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Abstract

Women have more difficulty maintaining smoking cessation than men, and experience greater 

withdrawal symptomatology as well as higher prevalence of relapse. Further, currently available 

treatments for smoking cessation, such as the nicotine patch and varenicline, have been shown 

to be less effective in women. Fluctuations in ovarian hormones across the menstrual cycle can 

affect craving and smoking relapse propensity. In addition, many women who smoke use some 

form of oral contraceptives, which most often contain ethinyl estradiol (EE), a synthetic, orally 

bio-available estrogen that is currently prescribed to women chronically and has been shown to 

alter smoking reward in women. The current study examined the impact of 17β-estradiol (E2), 

the prominent endogenous form of the steroid hormone estrogen, as well as EE, on nicotine 

self-administration, demand, and reinstatement following ovariectomy (OVX) or sham surgery. 

OVX vehicle-treated female rats consumed less nicotine, had lower intensity of demand, and 

reinstated less compared to sham vehicle-treated female rats. OVX-E2 and OVX-EE treatment 

groups showed a rebound of nicotine intake later in training, and Q0 levels of consumption were 

partially rescued in both groups. Further, E2 but not EE reversed the abolishment of reinstated 

nicotine seeking induced by OVX. Taken together, these results demonstrate that natural and 

synthetic estrogens play a critical role in mediating the neurobehavioral effects of nicotine, and 

future studies are essential for our understanding of how synthetic hormones contained within oral 

contraceptives interact with smoking.
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1. Introduction

Clinical trials indicate that long-term smoking cessation is more difficult to achieve in 

women as compared to men (Perkins et al., 1999; Piper et al., 2007). Menstrual cycle 

phase in women can affect cigarette craving and propensity to relapse to smoking following 

abstinence (Allen et al., 2008; Carpenter et al., 2006; Franklin et al., 2008). It is estimated 

that 35–45% of all women between 2008–2014 used hormone-containing contraceptives of 

some kind, with the most common being the oral contraceptive pill (Kavanaugh and Jerman, 

2018), which can modify circulating ovarian hormone levels and the menstrual cycle overall. 

Despite negative health implications, nearly 50% of premenopausal women who smoke 

use some form of hormonal contraceptive (Allen et al., 2018). These studies illustrate 

that smoking is an important consideration in female reproductive health and highlight the 

need to better understand how ovarian hormones, endogenous and synthetic, interact with 

neurobehavioral mechanisms of nicotine use.

Fluctuating ovarian hormones impact nicotine use vulnerability, where high levels of 

progesterone are correlated with a decrease in cigarette smoking (Lynch, 2010), and 

high levels of estrogen are correlated with enhanced nicotine use (Wetherill et al., 2016). 

Further, exogenous progesterone treatment decreases smoking urges in women (Sofuoglu et 

al., 2009), and exogenous micronized progesterone treatment also significantly attenuates 

nicotine craving in women (Sofuoglu et al., 2001). Together, these studies indicate that 

circulating ovarian hormone levels can impact smoking cessation outcomes, and exogenous 

hormone administration can alter smoking urges, although the parameters driving these 

effects are as yet undetermined.

The most common estrogen in the contraceptive pill is ethinyl estradiol (EE), a synthetic 

form of endogenously circulating 17β-estradiol (E2; Mennenga et al., 2015; Shively, 1998). 

Importantly, users of EE-containing oral contraceptives have faster nicotine metabolism than 

both nonusers and men (Benowitz et al., 2006). One study examined smoking reward in 

women using the triphasic contraceptive Tri-Sprintec™, an EE-containing oral contraceptive, 

and found that smoking satisfaction was higher in oral contraceptive users during the 

low progesterone week of the pill pack compared to the weeks with high progesterone 

(Hinderaker et al., 2015). During acute smoking abstinence, users of EE-containing 

oral contraceptives reported significantly lower levels of positive affect than non-users 

(Hinderaker et al., 2015). Finally, nicotine has antiestrogenic effects whereby it results in 

lower levels of biologically active estrogens (Mueck and Seeger, 2005), which may alter 

nicotine-related behaviors. Together, these results suggest that women using EE-containing 

contraceptives have different patterns of smoking symptomatology, which could impact 

smoking cessation outcomes.

Given the large proportion of women using EE-containing oral contraceptives who 

concurrently smoke, this is an important experimental group to include when evaluating 
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female-specific mechanisms of nicotine use. The current study examined the impact of E2 

and EE on nicotine short-access self-administration, demand, extinction, and reinstatement. 

In order to study E2 and EE effects on female nicotine use, we utilized the ovariectomy 

(OVX) model thereby permitting evaluation of specific, isolated effects of E2 or EE 

exposure in animals with a “blank gonadal hormone” state (Koebele and Bimonte-Nelson, 

2016). Female rats underwent either OVX or sham surgery, and received either daily 

vehicle (sesame oil), E2, or EE treatment during nicotine self-administration, extinction, 

and reinstatement. Demand analysis of nicotine self-administration has translational value, 

as it is utilized in both pre-clinical and clinical research (Bickel, 1999). We hypothesized 

that abrupt loss of circulating ovarian hormones via OVX would decrease nicotine intake 

and essential value, and would inhibit nicotine seeking behavior compared to intact, freely 

cycling females. Conversely, we hypothesized that daily, chronic delivery of E2 or EE 

treatment following OVX would increase nicotine self-administration, essential value, and 

nicotine seeking behavior.

