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Abstract

Preclinical studies of nicotine self-administration provide important value for the field as they 

are highly rigorous, controlled, can be conducted quickly, and are generalizable to humans. 

Given the translational value of the nicotine self-administration model, and the relatively new 

guildelines of the National Institutes of Health to include sex as a biological variable, strain 

and sex differences in nicotine acquisition were examined here in two outbred rat strains. Sprague­

Dawley (SD) and Long Evans (LE; wild-type and ChAT::cre transgenic) rats of each sex were 

implanted with indwelling intravenous jugular catheters. Rats were trained to self-administer 

nicotine (0.02 mg/kg/infusion, paired with contingent light+tone stimuli). Acquisition criteria 

were set at a minimum active/inactive response ratio of 2:1 and a minimum of 10 infusions per 

session, both of which had to be met for a minimum of 10 sessions. Across 10 sessions, male 

SD rats self-administered significantly more nicotine than female SD rats (p<0.05), indicating 

a sex difference in this strain. LE females self-administered more nicotine than SD females 

indicative of a strain difference between females (p<0.05). SD males increased nicotine infusions 

across sessions compared to LE males and SD females (p<0.05). No strain or sex differences 

were observed in the number of sessions to reach criteria. No differences between wild-type and 

transgenic LE rats were observed. These results demonstrate sex and strain differences in nicotine 

self-administration between SD and LE rats and may lend insight into development of other 

nicotine self-administration models, where sex and strain may impact acquisition.
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1. Introduction

Nicotine, the primary addictive substance in tobacco products, plays a large role in 

maintenance of smoking behavior and dependence (Stolerman & Jarvis, 1995). While a 

recent decrease in use of combustible cigarettes has occurred, it has been contrasted by 

a substantial increase in use of electronic nicotine delivery systems (ENDS), especially 

among adolescents (Miech et al., 2019; Wang et al., 2018). In general, nicotine addiction is 

characterized by behavioral phenotypes such as drug craving, seeking, taking, intermittent 

phases of withdrawal and in many cases relapse (Benowitz, 2010; Kreek & Koob, 1998). 

However, nicotine addiction is multifaceted where genetic, epigenetic and environmental 

factors often contribute to the disorder (Benowitz, 2010; Butelman et al., 2012; Nestler, 

2014). Given the findings indicating a role of genetic and epigenetic factors in drug 

addiction, identifying critical mechanisms that may increase drug addiction vulnerability 

through preclinical models has become a critical goal within the field.

To date, a handful of studies have identified strain-specific differences in drug self­

administration, which are likely driven by differences in genetic background. However, a 

majority of these studies have focused on Lewis, Fischer, and Wistar rat strains, and do not 

include the commonly used Sprague-Dawley and Long Evans strains. Some studies have 

shown strain differences in nicotine self-administration (Shoaib et al., 1997). Specifically, 

Lewis rats more reliably acquire nicotine self-administration and have higher breakpoints 

(i.e. the point in which a subject ceases engagement in self-administration due to the demand 

of the task) than outbred Holtzman rats (Brower et al., 2002). Subcutaneous exposure to 

nicotine has also been shown to preferentially alter mesolimbic circuitry within Lewis but 

not Fischer rats following 30 days of abstinence (Cadoni et al., 2019), further suggesting 

that differences in genetic background (i.e. different strains) could contribute to differential 

phenotypes observed during nicotine self-administration paradigms. Thus, differences in 

genetic background may alter self-administration in preclinical animal models, which may 

be an important factor to consider when choosing a rat strain for models of tobacco use 

disorder (TUD).

Clinically, numerous differences in characteristics of substance use disorders (SUDs) have 

been reported between men and women. Most commonly, differences in patterns of use, 

progression of abuse patterns, and biological responses have been reported. Interestingly, 

adult men are more likely than women to be current illicit substance users, alcohol users and 

tobacco users, where men are 2–3 times more likely to abuse drugs or develop a dependence 

disorder compared to women (Perkins, 1999; Perkins et al., 2001). While sex differences in 

use patterns are less robust for cocaine and heroin use, nicotine use in humans has vastly 

different patterns of intake, reward sensitivity and continued drug use between sexes. For 

example, women smoke fewer cigarettes per day than men (Jensen, et al., 2016), yet women 

display heightened sensitivity to the rewarding effects of nicotine due to non-nicotine 

components, such as cues, compared to men (Perkins et al., 2001). Specifically, women 

are unable to distinguish between nicotine doses as readily as men (Perkins et al., 2002), and 

are more responsive to nicotine-associated cues (Doran, 2014), likely contributing to their 

perception of reward. Thus, the presence of cues alone are perceived as more rewarding in 

women than men. Additionally, women have been shown to have less sensitivity than males 

Leyrer-Jackson et al. Page 2

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to discriminative stimulus effects of nicotine (for review see Perkins et al. 1999). Taken 

together, these studies suggest sex differences in nicotine use, and thus, warrant additional 

research to fully characterize these differences and the impact they may have on nicotine 

addiction and treatment options.

