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Abstract

Anxiety disorders and nicotine use are significant contributors to global morbidity and mortality as 

independent and comorbid diseases. Early-life stress, potentially via stress-induced hypothalamic-

pituitary-adrenal axis (HPA) dysregulation, can exacerbate both. However, little is known about 

the factors that predispose individuals to the development of both anxiety disorders and nicotine 

use. Here, we examined the relationship between anxiety-like behaviors and nicotine responses 

following adolescent stress. Adolescent male and female BALB/cJ mice were exposed to either 

chronic variable social stress (CVSS) or control conditions. CVSS consisted of repeated cycles of 

social isolation and social reorganization. In adulthood, anxiety-like behavior and social avoidance 

were measured using the elevated plus-maze (EPM) and social approach-avoidance test, 

respectively. Nicotine responses were assessed with acute effects on body temperature, 

corticosterone production, locomotor activity, and voluntary oral nicotine consumption. 

Adolescent stress had sex-dependent effects on nicotine responses and exploratory behavior, but 

did not affect anxiety-like behavior or social avoidance in males or females. Adult CVSS males 

exhibited less exploratory behavior, as indicated by reduced exploratory locomotion in the EPM 

and social approach-avoidance test, compared to controls. Adolescent stress did not affect 

nicotine-induced hypothermia in either sex, but CVSS males exhibited augmented nicotine-

induced locomotion during late adolescence and voluntarily consumed less nicotine during 

adulthood. Stress effects on male nicotine-induced locomotion were associated with individual 

differences in exploratory locomotion in the EPM and social approach-avoidance test. Relative to 

controls, adult CVSS males and females also exhibited reduced corticosterone levels at baseline 
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and adult male CVSS mice exhibited increased corticosterone levels following an acute nicotine 

injection. Results suggest that the altered nicotine responses observed in CVSS males may be 

associated with HPA dysregulation. Taken together, adolescent social stress influences later-life 

nicotine responses and exploratory behavior. However, there is little evidence of an association 

between nicotine responses and prototypical anxiety-like behavior or social avoidance in BALB/cJ 

mice.
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1. Introduction

Tobacco use is the leading cause of preventable death in the United States. Approximately 

480,000 Americans die each year as a result of smoking cigarettes (1). This public health 

problem does not exist in isolation; a strong bi-directional link has been established between 

anxiety disorders and nicotine use. Affective disorders, which include anxiety and 

depression, are the second leading cause of global disease burden with an annual economic 

cost of $210 billion in the United States alone (2, 3). Individuals who are diagnosed with an 

anxiety disorder are at higher risk of smoking compared to those without (4, 5). Conversely, 

higher risk of anxiety diagnosis and greater symptom severity are reported in smokers 

compared to non-smokers (6–8). However, it is unclear what factors promote the 

development of anxiety disorders and nicotine use comorbidity. Use of tobacco products 

could precipitate dysregulated mood (9). However, acute nicotine use has anxiolytic effects 

whereas nicotine withdrawal has been associated with increased anxiety (10). Thus, smoking 

could serve as a form of self-medication to ameliorate anxiety symptoms (11). More 

research is needed to investigate factors that predispose individuals to the development of 

both anxiety disorders and nicotine use.

Adolescence is a developmental period that is associated with a number of vulnerabilities. 

For example, problem nicotine use almost always begins in adolescence when there is a 

concomitant rise in the incidence of anxiety disorders (12, 13). Chronic stress may be an 

important mediator of both anxiety disorders and nicotine use. Adolescent stress exposure 

can precipitate anxiety (14) and predicts the initiation, degree, and continuation of smoking 

(15, 16). Prospective clinical studies have attributed these stress effects to elevated 

glucocorticoid (GC) hormones which are released following stress-induced activation of the 

hypothalamic-pituitary-adrenal axis (HPA) (16). Aberrant HPA activity may be particularly 

detrimental in adolescence because GCs play an important role in developmental 

programming of brain regions mediating both emotional behavior and reward processing 

(i.e., the mesolimbic dopamine system) (17–19). Thus, adolescent stress could predispose 

individuals to develop anxiety disorders and nicotine use by altering the development of 

biological processes involved in both conditions.

Rodent models of social stress have proved useful to investigate neurobiological factors 

mediating stress-induced anxiety disorders. In rodents, adolescence is often defined as the 
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period between postnatal days (PND) 21–59 (20). We recently reported that inbred male and 

female BALB/cJ mice exposed to adolescent chronic variable social stress (CVSS; repeated 

cycles of individual housing and exposure to novel social partner) exhibit increased anxiety-

like behavior when assessed on the elevated plus-maze (EPM) during adulthood (21). 

Adolescent CVSS was further associated with sex-specific behavioral effects. Adult females, 

but not males, exposed to adolescent CVSS exhibited increased depression-like behavior in 

the sucrose preference test (21). These findings are in agreement with other studies in which 

rats and mice exposed to repeated social instability (e.g., repeated exposure to novel social 

partners) or social defeat stress exhibited increased anxiety/depression-like behavior and 

social avoidance (i.e., a social anxiety-like behavior (22)) in adolescence and adulthood (23–

27). Adolescent stress exposure can also increase, decrease, or have no effect on nicotine 

responses under certain conditions. For instance, adolescent social instability, social defeat, 

or chronic restraint stress had no effect on nicotine-induced locomotion or nicotine self-

administration in male rats (28–32). However, exposure to social instability during mid-

adolescence blunted locomotor sensitization to repeated nicotine injections in late adolescent 

(PND 58) female rats (30), had no effect at a lower dose in adulthood (PND 69) ~3.5 weeks 

after stress exposure (29), and augmented sensitization in adult (PND 80) females tested ~5 

weeks after stress exposure (28).

Long-lasting HPA abnormalities frequently accompany adolescent stress-induced alterations 

in anxiety-like behavior and nicotine responses. For example, adolescent and adult rats and 

mice exposed to social instability stress exhibit elevated basal corticosterone (CORT) levels 

(23, 33). Curiously, our lab and others have also reported reduced HPA activity in adult 

males following adolescent social stress which may represent a protective mechanism to 

limit the deleterious effects of prolonged GC exposure (21, 34). Stress-induced alterations in 

the expression of corticotropin releasing-hormone and vasopressin, which regulate anxiety, 

HPA activity, and many pharmacological effects of nicotine have also been reported (23, 33, 

35). To date, few studies have simultaneously investigated the influence of adolescent social 

stress on anxiety-like behavior, HPA activity, and nicotine responses.

In the current study, we sought to replicate and extend prior findings (21) by systematically 

assessing the effects of adolescent CVSS on anxiety-like behaviors, social avoidance, and 

nicotine responses. The CVSS protocol was previously developed to investigate sex-specific 

effects of adolescent stress in inbred mice (i.e., animals with limited genetic variability) (21). 

Here, a within-subjects experimental design was used to assess the relationship between 

anxiety-like behaviors and nicotine responses. Based on previous findings, we hypothesized 

that exposure to adolescent CVSS would: 1) increase anxiety-like behaviors in male and 

female mice, 2) decrease nicotine responses during late adolescence or increase responses 

during adulthood in female mice, and 3) result in a strong positive correlation between 

anxiety-like behaviors and nicotine responses within individuals.