2. Methods

2.1 Animals

Thirty-six sexually naïve female Long-Evans rats (Charles River; 200 – 250 g with an arrival 

age of approximately 8 weeks) were utilized in the current study. Rats were individually 

housed on a 12-hour reverse light cycle with ad libitum access to food and water prior 

to initiation of experimental procedures, and ad libitum access to water in the home cage 

throughout the study. Animals were handled daily upon arrival. One rat was excluded 

following the nicotine self-administration acquisition phase due to catheter patency failure. 

No other rats were excluded from behavioral experimentation. The total number of rats per 

group that completed all behavioral phases of the study were n=9 (sham vehicle), n=8 (OVX 

vehicle), n=9 (OVX E2), and n=9 (OVX EE). All animal use practices were approved by the 

Institutional Animal Care and Use Committee of Arizona State University (ASU; Protocol 

#18–1642R).

2.2 Apparatus

Experimental sessions occurred in operant chambers (MED Associates, St. Albans, VT) 

within sound-attenuating chambers. Two levers, one active and one inactive, were presented 

at the beginning of each session. Above each lever was a stimulus light and each chamber 

contained a house light. Infusion pumps (MED Associates) were located outside of each 

chamber. Ventilation fans were provided in each sound-attenuating chamber. Experimental 

events were recorded by MED-PC software (MED Associates) on a computer in the 

experimental room. All operant chambers have been previously described in detail (Leyrer

Jackson et al., 2020b; Overby et al., 2018).

2.3 Surgical Procedures, Hormone Treatment, and Food Training

One week following acclimation to facilities, rats either underwent OVX or sham surgery. 

Animals were anesthetized with intramuscular (i.m.) ketamine (80–100 mg/kg i.m.) and 

xylazine (8 mg/kg, i.m.). Two dorsolateral incisions approximately 1.5 cm long were made 

in the skin and peritoneum. Next, the ovaries and tips of the uterine horns were ligated 
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with Vicryl suture and removed with scissors. The muscle was then sutured with absorbable 

Vicryl suture, and the skin was closed with surgical staples. Sham animals received skin 

and muscle incision, and appropriate respective surgical closure. Animals received daily 

injections of meloxicam (1 mg/kg, subcutaneous, s.c.) for three days for pain management, 

and three mL of saline (s.c.) to prevent dehydration during recovery on the day of surgery. 

Rats also received one injection of cefazolin (100 mg/mL, s.c.) on surgery day. Rats were 

given three weeks to recover prior to beginning experimental procedures. The three-week 

recovery period allowed for stabilization of the depleting ovarian hormone milieu prior to 

exogenous administration of specific hormone treatments (Mosquera et al., 2015; Turek et 

al., 2016; Yousefzadeh et al., 2020).

Three weeks following OVX or sham surgery, animals were again anesthetized with 

ketamine and xylazine as described above and implanted with an indwelling catheter in 

the jugular vein as described previously (Leyrer-Jackson et al., 2020a, 2020b). A small 

incision was made in the chest to isolate the jugular vein, and another small incision was 

made on the dorsal side between the scapulae. A 13 cm polyurethane catheter (Instech, 

Plymouth Meeting, PA, USA) with a silicone anchor 2 cm from one end was tunneled 

subcutaneously between the incisions, with the anchored side inserted into the jugular vein. 

The dorsal end of the catheter was attached to an indwelling back port (Instech, Plymouth 

Meeting, PA, USA). Dental cement (SNAP, Parkell, NY, USA or Ortho-Jet, Lang Dental, 

IL, USA) was used to adhere the catheter to the port. The indwelling port was sutured 

in place approximately 2 cm caudal from the shoulder blades using 4–0 Vicryl braided 

suture (Ethicon, Cincinnati, OH, USA). Following successful placement of the catheter, 

post-operative cefazolin (100 mg/kg, intravenous (i.v.)) and meloxicam (1 mg/kg, s.c.) 

were administered for seven and three days, respectively. Catheter patency was maintained 

throughout the experiments by daily administrations of 0.1 mL heparin saline (100 USP 

units/ml, i.v.), which were given both prior to and following nicotine self-administration 

sessions.

Beginning on the day animals received jugular vein catheters, daily hormone injections 

of either E2 (3 μg/0.1 mL sesame oil), EE (0.3 μg/0.1 mL sesame oil), or vehicle (0.1 

mL sesame oil) began; OVX Vehicle and Sham animals received vehicle injections. All 

hormone injections were administered subcutaneously. The dose of E2 was chosen to be 

within physiologically relevant endogenous plasma hormone concentrations (88–144 pg/mL; 

Butcher et al., 1974; Mennenga and Bimonte-Nelson, 2015). The EE dose utilized here 

corresponds to a 75–80 μg/day dose of EE in a woman, which has been shown to have 

biological impact (Devineni et al., 2007; Mennenga et al., 2015) and to result in serum 

levels of EE that are similar to that found in women taking oral contraceptives that contain 

