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Abstract

Recent evidence suggests that adolescent and young adult females may be particularly responsive 

to nicotine use interventions that include exercise or environmental enrichment. This possibility 

was addressed in the current study by comparing the efficacy of exercise versus non-exercise 

environmental enrichment (saccharin) during abstinence at reducing subsequent nicotine-seeking/

relapse vulnerability in an adolescent-onset rat model. The efficacy of each intervention was 

examined as a function of estrous cycle phase given findings indicating that hormonal status 

influences relapse vulnerability and treatment outcome in females. Once adolescent female rats 

acquired nicotine self-administration, they were given 23-hr/day access to nicotine (0.01 mg/kg/

infusion) for 10 days. Following the last self-administration session, rats began a 10-day forced 
abstinence period with 2-hr/day access to an unlocked wheel (exercise, n=15), a bottle containing 

a saccharin-sweetened solution (0.25%; saccharin, n=19), or without access to a wheel or 
saccharin (control, n=20). Nicotine-seeking, as assessed under an extinction/cued-induced 

reinstatement procedure, was examined on day 11 of abstinence. Levels of nicotine-seeking were 
highest in females tested during estrus as compared to females tested during non-estrus phases. 
Exercise or saccharin during abstinence reduced nicotine-seeking in females tested during estrus, 
but neither affected the low levels of nicotine-seeking observed in females tested during non-estrus 
phases, presumably due to a floor effect. These results demonstrate that exercise or saccharin 

during abstinence decrease nicotine-seeking, and suggest that either would be effective as an early 

intervention for nicotine use and addiction in females.

Keywords

Adolescent-Onset; Estrous cycle; Female; Intervention; Nicotine Addiction

Corresponding Author: Wendy J. Lynch, Ph.D., Department of Psychiatry and Neurobehavioral Sciences; PO Box 801402, 
Charlottesville, VA 22904, Office: (434) 243-0580, wlynch@virginia.edu. 

Conflict of interest: None

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Physiol Behav. Author manuscript; available in PMC 2020 May 01.

Published in final edited form as:
Physiol Behav. 2019 May 01; 203: 33–41. doi:10.1016/j.physbeh.2017.10.026.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Tobacco use is the leading cause of preventable death in the United States, with 1 of every 5 

deaths attributable to smoking (US Department of Health and Human Services 2014). Most 

smokers initiate use during adolescence, and although 80% of smokers report wanting to 

quit, very few are successful at doing so (US Department of Health and Human Services 

2014). The tobacco industry spends billions of dollars each year on advertisements, 

promotions, and product development to encourage tobacco use, focusing particularly on 

adolescents (Federal Trade Commission 2015). These efforts have been effective: greater 

than 2% of middle school students and 9% of high school students report current cigarette 

use (Centers for Disease Control and Prevention 2016; Johnston et al. 2016). Rates of e-

cigarette use are even higher, having surpassed rates of cigarette use in 2014, with greater 

than 5% of middle school students and 16% of high school students reporting current e-

cigarette use (Centers for Disease Control and Prevention 2016; Johnston et al. 2016). These 

trends are expected to continue with this cohort into adulthood and throughout their lifetime 

(US Department of Health and Human Services 2012). Adolescent tobacco and nicotine use 

has also been shown to be predictive of illicit drug use in adulthood (Kandel and Kandel 

2014; Kandel et al. 1992; Lewinsohn et al. 1999). Therefore, early intervention may be 

critical for not only preventing the progression of nicotine addiction into adulthood, but also 

for reducing the risk of illicit drug use and abuse.

Early nicotine use intervention may be particularly beneficial for females. Although women 

have historically maintained lower rates of tobacco use as compared to men, sex differences 

have narrowed over time (Allen 2014; McIntosh 1997; Pampel 2006), and among adolescent 

populations, rates of current smoking are now equivalent between females and males (ages 

12 to 17; 8.4% versus 8.9%, respectively; Garrett et al. 2013). These findings are significant 
considering that females are at greater risk for tobacco-related diseases as compared to 

males (Allen et al. 2014; US Department of Health and Human Services 2001). Female 

smokers are also less likely than male smokers to try to quit smoking, and are more likely to 

relapse when they do attempt to quit (Allen 2014; Allen et al. 2014; Perkins et al. 1999; 

Perkins 2001). Preclinical results corroborate an enhanced vulnerability in females with 

results showing that adolescent and adult female rats acquire nicotine self-administration 

faster, are more motivated to obtain nicotine, and self-administer higher levels of nicotine 

under extended access conditions as compared to their male counterparts (Donny et al. 2000; 

Li et al. 2014; Lynch 2009; Sanchez et al. 2014). These parallel findings suggest that the 

enhanced vulnerability in females is biologically based, and indicate the utility of preclinical 
studies using adolescent females for identifying interventions for nicotine addiction in this 
vulnerable population.

Interventions aimed at reducing nicotine use and addiction typically focus on replacing or 

mimicking the effects of nicotine, the primary addictive component in tobacco products. 

However, such pharmacological approaches are not very effective for females (Perkins and 

Scott 2008), and are not feasible for adolescents due to concerns with ongoing brain 

development (Kaplan and Ivanov 2011). Exercise has been suggested as a non-

pharmacological intervention for nicotine addiction that may be particularly suited as an 

intervention for females (Lynch et al. 2017; also see Bock et al. 2012; Patten et al. 2017; 
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Prapavessis et al. 2016). For example, the weight control benefits of exercise may be 
particularly attractive to girls/young women who report weight gain concerns as a significant 
contributor to maintenance smoking and relapse to smoking (French and Jeffery 1995; 

Hussaini et al. 2011; Torchalla et al. 2012). Females also experience greater negative affect 

during nicotine withdrawal, and are more likely to attribute relapse to withdrawal relief or to 

reduce stress or negative affect as compared to men (Allen et al. 2014; McVay and Copeland 

2011). Exercise is known to decrease anxiety and nicotine withdrawal severity (Bock et al. 

