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Abstract: 

(Nicotine, stress, mice) 

This experiment was designed to examine the impact of chronic stress exposure on nicotine 
consumption. Adolescent (postnatal days, PD 38-75) male mice underwent 10 days of social 
defeat, were treated with one month (long-term) of forced nicotine consumption (160 mg/l), and 
their reactivity to various behavioral paradigms (social interaction test (SIT), elevated plus maze 
(EPM), and forced swim test (FST)) was assessed. Findings indicate that chronic nicotine 
exposure following social defeat may effectively buffer against some anxiety- and depression-
like symptoms later in life.  
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Introduction 

Major Depressive Disorder (MDD) is a leading cause of disability (Krishnan et al., 2008) 

and is among the top leading causes of disease burden in the world (Mannucci et al., 2006) with 

an average annual cost of nearly $100 billion to the United States alone (Greenberg et al., 2003). 

It is also a large risk factor for attempted suicide (Centers for Disease Control and Prevention, 

2014, http://www.cdc.gov). MDD is common in pediatric populations, affecting about 14% of 

adolescents at any given time (Hamrin et al., 2012). The lifetime prevalence of depression 

increases drastically from around one percent of the population below the age of 12 to between 

17 and 25% of the population by age 18 (Andersen et al., 2008). As might be expected, the 

largest increase in new cases of depression is seen during adolescence, which is roughly between 

the ages of 15 and 18 years old (Andersen et al., 2008). The cause(s) of MDD is not known 

(Hankin et al., 1998), but it has been suggested that vulnerability to stress and chronic stress 

exposure play a critical role in the manifestation of MDD. The effects of chronic stress in 

adolescence are complex and often result in many long-lasting effects, with research also 

indicating it as a predisposing factor for post-traumatic stress disorder (PTSD), substance abuse, 

personality and mood disorders, and aggression later in life (Andersen et al., 2008). These effects 

are even more concerning when taking into consideration that adolescence is already a period 

marked by significantly higher vulnerability to stress, due in part to exaggerated responsiveness 

of the hypothalamic-pituitary-adrenal (HPA) axis to stressors and increased glucocorticoid 

receptor expression in cortex (Andersen et al., 2008). Changes to the mesocorticolimbic 

dopamine system during adolescence have also been shown to increase susceptibility to stress-

related depression (Andersen et al, 2008). This system plays a critical role in brain reward 

pathways that include structures such as the ventral tegmental area (VTA), nucleus accumbens 
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(NAc), amygdala, and the hippocampus (Andersen et al., 2008). Anxiety and anxiety-related 

disorders, commonly linked to chronic stress, also act as a predisposing factor for depression 

(Andersen et al., 2008).  

 Psychiatric disorders such as anxiety and depression have been shown to greatly increase 

the risk for nicotine dependence (Breslau et al., 2004). This makes sense, considering that 

tobacco products are often viewed, and used, as a way to help “cope” with stress and anxiety 

(Nestler et al., 2006). Ironically, adult smokers tend to have higher stress levels than 

nonsmokers, and adolescents have expressed increased stress accompanying the development of 

nicotine addiction (Nestler et al., 2006). Contrary to common belief, nicotine dependence does 

not actually decrease tension or improve one’s ability to handle stress (Nestler et al., 2006). 

Instead, nicotine creates increased tension during withdrawals and its intake only temporarily 

returns users to moods and anxiety levels that are close to normal in non-smokers (Nestler et al., 

2006). This sense of relief generates the false belief in many smokers that nicotine improves 

one’s ability to cope with stress (Nestler et al., 2006). This belief facilitate increased nicotine 

consumption, only exacerbating the problem, as the inevitable nicotine dependence that follows 

proves to be substantially more detrimental than beneficial for both mental and physical health in 

the long run. Nicotine dependence has been shown to be substantially more prevalent and severe 

amongst those with a history of major depression (Benowitz et al., 1999). This is concerning 

given the increased susceptibility to depression during the adolescent years, the increased 

vulnerability to stress, and in turn, the increased likelihood to turn to nicotine as a coping 

strategy. Beginning to smoke cigarettes during adolescence substantially increases the likelihood 

of nicotine dependence and, in turn, addiction in adulthood (Alvarado et al., 2005). The intake of 

nicotine through the smoking of tobacco cigarettes can lead to the development of multiple forms 
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of cancer, cardiovascular diseases, respiratory issues, and a host of other health problems (Ezzati 

et al., 2003). Smoking cigarettes was associated with approximately 4.83 million adult deaths in 

the year 2000 and this number has continued to climb since (Ezzati et al., 2003).  