35 ug of EE early in their monthly cycle. Hormone treatment was given daily, 3 hrs 

following the beginning of the dark cycle (one hour prior to behavioral sessions) and 

continued until the end of behavioral testing. In accordance with other studies rats were 

weighed daily following OVX to provide further evidence of successful OVX as well as 

successful hormonal manipulations, as OVX induces weight gain in females, and hormonal 

supplementation should decrease this (Brutman et al., 2019; Rogers et al., 2009).
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Following jugular vein catheter surgery and recovery, rats were food restricted to 20 g/d 

and trained to respond for food pellets in the apparatus described above. Food training 

sessions lasted 15 hours and the house light remained illuminated throughout training. Upon 

completion of a fixed ratio-1 (FR1) schedule of reinforcement on the active lever, a 45 

mg food pellet (BioServ®, Flemington, NJ) was delivered into a food receptacle inside the 

operant chamber. No consequences were produced by pressing the inactive lever. Concurrent 

with the FR1, animals also received one 45 mg food pellet every 20 minutes, regardless 

of response. Animals were required to achieve an active to inactive lever press ratio ≥ 2. 

Any animals that did not reach this criterion underwent a second food training session the 

following day. All animals met the food training criterion after 1–2 sessions. Although the 

extension of the lights from 12h to 15h per day may affect circadian rhythms, animals only 

received 1 or 2 sessions of food training and time elapsed between food training and nicotine 

SA allowed animals to re-entrain to the 12h light cycle.

2.4 Self-Administration, Extinction, and Reinstatement Procedures

An experimental timeline is shown in Figure 1A. Rats remained food restricted to 20 g/d 

during all SA, extinction and reinstatement procedures (Donny et al., 1998). All animals 

were tested 4 hrs following the beginning of the dark cycle. Infusions of 0.06 mg/kg/infusion 

nicotine (0.1 mL/infusion) were delivered across 5.9 s following one response on the active 

lever (FR-1). Upon an active lever press, lights above both levers were illuminated, and 

a tone (2900 Hz) was presented simultaneously with drug infusion. Upon completion of 

the infusion, the tone and lights ceased. Infusions were followed by a 20-s timeout period, 

during which active lever responses were recorded but produced no consequences. An 

inactive lever was present at all times but produced no consequences when pressed. All 

sessions were 2 hr in duration. Rats completed a minimum of 12 sessions before moving 

into the demand phase, with criteria set at a minimum of a 2:1 ratio of active to inactive lever 

responses, and a minimum of 10 infusions. If these criteria were met, animals were moved to 

between-session dose-reduction procedures. If criteria were not met by 12 sessions, animals 

remained in nicotine self-administration acquisition until a maximum of 20 sessions prior to 

moving into the demand phase. Rats were moved into the demand phase after 20 sessions 

regardless of meeting criteria.

During the threshold procedure in the demand phase, 9 different doses of nicotine were 

given across 9 consecutive days of self-administration. Doses were altered by modulating 

the infusion length as previously published (Powell et al., 2020), with no timeout during 

these sessions. Nine different doses (0.06, 0.03, 0.017, 0.01, 0.0056, 0.003, 0.0017, 0.001, 

0.00056 mg/kg/infusion nicotine) were tested, with the first dose being the same as the 

initial training dose (0.06 mg/kg/infusion). In addition to the reduction in infusion length, 

the duration of the associated cues was decreased as the nicotine dose decreased. Total 

session time for between-session self-administration remained at 2 hr.

Rats were then placed into extinction for 14 sessions, where neither nicotine nor cues were 

associated with active lever presses. All rats underwent the same number of extinction 

days to ensure an equal number of withdrawal days between treatments. Following the 

final extinction session, vaginal swabs were taken to examine the current stage of the 
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estrous cycle in intact rats and assess vaginal cytology in OVX rats with and without 

hormone supplementation. The vaginal opening was swabbed (no more than 1 cm deep) 

with a sterile cotton swab that was dipped in sterile saline. The cells present on the swab 

were then pressed onto a microscope slide and examined at 10x magnification under a 

light microscope for analysis. Rats then underwent a cue-induced reinstatement session, in 

which previously paired nicotine cues (light and tone) were presented upon an active lever 

response; however, no nicotine infusions were delivered.

2.5 Drugs and chemicals

Nicotine tartrate salt (MP Biomedicals, LLC, Solon, OH, USA) was dissolved in 0.9% 

saline, and pH was adjusted to 7.4. All nicotine doses utilized were based on free base 

weight and expressed as mg/kg/infusion. Ketamine (Akorn Animal Health, Lake Forest, 

IL), xylazine (Akorn Animal Health, Lake Forest, IL), cefazolin (Qilu Pharmaceutical, 

Shandong, China), meloxicam (Norbrook Inc., Overbrook, KS), and heparin (Sagent 

Pharmaceuticals, Schaumburg, IL) were administered as discussed above. Hormones (E2 

and EE) as well as sesame oil vehicle were purchased from Sigma Aldrich, St. Louis, MO.

2.6 Statistical Analysis

For self-administration acquisition, infusions, and lever presses (active and inactive) across 

the first 12 sessions were collected and analyzed using linear mixed effects (LME) modeling 

using JMP software from SAS. In all experiments, random factors were limited to subject. 

