et al., 2007).  An improved understanding of the genetic factors that 

alter risk for becoming addicted may aid in the development of new treatments for 

tobacco use.  Research focusing on nicotine, the primary addictive component of tobacco 

(Benowitz, 1988), has demonstrated that genetic variability can alter sensitivity to 

nicotine.  Heritability studies in humans have demonstrated that genetic factors account 

for a large percentage of variability in smoking-related behaviors such as smoking 

initiation (~50 – 60%), nicotine dependence (~60 – 76%) and smoking cessation (~54 – 

57%) (Sullivan and Kendler, 1999; Li et al., 2003; Xian et al., 2003; Hardie et al., 2006; 

Haberstick et al., 2007).  Furthermore, candidate gene and genome-wide association 

studies have identified single nucleotide polymorphisms (SNPs) in genes that encode 

dopamine receptors, nicotinic acetylcholine receptors (nAChRs), serotonin receptors, and 

proteins involved in nicotine metabolism that were associated with smoking phenotypes 

(see Ho and Tyndale, 2007 for review).  These data suggest that a wide array of genes are 
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involved in determining sensitivity to the effects of nicotine, but there is much that 

remains unknown about the genetic factors that alter risk for nicotine addiction. 

One approach to identify genetic factors that alter nicotine sensitivity is to 

characterize the behavioral effects of nicotine in inbred mice.  Given that mice within an 

inbred strain are genetically identical to each other after 20 generations of breeding (Lyon 

and Searle,1989), differences in the behavioral effects of nicotine between two or more 

strains would indicate that variability in genetics can influence nicotine sensitivity.  The 

effects of nicotine on physiological measures such as respiration, heart rate, and 

locomotor activity differ between multiple strains of inbred mice, and strain-dependent 

differences in tolerance to the effects of nicotine on physiological measures have also 

been reported (Collins et al., 1988; Marks et al., 1989a; Marks et al., 1991).  Additional 

studies have identified between-strain differences in the effects of nicotine on reward, 

nicotine conditioned place preference, and antinociception (Robinson et al., 1996; Grabus 

et al., 2006; Damaj et al., 2007; Jackson et al., 2008).  Furthermore, Marks and 

colleagues (1989b) have demonstrated that binding sites for nicotine vary between 

strains, suggesting that genetic variability may alter the functional properties of nAChRs.  

Together these data reveal that genetic variability can influence sensitivity to the 

behavioral effects of nicotine, but the genes that regulate these effects remain unknown.  

Furthermore, many of the behavioral effects of nicotine have not been studied in multiple 

inbred strains. 

The characterization of strain differences in the behavioral effects of nicotine can 

be used in the development of subsequent quantitative trait loci (QTL) studies.  QTL 

studies typically cross two strains that differ dramatically in a phenotype of interest, and 
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the behavior and genotypes of the F2 hybrid mice can be used to identify regions of the 

mouse genome associated with the behavioral effects of nicotine.  QTL studies in mice 

have identified chromosomal loci associated with some behavioral effects of nicotine.  A 

study using recombinant congenic strains (RCS) that were derived from C57BL/6J and 

A/J progenitor strains found loci on chromosomes 2, 7, 8, 11-14, 16 and 17 that were 

associated with the locomotor enhancing effects of nicotine (Gill and Boyle, 2005).  

These QTL were tested in a follow-up study; the association between the locomotor 

activating effects of nicotine and loci on chromosomes 2, 11, 14, 16, and 17 was 

replicated using an F2 cross and/or chromosomal substitution strains derived from 

C57BL/6J and A/J mice (Boyle and Gill, 2009).  Furthermore, Li and colleagues (2007) 

used an F2 cross between C57BL/6J and C3H/HeJ mice to identify loci on chromosomes 

1, 4, 7, and 15 that were associated with oral nicotine consumption.  Interestingly, the 

QTL on chromosome 1 identified in this study is syntenic with chromosome 1 in humans 

and has been associated with smoking quantity (Wang et al., 2005).  Thus, QTL studies 

have identified regions of the genome that are associated with the effects of nicotine on 

locomotor activity and nicotine consumption.  Beyond the studies mentioned, few studies 

to date have used this approach in mice to identify chromosomal regions associated with 

the behavioral effects of nicotine. 

 Data from strain studies can also be informative for the development of 

genetically modified mice.  Researchers developing new lines of genetically modified 

mice will use inbred mice or F1 hybrids that have high rates of fertilization and that have 

a greater number of implanted embryos that survive until birth (Auerbach et al., 2003).  

Although these factors are important to consider when developing genetically modified 
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mice, other factors such as genetic background should also be considered.  For example, 

the behavioral effects of nicotine can be tested in knockout (KO) mice that lack a target 

gene, or in knockin (KI) mice that have had a target gene inserted that alters the function 

of the target gene.  However, these data would be difficult to interpret if nicotine 

produced no change in behavior in wild-type mice.  Thus, data from strain studies can 

indicate which strains and F1 hybrids show the greatest and least sensitivity to the effects 

of nicotine; these data can be used to select an inbred strain for developing new lines of 

genetically modified mice that are optimal for investigating genes that alter sensitivity to 

nicotine. 

 Although some behavioral effects of nicotine have been characterized in strain 

studies, it remains unknown whether genetic variability can alter the effects of nicotine 

on cognitive processes such as associative learning.  Studies using C57BL/6J mice have 

demonstrated that nicotine alters contextual learning in Pavlovian fear conditioning.  

Mice trained in fear conditioning learn to associate a footshock with a training context 

and a white noise (contextual and cued fear conditioning, respectively).  Acute nicotine 

enhances contextual fear conditioning but has no effect on cued fear conditioning (Gould 

and Wehner, 1999a; Gould and Higgins, 2003; Wehner et al., 2004; Davis et al., 2005; 

Davis et al., 2006; Davis et al., 2007).  However, Davis and colleagues (2005) reported 

that chronic nicotine does not alter fear conditioning, even though the dose chosen in this 

study produced equivalent plasma nicotine levels as an acute dose that enhanced 

contextual fear conditioning.  Lastly, withdrawal from chronic nicotine impairs 

contextual but not cued fear conditioning (Davis et al., 2005; Davis and Gould, 2007a; 

Portugal and Gould, 2007; André et al., 2008; Portugal et al., 2008; Davis and Gould, 
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2009).  Although these effects have been well characterized in C57BL/6J mice, it remains 

unknown whether differences in genetics can alter sensitivity to the effects of nicotine on 

fear conditioning.  Therefore, the present study investigated the effects of acute, chronic, 

and withdrawal from chronic nicotine on fear conditioning in 8 inbred strains of mice; 

differences in the effects of nicotine between strains would reveal that genetic factors 

influence the effects of nicotine on fear conditioning.  Nicotine withdrawal consists of 

multiple symptoms such as increased somatic symptoms (e.g. changes in grooming, 

scratching, or shaking), and increased anxiety that can be studied using the elevated plus 

maze (Damaj et al., 2003; Jackson et al., 2008).  It is possible that different genetic 

substrates may alter the severity of each withdrawal-related change in behavior.  Thus, 

the present study also investigated the effects of chronic nicotine and nicotine withdrawal 

on the elevated plus maze and somatic symptoms in 8 inbred strains of mice.   

 

Methods 

Subjects 

 Male A/J (A), BALB/cByJ (BALB), C3H/HeJ (C3H), C57BL/6J (B6), CBA/J 

(CBA), DBA/1J (D1), and DBA/2J (D2) mice were obtained from Jackson Laboratory 

(Bar Harbor, ME).  129/SvEv (129) mice were obtained from Taconic Farms 

(Germantown, NY).  All mice were 8-12 weeks of age at the time of training and testing.  

These inbred mouse strains were selected because fear conditioning has been previously 

demonstrated in these strains (Owen et al., 1997; Bolivar et al., 2001; Balogh and 

Wehner, 2003).  Mice were maintained on a 12 hour light/dark cycle (lights on at 7:00 

a.m.) and were provided with unlimited access to food and water.  All behavioral and 
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surgical procedures were approved by the Temple University Institutional Animal Care 

and Use Committee. 

 

Apparatus 

Mice were trained and tested in contextual fear conditioning in four identical 

conditioning chambers (17.78 X 19.05 X 38.10 cm.) housed in sound attenuating boxes 

(Med Associates, St. Albans, VT).  The chambers had a stainless steel grid floor that 

consisted of 18 metal rods, which were connected to a shock generator and scrambler.  

The side walls of each chamber were made of stainless steel and all other walls were 

made of clear Plexiglas.  Speakers mounted on the right wall of each chamber were used 

to administer a white noise conditioned stimulus (CS).  Ventilation fans attached to the 

right wall of each sound attenuating box provided air exchange and background noise (69 

dB).  A computer using MED-PC software (Med-Associates, St. Albans, VT) was 

connected to each chamber and controlled stimulus administration.  The testing of cued 

fear conditioning occurred in four identical altered chambers (20.32 X 22.86 X 17.78 cm) 

housed in sound attenuating boxes that were located in a different room from the training 

chambers.  Each chamber had aluminum side walls, and all other walls were made of 

clear Plexiglas.  Chamber floors were made of white plastic.  Speakers mounted on the 

left wall of each chamber were used to administer the white noise CS, and ventilation 

fans attached to the sound attenuating box provided 69 dB background noise.  A vanilla 

extract olfactory cue was added prior to testing to further distinguish these chambers 

from the training chambers. 
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The effects of nicotine withdrawal on anxiety were tested with an elevated plus-

maze that was constructed of gray Plexiglas.  Two open arms (7.6 x 30.6 cm) and two 

closed arms (7.6 x 30.6 x 15.5 cm) and a center platform (7.6 x 7.6 cm) were elevated off 

the floor by a wooden platform measuring 62.8 cm in height.  A 300 lux florescent 

ceiling light illuminated the room while experiments were conducted, and a solution of 

70% ethanol was used to clean the elevated plus maze after the end of each session.  Mice 

were tested for somatic signs during nicotine withdrawal in a clean home cage that was 

filled with bedding and was made of clear plastic.  The home cage was placed on a 

counter and somatic signs were recorded in the same room that was used for the elevated 

plus maze test.   

 

Behavioral Procedures 

Fear Conditioning 

 The procedure for delay fear conditioning was identical to those described in 

previous studies (Gould and Wehner, 1999a; Gould et al., 2004).  Briefly, freezing was 

defined as the lack of all movement other than respiration (Blanchard and Blanchard, 

1969) and was scored using a time-sampling procedure, in which mice are observed 

during 10 second intervals and were scored as freezing or active (Gould and Wehner, 

1999a).  Training began with the activation of the house light and baseline activity was 

scored for 120 seconds.  Next, a 85 dB white noise CS (30 seconds) was activated and 

co-terminated with a 0.57 mA footshock unconditioned stimulus (US; 2 seconds).  

Immediate freezing was scored for 120 seconds after the first CS-US pairing, and was 

followed by a second CS-US pairing.  The training session ended with a 30 second 



 

11 
 

interval during which freezing behavior was not recorded.  The testing of contextual and 

cued fear conditioning occurred 24 hours later.  To test for contextual fear conditioning, 

mice were returned to the training chambers and freezing was scored for 5 minutes.  

Generalized freezing and cued fear conditioning was tested one hour later in an altered 

context.  Mice were placed in the altered context chambers and generalized freezing was 

scored for the first 3 minutes.  After generalized freezing was scored, the CS was 

activated for 3 minutes and cued fear conditioning was scored during this period. 

Somatic Signs during Nicotine Withdrawal 

Mice were tested for somatic signs of nicotine withdrawal using a procedure that 

has found increased symptoms in C57BL/6J mice withdrawn from 24 - 48 mg/kg/d 

nicotine (Damaj et al., 2003).  Mice were placed in a home cage and somatic signs of 

nicotine withdrawal were recorded for 20 minutes.  Consistent with previous literature 

(Damaj et al., 2003; Salas et al., 2004; Salas et al., 2007), the following somatic signs 

were recorded: grooming, scratching, shaking, retropulsion, jumping, writhing, and head 

nodding.  The total number of somatic signs was also calculated for each mouse.  Video 

recordings of each session were made and were scored manually. 

Elevated Plus Maze 

To examine the effects of nicotine withdrawal on the elevated plus maze, mice 

were placed in the center portion of the maze and the total time spent in all parts of the 

maze (closed arms, open arms, and center) was recorded over a 5 minute period.  This 

procedure has been used in previous studies that reported nicotine withdrawal-associated 

increases in anxiety, as measured by decreased time spent on the open arms of the 

elevated plus maze (Damaj et al., 2003; Jackson et al., 2008).  An entry into an arm was 
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defined as instances where the mouse’s head had entered an arm.  Video recordings of 

each session were made and scored manually with the assistance of a custom-made 

computer program.   

 

Drug Administration and Experimental Design 

For all experiments, nicotine hydrogen tartrate salt (Sigma Co., St. Louis, MO) 

was dissolved in physiological saline and administered via an intraperitoneal (i.p.) 

injection or by mini-osmotic pump (model 1002; Alzet, Cupertino, CA).  All doses of 

nicotine are reported in freebase weight.   

The effects of acute nicotine on fear conditioning 

To investigate the effects of acute nicotine on contextual fear conditioning, mice 

were administered saline, 0.045, 0.09, or 0.18 mg/kg nicotine i.p. five minutes before 

both the training and testing of contextual and cued fear conditioning (n = 8 – 14 per 

group).  The selection of acute nicotine doses was based on research demonstrating that 

0.045 and 0.09 mg/kg nicotine enhances contextual fear conditioning in C57BL/6J mice 

(Gould and Higgins, 2003; Davis et al., 2006; Davis and Gould, 2007b; Raybuck and 

Gould, 2007; André et al., 2008; Portugal et al., 2008).   

The effects of nicotine withdrawal on somatic signs, elevated plus maze, and fear 

conditioning 

To examine the effects of withdrawal from chronic nicotine on somatic signs, 

elevated plus maze, and fear conditioning, mini-osmotic pumps were filled with 3.0, 6.3, 

12.0 mg/kg/day nicotine or saline (n = 9 – 16 per group), and mice received chronic 

nicotine treatment for 12 days.   All mini-osmotic pumps were removed on day 12 and 
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behavioral observation commenced on day 13.  These doses of chronic nicotine were 

chosen because previous studies reported that withdrawal from 6.3 mg/kg/day chronic 

nicotine disrupts contextual fear conditioning in C57BL/6J mice (Davis et al., 2005; 

Portugal and Gould, 2007; André et al., 2008; Raybuck et al., 2008).  Initially, mice were 

evaluated for somatic signs.  One hour later, withdrawal-related changes in anxiety were 

measured on the elevated plus maze.  Next, the training of contextual and cued fear 

conditioning occurred two hours later.  Finally, the testing of contextual and cued fear 

conditioning occurred on day 14 (twenty-four hours after mice were trained).  Previous 

research has shown that nicotine withdrawal disrupts learning contextual fear 

conditioning but not recall of prior learned associations (Portugal et al., 2008).   