Sex is now a mandated biological variable to consider in National Institutes of Health­

funded grants in the United States (Lee, 2019; Miller et al., 2017). Recent rodent studies 

indicate differential responding for nicotine as a function of sex (Chaudhri et al., 2005; 

Donny et al., 2000; Feltenstein et al., 2012; Flores et al., 2019; Pogun et al., 2017; Swalve et 

al., 2016), which underscores the importance of examining neurobehavioral consequences of 

nicotine use in both males and females. While sex differences have been primarily reported 

within Sprague-Dawley (SD) rats, available studies often report conflicting results. Within 

the current literature, some studies report that females have higher nicotine intake (Halder 

et al., 2013; Rezvani et al., 2008; Sanchez et al., 2014) and faster acquisition of nicotine 

self-administration than males (Donny et al., 2000), whereas others report that males acquire 

nicotine self-administration at a faster rate than females (Lynch, 2009). Further, others 

observed no difference between SD males and females (Feltenstein et al., 2012; Goenaga 

et al., 2019). In addition, one study using LE rats suggests no sex differences in nicotine 

self-administration during a short-access paradigm (Li et al., 2014). Together, these studies 

suggest that nicotine intake in females is higher than males at higher unit doses (specifically, 

0.06 mg/kg/infusion (Chaudhri et al., 2005; Flores et al., 2016) and 0.15 mg/kg/infusion 

(Chaudhri et al., 2005)), while lower dosages reveal no difference between sex (0.015 

mg/kg/infusion (Li et al., 2014); 0.02 mg/kg/infusion (Goenaga et al., 2019), 0.03 mg/kg/

infusion (Feltenstein et al., 2012; Flores et al., 2016; Li et al., 2014; Swalve et al., 2016), 

or 0.05 mg/kg/infusion (Feltenstein et al., 2012)) and thus, suggest dose-dependent sex 

differences in nicotine intake. For an extensive table highlighting findings from these studies 

and others, we direct the reader to the review by Pogun and colleagues (2017). Given the 

differential results of these studies, addressing sex differences in nicotine self-administration 

as a function of strain remains an important question and has translational importance.

To date, preclinical intravenous self-administration studies which model aspects of TUD 

have primarily used the outbred SD strain, and males have been predominantly used. With 

the recent focus on transgenic (Tg) animals to enhance understanding of the neurobiology 

of addiction (for example, use of recombinase-driver rat and mouse lines that allow for 

cell-type specific manipulations (Chen et al., 2018; Witten et al., 2011)), phenotypical 

differences in nicotine self-administration due genetic manipulation have been found 

(specifically in mice (Chen et al., 2018)). These are genetically restricted recombinase-driver 

rodent lines, which drive gene expression in certain cell types which are modified to 

express Cre recombinase (Witten et al., 2011). In rats, many commonly used Tg strains are 

generated using the LE background strain, which has been relatively underused for nicotine 

self-administration studies. In a literature search, we only found 3 studies using the LE 

strain in nicotine self-administration models (Li et al., 2014; Shoaib et al., 1997; Shram et 

al., 2008). Consequently, strain-specific phenotypic differences may be overlooked without 

proper comparisons. Thus, due to the lack of current research exploring sex and strain 

differences in nicotine intravenous self-administration and the recent surge in Tg animal 

lines, the current study aimed to address this gap and examine potential self-administration 
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differences between SD and LE strains. Additionally, the current study explored sex 

differences within and across the two strains as well as in the choline acetyltransferase 

(ChAT)::cre Tg rat line. Given that nicotine is an agonist at nicotinic acetylcholine receptors 

(nAChRs) and alters cholinergic signaling (Armitage et al., 1969; Mansvelder et al., 2003; 

Quirion et al., 1994), examining this particular rat strain in the context of nicotine self­

administration is important.

