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ABSTRACT 

SOCIAL ISOLATION EFFECT ON NICOTINE CONSUMPTION IN ADOLESCENT 

MICE 

Ji-Hye Ko, M.S. 

George Mason University, 2017 

Thesis Director: Dr. Karl J. Fryxell 

 

Adolescence is a period of increased vulnerability to nicotine addiction and a time when 

sensation seeking reaches its maximum value. Since the developmental trajectories of 

sensation seeking and impulse control are different, there are higher chances of risk-

taking behaviors during that period. Also, adolescence is a period of being hypersensitive 

to rewards, especially the salience of social cues. Therefore, social context becomes a 

significant influence on drug use and abuse. This thesis describes the effects of social 

isolation on nicotine consumption in mid-adolescent mice who consumed nicotine 

voluntarily starting at postnatal day 40. We previously reported that nicotine consumption 

in socially isolated mice who started to consume nicotine at postnatal day 30 was 

significantly higher than in pair-housed mice, especially in males. Here, we extend our 

experiments to mid-adolescent mice, as well as Cd81 -/- mice (whose nicotine 

consumption increased significantly in both adults and early-adolescents). We also tested 
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for the effects of estrous cycle on nicotine consumption in early adolescent females 

(starting on postnatal day 30). After the nicotine self selection, behavioral and emotional 

sings of withdrawal were measured. Here, we report that mid-adolescent nicotine 

consumption was increased by Cd81 loss-of-function in females, but not in males. After 

24 h of nicotine abstinence, behavioral withdrawal signs were not significant and/or were 

decreased. In tests of emotional behavior, mice did exhibit emotional changes after 24 hr 

of nicotine abstinence, and these emotional changes appeared to be influenced by 

previous pair- vs. single-housing conditions. In early-adolescence, females began their 

estrous cycles around postnatal day 40, and their nicotine consumption was the lowest at 

the estrus stage (when estrogen levels are the lowest), and the highest during late 

metestrus/diestrus stage (when estrogen level starts to increase).  
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INTRODUCTION 

Nicotine and emotions in adolescence 

Cigarette smoking is one of the leading causes of preventable death and disease. 

Even though the percentage of U.S. adults who smoke cigarettes has declined recently, 

still cigarette smoking accounts for one in five deaths annually (CDC, 2016). 

Approximately 50% of smokers will die from a complication related to smoking 

(Benowitz, 2010). Smoking causes many diseases which lead to death, and addiction to 

nicotine causes many smokers to be unable to quit in spite of the health consequences. 

Smoking is a risk factor for cancer, cardiovascular disease, reproductive disorders, and so 

on (Benowitz, 2010).  

Nicotine, the major psychoactive component of tobacco, can modulate the 

dopamine system as well as the mesolimbic pathway which will be discussed in the next 

section (Corrigall & Coen, 1991). Later, Corrigall and colleagues investigated the role of 

the mesolimbic dopamine system in nicotine reinforcement by using dopamine 

antagonists (Corrigall, Coen, & Adamson, 1994). The injection of dopamine antagonists 

in the ventral tegmental area (VTA) decreased the rate of self-administered nicotine 

infusions. This finding showed that the reinforcement process is initiated by nicotine 

which acts on the VTA (Corrigall et al., 1994) to stimulate dopamine release. In a rodent 

model, it was shown that drugs abused by humans, such nicotine, cocaine, opiates, and so 
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on all increased extracellular dopamine concentrations in the nucleus accumbens, a brain 

area in the mesolimbic dopaminergic pathway (Di Chiara & Imperato, 1988).  

Sensation seeking, defined by “the seeking of varied, novel, complex, and intense 

sensations and experiences, and the willingness to take physical, social, legal, financial 

risks for the sake of such experiences” (Zuckerman, 1994), is associated with drug use 

and abuse (Martin et al., 2002). Sensation seeking is also associated with developmental 

age. In other words, in adolescence, sensation seeking reaches its maximum value 

(Zuckerman, 1978). This is believed to be due to different rates of development in the 

reward vs. cognitive control pathways (Steinberg, 2013). For the developing adolescent, 

drug abuse causes many problems. It may interfere with cognitive processes, undermine 

motivation, cause mood disorders, and increase the risk of accidental injury (Hawkins, 

Catalano, & Miller, 1992). Adolescent rats show higher rates of nicotine self-

administration and sensitivity to nicotine reward than adults (Dwyer, McQuown, & 

Leslie, 2009).  

Nicotine can affect depression. Smoking is a predisposing factor for depression 

and vice versa. The role of nicotine is normally thought to be anxiolytic. However, it was 

found that cigarette smoking can also increase negative effects on emotion (Munafo & 

Araya, 2010). Major depression increases smoking initiation and decreases smoking 

cessation (Breslau, Kilbey, & Andreski, 1991). People with predisposed depression or 

emotional volatility experience more anxiety and depression even after beginning a 

smoking habit and more develop nicotine dependency (Parrott, 2000).  
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The effect of nicotine on the development of depression has also been shown in 

adolescence. In a population-based prospective study of 2000 non-depressed young 

adolescents (8 to 14 years old), it was found out that the risk of developing depression 

was increased by smoking (Paperwalla, Levin, Weiner, & Saravay, 2004). Also, people 

who begin smoking earlier have more risk of nicotine dependence, probably because 

nicotine induces more changes that lead to addiction in the developing brain (Benowitz, 

2010). During adolescence, the brain areas associated with “processing reinforcement and 

emotion” are sensitive to “nicotine-induced alterations in dendritic elaboration” (Smith, 

McDonald, Bergstrom, Ehlinger, & Brielmaier, 2015). In fact, adolescent nicotine alters 

neural connectivity in ways that persist into adulthood, and this contribute to adolescence 

being “a more addiction-prone phenotype” (Smith et al., 2015).  

Nicotine can also affect anxiety in adolescence. According to the longitudinal 

study conducted by Johnson and colleagues (2000), adolescence who smoked more than 

20 cigarettes a day (“heavy cigarette smoking”) experienced a higher risk of certain 

anxiety disorders such as agoraphobia, generalized anxiety disorder, and so on during 

early adulthood (Johnson et al., 2000). In conclusion, nicotine elicits not only cellular and 

neuritic damage, but also mood disorders (depression and anxiety) in adolescence. 

 

Reward pathway and social isolation in adolescence 

The mesolimbic pathway includes dopamine (DA) produced by neurons in the 

ventral tegmental area (VTA) and released in the nucleus accumbens (NAc) and the 

medial wall of the prefrontal cortex (mPFC) (David et al., 2005). These regions are 
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critical in drug-induced reward because of their role in pleasure and reward (Benowitz, 

2010). Drugs such as cocaine or nicotine increase the activity of the reward pathway by 

increasing dopamine transmission. In dopaminergic pathways, dopamine sends signals 

responsible for the pleasurable effects of drugs (Benowitz, 2010).  

As well as its rewarding effects, the mesolimbic pathway can also produce 

addictive effects. Dopamine, in nature, plays a role in several processes such as reward, 

punishment, salience, learning, cognition, motor control and so on (Schultz, 2007). 

Besides those processes, dopamine also plays a role in addiction. According to Nestler 

(2005), drugs of abuse are a rewarding, which leads to repeated intake and addiction 

(Nestler, 2005). However, the acute mechanisms of how dopamine works in addiction are 

still being clarified.  

In the reinforcement learning model, the reward prediction error signal plays an 

important role. In this model, the reward obtained after every action is compared to the 

previous reward, and the differences between two rewards is called the reward prediction 

error (Bayer & Glimcher, 2005). The activity of many midbrain dopamine neurons is 

correlated to the reward prediction error. According to Schultz (2007), the differences 

between the current and the previous averaged rewards was encoded by midbrain 

dopamine neurons as a “positive prediction error” which elicits an activation of dopamine 

neurons. If the differences were negative (“negative error”), it induces a depression of the 

electrical activity (Schultz, 2007).  

Drugs may be perceived as rewarding. In adolescence, the striatum matures 

before prefrontal cortex (PFC), and the latter helps to restrain reward seeking (Steinberg, 
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2013). Therefore, relative immaturity of the PFC may causes adolescents to be more 

sensitive to reward. In recent years, the relationship between age and risk-taking has 

become understood in terms of sensation-seeking (a tendency to seek exciting and 

rewarding experiences) and impulse control (Steinberg, 2013). During the time of 

puberty, sensation-seeking increases, and it begins to decline in young adults (Steinberg, 

2013). A study conducted by Van Leijenjort and colleagues showed the activations of 

brain areas related to rewards such as the ventral medial prefrontal cortex (VMPFC), the 

ventral striatum (VS), the dorsal anterior cingulated cortex (ACC), and lateral PFC in 

response to a winning outcome on a slot machine in three age groups (10- to 12-year old, 

14- to 15-year old, and 18- to 23-year old) (Van Leijenhorst et al., 2010). Activation in 

VMPFC and VS observed by fMRI showed an inverted U-shape, where the peak was in 

mid-adolescence (Van Leijenhorst et al., 2010).  

During adolescence, smoking can be induced by social cues but social isolation 

can also increase tobacco use (Deroche, Piazza, Le Moal, & Simon, 1994; Thiel, Sanabria, 

& Neisewander, 2009). Social interactions can act as a natural reward (Dolen, 

Darvishzadeh, Huang, & Malenka, 2013). Adolescence is a developmental period in 

which social cue salience is enhanced (Thiel et al., 2009). Rats isolated at an early age 

tend to choose social rewards in preference to food rewards (Ikemoto & Panksepp, 1992). 

In some cases, increased sensitivity to drugs of abuse can be caused by social isolation. 

For example, the locomotor response to morphine was increased often young adult rats 

were subjected to 11 days of social isolation (vs. pair housing) (Deroche et al., 1994). For 

both human and non-human mammals in adolescence, peer relationships are important 
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rewards (Weintraub, Singaravelu, & Bhatnagar, 2010). Thus, drug use is affected by peer 

influences at multiple levels (Bauman & Ennett, 1996).  