The effects of chronic nicotine on somatic signs, elevated plus maze, and fear 

conditioning 

Withdrawal from 12.0 mg/kg/day chronic nicotine disrupted contextual fear 

conditioning in five of the eight strains (see results section).  However, it was unclear 

whether this impaired contextual fear conditioning was due to chronic nicotine treatment 

or whether it was due to nicotine withdrawal.  Thus, the effects of chronic nicotine on 

somatic signs, elevated plus maze, and fear conditioning were examined; mini-osmotic 

pumps were implanted subcutaneously and contained saline or 12.0 mg/kg/day nicotine 

(n = 7 – 10 per group).  Mice received chronic nicotine treatment for 14 days, with 

behavioral training occurring on day 13.  The behavioral procedures were identical to 

those outlined in the nicotine withdrawal experiments above, except that mice were 

administered chronic nicotine or saline during somatic sign observations, elevated plus 

maze observations, and during the training and testing of fear conditioning. 
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Plasma Nicotine Collection 

 Previous research in humans has demonstrated that genetic variability in nicotine 

metabolism may alter risk for nicotine addiction (Pianezza et al., 1998; Schoedel et al., 

2004), and differences in nicotine metabolism have been previously reported between 

different inbred strains of mice (Petersen et al., 1984).  Given that strain-dependent 

differences in nicotine metabolism may influence sensitivity to the effects of nicotine on 

fear conditioning, an experiment was conducted to determine whether the intermediate 

doses of acute and chronic nicotine used in this study (0.09 mg/kg and 6.3 mg/kg/d, 

respectively) produced different plasma nicotine and cotinine levels between the eight 

inbred strains.  For acute nicotine studies, mice from each inbred mouse strain were 

administered 0.09 mg/kg acute nicotine and blood samples were collected 10 minutes 

later via cardiac puncture.  For chronic nicotine studies, mini-osmotic pumps containing 

6.3 mg/kg/d nicotine were implanted subcutaneously and blood samples were collected 

12 days after chronic nicotine administration via cardiac puncture.   

 Following collection, blood samples were transferred to lithium heparin tubes and 

were centrifuged so that plasma could be collected.  Plasma samples were analyzed by 

Dr. J. Randy James (Virginia Commonwealth University) using a Micromass Quattro II 

liquid chromatography/tandem mass spectrometer (LC/MS; Blue Lion Biotech, 

Snoqualmie, WA).   The procedure for analyzing plasma nicotine was adapted from 

Naidong and colleagues (2001) and has been validated for selectivity, calibration model 

fit, sensitivity, accuracy, and precision.   

 

Data Analysis 
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 Within-strain comparisons: Changes in fear conditioning following acute nicotine 

administration were assessed in each strain using one-way ANOVAs.  Independent-

samples t-tests were used for each strain to determine whether 12.0 mg/kg/d chronic 

nicotine altered fear conditioning, somatic signs, or elevated plus maze behavior.  Finally, 

one-way ANOVAs were used to determine whether withdrawal from chronic nicotine 

altered fear conditioning, somatic signs, or elevated plus maze behavior within each 

inbred strain. 

Between-strain comparisons of the effects of acute nicotine, chronic nicotine, and 

withdrawal from chronic nicotine: As expected, behavior in fear conditioning, somatic 

signs, and the elevated plus maze varied considerably between saline-treated mice from 

different inbred strains.  Thus, in order to make comparisons of the effects of nicotine 

across strains, difference scores were calculated for each strain by determining the 

percent change in the behavior of nicotine-treated mice relative to saline-treated mice 

(individual nicotine freezing score – mean saline freezing score/mean saline freezing 

score x 100).  Difference scores were calculated for all groups of mice that received acute 

nicotine, chronic nicotine, or withdrawal from chronic nicotine.  To determine whether 

the effects of acute, chronic, and withdrawal from chronic nicotine varied across strains, 

one-way ANOVAs were used to compare difference scores from 0.045, 0.09, and 0.18 

acute nicotine, 12.0 mg/kg/d chronic nicotine, and withdrawal from 3.0, 6.3, and 12.0 

mg/kg/d chronic nicotine.   

Between-strain comparisons of saline-treated mice: Previous studies have 

demonstrated that behavioral phenotypes on tasks such as fear conditioning, acoustic 

startle, and Y-maze activity can vary considerably between different strains of inbred 
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mice (Logue et al., 1997; Owen et al., 1997; Bolivar et al., 2001; Balogh and Wehner, 

2003).  Therefore, it is likely that between-strain differences in fear conditioning, somatic 

signs, and the elevated plus maze will exist that are independent of nicotine 

administration.  One-way ANOVAs were used to compare the behavior of saline-treated 

mice on fear conditioning, somatic signs, and the elevated plus maze to determine 

between-strain differences in behavioral phenotypes for these tasks. 

 Between-strain comparisons of plasma nicotine and cotinine: Plasma samples 

were collected from each strain of mice to determine whether plasma nicotine and 

cotinine varied between strains.  A nicotine/cotinine ratio was also calculated and one-

way ANOVAs were used to make between strain comparisons of plasma nicotine, 

cotinine, and the nicotine/cotinine ratio.  The ratio of nicotine to cotinine is used as a 

measure of metabolic rate, with lower nicotine/cotinine ratios indicating a more rapid 

metabolism of nicotine (Rao et al., 2000).  Furthermore, Pearson correlations were 

calculated to examine whether plasma nicotine, cotinine, or nicotine/cotinine ratio were 

associated with any of the behavioral measures.   

Genetic correlations: Genetic correlations between two behavioral measures can 

reveal whether a common subset of genes can influence both behaviors (Plomin et al., 

1990).  In a genetic correlation, the association between two behavioral measures is 

compared using the group means from each strain.  Inbred mice are considered 

genetically identical after 20 consecutive generations of brother/sister mating (Committee 

on Standardized Genetic Nomenclature for Mice., 1989); thus, group means are used 

instead of individual scores because the variability within each strain is due to 

environmental factors and not due to differences in genetics.  Pearson correlations were 
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used to determine whether any behaviors recorded from saline-treated mice during fear 

conditioning, somatic signs or the elevated plus maze were associated with each other.  

Furthermore, difference scores for contextual fear conditioning were calculated for mice 

treated with acute nicotine, chronic nicotine, and withdrawal from chronic nicotine.  

Pearson correlations were used to determine whether the effects of acute nicotine, chronic 

nicotine, and withdrawal from chronic nicotine on contextual fear conditioning were 

associated with each other. 

Finally, Pearson correlations were calculated to determine whether strain-

dependent differences in nicotine binding were associated with the behavioral data 

collected following acute, chronic, or withdrawal from chronic nicotine administration.  

The strain means for nicotine binding were collected previously by Marks and colleagues 

(1989b), and permission to use these data was provided by Dr. Mike Marks (University 

of Colorado – Boulder).  In this study, nicotine binding in the cortex, midbrain, 

hindbrain, hippocampus, striatum, colliculi, and cerebellum was assessed in A/JIbg, 

BALB/cByJ, C57BL/6JIbg, CBA/J, DBA/1J, and DBA/2JIbg mice (additional details can 

be found in (Marks et al., 1989b)).  Data from 129/SvEv and C3H/HeJ mice were 

excluded from this analysis, as these strains were not studied by Marks and colleagues 

(1989b).  Strains with the “/JIbg” notation indicate that mice initially received from 

Jackson Laboratories were bred at the Institute for Behavioral Genetics (Boulder, CO) for 

more than 20 generations.  Thus, it is possible that genetic drift may produce differences 

in both the genetics and behavior of /JIbg mice relative to mice bred at Jackson 

Laboratories. 
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Post hoc tests: For each ANOVA, Tukey HSD post hoc tests were conducted to 

test pair-wise comparisons.  A Levene statistic was also used to test the assumption of 

homogeneity of variance for each ANOVA.  Games-Howell post-hoc tests were used 

instead of a Tukey HSD if the assumption of homogeneity of variance was not met.  All 

analyses were performed using SPSS version 18. 

 

Results 

The effects of acute nicotine on fear conditioning 

The effects of acute nicotine (0.045, 0.09, or 0.18 mg/kg) on fear conditioning 

were investigated in 8 strains of inbred mice (Figure 1).   One-way ANOVAs were used 

to determine whether nicotine altered fear conditioning within each strain; a significant 

main effect of drug was found in 6 of the 8 strains for contextual fear conditioning (129: 

[F(3, 38) = 13.17, p < 0.05]; A: [F(3, 36) = 4.53, p < 0.05]; BALB: [F(3, 38) = 3.89, p < 

0.05]; B6: [F(3, 51) = 7.86, p < 0.05]; D1: [F(3, 52) = 4.89, p < 0.05]; D2: [F(3, 38) = 

15.72, p < 0.05]).  Subsequent post-hoc tests revealed that three strains treated with 0.045 

mg/kg nicotine (A, BALB, and B6 mice), two strains treated with 0.09 mg/kg nicotine 

(B6 and D2 mice), and three strains treated with 0.18 mg/kg nicotine (129, D1, and D2 

mice) exhibited enhanced contextual fear conditioning when compared to saline controls 

within each respective strain (p < 0.05).  Games-Howell post-hoc tests were used to 

compare nicotine-treated BALB and D1 mice to their respective saline controls; Tukey 

post-hoc tests were used for all other strains.  No significant effects of acute nicotine 

were observed for baseline freezing, immediate freezing, generalized freezing, or cued 

fear conditioning for all strains (p > 0.05).
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To compare the effects of acute nicotine between strains, difference scores were 

calculated for each strain.  One-way ANOVAs revealed significant differences between 

strains in the effects of 0.045 mg/kg nicotine [F(7, 79) = 9.59, p < 0.05], 0.09 mg/kg 

nicotine [F(7, 76) = 3.07, p < 0.05], and 0.18 mg/kg nicotine [F(7, 80) = 10.44, p < 0.05] 

Figure 1: Strain-dependent differences in the effects of acute nicotine on contextual fear 
conditioning (1A) and cued fear conditioning (1B). Acute nicotine enhanced contextual 
fear conditioning in 6 of 8 strains.  Error bars indicate SEM, (*) indicates p < 0.05 
compared to saline treated mice from each reespective strain. 
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on contextual fear conditioning.  Furthermore, the effect of 0.18 mg/kg nicotine on 

immediate freezing was also significantly different between strains [F(7, 80) = 2.40, p < 

0.05].  Games-Howell post-hoc comparisons found several differences between strains in 

the effects of acute nicotine on immediate freezing and contextual fear conditioning.  For 

contextual fear conditioning the rank order of strains was: BALB > A > B6 > 129 > CBA 

> D2 > C3H > D1 (0.045 mg/kg), D2 > BALB > B6 > 129 > D1 > C3H > A > CBA (0.09 

mg/kg), and D2 > D1 > 129 > BALB > B6 > A > C3H > CBA (0.18 mg/kg).  For 

immediate freezing the rank order for mice treated with 0.18 mg/kg was B6 > A > D1 > 

129 > D2 > C3H > CBA > BALB.  The rank orders listed above range from the greatest 

enhancement to the least enhancement. For these rank orders and all subsequent rank 

orders, x > y indicates that the mean of strain x is greater than all strains with lower 

difference scores.  Significant differences between strains are listed in Table 1a.  The 

effects of acute nicotine on baseline freezing, generalized freezing, or cued fear 

conditioning did not differ between strains (p > 0.05).  Taken together, these results 

demonstrate that acute nicotine will enhance contextual fear conditioning in multiple 

strains of inbred mice, and that sensitivity to the effects of acute nicotine on contextual 

fear conditioning varies as function of genotype. 

 

The effects of nicotine withdrawal on somatic signs, elevated plus maze, and fear 

conditioning: within-strain analyses 

Mice were withdrawn from chronic nicotine (3.0, 6.3, or 12.0 mg/kg/d) and 

behavior in fear conditioning, somatic signs, and the elevated plus maze was investigated 

in 8 strains of inbred mice.  For fear conditioning (Figure 2), 5 of the 8 strains exhibited 
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disrupted contextual fear conditioning following withdrawal from chronic nicotine (A: 

[F(3, 48) = 6.70, p < 0.05]; BALB: [F(3, 40) = 9.48, p < 0.05]; C3H: [F(3, 39) = 19.52, p 

< 0.05]; B6: [F(3, 40) = 24.85, p < 0.05]; D1: [F(3, 40) = 9.32, p < 0.05]).  Tukey post-

hoc tests revealed that A, C3H, and B6 mice showed disrupted contextual fear 

conditioning following withdrawal from 6.3 mg/kg/d chronic nicotine, whereas A, 

BALB, C3H, B6, and D1 strains withdrawn from 12.0 mg/kg/d chronic nicotine had 

deficits in contextual fear conditioning when compared to their respective saline controls 

(p < 0.05).  A significant main effect of withdrawal was also found for generalized 

freezing in CBA mice [F(3, 40) = 3.75, p < 0.05], but Games-Howell post-hoc tests 

found no differences between groups (p > 0.05).  Nicotine withdrawal had no effects on 

baseline freezing, immediate freezing, or cued fear conditioning for all strains (p > 0.05).  

Overall, these data demonstrate that nicotine withdrawal produces deficits in contextual 

fear conditioning in multiple strains of inbred mice. 

 One-way ANOVAs were used to determine if nicotine withdrawal altered somatic 

signs (Figure 3) or elevated plus maze behavior (Figure 4) for each of the 8 inbred 

strains.  Withdrawal from chronic nicotine produced significant changes in shaking for 

C3H and D2 mice (C3H: [F(3, 39) = 2.94, p < 0.05]; D2: [F(3, 38) = 5.14, p < 0.05]), 

total somatic signs for D1 and D2 mice (D1: [F(3, 40) = 3.86, p < 0.05]; D2: [F(3, 38) = 
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3.99, p < 0.05]), and grooming for D1 mice [F(3, 40) = 11.42, p < 0.05]).  Tukey post-

hoc comparisons found that D2 mice withdrawn from 3.0 mg/kg/d nicotine exhibited 

significantly less shaking and total somatic signs relative to D2 mice withdrawn from 

saline (p < 0.05).  Games-Howell post-hoc tests revealed that D1 mice exhibited  

 

 

Figure 2: Strain-dependent differences in the effects of nicotine withdrawal on 
contextual fear conditioning (2A) and cued fear conditioning (2B). Nicotine withdrawal 
disrupted contextual fear conditioning in 5 of 8 strains.  Error bars indicate SEM, (*) 
indicates p < 0.05 compared to saline treated mice from each reespective strain. 
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significantly fewer instances of grooming during withdrawal from 3.0 mg/kg/d nicotine 

when compared to saline-treated D1 mice (p < 0.05).  Additional pairwise comparisons 

for C3H and D1 mice were not significant (p > 0.05).  No effects on scratching, 

retropulsion, jumping, writhing, and head nodding were observed (p > 0.05). 

For the elevated plus maze, D2 mice exhibited changes in exploration of the 

closed arms [F(3, 38) = 2.88, p < 0.05] and the center of the maze [F(3, 38) = 4.60, p < 

0.05] following withdrawal from chronic nicotine (Figure 4).  Games-Howell post-hoc  

 

 

tests determined that D2 mice withdrawn from 12.0 mg/kg/d nicotine spent significantly 

more time in the closed arms and significantly less time in the center arms when 

Figure 3: Strain-dependent differences in the effects of nicotine withdrawal on somatic 
signs. Nicotine withdrawal reduced somatic signs in D2 mice.  Error bars indicate SEM, 
(*) indicates p < 0.05 compared to saline treated D2 mice.  
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compared to D2 saline controls (p < 0.05).  Nicotine withdrawal had no effects on 

exploration of the open arms for all 8 strains (p > 0.05).  Thus, nicotine withdrawal 

decreases somatic signs in C3H, D1, and  

 

 

Figure 4: Strain-dependent differences in the effects of nicotine withdrawal on the 
elevated plus maze. Nicotine withdrawal increased closed arm exploration (i.e. increased 
anxiety) in D2 mice.  Error bars indicate SEM, (*) indicates p < 0.05 compared to saline 
treated D2 mice.  
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D2 mice and increases anxiety-related behavior in the elevated plus maze in D2 mice.  It 

is possible that withdrawal from higher doses of chronic nicotine than those currently 

tested may increase somatic signs and anxiety in the elevated plus maze in other inbred 

mouse strains.  In support, Damaj and colleagues (2003) reported that C57BL/6J mice 

withdrawn from higher doses of chronic nicotine have increased somatic signs and 

decreased time in the open arms of the elevated plus maze. 