2. Materials and methods

2.1. Animals

Male and female BALB/cJ mice (The Jackson Laboratory, Bar Harbor, ME, USA) were bred 

at The Pennsylvania State University. A total of 117 mice (51 females and 66 males) from 
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18 litters were used in the current study. Pups remained with the dam until weaning on 

postnatal day (PND) 21 and then were housed with 3–4 same-sex cagemates. Mice were 

housed in polycarbonate cages (28 cm × 17 cm × 12 cm) with corn-cob bedding in a 

temperature-controlled vivarium. Mice were maintained on a reverse 12:12 h light:dark 

schedule (lights on 13:00 h) with ad libitum food and water. All procedures were approved 

by The Pennsylvania State University IACUC committee. Mice were randomly assigned to 

either CVSS or control (CON) conditions (see section 2.3). Littermates were evenly 

distributed between groups in order to avoid bias due to litter effects.

2.2. Experimental design

Experiment 1 (Fig. 1) was designed to determine whether adolescent CVSS would induce 

sex-specific changes in late adolescent nicotine responses as well as adult anxiety-like 

behavior, social avoidance, and nicotine intake (n = 11–15/group). Specifically, we assessed 

nicotine-induced hypothermia and locomotor activity during late adolescence (PND 56–59) 

and voluntary oral nicotine consumption in adulthood (PND 116–135). Adult anxiety-like 

behavior and social avoidance were tested in the EPM (PND 62–65) and the social 

approach-avoidance test (PND 140–144), respectively.

Experiment 2 (Fig. 1) was designed to determine whether adolescent CVSS would induce 

sex-specific changes in adult nicotine responses, anxiety-like behavior, and social avoidance 

(n = 9–12/group). In this experiment, acute nicotine responses were assessed in adulthood 

because prior studies reported that adolescent social stress can either reduce or augment 

nicotine locomotor sensitization when tested during late adolescence or adulthood, 

respectively (28, 30). Acute nicotine-induced hypothermia and corticosterone (CORT) 

production (PND 65–70) as well as voluntary oral nicotine consumption (PND 73–92) were 

measured during adulthood. As in Experiment 1, adult anxiety-like behavior and social 

avoidance were assessed in the EPM (PND 61–63) and social approach-avoidance test (PND 

95–97), respectively.

2.3. Chronic variable social stress (CVSS) protocol

Mice in the stress condition were exposed to CVSS during adolescence (PND 25–59) (21). 

CVSS consisted of repeated cycles of individual housing for 3 days followed by re-

socialization with 1–2 unfamiliar same-sex cagemates (i.e., social reorganization) for 4 days. 

The social reorganization schedule was designed such that the likelihood of a repeated 

encounter of the same mouse during the course of CVSS was minimized. CON mice 

remained housed with their original same-sex cagemates throughout the experiment. In order 

to limit differences in handling and husbandry between conditions, all CON mice were 

transferred to clean cages with their cagemates on days when CVSS mice were placed into 

individual housing or social reorganization. On PND 59, CVSS mice were re-housed with 

their original cagemates from weaning where they remained for the duration of the study 

unless otherwise specified (See section 2.4.2).

2.4. Behavioral testing

All behavioral testing except voluntary oral nicotine consumption (section 2.4.2) was 

performed in a room that was separate from the colony room. On the morning of testing, 
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mouse tails were marked with Sharpie® marker for easy identification and to limit handling 

stress prior to testing. Mice were transported to the behavior room at least 1 h prior to testing 

to habituate to the environment.

2.4.1. Acute nicotine responses—The acute effects of nicotine on locomotor activity, 

body temperature, and HPA activity were examined using a within-subjects design as part of 

a modified test battery (36–38). Specifically, every animal in each experiment received 

intraperitoneal injections of both saline and nicotine (Experiment 1 – 0.5 mg/kg; Experiment 

2 – 0.5 or 1 mg/kg; doses presented as freebase nicotine). In Experiment 1, a subset of mice 

(N = 11–12/group) were tested for acute nicotine responses. In both experiments, nicotine 

and saline injections were counter-balanced according to a Latin square design and testing 

sessions occurred 48 hours apart.

In Experiments 1 and 2, locomotor activity was examined under reduced anxiogenic 

conditions in a symmetrical Y-maze consisting of 3 red covered Plexiglas arms (27.5 L × 8 

W × 10 H; cm). Testing was performed in a brightly lit room (~600 lux) between 13:00–

16:00 h, but light intensity was low inside the Y-maze (~30 lux). Trials were recorded by an 

overhead camera and analyzed using an automated video tracking system (Any-maze v.4.60, 

Stoelting, Wood Dale, IL, USA). Immediately following injection, each mouse was placed 

into a Y-maze for 10 min. Locomotor activity was analyzed by measuring total distance 

traveled in the first 5 min of the test because near-maximal effects on Y-maze locomotion are 

observed 5 min after nicotine injection (36). Following locomotor activity testing, mice were 

returned to holding cages until rectal body temperature was measured 15 min after the 

injection. Body temperature was measured using a TH-5 Thermalert Monitoring 

Thermometer with a RET-3 mouse rectal probe (Physitemp Instruments Inc., Clifton, NJ, 

USA) lubricated by peanut oil.

The acute effects of nicotine on HPA activity were measured in Experiment 2. Mice were 

briefly restrained in a broom-style restrainer 30 and 90 min after the injection, a short 

segment (< 1 mm) of the tail tip was cut with a scalpel, and blood was collected into 

heparinized capillary tubes (RAM Scientific, Yonkers, NY, USA). Repeat blood samples 

were obtained by palpating or cutting the tail tip to re-stimulate blood flow. A final blood 

sample for baseline CORT was collected 3 days after the last saline/nicotine injection. Mice 

were transported in holding cages to a separate room for blood collection. All samples were 

collected within 3 minutes of initial cage disruption between 14:00–16:00 h.

Nicotine doses and testing times were based on published methods (36–38). Two primary 

dependent variables were used to assess acute nicotine responses: nicotine-induced change 

in locomotor activity (cm) and change in body temperature (°C). Both variables were 

calculated as a within subject change score by subtracting the saline response from the 

nicotine response. Thus, positive locomotion values represent greater nicotine-stimulated 

activity and negative temperature values represent nicotine-induced hypothermia. In 

Experiment 2, data for adult nicotine-induced locomotor activity was excluded due to a 

technical error. Three primary dependent variables were used to assess HPA activity: plasma 

CORT levels at 30 min post-injection, plasma CORT levels at 90 min post-injection, and 

baseline plasma CORT levels.
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2.4.2. Two-bottle choice nicotine consumption—Nicotine intake was measured in a 

standard 2-bottle free choice paradigm (39, 40). Animals were singly housed in standard 

mouse cages for testing. Mice were provided access to two 25 ml graduated cylinders fitted 

with drinking spouts filled with water for the first two days to acclimate them to the test 

environment. At the start of nicotine testing, one tube of water was replaced with a tube 

containing 25 μg/ml nicotine. Nicotine drinking solutions were made of free-base nicotine 

(Sigma Aldrich, St. Louis, MO, USA) diluted in tap water (41). The volume of fluid in the 

tubes was recorded at approximately 14:00 h every day. The left/right location of the 

nicotine and water-containing bottles was switched every other day to control for side bias. 