 Basic research using models of the disease is critically important to the understanding of 

the mechanism(s) involved in MDD. A basic model of stress and stress-induced mood 

dysregulation is the chronic social defeat paradigm, a model for stress through physical defeat 

(Krishnan et al., 2008). It results in mood dysregulation in rodents, leading to the development of 

symptoms similar to those seen in mood disorders such as MDD and PTSD in humans (Krishnan 

et al., 2007). A variation of this model incorporates a rodent observer who “witnesses” the 

physical defeats of another member of its species (Warren et al., 2013). The “emotionally” 

stressed mice observers do exhibit decreased social interaction, decreased weight gain, and 

increased sensitivity to the detrimental effects of subsequent stress (Warren et al., 2013). This is 

of great interest because it demonstrates that stress does not have to be experienced physically 

for an individual to develop mood dysregulation, and that simply witnessing a traumatic event 

provides sufficient cause for development of dysregulated mood (Blanchard et al., 2004). Thus, 

the purpose of this honors thesis is to more closely examine the impact, and potential 

interactions, of stress, both emotional and physical, on nicotine consumption during adolescence 

in male mice. While a decent amount of research exists on the topics of and interactions between 

depression, stress, and nicotine intake, most correlations and causations are drawn from 

experiments that utilize nicotine preference techniques. Thus, the experiment described here 

aims at examining the impact of emotional (ES), physical (PS), and control (CON) stress on 

nicotine consumption without the option of an alternative nicotine-free water source and to then 

compare physiological and behavioral changes to those seen in ES, PS, and CON mice who have 
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had no exposure to nicotine. Based on the literature (Adriani et al., 2004), exaggerated 

behavioral and physiological deficits are expected in mice that have developed nicotine 

dependence after having undergone social defeat. The goal is to establish nicotine dependence in 

mice in a way that more closely resembles human dependence and to, in turn, draw conclusions 

on the impact of stress on nicotine consumption and on the impacts of nicotine dependence on 

development in a way that may be more useful to the species. The overreaching goal of this 

proposal is to increase our knowledge of the impact of stress on nicotine consumption and to 

generate a model that more accurately mirrors nicotine dependence on humans. 
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Methods and Materials 

Subjects and Treatments 

Adolescent male mice were used, fed ad libitum, and allowed a 1-week habituation 

period before experimental manipulation. Animals were housed in clear polypropylene cages 

containing wood shavings and, during and after social defeat, a clear cage divider in a 

windowless, controlled laboratory environment located in the Florida State University 

Psychology building that was maintained at 24°C with a controlled variance of +/- 1 degree on a 

12 hour light/dark cycle with lights turned on from 07:00 until 19:00. Mice were granted 

unrestricted access to food and water and were monitored daily with findings recorded by the 

principal investigator. 

At postnatal date (PD) 38, during the beginning of adolescence in mice, the animals were 

divided into three pre-treatment groups (emotionally stressed, ES; physically stressed, PS; and 

control stressed, CON) and defeats began as previously described in the social defeat paradigm 

(Warren et al., 2013). Control and experimental groups were composed of PD38 male C57BL/6J 

mice (Jackson Labs, Bar Harbor, Maine), while CD1 retired breeders (Charles River) were used 

in this study to elicit stress responses in the social defeat paradigm. Four C57BL/6J were housed 

per cage prior to stress and singly housed during social defeat and following stress, with one 

CD1 (or, in the case of control animals, a second control C57BL/6J) occupying the opposite side 

of each cage.  

Each experimental pre-treatment group (exposed to ES or PS) consisted of 14 subjects. 

Following ten days of defeats, the mice were divided further into nicotine-exposed and control 

(water-only) treatment groups with eight mice from each experimental pre-treatment group being 

tested for nicotine consumption and six given only water. The control pre-treatment group 
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consisted of 12 subjects with six mice later receiving nicotine treatment and six receiving water. 