The effects of nicotine withdrawal on somatic signs, elevated plus maze, and fear 

conditioning: between-strain analyses 

As with previous experiments, difference scores were calculated for each strain to 

compare the effects of withdrawal from chronic nicotine on fear conditioning between 

strains.  Significant between-strain differences in the effects of nicotine withdrawal on 

contextual fear conditioning [F(7, 77) = 8.47, p < 0.05], generalized freezing [F(7, 77) = 

2.70, p < 0.05], and cued fear conditioning [F(7, 77) = 2.52, p < 0.05] were found when 

mice were withdrawn from 6.3 mg/kg/d nicotine.  Furthermore, significant between-

strain differences in contextual fear conditioning [F(7, 79) = 8.04, p < 0.05] and 

generalized freezing [F(7, 79) = 4.37, p < 0.05] were also found when mice were 

withdrawn from 12.0 mg/kg/d nicotine.  Follow-up Games-Howell post-hoc tests found 

significant differences between strains in contextual fear conditioning and generalized 

freezing.  For contextual fear conditioning the rank order of strains was: D1 > BALB > 

129 > CBA > D2 > A > B6 > C3H (6.3 mg/kg/d), and 129 > CBA > A > D2 > B6 > 

BALB > D1 > C3H (12.0 mg/kg/d).  For generalized freezing the rank order of strains 

was: 129 > A > C3H > D1 > CBA > D2 > BALB > B6 (6.3 mg/kg/d), and CBA > 129 > 

A > C3H > D2 > B6 > D1 > BALB (12.0 mg/kg/d).  For cued fear conditioning the rank 
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order of strains was: BALB > D1 > B6 > 129 > A > CBA > C3H > D2 (6.3 mg/kg/d).  

The rank orders listed above range from the greatest difference score values to the lowest 

difference score values, and significant differences between strains are listed in Table 1b.  

Given that nicotine withdrawal disrupts contextual fear conditioning (and produces 

negative difference score values), strains with lower difference scores had more severe 

deficits in the behavioral measures listed above.  No significant differences were found 

for baseline freezing and immediate freezing (p > 0.05). 

Analysis of somatic sign difference scores revealed significant main effects for 

grooming [F(7, 72) = 3.02, p < 0.05], shaking [F(7, 72) = 2.44, p < 0.05], jumping [F(7, 

72) = 2.93, p < 0.05], and total somatic signs [F(7, 72) = 2.71, p < 0.05] following 

withdrawal from 3.0 mg/kg/d nicotine.  Significant differences between strains were 

found in shaking [F(7, 72) = 3.28, p < 0.05], jumping [F(7, 72) = 2.62, p < 0.05], and 

head nodding [F(7, 72) = 2.17, p < 0.05] when mice were withdrawn from 6.3 mg/kg/d 

nicotine.  Finally, significant between-strain differences in scratching [F(7, 71) = 3.15, p 

< 0.05], jumping [F(7, 71) = 3.99, p < 0.05], and head nodding [F(7, 71) = 3.68, p < 0.05] 

were observed in mice that were withdrawn from 12.0 mg/kg/d nicotine.  Games-Howell 

post-hoc tests identified several significant pairwise comparisons.  The following are the 

rank orders for somatic signs: grooming (129 > CBA > BALB > B6 > A > C3H > D2 > 

D1; 3.0 mg/kg/d), shaking (129 > CBA > C3H > D1 > A > BALB > B6 > D2 (3.0 

mg/kg/d), and 129 > BALB > C3H > CBA > D2 > D1 > A > B6 (6.3 mg/kg/d)), 

scratching (A > 129 > B6 > C3H > D2 > BALB > D1 > CBA; 12.0 mg/kg/d), and 

jumping (C3H > A > BALB > 129 > CBA > D1 > D2 > B6; 12.0 mg/kg/d).  As with 

previously reported data, rank orders listed above range from the greatest difference score 
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values to the lowest difference score values; higher difference scores indicate that 

nicotine withdrawal increased somatic signs.  Significant differences between strains are 

shown in Table 1b.  Nicotine withdrawal did not alter retropulsion or writhing between 

strains; post-hoc tests for head nodding and total somatic signs were not significant (p > 

0.05). 

Elevated plus maze difference scores were also analyzed to identify any between-

strain differences in the effect of nicotine withdrawal on anxiety.  Withdrawal from 6.3 

and 12.0 mg/kg/d chronic nicotine produced significant between-strain differences in the 

time spent on the open arms (6.3 mg/kg/d: [F(7, 69) = 2.59, p < 0.05]; 12.0 mg/kg/d: 

[F(7, 70) = 7.75, p < 0.05]) and the closed arms (6.3 mg/kg/d: [F(7, 69) = 2.28, p < 0.05]; 

12.0 mg/kg/d: [F(7, 70) = 4.73, p < 0.05]) of the plus maze.  Subsequent Games-Howell 

post-hoc tests revealed significant differences between strains.  The following are the 

rank orders for elevated plus maze: closed arms (129 > D2 > BALB > B6 > D1 > C3H > 

CBA > A; 12.0 mg/kg/d), and open arms (D1 > CBA > B6 > A > C3H > BALB > 129 > 

D2 (6.3 mg/kg/d), and A > D1 > CBA > C3H > B6 > BALB > 129 > D2 (12.0 mg/kg/d)).  

Rank orders range from the greatest difference score values to the lowest difference score 

values.  Higher difference scores for the closed arms in the elevated plus maze indicate 

that nicotine withdrawal increased time in the closed arms (increased anxiety), whereas 

high difference scores for the open arms indicate that more time was spent in the open 

arms during nicotine withdrawal (decreased anxiety).  Significant differences between 

strains are shown in Table 1b.  There were no significant between-strain differences in 

the effects of nicotine withdrawal on time spent in the center of the maze (p > 0.05).  

Taken together, these data demonstrate that the effects of nicotine withdrawal on fear 
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conditioning, somatic signs, and elevated plus maze can vary between different strains of 

inbred mice.   

 

The effects of chronic nicotine on somatic signs, elevated plus maze, and fear 

conditioning 

The effects of chronic nicotine (12.0 mg/kg/d) on fear conditioning, somatic 

signs, and the elevated plus maze were investigated in 8 strains of inbred mice.   For fear 

conditioning, independent-samples t-tests found no differences in baseline freezing, 

immediate freezing, contextual fear conditioning, generalized freezing, or cued fear 

conditioning for all 8 strains of inbred mice (p > 0.05).  In addition, no within-strain 

differences were found in all measures of somatic signs (grooming, scratching, shaking, 

retropulsion, jumping, writhing, head nodding, and total) and elevated plus maze (time 

spent in open arms, closed arms, and center; p > 0.05). 

Difference scores were calculated for each strain to compare the effects of 12.0 

mg/kg/d chronic nicotine between strains.  Analysis of fear conditioning data with one-

way ANOVAs found no differences in baseline freezing, immediate freezing, contextual 

fear conditioning, generalized freezing or cued fear conditioning (p > 0.05).  No 

differences were found between strains for all measures of somatic signs (grooming, 

scratching, shaking, retropulsion, jumping, writhing, head nodding, and total) and 

elevated plus maze (time spent in open arms, closed arms, and center; p > 0.05).  Overall, 

these data suggest that tolerance to the effects of acute nicotine on fear conditioning may 

develop during chronic nicotine use in all strains of inbred mice that showed enhanced 

contextual fear conditioning.  Furthermore, these data suggest that changes in somatic 
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signs, elevated plus maze, and fear conditioning observed during nicotine withdrawal are 

not a continuation of effects seen during chronic nicotine treatment. 

 

Between-strain differences in saline-treated mice 

The behavior of saline-treated mice from each strain was compared to determine 

whether strain-dependent differences in fear conditioning, somatic signs, and elevated 

plus maze exist that are independent of the effects of acute nicotine, chronic nicotine, or 

nicotine withdrawal.  Comparisons of saline-treated mice from acute nicotine 

experiments found significant strain-dependent differences in immediate freezing [F(7, 

91) = 40.88, p < 0.05], contextual fear conditioning [F(7, 91) = 14.32, p < 0.05], 

generalized freezing [F(7, 91) = 45.33, p < 0.05], and cued fear conditioning [F(7, 91) = 

14.34, p < 0.05].  Games-Howell pairwise comparisons between strains revealed several 

differences between strains in immediate freezing, contextual fear conditioning, 

generalized freezing, and cued fear conditioning.  These results are listed in Table 2a (left 

panel; p < 0.05).  Baseline freezing did not differ between strains (p > 0.05).   

Data from saline-treated mice from chronic nicotine and nicotine withdrawal 

experiments were also compared using one-way ANOVAs to identify differences in fear 

conditioning, somatic signs, and the elevated plus maze.  Significant differences between 

strains were found in many of the behavioral measures of fear conditioning, somatic 

signs, and elevated plus maze.  Furthermore, Games-Howell pairwise comparisons found 

numerous differences between strains.  These results, along with significant f values, are 

listed in Table 2b (chronic saline) and Table 2c (saline withdrawal).   
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Finally, the rank order of saline-treated mice was largely consistent with a 

previous study that evaluated contextual fear conditioning in 6 of the 8 strains used in the 

present study (Owen et al., 1997).  Specifically, Owen and colleagues (1997) reported the 

following rank order for contextual fear conditioning (from the greatest to least 

contextual fear conditioning): A/J > 129 > C57 = BALB > D2 > C3H, whereas for the 

present study the rank order for saline-treated mice was: 129 > A/J > C57 = BALB > D2 

> C3H.  Overall, these data demonstrate that differences in genetics can significantly 

influence fear conditioning, somatic signs, and performance in the elevated plus maze.  

 

Between-strain comparisons of plasma nicotine and cotinine 

 Between-strain differences in plasma nicotine, cotinine, and a nicotine/cotinine 

ratio were examined to determine whether nicotine metabolism varied between strains 

(Figure 5).  An analysis of plasma samples from mice treated with 0.09 mg/kg acute 

nicotine revealed significant main effects in plasma cotinine [F(7, 68) = 9.45, p < 0.05] 

and the nicotine/cotinine ratio [F(7, 70) = 3.69, p < 0.05].  Games-Howell post-hoc tests 

identified several significant between-strain differences.  For plasma cotinine, the rank 

order was D2 > BALB > 129 > D1 > B6 > A > C3H > CBA, whereas for the 

nicotine/cotinine ratio the rank order was CBA > C3H > A > D1 > 129 > BALB > B6 > 

D2.  The rank orders listed above range from higher plasma cotinine and 

nicotine/cotinine ratio values to lower plasma cotinine and nicotine/cotinine ratio values.  

The nicotine/cotinine ratio is a measure of metabolic rate; higher nicotine/cotinine ratios 

indicate a slower metabolism of nicotine (Rao et al., 2000).  Plasma samples were also 

collected from mice that received 12 days of 6.3 mg/kg/d chronic nicotine; significant 
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main effects were observed for plasma nicotine [F(7, 72) = 7.59, p < 0.05], plasma 

cotinine [F(7, 72) = 51.60, p < 0.05], and nicotine/cotinine ratio [F(7, 72) = 13.64, p < 

0.05].  The following are the rank orders for nicotine metabolism measures following 

chronic nicotine treatment: plasma nicotine (D1 > A > D2 > CBA > B6 > C3H > 129 > 

 

BALB), plasma cotinine (129 > D1 > D2 > A > CBA > BALB > C3H > B6) and the 

nicotine/cotinine ratio (B6 > A > C3H > CBA > BALB > D1 > D2 > 129).  Significant 

differences between strains are listed in Table 3.   

 

 Pearson correlations were calculated to determine whether genetic variability in 

nicotine metabolism was associated with the effects of 0.09 mg/kg acute nicotine or 
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withdrawal from 6.3 mg/kg/d chronic nicotine on fear conditioning, somatic signs, or 

elevated plus maze performance.  For 0.09 mg/kg acute nicotine, plasma cotinine was 

significantly associated with baseline freezing (r = 0.83; p < 0.05) and immediate 

freezing (r = 0.79; p < 0.05).  Furthermore, plasma cotinine obtained from mice treated 

with 6.3 mg/kg/d chronic nicotine was significantly associated with immediate freezing (r 

= 0.84; p < 0.05), head nodding (r = 0.94; p < 0.05), and time spent in the center of the 

elevated plus maze (r = 0.88; p < 0.05).  The nicotine/cotinine ratio from mice that 

received 6.3 mg/kg/d chronic nicotine was significantly correlated with head nodding (r = 

-0.77; p < 0.05) and time spent in the center of the elevated plus maze (r = -0.80; p < 

0.05).  Together, these data indicate that the metabolism of nicotine and cotinine varied 

between strains, and genetic variability in nicotine metabolism was associated with some 

behavioral measures in fear conditioning, somatic signs, and the elevated plus maze, but 

not with differences in learning. 
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Figure 5: Strain-dependent differences in plasma nicotine and cotinine following 0.09 mg/kg 
acute or 6.3 mg/kg/d chronic nicotine administration.  5A: Acute plasma cotinine was 
significantly different between D2 mice and all strains other than 129 (*).  BALB mice also 
exhibited higher plasma cotinine levels relative to A (#) and C3H mice ($).  5B: Chronic plasma 
nicotine levels differed between D1 and BALB mice (*).  Chronic plasma cotinine levels differed 
between 129 mice and all strains other than D1 (#), between D1 mice and all strains other than 
129 (^), between D2 and all strains other than A mice ($), and between CBA and C57 mice (&). 
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Genetic Correlations 

Genetic correlations were used to examine associations between somatic signs, 

fear conditioning, and the elevated plus maze to determine whether the phenotypes of 

these behavioral measures are controlled by the same genes.  To examine whether 

common genes regulate these behavioral measures, independent of nicotine treatment, the 

strain means from saline-treated mice in the chronic nicotine and nicotine withdrawal 

experiments were compared with Pearson correlations.  Strain means were used instead 

of individual scores because inbred mice are genetically identical and thus variability 

between individual scores is due to environmental factors and not due to differences in 

genetics.  For the chronic saline dataset, time spent in the open arms of the elevated plus 

maze was significantly associated with immediate freezing (r = -0.71; p < 0.05) and time 

spent in the closed arms of the elevated plus maze (r = -0.86; p < 0.05).  Time in the 

center of the elevated plus maze was significantly correlated with contextual fear 

conditioning (r = 0.79; p < 0.05) and head nodding (r = 0.73; p < 0.05).  In addition, total 

somatic signs were significantly associated with grooming (r = 0.73; p < 0.05) and 

jumping (r = 0.79; p < 0.05).  An association between shaking and scratching was also 

significant (r = 0.75; p < 0.05).  For the withdrawal from chronic saline dataset, 

immediate freezing was significantly associated with time spent in the open arms of the 

plus maze (r = -0.71; p < 0.05), grooming (r = 0.79; p < 0.05), and shaking (r = 0.76; p < 

0.05).  Time spent in the closed arms of the elevated plus maze was significantly 

correlated with time spent in the open arms (r = -0.80; p < 0.05) and scratching (r = 0.75; 

p < 0.05).  Furthermore, grooming was significantly associated with scratching (r = 0.92; 

p < 0.05), shaking (r = 0.79; p < 0.05), and total somatic signs (r = 0.89; p < 0.05); total 
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somatic signs was also significantly associated with scratching (r = 0.75; p < 0.05).  