Total number of infusions per animal during acquisition was also summed across sessions 

and groups were compared using LME. LME was chosen in lieu of ANOVA based on 

Bayesian Information Criteria (BIC a metric of goodness of fit) and due to known efficiency 

of this model for handling continuous variable data such as those reported here(Young et 

al., 2009). For the demand phase following acquisition, daily infusions and responses were 

recorded. Consumption was calculated by multiplying the number of infusions earned by 

dose delivered, and demand curves were calculated according to the exponential demand 

equation (Hursh and Silberberg, 2008):

log Q = log Q0 + k e−α ⋅ Q0 ⋅ C − 1

where Q represents consumption, Q0 represents the estimated maximum consumption at a 

zero-unit price point, αrepresents the rate of change of consumption, C is unit price, and 

k is a constant. Demand curves were fit to the data via nonlinear mixed effects (NLME) 

modeling in R using the ‘nlme’ package (Hofford et al., 2016; Powell et al., 2020). The 

global constant k had a best-fit value of 1.8 for all experiments. During extinction, lever 

pressing on active and inactive levers across sessions was compared between groups via 

LME. LME modeling was also used to analyze reinstatement active and inactive lever press 

data compared to session 14 of extinction. Session was treated as a continuous factor in all 

analyses. Post-hoc tests were conducted where appropriate and corrected using Tukey’s test 

(α = 0.05). Graphing was performed in Prism 8.1 (Graphpad Software, San Diego, CA). 

LME modeling was conducted in JMP software from SAS. Data are represented as means ± 

standard error of the mean (SEM) where appropriate.
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3. Results

3.1 Nicotine Self-Administration Acquisition

Nicotine consumption data from all animals were included in LME modeling regardless 

of level of acquisition. An LME model with session (continuous) as a fixed within-subject 

factor, group (nominal) as a fixed between-subject factor, and subject as a random factor 

indicated significant main effects of session (F1,32 = 17.41, p < 0.001) and group (F3,32 

= 12.50, p < 0.0001), as well as a significant session x group interaction (F3,32 = 7.52, 

p < 0.001; Figure 1B) were found. Post-hoc comparisons revealed that the change in the 

rate of intake in the OVX vehicle group was lower than all other groups (measured as a 

difference in slope). Next, the proportion of active lever presses [active/(active+inactive)] 

was compared between groups, and no significant main effects or interactions were found 

(p’s > 0.05; Figure 1C).

Body weights were monitored throughout acquisition and then compared between groups 

using LME modeling (Figure 1D). An LME model with session (continuous) as a fixed 

within-subject factor, group (nominal) as fixed between-subject factor and, subject as a 

random factor indicated a significant main effect of group (F3,32 = 15.79, p < 0.0001), 

but no main effect of session or group × session interaction (p’s > 0.05). The lack of 

interaction indicates that regardless of group, body weight did not change as a function of 

nicotine self-administration session. However, hormone supplemental treatment attenuated 

body weight gain after OVX as a function of hormone supplemental treatment, whereby 

vehicle-treated OVX females had the highest body weights, relative to EE- and E2- treated 

OVX females as well as sham rats. However, E2 and EE administration after OVX did 

not decrease body weights to the level of the ovary-intact, Sham group. Previous work has 

demonstrated robust weight gain in female rats after OVX compared to Sham (Brutman et 

al., 2019). Thus, weight gain by OVX animals and partial return to Sham weight by EE- and 

E2- treated OVX animals also served as confirmation of OVX and hormonal manipulation.

3.2 Nicotine Demand

Demand curves by group are shown in Figure 2A. NLME analysis revealed a significant 

main effect of group on demand intensity (Q0; F3,272 = 10.81; p < 0.0001), with increased 

demand intensity for the sham vehicle group compared to all OVX treatment groups, 

regardless of estrogen supplementation, and decreased demand intensity for the OVX 

vehicle group compared to all other treatment groups. For demand elasticity (α), no 

significant effect of group was found (p > 0.05). The proportion of active presses [active/

(active + inactive)] during the demand phase was then analyzed by group. No effects or 

interactions were found (p’s > 0.05; Figure 2B), and all groups displayed higher proportions 

than chance (above 50%), indicating that all animals maintained the ability to discriminate 

between levers regardless of unit price. Specific Q0 and α values for each group are shown 

in the table in Figure 2C (mean ± SEM). These results indicate that hormone manipulation 

significantly impacted estimated maximum consumption at zero unit price without changing 

demand elasticity, and did not reduce lever press discriminability regardless of changes 

in nicotine unit price. Thus, cessation of cycling hormones via OVX decreases demand 

intensity for nicotine compared to intact, freely cycling females, and supplemental chronic 
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EE or E2 treatment after OVX increases nicotine demand intensity above OVX vehicle 

levels. No differences in demand elasticity were found, indicating that the rate of change 

in nicotine consumption as unit price increases does not differ as a function of hormone 

manipulation.

3.3 Extinction and Reinstatement

Following the threshold procedure, all subjects were placed into extinction (Figure 3A). 

An LME model with session (continuous) and lever (nominal) as a fixed within-subject 

factors, group (nominal) as a fixed between-subject factor, and subject as a random factor 

indicated a significant main effect of session (F1,31 = 15.53; p < 0.001), lever (F1,31 = 

38.41; p < 0.0001), and session × lever interaction (F1,31 = 9.05; p < 0.01). No other 

main effects or interactions were significant (p’s > 0.05). Reinstatement data were analyzed 

using a 3-way LME model. Significant main effects of group (F3,31 = 9.33; p < 0.001), 

session (F1,31 = 81.30; p < 0.0001), and lever (F1,31 = 133.94; p < 0.0001) were found. 