Emotionally stressed, physically stressed, and control mice sorted into the nicotine treatment 

group were given only water containing a nicotine concentration of 160 mg/l. Mice sorted into 

the water (acting as a secondary control measure) treatment group received water with a 

concentration of 0 mg/l of nicotine. Water bottles for each animal were replaced every three days 

with ones containing freshly made nicotine concentrations. Each bottle was weighed twice daily 

(every 12 hours) for one month to assess the volume consumed by each animal. Experiments 

were conducted in compliance with the Guidelines for the Care and Use of Laboratory Animals, 

and approved by the Florida State University Animal Care and Use Committee. 

Chronic Emotional and Physical Stress 

CD-1 mice with consistent attack latencies (≤30 sec on three consecutive screening tests, 

when possible) were housed in cages fitted with perforated Plexiglas dividers (Florida State 

University—Psychology, Engineering Group), allowing sensory, but not physical, contact. Naive 

C57BL/6J mice were assigned to either emotional stress (ES) or physical stress (PS) conditions. 

ES mice were placed into the empty compartment adjacent to the CD-1 aggressor and PS mice 

were placed into the compartment containing the aggressor, as previously described (Warren et 

al., 2013). During this time, the PS mouse was attacked by the CD-1 aggressor and adopted a 

defensive posture. After 10 minutes, the ES-exposed mouse was transferred to a novel cage, in 

the compartment adjacent to a novel CD-1, to minimize exposure to any latent stimuli potentially 

produced by the PS-exposed mouse. The PS-exposed mouse was left overnight in the 

compartment adjacent to the CD-1 that socially defeated it. This process was repeated for 10 

consecutive days, such that each day the ES-exposed mouse would “witness” the defeat of a 

novel mouse by a novel CD-1. The term “witness” in this model refers to all sensory stimuli 
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associated with the ES experience and not visual stimuli alone. Control mice were housed in 

pairs, one on each side of a perforated Plexiglas partition, and handled daily.  

Social Interaction Test (SIT) 

 The social interaction behavioral assay is a two-session test of social avoidance. In the 

first session, a mouse was allowed to explore an open field arena (40 cm x 40cm) for 2.5 

minutes. Along one side of the arena was a wire mesh cage that remained empty during the first 

trial (no target). The mouse was then removed and a novel CD-1 male mouse was placed into the 

wire mesh cage. The test mouse was placed back into the arena and the amount of time it spent in 

the “interaction zone” (an 8 cm wide corridor surrounding the cage) was measured during the 2.5 

min trial (target present). Socially defeated mice explore the interaction zone significantly less 

when another mouse is present (Krishnan et al., 2007). Interestingly, chronic antidepressant 

treatment has been found to alleviate this avoidant behavioral phenotype, but acute treatment has 

not (Warren et al., 2013). This makes the social defeat/interaction test a valid model of 

antidepressant efficacy and thus a good model to test for depression-like affect, as well as 

sensitivity to stress-related stimuli (Warren et al., 2013). 

Animals were tested for social avoidance twice. Noldus Ethovision (2012) was used to 

record and track social interaction. The first assessment of social interaction took place 24 hours 

after the final exposure to social defeat. The second SIT took place one month later, following 

chronic nicotine exposure. 

Elevated Plus-Maze (EPM) 

 The elevated plus-maze is a behavioral model of anxiety-like behavior (Warren et al., 

2013). The EPM used was elevated 0.5 m from the ground, constructed of gray plastic and 
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consisted of two intersecting runways, each 100 cm long by 12 cm wide and connected by a 

center arena. The first runway consisted of two arms extending from the intersection that were 

“closed” as defined by the inclusion of 40 cm high walls. The second runway consisted of two 

“open” arms without walls. Mice were placed in the central arena facing an open arm and 

allowed to explore the maze freely for five minutes while being video recorded. The proportion 

of time spent in open arms was calculated and used as a measure of anxiety-like behavior, with 

animals exhibiting higher anxiety levels spending a smaller proportion of time in the open arms 

of the EPM (Warren et al., 2013). 

Forced Swim Test (FST) 

 The FST is a measure of depression-like symptoms in which mice are forced to swim 

without the ability to escape (Cryan et al., 2002). Following one month of consumption 

treatment, animals were dropped into four-liter glass cylinders filled to approximately the three-

liter mark with water and forced to swim without the ability to escape. After five minutes, mice 

were removed from the cylinders, dried with towels, and warmed for approximately 30 minutes. 