Also, in rodent models, conditioned place preference (CPP) was used to analyze 

the interaction between drug reward and social rewards in adolescent rats. The authors 

found that when rats were exposed to both social pairing and cocaine, CPP was enhanced 

(Thiel et al., 2009). This author’s interpretation was that both cocaine and social pairings 

were rewarding, and that these rewards were synergistically increased when they were 

associated with each other.   

 

CD81 

CD81 is a member of the tetraspanin family of adapter proteins. It is expressed in 

many cells, where its roles include signal transduction, cell-cell adhesion, development, 

and fertilization. CD81 is also required for astrocyte cell cycle withdrawal in response to 

contact with neurons (Kelic, Levy, Suarez, & Weinstein, 2001). 

CD81 is up-regulated in the mesolimbic pathway by drugs of abuse, for example 

by cocaine in that rat NAc (Verca, Widmer, Wagner, & Dreyer, 2001). Also, Cd81 

mRNA expression increases in the prefrontal cortex after chronic nicotine treatment 

(Polesskaya et al., 2007). CD81-deficient mice showed reduced cocaine CPP and 

increased concentration of dopamine in NAc (Michna et al., 2001). Our laboratory’s 

previous results have shown that CD81-deficient mice have significantly increased 

voluntary consumption of nicotine (Murphy, Locklear, Niaz, Walton & Fryxell, 2013).  
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Sex differences and the effects of puberty on nicotine consumption   

Sex differences in the reward pathway have been found in both human and animal 

models. According to recent studies, human females are more vulnerable to drug abuse 

than males during “many phases of the addiction process” (Carroll, Lynch, Roth, Morgan, 

& Cosgrove, 2004; Lynch, Roth, & Carroll, 2002). Animal studies have shown that 

female rodents seek or consume drugs more than males in conditioned place preference 

and self selection assays, respectively (Locklear, McDonald, Smith, & Fryxell, 2012; 

Russo et al., 2003). Thus, biological differences between the sexes play an important role 

in drug abuse or addiction. Estrogen is a major factor in the causation of these sex 

differences (Carroll et al., 2004; Lynch, 2009; Lynch et al., 2002). One study conducted 

by Sell and colleagues (2000) showed that ovariectomized (OVX) female rats treated 

with either estrogen solely, or estrogen and progesterone, showed greater hyperactivity in 

response to cocaine than OVX mice treated only with progesterone solely (Sell, Scalzitti, 

Thomas, & Cunningham, 2000).  

Our previous results showed that there was a sex difference in nicotine 

consumption, in which adult female mice drank more nicotine than male mice (Locklear 

et al., 2012). The opposite was true in young adolescents isolated at p26 and exposed to 

nicotine at p30 (R. L. Murphy, personal communication). In these experiments, nicotine 

consumption by adolescent females did appear to increase after p40, but whether this was 

correlated with the onset of puberty was unclear.  

In this study, nicotine consumptions were compared and analyzed by three factors 

(Sex, Housing, and Genotype) in mice exposed to nicotine in mid-adolescence (starting at 
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p40). These experiments were intended to bridge the gap in our studies of nicotine 

consumption, as our previous studies focused on nicotine consumption in early 

adolescence and in adults. After voluntary nicotine consumption, we also conducted tests 

of withdrawal and emotional behavior. Lastly, the timing of puberty in adolescent 

females was examined to determine to influence on nicotine consumption in developing 

adolescents. 
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MATERIALS AND METHODS 

Animals 

C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) and Cd81 knockout mice 

(gift from Dr. Shoshana Levy of Stanford University, Stanford, CA) were used. Cd81 +/- 

females were backcrossed to C57BL/6J male mice for 8 generations to establish a 

C57BL/6J Cd81 -/+ strain, which were used for this project.  

Mice were kept on 12:12 light cycle and maintained in plastic cages with cellular 

bedding. Food and water were supplied ad lib in the animal facility in the Krasnow 

institute at George Mason University.  All mice were group-housed prior to the beginning 

of the nicotine self-selection experiments. Mice were weaned at p21 (postnatal day 21) 

and were transferred to experimental testing cages (Coulbourn) at p36. Experiment 

procedures were approved by the George Mason University Institutional Animal Care 

and Use Committee and were in accordance with the guidelines published in the “Guide 

for the Care and Use of Laboratory Animals” adopted by the NIH.  

 

Nicotine self-selection 

The two-bottle choice paradigm was used to measure voluntary nicotine 

consumption. Wild-type and Cd81-/- mice at p36 were transferred to Coulbourn cages, 

which allowed mice to access either one or two water bottles. During the acclimatization 
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period (p36 to p39), tap water was provided in a single water bottle (positioned near the 

center of the cage). During the experimental period (p40 to p68), mice were given access 

to tap water and 35 μg/ml nicotine (free base) solutions. Every two days, the bottles were 

weighed and the weights were recorded. Then the solutions were replaced with either 

fresh tap water or nicotine solution, and the side of the cage with the nicotine bottle was 

switched every 2 days. After 28 days, the mice were removed from the Coulbourn cages, 

and transferred to standard home cages in the colony room.  

 

Calculation of nicotine consumption 

 Nicotine consumption is reported as a percent of the total fluid volume. In 

addition to the consumed fluid volume, a small amount of liquid was lost due to leakage 

and evaporation. These amounts were measured in cages without mice. We found that 

after 2 days, 0.5 mL of fluid were lost due to leakage and evaporation (Murphy, personal 

communication). Therefore, 0.5 mL was subtracted from the measurements of fluid 

volume consumed from both nicotine and water bottles.  

 

Side preference 

In the experimental cages, water bottles were located symmetrically on both sides 

so there was less of a chance that a mouse would prefer one side on the other. Based on 

our previous observations, we expected that mice often sniff both spouts before they 
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drank (Locklear, personal communication). Therefore, side preference does not 

necessarily mean that a mouse failed to visit one side of the cage.  

In this experiment, side preference was measured in order to determine the 

influence of this confounding factor (Locklear et al., 2012). To measure the side 

preference, a sliding window formula was developed in our lab, called the “Side 

Preference Score (SPS)”. The side preference score for six time points was calculated as 

in (Locklear et al., 2012): 

 

Side preference score = absolute value (odd sum – even sum)/6 

 

when “Odd sum” means the sum of the nicotine consumption (percent of fluid 

volume) during the odd time periods (i.e. 1
st
, 3

rd
, and 5

th 
sampling periods (2 days each)), 

“Even sum” means the sum of the nicotine consumption (percent of fluid volume) during 

the even time periods (i.e. 2
nd

, 4
th

, and 6
th 

sampling periods (2 days each)) (Locklear et al., 

2012). This approach allowed us to see the difference in net nicotine consumption that 

correlated with the side of the cage. 

 

Withdrawal tests 

To observe the symptoms of the nicotine withdrawal, withdrawal tests were 

conducted before and after 28 days of nicotine consumption. Mice were placed in a 

wedge-shaped transfer cage. After 5 minutes, the video and camera was positioned on the 

side of the transfer cage to view and record mice behaviors for 15 minutes. The pre-

withdrawal test was conducted after 4 days of acclimation (before when nicotine self-
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selection started) as a control for the spontaneous rate of these behaviors. The post-

withdrawal test was conducted 24 hours after nicotine cessation. Our scoring system was 

based on common behavioral signs of nicotine withdrawal in rats and mice (Locklear et 

al., 2012). These behavioral signs include the following: digging, rearing, shakes (head, 

body, twitches/flinches), scratching (with hind foot, or with forelimb), grooming, escape 

jumps, mastication (chewing on bedding), and other less often observed signs (Locklear 

et al., 2012).  

Video recorded behavioral signs were scored by three individual raters. The 

scoring of flinching was found to be the most problematic (75% agreement). However, in 

all cases examined, errors corresponded to one reviewer missing a flinch that others 

found, rather than mis-scoring a non-flinch. Because all finches were recorded with their 

time of occurrence, we therefore accepted all flinches scored by any observer. Regarding 

digging behavior, this was fairly frequent in both pre- and post-nicotine video recordings. 

In addition, the wide variety of different digging behaviors of varying duration made 

them difficult to count. So, all raters agreed that digging would be difficult to score in 

withdrawal somatic signs. Therefore, digging was excluded when the somatic signs were 

analyzed.  

 

Emotional behavior tests 

In some human subjects, nicotine withdrawal can stimulate symptoms of 

depression (Breslau et al., 1991). According to Mannucci and colleagues, immobile time 

in the forced swimming test is an assay of learned helplessness (a key aspect of 
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depression) (Mannucci, Tedesco, Bellomo, Caputi, & Calapai, 2006; Porsolt, Bertin, & 

Jalfre, 1977). The forced swim test (FST) was conducted 24 hours after the nicotine 

cessation, and after the withdrawal test. Mice were placed in luke warm water (25°C ± 

1°C) in a transparent water beaker and their behaviors were recorded for 6 minutes. 

Video recorded behaviors were scored by three individuals during the period from 2 to 6 

minutes after the mice were placed in water. This interval was chosen because immobile 

is relatively less often observed during the first two minutes (Porsolt et al., 1977). The 

following behaviors were scored: immobile, exploring, and climbing. Immobile is when a 

mouse is nearly or totally immobile, exploring is when a mouse swims slowly, and 

climbing is when a mouse swims fast or struggles (Porsolt et al., 1977).  