2012; Bernard et al. 2013; Prapavessis et al. 2014; Roberts et al. 2012); thus, individuals 

may be able to mimic the anxiolytic effects of smoking with exercise.

Although few studies have specifically examined exercise as an early intervention for 

nicotine addiction in girls/young adult females, recent findings in women and adult 
populations that include women support its potential efficacy (for review see Lynch et al. 

2017). For example, numerous studies have shown that exercise during abstinence reduces 

cigarette craving and the likelihood of relapse (Haasova et al. 2014; Roberts et al. 2012; 

Williams et al. 2011), and improves treatment outcome when used as an adjunct to other 

treatments (Bock et al. 2012; Patten et al. 2017; Tritter et al. 2015; Williams et al. 2010). 

Results from preclinical studies also support the potential utility of exercise as an 

intervention for drug addiction including nicotine addiction (Ogbonmwan et al. 2015; 

Peterson et al. 2014; Sanchez et al. 2013; 2014; 2015; Sobieraj et al. 2016; Zlebnik and 

Carroll 2015). For example, we showed in an adolescent-onset model of nicotine addiction 

that wheel-running exercise (2-hr/day) during forced abstinence decreased subsequent 

nicotine-seeking in both males and females (Sanchez et al. 2013; 2014). Interestingly, in 
females, but not males, levels of nicotine-seeking were also decreased under a locked wheel 

control condition as compared to a no-wheel condition indicating that the presence of the 

wheel in the environment (i.e., as an enrichment) was sufficient to reduce nicotine-seeking in 

females (Sanchez et al. 2014). These findings parallel results reported in a community 

intervention study showing that while boys showed a reduction in smoking behavior when 

the enrichment program had an exercise component, girls benefitted from programs with and 

without an exercise component (Horn et al. 2011; Werch et al. 2005). These findings suggest 

that exercise or non-exercise environmental enrichment may be effective early interventions 

for reducing nicotine use and addiction in females.

The purpose of this study was to determine in an adolescent-onset female rat model of 

nicotine addiction whether the efficacy of exercise as an intervention differs from non-

exercise environmental enrichment. A saccharin-sweetened solution (0.25%) was selected 

for non-exercise enrichment because it is a highly palatable, non-caloric reward that, unlike 

a running wheel (locked or unlocked), does not induce exercise or play behavior (Lenoir et 

al. 2007; Sanchez et al. 2014). As with the exercise intervention, rats assigned to the 

saccharin intervention were given 2-hr/day access to the saccharin solution throughout the 

10-day abstinence period. Additional control rats were housed in polycarbonate cages 

without access to running wheels or saccharin. As in our previous studies, we used extended 

access (23-hr/day) self-administration conditions that result in levels of nicotine intake that 

are comparable to those observed in humans (Valentine et al. 1997), and that induce 

significant extinction and cue-induced reinstatement responding following abstinence 

(Abdolahi et al. 2010; Sanchez et al. 2013; 2014).

Lynch et al. Page 3

Physiol Behav. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The efficacy of exercise versus saccharin during abstinence was examined as a function of 

estrous cycle phase given findings indicating that hormonal status influences both relapse 

vulnerability and treatment outcome in females (e.g., Saladin et al. 2015; for review see 

Wetherill et al. 2016). For example, numerous preclinical studies have shown that levels of 

motivation for nicotine (Lynch 2009; but see Donny et al. 2000), and other stimulants such 

as cocaine vary across the estrous cycle (Lacy et al. 2016; Lynch et al. 2008; Roberts et al. 

1989), with highest levels reported during estrus, a period associated with a higher ratio of 
estradiol to progesterone (Feltenstein and See 2007). Although few studies have included a 

large enough sample size to examine estrous cycle phase differences in levels of nicotine-

seeking (~3–7/group; Feltenstein et al. 2012), previous research with other stimulants has 

shown that levels of drug-seeking are also highest in females tested during estrus as 

compared to non-estrus phases (Feltenstein and See 2007; Kerstetter et al. 2008; Kippin et 

al. 2005; Peterson et al. 2014). Importantly, levels of nicotine craving are cyclically 

regulated in women (Allen et al. 2009; Franklin et al. 2015), and like findings in rats, in 
women, they are highest when the ratio of estradiol to progesterone is high (i.e., during the 
follicular phase; Wetherill et al. 2016).

Based on previous findings showing that environmental enrichment, including access to 

sweet rewards, reduces relapse vulnerability for other drugs of abuse (Thiel et al. 2009), as 

well as findings showing that girls benefitted from both exercise and non-exercise based 

environmental interventions (Horn et al. 2011), we predicted that exercise or saccharin 
during abstinence would decrease subsequent nicotine-seeking. Furthermore, based on our 

previous findings in females showing that access to a locked wheel was equally effective at 

reducing drug-seeking as running in an unlocked wheel (Sanchez et al. 2014; Peterson et al. 

2014), we predicted that saccharin would produce a similar decrease in nicotine-seeking as 

compared to exercise. Finally, based on findings indicating that hormonal status influences 

relapse vulnerability and treatment outcome in women (Wetherill et al. 2016; Allen et al. 

2014; Lynch and Sofuoglu 2010), we hypothesized that levels of nicotine-seeking would be 

highest during estrus as compared to non-estrus phases, and that the efficacy of exercise 
versus saccharin during abstinence would vary between females tested during estrous versus 
non-estrous phases.