Nicotine was presented in concentrations (25, 50, 100 and 200 μg/ml) that increased every 4 

days. Mice were weighed every 4th day when a new concentration of nicotine was presented 

and consumption data were adjusted for body weight. Consumption data were adjusted for 

evaporation/leakage by measuring fluid loss from 4 empty cages that were handled the same 

as the experimental cages. Three primary dependent variables were obtained: nicotine 

consumption (mg/kg), nicotine preference (ml of nicotine/total ml of fluid), and total fluid 

consumed (ml). These dependent variables were derived from the average of days 2 and 4 of 

each nicotine concentration (i.e., the second full day after the bottle side or drug 

concentration was changed) (42).

2.4.3. Elevated plus-maze—Adult anxiety-like behavior was measured using the EPM 

as described previously (21). The 5 min test was conducted under dim red lights (~30 lux) 

between 9:00–12:00 h. The EPM was made from black Plexiglas and consisted of two open 

(30 L × 5 W; cm) and two closed arms (30 L × 14.5 H × 5 W; cm) elevated 42 cm off the 

ground. The maze was cleaned with 30% EtOH at the end of each trial. Three primary 

dependent variables were obtained open arm time, percent open arm entries, and number of 

closed arm entries. Reductions in percent time on and entries into the open arms represent 

unconditioned anxiety which is independent of locomotion (43, 44). A reduction in closed 

arm entries signifies reduced locomotor activity which may also be indicative of an anxiety-

like state (43–45). Trials were recorded by an overhead camera and behavior was analyzed 

using an automated video tracking system (Any-maze v.4.60, Stoelting, Wood Dale, IL, 

USA). Arm entry was defined as 85% of the body passing the threshold of an arm. Percent 

open arm time was calculated as [Time on the open arms/(Time on open arms + Time on 

closed arms)] × 100. Percent open arm entries was calculated as [Total open arm entries/

(Total open arm entries + Total closed arm entries)] × 100.

2.4.4. Social approach-avoidance test—Social avoidance was measured in the social 

approach-avoidance test during adulthood because social withdrawal is a common symptom 

of many human psychiatric disorders such as social anxiety disorder and depression (22). 

Adolescent social stress paradigms (e.g. social defeat, social isolation, and social instability) 

can induce social avoidance (22, 25–27) which can be reduced or prevented by anxiolytic 

drugs (22). Finally, prior studies have reported differences in the anxiogenic effects of 

adolescent social stress when animals were tested in a social interaction test compared to a 

non-social test (e.g. EPM or OFT) (22, 25, 27). In the current study, a modified version of 

the social approach-avoidance test (25, 26, 46) was employed. Briefly, trials were monitored 

by an overhead camera and a video tracking system (Any-maze v.4.60, Stoelting, Wood 
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Dale, IL, USA) was used to analyze social avoidance and general locomotion in the arena 

(60 L × 60 L × 30 H; cm). Testing was performed under dim red lights (~30 lux) between 

13:00–17:00 h. The test consisted of two consecutive 2.5 min trials during which mice were 

allowed to freely explore the arena. During the first trial (“Social Target Absent”) an empty 

circular wire mesh cage (9 cm in diameter) was located at one end of the field. During the 

second trial (“Social Target Present”) the empty cage was replaced with an identical cage 

containing a target mouse (an unfamiliar same-sex adult BALB/cJ mouse). In between trials, 

the test mouse was removed from the arena and placed back in the home cage for ~1 min. 

The primary dependent variables obtained were total distance traveled (cm), time spent in 

the interaction zone (5 cm corridor surrounding the cage), and time spent in the corner zones 

(8 × 8 cm) in the presence of the empty cage (“Social Target Absent”) or a novel conspecific 

(“Social Target Present”). Social avoidance was defined as a reduction in time spent in the 

social interaction zone during the second trial (“Social Target Present”) relative to the first 

trial (“Social Target Absent”).

2.5. Radioimmunoassay

Blood samples (20–50 μl) were obtained by tail cut (See section 2.4.1), collected into 

heparinized capillary tubes (RAM Scientific, Yonkers, NY, USA), and stored on ice. 

Samples were centrifuged at 4°C, plasma was collected and stored at −80°C until assayed. 

Plasma CORT levels were measured in duplicate using a commercially available [I125] 

radioimmunoassay kit (MP Biomedicals, Solon, OH, USA) according to the manufacturer’s 

instructions. Intra- and inter-assay coefficients of variation for low and high controls were 

7.6 and 12.7, respectively. Additionally, area under the curve (AUC) (47) was calculated 

from the baseline, 30 min, and 90 min CORT levels to create an integrated measure of 

CORT response to each injection. CORT AUC was used for correlation analyses between 

EPM behavior, social approach-avoidance test behavior, and nicotine responses.

2.6. Statistical analysis

All statistical analyses were performed in R (v3.3.2). Dependent variables were analyzed 

using an analysis of variance (ANOVA) or a mixed factorial ANOVA with sex (male and 

female), stress condition (CVSS and CON), nicotine dose (Saline, 0.5 mg/kg, and 1.0 mg/

kg), nicotine concentration (25 μg/ml, 50 μg/ml, 100 μg/ml, and 200 μg/ml), time since 

injection (30 min and 90 min), or social target presence (social target absent and social target 

present) as possible independent variables. Dependent variables were checked for normality 

and outliers removed (± 1.5 * interquartile range) or data were log transformed, where 

appropriate, to meet requirements for parametric statistical analyses. Continuous litter mean 

values were calculated for each dependent variable and included as covariates in all 

statistical models to control for litter effects. Data in Experiments 1 and 2 were combined for 

analysis of EPM behaviors, and social approach-avoidance test behaviors with experimental 

cohort included as a factor in the statistical model. Nicotine responses were analyzed 

separately for each experiment because previous studies have shown that the acute effects of 

nicotine differ considerably in adolescent and adult rodents and adolescent nicotine exposure 

can alter subsequent adult nicotine responses (48–51). Whenever a significant main effect or 

interaction was identified post hoc analyses were performed using Tukey’s HSD. α < 0.05 

was considered significant for all statistical analyses including post hoc comparisons. Partial 
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correlations, controlling for litter, were calculated separately for males and females in each 

experiment to test the relationship between anxiety-like behavior, social avoidance, and 

nicotine responses within individuals. For clarity, figures depict estimated marginal means 

calculated from untransformed data.

3. Results

3.1. Locomotion and body temperature

Exposure to adolescent social stress affected nicotine-induced locomotor activity during late 

adolescence (sex × stress condition interaction: F1,40= 5.1, p < 0.05). Following treatment 

with 0.5 mg/kg nicotine, late adolescent CVSS males exhibited significantly greater 

locomotor activity than CON males, but no difference was observed between CVSS and 

CON females (Fig. 2A; Tukey’s HSD, p = 0.01). There were no other main effects for 

nicotine-induced locomotor activity.