The elevated plus maze (EPM), raised 135 cm from the ground, consists of two 

open arms and two closed arms (width of 7.5 cm and length of 25 cm) connected by a 

central platform. The walls which enclose the closed arms were 15 cm tall. The EPM is 

used as a measure of anxiety in rats and mice (Pellow, Chopin, File, & Briley, 1985). The 

EPM was conducted 48 hours after nicotine cessation. After 5 minutes of acclimation in a 

wedge-shaped transfer cage, the mice were placed on the center platform (head facing 

towards the open arm) and their behaviors were video-recorded for 6 minutes (camera 

positioned for a top view). The time that the mice spent in the open arms, closed arms, or 

central platform was scored by three individual scorers. When a mouse spent more than 

one second any given area (i.e. in the closed arm) with 3 or more paws, we counted that 

as time spent in the given area. 
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Estrous cycle 

The estrous cycle was tested by a published protocol (Caligioni, 2009). In mice, 

vaginal opening can occur as early as postnatal day 26 (p26), and the estrous cycle may 

occur up to 10 days after vaginal opening (Caligioni, 2009). We checked daily for vaginal 

opening starting at p26, and checked daily for estrous cycling after that. To check the 

estrous cycle, the vagina was flushed with 10 μl of 0.9% NaCl using a plastic 

micropipette, triturating 3x. The solution was recovered and pipetted on a glass slide, and 

observed under a light microscope (bright field).  

 

Statistics  

Data analysis was performed by using ANOVA, linear regression, and t-tests. 

ANOVA was calculated with the Statistical Package for the Social Sciences (SPSS Inc., 

Chicago, IL). Linear regression and t-tests were calculated by GraphPad PRISM software 

(GraphPad Software Inc., San Diego, CA). Data and figures were presented as the mean 

and SEM.  

For behavior scoring of the withdrawal test, forced swim test and elevated plus 

maze, the inter-rater reliability (IRR) of the scores was calculated. One of the most 

common ways to valuate IRR is the intra-class correlation (ICC), so ICC was calculated 

with SPSS (Hallgren, 2012). The ICC statistic, based on two-way model, compared three 

individual scores for one mouse behavior. Agreement among scorers was determined by 

ICC values: poor agreement (<0.4), fair agreement (0.4 – 0.59), good agreement (0.6 – 

0.74), or excellent agreement (>0.75) (Hallgren, 2012).  
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RESULTS 

Nicotine consumption 

 After 28 days of voluntary oral nicotine consumption, we calculated the overall 

nicotine consumption for each mouse, and then calculated the mean ± S.E.M for each 

group of mice (Figure 1).  

 

 
Figure 1 Nicotine consumption in percentage for each group exposed to nicotine at p40. 

Mean nicotine consumption in percentage and S.E.M are shown in the figure. From left to right, singly-housed (S) 

wild-type males (n=6), pair-housed (P) wild-type males (n=10), singly-housed Cd81-/- males (n=3), singly-housed 

wild-type females (n=6), pair-housed wild-type females (n=10), and singly-housed Cd81-/- females (n=3). Singly-

housed Cd81-/- females showed the highest nicotine consumption, whereas pair-housed wild-type males showed the 

lowest nicotine consumption. 
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As shown in Figure 1, singly-housed wild-type males and singly-housed Cd81 -/-

males started at p40 drank almost same amount of nicotine. Also, both singly-housed 

wild-type and Cd81 -/- males drank more nicotine than pair-housed wild-type males of 

the same age. However, the difference between singly-housed and pair-housed female 

mice at this age was much smaller and not significant. Overall, social context was not 

statistically significant in wild-type mice at this age group; however, there was a 

significant trend towards lower consumption in pair-housed males, and this was 

significant in younger mice (see discussion).  

Among groups, the average nicotine consumption was highest in singly-housed 

Cd81-/- female mice started at p40.  According to univariate ANOVA analysis, there was 

a significant main effect of genotype [F1,20=4.6, p<0.05] on nicotine consumption. 

Within the wild-type mice, further analysis was conducted to see whether sex or 

social context was significant. According to univariate ANOVA, neither had a significant 

main effect on nicotine consumption in wild-type mice started at p40.  
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Figure 2 The percentage of nicotine consumption for 28 days of wild-type mice exposed to nicotine starting at 

p40. 

Nicotine consumption in percentage is plotted for every two days, and linear regression is shown. Best-fit line is solid 

line for singly-housed wild-type mice, and dashed line for pair-housed wild-type mice. Symbol for each group is shown 

in the figure. Left panel is wild-type males, and right panel is wild-type females. Sample sizes were as follows for both 

males and females: singly-housed (n=6), pair-housed (n=10).  

 

The time course of nicotine consumption is plotted in Figure 2. To see whether 

the nicotine consumption of each group was changing with time, linear regression was 

used. None of the slopes of these lines were significantly different from zero. Therefore, 

nicotine consumption was neither increasing nor decreasing with time in this age group.  

The best-fit initial and final nicotine consumption of each group was determined 

by linear regression. Singly-housed wild-type males drank 7 % more nicotine than pair-

housed wild-type males at the beginning of the experiment, and drank 9 % more nicotine 

at the end of the experiment. Singly-housed wild-type female mice drank 2 % less 

nicotine than pair-housed wild-type females at the beginning of the experiment, and 

drank 1 % more at the end of the experiment.   

 



18 

 

 
Figure 3 The percentage of nicotine consumption for 28 days for wild-type and Cd81 -/- singly-housed males and 

females exposed to nicotine starting at p40. 

Nicotine consumption as a percentage of total fluid volume is plotted for every two days, and linear regression is shown. 

Best-fit line is shown as a solid line for singly-housed wild-type mice, and dashed line for singly-housed Cd81 -/- mice. 

Symbols for each group are shown in the figure. Sample sizes were as follows: wild-type (n=6), Cd81 -/- (n=3) for both 

males and females. 

 

The nicotine consumption of both singly-housed Cd81 -/- males and females 

increased during 28-days of self selection experiment. Moreover, the nicotine 

consumption of Cd81 -/- females at the first time point (day 2) was two-fold higher than 

Cd81 -/- males (Figure 3).  

Genotype effects were determined by comparing singly-housed wild-type and 

Cd81-/- female mice (Figure 3). Based on linear regression analysis, we found that the 

Cd81 -/- female slope of nicotine consumption was greater than zero, and this slope was 

on the borderline of significance [p=0.052]. This was based on only three Cd81 -/- 

females, so it presumably would have been more significant with a larger sample size. 

Moreover, the nicotine consumption of singly-housed Cd81 -/- females increased 

sbstantially from an initial value of 43 % to a final value of 61 %. In contrast, the nicotine 

consumption of singly-housed wild-type females was not increasing, from an initial value 

of 35 % to a final value of 34 %. Therefore, singly-housed Cd81 -/- females started at p40 
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drank more nicotine at first, and continued to increase their nicotine consumption with 

time.  

The scatter plots in Figures 2 and 3 suggest that mid-adolescent mice exposed to 

nicotine starting at p40 also had a side preference for one side of the cage (because 2-day 

periods of high consumption tended to alternate with 2-day periods of low consumption). 

To see how nicotine consumption related to side preference, we calculated the Side 

Preference Score (SPS) for each mouse (see Methods). These SPS scores, averaged 

within each group, are shown in Figure 4. 

 

 
Figure 4 Side Preference Score (SPS) in both male and female mid-adolescent mice. 

Left is SPS in adolescent male mice. Linear regression lines are shown. Symbol and best-fit line of wild-type mice 

group are shown above. In males, the slopes of linear regression lines of both singly-housed and pair-housed were 

significantly greater than zero. The slopes of linear regression lines of singly-housed Cd81 -/- males were not 

significantly less than zero. In females, only the slope of linear regression lines of singly-housed wild-type was 

significantly different from zero (less than zero). 

 

Singly-housed and pair-housed wild-type males showed increasing side 

preference with time (see legend of Figure 4), which was also observed for adult males 

given two water bottles (Locklear et al., 2012). However, we found here that singly-
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housed adolescent Cd81 -/- males showed decreasing (but not significantly) side 

preference with time (Figure 4). The initial SPS of singly-housed Cd81 -/- males was 

three-fold higher than singly-housed wild-type males (first time point in Figure 4).  The 

initial nicotine consumption of Cd81 -/- males was lower than singly-housed wild-type 

males, and increased with time (Figure 3). However, the overall total nicotine 

consumption between singly-housed wild-type and Cd81 -/- males was almost the same 

(Figure 1). The decreasing side preference and increasing nicotine consumption suggests 

that nicotine was becoming more important to the male Cd81 -/- mice.  

In wild-type females, singly-housed vs. pair-housed females showed a 

significantly different slope of SPS [p<0.05]. This suggests that social context may have 

played a role in side preference, which remained at a relatively high level in pair-housed 

females throughout the experiment. However, singly-housed Cd81 -/- females had lower 

side preference, and their SPS was significantly different from SPS of wild-type females. 

The initial SPS of wild-type females (in both singly-housed and pair-housed) was two-

fold higher than the initial SPS of Cd81 -/- females (first time point in Figure 4). The 

initial nicotine consumption of Cd81 -/- females was higher than singly-housed wild-type 

females, and kept increasing with time (Figure 3). These results are consistent with Cd81 

-/- females being more motivated to consume nicotine than wild-type females. Because 

they were drinking about 60 % of their fluids from the nicotine bottle by the second half 

of the experiment, their preference for nicotine when the nicotine was on the non-

preferred side would have tended to lower their total net SPS. Even though the side 
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preference of Cd81 -/- females appeared to increase over time, the slope of linear 

regression of their SPS was not significantly different from zero (Figure 4). 

 

Behavioral signs of nicotine withdrawal 

Behavioral signs of nicotine withdrawal for each mouse were scored by three 

individual scorers. Interclass correlation coefficient (ICC) analysis of these scores was 

performed by SPSS (Chicago, IL). The ICC score was 0.928, which means excellent 

agreement among scorers (Hallgren, 2012). 

 

 
Figure 5 Behavioral signs shown in withdrawal tests on mid-adolescent mice at p69. 