2. Materials and Methods

2.1 Subjects

Sixty to ninety day old adult SD male (n=25) and female (n=20) and LE male (N=28; 

10 wildtype and 18 ChAT::cre) and female (N=28; 7 wildtype and 21 ChAT::cre) rats 

were housed on a 12-hour reverse-light cycle and had ad libitum access to food and 

water prior to surgery and self-administration. All animals were kept in a humidity and 

temperature-controlled animal facility, and were handled daily. All procedures used were 

approved by the Institutional Animal Care and Use Committee (IACUC) of Arizona State 

University (Protocol number 18-1642R). Animals used in the study were obtained from 

Charles River (SD rats) or bred in house (LE rats). In-house bred LE rats were composed 

of either wild-type males and females or ChAT::cre positive males and females, where 

cholinergic interneurons (ChIs) expressed the cre-recombinase transgene. ChAT::cre positive 

males (Long Evans-Tg(ChAT-Cre5)5.1 Deis) used for breeding were purchased from RRRC 

(RRRC #658; Columbia, MO), and bred in-house with LE wild-type females purchased 

from Envigo (Indianapolis, IN). Wild-type animals from the in-house breeding colony were 

used for this study consistent with the guiding principles for ethical use of animals in 

research including reduction, replacement and refinement (the three “R”s). All rats used 

within the present study were re-purposed from other studies, which spanned the course 

of 15 months.. Of these animals, 39 of the 101 (56 LE and 45 SD) were positive for the 

cre-recombinase transgene. All other studies in which these animals were used explored 

post-nicotine self-administration behavioral endpoints and cellular modifications, such as 

reinstatement and electrophysiological measures. However, the self-administration phase 

was identical across all studies in which these animals were used, and thus, group treatments 

were considered identical for the data collected and reported here, unless otherwise specified 

(i.e., surgical procedures).

2.2 Genotyping

At post-natal day 10, tails of all Long-Evans rats used within the current study were clipped 

for genetic analysis. Subjects were genotyped with the following primers: 5’-AGA GTA 

CAC TGT GGG CAG GA-3’ (R658.F2 located within the promotor region of Chat; forward 

primer) and 5’-GCA AAC GGA CAG AAG CAT TT-3’ (Cre.R located in cre-recombinase 

reverse primer). All Long-Evans rats were confirmed transgenic or wild type using standard 

PCR-based genotyping.

2.3 Surgical Procedures

Rats were anesthetized using ketamine hydrochloride (80–100 mg/kg, i.m.) and xylazine 

(8 mg/kg, i.m.) and underwent surgical implantation of intravenous jugular catheters [made 
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from polyurethane tubing (BTPU-040; Instech, Plymouth Meeting, PA, USA)]. Catheters 

were inserted 2.5–3 cm into the right jugular vein and were threaded subcutaneously to the 

posterior side and connected to an indwelling back port [Vascular Access Button (Instech, 

Plymouth Meeting, PA, USA)], where 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 subcutaneously approximately 2 cm caudal from the shoulder blades. A subset 

of animals (SD Males and Tg LE male and females) underwent stereotaxic surgery, where 

NAcore guide cannulae were bilaterally inserted into the NAcore of the nucleus accumbens 

(+1.5 mm anterior/posterior (A/P), +2.0 mm medial/lateral (M/L), and −5.5 mm dorsal/

ventral (D/V), as derived from the rat stereotaxic atlas (Paxinos et al. 1985)). Comparisons 

with our previously published study (Powell et al., 2019) showed no differences in nicotine 

self-administration between animals with and without cannulae implantation, thus data 

are collapsed. Additionally, Tg LE ChAT::cre positive rats received Designer Receptors 

Exclusively Activated by Designer Drugs (DREADD) viral infusions of AAV5-hsyn­

DIO-mcherry (control; titer: 1.5×1013), AAV5-hsyn-DIO-HM4D(Gi)-mcherry (inhibitory; 

titer: 1.2×1013) or AAV5-hsyn-DIO-rM3D(Gs)-mcherry (excitatory; titer: 1.3×1013 vg/mL) 

directly into the NAcore at a volume of 0.5 μL, immediately following cannula implantation. 

Importantly, rats did not receive injections of clozapine-N-oxide (CNO) during nicotine 

self-administration or at any point during the present study. It is important to note that 

although animals were used from multiple different studies as described above, all animals 

received the same handling and self-administration procedures while collecting the data 

reported here. The experimental manipulations that differed between groups were conducted 

after self-administration phases were completed. Thus, aside from the surgical procedures 

outlined here, all animals within the current study were considered identical in regards 

to the self-administration paradigm described. Rats were given cefazolin (100 mg/kg, i.v.) 

and heparin (10 usp, i.v.) on the day of surgery and for 7 days during the post-surgical 

recovery period. Meloxicam (1 mg/kg, s.c.) was given on the day of surgery and 3 days 

during the post-surgical recovery period. Daily heparin was also administered throughout 

self-administration of nicotine to maintain patency (10 usp, i.v.).