Further, group × session (F3,31 = 7.31; p < 0.001), group × lever (F3,31 = 5.33; p < 

0.01), and session × lever (F1,31 = 72.46; p < 0.0001) interactions were significant. Finally, 

the group × session × lever interaction was significant (F3,31 = 6.10; p < 0.01). Tukey 

post-hoc comparisons revealed numerous significant differences comparing all group, lever, 

and session conditions, some of which are depicted in Figures 3B and 3C. These figures 

demonstrate significant increases in active lever pressing in the sham vehicle and OVX E2 

groups during reinstatement compared to their respective final extinction session (Figure 

3B). Further, active lever pressing was significantly higher in the sham vehicle group versus 

all other groups, as well as in the OVX E2 group versus both the OVX vehicle and the 

OVX EE groups (Figure 3C). All groups pressed the active lever significantly more than 

the inactive lever during reinstatement. Taken together, OVX-induced ovarian hormone loss 

decreased cue-induced nicotine seeking behavior compared to intact, freely cycling females, 

and E2 administration after OVX rescued nicotine seeking behavior to sham vehicle levels, 

whereas EE administration after OVX did not.

4. Discussion

Here, we show that the abrupt loss of ovarian hormones due to OVX significantly 

diminished nicotine intake relative to ovary-intact, freely cycling females. Further, 

supplemental E2 and EE treatment after OVX increased nicotine intake following several 

weeks of hormone exposure. Interestingly and contrary to our hypothesis, EE did not 

increase nicotine intake during initial acquisition above and beyond E2 levels. Demand 

curves demonstrated that OVX without estrogen supplementation significantly decreased 

Q0 compared to all other groups, indicating that circulating hormones are critical for 

driving maximum nicotine consumption. Importantly, this parameter provides an estimated 

amount of nicotine an animal would take if the commodity was free, demonstrating 

intensity of demand. During the demand phase, all subjects discriminated the active and 

inactive levers, demonstrating that regardless of hormone treatment group and nicotine unit 

price, discriminability was maintained. That all subjects showed systematically decreased 

consumption as unit price increased supports that all groups were equally sensitive to 

changes in nicotine unit price when it was manipulated by dose. Importantly, these data 
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support that nicotine functioned as a reinforcer in all treatment groups. There were no 

differences in extinction learning between groups. All groups displayed higher active lever 

pressing than in other studies utilizing one unit price of nicotine (Goenaga et al., 2020; 

Namba et al., 2020); however, lever pressing was similar to our previous study utilizing the 

threshold procedure (Powell et al., 2020). Here we showed that OVX abolished reinstated 

nicotine seeking. Interestingly, there was a dissociation between nicotine intake measures 

and cue-driven nicotine seeking. Specifically, the sham vehicle and OVX E2 groups showed 

similar reinstatement levels and were the only two groups to show enhanced active lever 

pressing relative to their respective extinction active lever responding. Surprisingly, EE did 

not rescue nicotine seeking behavior as observed with E2 supplementation indicating that 

E2 and EE have unique effects on behavioral outcomes, despite both being characterized as 

estrogens.

4.1 Ovarian Hormones, EE, and Nicotine Self-Administration

Preclinical and clinical studies indicate that ovarian hormones play a large role in driving 

nicotine use. However, very little attention has been paid to the impact of ovarian 

hormones and synthetic estrogen on nicotine self-administration behavioral outcomes. 

Group differences in the current study are in line with a previous report that OVX females 

self-administer significantly less nicotine than intact or E2-supplemented groups (Flores 

et al., 2016). However, this previous study utilized supraphysiological doses of E2 as 

opposed to the dose utilized here (also see Martinez et al., 2016). In the current experiment 

estrogens were administered daily, which is more akin to a woman’s experience with the 

daily dosing of many oral contraceptives as compared to a regimen that is tonic. It is 

important to acknowledge that in addition to an estrogen, oral contraceptives contain a 

progestin, and that the intact female reproductive system involves fluctuations of estrogens 

as well as other steroid hormones, such as progesterone and androstenedione. Thus, future 

studies would benefit from systematically evaluating the contributions of these additional 

ovarian hormones to nicotine behavioral outcomes as well as examining the putative 

complex relationships amongst them. Although the beneficial results of progesterone in 

decreasing nicotine seeking in female rats is unclear (Swalve et al., 2016), progesterone 

supplementation has shown clinical utility in decreasing smoking-related outcomes such 

as craving (Sofuoglu et al., 2001). Thus, future studies evaluating the contribution of 

progestogens, both alone and in combination with E2 or EE, on nicotine behaviors will 

help elucidate the impact of endogenous hormone fluctuations associated with various 

reproductive shifts such as with the menstrual cycle and menopause, as well as the 

putative treatment utility of exogenous hormone applications such as hormone-including 

birth control.

Our results show that daily exposure to EE does not increase nicotine self-administration 

outcome measures in OVX females above and beyond levels of intact sham females. 