All cylinders were emptied and rinsed between trials. Latency to immobility was defined as the 

time taken to initially maintain a stationary position (clearly exhibited and maintained for a 

minimum of two seconds at a time) that did not demonstrate an attempt to escape (Lucki, 1997). 

Animals exhibiting depression-like symptoms tend to take less time to initially maintain a 

stationary position (Lucki, 1997).  

 

Statistical Analysis 

Statistical significance was assessed using mixed-design (between and within variables) 
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ANOVAs and student’s t-test. Data are expressed as the mean ± SEM. Statistical significance 

was defined as p < 0.05. 

 

Results 

Effects of Chronic Stress and Consumption Treatments on Weight 

 A significant decrease in weight was exhibited by physically stressed mice following ten 

days of defeat when compared to animals having undergone control levels of stress [p<0.001; 

Figure 1]. No significant differences were exhibited in emotionally stressed mice [p>0.05; Figure 

1]. Following exposure to a secondary treatment (water or nicotine consumption), significant 

increases were seen in weight in the long-term group: mice treated with one month of nicotine 

consumption following chronic PS or ES during social defeats as compared to control levels of 

stress [p=0.009; Figure 2]. No significant differences were seen between pre-treatment weights 

of mice that were treated with long-term water consumption [p>0.05; Figure 2]. 

 

Effects of Chronic Stress on Nicotine Consumption 

 Mice previously exposed to PS consumed significantly more nicotine than their 

respective controls over the one-month nicotine consumption period [p=0.023; Figure 3]. Mice 

exposed to ES also consumed larger quantities of nicotine than mice having experienced control 

levels of stress, though the observed increases were not statistically significant [p>0.05; Figure 

3]. 

 

Effects of Nicotine Consumption on Social Interaction 
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 Physically stressed mice exhibit significantly lower levels of social interaction when 

presented with a novel CD-1 aggressor than mice exposed to control levels of stress following 

ten days of social defeat [p=0.006; Figure 4]. Mice that received the control water treatment and 

control levels of stress had significantly higher levels of social interaction following the one 

month consumption period than ES [p<0.001; Figure 4] or PS groups [p<0.001; Figure 4] treated 

with water consumption. Mice who received the nicotine consumption treatment showed no 

significant differences between pre-treatment groups [p> 0.05; Figure 4]. 

 

Effects of Nicotine Consumption on Aversive Stimuli 

Elevated Plus-Maze:  

ES-exposed mice spent significantly more time in the open arms of an elevated plus-

maze (EPM) than CON-exposed mice, regardless of the secondary treatment (nicotine [p=0.040; 

Figure 5] or water [p=0.029; Figure 5] consumption). Amongst mice exposed to the water 

consumption condition, PS-exposed mice exhibited significantly higher anxiety levels (i.e., less 

time spent in open arms) than CON-exposed mice [p=0.010; Figure 5]. Long-term nicotine 

consumption significantly decreased anxiety levels (i.e., more time spent in open arms) in mice 

previously exposed to PS [p=0.003; Figure 5]. 

Forced Swimming Stress: 

The forced swim test (FST) was used as a measure of responsiveness to stress and 

depression-like symptomology. Nicotine exposure significantly increased latency to immobility 

across all pre-treatment groups [p> 0.005; Figure 6]. ES-exposed mice in the nicotine treatment 

condition displayed significantly greater latency to immobility times than CON-exposed mice 

that also underwent long-term nicotine consumption [p=0.028; Figure 6]. In addition, ES- and 
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PS-exposed mice that consumed nicotine took significantly longer to become immobile than 

their ES-exposed counterparts exposed to the water only condition [p=0.006; Figure 6] and PS 

[p=0.013; Figure 6]. 

 

Discussion 

 The purpose of this honors thesis is to expand upon previous findings on the impact of 

emotional and physical stress on nicotine consumption during adolescence, specifically in male 

mice. Previous findings utilizing nicotine preference methods suggests that adolescent nicotine-

dependent mice would exhibit depression-like symptoms later in adulthood (Iniguez et al., 2009). 