2.4 Self-Administration Operant Chambers

Nicotine self-administration was conducted in 28 modular test chambers (13 ENV-008, 

15 ENV-007; Med Associates, St. Albans, VT). All chambers were enclosed in sound­

attenuating cubicles each equipped with ventilation fans. Each chamber was composed of 

two aluminum side walls and clear Plexiglas, which composed the front and back walls as 

well as the ceiling. The floors of all chambers consisted of thin metal bars positioned above 

a catch pan. Chambers were equipped with intelligence panels that include two stimulus 

lights, a food hopper, two levers and a house light. In each chamber, two levers were located 

4.3 cm from the chamber base. Separating the two levers was a flanked pellet receptacle, 

used for food-training. A jewel light was located above both levers and a house light was 

located on the opposite wall. The house light was only used for food-training purposes. One 

lever was designated as an “active” lever, which yielded one intravenous nicotine infusion or 

one food pellet and initiation of nicotine-paired cues (i.e. light+tone) when pressed, whereas 

the other was designated as “inactive”, and had no programmed consequence. A circular 

3-cm diameter hole is present at the top of each chamber to allow a drug delivery tether to 
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pass into the chamber. The drug delivery tether was connected to a syringe containing the 

nicotine solution, and attached to a single-channel liquid swivel that was mounted on the top 

of the chamber enclosure. Each chamber was outfitted with a single-speed automated drug 

infusion pump (PHM-100) for drug delivery. These chambers have also been described in 

our previous study (Overby et al., 2018).

2.5 Food Training Procedures

Following 6 days of post-operative care, rats were food restricted (20 g of chow/day for 

both male and female rats) a minimum of 2 hours before food training. Rats underwent 

overnight food training (15 hrs) in which one lever press (fixed-ratio-1, or FR-1, schedule 

of reinforcement) resulted in the delivery of one food pellet [Bio-Serv (Flemington, NJ), 

45 mg/pellet]. Concurrently, one food pellet was delivered every 20 minutes, regardless of 

response. Pellet administration was not paired with light or tone stimuli. Rats were required 

to achieve a 2:1 ratio of active to inactive lever presses throughout food training and were 

required to produce 200 active lever presses throughout the session. If criteria were not met, 

animals were re-food trained two days following the first food training session. Rats had a 

maximum of two food training sessions. The side of the chamber associated with the active 

lever was the same for all subjects (right side was active) and was constant throughout food 

training and self-administration.

2.6 Intravenous Nicotine Self-Administration

All rats were trained to self-administer nicotine (0.02 mg/kg/infusion). This dose was chosen 

because it is on the ascending limb and near the peak of the dose-response curve (Matta 

et al., 2007). One week after catheterization, rats were placed into a self-administration 

paradigm on an FR-1 schedule of reinforcement, where one lever press resulted in the 

delivery of one nicotine infusion. Nicotine was delivered across a 5.9-s infusion (0.1 

mL/infusion) after a lever press on the designated active (right) lever. An inactive lever 

was extended at all times and presses were recorded, but produced no programmed 

consequences. Simultaneous with infusion, lights located above both levers were illuminated 

and a tone (2900 Hz) was presented, followed by a 20-s timeout period. Active lever presses 

were recorded throughout the timeout period, but did not result in additional light/tone 

presentations or nicotine infusion (Gipson et al., 2013; Goenaga et al., 2019; Powell et al., 

2019). Sessions were 2 hrs in duration, with the first two sessions capped at 25 infusions to 

prevent high nicotine intake from potentially producing aversive effects. All animals were 

required to complete at least 10 sessions that met the following criteria: > 10 infusions and ≥ 

2:1 active/inactive lever press ratio, both of which needed to be met for 10 non-consecutive 

sessions.

2.7 Drugs

(−)Nicotine tartrate salt (MP Biomedicals, Solon, OH) was dissolved in 0.9% sterile 

saline and adjusted to pH 7.2–7.4 with 1 M NaOH. The final stock concentration was 

0.2 mg/mL free base, which was diluted to 0.02 mg/kg/mL based on body weight. 

DREADD Viral vectors AAV5-hsyn-DIO-mcherry (Catalog # 50459) and AAV5-hsyn-DIO­

HM4D(Gi)-mcherry (Catalog # 44362) were obtained from Addgene (Watertown, MA, 

USA). The AAV5-hsyn-DIO-rM3D(Gs)-mcherry plasmid (Catalog # 50458) was obtained 
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from Addgene and packaged using Penn Vector Core (Philadelphia, PA, USA). Heparin 

was purchased from Sagent Pharmaceuticals (Schaumburg, IL). Xylazine (100 mg/mL) was 

purchased from Biomeda (Cambridge, ON, Canada) and diluted to 8 mg/kg/mL with sterile 

saline prior to use. Ketamine was purchased from Dechra Veterinary Products (Overland 

Park, KS). Meloxicam and Cefazolin were both purchased through Henry Schein (Melville, 

NY) and diluted to 1 mg/kg and 100 mg/kg in sterile saline, respectively.