However, similar Q0 levels of nicotine consumption were observed in both the OVX EE 

and OVX E2 groups. In contrast, only E2 increased reinstatement above OVX vehicle 

levels, similar to reinstated nicotine seeking in the sham vehicle group. OVX abolished 

reinstatement of nicotine seeking, and EE administration after OVX did not reverse this 

effect. It is important to note that oral contraceptives are typically prescribed to reproductive 
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tract intact, freely cycling women, and they typically contain a progestin component. Thus, 

it is unclear if a combination of EE plus a progestin in an intact system would alter nicotine

related outcomes, and future studies should methodically evaluate the most commonly used 

progestins (various forms of synthetic progesterone also found in oral contraceptives and 

hormone therapy) to provide additional translational value.

Nicotine demand was systematically evaluated as a function of ovary-intact status or 

hormone supplementation following OVX. Although demand intensity varied significantly 

as a function of hormone group (i.e., how much of the drug is preferred at a zero or very 

low cost), the price-dependent measure of elasticity (α) did not. These results are similar to 

other studies examining relationships between demand of other commodities such as food 

with biological processes such as body mass index (Epstein et al., 2018). Further, reductions 

in demand intensity predict drinking reductions one month after intervention, demonstrating 

the demand intensity measure as a potentially useful predictor for intervention response to 

other drugs of abuse such as alcohol (Murphy et al., 2015). Taken together, these results 

indicate that price-dependent measures such as elasticity of demand may not have utility 

in predicting individual differences in hormone interactions with nicotine, but measures of 

demand intensity may yield important translational results for studies examining smoking 

and endocrine interactions in women.

4.2 Reinstatement to Nicotine-Conditioned Cues Varies as a Function of Hormone 
Treatment

Our previous study demonstrated that intact, freely cycling female rats significantly reinstate 

to nicotine-conditioned cues (Goenaga et al., 2020). Here, we show that reinstatement of 

nicotine seeking behavior is significantly higher in ovary-intact, sham vehicle rats compared 

to OVX vehicle-treated rats. Further, there were differing results for nicotine reinstatement 

depending on hormone treatment group, contrary to our hypothesis that EE-treated OVX 

females would reinstate above and beyond all other groups. Rather, EE-treated females did 

not significantly reinstate to nicotine-conditioned cues, whereas E2-treated OVX females 

did. These results were surprising given their dissociation with nicotine intake outcomes, in 

which both nicotine self-administration acquisition and Q0 levels of consumption did not 

differ between these two groups. Further, there were no significant differences in extinction 

responding between the E2- and EE-treated OVX groups across sessions, although it is 

possible that differential impacts on extinction due to varied effects of E2 versus EE may be 

dose dependent. It is also possible that nicotine intake, extinction learning, and responding 

for nicotine-conditioned cues are gated by different neurobehavioral mechanisms, and 

further research is needed to understand these complex relationships. In sections 4.3 and 

4.4, we describe potential biological and neurobiological mechanisms that may contribute to 

differences in nicotine seeking behavior found in the current study.

4.3 Biological Differences between E2 and EE

Here, we show differences in reinstatement of nicotine seeking between OVX animals 

treated with either E2 or EE. These hormones do have overlapping biological impacts, as 

both E2 and EE are rapidly absorbed following oral administration of therapeutic doses 

(Fishman, 1969; Fotherby, 1982), and both hormones bind to ERs via the same binding 
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domain. However, there are pharmacokinetic differences between these two estrogens that 

may underlie differences seen between E2- and EE- treated groups. For example, it has been 

shown that EE is a more potent estrogen than E2 (Dickson and Eisenfeld, 1981; Fotherby, 

1996). Further, previous work evaluating the binding mechanisms of E2 and EE shows that 

E2 is 100-fold less active compared with EE, and that higher doses of oral E2 are required 

to have the same effects as those seen with EE (Dickson and Eisenfeld, 1981). E2 and EE 

are also metabolized differently. E2 is converted into weaker estrogens, such as estrone (E1). 

This process is interconvertible, and E2 has been shown to be regenerated from pools of 

E1 and its downstream metabolite, E1 sulfate (E1S) (Stanczyk et al., 2013). Conversely, EE 

is not metabolized by the same mechanisms and is not converted into weaker estrogens. 

Instead of converting into biologically available E1, EE metabolites are not biologically 

active and are excreted (Stanczyk et al., 2013; Zhang et al., 2007). These differences 

in potency and metabolism of E2 versus EE may be contributing to the differences in 

reinstatement observed between EE- and E2- treated OVX animals. Additional research is 

needed to determine if variations in potency and metabolism between these two estrogens 

contribute to differences in nicotine seeking behavior.