The findings of the experiments described here help to shed light on the effects of stress on 

nicotine consumption during adolescence by suggesting that long-term nicotine consumption 

following chronic stress may instead show a buffering effects against the negative effects of 

stress later in life. 

 The increased long-term body weights seen amongst PS and ES as compared to CON 

animals treated with nicotine consumption were odd given the lack of difference between mean 

weights of pre-treatment groups who only consumed water. These results seem to indicate that 

the increased nicotine consumption seen by ES and PS groups may have buffered against what 

was a statistically insignificant weight loss as seen in the water-treated group. It is possible that 

the CD-1 aggressors used were not as aggressive as hoped, leading to decreased impact on body 

weight resulting from pre-treatment stress levels or that the timespan of the experiment was too 

short to see more clearly delineated differences. 

 Increased nicotine consumption levels amongst PS and ES mice suggest that self-

administration levels of nicotine may be due to a form of self-medicating, used as a coping 



Sattler, CR          15 

 

strategy for mice having previously undergone chronic stress. These findings, along with 

significant variations between pre-treatment groups in social interaction (SIT), EPM, and FST 

scores indicate that the social defeat paradigm used was indeed effective in fostering physical 

and emotional stress in the mice. 

  The first session of the SIT was expected to yield significant detriments to social 

interaction levels in ES- as well as PS-exposed mice. The fact that only significant detriments 

were found in PS-exposed mice was not surprising, as previous research suggests that the ES 

phenotype may take up to a month to emerge following social defeat (Warren et al., 2013). The 

second session of the SIT, completed one month after the first SIT session, showed the expected 

detriments to social interaction that in both ES- and PS-exposed mice treated with only water 

(Warren et al., 2013). However, the differences between the pre-treatment groups were non-

existent in the group treated with long-term exposure to nicotine consumption. This lack of 

detriment to social interaction observed amongst the ES and PS nicotine-exposed mice as 

compared to the CON mice indicates that nicotine consumption may act as an effective buffer 

against stress later in life. 

 The amount of time that the mice spent in the open arms of an EPM was used as a 

measure of anxiety (i.e., increased time indicating decreased anxiety levels). Nicotine-exposed 

ES and PS mice showed significant increases in the amount of time spent in the open arms when 

compared to the nicotine-exposed CON animals. This result was surprising, as it appeared that 

nicotine was effectively buffering the expected increases in anxiety levels normally seen in ES- 

and PS-exposed mice (Warren et al., 2013). Granted, water-treated ES mice did not show the 

increased anxiety levels seen in previous research when compared to the water-exposed CON 

(Warren et al., 2013). It is likely that the use of more aggressive CD-1 mice who have been 
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exposed to repeated positive reinforcement of aggressive behavior may have produced ES water-

treated mice with more clearly heightened anxiety levels. 

 Decreases in latency to immobility times, often used as a measure of the depression-like 

phenotype, seen in ES and PS water-exposed groups when compared to a water-exposed CON 

again indicate an effective completion of chronic ES and PS in the pre-treatment groups. 

However, the increases in latency to immobility times seen in ES- and PS-exposed groups of 

nicotine-treated mice again varied from expectations. Nicotine appeared to act as a buffer, this 

time against the depression-like symptoms exhibited by ES- and PS-exposed groups of water-

treated mice.  

 Another major goal of this thesis was to create a model that more closely resembled 

human nicotine consumption. One major problem in previous nicotine studies has been the 

utilization of a nicotine preference model in which (sometimes multiple) concentrations are 

offered alongside a nicotine-free water alternative. Giving only one option for a water source 

(either one containing a 160 mg/l concentration or one containing no nicotine) allowed for 

clearer correlations regarding behavioral impacts to be drawn and for true consumption rates to 

be gauged. This experiment was successful in finding a model that provided a way to more 

closely mirror normal consumption patterns and guarantee the delivery of a regular dose of 

nicotine to those mice in the nicotine treatment group, as demonstrated through comparable 

amounts of overall water and nicotine consumption. 

 Future research that may yield beneficial information and expand upon the results of this 

experiment include the further utilization of the nicotine consumption model under varying 

nicotine concentrations in hopes of producing clearer correlations between dosage and anxiety-

and depression-like symptoms (such as those examined through the use of the EPM and FST). 
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Also, using larger secondary treatment groups may help decrease the variance observed. 