2.8 Data Analysis

Nicotine self-administration data were analyzed using the 10 sessions in which animals 

met criteria (non-consecutively), or pooled across all sessions (criteria-making sessions 

only). All data were analyzed using analyses of variance (ANOVAs) or linear regressions. 

The three-way repeated measures ANOVA used to explore differences in nicotine intake 

across criteria-making sessions considered sex and strain as between-subject factors and 

session as the repeated measure. Two-way ANOVAs used sex and strain as between-subject 

factors. Tukey post hoc tests (α=0.05) were used to determine differences between means as 

appropriate. Linear regression analyses were used to compare the relationship of infusions, 

active lever pressing or inactive lever pressing across self-administration sessions, and 

included session as a variable. The slopes of the lines across sessions were compared 

between groups. Statistical analyses were performed in GraphPad Prism 8.0, and p<0.05 

was considered statistically significant. Values presented are represented as mean ± standard 

error of the mean (SEM). Specific analyses used are presented within each figure legend.

3. Results

3.1 Nicotine Intake Differs across Sessions as a Function of Sex and Strain

All groups readily distinguished between active and inactive levers, with greater responding 

on the active lever (data not shown). Differences in nicotine intake across criteria-making 

sessions were examined using a 3-way mixed model ANOVA. Main effects of sex (F1,968 = 

7.5; p<0.05), strain (F1,968 = 26.5; p<0.05), and session (F9,968 = 8.4; p<0.05) were found as 

well as an interaction between sex and strain (F1,968 = 75.9; p<0.05) (Figure 1). However, no 

interaction between sex, strain and session was observed (p>0.05). Using a linear regression 

analysis, the slope of infusion curves across the 10 sessions that met criteria were compared 

between experimental groups to examine whether an increase in nicotine infusions across 

sessions was different across groups. Interestingly, SD males had a greater slope relative 

to LE males (linear regression; F1,525 = 6.87; p<0.01) and SD females (linear regression; 

F1,445 = 21.0; p<0.0001), indicating that SD males show a greater increase in nicotine 

intake across sessions relative to the compared groups (Figure 1). However, no differences 

in slope were observed between LE females and SD females (p>0.05) nor LE males and 

LE females (p>0.05). Further, when sex was collapsed across strain, no differences in slope 

were observed between SD and LE rats (main effect of strain; p>0.05).

3.2 Strain and Sex Influence Total Nicotine Infusions across Self-Administration Sessions

The total number of nicotine infusions earned across sessions in which criteria were met 

was analyzed for all animals. Thus, the total number of nicotine infusions is the sum of 

infusions across the 10 sessions which were highlighted in Figure 2A. Notably, the sessions 
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in which animals met criteria were not always consecutive. The average number of sessions 

to achieve 10 criteria-meeting sessions ranged between 11–13 (Figure 2A). A two-way 

between-subjects ANOVA revealed a main effect of strain (F1,97 = 5.5, p<0.05) but not 

sex (p>0.05). A significant interaction (sex × strain) was observed (F1,97 = 15.2; p<0.001). 

An interaction plot for the described data is shown in figure 2B. A multiple-comparisons 

analysis revealed that SD males (n=25) earned significantly more infusions of nicotine than 

SD females (n=20) (t97 = 3.4; p<0.05), indicating a strain-specific sex difference. The total 

number of infusions earned did not differ between SD males and LE males (p>0.05) or 

SD males and LE females (p>0.05). Further, LE females self-administered more nicotine 

than SD females, indicating a strain difference between female groups (t97 = 4.3; p<0.001), 

but did not differ from LE males (p>0.05). A two-way sex × type (Wildtype/Transgenic) 

ANOVA revealed no main effect of sex or type on total infusions earned, demonstrating 

that wild-type and transgenic rats do not differ in total infusions earned across the 10 

criteria-making sessions (p>0.05; data not shown).

3.3 Acquisition of Nicotine Self-Administration Did Not Differ as a Function of Sex or 
Strain

Acquisition of nicotine self-administration was defined as the total number of days to 

reach 10 criteria-meeting sessions. Acquisition data were examined using a two-way sex by 

strain ANOVA. No effect of sex, strain or interaction between sex and strain was observed 

(p>0.05). A multiple comparisons analysis revealed no statistical difference in sessions to 

reach criteria between SD males, SD females, LE males or LE females (p>0.05; Figure 3A). 

Further, a two-way sex × type (Wildtype/Transgenic) ANOVA revealed no main effects of 

sex or type on sessions to reach criteria, demonstrating that wild-type and transgenic rats 

do not differ in the number of sessions needed to meet 10 criteria-making sessions (p>0.05; 

data not shown). The percentage of animals reaching criteria within 10, 11–12, 13–14, and 

>15 days is illustrated in Figure 3B.