Mean numbers of behavioral signs and S.E.M are shown. Total numbers of behavioral signs (without digging) of before 

(pre) and after (post) nicotine consumption were counted by three individual scores. Left shows the number of 

behavioral signs before the nicotine consumption. Right shows the number of behavioral signs 24 hours after nicotine 

cessation. Interclass correlation coefficient between scorers was 0.928 (by SPSS). 

 

Figure 5 shows the total number of behavioral signs on each group in p40 

adolescent mice. Behavioral signs of pre-nicotine and post-nicotine were analyzed by 
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repeated measured ANOVA. The total number of behavioral signs was significantly 

different from pre- vs. post-nicotine [F1,25=4.8, p<0.05]. To determine which group had 

the most significant difference on behavioral signs of withdrawal between pre- vs. post-

nicotine, further analysis was conducted. According to t-tests, singly-housed Cd81 -/- p40 

females showed the most significant difference between pre- vs. post-nicotine on 

behavioral signs of withdrawal [p<0.05, two-tailed t test].  

The total numbers of behavioral signs were analyzed by univariate ANOVA. In 

tests of between-subjects effects, it was shown that none of the between-subjects effects 

were significant. As it is shown in Figure 5, the number of withdrawal behavioral signs in 

singly-housed wild-type males and singly-housed Cd81 -/- females decreased from pre to 

post, and decreased significantly in the latter case. Other groups, such as pair-housed 

wild-type males, singly-housed and pair-housed females, did not show any differences in 

behavioral signs of withdrawal. Thus, mid-adolescent mice exposed to nicotine from p40 

to p68 did not show clear nicotine withdrawal symptoms, with two important 

qualifications. First, the rates of these behaviors may differ between p40 vs. p69. Second, 

the significantly elevated behavioral signs in drug naïve Cd81 -/- p40 females provide an 

intriguing perspective on their inherent behavioral deficit(s) (Figure 5).   

 

Emotional behavior tests 

Depression and anxiety were examined by two emotional behavior tests: the 

Forced Swim Test (FST), and the Elevated Plus Maze (EPM). Three individual scorers 

scored FST (three singly-housed Cd81 -/- males were scored by two scorers) and two 
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individual scorers scored EPM. Also, ICCs were calculated for each behavior on each test 

by SPSS. To see nicotine withdrawal in emotional behavior, drug naïve pair-housed mice 

at p90 from our lab previous data were compared. Even though the age was not matched 

exactly, p70 and 90 are both in the range of young adults. So, it is reasonable to compare 

them to see drug effects. For FST, the time spent in three different behavioral categories 

was measured: immobile, exploring, and climbing/struggling (Figure 6)(Bale & Vale, 

2003; Porsolt et al., 1977)  

 

 
Figure 6 Time of each behavior (immobile, exploring, and climbing/struggling) on the forced swim test at p69 

and p90 (drug naïve) mice. 

Mean time and S.E.M are shown. Each bar is labeled on the left of each graph. In both Cd81 -/- males and females at 

p69, Exploring and Climbing/Struggling are significantly different between drug naïve (p90) and drug treated (p69) 

mice [p<0.05]. 
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The Interclass Correlation Coefficient (ICC) was examined for each behavior as 

follows: Immobile (0.71), Exploring (0.57), and Climbing/Struggling (0.72). ICC values 

of Immobile and Climbing/Struggling show that these behaviors were scored with good 

agreement, and Exploring was scored with fair agreement between raters (Hallgren, 

2012). Time in Immobile, Exploring, and Climbing/Struggling were analyzed by 

univariate ANOVA. We used univariate ANOVAs to analyze time Immobile, Exploring, 

and Climbing/Struggling were compared in terms of the following factors: Genotype 

(wild-type vs. Cd81 -/-), Sex (male vs. female), Housing (singly-housed vs. pair-housed), 

and Drug (drug naïve vs. drug treated). For time Immobile, the interaction of 

Sex*Genotype was significant [F1, 61=5.4, p<0.05]. For time Exploring, Genotype [F1, 

61=7.7, p<0.05] and Drug [F1, 61=26, p<0.001] were significant main effects. In particular, 

nicotine-treated mice spent significantly more time exploring (Figure 6). For time 

Climbing/Struggling, we found that Genotype [F1, 61=11, p<0.05] and Drug [F1, 61=26, 

p<0.001] were also the significant factors. In particular, nicotine-treated mice spent 

significantly less time struggling (Figure 6). 

To further analyze the Genotype effects, ANOVA analysis was conducted in 

Cd81 -/- mice separately. The analysis showed that Drug was a significant factor in time 

spent in Exploring [F1, 20=15, p=0.001] and Struggling [F1, 20=11, p<0.05] for Cd81 -/- 

mice. In Figure 6, Cd81 -/- males and females who voluntarily consumed nicotine 

starting at p40 spent much more time in exploring and less time in struggling than drug 

naïve mice. This suggests that Cd81 -/- mice experienced greater emotional changes as a 

result of nicotine treatment. 
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The elevated plus maze was scored by two individual raters because our previous 

experiment showed excellent agreement on EPM scoring. There are three positions that 

mice can choose within the EPM. The ICCs for each position were as follows: closed arm 

(0.925), center platform (0.740), and open arm (0.991). This indicates good to excellent 

agreement (Hallgren, 2012). 

 

 
Figure 7 Time spent in open arm in the elevated plus maze at p70 and p90 (drug naïve) mice. 

Mean time and SEM are shown. Left shows the time in open arms of males and right shows the time in open arms of 

females. Letters on x-axis represent as follows: N (pair-housed drug naïve), S (singly-housed), P (pair-housed). Since 

EPM was conducted in only one Cd81 -/- female among three Cd81 -/- females, one sample t-test was used, which 

shows the significant differences in three groups: singly-housed wild-type (**), pair-housed wild-type (***), and drug 

naïve (****). 

 

The time spent in the open arms vs. closed arms is believed to reflect low vs. high 

anxiety. Only the data in the open arm was analyzed in this experiment. Figure 7 shows 

the time in open arm of both drug naïve (pair-housed p90) and drug treated (p70) mice. In 

each panel, the time spent in the open arms analyzed according to the following factors: 

Housing (singly-housed (S) vs. pair-housed (P)), Genotype (wild-type vs. Cd81 -/-), and 
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Drug (drug naïve (N) vs. nicotine-treated). According to univariate ANOVA, Sex and 

Genotype were both trending towards significance, and the Sex*Genotype interaction 

was significant [F1, 48=5.5 p<0.05].  

Further statistical analysis was conducted by sex separately. In males, Housing 

was a significant factor on time spent in the open arm. In other words, pair-housed males 

spent more time in the open arms. This result implies that mid-adolescent male mice 

exposed to nicotine at p40 were more influenced by social experience (and its effects on 

anxiety) than by nicotine treatment. In females, Genotype was a significant factor on time 

spent in the open arm. To further analyze the Genotype effect in females, Cd81 -/- 

females were compared to other groups. Among our three singly-housed Cd81 -/- females, 

the EPM was conducted in only one mouse because the arms on EPM were being 

repaired during the relevant time periods. Since there was not enough sample size to 

conduct independent (two-sample) t-tests, we substituted a one sample t-test instead. 

According to the one sample t-test, the differences were significant compared to singly-

housed wild-type females [p<0.01], pair-housed wild-type females [p<0.001], and drug 

naïve females [p<0.0001] (Figure 7). This result would require confirmation with 

additional Cd81 -/- females. 

 

Puberty effect on nicotine consumption  

 To test possible effects of puberty on nicotine consumption, an additional three 

singly-housed females and one pair of pair-housed females were exposed to nicotine at 

p30. In all of these mice, vaginal opening occurred on p36 or p37 (6 or 7 days after the 
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beginning of voluntary nicotine consumption). Right after vaginal opening, we were 

unable to test the estrous cycle, because the vaginal opening was too small for our 10 µl 

pipette tip. This problem lasted longer for two singly-housed females (mouse IDs: c348, 

c352), and so the first day on which the test could be conducted for them turned out to be 

during the metestrus stage (Table 1 and Figure 8).  

 

Table 1 Estrous cycle of wild-type adolescent females (nicotine consumption started at p30) 

Estrous cycles of either singly-housed female mice (mouse IDs: c286, c348, c352) or pair-housed female mice (mouse 

IDs: c290, c292) were examined. All mice were exposed to nicotine at p30, and they consumed nicotine voluntarily. 

Right after vaginal opening, the vagina was too small to test estrous cycle, so these days were labeled as ‘X’. The dates 

when test was not conducted were labeled as ‘N/A’. 

Age c286 c348 c352 c290 c292 

p30 Start Start Start Start Start 

p36  Vaginal opening Vaginal opening   

p37 Vaginal opening X X Vaginal opening Vaginal opening 

p38 X X X X X 

p39 X X X X X 

p40 Proestrus X X Proestrus Proestrus  

p41 Proestrus X X Proestrus Proestrus 

p42 Estrus Metestrus  Metestrus  Estrus  Estrus  

p43 Estrus Metestrus Metestrus Estrus Estrus 

p44 Estrus Diestrus  Diestrus  Metestrus  Metestrus  

p45 Metestrus Proestrus  Proestrus  Diestrus  Diestrus  

p46 Diestrus Proestrus Proestrus Diestrus Diestrus 

p47 Proestrus  Estrus  Estrus  Estrus  Proestrus  

p48 Proestrus Estrus Estrus Estrus Proestrus 

p49 Estrus Estrus Metestrus  Metestrus  Estrus  

p50 Estrus Estrus Metestrus Metestrus Estrus 

p51 Metestrus Metestrus  Proestrus  Metestrus Metestrus  

p52 Metestrus Metestrus Proestrus Metestrus Metestrus 

p53 N/A Metestrus Metestrus  Metestrus Metestrus 

p54 N/A Metestrus Metestrus Diestrus  Metestrus 

p55  N/A Diestrus  Metestrus Diestrus Diestrus  
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Figure 8 Nicotine consumption and estrous cycle of adolescent female mice exposed to nicotine at p30. 