These data suggest that common genetic substrates may influence somatic sign behaviors, 

elevated plus maze behaviors, and immediate freezing.  However, the genes that underlie 

these behaviors were not related to the genes that regulate contextual and cued fear 

conditioning. 

To determine whether common genes regulate the effects of acute nicotine, 

chronic nicotine, and nicotine withdrawal on contextual learning, difference scores for 

contextual fear conditioning were calculated for mice treated with all doses of acute, 

chronic, and withdrawal from chronic nicotine.  Pearson correlations revealed no 

significant associations between the effects of acute nicotine, chronic nicotine and 

nicotine withdrawal on contextual fear conditioning (p > 0.05).  Thus, these data suggest 

that different genetic substrates may mediate sensitivity to the effects of acute nicotine 

and the effects of nicotine withdrawal on contextual learning.   

Finally, associations between behavioral measures and nicotine binding data 

previously collected by Marks and colleagues (1989b) were calculated to determine if 

strain-dependent differences in binding were associated with the effects of nicotine on 

behavior.  In this study, nicotine binding in the cortex, midbrain, hindbrain, hippocampus, 

striatum, cerebellum, colliculi, and hypothalamus was assessed in mice that were not 

previously treated with nicotine (Marks et al., 1989b).  Nicotine binding was associated 

with several of the behavioral measures collected during acute, chronic, and withdrawal 

from chronic nicotine experiments.  Overall, there were 40 significant correlations 

between behavioral data and nicotine binding (19 with somatic signs, 15 with the 

elevated plus maze, and 6 with fear conditioning); a detailed summary of these results 
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can be found in Table 4.  Interestingly, the effects of 0.18 mg/kg acute nicotine on 

contextual fear conditioning was positively associated with nicotine binding in the 

midbrain, hindbrain, and colliculi (p < 0.05), but no significant correlations were 

observed between nicotine binding in the hippocampus and the effects of acute nicotine 

on contextual fear conditioning.  Given that nicotine binding was genetically correlated 

with the effects of acute nicotine on contextual fear conditioning but not the effects of 

nicotine withdrawal on contextual fear conditioning, it is possible that the effects of acute 

nicotine and nicotine withdrawal on contextual learning may be mediated by separate 

genetic substrates.  There was a large number of significant genetic correlations between 

nicotine binding and behavioral measures (somatic signs and the elevated plus maze), but 

few significant correlations between fear conditioning and nicotine binding.  Thus, the 

genetic processes that mediate the effects of nicotine on contextual learning may differ 

from the genes that regulate the effects of nicotine on somatic signs and the elevated plus 

maze. 



 

37 
 

 

 

Discussion 

It has been demonstrated that individual differences in genetics can account for a 

large percentage of smoking-related behaviors (Sullivan and Kendler, 1999; Li et al., 

2003; Xian et al., 2003; Hardie et al., 2006; Haberstick et al., 2007), and the identification 

of genes that alter risk for nicotine addiction may aid in the development of new 

treatments.  However, it was unknown until now whether differences in genetics could 

alter the effects of nicotine on contextual learning.  In the present study, the effects of 

acute, chronic, and withdrawal from chronic nicotine on fear conditioning were 

investigated in eight inbred mouse strains.  Acute nicotine enhanced contextual fear 

conditioning in six of the eight strains, and the effective doses that produced 
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enhancement varied between strains.  Furthermore, strain-dependent differences in the 

amount of enhancement were observed, such that BALB mice exhibited the greatest 

increase in contextual fear conditioning following acute nicotine administration, whereas 

B6 mice showed the smallest significant increase in contextual fear conditioning.  

Withdrawal from 6.3 and/or 12.0 mg/kg/d chronic nicotine disrupted contextual fear 

conditioning in five strains, with C3H mice showing the greatest impairment, and A mice 

exhibited the smallest deficits that were still significantly different from saline treated 

mice.  In contrast, chronic nicotine did not alter fear conditioning in all eight strains, 

suggesting that the effects observed during nicotine withdrawal were not due to the 

extended effects of chronic nicotine treatment.  Acute nicotine and withdrawal from 

chronic nicotine had no effect on cued fear conditioning for all eight strains.  Thus, the 

selective effects of nicotine on contextual but not cued fear conditioning demonstrates 

that nicotine alters contextual learning rather than altering other processes that may affect 

both types of learning such as locomotor activity. 

Although these results demonstrate that differences in genetics can alter 

sensitivity to the effects of nicotine on contextual learning, these data also suggest that 

different genetic substrates may mediate sensitivity to the effects of acute nicotine and 

sensitivity to nicotine withdrawal-related deficits in contextual fear conditioning.  Acute 

nicotine and nicotine withdrawal produced significant changes in contextual learning for 

most of the inbred strains studied; genetic correlations revealed that there was no 

significant relationship between the effects of acute nicotine and nicotine withdrawal on 

contextual fear conditioning.  For example, BALB mice showed the largest amount of 

enhancement of contextual fear conditioning when treated with the lowest dose of acute 
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nicotine (0.045 mg/kg), but disrupted contextual fear conditioning was only observed 

following withdrawal from 12.0 mg/kg/d chronic nicotine, the highest dose.  Similarly, 

acute nicotine had no effect on C3H mice, whereas nicotine withdrawal dramatically 

impaired contextual fear conditioning.  Thus, it is possible that there is little overlap in 

the genes that influence sensitivity to the effects of acute nicotine and nicotine 

withdrawal on contextual fear conditioning.  Future QTL studies may help determine the 

degree of similarity between the genes that regulate the effects of acute nicotine and the 

genes that alter sensitivity to the effects of nicotine withdrawal.   

Nicotine withdrawal produces numerous changes in behavior that can include 

increased somatic signs and increased anxiety (Malin et al., 1992; Damaj et al., 2003; 

Jackson et al., 2008; Jackson et al., 2009).  Therefore, the present study measured 

nicotine withdrawal-associated changes in somatic signs and the elevated plus maze 

before mice were trained in fear conditioning.  Withdrawal-related decreases in somatic 

signs were observed in C3H, D1 and D2 mice withdrawn from 3.0 mg/kg/d, whereas 

increases in anxiety in the elevated plus maze were found in D2 mice withdrawn from 

12.0 mg/kg/d nicotine.  Furthermore, chronic nicotine administration did not alter somatic 

signs or elevated plus maze behavior, suggesting that withdrawal-associated changes in 

somatic signs and the elevated plus maze were not carryover effects from chronic 

nicotine treatment.  Together, the data from nicotine withdrawal experiments suggest that 

each symptom of nicotine withdrawal may be mediated by different genetic substrates.  

For example, nicotine withdrawal disrupted contextual fear conditioning in 5 strains, 

whereas few changes were observed in somatic signs and the elevated plus maze during 

nicotine withdrawal.  Studies using nAChR subunit KO mice have also demonstrated that 
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different nicotine withdrawal symptoms are mediated by different nAChR subunits.  For 

example, nicotine withdrawal-related increases in somatic signs are reduced in α5, α7, 

and β4 nAChR KO mice (Salas et al., 2004; Salas et al., 2007; Jackson et al., 2008).  

However, withdrawal-associated changes in contextual fear conditioning and the elevated 

plus maze are not observed in β2 KO mice (Jackson et al., 2008; Portugal et al., 2008).   

The results of the nicotine withdrawal experiments also suggest that separate 

nicotine withdrawal symptoms may be sensitive to different doses of chronic nicotine.  

For example, previous studies with C57BL/6J mice have demonstrated that changes in 

somatic signs and the elevated plus maze emerge after withdrawal from higher doses of 

chronic nicotine (24 – 36 mg/kg/d) (Damaj et al., 2003; Jackson et al., 2009), whereas 

deficits in contextual fear conditioning are observed following withdrawal from lower 

doses of chronic nicotine (6.3 mg/kg/d) (Davis et al., 2005).  Thus, withdrawal from high 

doses of chronic nicotine may be necessary for withdrawal-related changes in somatic 

signs and the elevated plus maze to emerge.    

 Currently, the genes that influence the effects of nicotine on fear conditioning, 

somatic signs, and the elevated plus maze are unknown.  However, it is possible that 

genetic variability in the enzymes that metabolize nicotine may alter sensitivity to these 

behavioral effects of nicotine.  For example, the gene encoding cytochrome P450 2A6 

(CYP2A6), an enzyme that metabolizes nicotine into cotinine (Benowitz and Jacob, 1994; 

Hukkanen et al., 2005), has been associated with smoking phenotypes in humans 

(Pianezza et al., 1998; Schoedel et al., 2004; Kubota et al., 2006) and a study 

investigating the ortholog of CYP2A6 in mice (Cyp2a5) has shown that low levels of 

nicotine self-administration in male mice are associated with reduced nicotine 
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metabolism and low Cyp2a5 protein levels (Siu et al., 2006).  In the present study, 

plasma nicotine and cotinine samples were collected from mice treated with 0.09 mg/kg 

acute nicotine or 6.3 mg/kg/d chronic nicotine.  Strain-dependent differences in plasma 

cotinine and the nicotine/cotinine ratio were observed in mice treated with acute nicotine, 

whereas chronic nicotine treatment produced changes in plasma nicotine, cotinine, and 

the nicotine/cotinine ratio.  Furthermore, baseline and immediate freezing was associated 

with plasma cotinine from mice treated with acute nicotine, and immediate freezing, head 

nodding, and time spent in the center of the elevated plus maze was associated with 

plasma cotinine and the nicotine/cotinine in chronic nicotine treated mice.  Together, 

these data suggest that genes involved in the metabolism of nicotine and cotinine may 

alter the effects of nicotine on measures of behavioral activity, but are not associated with 

the effects of nicotine on contextual learning. 

 Strain-dependent differences in nicotine binding have been identified which may 

be associated with differences in nicotine sensitivity (Marks et al., 1989b).  Therefore, we 

conducted a genetic correlation using our data and data collected by Marks and 

colleagues to examine whether changes in nicotine binding are correlated with behavioral 

effects of nicotine observed in the present study.  Nicotine binding in the midbrain, 

hindbrain, and colliculi was positively associated with the effects of 0.18 mg/kg nicotine 

on contextual fear conditioning, suggesting that genetic variability in nicotine binding in 

these brain regions may play a role in the effects of acute nicotine on contextual learning.  

Previous studies have demonstrated that the effects of acute nicotine and nicotine 

withdrawal on contextual fear conditioning require the hippocampus (Davis et al., 2007; 

Davis and Gould, 2009); however in the present study genetic differences in hippocampal 
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nicotine binding was not associated with the effects of nicotine on contextual fear 

conditioning.  This does not mean that the hippocampus is not involved but just that there 

is not a significant relationship between genes associated with hippocampal nAChRs and 

genes involved in the effects of nicotine on contextual learning.  The hippocampus may 

be essential for the effects of nicotine on contextual fear conditioning, but genetic 

variability in nicotine binding in other brain regions may influence sensitivity to the 

effects of nicotine on contextual learning.   

 In conclusion, the results of the present study are the first to identify strain-

dependent differences in the effects of nicotine on fear conditioning, somatic signs, and 

the elevated plus maze.  The effects of acute nicotine and nicotine withdrawal on 

contextual fear conditioning varied considerably between strains, but the lack of an 

association between the effects of acute nicotine and nicotine withdrawal on contextual 

fear conditioning suggests that different genes may mediate these two effects.  

Furthermore, the effects of nicotine withdrawal on somatic signs and the elevated plus 

maze were associated with changes in nicotine metabolism and nicotine binding, whereas 

the effects of acute nicotine on contextual fear conditioning was only associated with 

variability in nicotine binding.  The characterization of the effects of nicotine on fear 

conditioning can be used in the development of QTL studies that can identify regions of 

the mouse genome associated with the effects of nicotine on contextual learning.  For 

instance, an F2 cross between BALB mice and CBA mice could be used to identify 

regions of the mouse genome associated with the effects of acute nicotine on contextual 

fear conditioning.  The identification of genes that alter sensitivity to the effects of 

nicotine may lead to a better understanding of how individual differences in genetics 
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contribute to nicotine addiction, and may lead to the development of smoking cessation 

treatments that are tailored to individual genotypes.   
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CHAPTER 3 

AGE-DEPENDENT EFFECTS OF ACUTE, CHRONIC, AND WITHDRAWAL FROM 

CHRONIC NICOTINE ON FEAR CONDITIONING 

 

Rationale 

Adolescence is a period of development that is associated with a greater risk for 

the onset of tobacco addiction (Giovino, 2002; Nelson et al., 2008).  The initial use of 

tobacco most commonly occurs during adolescence with the majority of smokers having 

tried their first cigarette before age 18 (Lantz, 2003).  The initiation of smoking can also 

occur before adolescence, as 8 – 11% of smokers report that they tried their first cigarette 

by 5th grade (Everett et al., 1999; Johnston et al., 2009).  An earlier onset of smoking is 

predictive of a more severe addiction, suggesting that the effects of nicotine during 

childhood or adolescence are more detrimental than if nicotine use begins during early 

adulthood (Everett et al., 1999).  Furthermore, smoking during early adolescence (age 13 

or younger), but not late adolescence (age 17 – 20), is also associated with higher rates of 

drug use later in life (Hanna and Grant, 1999).  Although numerous factors likely 

contribute to the increased risk for the development of tobacco addiction during 

childhood or adolescence, there is much that remains unknown about the behavioral, 

cellular, and molecular changes that occur during these developmental periods following 

exposure to nicotine, the primary addictive component of tobacco (Benowitz, 1988).   

One hypothesis that may account for the enhanced vulnerability to nicotine 

addiction in adolescents is that adolescents may be more sensitive to the positive effects 

of nicotine and less sensitive to the adverse effects of nicotine use (O'Dell, 2009).  Thus, 
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the enhanced positive effects of nicotine may facilitate the transition from causal use into 

chronic use, while the negative effects of nicotine use that may deter chronic nicotine use 

are diminished.  Behavioral studies using rodents have provided support for this 

hypothesis.  For instance, the effects of nicotine on reward and reinforcement can be 

examined in animals by behavioral procedures such as nicotine self-administration, in 

which rodents make operant responses for nicotine infusions (Singer et al., 1978) and 

nicotine conditioned place preference (CPP), in which rodents learn to prefer a chamber 

that is paired with nicotine over another chamber that is paired with saline (Fudala et al., 

1985; Calcagnetti and Schechter, 1994; Risinger and Oakes, 1995).  Several nicotine self-

administration studies have reported that acquisition of self-administration occurs more 

rapidly in adolescents; adolescents also exhibit higher rates of self-administration relative 

to adults (Levin et al., 2003; Chen et al., 2007; Levin et al., 2007).  Furthermore, nicotine 

CPP can be established in early adolescents using lower doses of nicotine that do not 

produce CPP in adults (Vastola et al., 2002; Shram et al., 2006; Kota et al., 2007; Kota et 

al., 2008; Torres et al., 2008; Torres et al., 2009; Shram and Le, 2010), and some studies 

have reported a wider range of nicotine doses will produce a CPP in adolescents relative 

to adults (Kota et al., 2007; Torres et al., 2008).  Taken together, data from nicotine CPP 

and nicotine self-administration studies suggest that adolescents exhibit greater 

sensitivity to the rewarding properties of nicotine relative to adults and this enhancement 

of reward may facilitate the development of nicotine dependence after initial use.   