4. Discussion

In the present study, differences in nicotine self-administration as a function of sex in 

commonly utilized outbred strains as well as differences in nicotine intake between wildtype 

and a cre-recombinase-driver Tg rat line (ChAT::cre) generated on a LE background were 

explored. The results show that SD males earn significantly more nicotine infusions than 

SD females, contrary to previously published results (Goenaga et al., 2019). Potential 

reasons for these discordant findings are presented in the following paragraph. Further, 

LE females take significantly more total nicotine infusions than SD females. Compared to 

SD females and LE males, SD males increase the number of infusions across sessions at 

a faster rate, indicating that SD males have more rapid acquisition of self-administration 

than the other groups. Although intake differed, the number of sessions to reach criteria 

was not significantly different between sex or strain, indicating that males and females 

from both strains acquire nicotine self-administration at similar rates. Finally, the current 

results show that wild-type and ChAT::cre rats generated from a LE background show 

no differences in total infusions, sessions to reach criteria, or number of infusions across 

session for either sex. This study is the first to highlight strain and sex differences in nicotine 
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self-administration between SD and LE rats. Further, this is the first study to our knowledge 

that examines potential self-administration differences between wild-type and ChAT::cre LE 

rats infused with DREADD viral vectors within the nucleus accumbens core, which is a key 

region involved in nicotine addiction processes (Gipson et al., 2013; Mansvelder et al., 2003; 

Mansvelder et al., 2009).

4.1 Clinical Finding of Sex Differences in Drug Consumption

As discussed above, sex differences in nicotine intake, subjective rewarding sensitivity and 

stimuli sensitivity have been reported. Interestingly, men begin using nicotine earlier and 

self-report greater nicotine use than women (SAMHSA, 2017). However, women escalate 

use and achieve criteria for TUD faster than men (DiFranza et al., 2002). Interestingly, 

women self-report heightened levels of reward following smoking compared to men at 

the same dosage, suggesting enhanced nicotine sensitivity (Perkins et al., 2001). Men also 

perceive differences in nicotine doses when administered intravenously and women do 

not, suggesting baseline differences in subjective rewarding sensitivity. Specifically, low 

doses of intravenous nicotine are preferentially chosen by men over high doses of nicotine, 

whereas women display no choice preference (Jensen et al., 2016). Further, women exhibit 

a greater difficulty quitting smoking and show greater negative affect and more cue-induced 

craving than men during nicotine withdrawal (Doran, 2014; Xu et al., 2008). While women 

smokers show to have less sensitivity to discriminative stimulus cues for nicotine than 

men (see Perkins et al. 1999 for review), it is hypothesized that differences in nicotine 

sensitivity and menstrual cycle effects are thought to contribute to sex differences in nicotine 

acquisition and cessation success. In the current study, we have shown that male SD rats 

self-administer more nicotine than SD female rats, which may reflect clinical findings 

that men self-administer more nicotine due to lower sensitivity than women. Given this 

possibility, future studies could utilize this strain when modeling aspects of nicotine use 

with the goal of achieving sex-specificity. However, additional studies would be necessary to 

properly address this question. Below we have included limitations of the current study that 

could be used to explore this difference further. However, the results reported here provide a 

baseline for the field to further determine if specific strains may enhance translational value 

when examining sex differences in nicotine intake.

4.2 Sex Differences within Strain

Current literature regarding SD rats has yielded opposing results regarding sex differences in 

nicotine self-administration. For example, on an FR-1 schedule of reinforcement and short­

access paradigm (2 hr), similar to the paradigm used here, Donny and colleagues report that 

adult females acquire nicotine self-administration faster than male counterparts at a 0.02 

mg/kg/infusion dose (Donny et al., 2000). Additionally, adult female rats self-administer 

more nicotine than male counterparts in a short-access (1 hr) paradigm, under a FR-1 

schedule of reinforcement with a 0.03 mg/kg/infusion dose (Rezvani et al., 2008). Others, 

however, report that a greater percentage of SD males acquire nicotine self-administration 

within the first 2 sessions than females during 1 hr sessions at 0.01 mg/kg/infusion. Further, 

others report a lack of sex differences in self-administration at varying session lengths 

with 0.015 mg/kg/infusion (Li et al., 2014); 0.02 mg/kg/infusion (Goenaga et al., 2019), 

0.03 mg/kg/infusion (Feltenstein et al., 2012; Flores et al., 2016; Li et al., 2014; Swalve 
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et al., 2016), and 0.05 mg/kg/infusion nicotine (Feltenstein et al., 2012). Although it is 

unclear why the current study did not replicate our previously published findings which 

showed a lack of sex difference in nicotine self-administration of SD males and females 

(Goenaga et al., 2019) using the same parameters (e.g., session length and dose), it is 

possible that differences in criteria between the two studies account for this difference. 