It should also be noted that both E2 and EE have known interactions with G-protein estrogen 

receptors (GPERs), such as GPR30 (Yates et al., 2010). Specifically, EE has been previously 

shown to reduce severity of autoimmune encephalomyelitis (Subramanian et al., 2003), but 

a later study found that E2 but not EE was able to reduce autoimmune encephalomyelitis in 

GPR30 knockout mice. This study by Yates and colleagues therefore demonstrates that this 

receptor is critical in mediating EE’s ability to reduce disease. Although not measured in the 

current study, it is possible that OVX reduced GPER expression, and this may have impacted 

nicotine-related behavioral outcomes such as reinstatement. Further, given that there is 

evidence in the literature that differential outcomes can occur on disease states following E2 

versus EE treatment, and this is mediated through GPERs, it is possible that the differential 

outcomes of E2 and EE on reinstatement reported here could be mediated through GPER 

signaling. In further support of this possibility, GPR30 has been shown to co-localize on 

cholinergic neurons and modulate acetylcholine release (Gibbs et al., 2014; Hammond et 

al., 2011; Hammond and Gibbs, 2011). Further, we have recently shown that cholinergic 

interneurons (ChIs) within the NAcore regulate nicotine seeking behavior as well as NAcore 

glutamate plasticity (Leyrer-Jackson et al., 2021). Thus, it is possible that OVX reduced 

acetylcholine release from ChIs through downregulation of GPR30 in the NAcore, and 

this contributed to reductions in nicotine-associated behaviors including consumption and 

seeking. It should be noted, however, that GPR30 expression in the NAcore is not always 

present between individual rats and it does not appear to be expressed in the VTA (Hazell et 

al., 2009), thus this may not be a viable possibility to explain our findings. Regardless, these 

are important questions for future research.

4.4 Potential Neurobiological Mechanisms

Our results show differences in nicotine demand behavior between Sham OVX, OVX 

vehicle, and OVX EE- or E2- treated groups. Nicotine activates nicotinic acetylcholine 

receptors (nAChRs) localized on dopamine cell bodies in the ventral tegmental area 

(VTA; Picciotto et al., 1998) and alters VTA dopaminergic signaling (Mansvelder et 
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al., 2002; Mansvelder and McGehee, 2002). Within the core of the nucleus accumbens 

(NAcore), dopamine receptors (DRs) are expressed on medium spiny neurons and have 

been implicated in motivated behavior (Gallo et al., 2018), including drug seeking (Bock 

et al., 2013). Historically, studies designed to unravel the neural circuitry underlying drug 

use and seeking have relied on data collected from males, and do not typically focus on 

endocrine interactions with these neural pathways. Given that E2 has been shown to increase 

sensitivity of VTA dopaminergic neurons (Vandegrift et al., 2017) and directly regulates cell 

signaling within the striatum (Becker, 1990; Mermelstein et al., 1996; Xiao and Becker, 

1998), it is biologically feasible that the female reproductive cycle and estrogens can impact 

vulnerability to nicotine use and related circuitry.

Estrogen receptors (ERs) are expressed throughout the brain, including on neurons within 

the striatum (Boulware et al., 2007; Grove-Strawser et al., 2010), and have the ability to alter 

reward circuitry and influence motivated behaviors (Eisinger et al., 2018). In supplemental 

studies included here, we show NAcore and VTA ER-β was significantly downregulated in 

the OVX vehicle-treated group compared to the sham vehicle and OVX E2 groups. Further, 

neither E2 nor EE rescued downregulated ER-β protein in OVX animals within the VTA 

compared to sham vehicle-treated animals, suggesting that other ovarian-derived factors or 

signaling may be important for sustaining ER-β levels in the VTA. No differences were 

found in ER-α protein expression across groups within either brain region. This result 

indicates that while ER-β expression in the NAcore is E2-specific, expression in the VTA 

may rely on additional factors. For example, previous research has shown that progesterone 

and E2 interactions are critical for ligand binding (Becker et al., 1984) and that progesterone 

can decrease smoking urges and prevent relapse in women (Saladin et al., 2014). Additional 

research is needed to determine the impact of various ovarian hormones, individually and in 

concert, on ER expression levels.

Here we show that OVX downregulated ER-β in critical nodes within the mesolimbic 

reward pathway, as noted above. Given that OVX occurred weeks prior to nicotine self

administration to allow for reductions in circulating ovarian hormones, it is likely that 

downregulation of ER-β occurred prior to nicotine consumption and played a role in 

decreasing consumption as well as other behaviors such as reinstatement. The justification 

for this timeline is to allow for systematic examination of specific estrogens on subsequent 

nicotine-related behavior in a system cleared of circulating ovarian hormones. It should be 

noted, however, that while OVX is generally accepted as a surgical model of menopause 

((Koebele and Bimonte-Nelson, 2016); as is the 4-vinylcyclohexene diepoxide model of 

transitional menopause (Flaws et al., 1994)) as well as a frequently utilized technique to 

understand hormonal mechanisms on the brain and behavior (Hiroi et al., 2016; Mennenga 

et al., 2015), the use of OVX here as well as the extended timeline in which ovarian 

hormones significantly dropped may limit translational utility of the current study. Thus, 

future studies should examine contributions of specific ERs (e.g., through viral knockdown) 

on nicotine neurobiology and behavior in an ovary-intact system to enhance translational 

value.
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4.5 Ovarian Hormones Regulate Body Weight

In accordance with other studies, OVX induced robust weight gain in females compared to 

ovary-intact shams (Brutman et al., 2019), regardless of nicotine self-administration session. 