One pair of pair-housed females (c290, 292) and three singly-housed females (c286, c348, and c352) were exposed to 

nicotine starting at p30, and their estrous cycles were tested. Left y axis shows nicotine consumption in percentage. 

Right y axis shows each stage of estrous cycle. Each number represents each estrous stage as follows: vaginal opening 

(0), proestrus (1), estrus (2), metestrus (3), and diestrus (4).    

 

 The estrous cycles of a pair-housed pair of females (c290, c292) were the same 

during the first cycle, and tended to be synchronized after that. The first cycles lasted 6 to 

7 days, and second cycles lasted 7 days. This is longer than the normal adult estrous cycle 

which lasts 4 to 5 days in mice (Caligioni, 2009). Lengthened cycles are normally found 

in adolescent mice (Nelson, Felicio, Randall, Sims, & Finch, 1982). In this case, their 

nicotine consumption was maximal during metestrus and diestrus. Also, their nicotine 

consumptions seemed not to follow a side preference (because the nicotine consumption 

did not show 4-day cycle of side preference). 
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One singly-housed female (c286) started proestrus at p40, and has first cycle 

lasted 7 days, also slower than normal cycle. Her nicotine consumption was maximal 

around proestrus, and also did not seem to follow a clear side preference.  

The first cycle of another singly-housed female (c348) was somewhat unclear 

because the test could not be conducted for 4 days due to the size of vagina, but this 

mouse did reach diestrus on p44. Her second cycle lasted about 10 days. Her first peak of 

nicotine consumption occurred during estrus and metestrus, and the second peak occurred 

during proestrus and estrus. As in other adolescent females, c348 did not show a clear 

pattern of side preference on nicotine consumption.  

The first estrous cycle of the final singly-housed female (c352) was similar to 

mouse c348. Her second cycle lasted 6 days, and her third cycle (which was not fully 

observed) appeared to last about 6 days also. Her nicotine consumption peaked during the 

estrus stage. Unlike other females, the nicotine consumption of c352 had a regular, 

repeating pattern that might have been caused by side preference.  

Overall, every female had different patterns of nicotine consumption and different 

lengths of estrous cycles. All of their cycles were slower than the normal estrous cycle.  
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Figure 9 Nicotine consumption of each stage of estrous cycle in females exposed to nicotine at p30. 

Mean and S.E.M are shown. Nicotine consumptions of five females (three single and two from one pair) were 

compared by each stage of estrus cycle (d: diestrus, p: proestrus, e: estrus, m: metestrus). Since the water bottles were 

weighed every 2 days while the test of estrus cycle was conducted every single day, the time between two stages (i.e. 

diestrus/proestrus (d+p)) was also shown. Nicotine consumption was the lowest at estrus stage, when the predicted 

levels of estrogen were the lowest. Nicotine consumption was the highest at metestrus/diestrus (m+d). 

 

To investigate the effect of the estrous cycle on nicotine consumption, we 

compared nicotine consumption in adolescent mice between each stage of the estrous 

cycle. In adult rats, the estrogen level starts to increase from late metestrus and is the 

highest in proestrus. Then, it starts to decline in the late proestrus stage (Lynch et al., 

2002). Our results showed that averaged nicotine consumption from five females exposed 

to nicotine at p30 was the highest during metestrus/diestrus, when the predicted levels of 

estrogen are increasing. Also, averaged nicotine consumption was the lowest at the estrus 

stage, when the predicted levels of estrogen are the lowest. The differences of nicotine 

consumption between two periods were trending towards significance. However, both 

estrogen and progesterone are likely involved in nicotine consumption (see Discussion). 
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DISCUSSION 

Nicotine consumption is dependent on genotype in mid-adolescent mice 

In rodents, adolescence is usually considered to last from about postnatal day 21 

(p21) to postnatal day (p60) and adulthood from p60 to the end of the lifespan. 

Adolescence in mice can be characterized by “three age-intervals, early adolescence (p21 

to p34), middle adolescence (p34 to p46), and late adolescent (p46 to p59)” (Laviola, 

Macri, Morley-Fletcher, & Adriani, 2003). Because similar behavioral transitions occur 

during adolescence in rodents and humans, adolescent mice have been used in many 

studies of adolescence (Laviola et al., 2003). Even among adolescent mice, nicotine 

effects on mice are influenced by several factors. In this study, mice started voluntary 

nicotine consumption during mid-adolescence (p40), and three factors were analyzed in 

mice: sex (male vs. female), genotype (wild-type (Cd81 +/+) vs. Cd81 -/-), and social 

context (singly-housed vs. pair-housed).  

Among those factors, genotype produced a significant main effect on nicotine 

consumption. In this study, we did not have enough mid-adolescent homozygous 

knockout mice to test the interaction of genotype effects on nicotine consumption by sex 

or social context. However, the statistical analysis from this project and another study on 

early adolescent mice (p30) found that genotype was consistently a significant main 

effect (Murphy, Ko, et al., in preparation). The Cd81 gene encodes an integral membrane 



32 

 

protein that is involved in dopamine signaling, and its expression is induced in rat 

nucleus accumbens by cocaine and in prefrontal cortex (PFC) by nicotine (Michna et al., 

2001; Polesskaya et al., 2007). 

Combining nicotine consumption with Side Preference Scores (SPS) can help to 

clarify the time course of nicotine seeking in each group of mid-adolescent mice. In 

males, nicotine consumption was higher in singly-housed (than pair-housed) wild-type 

males, and the former were trending to lower SPS than the latter wild-type males (Figure 

1 and Figure 4). The relation of these two different observations (nicotine consumption 

and SPS) suggests that singly-housed wild-type males became more motivated to drink 

nicotine (hence overcoming their side preference). 

In mid-adolescent females starting at p40, singly-housed Cd81 -/- females tended 

to consume more nicotine than other females. Based on Figure 4, unlike singly-housed 

wild-type females, singly-housed Cd81 -/- females showed higher nicotine consumption  

than wild-type females during the first 2-day period (Figure 3B), and continued to 

increase thereafter. Taken together, these consideration suggest that social isolation (in 

mid-adolescent males), and Cd81 loss-of-function (in mid-adolescent females) increase 

the motivation to seek and consume nicotine. 

 

Nicotine consumption is dependent on age in mice 

Nicotine consumption is also age-dependent. Our lab has conducted similar 

experiments with nicotine consumption starting in early adolescent mice (voluntary 

nicotine consumption was started at p30) (Murphy, Ko et al., in preparation) and with 
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adult mice (Locklear et al., 2012). By analyzing this data, we found that overall nicotine 

consumption increased in mid- vs. early adolescence. Mice exposed to nicotine at p40 

drank more nicotine than mice exposed to nicotine at p30 in every sex and genotype. 

Figure 10 compares nicotine consumption of adolescent mice exposed to nicotine starting 

in early (p30) vs. mid (p40) adolescence. It shows that the percentages of nicotine 

consumption in mid-adolescent mice were slightly higher than in early adolescent mice.   

 

 

Figure 10 Nicotine consumption of adolescent mice exposed to nicotine starting at early (p30) vs. mid (p40) 

adolescence. 

Nicotine consumption of mice started at p30 and p40 mice compared with respect to three factors: Housing (single vs. 

pair), Sex (male vs. female), and Genotype (wild-type vs. Cd81 -/-). Mice exposed to nicotine starting at p40 drank 

more nicotine in every group than mice exposed to nicotine starting at p30. In both early and mid-adolescence, singly-

housed Cd81 -/- females drank more nicotine than wild-type females.  

 

Previous findings in our lab for early adolescent mice starting at p30 showed that 

singly-housed wild-type males and females drank more nicotine than pair-housed mice of 

the same sex and genotype. This housing effect was greater in males (Figure 10), which 

means that nicotine consumption was more strongly influenced by social interactions in 

early adolescent males than it was in early adolescent females. Similar trends were 
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observed in mid-adolescent mice (Figure 1 and Figure 10). In mid-adolescent mice 

starting at p40, singly-housed wild-type males and females drank more nicotine than pair-

housed males, or about the same as pair-housed females (Figure 10). This suggests that 

nicotine consumption was more strongly influenced by social context in mid-adolescent 

males than in mid-adolescent females. This result is consistent with studies showing more 

social reward in adolescent male (vs. female) rodents (Pietropaolo, Singer, Feldon, & Yee, 

2008). 

When the combined early adolescent plus mid-adolescent was analyzed by 

univariate ANOVA, the main effect of Age was the most significant main effect on 

nicotine consumption [F1,43=14.5, p=0.001]. Sex also produced a significant main effect 

[F1,43=11.3, p<0.05]. There was also a significant interaction of Age*Housing [F1,43=4.23, 

p<0.005], attributable to the greater social effects in early adolescents.  

The reward sensitivity is also age-dependent. In a mouse model, the rewarding 

effect of nicotine was greater in adolescent mice than adult mice in conditioned place 

preference assays (Kota, Martin, & Damaj, 2008).  In other words, adolescents showed an 

increased sensitivity of reward at lower doses of nicotine (Kota et al., 2008).  

One of the previous projects in the Fryxell lab concerned nicotine consumption in 

adult mice (Locklear et al., 2012). In that study, adult wild-type female mice showed 

significant increases in nicotine consumption with time, but adult wild-type males did not 

(Locklear et al., 2012). We found that singly-housed wild-type early adolescent males 

starting at p30 consumed slightly more nicotine than singly-housed wild-type females of 

the same age (Murphy, Ko, et al. in preparation), but singly-housed wild-type mid-
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adolescent females starting at p40 consumed slightly more nicotine than singly-housed 

wild-type males of the same age, and singly-housed wild-type adult females consumed 

significantly more than adult males of the same age (Locklear et al., 2012). In other 

words, the tendency of female mice to drink more nicotine than males emerged gradually 

with developmental maturation. This result is consistent with other studies. Lynch and 

colleagues showed that female rats acquired cocaine and heroin self-administration 

paradigms faster than male rats (Lynch & Carroll, 1999). 