Specifically, the current study utilized a 10-session minimum with ≥ 10 infusions and a ≥ 2:1 

active:inactive lever press ratio, whereas Goenaga et al. only utilized the infusion criterion. 

In the current study, 25% of all females (16/64) did not make criteria and were thus removed 

from analysis, whereas only 7% (1/15) were removed in our prior study for not meeting 

criteria. Thus, the stricter criteria used in the current study may lead to inclusion of only 

higher nicotine responders, which may represent a subpopulation in which sex differences in 

nicotine self-administration emerge.

To our knowledge, the only study to explore sex differences within LE rats was 

conducted by Li and colleagues (Li et al., 2014), where no sex differences in nicotine 

self-administration characteristics were reported using 0.0075 mg/kg/infusion, 0.015 mg/kg/

infusion or 0.03 mg/kg/infusion unit doses. However, we ascertain that moderate doses of 

nicotine, as used in the current study, produce differential effects that may be reliant on 

session duration and are likely strain specific. Given that only one other study has explored 

nicotine self-administration in LE rats, it is difficult to make any definitive conclusions in 

the context of these varying methods. Thus, additional research examining differences in sex 

and strain across dose and session duration for both strains is warranted.

4.3 Strain Differences in Nicotine Self-Administration

Regarding nicotine self-administration, many studies have identified strain differences 

between Lewis, Wistar and Fischer strains. However, the current study is the first to 

address differences between SD and LE strains. Results of the current study indicate that 

female LE rats have higher overall nicotine intake across the 10 sessions that met criteria 

compared to female SD rats, indicative of a possible genotype-driven difference in nicotine 

reinforcement. Here we also report that SD males have enhanced nicotine intake across 

10 sessions compared to LE male counterparts. Interestingly, strain differences were only 

observed when separated by sex. When data were collapsed across sex, SD and LE strains 

show no significant difference between total infusions over 10 criteria-making sessions, 

number of days to meet criteria, or number of infusions across sessions. Thus, in order to 

fully characterize strain differences, future studies must include sex as an influencing factor.

4.4 Nicotine Self-Administration in Tg Animal Lines

As stated above, ChAT::cre mouse lines have been shown to have altered baseline nicotine 

self-administration characteristics (Chen et al., 2018). Specifically, Chen and colleagues 

examined differences in nicotine self-administration between two Tg ChAT::cre mouse lines 

depicted as ChAT(BAC)-cre-Tg, generated using the bacterial artificial chromosome method, 

and ChAT(IRES)-cre-Tg, generated using the internal ribosome entry site (IRES) method. 

All controls were littermate wild-type (WT) mice, generated within each respective mouse 

line (i.e. ChAT(BAC)-cre-WT and ChAT(IRES)-cre-WT). Compared to ChAT(BAC)-cre-WT, 

ChAT(BAC)-cre-Tg male mice displayed attenuated responding for nicotine across sessions 
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at the 0.03 mg/kg/infusion dose. Further, ChAT(BAC)-cre-WT readily distinguished between 

active and inactive lever pressing whereas their Tg littermates did not, overall indicating an 

altered baseline in nicotine self-administration of Tg mice. However, ChAT(IRES)-cre-WT 

and ChAT(IRES)-cre-Tg mice displayed stable preference for the active (nicotine-infusion 

associated) lever, where active lever responding increased across acquisition and no 

differences between the two groups were reported differences. Additionally, Chen and 

colleagues report ChAT(BAC)-cre-WT mice exhibited a dose-response curve similar to their 

WT C57BL/6J counterparts (compared from previous data in (Fowler & Kenny, 2011)), 

whereas ChAT(BAC)-cre-Tg exhibited a flattened and lowered dose-response curve relative 

to both groups. These results suggest a genotypic difference in nicotine self-administration 

of ChAT(BAC)-cre-Tg mice. ChAT(IRES)-cre-WT and Tg mice, however, display similar 

dose-response curves and thus, no difference in nicotine self-administration baseline 

characteristics all together.