Support for reduced negative effects of nicotine during adolescence comes from 

studies examining changes in behavior during nicotine withdrawal.  Nicotine withdrawal 

in rodents can produce behavioral changes that include somatic signs (i.e. increased 
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grooming or shaking), increased anxiety, and nicotine conditioned place aversion (CPA).  

Research in both rats and mice has demonstrated that somatic signs are less severe in 

adolescents when compared with adults during withdrawal from chronic nicotine (O'Dell 

et al., 2004; O'Dell et al., 2006; Kota et al., 2007; Shram et al., 2008).  Withdrawal-

related changes in anxiety can be assessed in rodents with the elevated plus maze, in 

which rodents explore a 4-arm maze that consists of two open arms and two walled arms.  

Increases in anxiety are reflected as decreased exploration of the open arms of the maze.  

Adult rats and mice exhibit increased anxiety during nicotine withdrawal in the elevated 

plus maze whereas adolescents do not exhibit nicotine withdrawal-related increases in 

anxiety (Wilmouth and Spear, 2006; Kota et al., 2007).  In a nicotine CPA procedure, 

rodents treated with chronic nicotine learn to avoid a chamber that is paired with the 

administration of a nicotinic acetylcholine receptor (nAChR) antagonist; adults will 

exhibit a CPA to a chamber paired with a nAChR antagonist whereas this effect is 

reduced in adolescents (O'Dell et al., 2007).  Overall, these data indicate that nicotine 

withdrawal-related changes in somatic signs, anxiety, and CPA are less robust in 

adolescents.  The reduction of nicotine withdrawal effects along with an enhancement of 

the rewarding properties of nicotine may promote continued use of nicotine. 

Several studies have demonstrated that positive effects of nicotine are enhanced in 

adolescents and that negative effects of nicotine withdrawal are reduced, but the long-

term effects of adolescent nicotine exposure remain poorly understood.  Early onset 

smokers have higher rates of drug use and are less likely to quit smoking (Everett et al., 

1999; Hanna and Grant, 1999); these effects may due in part to neurodevelopmental 

changes that occurred during adolescent nicotine exposure that persisted into adulthood.  
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Research in rodents has found that nicotine exposure during adolescence produces long-

lasting changes in behavior.  Exposure to nicotine during adolescence facilitated nicotine 

self-administration and nicotine CPP that was acquired during adulthood (Adriani et al., 

2003; Adriani et al., 2006), suggesting that adolescent nicotine exposure altered reward 

during adulthood.  Furthermore, adolescent nicotine exposure produced increases in 

anxiety-related behavior in the elevated plus maze when rats were tested during 

adulthood (Slawecki et al., 2005).  Interestingly, adolescent nicotine exposure can also 

disrupt cognitive processes during adulthood.  Adult rats treated with nicotine during 

adolescence exhibit impaired attention and increased impulsive responding in the five-

choice serial reaction time task (Counotte et al., 2009), and showed impairments in serial 

pattern learning (Fountain et al., 2008).  Thus, adolescent nicotine exposure can produce 

long-lasting changes in reward, anxiety, and cognition; these neurodevelopmental 

changes may facilitate the maintenance of addiction during adulthood. 

One important question that needs greater examination is whether the effects of 

nicotine on cognitive processes such as learning differ across age.  The effects of nicotine 

and nicotine withdrawal on learning can be studied with the fear conditioning procedure, 

in which mice learn to associate an auditory conditioned stimulus (CS) with a footshock 

unconditioned stimulus (US).  An association is formed between the training context CS 

and the US (contextual fear conditioning), and between the auditory CS and the US (cued 

fear conditioning).  In adult mice, acute nicotine enhances contextual fear conditioning, 

but does not alter cued fear conditioning (Gould and Wehner, 1999b; Gould and Higgins, 

2003; Wehner et al., 2004; Davis et al., 2005; Davis et al., 2006; Davis et al., 2007; 

Kenney et al., 2010). Chronic nicotine that produces the same plasma nicotine levels as 
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an acute nicotine dose that enhances learning has no effect on fear conditioning, which 

indicates that tolerance to the effects of acute nicotine on contextual fear conditioning 

may occur (Davis et al., 2005).  During nicotine withdrawal, contextual fear conditioning 

is impaired in adults whereas no effect is observed for cued fear conditioning (Davis et 

al., 2005; Davis and Gould, 2007a; Portugal and Gould, 2007; André et al., 2008; 

Portugal et al., 2008; Davis and Gould, 2009).  Given that previous studies have found 

that the positive effects of nicotine are enhanced and the effects of nicotine withdrawal 

are diminished in juveniles, it is possible that the effects of acute nicotine on contextual 

fear conditioning may be enhanced whereas withdrawal-related deficits in contextual fear 

conditioning may be reduced in younger mice.   

Furthermore, exposure to chronic nicotine during development may also produce 

long-lasting changes in the neuroplasticity underlying learning and memory.  It has been 

demonstrated that cognitive processes such as attention and serial pattern learning are 

disrupted in adult rats that were treated with nicotine during adolescence (Fountain et al., 

2008; Counotte et al., 2009).  However,  it is not clear whether developmental exposure 

to nicotine will produce changes in fear conditioning during adulthood as one study in 

rats reported improved fear conditioning in adulthood (Smith et al., 2006) but a recent 

study found deficits (Spaeth et al., 2010).  Therefore, the present study investigated the 

effects of acute nicotine, chronic nicotine, and withdrawal from chronic nicotine on fear 

conditioning during three developmental periods: pre-adolescence (post-natal day (PND) 

23 – 37), adolescence (PND 38 – 52), and adulthood (PND 53 – 67).  To examine 

potential underlying neural substrates, nicotine binding studies and analysis of CREB and 

pCREB were conducted 24 hours after withdrawal from chronic nicotine to determine 
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whether this treatment produced age-dependent changes in nicotinic acetylcholine 

receptor (nAChR) upregulation and/or CREB function.  CREB is a gene transcription 

factor that is involved in long-term memory (Abel and Kandel, 1998; Abel and Lattal, 

2001), and changes in CREB activity after nicotine administration have previously been 

reported (Walters et al., 2005).  Thus, changes in CREB function may underlie age-

dependent effects of nicotine withdrawal on contextual learning.  Finally, we investigated 

whether exposure to chronic nicotine during pre-adolescence, adolescence, or adulthood 

would alter fear conditioning that occurred during adulthood.   

 

Methods 

Subjects 

 Subjects were male C57BL/6J mice that were obtained from Jackson Laboratory 

(Bar Harbor, ME).  Mice received ad libitum access to food and water and were 

maintained on a 12 hour light/dark cycle (lights on at 7:00 a.m.).  Mice arrived at the 

laboratory at least one week prior to the start of experiments so that they could acclimate 

to the colony room.  The Temple University Institutional Animal Care and Use 

Committee approved all behavioral and surgical procedures.   

The age span of adolescence in humans is not defined by clear boundaries (see 

Spear, 2000 for review); thus, it is difficult to define a similar developmental period in 

mice.  However, research in mice suggests that events consistent with adolescence in 

humans may be observed by PND 28 – 30.  For example, PND 30 male mice exhibit 

initial signs of puberty, increased impulsivity, and begin exhibiting social behavior that 

are characteristic of adults (Terranova et al., 1993; Terranova et al., 1998; Keene et al., 
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2002; Johnston et al., 2009).  Therefore, at the start of all experiments, pre-adolescent 

mice were PND 23, adolescent mice were PND 38, and adults were PND 53.   

 

Apparatus 

 The training and testing of contextual fear conditioning occurred in four identical 

chambers (17.78 cm X 19.05 cm X 38.10 cm) that were housed in sound attenuating 

boxes (Med-Associates, St. Albans, VT).  The front wall, back wall, and lid each 

chamber were Plexiglas, and side walls were stainless steel.  The chamber floors were 

made of metal rods that were connected to a shock generator and scrambler.  Speakers 

mounted on the right wall of each chamber were used to deliver a white noise 

conditioned stimulus (CS) during training.  Background noise (69 dB) during training and 

testing was provided by ventilation fans mounted on the right wall of each sound 

attenuating box.  Stimulus administration during training and testing was controlled by a 

computer using Med-PC software.  Cued fear conditioning was tested in four identical 

altered chambers (20.32 X 22.86 X 17.78 cm) that were located in a different room from 

the training chambers and were housed in sound attenuating boxes.  The chambers had 

white plastic floors, aluminum side walls, and all other walls were made of Plexiglas.  

Speakers for delivering the CS were mounted on the left wall of each chamber.  The 

background of the sound attenuating chambers differed in color from training chambers 

to distinguish these chambers from the training chambers.  A vanilla extract olfactory cue 

was added prior to testing to further distinguish cued fear conditioning chambers from the 

training chambers. 
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Behavioral Procedures: Contextual and Cued Fear Conditioning 

Fear conditioning was measured with a time-sampling procedure that has been 

described in detail previously (Gould and Higgins, 2003).  Specifically, mice were 

observed for freezing behavior (defined as the absence of all movement except for 

respiration (Blanchard and Blanchard, 1969)) for one second during ten second intervals. 

Initially, mice were placed in conditioning chambers and baseline activity was scored for 

120 seconds.  Following baseline, a white noise CS (85 dB) was activated that co-

terminated with a 2 second 0.57 mA footshock unconditioned stimulus (US).  Immediate 

freezing was scored during a 120 second inter-trial interval and was followed by a second 

CS-US pairing.  Training ended with a 30 second interval during which freezing behavior 

was not recorded.  Mice were tested for contextual fear conditioning twenty-four hours 

later; mice were returned to the training chambers and freezing was scored for 5 minutes.  

One hour later, mice were placed in an altered context to test for both generalized 

freezing and for cued fear conditioning.  Once mice were placed in the altered context 

chambers, generalized freezing was scored for the first 3 minutes.  Next, cued fear 

conditioning was tested by activating the CS continuously and scoring freezing for 3 

minutes. 

 

Drug Administration and Experimental Design 

For all acute nicotine experiments, nicotine hydrogen tartrate salt (Sigma Co., St. 

Louis, MO) was dissolved in physiological saline and administered via an intraperitoneal 

(i.p.) injection.   For chronic nicotine and nicotine withdrawal experiments, nicotine was 
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administered subcutaneously by mini-osmotic pump (model 1002; Alzet, Cupertino, CA).  

All doses of nicotine are reported in freebase weight.   

Age-dependent effects of acute nicotine on fear conditioning 

Pre-adolescent (PND 23), adolescent (PND 38) and adult (PND 53) mice were 

administered saline, 0.045, 0.09, or 0.18 mg/kg nicotine i.p. five minutes before both the 

training and testing of contextual and cued fear conditioning (n = 9 – 14 per group).  This 

range of acute nicotine doses was used because 0.045 and 0.09 mg/kg nicotine enhances 

contextual fear conditioning in adult C57BL/6J mice (Gould and Wehner, 1999a; Gould 

and Higgins, 2003; Davis et al., 2006; Davis and Gould, 2007b; Raybuck and Gould, 

2007; André et al., 2008; Portugal et al., 2008).  Given that all 3 doses of acute nicotine 

enhanced contextual fear conditioning in pre-adolescent mice (see results section), a 

follow up experiment was conducted to identify the lowest dose of acute nicotine that 

would enhance contextual fear conditioning in pre-adolescent mice.  The design of the 

experiment was identical to the acute nicotine experiments described above, except that 

pre-adolescent and adult mice were administered saline or 0.023 mg/kg nicotine.  

Adolescent mice were not used in this experiment. 

Age-dependent effects of chronic nicotine on fear conditioning 

To investigate the effects of chronic nicotine on fear conditioning, mini-osmotic 

pumps were implanted subcutaneously and contained saline 3.0, 6.3 or 12.0 mg/kg/day 

nicotine (n = 9 – 12 per group; Figure 6).  Pre-adolescent mice were PND 23, adolescent 

mice were PND 38, and adults were PND 53 when pumps were implanted.  These doses 

of chronic nicotine were selected because previous studies in adult C57BL/6J mice have 

found that withdrawal from 6.3 mg/kg/d chronic nicotine will disrupt contextual fear 
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conditioning (Davis et al., 2005; Portugal and Gould, 2007; Raybuck et al., 2008; Davis 

and Gould, 2009).  The training of fear conditioning began 13 days after chronic nicotine 

treatment commenced.  Thus, pre-adolescent mice were PND 36, adolescent mice were 

PND 51, and adults were PND 66 on training day.  Chronic nicotine treatment continued 

on testing day (24 hours later).   

Age-dependent effects of nicotine withdrawal on fear conditioning 

At the start of nicotine withdrawal experiments, mice were implanted with mini-

osmotic pumps that contained 3.0, 6.3, 12.0 mg/kg/day nicotine or saline (n = 7 – 12 per 

group).  Mice were PND 23, PND 38, or PND 53 when pumps were implanted.  Chronic 

nicotine was administered for 12 days, and all pumps were removed on day 12.  The 

training of fear conditioning occurred on day 13, and mice were tested for contextual and 

cued fear conditioning 24 hours later.  On training day, pre-adolescent, adolescent, and 

adult mice were PND 36, PND 51, or PND 66, respectively.  Withdrawal from all 3 doses 

of chronic nicotine disrupted contextual fear conditioning in PND 38 mice (see results 

section).  Thus, an additional experiment was conducted to determine whether 

withdrawal from lower doses of chronic nicotine would impair contextual fear 

conditioning in adolescent mice.  In this experiment, mini-osmotic pumps were implanted 

in PND 38 mice that contained 0.5, 1.1 mg/kg/day nicotine, or saline.  

Age-dependent effects of prior chronic nicotine exposure on fear conditioning 

To investigate the effects of prior chronic nicotine exposure on future learning, 

PND 23, PND 38, or PND 53 mice were implanted with mini-osmotic pumps that 

delivered saline, 8.8, or 12.0 mg/kg/d nicotine subcutaneously for 12 days.  Pre-

adolescent mice were PND 35, adolescent mice were PND 50, and adults were PND 65 at 
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the time of pump removal.  Following pump removal, mice remained in the colony room 

for 30 days and the training of fear conditioning began when pre-adolescent mice were 

PND 65, adolescent mice were PND 80, and adults were PND 95 (see Figure 6 for a 

schematic of the experiment).  The testing of contextual and cued fear conditioning 

occurred 24 hours later for all groups. The 12.0 mg/kg/d dose of chronic nicotine was 

used because mice from all three age groups withdrawn from 12.0 mg/kg/d chronic 

nicotine exhibited nicotine withdrawal-related deficits in contextual fear conditioning 

(see results).  A group of pre-adolescent, adolescent, and adult mice were mistakenly 

implanted with pumps containing 8.8 mg/kg/d chronic nicotine; the results were 

informative so the groups were completed with this dose and these data were added to the 

experiment.     