Exposure to adolescent social stress did not affect nicotine-induced hypothermia (Fig. 2B–

D). There were no effects of sex or stress condition on reduction in body temperature 

following a 0.5 mg/kg nicotine injection in late adolescent mice (Fig. 2B). During 

adulthood, there was a dose-dependent reduction in body temperature following nicotine 0.5 

mg/kg and 1.0 mg/kg nicotine injections (Fig. 2C–D; Main effect of nicotine dose: F1,36= 

7.4, p < 0. 01). There were no other main effects or interactions on nicotine-induced 

hypothermia.

3.2. Glucocorticoid production

Exposure to adolescent social stress affected adult GC production at baseline and in 

response to nicotine (Fig. 3). Adult CVSS mice had lower baseline CORT levels than CON 

mice (Fig. 3A; Main effect of stress condition: F1,34= 5.0, p < 0.05). There was no main 

effect of sex or interaction for baseline CORT levels.

Exposure to adolescent social stress increased nicotine-induced CORT production in a sex- 

and dose-dependent manner (Fig. 3B–G). Analyses were performed separately at each dose 

for males and females due to a significant main effect of nicotine dose (F2,183= 5.7, p < 

0.01) and a significant time × sex × stress condition interaction (F1,183= 4.48, p < 0.05). In 

males, plasma CORT levels were consistently higher at 30 min, relative to 90 min, for all 

doses (Fig. 3B–D; main effect of time for saline: F1,17= 19.4, p < 0.001, 0.5 mg/kg nicotine: 

F1,17= 96.7, p < 0.001, and 1.0 mg/kg nicotine: F1,16= 80.8, p < 0.001). There was no effect 

of stress condition on plasma CORT levels following saline or 0.5 mg/kg nicotine. However, 

adolescent social stress increased plasma CORT responses to the 1.0 mg/kg nicotine dose 

(time × stress condition interaction: F1,16= 6.4, p < 0.05). Specifically, CVSS males had 

significantly higher plasma CORT levels than CON males 30 min following injection, with 

no difference observed at 90 min (Fig. 3D; Tukey’s HSD, p = 0.02). In females, plasma 

CORT levels were consistently higher at 30 min, relative to 90 min, for all doses (Fig. 3E–G; 

main effect of time for saline: F1,20= 31.9, p < 0.001, 0.5 mg/kg nicotine: F1,20= 29.5, p < 

0.001, and 1.0 mg/kg nicotine: F1,20= 22.4, p < 0.001). There was no effect of stress 

condition on plasma CORT levels following saline or nicotine injections in female mice.
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3.3. Two-bottle choice nicotine consumption

Exposure to adolescent social stress decreased adult nicotine consumption in male, but not 

female mice, during Experiment 1 (Fig. 4A–B). Analyses of nicotine consumption in 

Experiment 1 were performed separately for males and females due to a significant nicotine 

concentration × sex interaction (F3,141= 2.7, p < 0.05). In males, nicotine consumption 

followed an inverted U-shaped dose-response curve. Males consumed more nicotine when 

the 100 μg/ml concentration was available compared to the 25 μg/ml concentration (main 

effect of nicotine concentration: F3,60= 3.8, p < 0.05; 25 μg/ml: 0.7 ± 0.1, 50 μg/ml: 1.0 

± 0.1, 100 μg/ml: 1.2 ± 0.1, 200 μg/ml:1.0 ± 0.1). Furthermore, exposure to adolescent social 

stress decreased nicotine consumption in a concentration-dependent manner (nicotine 

concentration x stress condition interaction: F3,60= 4.0, p < 0.05). CVSS males consumed 

less nicotine than CON males when the 200 μg/ml concentration was available (Fig. 4A; 

Tukey’s HSD, p = 0.03), but there were no differences in consumption of the 25, 50, or 100 

μg/ml concentrations. Females consumed less nicotine when the 200 μg/ml concentration 

was available compared to the 50 or 100 μg/ml concentrations (main effect of nicotine 

concentration: F3,81= 6.8, p < 0.001; 25 μg/ml: 0.7 ± 0.1, 50 μg/ml: 0.9 ± 0.1, 100 μg/ml: 1.1 

± 0.1, 200 μg/ml: 0.3 ± 0.1). There was no effect of stress condition on female nicotine 

consumption (Fig. 4B).

Exposure to adolescent social stress decreased adult nicotine preference during Experiment 

1 (Fig. 4C–D). Analyses for males and females were performed together because there was 

no effect of sex and no interactions with sex for nicotine preference in Experiment 1. 

Nicotine preference decreased when 200 μg/ml nicotine was available compared to 25 μg/ml 

nicotine (main effect of nicotine concentration: F3,141= 16.4, p < 0.001; 25 μg/ml: 0.24 

± 0.03, 50 μg/ml: 0.21 ± 0.03, 100 μg/ml: 0.15 ± 0.02, 200 μg/ml: 0.06 ± 0.01). Adolescent 

social stress also decreased nicotine preference in a concentration dependent manner 

(Nicotine concentration × stress condition interaction: F3,141= 3.1, p < 0.05). CVSS mice 

preferred less nicotine than CON mice when 200 μg/ml nicotine was available (Fig. 4C–D; 

Tukey’s HSD, p = 0.01), but there were no differences in consumption of the 25, 50, or 100 

μg/ml concentrations.

Exposure to adolescent social stress altered total fluid consumption in males, but not 

females, during Experiment 1. Analyses of total fluid consumption during Experiment 1 

were performed separately for males and females due to a significant nicotine concentration 

× sex interaction (F3,141= 3.3, p < 0.05). Males consumed more total fluid when 200 μg/ml 

nicotine was available compared to 25 μg/ml nicotine (main effect of nicotine concentration: 

F3,60= 4.2, p < 0.01; 25 μg/ml: 6.0 ± 0.1, 50 μg/ml: 6.4 ± 0.1, 100 μg/ml: 6.5 ± 0.2; 200 

μg/ml: 6.8 ± 0.3). Male CVSS mice also consumed more total fluid than CON mice (main 

effect of stress condition: F1,19= 5.2, p < 0.05; 6.7 ± 0.2 vs. 6.1 ± 0.2, respectively). There 

were no effects of nicotine concentration or stress condition on female total fluid 

consumption.

Exposure to adolescent social stress did not affect adult nicotine consumption, in 

Experiment 2 (Fig. 4E–F). Analyses of nicotine consumption were performed separately for 

males and females due to a significant nicotine concentration x sex interaction (F3,110= 3.3, 

p < 0.05). Males consumed more nicotine when the 200 μg/ml concentrations was available 
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compared to all other nicotine concentrations (Fig. 4E; main effect of nicotine concentration: 

F3,50= 7.7, p < 0.001; 25 μg/ml: 1.6 ± 0.2; 50 μg/ml: 1.0 ± 0.2; 100 μg/ml: 1.7 ± 0.2, 200 

μg/ml: 3.3 ± 0.4). In males, there was no effect of stress condition nicotine consumption 

(Fig. 4E). Females consumed more nicotine when the 25 and 200 μg/ml concentrations were 

available compared to 50 or 100 μg/ml concentrations (Fig. 4F; main effect of nicotine 

concentration: F3,59= 6.5, p < 0.001; 25 μg/ml: 1.8 ± 0.2; 50 μg/ml: 0.8 ± 0.1; 100 μg/ml: 0.8 

± 0.2, 200 μg/ml: 2.1 ± 0.3). Similar to males, there was no effect of stress condition on 

nicotine consumption in female mice (Fig. 4F).