Material and Methods

Animals

Adolescent female Sprague-Dawley rats (N = 63) arrived on postnatal day (PND) 22 from 

Charles River Laboratories (Portage, ME, USA). Females were selected for two reasons. 
First, females are under-represented in preclinical studies, and there have been recent 
requests to increase their use in research relevant to human health (Clayton and Collins 

2014). This is particularly true for preclinical studies on nicotine addiction where very few 
studies have included females, and even fewer have examined estrous cycle effects (e.g., 

Feltenstein et al. 2012). Second, as discussed in the introduction, results from both clinical 
and preclinical studies demonstrate a specific need to examine exercise, and other potential 
interventions for nicotine addiction, in females as a function of hormonal status (e.g., Allen 

et al. 2009; Feltenstein and See 2007; Franklin et al. 2015; Sanchez et al. 2014).
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Upon arrival, animals were housed in individual self-administration chambers (ENV-018M, 

Med Associates, St Albans, VT, USA) within sound-attenuating boxes (ENV-008CT). Rats 

were maintained on a 12-hr light/dark schedule (house lights and room lights on at 7:00 am) 

with ad libitum access to food and water. They were trained to lever-press for sucrose pellets 

(45-mg) prior to surgery in order to facilitate the acquisition of nicotine self-administration. 

Pre-training methods were performed as previously described (i.e., fixed ratio 1, FR1, 23-

hr/day sessions; Lynch 2008) with sessions continuing daily until acquisition occurred 

(defined as 2 days with 50 or more pellets; completed in approximately 4 sessions). Health 

was monitored daily and animals were weighed three times per week. All procedures were 

approved by the University of Virginia Animal Care and Use Committee. The experimental 

timeline is summarized in Figure 1.

Apparatus

Each self-administration chamber (31 × 24 × 21 cm) contained a water bottle holder, house 

light (4.76 W), retractable lever and lever light (4.74 W), a stationary lever (inactive) and 

lever light (4.74 W), and a counterbalanced metal arm. Each chamber was housed within a 

ventilated sound-attenuating box that contained a 10-ml drug syringe driven by an automatic 

pump (PHM-100, Med Associates, St. Albans, VT, USA). Tygon tubing was used to connect 

the syringe to a swivel (Instech Laboratories Inc., Plymouth Meeting, PA, USA) which was 

attached to the metal arm at the top of the chamber. A metal spring (C313CS; PlasticsOne, 

Roanoke, VA, USA) encased the tubing from the swivel to a 22-gauge guide (C313G; 

PlasticsOne, Roanoke, VA, USA) that was embedded in a harness (CIH95AB; Instech 

Laboratories Inc., Plymouth Meeting, PA, USA) that each animal wore during the self-

administration component of this study. A subset of animals were given access to running 

wheels (35.6 cm diameter; ENV-046; Med Associates, St. Albans, VT, USA) during 

abstinence that were equipped with a counter for revolutions and an attachment for a 

polycarbonate cage.

Drugs

Nicotine bitartrate was obtained from Sigma-Aldrich (St. Louis, MO, USA), dissolved in 

0.9% sterile saline (pH 7.4), and stored in the dark at room temperature during self-

administration (stock stored at 4°C). Each intravenous infusion delivered 0.01 mg/kg 

(freebase weight) at a rate of 0.1 ml/sec with infusion durations adjusted three times per 

week according to the animals’ weight. This dose was previously shown to induce rapid 

rates of acquisition and to elicit robust levels of nicotine-seeking after abstinence (Abdolahi 

et al. 2010; Lynch 2009; Sanchez et al. 2013; 2015). Saccharin was obtained from Sigma-

Aldrich (St. Louis, MO, USA), dissolved in tap water, and presented at room temperature. A 

0.25% concentration was selected based on work showing that this concentration induces 

high levels of consumption and preferences in adult and adolescent females (Lenoir et al. 

2007; Tordoff et al. 2008; Vendruscolo et al. 2010).

Surgery

Catheterization of the right jugular vein was performed on PND 28 using methods 

previously described (Lynch 2008). Rats were given an analgesic (2.0 mg/kg ketoprofen, 

subcutaneous) and an antibiotic (5.5 mg/kg gentamicin, intravenous) on the day of surgery 
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and the next two days. Catheter patency was verified the day after surgery and every 

Monday, Wednesday, and Friday thereafter by flushing the catheter with a heparinized saline 

and the n pulling back until blood appeared in the line. If catheter patency was lost (i.e., no 

blood appeared in the line), the rat was replaced until there were a minimum of 15 rats/group 

(or 6 rats/group tested for extinction/reinstatement responding during estrus).

Nicotine Self-Administration

On PND 30, rats began training to self-administer nicotine (0.01 mg/kg/infusion) on a FR1 

schedule as described previously (Sanchez et al. 2013). Sessions began with the extension of 

the active lever into the chamber. Responses on the active lever produced an immediate 

delivery of nicotine that was paired with a light cue above the lever and the sound of the 

pump activation. A response of the other lever was recorded, but had no programmed 

consequence. A maximum of 20 infusions were available during the first five training 

sessions. Sessions began at 12:00 pm and lasted until all 20 infusions were obtained or until 

10-min before the next daily session (11:50 am). The active lever retracted from the self-

administration chamber at the end of each session. Following the fifth training session, rats 

were given unrestricted access to infusions of nicotine during 23-hr sessions using the same 

conditions as described above. These extended access sessions began on PND 35 and were 

continued until PND 44 (10 days). Nine of the 63 rats tested either did not acquire nicotine 

self-administration within the 5-day training period (defined as two consecutive days where 

all 20 infusions were obtained) or lost catheter patency during the self-administration period, 

and their data were excluded from all analyses.