 

Plasma nicotine collection 

 Previous studies in rats have found differences between adolescents and adults in 

the metabolism of nicotine and its primary metabolite, cotinine (Trauth et al., 2000b; 

O'Dell et al., 2006).  It is possible that developmental differences in nicotine metabolism 

may play a role in the effects of acute nicotine and nicotine withdrawal on contextual fear 

conditioning.  To determine whether plasma nicotine and cotinine levels differed between 

the three age groups, plasma samples were collected from mice that were treated with the 

intermediate doses of acute and chronic nicotine used in this study (0.09 mg/kg and 6.3 

mg/kg/d, respectively).  Mice were administered 0.09 mg/kg acute nicotine and blood 

samples were collected 10 minutes later via cardiac puncture.  For chronic nicotine, mini-

osmotic pumps containing 6.3 mg/kg/d nicotine were implanted subcutaneously and 
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blood samples were collected 12 days later via cardiac puncture.  Given that age 

differences in cotinine metabolism were found (see results) blood samples were also 

collected from pre-adolescent mice that were administered 0.18 mg/kg acute nicotine or 

12 mg/kg/d chronic nicotine.   

Blood samples were collected in lithium heparin tubes and centrifuged to isolate plasma.  

The analysis of plasma samples was conducted by Dr. J. Randy James (Virginia 

Commonwealth University) using a Micromass Quattro II liquid chromatography/tandem 

mass spectrometer (LC/MS; Blue Lion Biotech, Snoqualmie, WA).   The procedure for 

analyzing plasma nicotine was adapted from Naidong and colleagues (2001) and was 

validated for selectivity, calibration model fit, sensitivity, accuracy, and precision.   

Nicotinic acetylcholine receptor binding 

Radioligand binding studies have demonstrated that nicotine produces changes in 

nAChR upregulation during adolescence that are different from those observed during 

adulthood (Trauth et al., 1999; Abreu-Villaca et al., 2003b), but no studies to date have 

investigated whether pre-adolescent nicotine treatment produces an upregulation of 

nAChRs.  Pre-adolescent and adult mice were treated with 6.3 mg/kg/d nicotine or saline 

for 12 days and all pumps were removed on day 12.  Twenty-four hours later, mice were 

euthanized via cervical dislocation and the cortex, cerebellum, and hippocampus were 

collected for radioligand binding.  Tissues were homogenized in 50 mM Tris HCl 

(Sigma-Aldrich, St. Louis, MO) buffer, pH 7.4 at 24°C, and centrifuged twice at 35,000 x 

g for 10 min in fresh buffer. The membrane pellets were resuspended in fresh buffer and 

added to tubes containing a saturating concentration (2 nM) of [3H]Epibatidine ([3H]EB) 

(PerkinElmer, Boston, MA), which binds with very high affinity to all heteromeric 



 

 

nAChR subtypes in brain.

24°C with [3H]EB. Bound receptors were separated from free ligand by vacuum filtration 

over GF/C glass-fiber filters (Brandel, Gaithersburg, MD) that were pretreated with 0.5% 

polyethyleneimine (Sigma

liquid scintillation counter. Nonspecific binding was determined in the presence of 

300µM nicotine, and specific binding was defined as the difference between total binding 

Figure 6: A schematic of the design for the experiments conducted in this 
box represents a phase of the experiment, and the text indicates the age of pre
adolescent, adolescent, and adult mice during each phase of the experiment.
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Incubations were performed in Tris buffer at pH 7.4 for 2 h at 

H]EB. Bound receptors were separated from free ligand by vacuum filtration 

fiber filters (Brandel, Gaithersburg, MD) that were pretreated with 0.5% 

Aldrich, St. Louis, MO), and the filters were then counted in a 

liquid scintillation counter. Nonspecific binding was determined in the presence of 

300µM nicotine, and specific binding was defined as the difference between total binding 

A schematic of the design for the experiments conducted in this study.  Each 
box represents a phase of the experiment, and the text indicates the age of pre-
adolescent, adolescent, and adult mice during each phase of the experiment. 
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and nonspecific binding.  Radioligand binding was conducted by Drs. Jill Turner and 

Julie Blendy (University of Pennsylvania). 

Western blot analysis 

Nicotine treatment during adolescence produces changes in adenylyl cyclase (AC) 

(Xu et al., 2002; Abreu-Villaca et al., 2003a), which may lead to changes in cyclic AMP 

(cAMP) and cAMP response element binding protein (CREB) activity.  However, it is 

unknown whether changes in CREB activity would be seen 24 hours after withdrawal 

from chronic nicotine in pre-adolescent mice.  Osmotic mini-pumps containing 6.3 

mg/kg/d nicotine or saline were implanted in pre-adolescent and adult mice.  Mice were 

treated with chronic nicotine for 12 days and all pumps were removed on day 12.  

Twenty-four hours later, mice were euthanized via cervical dislocation and the cortex, 

cerebellum, and hippocampus were collected.  Tissues were homogenized in 200 µl of 

ice-cold extraction buffer containing 50mM Tris, 1mM EGTA, 1mM EDTA, 1% SDS, 

and 1mM PMSF (pH 7.4). Protein concentrations were determined using a BCA assay, 

with bovine serum albumin as the standard. Prior to loading, 6x SDS Sample buffer 

(50mM Tris, 2.5% SDS, 36% glycerol, 0.03% bromophenol blue and 1M DTT) was 

added to each sample, which were then boiled for 5 min.  Equivalent amounts of protein 

(30 µg) for each sample were resolved in 10% SDS-PAGE. After electrophoresis, 

proteins were transferred to nitrocellulose membranes. Membranes were incubated LI-

COR Blocking buffer (LI-COR, Lincoln, Nebraska) for 1 hr at room temperature to block 

non-specific binding. The blots were reacted overnight at 4°C with primary antibodies 

(pCREB (1:1000, CREB phosphorylated at Ser-133, Cell Signaling Technology, Lake 

Placid, NY) and beta-tubulin (1:2000, BDbiosciences, San Jose, CA)). After washing in 
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PBS-T, the blots were incubated in fluorescent secondary antibodies (1:20,000, LI-COR, 

Lincoln, Nebraska) in LI-COR blocking buffer for 1 hr at RT. Membranes were then 

washed three times with PBS-T. Immunolabeling detection and densitometry 

measurements were performed using the LI-COR Odyssey System (LI-COR, Lincoln, 

Nebraska). The blots were stripped using LI-COR Newblot stripping buffer (5x) (LI-

COR, Lincoln, Nebraska), washed, and reprobed with antibodies for both CREB (1:1000, 

Cell Signaling Technology, Lake Placid, NY) and the reference antibody (β-tubulin).   

Ratios of pCREB or CREB to β-tubulin densities were calculated for each sample and 

analyzed across conditions. 

Data Analysis 

 For each age group, data from all experiments investigating the effects of acute 

nicotine, chronic nicotine, and nicotine withdrawal on fear conditioning were analyzed 

with one-way ANOVAs.  Data from an experiment investigating the effects of 0.023 

mg/kg nicotine was analyzed with a 2 (age: pre-adolescent, adult) X 2 (drug: 0.023 mg/kg 

nicotine vs. saline) ANOVA.  One-way ANOVAs were used for each age group to 

determine whether exposure to chronic nicotine during adolescence altered learning that 

occurred during adulthood.  For plasma nicotine experiments, one-way ANOVAs were 

used to compare plasma nicotine, plasma cotinine, and a nicotine/cotinine ratio between 

pre-adolescent, adolescent, and adult mice.  Nicotine/cotinine ratios are used to assess 

metabolic rate: lower nicotine/cotinine ratios indicates a rapid metabolism of nicotine 

(Rao et al., 2000).  Using the GraphPad Prism 5.0 software package (GraphPad Software, 

San Diego, CA), statistical analyses of data from nicotine binding experiments were 

assessed using two-way ANOVAs followed by Bonferroni's multiple comparison test.  A 
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Levene statistic was used following each ANOVA to test for homogeneity of variance.  

Tukey post-hoc tests were used on data sets that did not violate the assumption of 

homogeneity of variance, whereas Games-Howell post-hoc tests were used when the 

assumption of homogeneity of variance was not met.  Lastly, Pearson correlations were 

used to evaluate associations between measures of nicotine metabolism (plasma nicotine, 

plasma cotinine, and nicotine/cotinine ratio) and behavioral data.   

 

Results 

Age-dependent effects of acute nicotine on fear conditioning 

To investigate the effects of acute nicotine on fear conditioning across 

development, pre-adolescent, adolescent, and adult mice were administered saline, 0.045, 

0.09, or 0.18 mg/kg nicotine prior to the training and testing of contextual and cued fear 

conditioning (Figure 7).  One-way ANOVAs revealed a significant main effect for drug 

treatment on contextual fear conditioning for all three age groups (pre-adolescent: [F(3, 

35) = 4.88, p < 0.05]; adolescent: [F(3, 46) = 3.71, p < 0.05]; adult: [F(3, 42) = 6.80, p < 

0.05]).  Tukey post-hoc comparisons determined that pre-adolescent mice treated with 

0.045, 0.09, or 0.18 mg/kg nicotine exhibited enhanced contextual fear conditioning 

relative to saline-treated pre-adolescent mice (p < 0.05), and adolescent mice that 

received 0.09 or 0.18 mg/kg nicotine had significantly greater contextual fear 

conditioning when compared to saline-treated adolescent mice (p < 0.05).  Furthermore, 

adult mice that were administered 0.045 or 0.09 mg/kg nicotine exhibited enhanced 

contextual fear conditioning relative to saline-treated adults (p < 0.05).  No significant 

effects of acute nicotine were observed for baseline freezing, immediate freezing, 
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generalized freezing, or cued fear conditioning for all three age groups (p > 0.05).  

Together, these data indicate that acute nicotine enhances contextual fear conditioning in 

pre-adolescents, adolescents and adults, but that sensitivity to the effects of acute nicotine 

varies as mice transition from pre-adolescence to adulthood. 

Given that both pre-adolescents and adults exhibited enhanced contextual fear 

conditioning when they were treated with 0.045 mg/kg nicotine, an additional experiment 

was conducted to identify the lowest dose of acute nicotine that would enhance 

contextual fear conditioning for both age groups.  A 2 (age) X 2 (drug) ANOVA revealed 

a significant main effect of age on immediate freezing [F(1, 36) = 15.92, p < 0.05], 

contextual fear conditioning [F(1, 36) = 9.22, p < 0.05], and cued fear conditioning [F(1, 

36) = 8.65, p < 0.05].  The main effect of drug and the interaction between age and drug 

was not significant (p > 0.05).  Thus, these data demonstrate that 0.023 mg/kg nicotine 

has no effect on fear conditioning for both pre- adolescents and adults, but that pre-

adolescents exhibit greater immediate freezing, contextual fear conditioning, and cued 

fear conditioning when compared to adults. 

 

Age-dependent effects of chronic nicotine on fear conditioning 

The effects of 3.0, 6.3, or 12.0 mg/kg/d chronic nicotine on fear conditioning were 

examined in mice that began chronic nicotine treatment during pre-adolescence, 

adolescence, or adulthood (Figure 8).  One-way ANOVAs revealed no effects of chronic 

nicotine on contextual fear conditioning for adolescent and adult mice (p > 0.05), 

suggesting the development of tolerance to the effects of nicotine.  In contrast, a main 
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effect of drug treatment was observed in pre-adolescent mice for contextual fear 

conditioning [F(3, 38) = 4.33, p < 0.05] and generalized freezing [F(3, 38) = 2.86, p < 

0.05].  Subsequent Tukey post-hoc tests revealed that pre-adolescent mice treated with 

12.0 mg/kg/d chronic nicotine exhibited enhanced contextual fear conditioning relative to 

saline-treated pre-adolescent mice (p < 0.05); no significant differences between groups 

were found for generalized freezing (p > 0.05).  Chronic nicotine had no effect on 

baseline freezing, immediate freezing, and cued fear conditioning for all three age groups 

(p > 0.05).  Overall, these data suggest that adolescent and adult mice developed 

tolerance to the effects of acute nicotine during chronic nicotine administration, but pre-

Figure 7: The effects of acute nicotine on contextual and cued fear conditioning in pre-
adolescent, adolescent, and adult mice.  Compared to adults, pre-adolescent mice were 
more sensitive to the effects of acute nicotine on contextual fear conditioning whereas 
adolescent mice were less sensitive.   Error bars indicate SEM, (*) indicates p < 0.05.  
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adolescent mice exhibited enhanced contextual fear conditioning when treated with a 

high dose of chronic nicotine. 

Age-dependent effects of nicotine withdrawal on fear conditioning 

To investigate the effects of nicotine withdrawal on fear conditioning, pre-

adolescent, adolescent, or adult mice were withdrawn from 3.0, 6.3, or 12.0 mg/kg/d 

chronic nicotine and were trained in fear conditioning (Figure 9).  Withdrawal from 

chronic nicotine produced deficits in contextual fear conditioning for pre-adolescent [F(3, 

28) = 6.63, p < 0.05], adolescent [F(3, 38) = 7.91, p < 0.05], and adult mice [F(3, 27) = 

11.16, p < 0.05].  One-way ANOVAs also revealed an effect of drug treatment on 

immediate freezing in pre-adolescent mice [F(3, 28) = 3.66, p < 0.05], and generalized 

freezing in adult mice [F(3, 27) = 4.01, p < 0.05].  Tukey post-hoc tests found that pre-

adolescent mice withdrawn from 12.0 mg/kg/d chronic nicotine showed impaired 

contextual fear conditioning relative to pre-adolescents that were withdrawn from chronic 

saline (p < 0.05), whereas adolescent mice withdrawn from all 3 doses of chronic nicotine 

had disrupted contextual fear conditioning when compared to adolescents that were 

withdrawn from chronic saline (p < 0.05).  In addition, adult mice withdrawn from 6.3 or 

12.0 mg/kg/d chronic nicotine exhibited withdrawal-related deficits in contextual fear 

conditioning relative to adult saline controls (p < 0.05).  Games-Howell post-hoc tests 

found no differences between groups for immediate freezing in pre-adolescent mice, and 

for generalized freezing in adult mice (p > 0.05).  Withdrawal from chronic nicotine had 

no effect on baseline freezing, or cued fear conditioning for all three age groups (p > 

0.05).  Taken together, these results demonstrate that nicotine withdrawal disrupts 
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contextual fear conditioning during pre-adolescence, adolescence, and adulthood.  

However, the effects of nicotine withdrawal on contextual fear conditioning vary as a 

 

 
 
function of age, such that adolescent mice show the greatest sensitivity to nicotine 

withdrawal whereas pre-adolescent mice are the least sensitive to the effects of nicotine 

withdrawal. 

As mentioned above, adolescents exhibited disrupted contextual fear conditioning 

following withdrawal from all 3 doses of chronic nicotine.  Thus, an experiment was 

conducted to determine whether withdrawal from lower doses of chronic nicotine (0.5 or 

1.1 mg/kg/d) would also produce deficits.  A one-way ANOVA found a significant main 

Figure 8: The effects of chronic nicotine on contextual and cued fear conditioning in pre-
adolescent, adolescent, and adult mice.  Pre-adolescent mice exhibited enhanced 
contextual fear conditioning when treated with 12 mg/kg/d chronic nicotine.  Error bars 
indicate SEM, (*) indicates p < 0.05.  
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effect of withdrawal on contextual fear conditioning [F(2, 27) = 5.43, p < 0.05], and 

Tukey post-hoc comparisons  

 

 

revealed that mice withdrawn from 1.1 mg/kg/d chronic nicotine had impaired contextual 

fear conditioning when compared to saline-withdrawn mice (p < 0.05).  Nicotine 

withdrawal did not alter baseline freezing, immediate freezing, generalized freezing, or 

cued fear conditioning (p > 0.05).  These data suggest that adolescents are very sensitive 

to the effects of nicotine withdrawal on fear conditioning as withdrawal from low doses 

of chronic nicotine can disrupt contextual fear conditioning. 