Exposure to adolescent social stress did not affect adult nicotine preference, during 

experiment 2 (Fig. 4G–H). Analyses for males and females were performed together because 

there was no effect of sex and no interactions with sex for nicotine preference in Experiment 

2. Nicotine preference decreased when the 50, 100, and 200 μg/ml nicotine concentrations 

were available compared to 25 μg/ml nicotine (Fig. 4G–H; main effect of nicotine 

concentration: F3,111= 13.9, p < 0.001; 25 μg/ml: 0.27 ± 0.03; 50 μg/ml: 0.11 ± 0.02; 100 

μg/ml: 0.12 ± 0.02, 200 μg/ml: 0.08 ± 0.02). There was no effect of stress condition on 

nicotine preference.

Exposure to adolescent social stress did not affect total fluid consumption during 

Experiment 2. Mice consumed more total fluid when the 200 μg/ml nicotine concentration 

was available compared to 50 μg/ml nicotine (main effect of nicotine concentration: F3,111= 

4.1, p < 0.01; 25 μg/ml: 5.8 ± 0.1; 50 μg/ml: 5.6 ± 0.1; 100 μg/ml: 6.0 ± 0.1, 200 μg/ml: 6.2 

± 0.1). There were no effects of sex or stress condition on total fluid consumption in 

Experiment 2.

3.4. Elevated plus-maze

Exposure to adolescent social stress decreased closed arm entries on the EPM in male, but 

not female mice (Fig. 5C). There was no effect of sex or stress condition on percent time on 

the open arms of the EPM (Fig. 5A), but females exhibited greater percent open arm entries 

than males (Main effect of sex: F1,106= 4.4, p < 0.05; 10.7 ± 1.1 vs. 7.4 ± 1.0, respectively). 

Furthermore, adolescent social stress abrogated the sex difference in open arm entries (stress 

condition × sex interaction: F1,106= 3.9, p < 0.05). Post hoc analyses revealed that CON 

females entered the open arms significantly more than CON males (Fig. 5B; Tukey’s HSD; 

p = 0.005) whereas no sex difference was observed for CVSS mice (Fig. 5B). Finally, 

adolescent social stress reduced closed arm entries in a sex-dependent manner (stress 

condition × sex interaction: F1,110= 7.6, p < 0.01). Post hoc analyses revealed that CVSS 

males entered the closed arms less frequently than CON males (Fig. 5C; Tukey’s HSD; p = 

0.04), but no difference was observed between CVSS and CON females (Fig. 5C).

3.5. Social approach-avoidance test

Exposure to adolescent social stress decreased time spent in the interaction zone and the 

total distance traveled during both trials of social approach-avoidance test for males, but not 

females (Fig. 6A–B). Distance traveled in the social approach-avoidance test was 

significantly different between mice in Experiments 1 and 2 (F1,84= 33.27, p < 0.001). Mice 

in Experiment 1 traveled larger distances than mice in Experiment 2 (1292.3 ± 35.3 vs. 
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989.7 ± 37.1, respectively). However, data from both experiments were combined for further 

analyses because there was no interaction of experimental cohort with social target presence, 

sex, or stress condition, and similar results were obtained when experimental cohorts were 

analyzed separately.

Overall, mice spent more time in the interaction zone when the social target was present 

compared to when the social target was absent (main effect of social target presence: F1,84= 

110.0, p < 0.001; 45.5 ± 1.9 vs. 24.5 ± 1.0, respectively) and females spent more time in the 

interaction zone than males (main effect of sex: F1,85= 6.6, p < 0.05; 38.1 ± 1.5 vs. 31.9 

± 1.7). Additionally, adolescent social stress reduced time spent in the interaction zone in a 

sex-dependent manner (sex × stress condition interaction: F1,85= 4.9, p < 0.05). Post hoc 

analyses indicated that CVSS males spent less time in the interaction zone than CON males 

(Fig. 6A; Tukey’s HSD; p = 0.008), but there was no effect of stress condition in female 

mice (Fig. 6A). There were no significant main effects or interactions for time in the corner 

zones. Overall, mice traveled greater distances when the social target was absent compared 

to when the social target was present (main effect of social target presence: F1,75= 38.7, p < 

0.001; 1248.8 ± 30.4 vs. 1033.2 ± 28.3, respectively), females also traveled further than 

males (main effect of sex: F1,84= 9.6, p < 0.01; 1215.2 ± 31.10 vs.1066.9 ± 34.8, 

respectively), and CON mice traveled greater distances than CVSS mice (main effect of 

stress condition: F1,84= 4.87, p < 0.05; 1199.0 ± 33.5 vs. 1083.1 ± 32.4, respectively). 

Exposure to adolescent social stress reduced the distance traveled in a sex-dependent manner 

(sex × stress condition interaction: F1,84= 4.61, p < 0.05). Post hoc analyses indicated that 

CON males traveled greater distances than CVSS males (Fig. 6B; Tukey’s HSD; p = 0.002), 

whereas no difference was observed between CVSS and CON females (Fig. 6B).

3.6. Correlation analyses

Correlation analyses were performed to investigate the relationship between individual 

differences in EPM, social approach-avoidance, and nicotine behaviors. Separate analyses 

were performed for males and females within each experiment because of sex-specific 

effects of adolescent social stress. Analyses were restricted to those behaviors that were 

influenced by adolescent social stress including closed arm entries on the EPM, distance 

traveled in the social approach-avoidance test, nicotine-induced locomotor activity, nicotine 

consumption and preference when the 200 μg/ml concentration was available, and CORT 

response to the 1 mg/kg nicotine injection. The relationships between all variables are 

included in the supplemental materials (Supplemental Figures S1–4).

Individual differences in exploratory behavior in the EPM (i.e., closed arm entries) and 

social approach-avoidance test (i.e., distance traveled) were associated with variation in 

nicotine responses among males. Males that exhibited increased nicotine-induced 

locomotion during late adolescence traveled less distance in the social approach-avoidance 

test (Fig. 7A; R2= 0.23, p < 0.05) and made more closed arm entries in the EPM (Fig. 7B; 

R2= 0.19, p < 0.05) during adulthood. There was no association between late adolescent 

nicotine-induced locomotion and distance traveled in the social approach-avoidance test or 

closed arm entries on the EPM for females (Supplementary Fig. S2). Adult males with 

higher CORT responses to the 1.0 mg/kg nicotine injection also consumed more nicotine 
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(Fig. 7C; R2= 0.29, p < 0.05) and preferred more nicotine when 200 μg/ml concentration 

was available (Fig. 7D; R2= 0.29, p < 0.05). Furthermore, there were no significant 

associations between closed arm entries on the EPM or distance traveled in the social 

approach-avoidance test and consumption or preference for the 200 μg/ml nicotine solution 

(Supplementary Fig. S1–4).