Interventions During Abstinence

On PND 45, rats were housed individually in polycarbonate cages for a 10-day forced 
abstinence period. We have previously shown that 10-days of abstinence is sufficient for 

inducing extinction and cue-induced reinstatement responding in our adolescent-onset model 

(Sanchez et al. 2013; 2014). Animals were randomly assigned to wheel (N = 15), saccharin 

(N = 19), or no-wheel/no-saccharin control (N = 20) conditions.

Exercise—Rats assigned to the exercise group were given 2-hr/day access to an unlocked 

running wheel beginning at 10:00 am. We have previously shown that these exercise 
conditions result in moderate levels of running during abstinence (~1–2 km/session) and 

reduce subsequent nicotine-seeking in females (Sanchez et al. 2014). A gate that separated 

the polycarbonate cage from the wheel was manually removed and replaced each day by the 

experimenter in order to allow and discontinue access to the wheel. Rats were free to move 

between the wheel and their polycarbonate cage during the exercise sessions. The number of 

revolutions completed during each session was recorded daily. This group was compared to 
a no-wheel condition, rather than a locked-wheel condition, given our previous findings in 
females showing that the presence of a wheel, locked or unlocked, decreased subsequent 
drug-seeking (Sanchez et al. 2014; Peterson et al. 2014). Indeed, these findings set the 
premise for the current study to address the efficacy of exercise versus non-exercise 
enrichment as potential interventions for nicotine-seeking in females. Numerous recent 
studies have also used a no-wheel control, rather than a locked-wheel control, to examine 
addiction-related behaviors (Aarde et al. 2015; Balter and Dykstra 2012; Darlington et al. 
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2016; Engelmann et al. 2014; Gallego et al. 2015; Lacy et al. 2014; Miladi-Gorji et al. 2012; 
Mokhtari-Zaer et al. 2014; Ogbonmwan et al. 2015; Smith et al. 2012; Smith and Pitts 2012; 
Smith and Witte 2012; Sobieraj et al. 2016) since a locked wheel may serve as enrichment 
and/or a modified exercise condition, particularly in females (Sanchez et al. 2014).

Saccharin—Rats assigned to the saccharin group were given 2-hr/day access to a bottle 

containing a saccharin-sweetened solution (0.25%). This was given in addition to their water 

bottle, and in concurrence with the exercise group schedule (i.e., sessions began at 10:00 

am). The position of saccharin relative to water was alternated daily, and intake of both was 

monitored at the start and end of each session.

Control—Rats assigned to the control condition were housed in polycarbonate cages 

without access to a wheel or saccharin solution. These animals received similar handling as 

compared to the exercise and saccharin groups.

Extinction and Cue-Induced Reinstatement of Nicotine-Seeking

Rats were placed back in their original self-administration chambers on the tenth day of 

abstinence following the last exercise, saccharin, or control session. Levels of extinction and 

cue-induced reinstatement of nicotine-seeking were assessed the following day on PND 55 
using a within-session procedure as previously described (Abdolahi et al. 2010; Sanchez et 

al. 2014). Briefly, extinction responding was assessed in a minimum of five, 1-hr sessions 
beginning at 10:00 a.m. Each extinction session was separated by a 5-min timeout period, 
with sessions continuing until responding extinguished (defined as fewer than 15 

responses/1-hr session). Reinstatement of nicotine-seeking was assessed in a 1-hr session 

that began 5-min after the last extinction session. Each response during this session 

produced a delivery of the cues formerly associated with nicotine (i.e., light above lever and 

sound of pump) under a FR1 schedule. Each rat was tested in just one extinction/
reinstatement session.

Estrous cycle phase determination

To determine the association between nicotine-seeking and estrous cycle phase, rats were 

vaginally swabbed 30-min prior to the extinction/reinstatement session. However, in order to 

habituate rats to this procedure, and to track the estrous cycle leading up to the test session, 
rats were vaginally swabbed on three additional consecutive days prior to the extinction/

reinstatement session. Swabs were conducted as described previously (Lynch 2008), and 

were microscopically examined to determine estrous cycle phase based on previously 

published criteria (Feder 1981). Females tested during proestrus, diestrus, and metestrus 

were combined into one non-estrus group and compared to females tested during estrus. 

This strategy of comparing estrus to non-estrus females has been used by our group 

(Peterson et al. 2014) and others (Kerstetter et al. 2008), and is based on results from 

multiple studies with nicotine and other stimulants showing that females tested during 

metestrus, diestrus, and proestrus do not differ on levels of motivation for drug or drug-

seeking (Donny et al. 2000; Feltenstein et al. 2012; Kippin et al. 2005; Lacy et al. 2016; 

Lynch 2008; 2009; Peterson et al. 2014; Roberts et al. 1989). Females tested during these 

phases also did not differ on levels of nicotine-seeking (or other measures) in the present 
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study. Six of the 15 rats in the exercise group, seven of the 19 rats in the saccharin group, 
and six of the 20 rats in the polycarbonate groups were categorized as in estrus at the start of 
the extinction/reinstatement session. Data from one of the non-estrus control females and 

one of the non-estrus saccharin females were not available for the reinstatement session due 

to a technical issue.