 

Adolescent mice show little or no behavioral signs of nicotine withdrawal 

Nicotine withdrawal signs, such as nicotine seeking, anxiety, decreased cognitive 

ability, and so on, are observed in humans after nicotine abstinence (Damaj, Kao, & 

Martin, 2003). Those symptoms begin within 6 hours of smoking cessation, peak within a 

few days, and can last for at least several weeks in humans (Damaj et al., 2003). In 

animal models, particularly rodents, behavior signs of nicotine withdrawal have also been 

observed (Damaj et al., 2003; Malin et al., 1992).  

In this mid-adolescent mouse nicotine self-selection experiment, behavioral signs 

of nicotine withdrawal were tested both before (at p40) and after (at p69) nicotine 

exposure. In mid-adolescent mice exposed to nicotine starting at p40, every group 

showed decreased or similar numbers of behavioral signs of withdrawal after the mice 

were exposed to nicotine followed by 24 hours of nicotine abstinence. Among these 

nicotine abstinent mice, singly-housed Cd81 -/- females showed significantly decreased 

behavioral signs at 24 hours after nicotine abstinence. Also, in both pre- and post-nicotine 
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assays, Cd81 -/- females consistently showed the greatest number of behavioral signs that 

are associated with nicotine withdrawal in adult mice (Locklear et al., 2012). 

Like other previous experiments (Damaj et al., 2003; Malin et al., 1992), mid-

adolescent mice exposed to nicotine at p40 did not show significant increase in 

behavioral signs of withdrawal after nicotine abstinence. This result was also shown in 

early adolescent mice exposed to nicotine at p30, except Cd81 -/- males (Murphy, Ko et 

al., in preparation). In some studies, elevated behavioral signs of nicotine withdrawal 

were observed in higher doses of nicotine or in mecamylamine, the nicotinic 

acetylcholine receptor antagonists (Salas, Pieri, & De Biasi, 2004; Stoker, Semenova, & 

Markou, 2008). One possible reason why behavioral signs of withdrawal were not 

observed in mid-adolescent mice is that these behavioral signs would be age-dependence. 

According to the study conducted by O’Dell and colleagues, behavioral signs of nicotine 

withdrawal were observed more often in adult mice than adolescent mice (O'Dell et al., 

2006).  

Interestingly, singly-housed Cd81 -/- females showed significantly decreased 

behavioral signs after nicotine exposure (Figure 5). These behaviors may be age-

dependent. In other words, the pre-nicotine behavioral test was conducted at p40, 

whereas the post-nicotine withdrawal test was conducted at p69. It is possible that 

younger mice are more active and show more behavioral signs than older mice. The 

behavioral signs of Cd81 -/- mice merit further investigation, particularly gives their 

initial high nicotine consumption. Overall, based on our result, mid-adolescent mice 
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exposed to nicotine at p40 show only limited hints of nicotine consumption after 28 days 

of voluntary nicotine consumption.  

Among the withdrawal behavioral signs, one of the most frequent behavioral 

signs was head shakes (scored as “twitches/flinches” in this experiment) (Damaj et al., 

2003). This corresponds to our results. Singly-housed Cd81 -/- females which showed the 

greatest number of behavioral signs in both pre- vs. post- nicotine exposure had almost 

twice as many twitches/flinches as other groups (data not shown). Along with 

twitches/flinches, grooming behavior was also more frequently observed in Cd81 -/- 

females than wild-type mice (data not shown). This suggests that twitches/flinches and 

grooming are some of the most significant behavioral signs of nicotine withdrawal.  

 

Adolescent mice show emotional changes after nicotine abstinence 

 The Forced Swim Test (FST) is a common animal model of depression (Porsolt et 

al., 1977). When a mouse is forced to swim in a large beaker partially filled with water, 

the mouse may learn that it is unable to escape (helpless) and cease struggling. This 

behavior can be shown by an immobile (floating) posture after a few minutes of 

‘vigorous activity’ (Porsolt et al., 1977).  The time spent immobile was reduced by 

antidepressant treatment in rodents (Porsolt et al., 1977). In the experiments reported here, 

the FST was performed at p69, after 24 hours of nicotine abstinence, and the results were 

compared to age matched drug naïve (pair-housed) mice. We found significant 

interaction of Sex*Genotype in the time immobile, and significant main effects of 

Genotype and Drug treatment in the time exploring and in the time struggling. Also, we 
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found out that Cd81 -/- mice exposed to nicotine spent much less time in struggling than 

drug naïve Cd81 -/- mice in both males females (Figure 6). This suggests that Cd81 -/- 

mice who consumed nicotine voluntarily did experience emotional withdrawal symptoms 

after becoming nicotine abstinent.  

 When the results of the FST of mid-adolescent mice at p69 were compared to 

early adolescent mice at p59, we found several significant main effects with the 

dependent variable being time spent struggling: Housing [F1, 67= 7.2, p<0.05], Age [F1, 

67= 18, p<0.0001], Housing*Genotype [F1, 67= 9.5, p<0.005], and Genotype*Age [F1, 67= 

5.9, p<0.05].  

 

 
Figure 11 The time spent struggling in the FST in early adolescents (p59) and mid-adolescents (p69) mice.  

Left panel is male mice of early-adolescent exposed to nicotine at p30 (labeled as p30) and mid-adolescent exposed to 

nicotine at p40 (labeled as p40). Right panel is female mice of early-adolescent exposed to nicotine at p30 (labeled as 

p30) and mid-adolescent exposed to nicotine at p40 (labeled as p40). Labels are shown on the right. Statistical analysis 

of these results was performed by univariate ANOVA and is described in the text above.  

 

 Less time spent in struggling or more time spent in immobile are considered as 

emotional symptoms of nicotine withdrawal. As it is shown in Figure 11 and univariate 
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ANOVA analysis, the time spent in struggling in early adolescent mice exposed to 

nicotine at p30 was greater than in mid-adolescent mice exposed to nicotine at p40. In 

early adolescent Cd81 -/- mice, the effects of social context on time spent struggling were 

shown in both males and females (Figure 6). Also, the time spent in struggling in mid-

adolescent mice was less than age matched drug naïve mice (Figure 6). Taken together, 

mid-adolescent mice who consumed nicotine voluntarily starting at p40 showed greater 

emotional symptoms of nicotine withdrawal and higher nicotine consumption. One 

morphine study also showed that the affective symptoms of morphine withdrawal were 

strong age dependent (Hodgson, Hofford, Norris, & Eitan, 2008).  

 

 
Figure 12 The time spent in open arms in the EPM in early adolescents (p59) and mid-adolescents (p69) mice.  

Left panel is male mice of early-adolescent exposed to nicotine at p30 (labeled as p30) and mid-adolescent exposed to 

nicotine at p40 (labeled as p40). Right panel is female mice of early-adolescent exposed to nicotine at p30 (labeled as 

p30) and mid-adolescent exposed to nicotine at p40 (labeled as p40). Labels are shown on the right. Statistical analysis 

of these results was performed by univariate ANOVA and is described in the text below.  

 

Also, the effects of nicotine on anxiety can be different from sex or age. In mice, 

nicotine gave anxiolytic effects in adolescent males, whereas it gave anxiogenic effects in 
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adolescent females, adult males and females after acute nicotine administration (Elliott, 

Faraday, Phillips, & Grunberg, 2004). In Figure 12, the time spent in open arms in the 

EPM in early adolescents exposed to nicotine at p30 and in mid-adolescents exposed to 

nicotine at p40 was compared. Univariate ANOVA analysis showed significant main 

effects of Age [F1,73 = 6.0, p<0.05], Sex*Genotype [F1,73 = 4.2, p<0.05], and 

Genotype*Age [F1,73 = 5.6, p<0.05] (Drug was not tested in here). However, a larger 

sample size will be needed to determine the significance of this result.  

 

Effects of the estrous cycle on nicotine consumption in adolescent females 

 Sensation seeking which is maximal in adolescence and declines in middle age is 

associated with sex steroids, such as testosterone and estradiol (Martin et al., 2002). 

According to a retrospective study conducted by Martin and colleagues (2001), early 

pubertal maturation was associated with high sensation seeking and greater cigarette use 

in adolescent females (the 6
th

 to the 10
th

 grades) (Martin, 2001). This suggests that 

adolescents who experienced advanced pubertal onset compared to other peers were more 

likely to experience smoking early (Harrell, Bangdiwala, Deng, Webb, & Bradley, 1998).  

 In the mouse model, singly-housed adolescent males who started to consume 

nicotine voluntarily in early adolescence drank somewhat more nicotine than singly-

housed adolescent females (Murphy, Ko et al. in preparation). However, in adult mice, 

adult females drank more nicotine than adult males (Locklear et al., 2012). In the results 

reported here seemed to fill the gap of the changes of nicotine consumption between early 

adolescent mice vs. adult mice. Nicotine consumptions of the singly-housed adolescent 
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males and females who started to consume nicotine voluntarily in mid adolescence were 

similar (Figure 1).  

 Many studies show that there are sex differences in drug abuse, and ovarian 

hormones, especially estrogen, play a major role (Carroll et al., 2004; Sell et al., 2000). 

Drug abuse has several phases: acquisition, maintenance, escalation and dysregulation, 

dependence and withdrawal, reinstatement and relapse (Carroll et al., 2004). In the rodent 

model, sex differences are well established and females seem to be more sensitive to the 

rewarding effects of drugs of abuse in every phases of drug abuse (Carroll et al., 2004). 

When a female mouse was in the estrus stage (of the estrous cycle), when estrogen levels 

start to decline from its peak, cocaine self-administration was elevated (Lynch et al., 

2002). Also, cocaine-induced locomotor activity was the highest during proestrus and 

estrus stage, when estrogen levels were at their peak (Sell et al., 2000).  