Exploratory analyses revealed associations between nicotine responses during late 

adolescence and adulthood which were not predicted a priori. During Experiment 1, females 

that exhibited less nicotine-induced locomotor activity during late adolescence consumed 

more of the 200 μg/ml nicotine solution as adults (Supplementary Fig. S2; R2= 0.25, p < 

0.05). Further, adult females that exhibited less nicotine-induced hypothermia also preferred 

more 200 μg/ml nicotine (Supplementary Fig. S2, R2= 0.20, p < 0.05).

4. Discussion

4.1. Overview

The current study simultaneously evaluated the impact of adolescent chronic variable social 

stress (CVSS) on anxiety-like behavior, social avoidance, and nicotine responses in inbred 

mice. The results presented here provide the most comprehensive assessment of adolescent 

stress effects on nicotine responses to date. Further, this is the first study, to our knowledge, 

that assessed the relationship between stress-induced changes in anxiety-like behavior, social 

avoidance, and nicotine responses within the same animals. Exposure to adolescent social 

stress led to altered nicotine responses and reduced exploratory behavior in the EPM (i.e., 

number of closed arm entries) and social approach-avoidance test (i.e., distance traveled) for 

male, but not female, BALB/cJ mice. There were no effects of stress on prototypical 

anxiety-like behavior or social avoidance. These results were unexpected given our previous 

findings and may be related to methodological differences between studies (21). However, 

mice exposed adolescent social stress in our prior study also exhibited reduced EPM 

exploratory behavior (21). In the current study, similar reductions in exploratory behavior on 

both the EPM and social approach-avoidance tests partially replicate and extend prior 

findings. Results suggest that male mice exposed to adolescent social stress exhibit 

persistent alterations in exploration of novel environments. Further, in males, the locomotor-

stimulating effects of nicotine were associated with exploratory behavior, but there was little 

evidence that individual differences in prototypical anxiety-like behavior or social avoidance 

were associated with nicotine responses.

4.2. Adolescent social stress alters nicotine responses in males

The effects of adolescent social stress on acute nicotine responses were assessed in late 

adolescence and adulthood. Adolescent nicotine responses differ considerably from that of 

adults and adolescents are more susceptible to develop nicotine dependence (13, 48–51). 

Prospective clinical studies suggest that chronic stress exposure contributes to adolescent 

susceptibility as it predicts the initiation, degree, and continuation of smoking (15, 16). In 

the current study, we report a sex-specific impact of adolescent social stress on behavioral 

and physiological responses to nicotine. Male mice exposed to adolescent social stress 

displayed augmented nicotine-induced locomotor activity and HPA activity during late 
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adolescence and adulthood, respectively. Alternatively, adolescent social stress reduced 

voluntary nicotine consumption in adult males, but not females. Finally, there was no effect 

of stress on nicotine-induced hypothermia for either sex. The current results are in 

agreement with findings from prospective human adolescent studies (15, 16). Furthermore, 

our findings indicate that the effects of adolescent stress can vary depending on the nicotine 

response measured.

There is scant evidence that adolescent stress impacts nicotine responses in rodent models. 

Most studies have investigated the impact of stress on nicotine’s locomotor effects and no 

previous studies have assessed stress effects on nicotine-induced hypothermia. The available 

literature suggests that females may be more susceptible than males. McCormick and 

colleagues found that adolescent social instability stress reduced locomotor sensitization to 

repeated nicotine (0.5 mg/kg) exposure when administered during adolescence while there 

was no effect on acute locomotor responses to the initial exposure (30). When nicotine (0.5 

mg/kg) was administered in adulthood, the initial locomotor response and locomotor 

sensitization were augmented in stressed female rats. These effects were specific to a higher 

nicotine dose as stress did not affect locomotor responses at a lower dose (0.25 mg/kg) (28, 

29). Neither social instability stress nor chronic restraint stress influenced nicotine-induced 

locomotor activity among adolescent and adult male rats (28–31).

There are a number of factors that could contribute to the differences observed between our 

results and those of previous studies. For example, nicotine-induced locomotor responses 

may be influenced by the types of testing apparatus used across studies. We measured 

nicotine-induced locomotor activity in a symmetrical Y-maze whereas previous studies 

measured locomotor responses in open field arenas. We also measured locomotor activity for 

5 mins, which corresponds to the time when near-maximal effects of nicotine are observed 

(36, 48), whereas other studies have measured cumulative distance traveled over 30–60 min 

(24, 28, 29, 31). As such, it is difficult to directly compare our results with those of previous 

studies. Finally, nicotine responses are highly dependent on dose and genetic background 

(37), which varies across studies. We assessed locomotor responses to 0.5 mg/kg nicotine in 

inbred BALB/cJ mice, whereas previous studies evaluated responses to 0.25–0.5 mg/kg 

nicotine in outbred rats. Future studies which utilize a more thorough dose-response curve 

and/or multiple inbred strains would provide valuable insight into the potential factors 

contributing to the variability in results across studies.

Several studies have reported elevated CORT levels that are consistent with our results 

following nicotine administration in rodents (31, 52) and smoking in humans (53). GCs 

modulate many of the pharmacological effects of acute and chronic nicotine exposure, 

including locomotor activity, hypothermia, and development of tolerance (54, 55). Stress-

induced GC production may also contribute to the reinforcing properties of nicotine (55, 56). 

Thus, nicotine’s ability to stimulate HPA activity influences risk for dependence. 

Furthermore, GCs program the development of HPA regulatory mechanisms during 

adolescence and chronic stress effects on human adolescent smoking have been attributed to 

elevated GC production (16, 17). Given previous reports of long-lasting stress-induced 

changes in HPA activity (23, 33, 52), we hypothesized that adolescent social stress would 

increase adult GC responses to nicotine. In support of our hypothesis, adult CVSS males 
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exhibited greater plasma CORT responses to high dose nicotine (1.0 mg/kg – a dose 

previously shown to result in physiologically relevant plasma CORT levels resembling an 

acute stress response (52)). It is unlikely that this effect was a result of general enhancement 

in HPA responses to stress per se, because there was no effect of adolescent social stress on 

plasma CORT levels following injections of saline or 0.5 mg/kg nicotine. Thus, adolescent 

stress effects may only become apparent with higher nicotine doses.

Augmented HPA responses to nicotine were also observed in male C57BL/6J mice exposed 

to chronic stress during adulthood (52). However, our results are inconsistent with previous 

findings where adolescent chronic restraint stress did not influence nicotine-induced CORT 

production in rats (31). Experimental differences, including species or type and duration of 

stress paradigm, limit the ability to compare across studies. However, Cruz and colleagues 

(31) measured nicotine-induced HPA responses during mid-adolescence. Stress effects on 

nicotine-induced HPA activity could have been influenced by the fact that adolescents 

metabolize nicotine more rapidly than adults (57). Alternatively, the stress-related 

neurobiological changes that mediate augmented HPA responses to nicotine may develop 

over time. This view is in agreement with prior studies where the chronic stress produced 

delayed changes in brain regions that continue to mature during adolescence such as the 

hippocampus (14). Overall, the present results suggest that enhanced HPA responses to 

nicotine may contribute to the associations between adolescent stress and smoking risk 

reported in prospective clinical studies (15, 16).