Data analysis

All data presented are mean ± standard error of mean (SEM). Group differences were 

analyzed with repeated measures analysis of variance (ANOVA). Between group factors 

included intervention during abstinence (exercise, saccharin, control) and estrous cycle 

phase (estrus, non-estrus), and dependent measures included responding and intake during 

the 10 extended access self-administration sessions, daily distance run during abstinence, 

daily saccharin intake and preference (defined as saccharin consumption/total consumption 
× 100) during abstinence, responses during the first five extinction sessions, responses 

during the last extinction session versus during the reinstatement session, and body weights 

from the beginning of the study to the end (recorded every Monday, Wednesday, and 

Friday). In order to examine changes in levels of nicotine intake, wheel running, and 

saccharin intake/preference over time, levels observed on day 1 were compared to the 

average of those observed during the last 3 sessions using paired samples t-tests. Univariate 

ANOVA was used to compare total levels of extinction responding during each of the 5–9 

sessions completed between intervention groups and estrous cycle phases. We also analyzed 

differences from control levels of extinction responding (total during the first 5 sessions) and 

reinstatement responding for the exercise and saccharin groups using univariate ANOVA 

with posthoc comparison made using a one-sample t-test. Post-hoc comparisons to control 

were made using Dunnett’s t-test, and one-tailed t-tests were used for a priori predicted 

hypotheses correcting for family-wise error. Data were analyzed in SPSS with alpha set at 

0.05.

Results

Extended Access Nicotine Self-Administration

Before abstinence and the subsequent exercise, saccharin, or control interventions, each of 

the groups showed a similar pattern of responding over the 10-day period of extended access 

self-administration (Figure 2A). Females that were subsequently tested on nicotine-seeking 

during estrus versus non-estrus phases within each of these groups also didn’t differ on 

levels of responding for nicotine (Figure 2B) or levels of nicotine intake (average mg/kg/day 
± SEM; exercise, estrus: 1.3 ± 0.1, non-estrous: 1.2 ± 0.1; saccharin, estrus: 1.2 ± 0.1, non-
estrus: 1.1 ± 0.1; control, estrus: 1.4 ± 0.2, non-estrous: 1.1 ± 0.1; p’s>0.05). Results from a 

repeated measures ANOVA comparing responses over the 10-day extended access period 

revealed non-significant overall and interactive effects of intervention group and estrous 

cycle phase (p’s>0.05), but a significant effect of day (F9, 432 = 2.4, p < 0.05). Subsequent 

analysis of responses collapsed across groups revealed that responding was higher on the 

first day of access (~180 responses) as compared to during the last 3 days of access (~140 
responses; t53 = 2.3, p < 0.05). Thus, patterns of responding and levels of nicotine intake 
were similar between groups prior to abstinence and subsequent interventions.
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Levels of Wheel Running and Saccharin Intake/Preference During Abstinence

While there was considerable variability in levels of wheel running within each group 

(average distance ranged from 0.4 to 2.5 km/day), the average distance run was similar 

between females subsequently tested on extinction/reinstatement responding during as estrus 

versus non-estrus phases, and both groups showed a similar increase in levels of running 

over time (Figure 3A). Results from a repeated measures ANOVA comparing distance run 

over the 10-day abstinence period revealed non-significant overall and interactive effects of 

estrous cycle phase (p’s>0.05), and a significant effect of day (F9, 117 = 17.9, p < 0.001). 

Subsequent analysis of wheel running collapsed across estrous cycle phase revealed that 

distance run was significantly lower during the first exercise session (~0.5 km) as compared 

to the average distance run during the last 3 sessions (~2.1 km; t14 = 6.7, p < 0.001).

Like levels of running, there was considerable variability in levels of saccharin intake 

(average intake ranged from 6.7 to 20.0 g/day) and preference for saccharin over water 
(average preference ranged from 70.5 to 89.6%); however, both intake and preference were 

similar between females subsequently tested on extinction/reinstatement responding during 
estrus or non-estrus phases, and both groups showed a similar increase in preference for 

saccharin over time (Figure 3B and C). Repeated measures ANOVA of saccharin intake over 

the 10-day abstinence period revealed non-significant overall and interactive effects of 

estrous cycle phase and day (p’s>0.05). Analysis of saccharin preference also revealed non-

significant overall and interactive effects of estrous cycle phase (p’s>0.05), but a significant 

effect of day (F9, 153 = 4.4, p < 0.001). Subsequent analysis of saccharin preference 

collapsed across estrous cycle phase revealed that preference was significantly lower during 

first the session (~69%) as compared to the average observed during the last 3 sessions 

(~81%; t18 = 2.8, p < 0.05).

Each of the groups also weighed a similar amount and showed similar increases in body 

weight over the course of the experiment (at surgery: 83.3 ± 2.4 g exercise; 84.3 ± 2.1 g 

saccharin; 87.9 ± 1.5 g control; at the end of the study: 193.7 ± 6.3 g exercise, 192.8 ± 3.2 g 

saccharin, 191.0 ± 4.1 g control). Repeated measures ANOVA comparing body weights 

from the beginning of the study to the end revealed a significant effect of day (F11, 528 = 

418.2, p < 0.001), but non-significant overall and interactive effects of group and estrous 

cycle phase (p’s>0.05).

Thus, females that were tested on nicotine-seeking during estrus versus non-estrus phases 

did not differ prior to testing with regard to body weight, levels of running (exercise group), 

or saccharin intake/preference (saccharin group).

Effect of Exercise versus Saccharin During Abstinence on Nicotine-Seeking

Although levels and patterns of extinction responding were statistically similar between each 

of the groups during first 5 extinction sessions (p’s>0.05; Figure 4A and B), total levels of 

extinction responding during each of the sessions completed (five to nine sessions) were 

46% higher on average in females testing during the estrus phase (143 ± 22) versus females 
tested during non-estrus phases (98 ± 10) across all groups. Results from a univariate 

ANOVA comparing total levels of extinction responding between each of the groups 
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revealed a significant effect of estrous cycle phase (F1, 48 = 4.2, p < 0.05), but non-

significant overall and interactive effects of intervention (p’s>0.05). Planned comparison 

within the control group also revealed significantly higher levels of extinction responding in 

estrus versus non-estrus females for both total responses during all sessions (approximately 

75% higher, 163 ± 50 versus 93 ± 13, respectively; t18 = 4.4, p < 0.05) and responses during 

the first 5 sessions (approximately 92% higher, 161 ± 50 versus 84 ± 9, respectively; t18 = 