 These findings suggest that drug use may be associated with the onset of puberty. 

In mice, vaginal opening, an “apoptosis-mediated event” (Caligioni, 2009), occurred 

around p36 to p37, and the first estrous cycle started at around p40. Therefore, we chose 

p30 female mice to investigate whether there was a relation between nicotine 

consumption and puberty. These female mice were allowed to consume nicotine 

voluntarily from p30 to p58. Puberty could be defined by the completion of the first 

estrous cycle (from proestrus to diestrus). Based on our observations, the first estrous 

cycle was completed around p45. Nicotine consumption of wild-type females from p30 to 

p45 vs. from p45 to p58 were compared, based on data obtained in a previous experiment 
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in our laboratory (Murphy, Ko et al., in preparation). Nicotine consumptions in these two 

time periods were not significantly different (Murphy, Ko et al., in preparation).  

The frequency, length and cytology of the estrous cycle reflect “the hormonal 

milieu” (Nelson et al., 1982). According to the longitudinal study conducted by Nelson 

and colleagues (1982), estrous cycle frequency varies by age and can be divided into 

three developmental phases, based on the duration and regularity of the cycle. In Phase I 

(the initial phase), when the mice were 3 to 5 months old, the cycles were infrequent and 

irregular. The females used in this study were in Phase I. In other words, their estrous 

cycles were irregular (Table 1 and Figure 8), which complicated analysis of the 

relationship between nicotine consumption and estrogen.  

To investigate the effects of the estrous cycle, we compared nicotine consumption 

across each stage of the estrous cycle. This is in contrast to previous results with 

adolescent rats which showed maximal lever presses in a progressive ratio test at the 

estrus stage (Lynch, 2009). On the other hand, in adolescent rats, both progesterone and 

estrogen play important roles in nicotine self-administration (Lynch, 2009). In adult rats, 

progesterone rises sharply in mid-to late-proestrus, then declines sharply at the beginning 

of proestrus, then rises gradually to a second peak in late metestrus to early diestrus, 

before dropping to its minimum value in early proestrus. It is difficult to predict what the 

estrogen/progesterone ratios might be in adolescent mice. Even in adult rats (who have 

more regular cycles), these parameters change dynamically within each phase of the 

estrus cycle.  
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However, our results do suggest that the estrous cycle is likely important in 

nicotine consumption by adolescent female mice. The lowest nicotine consumption 

occurred at the estrus stage (when predicted estrogen levels are the lowest) which is 

consistent with the possibility that estrogen plays a role in nicotine consumption by 

adolescent mice (Figure 9). In preclinical and clinical studies in human, ovarian 

hormones, both estrogen and progesterone, play a major role in sex differences in drug 

abuse (females are more vulnerable to nicotine during many phases in drug addiction) 

(Lynch, 2009; Lynch et al., 2002).  

 

Summary 

In this report, we show that Cd81 loss-of-function increased nicotine consumption 

in mid-adolescent females who started to consume nicotine at p40, but not in males. 

However, in mid-adolescent wild-type mice, social context was not a significant main 

effect on nicotine consumption when it was compared to early adolescent mice. There 

were intriguing effects of social context effect on Cd81-/- emotional behaviors. Our 

previous findings and the results of this study suggest that the effect of social isolation on 

nicotine consumption was greater in early adolescent starting at p30, particularly in males, 

and its effect reduced in mid-adolescent mice starting at p40. Also, adolescent mice after 

28 days of voluntary nicotine consumption experienced little or no behavioral withdrawal 

symptoms, but experienced in emotional changes shown in FST (depression assay) and 

EPM (anxiety assay), particularly in Cd81 loss-of-function mice. Taken together, we 

found only limited suggestions that adolescent mice became nicotine dependent after 28 
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days of voluntary nicotine consumption. For example, singly-housed Cd81 -/- females 

whose nicotine consumption was the highest showed the most frequent behavioral signs 

of head shakes (twitches/flinches), less time spent struggling in the FST, and the greatest 

time spent in the open arms in EPM. 

In terms of the estrous cycle, we found that the minimum nicotine consumption 

corresponded to the estrus phase, when predicted levels of estrogen were at minimum. 

The time of peak nicotine consumption corresponded to a broad interval from metestrus 

to proestrus, perhaps because estrogen levels rise more slowly and variably during the 

slow and variable estrous cycles of adolescent mice. The relative significant of 

progesterone vs. estrogen in adolescent rats vs. mice remains to be clarified.  



45 

 

REFERENCES 

Bale, T. L., & Vale, W. W. (2003). Increased depression-like behaviors in corticotropin-

releasing factor receptor-2-deficient mice: sexually dichotomous responses. J 

Neurosci, 23(12), 5295-5301.  

Bauman, K. E., & Ennett, S. T. (1996). On the importance of peer influence for 

adolescent drug use: commonly neglected considerations. Addiction, 91(2), 185-

198.  

Bayer, H. M., & Glimcher, P. W. (2005). Midbrain dopamine neurons encode a 

quantitative reward prediction error signal. Neuron, 47(1), 129-141. doi: 

10.1016/j.neuron.2005.05.020 

Benowitz, N. L. (2010). Nicotine addiction. N Engl J Med, 362(24), 2295-2303. doi: 

10.1056/NEJMra0809890 

Breslau, N., Kilbey, M., & Andreski, P. (1991). Nicotine dependence, major depression, 

and anxiety in young adults. Arch Gen Psychiatry, 48(12), 1069-1074.  

Caligioni, C. S. (2009). Assessing reproductive status/stages in mice. Curr Protoc 

Neurosci, Appendix 4, Appendix 4I. doi: 10.1002/0471142301.nsa04is48 

Carroll, M. E., Lynch, W. J., Roth, M. E., Morgan, A. D., & Cosgrove, K. P. (2004). Sex 

and estrogen influence drug abuse. Trends Pharmacol Sci, 25(5), 273-279. doi: 

10.1016/j.tips.2004.03.011 

Corrigall, W. A., & Coen, K. M. (1991). Selective Dopamine Antagonists Reduce 

Nicotine Self-Administration. Psychopharmacology (Berl), 104(2), 171-176. doi: 

Doi 10.1007/Bf02244174 

Corrigall, W. A., Coen, K. M., & Adamson, K. L. (1994). Self-Administered Nicotine 

Activates the Mesolimbic Dopamine System through the Ventral Tegmental Area. 

Brain Res, 653(1-2), 278-284. doi: Doi 10.1016/0006-8993(94)90401-4 

Damaj, M. I., Kao, W., & Martin, B. R. (2003). Characterization of spontaneous and 

precipitated nicotine withdrawal in the mouse. J Pharmacol Exp Ther, 307(2), 

526-534. doi: 10.1124/jpet.103.054908 

David, S. P., Munafo, M. R., Johansen-Berg, H., Smith, S. M., Rogers, R. D., Matthews, 

P. M., & Walton, R. T. (2005). Ventral striatum/nucleus accumbens activation to 

smoking-related pictorial cues in smokers and nonsmokers: a functional magnetic 

resonance imaging study. Biol. Psychiatry, 58(6), 488-494. doi: 

10.1016/j.biopsych.2005.04.028 

Deroche, V., Piazza, P. V., Le Moal, M., & Simon, H. (1994). Social isolation-induced 

enhancement of the psychomotor effects of morphine depends on corticosterone 

secretion. Brain Res, 640(1-2), 136-139.  



46 

 

Di Chiara, G., & Imperato, A. (1988). Drugs abused by humans preferentially increase 

synaptic dopamine concentrations in the mesolimbic system of freely moving rats. 

Proc Natl Acad Sci U S A, 85(14), 5274-5278.  

Dolen, G., Darvishzadeh, A., Huang, K. W., & Malenka, R. C. (2013). Social reward 

requires coordinated activity of nucleus accumbens oxytocin and serotonin. 

Nature, 501(7466), 179-184. doi: 10.1038/nature12518 

Dwyer, J. B., McQuown, S. C., & Leslie, F. M. (2009). The dynamic effects of nicotine 

on the developing brain. Pharmacol Ther, 122(2), 125-139. doi: 

10.1016/j.pharmthera.2009.02.003 

Elliott, B. M., Faraday, M. M., Phillips, J. M., & Grunberg, N. E. (2004). Effects of 

nicotine on elevated plus maze and locomotor activity in male and female 

adolescent and adult rats. Pharmacology Biochemistry and Behavior, 77(1), 21-28. 

doi: 10.1016/j.pbb.2003.09.016 

Hallgren, K. A. (2012). Computing Inter-Rater Reliability for Observational Data: An 

Overview and Tutorial. Tutor Quant Methods Psychol, 8(1), 23-34.  

Harrell, J. S., Bangdiwala, S. I., Deng, S., Webb, J. P., & Bradley, C. (1998). Smoking 

initiation in youth: the roles of gender, race, socioeconomics, and developmental 

status. J Adolesc Health, 23(5), 271-279.  

Hawkins, J. D., Catalano, R. F., & Miller, J. Y. (1992). Risk and Protective Factors for 

Alcohol and Other Drug Problems in Adolescence and Early Adulthood - 

Implications for Substance-Abuse Prevention. Psychological Bulletin, 112(1), 64-

105. doi: Doi 10.1037/0033-2909.112.1.64 

Hodgson, S. R., Hofford, R. S., Norris, C. J., & Eitan, S. (2008). Increased elevated plus 

maze open-arm time in mice during naloxone-precipitated morphine withdrawal. 

Behavioural Pharmacology, 19(8), 805-811. doi: 

10.1097/FBP.0b013e32831c3b57 

Ikemoto, S., & Panksepp, J. (1992). The Effects of Early Social-Isolation on the 

Motivation for Social Play in Juvenile Rats. Developmental Psychobiology, 25(4), 

261-274. doi: Doi 10.1002/Dev.420250404 

Johnson, J. G., Cohen, P., Pine, D. S., Klein, D. F., Kasen, S., & Brook, J. S. (2000). 