Voluntary oral nicotine consumption was measured during adulthood to assess the long-

lasting behavioral effects of stress. There are several advantages to voluntary oral nicotine 

consumption models, such as 24 h free access for extended periods of time that resembles 

human smoking behavior (58). Importantly, animals with a high preference for nicotine can 

achieve pharmacologically relevant blood nicotine concentrations comparable to human 

smokers (58). Furthermore, oral nicotine (200 μg/ml) consumption can result in locomotor 

activation and development of tolerance (59, 60). Neurochemical adaptations implicated in 

nicotine dependence, including nicotinic acetylcholine receptor (nAChR) upregulation and 

alterations in intracellular signaling pathways within the mesolimbic dopamine system, 

accompany these behavioral changes (59, 61).

In the current study, adolescent social stress reduced voluntary nicotine consumption and 

preference in adult males but not females. Interestingly, these stress-effects only emerged 

after mice had been exposed to nicotine during late-adolescence (Experiment 1) as opposed 

to those for which initial exposure occurred in adulthood (Experiment 2). Although these 

results should be interpreted cautiously, they suggest that adolescent nicotine exposure 

during social stress may interact to shape subsequent nicotine responses later in life. Brief 

nicotine exposure leads to a long-lasting enhancement of excitatory inputs into the 

mesolimbic dopamine system of young animals (62). Furthermore, nicotine injections 

administered in adolescence, but not adulthood, increase sensitivity to nicotine’s reinforcing 

properties when animals are re-exposed later in adulthood (63, 64). Even a single exposure 

to nicotine during adolescence has been shown to alter adult nicotine responses (51, 65), 

highlighting the importance of age at the initial exposure as a predictor of subsequent 

responses. The current results suggest that age at one’s initial exposure to nicotine may be 
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an important mediator of adolescent stress effects on voluntary oral nicotine consumption 

during adulthood.

The only previous study, to our knowledge, which investigated adolescent stress effects on 

nicotine intake found no difference in the acquisition of intravenous (IV) self-administration 

between socially defeated and control male rats (32). However, comparisons of results 

between IV and oral self-administration experiments are complicated by a number 

differences between these models (e.g. whether voluntary oral consumption measures the 

reinforcing properties of nicotine is unclear) (58, 66). If chronic adolescent stress effects are 

similar to those previously reported following acute stress (e.g., stress enhances nicotine’s 

reinforcing properties (67)), CVSS males may consume less nicotine than CON males 

because the desired effect is acquired at a lower dose. Alternatively, we cannot rule out the 

possibility that CVSS altered sensitivity to the drug’s aversive properties, such as nicotine-

induced seizures, which can also modulate voluntary oral consumption (66).

Stress-induced alterations in the development of distinct neurobiological circuits associated 

with dopamine transmission and/or nAChR function could influence nicotine responses. 

Increased locomotor response to nicotine observed in the absence of a stress effect on 

nicotine-induced hypothermia may reflect a change in mesolimbic dopamine transmission. 

The most well-known mediators of nicotine-induced locomotor activity, hypothermia, 

voluntary oral nicotine consumption, and HPA activation are nAChRs containing α4 and β2 

subunits distributed across distinct neural circuits (58, 68, 69). Nicotine effects on 

locomotion may contribute to nicotine reinforcement and reflects, in part, activation of the 

mesolimbic dopamine system by α4β2-containing nAChR on dopaminergic neurons (69–

71). However, nicotine-induced hypothermia is not mediated by dopamine neurons 

expressing α4β2-containing nAChR (70). While this is only one potential mechanism by 

which this effect may occur, the plausibility of this hypothesis is supported by the fact that 

dopamine systems (e.g., cortical and mesolimbic dopamine) and nAChR function actively 

develop during adolescence (19, 72). Furthermore, adolescent social stress reduces cortical 

dopamine levels which could indirectly enhance nicotine-induced dopamine release in the 

nucleus accumbens (14).

4.3. Adolescent social stress alters exploratory behavior in adult males

Adolescent social stress reduced exploratory behavior on the EPM, but did not influence 

prototypical anxiety-like behavior. BALB/cJ mice are characterized by high baseline 

anxiety-like behavior relative to other inbred mouse strains (e.g., low anxiety C57BL/6J 

mice) (73). This anxious phenotype may have limited our ability to detect an anxiogenic 

effect of adolescent social stress. We previously reported that adult BALB/cJ mice exposed 

to CVSS exhibited reduced open arm activity on the EPM in addition to less exploratory 

locomotion (21). Methodological differences between studies may explain these contrasting 

results. Mice in our previous study were isolated for 7 days, at the end of the CVSS protocol, 

and were rehoused 24h prior to EPM testing. Stress from isolation/re-socialization could 

have contributed to the reduction in open arm activity that we previously observed. In 

contrast, stable reductions in exploratory locomotion observed in adult CVSS males during 

the present study partially replicate our prior findings (21). However, a recent study found 
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that several prototypical anxiolytics consistently increased exploratory locomotion (e.g., 

distance traveled in an open field test or total arm entries on the EPM) in C57BL/6J, 

BALB/cJ, and DBA/2J mice across 4 different tests of anxiety-like behavior. In contrast, no 

major changes were observed for prototypical anxiety-like behaviors (e.g., open arm time on 

the EPM) (45). Therefore, reductions in exploratory locomotion are difficult to distinguish 

from prototypical anxiety-like behaviors and may reflect an anxiety-like state.

Adolescent social stress has been shown to increase social avoidance which may reflect a 

social anxiety-like behavior (22). Furthermore, stress-induced anxiety-like behavior may be 

more evident when tested under social conditions than in the EPM (25, 27). In the current 

study, social avoidance was measured in the social approach-avoidance test. In this test, we 

found a stress-induced reduction in time spent in the social interaction zone for males, 

regardless of whether the social target was present. However, avoidance of the social 

interaction zone was most likely due to a stress-induced reduction in exploratory locomotion 

as indicated by reduced distance traveled. Thus, CVSS-induced behavioral changes observed 

in the social approach-avoidance test do not represent social avoidance as described in prior 

studies (25–27). On the other hand, the stress-induced reduction in exploratory locomotion 

during the social approach-avoidance test is similar to the results described for the EPM. 

These results suggest that adolescent social stress effects persist well into adulthood. 

Overall, adult CVSS males appear to exhibit a persistent low-exploration phenotype, perhaps 

when faced with a novel or anxiogenic situation.

Curiously, baseline plasma CORT levels were decreased by adolescent social stress. This 

effect was mainly driven by females and did not influence male HPA responses to nicotine 

discussed above. These findings replicate the results of our earlier study in which adolescent 

social stress reduced basal CORT production in male and female mice (21). Stress-induced 

HPA hypoactivity may reflect an adaptation meant to limit the deleterious effects of 

prolonged GC exposure. Our lab and others have reported associations between HPA 

hypoactivity and elevated anxiety- and depression-like behavior following adolescent social 

stress among both sexes (21, 34, 74). Taken together, these results suggest that the CVSS 

protocol elicits stress-related physiological changes in both sexes. It is unclear why no 

differences in female anxiety-like behavior, social avoidance, exploratory behavior, or 

nicotine responses were observed but this may be related to estrous cycle variation. The 

estrous cycle has been shown to moderate the effects of adolescent social instability stress 

on anxiety- and depression-like behavior (24). Future studies would be necessary to 

determine the impact of estrous cycle variation on CVSS-induced behavioral and 

physiological changes.