  

Figure 9: The effects of nicotine withdrawal on contextual and cued fear conditioning in 
pre-adolescent, adolescent, and adult mice.  Compared to adults, pre-adolescent mice 
were less sensitive to the effects of nicotine withdrawal on contextual fear conditioning 
whereas adolescent mice were more sensitive.   Error bars indicate SEM, (*) indicates p < 
0.05.  
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Age-dependent effects of prior chronic nicotine exposure on fear conditioning 

The next experiment investigated whether exposure to chronic nicotine during 

development would alter fear conditioning that was acquired during adulthood.  

Specifically, pre-adolescent, adolescent, and adult mice were treated with 8.8, 12.0 

mg/kg/d chronic nicotine or saline, and pumps were removed after 12 days of chronic 

nicotine administration.  Thirty days later, mice were trained and tested in fear 

conditioning (Figure 10).  Mice that were treated with chronic nicotine during pre-

adolescence and adolescence exhibited impaired contextual fear conditioning during 

adulthood (pre-adolescent: [F(2, 34) = 19.11, p < 0.05]; adolescent: [F(2, 35) = 9.81, p < 

0.05]).  In contrast, mice that were administered chronic nicotine during adulthood 

showed no changes in contextual fear conditioning when they were trained and tested 

later during adulthood (p > 0.05).  Tukey post-hoc tests revealed that mice treated with 

both doses of chronic nicotine during pre-adolescence exhibited impaired contextual fear 

conditioning during adulthood, whereas mice that received 12.0 mg/kg/d chronic nicotine 

during adolescence showed disrupted contextual fear conditioning during adulthood (p < 

0.05).  Baseline freezing, immediate freezing, generalized freezing, and cued fear 

conditioning were not altered by chronic nicotine exposure for all three age groups (p > 

0.05).  Thus, these results demonstrate that exposure to chronic nicotine during 

adolescence can have detrimental effects on associative learning observed during 

adulthood, whereas this effect is not observed if exposure to chronic nicotine commenced 

during adulthood.  It is also important to note that the effects of chronic nicotine may be 

more harmful if the exposure occurs at an earlier age, because mice that were exposed to 

8.8 or 12.0 mg/kg/d chronic nicotine during pre-adolescence had impaired contextual fear 
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conditioning during adulthood whereas only 12 mg/kg/d chronic nicotine had an effect 

with adolescent exposure. 

 

 

Plasma nicotine and cotinine in pre-adolescent, adolescent, and adult mice 

 Plasma nicotine and cotinine samples were collected from pre-adolescent, 

adolescent, and adult mice to determine whether there were differences in nicotine and 

cotinine metabolism between the three age groups (Figure 11).  One-way ANOVAs 

found no differences in plasma nicotine levels between all three age groups when mice 

Figure 10: The effects of prior chronic nicotine exposure on contextual and cued fear 
conditioning.  Pre-adolescent and adolescent chronic nicotine exposure disrupted 
contextual fear conditioning that occurred during adulthood, whereas adult chronic 
nicotine exposure did not alter fear conditioning.  Error bars indicate SEM, (*) indicates p 
< 0.05.  
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were treated with acute nicotine or chronic nicotine (p > 0.05).  However, an effect of age 

was observed for plasma cotinine levels when mice were treated with acute nicotine [F(3, 

28) = 72.03, p < 0.05] or chronic nicotine [F(3, 28) = 5.83, p < 0.05].  A main effect of 

age was also observed for a nicotine/cotinine ratio in mice that received acute nicotine 

[F(3, 28) = 3.38, p < 0.05] or chronic nicotine [F(3, 28) = 5.31, p < 0.05].  Tukey post-

hoc tests revealed that pre-adolescent mice treated with 0.09 mg/kg nicotine had 

significantly higher plasma cotinine levels than adults that were administered 0.09 mg/kg 

acute nicotine; pre-adolescents that received 0.18 mg/kg nicotine had significantly higher 

plasma cotinine levels than all other groups (p < 0.05).  Additionally, Games-Howell post 

hoc tests found that 6.3 mg/kg/d chronic nicotine produced significantly lower plasma 

cotinine levels in pre-adolescent mice relative to adults and compared to pre-adolescents 

that were treated with 12.0 mg/kg/d chronic nicotine (p < 0.05).  Furthermore, the 

nicotine/cotinine ratio in pre-adolescents treated with 6.3 mg/kg/d chronic nicotine was 

significantly lower than the ratio observed in pre-adolescents treated with 12.0 mg/kg/d 

chronic nicotine (p < 0.05).  Post-hoc comparisons of the acute nicotine/cotinine ratio 

were not significant, but pre-adolescent mice that received 0.09 (mean = 0.41; SEM = +/- 

0.09) and 0.18 mg/kg (mean = 0.33; SEM = +/- 0.02) acute nicotine had lower 

nicotine/cotinine ratios relative to adolescents (mean = 1.41; SEM = +/- 0.61) and adults 

(mean = 1.66; SEM = +/- 0.50) that received 0.09 mg/kg nicotine.  Nicotine/cotinine 

ratios are used to measure metabolic rate; lower nicotine/cotinine ratios indicate a faster 

metabolism of nicotine (Rao et al., 2000).  The results for nicotine and cotinine levels 

suggest that nicotine metabolism changes with age in C57BL/6 mice. 
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Associations between behavioral measures and plasma nicotine and cotinine were 

examined for each age group.  For pre-adolescent mice, significant associations were 

observed between generalized freezing and plasma cotinine when mice were 

administered 0.09 mg/kg nicotine (r = -.95; p < 0.05), and in pre-adolescent mice 

withdrawn from 12 mg/kg/d chronic  

 

 

nicotine (r = -.77; p < 0.05).  Immediate freezing (r = .71; p < 0.05) and generalized 

freezing (r = -.97; p < 0.05) in pre-adolescent mice withdrawn from 12 mg/kg/d chronic 

nicotine was also associated with nicotine/cotinine ratio.  Furthermore, contextual fear 

conditioning data from pre-adolescent mice withdrawn from 6.3 mg/kg/d chronic nicotine 

Figure 11: Age-dependent differences in plasma nicotine and cotinine following acute or chronic 
nicotine administration.  11A: plasma cotinine was significantly different between adolescent and 
adult mice that received 0.09 mg/kg nicotine and pre-adolescent mice that were treated with 0.09 
mg/kg nicotine (*).  Pre-adolescent mice treated with 0.18 mg/kg nicotine exhibited higher plasma 
cotinine levels than all other groups (#).  11B: Chronic plasma cotinine levels differed between 
pre-adolescent mice treated with 6.3 mg/kg/d chronic nicotine and pre-adolescent mice that 
received 12.0 mg/kg/d chronic nicotine (*).   
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was significantly associated with plasma nicotine (r = -.73; p < 0.05).   However, pre-

adolescent mice did not show deficits in contextual fear conditioning following 

withdrawal from 6.3 mg/kg/d chronic nicotine; therefore, these data suggest that fear 

conditioning performance in pre-adolescents was correlated with plasma nicotine levels, 

but plasma nicotine levels did not predict nicotine withdrawal deficits in contextual fear 

conditioning.  Thus, immediate freezing, generalized freezing, and contextual fear 

conditioning were negatively correlated with measures of nicotine and cotinine 

metabolism in pre-adolescent mice, whereas nicotine and cotinine metabolism measures 

were not associated with fear conditioning behavior in adolescents and adults.    

 

Nicotine receptor binding 

 Changes in radioligand binding for [3H]Epibatidine in the cortex, hippocampus, 

and cerebellum were examined in pre-adolescent and adult mice that were withdrawn 

from 6.3 mg/kg/d chronic nicotine for 24 hours (Figure 12).  For cortical binding data, a 2 

(treatment: nicotine, saline) X 2 (age: pre-adolescent, adult) ANOVA revealed a 

significant main effect for treatment [F(1, 12) = 45.12, p < 0.05], whereas the main effect 

of age and the interaction between age and treatment were not significant (p > 0.05).  

Analysis of hippocampal data by a 2 X 2 ANOVA revealed significant main effects of 

age [F(1, 12) = 16.66, p < 0.05] and treatment [F(1, 12) = 11.62, p < 0.05], and a 

significant interaction between age and treatment [F(1, 12) = 14.81, p < 0.05].  In the 

cerebellum, receptor number differed between pre-adolescents and adults [F(1, 12) = 

14.81, p < 0.05], but nicotine did not produce changes in receptor number, nor was there 

an interaction between age and treatment (p > 0.05).  Bonferroni post-hoc tests revealed 
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that pre-adolescents and adults withdrawn from 6.3 mg/kg/d nicotine had a significant 

upregulation of cortical nAChRs relative to saline treated mice (p < 0.05).  In contrast, 

hippocampal nAChRs were upregulated in adult mice (p < 0.05), but no such effects were 

observed in pre-adolescent mice.  Furthermore, nicotine withdrawal produced no changes 

in receptor number in the cerebellum for both pre-adolescent and adult mice (p > 0.05).  

These data indicate that preadolescent nAChRs are less sensitive to upregulation than 

adult nAChRs. 

 

Western blot analysis 

Phosphorylated CREB (pCREB), total CREB activity, and pCREB/CREB ratio 

were measured in the cortex, hippocampus, and cerebellum 24 hours after withdrawal 

from 6.3 mg/kg/d nicotine in pre-adolescent and adult mice (Figure 13).  In the cortex, a 

2 (treatment: nicotine, saline) X 2 (age: pre-adolescent, adult) ANOVA for total CREB 

revealed a significant  

 

 

main effects for treatment [F(1, 10) = 9.01, p < 0.05] and age [F(1, 10) = 19.22, p < 

0.05], but the interaction between age and treatment was not significant (p > 0.05).  

Figure 12: [3H]Epibatidine binding in the cortex, hippocampus, and cerebellum 24 hours 
after withdrawal from chronic nicotine.  Hippocampal nAChRs were upregulated in adult 
mice but not in pre-adolescent mice, whereas cortical nAChRs were upregulated during 
nicotine withdrawal for both age groups.  Adult mice had a greater number of cerebellar 
nAChRs, regardless of treatment.  Error bars indicate SEM, (*) indicates p < 0.05.  
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Furthermore, no significant differences were found for cortical pCREB, or for the 

pCREB/CREB ratio (p > 0.05).  A 2 X 2 ANOVA for total CREB in the hippocampus 

revealed a significant main effect of treatment [F(1, 10) = 10.61, p < 0.05] and a 

significant interaction between age and treatment [F(1, 10) = 5.57, p < 0.05], whereas the 

main effect of age was not significant (p > 0.05).  No significant differences were found 

for hippocampal pCREB, or for the pCREB/CREB ratio (p > 0.05).  In the cerebellum, a 

main effect of treatment on total CREB was observed [F(1, 10) = 28.40, p < 0.05], and 

for pCREB, a significant interaction between treatment and age was found [F(1, 10) = 

6.00, p < 0.05].  No other main effects or interactions for cerebellar data were statistically 

significant (p > 0.05).  Bonferroni post-hoc tests revealed that total CREB in the cortex 

was increased in pre-adolescents withdrawn from 6.3 mg/kg/d nicotine relative to saline 

treated mice (p < 0.05), whereas no effect was observed in adults.  In the hippocampus, 

total CREB was decreased in pre-adolescents withdrawn from chronic nicotine (p < 

0.05), but no effects were observed in adults.  Furthermore, total CREB in the cerebellum 

was decreased in both pre-adolescents and adults withdrawn from chronic nicotine when 

compared to saline treated mice (p > 0.05).  No differences in cerebellar pCREB were 

observed between groups.  Together, these data reveal age-dependent changes in cortical 

and hippocampal CREB activity assessed 24 hours after cessation of nicotine treatment, 

whereas cerebellar changes in CREB activity occurred in both pre-adolescents and adults. 

Discussion 

Changes to the neural substrates of learning and memory by nicotine may be an 

important factor that contributes to the addictive liability of the drug (Kelley, 2004; 

Hyman, 2005; Gould, 2006; Davis and Gould, 2008; Koob and Volkow, 2010).  



 

 

However, the effects of nicotine treatment durin

adulthood on learning and potential underlying neural substrates have not been examined; 

this is an important issue as early nicotine use typically increases the risk for becoming 
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However, the effects of nicotine treatment during preadolescence, adolescence, and 

adulthood on learning and potential underlying neural substrates have not been examined; 

this is an important issue as early nicotine use typically increases the risk for becoming 

Nelson et al., 2008).  The results of the  

present study identify age-dependent effects of nicotine on contextual learning.  Pre

adolescents exhibited enhanced contextual learning over a broader range of acute nicotine 

adolescents and adults, and were the least sensitive to the effects of nicotine 

on contextual learning.  In contrast, adolescent mice were less sensitive to the 

effects of acute nicotine on contextual learning than adults, and had disrupted contextual 

fear conditioning when withdrawn from low doses of chronic nicotine that had no effect 

Changes in pCREB, total CREB, and a pCREB/CREB ratio in the cortex, 
hippocampus, and cerebellum 24 hours after withdrawal from chronic nicotine.  Age
dependent effects in total CREB were observed in the cortex and hippocampus, whereas 
no effects were observed in pCREB and the pCREB/CREB ratio.  Nicotine withdrawal 
decreased total CREB in the cerebellum for both pre-adolescents and adults.
indicate SEM, (*) indicates p < 0.05.  
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in pre-adolescents or adults.  Compared to pre-adolescents and adolescents, adults 

displayed an intermediate level of sensitivity to the effects of acute nicotine and nicotine 

withdrawal.  Furthermore, pre-adolescents showed enhanced contextual fear conditioning 

during treatment with the highest dose of chronic nicotine, whereas chronic nicotine did 

not alter fear conditioning for adolescents or adults.  Together, these age-dependent 

changes in the effects of nicotine on contextual learning may play an important role in 

promoting continued use of nicotine.  For pre-adolescents, the positive effects of acute 

nicotine such as the enhancement of contextual learning and reward (Adriani et al., 2002) 

may be an important factor that leads to continued use.  Conversely, the deficits in 

contextual learning observed during withdrawal in adolescence may promote continued 

use by facilitating relapse.   

It has been hypothesized that adolescents exhibit greater sensitivity to the positive 

effects of nicotine, but are less sensitive to the negative effects of nicotine withdrawal 

(Wilmouth and Spear, 2006; Chen et al., 2007; Kota et al., 2007; Torres et al., 2008).  