3.6, p < 0.05). Non-significant effects of estrous cycle phase were observed within the 

exercise and saccharin groups for both measures of extinction responding (p’s>0.05) 

indicating that each intervention blocked the estrus-induced increase in extinction 

responding. Similarly, an analysis of difference from control levels of extinction responding 
revealed a significant effect of estrous cycle phase (F1, 30 = 5.3, p < 0.05) with subsequent 

analysis revealing a significant decrease from control in estrus (t12 = 3.4, p < 0.01), but not 

non-estrus females (p > 0.05; Figure 4C). The analysis of difference from control levels of 
responding also revealed a non-significant overall effect of intervention group (p>0.05) 

indicating that exercise and saccharin similarly decreased extinction responding in females 
tested during estrus. Thus, levels of extinction responding were higher in females tested 

during estrus versus non-estrus phases, and exercise and saccharin during abstinence 

similarly blocked the estrus-induced increase in extinction responding.

Similar effects of estrous cycle phase and intervention group were observed for 

reinstatement responding (Figure 5A and B). Results from a repeated measures ANOVA 

comparing responses during the last extinction session to responses during the reinstatement 

session revealed significant overall effects of session (F1, 46 = 45.8, p < 0.001), intervention 

group (F2, 46 = 3.8, p < 0.05), and estrous cycle phase (F1, 46 = 4.8, p < 0.05), as well as a 

significant interaction of session by group by estrous cycle phase (F2, 46 = 6.7, p < 0.01). 

Subsequent analysis within the control, exercise, and saccharin groups revealed significant 

overall effects of session for each group (F1, 17 = 21.7, p < 0.001; F1, 13 = 7.9, p < 0.05; 

F1, 16 = 22.9, p < 0.001; respectively) indicating that responding was reinstated by nicotine-

associated cues for each of the groups.

Significant effects of estrous cycle phase and its interaction with session were also observed 

in the control group (F1, 17 = 10.0, p < 0.01; F1, 17 = 9.3, p < 0.01, respectively), but not in 

the exercise or saccharin group (p’s>0.05) indicating that both interventions blocked the 

estrus-induced increase in reinstatement responding. Additionally, while no significant 

differences were observed within the last extinction session (p’s>0.05), total levels of cue-

induced reinstatement responding were 65% higher on average in estrus females (47 ± 12) as 

compared to non-estrus females (28 ± 3); Within the control condition this difference 

increased to 290% on average. Univariate analysis within the reinstatement session revealed 

a significant overall effect of intervention group (F2, 46 = 4.0, p < 0.05), and estrous cycle 

phase (F1, 46 = 4.1, p < 0.05), as well as a significant interaction of estrous cycle phase by 

intervention group (F 2, 46 = 6.8, p < 0.01). Subsequent analysis within estrus females 

revealed a significant effect of group (F2, 16 = 3.7, p < 0.01), with posthoc comparison to 

control revealing significant decreases in responses for both the exercise (t10 = 4.4, p < 0.05) 

and the saccharin (t11 = 3.8, p < 0.05) groups interventions. There were no significant 

differences within non-estrus females (p’s>0.05). Similarly, an analysis of difference from 

control levels of reinstatement responding revealed a significant effect of estrous cycle phase 
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(F1, 29 = 74.5, p < 0.001), but a non-significant overall effect of intervention group (p>0.05) 

indicating that exercise and saccharin similarly decreased reinstatement responding. 

Subsequent analysis collapsed across intervention group revealed a significant difference 

within females tested during estrus (t12 = 8.5, p < 0.001), but not non-estrus phases (p>0.05; 

Figure 5C). Thus, levels of reinstatement responding were markedly higher in females tested 

during estrus versus non-estrus phases, and exercise and saccharin during abstinence 

similarly blocked this estrus-induced increase.

Discussion

The goals of this study were to determine whether the efficacy of exercise at reducing 

nicotine-seeking differed from non-exercise based environmental enrichment (saccharin), 

and to determine whether the efficacy of these interventions varied between females tested 
during estrus versus non-estrus phases. Consistent with our hypotheses, we found that levels 

of nicotine-seeking were highest during estrus, and that exercise or saccharin during 

abstinence decreased subsequent nicotine-seeking. Surprisingly, the ability of exercise and 

saccharin to decrease nicotine-seeking was restricted to the heightened levels observed in 
females tested during estrus; neither intervention affected nicotine-seeking in females tested 
during non-estrus phases. The lack of an effect in females tested during non-estrus phases, 

however, is likely due to a floor effect since levels of nicotine-seeking under both extinction 

and reinstatement testing were low in females tested during non-estrus phases in each of the 

groups, including control females housed without wheels or saccharin. These results 

demonstrate that exercise or saccharin during abstinence decrease nicotine-seeking, and 

suggest that that either would be effective as an early intervention for nicotine use and 

addiction in females.

Levels of nicotine-seeking under extinction testing conditions and in response to nicotine-

associated cues were highest in females tested during estrus versus non-estrus phases. These 

findings were predicted based on results in female smokers and female animals self-

administering other stimulant drugs which indicate that a high ratio of estradiol to 

progesterone, characteristic of the follicular/estrus phase, contributes to increased drug-

seeking/craving (DeVito et al. 2014; Feltenstein and See 2007; Lynch and Sofuoglu 2010; 

Wetherill et al. 2016). These findings are also consistent with our previous work showing 

that motivation for nicotine is highest during estrus, and positively associated with the ratio 

of estradiol to progesterone (Lynch 2008), and with previous work in women showing that 

nicotine-associated cues induce craving and neural activity in women tested during the 

follicular, but not the luteal phase, of the menstrual cycle (Franklin et al. 2015). They are, 

however, in contrast to results from a previous study in adult female rats showing that levels 

of nicotine-seeking did not vary with estrous cycle phase (Feltenstein et al. 2012). While this 
previous study was likely under-powered for detecting estrous cycle effects on nicotine-
seeking (Feltenstein et al. 2012), it is also possible that the influence of estrous cycle phase 
on nicotine-seeking changes from adolescence to adulthood. Future studies are needed to 
examine this possibility.