4.4. Associations between exploratory behavior and nicotine responses

Analyses of the association between stress-induced changes in exploratory behavior and 

nicotine responses revealed that individual differences in late adolescent nicotine-induced 

locomotor activity predicted adult exploratory locomotion in two unfamiliar test apparatus. 

Whereas females showed no association between nicotine responses and exploratory 

behavior, males exhibiting greater nicotine-induced locomotor activity were less exploratory 

in the social approach-avoidance test and more exploratory in the EPM. These results may 
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indicate that a common underlying neurobiological mechanism influences both exploratory 

behavior in novel environments and nicotine-induced locomotor activity among males. 

However, we observed relatively weak associations between these behaviors. Replication 

will be essential if strong conclusions are to be made from these findings.

There are several potential explanations for these associations. Prior studies have indicated 

that hypoactive nucleus accumbens dopamine transmission causes reduced exploratory 

locomotion in novel environments such as the social approach-avoidance test arena (75). The 

nAChR subunits known to modulate nicotine-induced nucleus accumbens dopamine release 

(e.g., α4, α6, and β3 (76)) also regulate novelty-evoked exploratory locomotion. For 

example, mice that harbor genetic mutations in the α4, α6, or β3 subunit genes exhibit 

increased locomotion or reduced habituation of locomotion in unfamiliar test arenas (77–

79). This overlap is notable in light of recent studies that demonstrate developmental 

changes in nAChR function and nicotine’s ability to stimulate dopamine release in the 

ventral striatum (19). Altered development of striatal nAChR function following adolescent 

stress may, therefore, contribute to correlated changes in exploration of a novel environment 

and nicotine responses.

4.5. Conclusion

The current study has provided evidence that adolescent CVSS can have sex-specific 

impacts on the development of nicotine responses and exploratory behaviors. There was 

little effect of CVSS on adult anxiety-like behavior or social avoidance in males. 

Alternatively, female mice exposed to adolescent CVSS exhibited long-lasting reductions in 

basal HPA axis activity with no change in anxiety-like behavior, social avoidance, 

exploratory behavior, or nicotine responses. The human clinical literature suggests that 

chronic stress and HPA hyperactivity may predispose individuals to develop both anxiety 

disorders and nicotine use because GCs program the development of brain regions mediating 

both emotion-related behavior and reward processing (17–19). However, the current results 

suggest that stress-induced anxiety disorders and elevated risk for nicotine use may also 

have unique biological mediators. Future research identifying mechanisms by which 

adolescent CVSS alters physiological and behavioral responses to nicotine may lead to a 

better understanding of the unique biological mediators of stress-induced nicotine use 

reported in the human literature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Adolescent social stress altered nicotine responses in male but not female 

mice

• Adolescent social stress altered exploratory behavior in male mice

• Stress-effects on nicotine responses were associated with exploratory 

behavior

• Adolescent stress may have sex-specific effects on development of nicotine 

responses
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Figure 1. 
Diagram illustrating experimental timelines. PND = Postnatal day; CVSS = Chronic 

Variable Social Stress
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Figure 2. 
Adolescent social stress altered nicotine-induced changes in locomotor activity in late-

adolescent male mice. CVSS did not influence nicotine induced change in body temperature 

for males or females during late-adolescence or adulthood. Data (mean ± SEM) represent 

(A) nicotine-induced (0.5 mg/kg, i.p.) locomotor activity in late-adolescent mice, (B) 

nicotine-induced (0.5 mg/kg, i.p.) hypothermia in late-adolescent mice, and nicotine-induced 

(0.5 and 1.0 mg/kg, i.p.) hypothermia in adult (C) male and (D) female mice. Bars represent 

nicotine response minus saline response. Thus, higher positive locomotion values indicate 

locomotor stimulation and negative temperature values represent nicotine-induced 

hypothermia. *p < 0.05 depicting a significant sex × stress condition interaction (Experiment 

1: N = 11–12/group, Experiment 2: N = 9–12/group).
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Figure 3. 
Adolescent social stress influenced adult glucocorticoid production at baseline and following 

acute nicotine injections. Data (mean ± SEM) represent (A) baseline plasma corticosterone 

(CORT) levels in adult CVSS and CON mice, and plasma CORT responses to injections of 

saline, 0.5 mg/kg nicotine, and 1.0 mg/kg nicotine in male (B–D, respectively) and female 

(E–F, respectively) mice. * depicts a significant main effect stress condition (p < 0.05) on 
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plasma CORT levels at (A) baseline and (D) in response to 1.0 mg/kg nicotine (N=9–12/

group).
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Figure 4. 
Adolescent CVSS decreased adult nicotine consumption in male, but not female mice. Data 

(mean ± SEM) represent average 24 h nicotine consumption of male (A & E) and female (B 

& F) mice and preference for nicotine of male (C & G) and female (D & H) mice during 

experiment 1 (A–D) and 2 (E–H). # denotes a significant nicotine concentration × stress 

condition interaction in males (p < 0.05). * denotes a significant nicotine concentration x 

stress condition interaction in both sexes (p < 0.05). (Experiment 1: N=11–15/group, 

Experiment 2: N=9–12/group).
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Figure 5. 
Adolescent CVSS reduced exploratory locomotion on the elevated plus-maze (EPM) in 

male, but not female mice. Data (mean ± SEM) represent (A) percent time spent on the open 

arms, (B) percent entries into the open arms, and (C) number of closed arm entries on the 

EPM. * denotes a significant sex × stress condition interaction (p < 0.05). ** denotes a 

significant sex × stress condition interaction (p < 0.01). Data from Experiment 1 (N=14–23/

group) and 2 (N=9–12/group) are combined.
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Figure 6. 
Adolescent CVSS reduced exploratory behavior in the social approach-avoidance test for 

male, but not female mice. Data (mean ± SEM) represent (A) the time mice spent in the 

interaction zone and (B) total distance traveled. ** denotes a significant sex × stress 

condition interaction (p < 0.01). Data from Experiment 1 (N=11–15/group) and 2 (N=9–12/

group) are combined. Trials 1 and 2 are depicted as “Social Target Absent” and Special 

Target Present”, respectively.
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Figure 7. 
Correlations between nicotine responses and exploratory behavior in the social approach-

avoidance test and EPM in male mice. Nicotine-induced locomotor activity during late 

adolescence was (A) negatively correlated with distance traveled in the social approach-

avoidance (N = 15) and (B) positively correlated with closed arm entries in the EPM during 

adulthood (N = 21). Plasma CORT response to 1.0 mg/kg nicotine was positively correlated 

with (C) consumption (N = 16) and (D) preference for 200 μg/ml nicotine (N = 16). The 

shaded regions signify 95% confidence intervals.
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