Association between cigarette smoking and anxiety disorders during adolescence 

and early adulthood. Jama-Journal of the American Medical Association, 284(18), 

2348-2351. doi: Doi 10.1001/Jama.284.18.2348 

Kelic, S., Levy, S., Suarez, C., & Weinstein, D. E. (2001). CD81 regulates neuron-

induced astrocyte cell-cycle exit. Mol Cell Neurosci, 17(3), 551-560. doi: 

10.1006/mcne.2000.0955 

Kota, D., Martin, B. R., & Damaj, M. I. (2008). Age-dependent differences in nicotine 

reward and withdrawal in female mice. Psychopharmacology (Berl), 198(2), 201-

210. doi: 10.1007/s00213-008-1117-8 

Laviola, G., Macri, S., Morley-Fletcher, S., & Adriani, W. (2003). Risk-taking behavior 

in adolescent mice: psychobiological determinants and early epigenetic influence. 

Neurosci Biobehav Rev, 27(1-2), 19-31.  



47 

 

Locklear, L. L., McDonald, C. G., Smith, R. F., & Fryxell, K. J. (2012). Adult mice 

voluntarily progress to nicotine dependence in an oral self-selection assay. 

Neuropharmacology, 63(4), 582-592. doi: 10.1016/j.neuropharm.2012.04.037 

Lynch, W. J. (2009). Sex and ovarian hormones influence vulnerability and motivation 

for nicotine during adolescence in rats. Pharmacol Biochem Behav, 94(1), 43-50. 

Lynch, W. J., & Carroll, M. E. (1999). Sex differences in the acquisition of intravenously 

self-administered cocaine and heroin in rats. Psychopharmacology (Berl), 144(1), 

77-82.  

Lynch, W. J., Roth, M. E., & Carroll, M. E. (2002). Biological basis of sex differences in 

drug abuse: preclinical and clinical studies. Psychopharmacology (Berl), 164(2), 

121-137. doi: 10.1007/s00213-002-1183-2 

Malin, D. H., Lake, J. R., Newlin-Maultsby, P., Roberts, L. K., Lanier, J. G., Carter, V. 

A., . . . Wilson, O. B. (1992). Rodent model of nicotine abstinence syndrome. 

Pharmacol Biochem Behav, 43(3), 779-784.  

Mannucci, C., Tedesco, M., Bellomo, M., Caputi, A. P., & Calapai, G. (2006). Long-term 

effects of nicotine on the forced swimming test in mice: an experimental model 

for the study of depression caused by smoke. Neurochem Int, 49(5), 481-486. doi: 

10.1016/j.neuint.2006.03.010 

Martin, C. A., Kelly, T. H., Rayens, M. K., Brogli, B. R., Brenzel, A., Smith, W. J., & 

Omar, H. A. (2002). Sensation seeking, puberty, and nicotine, alcohol, and 

marijuana use in adolescence. J Am Acad Child Adolesc Psychiatry, 41(12), 1495-

1502. doi: 10.1097/00004583-200212000-00022 

Michna, L., Brenz Verca, M. S., Widmer, D. A., Chen, S., Lee, J., Rogove, J., . . . 

Wagner, G. C. (2001). Altered sensitivity of CD81-deficient mice to 

neurobehavioral effects of cocaine. Brain Res Mol Brain Res, 90(1), 68-74.  

Munafo, M. R., & Araya, R. (2010). Cigarette smoking and depression: a question of 

causation. Br J Psychiatry, 196(6), 425-426. doi: 10.1192/bjp.bp.109.074880 

Murphy, R. L., Locklear, L. L., Niaz, M. H., Walton, R. & Fryxell, K. J. (2013). Loss of 

Cd81 function increases nicotine perference, but decreases depression- and 

anxiety-like behavior in mice. Soc. Neurosci, Meeting Planner Online 545.14 

Nelson, J. F., Felicio, L. S., Randall, P. K., Sims, C., & Finch, C. E. (1982). A 

longitudinal study of estrous cyclicity in aging C57BL/6J mice: I. Cycle 

frequency, length and vaginal cytology. Biol Reprod, 27(2), 327-339.  

Nestler, E. J. (2005). Is there a common molecular pathway for addiction? Nat Neurosci, 

8(11), 1445-1449. doi: 10.1038/nn1578 

O'Dell, L. E., Bruijnzeel, A. W., Smith, R. T., Parsons, L. H., Merves, M. L., Goldberger, 

B. A., . . . Markou, A. (2006). Diminished nicotine withdrawal in adolescent rats: 

implications for vulnerability to addiction. Psychopharmacology (Berl), 186(4), 

612-619. doi: 10.1007/s00213-006-0383-6 

Paperwalla, K. N., Levin, T. T., Weiner, J., & Saravay, S. M. (2004). Smoking and 

depression. Med Clin North Am, 88(6), 1483-1494, x-xi. doi: 

10.1016/j.mcna.2004.06.007 

Parrott, A. C. (2000). Cigarette smoking does cause stress. American Psychologist, 

55(10), 1159-1160. doi: 10.1037//0003-066X.55.10.1159 



48 

 

Pellow, S., Chopin, P., File, S. E., & Briley, M. (1985). Validation of open:closed arm 

entries in an elevated plus-maze as a measure of anxiety in the rat. J Neurosci 

Methods, 14(3), 149-167.  

Pietropaolo, S., Singer, P., Feldon, J., & Yee, B. K. (2008). The postweaning social 

isolation in C57BL/6 mice: preferential vulnerability in the male sex. 

Psychopharmacology (Berl), 197(4), 613-628. doi: 10.1007/s00213-008-1081-3 

Polesskaya, O. O., Fryxell, K. J., Merchant, A. D., Locklear, L. L., Ker, K. F., McDonald, 

C. G., . . . Smith, R. F. (2007). Nicotine causes age-dependent changes in gene 

expression in the adolescent female rat brain. Neurotoxicol Teratol, 29(1), 126-

140. doi: 10.1016/j.ntt.2006.11.005 

Porsolt, R. D., Bertin, A., & Jalfre, M. (1977). Behavioral Despair in Mice - Primary 

Screening-Test for Antidepressants. Archives Internationales De 

Pharmacodynamie Et De Therapie, 229(2), 327-336.  

Russo, S. J., Festa, E. D., Fabian, S. J., Gazi, F. M., Kraish, M., Jenab, S., & Quinones-

Jenab, V. (2003). Gonadal hormones differentially modulate cocaine-induced 

conditioned place preference in male and female rats. Neuroscience, 120(2), 523-

533.  

Salas, R., Pieri, F., & De Biasi, M. (2004). Decreased signs of nicotine withdrawal in 

mice null for the beta4 nicotinic acetylcholine receptor subunit. J Neurosci, 

24(45), 10035-10039. doi: 10.1523/JNEUROSCI.1939-04.2004 

Schultz, W. (2007). Multiple dopamine functions at different time courses. Annu Rev 

Neurosci, 30, 259-288. doi: 10.1146/annurev.neuro.28.061604.135722 

Sell, S. L., Scalzitti, J. M., Thomas, M. L., & Cunningham, K. A. (2000). Influence of 

ovarian hormones and estrous cycle on the behavioral response to cocaine in 

female rats. J Pharmacol Exp Ther, 293(3), 879-886.  

Smith, R. F., McDonald, C. G., Bergstrom, H. C., Ehlinger, D. G., & Brielmaier, J. M. 

(2015). Adolescent nicotine induces persisting changes in development of neural 

connectivity. Neurosci Biobehav Rev, 55, 432-443. doi: 

10.1016/j.neubiorev.2015.05.019 

Steinberg, L. (2013). The influence of neuroscience on US Supreme Court decisions 

about adolescents' criminal culpability. Nat Rev Neurosci, 14(7), 513-518. doi: 

10.1038/nrn3509 

Stoker, A. K., Semenova, S., & Markou, A. (2008). Affective and somatic aspects of 

spontaneous and precipitated nicotine withdrawal in C57BL/6J and BALB/cByJ 

mice. Neuropharmacology, 54(8), 1223-1232. doi: 

10.1016/j.neuropharm.2008.03.013 

Thiel, K. J., Sanabria, F., & Neisewander, J. L. (2009). Synergistic interaction between 

nicotine and social rewards in adolescent male rats. Psychopharmacology (Berl), 

204(3), 391-402. doi: 10.1007/s00213-009-1470-2 

Van Leijenhorst, L., Zanolie, K., Van Meel, C. S., Westenberg, P. M., Rombouts, S. A. R. 

B., & Crone, E. A. (2010). What Motivates the Adolescent? Brain Regions 

Mediating Reward Sensitivity across Adolescence. Cerebral Cortex, 20(1), 61-69. 

doi: 10.1093/cercor/bhp078 



49 

 

Verca, M. S. B., Widmer, D. A. J., Wagner, G. C., & Dreyer, J. L. (2001). Cocaine-

induced expression of the tetraspanin CD81 and its relation to hypothalamic 

function. Molecular and Cellular Neuroscience, 17(2), 303-316.  

Weintraub, A., Singaravelu, J., & Bhatnagar, S. (2010). Enduring and sex-specific effects 

of adolescent social isolation in rats on adult stress reactivity. Brain Res, 1343, 

83-92. doi: 10.1016/j.brainres.2010.04.068 

Zuckerman, M. (1994). Sensation Seeking. Behavioral expressions and biosocial bases of 

sensation seeking. Cambridge University Press. 

Zuckerman, M., Eysenck, S. B., & Eysenck, H. J. (1978). Sensation seeking in England 

and America: Cross-cultural, age, and sex comparisons. J. Consult. Clin. 

Psychol, 46(1), 139. 

 

 

 

  

 



50 

 

BIOGRAPHY 

Ji-Hye Ko received her Bachelor of Science from Virginia Commonwealth University in 

2014.  

 