Exercise versus saccharin during abstinence similarly decreased extinction and cue-induced 
reinstatement responding. These findings were predicted by results showing that girls 
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benefitted from anti-smoking interventions with and without an exercise component (Horn et 

al. 2011), and our recent findings in female rats showing that access to a wheel during 

abstinence, whether it was locked or unlocked, effectively reduced subsequent nicotine- and 

cocaine-seeking (Sanchez et al. 2014; Peterson et al. 2014). These results add to a growing 

body of work supporting exercise as a promising intervention for drug addiction (Lynch et 

al. 2013), and further indicate the potential utility of exercise as an early intervention for 

nicotine use and addiction in females. These results also show for the first time that brief 

daily access to a saccharin solution during abstinence is effective at reducing subsequent 

nicotine-seeking. Saccharin solution was selected for the comparison since, unlike toys, a 

locked wheel, and other forms of enrichment that are typically used in environmental 

enrichment studies (Solinas et al. 2010), it would not engender play or exercise-like 

behaviors (i.e., climbing, hanging). This addresses a limitation of our previous work using 

locked versus unlocked wheel access (Sanchez et al. 2014; Peterson et al. 2014), as well as 

previous work from others examining the effects of environmental enrichment (Solinas et al. 

2010), where it has not been possible to determine the contribution of exercise versus 

enrichment effects. Saccharin and other sweet rewards have been shown to reduce drug-

taking when concurrently available with the drug (Carroll et al. 2016), with results 

demonstrating that rats show an almost exclusive preference for saccharin versus drug under 

choice procedures (Cantin et al. 2010; Huynh et al. 2017). In fact, numerous recent studies 

have used saccharin solution and other highly palatable solutions as an alternative choice to 

the drug, including nicotine, as a means to maintain voluntary abstinence (Cantin et al. 2010; 

Huynh et al. 2017). Our current findings indicate that saccharin during abstinence, even a 

modest level of access, will itself reduce subsequent drug-seeking and relapse vulnerability. 

This may be particularly apparent in studies with females, however, considering that males 

in our previous work did not respond to the locked wheel enriched condition. This idea is 

supported by findings showing that prior access to saccharin is more protective against 

subsequent cocaine self-administration in female versus male rats (Cason and Grigson 

2013), as well as findings in males showing that sucrose reward during abstinence does not 

affect subsequent cocaine-seeking behavior (Nicolas et al. 2016).

Our results also show that the efficacy of the exercise versus saccharin intervention varied 

between females tested during estrus versus non-estrus phases. While each intervention 

decreased the high levels of nicotine-seeking observed in females tested during estrus, 

neither affected the low levels observed in females tested during non-estrus phases. We also 
recently observed estrous cycle phase-dependent effects of wheel access (unlocked or 
locked) during abstinence on subsequent cocaine-seeking (Peterson et al. 2014). However, in 

contrast to the results observed here, results from this previous study showed that 2-hr/day 

access to a locked or unlocked wheel decreased cocaine-seeking in females tested during 
non-estrus phases, but not in females tested during estrus. Levels of drug-seeking were also 

highest during estrus in that study, but the levels observed in non-estrus females were much 

higher in the previous study (~50 reinstatement responses) as compared to those observed 

here. It is notable that in the previous study, the estrus-induced increases in levels of drug-

seeking could be surmounted by increasing the length of daily access to the wheel (6–24-hr/

day). Thus, it is possible that modest interventions can effectively reduce drug-seeking and 
prevent relapse in individuals that exhibit modest levels of drug-seeking (e.g., adolescent/
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young adult females), but that more intense interventions may be needed to combat drug-
seeking in individuals that exhibit high levels of drug-seeking (e.g., adult women, 
particularly during the follicular phase). This interpretation is also consistent with recent 
findings in women showing that the efficacy of nicotine replacement therapy, which only 
modestly improves smoking cessation (Walker et al. 2016), depended on menstrual cycle 
phase (Saladin et al. 2015); whereas, varenicline, which more robustly enhances smoking 
cessation (Walker et al. 2016), was effective during each phase of the menstrual cycle 
(Saladin et al. 2015).

It is possible that exercise/saccharin during abstinence would provide long-lasting protection 

against nicotine-seeking such that females would continue to show reduced nicotine-

seeking, even when tested during estrus at later abstinence points (when seeking is expected 

to be higher; Funk et al. 2016). This possibility is based on findings in male rats showing 

that wheel running during abstinence provides persistent protection against drug-seeking 

(Beiter et al. 2016), with evidence to suggest that it does so by preventing neuroadaptations 

that develop over abstinence that underlie enhanced drug-seeking/relapse vulnerability 

(Peterson et al. 2014; Lynch et al. 2017). For example, our recent findings with nicotine 

indicate that the efficacy of wheel running to reduce nicotine-seeking is associated with its 

ability to normalize markers of glutamatergic plasticity in the nucleus accumbens that are 

associated with enhanced nicotine-seeking (unpublished results). Our findings with cocaine 

further show that wheel running during early abstinence (days 1–7) persistently decreases 

drug-seeking following protracted abstinence (assessed on day 15 of abstinence). 