E2 has been shown to negatively regulate food intake (Butera, 2010; Eckel, 2011); thus, 

depletion of E2 may enhance consumption and, subsequently, induce weight gain. However, 

recent studies suggest that other factors such as gut environmental changes also contribute 

to OVX-induced weight gain (Babaei et al., 2010; Choi et al., 2017; Cox-York et al., 2015; 

Leeners et al., 2017). Specifically, Babaei et al. found no differences in food intake between 

Sham and OVX animals, but they did observe increases in visceral fat in the OVX group that 

was reversed with E2 treatment (Babaei et al., 2010). We report similar results here; indeed, 

despite animals receiving and consuming the same amount of food throughout behavioral 

testing, only OVX animals gained weight as compared to the E2- and EE-treated OVX 

groups. These results suggest that OVX-induced weight gain may be, in part, controlled 

independently of caloric intake.

5. Potential Limitations

One potential limitation to this study is that limited access to nicotine was utilized (i.e., 

2-hr sessions). Importantly, others have shown that extended access to nicotine under an 

intermittent access schedule paradigm may induce escalations in consumption (Cohen et 

al., 2012). Thus, the results presented here reflect hormonal influences on short access 

to nicotine and may not generalize to other models of nicotine addiction. Additionally, 

the present study utilized the OVX model to examine isolated contributions of specific 

hormones to nicotine consumption and reinstated nicotine seeking. It should be noted that 

EE is typically prescribed to ovary-intact women; thus, the questions addressed here should 

be evaluated in ovary-intact female rats to maximize translation. Moreover, if a woman 

has a uterus and is given estrogens, the hormone regimen must also contain a progestogen 

to protect against estrogen-induced endometrial hyperplasia and cancer (North American 

Menopause Society, 2017). Finally, it also important to note that studies suggest smoking 

increases estrogen metabolism in women (Mueck and Seeger, 2005). Although these specific 

effects were not evaluated here, this is an important area of research to be explored in future 

studies.

Finally, another potential limitation is the use of food restriction in the current study. 

It should be noted that food restriction enhances drug self-administration (De Vaca and 

Carr, 1998) including nicotine, and this is a frequently employed technique in nicotine 

self-administration paradigms (Donny et al., 1998) which impacts the motivational state of 

animals including rats. Thus, it is likely that food restriction in the current study impacted 

nicotine consumption behaviors, and additional studies are needed to determine if E2 and EE 

impact nicotine-related behavior in animals under free feeding conditions.

6. Conclusions and Future Directions

The results from the current study indicate complex interactions between natural and 

synthetic estrogens and nicotine-related behavior. It is known that in clinical trials for 

smoking, women are usually under-enrolled (Tomko et al., 2020), and are typically required 
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to be on some form of birth control (Gray et al., 2010; Prado et al., 2015). Yet, our data show 

that chronic use of synthetic hormones affects nicotine demand and seeking in females, 

highlighting the need to fully characterize the complex interactions of estrogens, nicotine, 

and the reward pathway in females. This is especially important given the numerous putative 

women-specific factors which could contribute to sex differences in smoking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations:

EE 
Ethinyl estradiol

E2 
17β-estradiol

OVX
Ovariectomy

VTA
Ventral tegmental area

NAcore
Nucleus accumbens core

DRs
Dopamine receptors

ERs
Estrogen receptors

ERα
Estrogen receptor alpha

ERβ
Estrogen receptor beta

FR1
Fixed ratio-1

LME
linear mixed effects

NLME
nonlinear mixed effects

E1
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Estrone

E1S
E1 sulfate

BIC
Bayesian Information Criteria

ChIs
cholinergic interneurons
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Highlights

• Nicotine self-administration and demand intensity are sensitive to estrogens

• 17β-estradiol (E2) but not ethinyl estradiol (EE) promotes reinstatement of 

nicotine seeking
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Figure 1. Acquisition of Nicotine Self-Administration.
(A) Timeline of experimental events. (B) Nicotine intake per group. (C) Total nicotine 

infusions per group. (D) Proportion of active lever presses divided by active + inactive lever 

presses across the 12 sessions. The dotted line represents the 2:1 active:inactive lever press 

criterion. (E) OVX vehicle females weighed significantly more than the other three groups 

across the nicotine self-administration sessions. OVX-E2 and OVX-EE groups weighed 

significantly more than sham vehicle females. SEM = standard error of the mean; OVX = 

ovariectomized; JVC = jugular vein catheter; g = grams.
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Figure 2. 
Nicotine demand data for sham and OVX groups are shown in (A), with the percent 

active lever pressing (active lever presses divided by active + inactive lever presses) across 

increasing unit price during the demand phase (B; the dotted line represents chance at 50%). 

(C) Parameter estimates for Q0 and α (asterisks indicates significant main effect of group, p 

< 0.0001). SEM = standard error of the mean; OVX = ovariectomized.
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Figure 3. Effects of Hormones on Extinction and Nicotine-Seeking Behavior.
(A) Active and inactive lever pressing for all groups across extinction sessions. (B) Active 

lever pressing during the final extinction session (session 14) and reinstatement were 

compared for all groups. Only the sham vehicle and OVX E2 groups significantly reinstated 

above extinction levels. (C) Active and inactive lever pressing during reinstatement was 

compared across groups. Sham vehicle animals pressed the active lever significantly 

more than OVX vehicle and OVX EE groups. OVX E2 females pressed the active lever 

significantly more than OVX vehicle and OVX EE animals. No differences were found 

in inactive lever pressing between groups. All groups pressed the active lever significantly 

more than the inactive lever during reinstatement. *p < 0.05 in (B) and (C). SEM = standard 

error of the mean; OVX = ovariectomized.
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