However, in this study the response to nicotine in pre-adolescents was consistent with 

this hypothesis, whereas adolescent mice were less responsive than pre-adolescents and 

adults to the positive effects of acute nicotine on contextual learning and showed greater 

propensity for withdrawal-related deficits in contextual learning.  Clinical studies 

investigating the subjective effects of initial tobacco use have reported that pre-

adolescents and adolescents experienced more positive effects and fewer aversive effects 

of tobacco use, whereas the aversive effects of initial tobacco use where greater when 

initial use occurred during adulthood (Hahn et al., 1990; Pomerleau et al., 1993; 

Eissenberg and Balster, 2000).  Furthermore, adolescent smokers exhibit withdrawal-
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related deficits in working memory that are more severe with an earlier age of smoking 

initiation (Jacobsen et al., 2005; Jacobsen et al., 2007).  However, deficits in working 

memory during withdrawal have also been reported in adult smokers (Mendrek et al., 

2006; Patterson et al., 2010), and no study to date has investigated whether withdrawal-

related deficits in working memory are more severe in adolescents relative to adults.  The 

similarity between age-dependent effects of nicotine in humans and mice suggests that an 

improved understanding of the neural substrates altered by adolescent nicotine treatment 

in mice may lead to more effective treatments for tobacco addiction. 

A second major finding of this study is that exposure to chronic nicotine during 

pre-adolescence and adolescence produces long-lasting deficits in contextual learning 

that can be observed during adulthood.  Mice treated with chronic nicotine during pre-

adolescence and adolescence had impaired fear conditioning during adulthood, 30 days 

after chronic nicotine treatment ended.  This effect was more robust in adults that were 

treated with chronic nicotine during pre-adolescence; deficits in contextual learning were 

observed in adults that were administered 8.8 or 12.0 mg/kg/d chronic nicotine.  In 

contrast, adult chronic nicotine exposure did not alter fear conditioning that occurred 30 

days later.  The impairment of cognition resulting from pre-adolescent or adolescent 

nicotine exposure is consistent with research in humans that reported associations 

between cigarette smoking and cognitive impairments (Cervilla et al., 2000; Nooyens et 

al., 2008).  For instance, cigarette smoking has been associated with deficits in verbal 

memory during midlife that is independent of several factors, including cognitive ability 

during adolescence (Richards et al., 2003).  Research in humans has demonstrated that an 

earlier age of smoking initiation is associated with a more severe addiction to tobacco and 
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an increased likelihood of drug use (Everett et al., 1999; Hanna and Grant, 1999).  One 

potential contributing factor for this may be changes in cognitive processes that lead to 

poor or impulsive decisions. 

Few studies to date have investigated whether adolescent nicotine exposure 

produces changes in neural functioning that persist during adulthood, but some evidence 

suggests that cholinergic function is altered by adolescent nicotine exposure.  Slotkin and 

colleagues (2007) reported that levels of choline acetyltransferase (ChAT), an enzyme 

involved in the synthesis of acetylcholine, was reduced in the cortex and elevated in the 

hippocampus in adults that received chronic nicotine during adolescence.  An identical 

pattern was observed for [3H] hemicholinium-3 (HC3) binding to high-affinity 

presynaptic choline transporters, which is used as a measure of cholinergic functioning 

(Slotkin et al., 2007).  Furthermore, adolescent nicotine treatment can alter the response 

to chronic nicotine treatment that occurs during adulthood.  Specifically, male mice 

treated with chronic nicotine during adolescence had decreased cortical ChAT activity 

during chronic nicotine treatment that occurred during adulthood, and hippocampal HC3 

binding was increased during nicotine withdrawal (Slotkin et al., 2008a).  Previous 

studies have shown that the effects of acute nicotine and nicotine withdrawal on 

contextual learning are hippocampus-dependent (Davis et al., 2007; Davis and Gould, 

2009).  Thus, it is possible that chronic nicotine exposure during pre-adolescence or 

adolescence produces long-lasting changes in cholinergic functioning that disrupts 

learning that occurs during adulthood. 

Exposure to nicotine during adolescence can also produce short-term changes in 

nAChR upregulation, which in turn may alter sensitivity to the behavioral effects of 
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nicotine.  In the present study, adult mice had disrupted contextual fear conditioning 

following withdrawal from 6.3 mg/kg/d chronic nicotine, whereas pre-adolescents did 

not.  Therefore, we investigated whether nAChR binding to [3H]Epibatidine differed 

between pre-adolescents and adults that were withdrawn from 6.3 mg/kg/d chronic 

nicotine.  Adult mice withdrawn from 6.3 mg/kg/d chronic nicotine exhibited an 

upregulation of hippocampal nAChRs, whereas this effect was absent in pre-adolescent 

mice.  Furthermore, this age-related difference in nAChR upregulation by nicotine was 

specific to the hippocampus, as cortical nAChR upregulation was observed during 

nicotine withdrawal for both age groups.  Age-dependent differences in nAChR 

upregulation may be associated with the effects of nicotine withdrawal on fear 

conditioning in pre-adolescents and adults.  Although withdrawal-associated changes in 

nAChR binding were not examined in adolescents, studies in rats have demonstrated that 

chronic nicotine administration produces a greater upregulation of hippocampal nAChRs 

in adolescents than in adults (Trauth et al., 1999; Doura et al., 2008), and hippocampal 

nAChR upregulation can be observed up to one month after treatment, whereas the 

upregulation of nAChRs was less robust in adults (Trauth et al., 1999); this could explain 

the greater withdrawal deficits observed in the adolescent mice in the present study.  

Thus, changes in nAChR upregulation may contribute to age-dependent differences in the 

effects of nicotine withdrawal on contextual learning, but additional research is needed.     

Although adolescent nicotine exposure produces both short-term and long-term 

changes in nAChR upregulation, it is possible that age-dependent differences in the 

metabolism of nicotine or cotinine (the primary metabolite of nicotine) may also play a 

role in the age-dependent effects of nicotine on contextual learning.  To investigate this 
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issue, plasma nicotine and cotinine samples were collected from mice for all three age 

groups that were treated with 0.09 mg/kg acute nicotine and 6.3 mg/kg/d chronic nicotine 

and nicotine/cotinine ratios were calculated.  Lower ratios indicate a faster metabolism of 

nicotine (Rao et al., 2000).   For acute nicotine, no significant age-related differences in 

the nicotine/cotinine ratio were found, but there was a trend suggesting that pre-

adolescent mice had lower a nicotine/cotinine ratio than adolescents and adults.  Mice 

from all age groups showed enhanced contextual fear conditioning after treatment with 

0.09 mg/kg acute nicotine, but metabolism was faster in pre-adolescent mice.  Therefore, 

the difference in metabolism reflected in the nicotine/cotinine ratio most likely does not 

contribute to the behavioral effects because the effects of nicotine on behavior do not 

match the differences in the ratio.  For chronic nicotine, no age-related differences were 

seen in the nicotine/cotinine ratio.  Studies investigating nicotine metabolism in rats have 

demonstrated that adolescents metabolize nicotine more rapidly than adults (Trauth et al., 

2000a; O'Dell et al., 2006).  However, adolescents display fewer somatic signs during 

nicotine withdrawal than adults even when plasma nicotine levels are matched (O'Dell et 

al., 2006).  These data are consistent with the results of the present study and suggest that 

age-dependent differences in nicotine metabolism are not critically involved in the effects 

of nicotine on contextual learning and withdrawal-related increases in somatic signs. 

Nicotine may produce both short-term and long-term changes in neuroplasticity 

during pre-adolescence or adolescence through the activation of cell signaling pathways 

involved in development and synaptic plasticity.  In the present study, changes in 

phosphorylated and total CREB were measured in pre-adolescent and adult mice that 

were withdrawn from 6.3 mg/kg/d chronic nicotine for 24 hours.  Pre-adolescent mice 
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withdrawn from 6.3 mg/kg/d nicotine had increased total CREB in the cortex and 

decreased total CREB in the hippocampus, whereas these effects were not observed in 

adults.  However, these changes in total CREB activity were not associated with the 

effects of nicotine withdrawal on fear conditioning measured 24 hours after cessation of 

treatment, as nicotine withdrawal had no effect in pre-adolescent mice but disrupted 

contextual fear conditioning in adults.  Thus, age-dependent changes in CREB activity 

may be not sufficient to disrupt contextual learning during pre-adolescence.  However, 

because CREB is a gene transcription factor (Benito and Barco, 2010), pre-adolescent 

changes in CREB due to chronic nicotine exposure could alter gene expression and lead 

to developmental changes that emerge during adulthood.  Few studies have investigated 

changes in cell signaling during adolescent nicotine exposure; however some evidence 

suggests that nicotine treatment during adolescence can alter adenylyl cyclase (AC), 

which is involved in the synthesis of cyclic AMP (cAMP) and can lead to activation of 

CREB.  Adolescent nicotine exposure produced decreases in basal AC activity in the 

cortex during adulthood, whereas this effect was less robust in adults that received 

chronic nicotine earlier during adulthood (Slotkin et al., 2008b).  Therefore, adolescent 

nicotine exposure can produce long-lasting changes in cell signaling pathways that 

become evident in adulthood, but future studies are needed to determine whether 

alterations of CREB by pre-adolescent nicotine exposure may lead to long-lasting 

changes such as disrupted contextual learning during adulthood. 

In summary, the results of the present study demonstrate age-dependent effects of 

acute, chronic, and withdrawal from chronic nicotine on contextual learning, nAChR 

upregulation and CREB.  Compared to adults, pre-adolescent mice were more sensitive to 
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the effects of acute nicotine, showed enhanced contextual learning when treated with the 

highest dose of chronic nicotine, and were less sensitive to the effects of nicotine 

withdrawal on contextual learning.  In contrast, adolescent mice were less sensitive to the 

effects of acute nicotine on contextual learning and were more sensitive to nicotine 

withdrawal-related deficits in contextual learning relative to adults.  Exposure to chronic 

nicotine during pre-adolescence or adolescence also produced long-lasting impairments 

in contextual learning that were observed during adulthood.  Furthermore, age-dependent 

differences in the effects of nicotine withdrawal on contextual learning were associated 

with changes in nAChR binding to nicotine.  Together, these data suggest that the effects 

of nicotine on contextual learning during pre-adolescence and adolescence may play an 

important role in the development and maintenance of nicotine addiction.  In pre-

adolescents, greater sensitivity to the effects of acute nicotine on contextual learning may 

aid in the formation of maladaptive drug-context associations that could lead to cravings 

when re-exposed to the contextual stimuli.  Furthermore, the reduced effects of nicotine 

withdrawal in pre-adolescents may promote occasional smoking that could lead to 

subsequent dependence.  In contrast, the increased severity of nicotine withdrawal-related 

deficits in contextual learning during adolescence may encourage relapse as a means of 

ameliorating the deficits.  The long-term cognitive effects of chronic nicotine exposure 

during pre-adolescence and adolescence may also promote nicotine addiction.  For 

example, the long-lasting disruption of cognitive processes such as learning and memory 

may lead to poor or impulsive decision making that could lead to continued use of 

nicotine.  In support, studies have reported associations between cigarette smoking and 

cognitive impairments (Cervilla et al., 2000; Richards et al., 2003; Nooyens et al., 2008).  
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Thus, developmental differences in sensitivity to nicotine and the long-term cognitive 

impairments produced by adolescent nicotine exposure may lead to increased risk for 

continued tobacco use. 
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CHAPTER 4 

Conclusion 

The experiments described above revealed several major findings regarding the 

strain-dependent and age-dependent effects of nicotine.  In Chapter 2, we demonstrated 

that differences in genetics altered sensitivity to the effects of acute nicotine and nicotine 

withdrawal on contextual fear conditioning.  Interestingly, we found that the strain-

dependent effects of acute nicotine on contextual learning were not associated with 

nicotine withdrawal-related deficits in contextual fear conditioning.  The lack of a 

relationship between these two effects suggests that different genes may mediate these 

two effects of nicotine on contextual learning.  In Chapter 2 the effects of nicotine 

withdrawal on somatic signs and the elevated plus maze were also examined, but nicotine 

withdrawal produced few changes in somatic signs and the elevated plus maze.  These 

data, along with the effects of nicotine withdrawal on fear conditioning, suggest that 

different genetic substrates may determine sensitivity to each symptom of nicotine 

withdrawal.  Genetic correlations conducted in Chapter 2 also revealed that the effects of 

nicotine withdrawal on somatic signs and the elevated plus maze were associated with 

changes in nicotine metabolism and nicotine binding, whereas the effects of acute 

nicotine on contextual fear conditioning was only associated with variability in nicotine 

binding.  The results from the genetic correlations are consistent with the results from 

behavioral experiments and suggest that different genes may alter sensitivity to each 

symptom of nicotine withdrawal. 

The experiments discussed in Chapter 3 demonstrated age-dependent effects of 

acute, chronic, and withdrawal from chronic nicotine on contextual learning.  
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Specifically, pre-adolescent mice were more sensitive to the effects of acute nicotine on 

contextual fear conditioning than adolescents and adults, exhibited enhanced contextual 

learning when treated with high doses of chronic nicotine, and were less sensitive to the 

effects of nicotine withdrawal on contextual learning.  Adolescent mice were less 

sensitive to the effects of acute nicotine on contextual learning compared to pre-

adolescents and adults, and showed increased sensitivity to nicotine withdrawal-related 

deficits in contextual learning relative to adults.  Together, these data suggest that the 

effects of acute nicotine during pre-adolescence on contextual learning could promote 

continued use of nicotine by potentially facilitating the development of maladaptive drug-

context associations that could lead to cravings, whereas the increased sensitivity to 

nicotine withdrawal during adolescence may facilitate relapse.  Additional experiments in 

Chapter 3 revealed that the effects of nicotine withdrawal on contextual learning in pre-

adolescents and adults were associated with changes in nAChR binding to nicotine.  

These data suggest that changes in nAChR upregulation may alter sensitivity to the 

effects of nicotine withdrawal on contextual learning.  Finally, experiments in Chapter 3 

demonstrated that chronic nicotine exposure during pre-adolescence or adolescence 

produced long-lasting impairments in contextual learning that were observed during 

adulthood.  In contrast, adult chronic nicotine exposure did not alter fear conditioning 

that occurred later in adulthood.   

The present studies extend previous research by demonstrating that the effects of 

nicotine on learning and memory depend upon several factors such as the age at which 

nicotine use begins and the genetic makeup of the individual.  The results of the present 

study indicate that different genes may mediate sensitivity to the effects of acute nicotine 
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and nicotine withdrawal on contextual learning.  Thus, for some individuals the effects of 

acute nicotine on contextual learning may play a more important role in the development 

of nicotine addition, whereas for others the effects of nicotine withdrawal on contextual 

learning may be important for the maintenance of nicotine addiction.  Future studies that 

identify genes that may alter sensitivity to the effects of nicotine on contextual learning 

could lead to more effective treatments for smoking cessation.  It is also clear that the 

effects of nicotine on contextual learning are more detrimental if nicotine use occurs 

during pre-adolescence or adolescence. During these developmental periods, the greater 

sensitivity to the effects of acute nicotine or nicotine withdrawal may promote additional 

use of nicotine, and the long-lasting changes to the neural substrates of learning that 

occur as a result of pre-adolescent or adolescent nicotine exposure may also facilitate 

continued use of nicotine.  For example, the enhanced positive effects of acute nicotine 

on contextual learning in pre-adolescents may lead to maladaptive drug-context 

associations that could lead to cravings. Furthermore, the increased sensitivity to 

withdrawal-related deficits in contextual learning during adolescence may promote the 

continued use of nicotine by facilitating relapse.  Finally, the long-lasting disruption of 

learning and memory may lead to poor or impulsive decision making that could lead to 

continued use of nicotine.  The identification of cell signaling molecules that mediate 

age-dependent effects of nicotine may aid in the development of new smoking cessation 

treatments. 
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