Interestingly, exercise during early abstinence produced a similar decrease in drug-seeking 

as compared to exercise throughout abstinence (days 1–14) indicating that its effects on 

neuroadaptations during early abstinence may be particularly critical for long-term 

protection. Further research is needed to determine whether similar effects also occur in 

females and in response to sucrose consumption during abstinence.

The impact of hormonal status on nicotine addiction has been an expanding area of study 

over the last decade. A better understanding of this relationship is crucial for developing 

appropriately timed interventions for nicotine craving and relapse in females. Our findings 

demonstrate that levels of nicotine-seeking vary across the estrous cycle, with the highest 

levels observed during estrus, and that exercise or saccharin during abstinence block this 

estrus-induced increase in nicotine-seeking. These findings support the potential utility of 

exercise or environmental enrichment as an intervention for nicotine use and addiction in 

adolescent and young adult female smokers. Future research is needed to determine whether 

the efficacy of exercise versus enrichment can be increased when combined together or with 

other pharmacotherapeutic interventions.
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Highlights

• In females, treatment outcome for nicotine addiction may depend on 

hormonal status.

• We compared the efficacy of exercise vs saccharin during abstinence on 

nicotine-seeking.

• Efficacy was examined as a function of estrous cycle phase.

• Both exercise and saccharin blocked estrus-induced increases in nicotine-

seeking.

• Exercise or enrichment may effectively reduce nicotine craving in human 
females.
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Figure 1. 
Time-line of experimental events as a function of postnatal day (PND). Rats arrived on PND 

22, and after recovery from the catheter implantation surgery (PND 28), began a 5-day 

acquisition period (PND 30) during which 20 infusions of nicotine were available/day under 

a fixed ratio 1 schedule. Rats then began a 10-day extended access self-administration period 

(23-hr/day; PND 35) during which there was no limit on the number of infusions available/

day. During the 10-day abstinence period rats had 2-hour/day access to an unlocked running 

wheel (exercise), a saccharin solution (saccharin), or without access to a wheel or saccharin 

(control; PND 45–54). After the last exercise/saccharin/control session rats were returned to 

their self-administration boxes. Nicotine-seeking was assessed the next day (PND 55) in 
females during estrus versus non-estrus phases (assessed 30-min prior to the session) using a 

within-session extinction/cue-induced reinstatement procedure.

Lynch et al. Page 19

Physiol Behav. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Prior to abstinence and subsequent exercise, saccharin or control interventions, daily patterns 

and levels of responding for nicotine did not vary between the intervention groups or 

between females subsequently tested during estrus (exercise, n=6; saccharin, n=7; and 

control, n=6) versus non-estrus phases (exercise, n=9; saccharin, n=12; control, n=14). Mean 

(±SEM) number of responses for nicotine as a function of extended-access day for females 

subsequently tested on extinction/reinstatement responding during estrus (A) versus non-
estrus phases (B) in each of the three intervention groups. Insets show mean (±SEM) daily 
nicotine intake (mg/kg) across the 10-day extended-access period for females tested during 
estrus versus non-estrus phases in each of the groups. A dashed line and an asterisk indicates 

a significant decrease in responding from the 1st session to the last 3 sessions (p<0.05).
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Figure 3. 
Daily patterns and levels of wheel running and saccharin intake and preference during 

abstinence did not differ between females subsequently tested on extinction/reinstatement 
responding during estrus versus non-estrus phases (exercise: n=6 and 9; saccharin: n=7 and 

12, respectively). Mean (±SEM) distance run for each of the exercise sessions (A) and mean 

(±SEM) saccharin intake (g) and preference (%) for each of the saccharin sessions (B and C, 

respectively) for females subsequently tested during estrus versus non-estrus phases. Insets 
show mean values (±SEM) across sessions for females tested during estrus versus non-estrus 
phases in the exercise (A) and saccharin group (B,C). A dashed line and an asterisk indicates 

a significant increase in distance run (A) and saccharin preference (C) over time (1st session 

versus average of last 3 sessions; p<0.05).
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Figure 4. 
Wheel running exercise or saccharin consumption during abstinence decreased subsequent 

estrus-induced increases in extinction responding (estrus: exercise, n=6; saccharin, n=7; 

control, n=6; non-estrus, exercise, n=9; saccharin, n=12; control, n=14). Mean number of 

responses during each of the 5, 1-hr extinction sessions for females tested during estrus (A) 

versus non-estrus phases (B) in each of the intervention groups. Difference from control 

responses (±SEM) during the first five extinction sessions averaged across groups (C) and 

for each of the females tested (D) during estrus versus non-phases in the exercise and 

saccharin groups. Dashed lines with an arrow and an asterisk (A and B) indicate a significant 
difference between levels of extinction responding in control females tested during estrus 
versus non-estrus phases (p<0.05). A dashed line with an asterisk (C) indicates a significant 
decrease from control (p<0.05).
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Figure 5. 
Wheel running exercise or saccharin consumption during abstinence decreased subsequent 

estrus-induced increases in cue-induced reinstatement responding (estrus: exercise, n=6; 

saccharin, n=7; control, n=6; non-estrus, exercise, n=9; saccharin, n=11; control, n=13). 

Mean number of responses (±SEM) during the last extinction session as compared to the 

reinstatement session for females testing during estrus (A) versus non-estrus phases (B) in 

each of the three intervention groups. Difference from control responses (±SEM) during the 

reinstatement sessions averaged across groups (C) and for each of the females tested (D) 

during estrus versus non-estrus phases in the exercise and saccharin groups. Number signs 
(#) indicate a significant increase from the last extinction session (A and B). Dashed lines 
with an arrow and an asterisk (A and B) indicate a significant difference between levels of 
reinstatement responding in control females tested during estrus versus non-estrus phases 
(p<0.05). A dashed line with an asterisk (A and C) indicates a significant decrease from 
control (p<0.05).
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