Increasing the length of time mice are exposed to the secondary treatment (i.e., more than one 

month) may additionally lead to clarifications on the full impact of nicotine consumption on ES-

exposed mice. 

With the many known detrimental effects of smoking cigarettes on physical and mental 

health, a clearer picture must be provided of nicotine’s full impact. Understanding the potential 

buffering impact of nicotine on stress is fundamental to understanding causes for consumption 

and, in turn, dependence, and is therefore essential in the development of proper treatments for 

nicotine dependence/addiction. The nicotine model used offers unique insight into the impact of 

nicotine consumption on mood disorders and MDD. The effects of nicotine on anxiety and stress 

levels are somewhat known, but the results of this experiment indicate that nicotine may also 

play a role in buffering depression-like symptoms. Given that nicotine acts on nicotinic 

acetylcholine receptors, the psychopharmacological impacts of these findings may be vast. With 

continued research into the long-term impact of nicotine on the mind and body and increased 

understanding of the impact of dependence on these co-morbid states, the scientific community 

may be able to one day utilize better techniques to treat nicotine addiction.   
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Figure 1 

 

Figure 1. Exposure to physical stress significantly decreases weight (p<0.05; n=17). Mean 
weight of each pre-treatment group, at each day the experiment was in progress from habituation 
through the final day of social defeat. Blue area represents nicotine pre-treatment period in days. 
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Figure 2 

 
Figure 2. Long-term nicotine exposure creates significant (p<0.05) increases in weight amongst 
mice previously exposed to chronic physical and emotional stress as compared to a nicotine-
exposed control (n=28). No significant differences exist amongst pre-treatment groups later 
exposed to a water treatment (n=28). a) Mean weights of each treatment group previously 
exposed to control levels of stress. b) Mean weights of each treatment group previously exposed 
to chronic emotional stress. c) Mean weights of each treatment group previously exposed to 
chronic physical stress. 
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Figure 3 
 

 
 
Figure 3. No significant differences existed between overall nicotine and water treatment 
consumption rates. Long-term nicotine exposure, however, significantly increased nicotine 
consumption rates of mice previously exposed to chronic physical stress. a) Overall mean 
consumption rates of each treatment group by pre-treatment stress exposure. b) Overall mean 
nicotine consumption rates of nicotine treatment group by pre-treatment stress exposure. 
(*Statistically significant at p< 0.05.) 
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Figure 4 

 
 
Figure 4. Physically stressed mice exhibit significantly lower levels of social interaction with a 
novel CD-1 aggressor than mice exposed to control levels of stress following ten days of social 
defeat. After one month of nicotine or water consumption, all pre-treatment groups exhibited 
significantly lower levels of social interaction than mice exposed to a control water treatment and 
control levels of stress. Long-term nicotine exposure significantly buffered against the social 
interaction deficits seen in the water treatment groups previously exposed to chronic levels of 
emotional and physical stress. a) Mean social interaction levels for each pre-treatment group as 
measured through a social interaction test (SIT) administered 24 hours after the final session of 
social defeat. b) Mean social interaction levels for each pre-treatment group following one month 
of chronic nicotine (160 mg/l) or water consumption. (*Statistically significant at p< 0.05.) 
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Figure 5 

 
Figure 5. Mice previously exposed to chronic emotional stress spent significantly more time in 
the open arms of an elevated plus-maze (EPM), an indicator of decreased anxiety levels, 
regardless of the secondary treatment. Amongst mice treated with water consumption, those 
previously exposed to chronic physical stress exhibited significantly higher anxiety levels (less 
time spent in open arms) than mice exposed to control levels of stress. Long-term nicotine 
consumption significantly decreases anxiety levels amongst mice previously exposed to physical 
stress. Mean proportion of time spent by pre-treatment groups in open arms of an EPM following 
one month of treatment consumption. 
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Figure 6 

 
Figure 6. Long-term nicotine consumption significantly increases latency to immobility, used a 
measure of depression-like symptoms (lower latency to immobility values corresponding to 
higher levels), during participation in a forced swim test (FST) across all pre-treatment groups. 
Mean total time taken to initially maintain a stationary position by pre-treatment groups during a 
FST following one month of consumption treatment. 
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