Interestingly, ChAT(BAC)-cre-Tg mice showed enhanced vesicular acetylcholine transporter 

VAChT and ChAT expression compared to ChAT(BAC)-cre-WT mice, suggesting an 

enhancement in cholinergic tone within these animals, which can lead to nicotine aversion 

and/or decreased nicotine reinforcement (Chen et al., 2018). Because the LE ChAT::cre 

strain used in the current study was also generated using the same BAC method, we 

aimed to address whether rats in the present study showed differences in baseline nicotine 

self-administration. Unlike Chen and colleagues, we did not observe significant differences 

between LE WT and ChAT::cre animals in any measure. While we did not address whether 

the LE ChAT::cre strain used in the current study had altered VAChT or ChAT, our results 

support that they are not altered in the Tg animals. Further, the ChAT(BAC)-cre-Tg mouse 

line used by Chen et al. has a known transgene insertion point within chromosome 17, 

whereas the LE ChAT::cre rat strain has six separate transgene copies at the insertion site, 

making it difficult to decipher where the transgene gets inserted. Thus, it is difficult to 

make inferences between the two species, and difficult to determine whether alterations 

in protein levels occurred due to strain generation alone. Due to the lack of differences 

between LE WT and ChAT::cre nicotine self-administration observed in the current study, 

we hypothesize that cholinergic protein expression within this Tg line is unaltered; however, 

additional experiments are necessary to address this question.

4.5 Limitations of the Current Study

Limitations of the current study include use of a short-access session lasting 2h in duration 

and use of a low effort schedule of reinforcement (FR-1). While use of short-access is 

common for nicotine self-administration studies (Chaudhri et al., 2005; Donny et al., 2000; 

Feltenstein et al., 2012; Levin et al., 2011; Powell et al., 2019), future studies would benefit 

from exploring long-access nicotine self-administration paradigms. Interestingly, escalation 

has not been observed by our lab with 6h access (unpublished data) or in other labs using 

extended 21h access to nicotine without an intermittent access schedule (Cohen et al., 

2012). However, these studies were conducted using male SD and Wistar rats, respectively. 

Thus, it remains unknown whether escalation of nicotine intake occurs in other strains 

such as Long Evans, and whether sex differences in escalation would be detected. Of 

note, it is unclear if escalation in the long access rodent paradigm reflects the human 
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experience of dysregulation. One study showed that escalation may be regulated acquisition 

of self-administration, as it can come under stimulus control and occurs in short access (60 

min) sessions when animals are initially trained on 10 min sessions of cocaine (Beckmann 

et al., 2012). As noted above, nicotine escalation models require an intermittent access 

schedule, with animals receiving interpolated withdrawal days. As NIDA has recently issued 

a request for information (RFI) on the utility of established preclinical models of substance 

use disorders, it is important to consider if these models reflect the human experience (see 

NOT-DA-19-036).

The current study also used a FR-1 schedule of reinforcement, which also poses a potential 

limitation as it is low effort and as such, reflects a low unit price. While many studies 

utilize this schedule, intermittent schedules of reinforcement have shown that females have 

higher baseline nicotine intake with an FR-3 (Grebenstein et al., 2013), higher responding 

with an FR-5 (Chaudhri et al., 2005) and greater nicotine intake with an FR-10 (Wang et 

al., 2014) than males. Thus, future studies exploring sex- and strain-dependent effects on 

nicotine self-administration on intermittent schedules of reinforcement would enhance the 

field’s understanding of nicotine self-administration. Additionally, assessing the essential 

value of nicotine via a threshold procedure in which unit price for nicotine is increased 

may prove beneficial for fully exploring and understanding the impact of sex and strain on 

nicotine intake. Using behavioral economic demand curves to measure nicotine value allows 

for more accurate measurement of the value of nicotine, and is generalizable across many 

species including rats and humans (Hofford, et al., 2016; Koffarnus et al., 2015; Powell 

et al., 2019; Yates et al., 2019). Evaluating the impact of sex and strain on nicotine value 

may further reveal which animal model more accurately reflects the human experience. The 

use of a variability/stability criterion should also be considered in future studies. While 

the current study required that animals meet criteria of both a 2:1 active to inactive lever 

pressing and achieve greater than 10 infusions per session, a variability criterion was not 

utilized here (e.g., responding within a certain percentage of variability over a specified 

number of sessions). Thus, future studies using variability criteria are warranted.

Ovarian hormones and estrous cycle were not examined throughout the current study. 

However, changes in estrogen and circulating ovarian hormones have been shown to 

contribute to sensitivity in the reinforcing effects of nicotine (Lynch, 2009). Studies on 

nicotine self-administration have reported a lack of estrous cycle-effects but this may be 

strain-dependent. For example, we and others have shown a lack in estrous cycle-dependent 

effects on nicotine self-administration (Donny et al., 2000; Goenaga et al., 2019) using SD 

females. Thus, future studies would benefit from exploring both hormone and estrous cycle 

dependent effects across strains in relevance to nicotine self-administration.

Lastly, nicotine is known to alter locomotor activity. Specifically, single high doses of 

nicotine have been shown to decrease locomotor behavior, and repeated subcutaneous 

nicotine administration induces tolerance to its depressive locomotor effects and sensitizes 

rats to its stimulatory effects (Belluzzi et al., 2004; Domino, 2001). While alterations in 

nicotine-induced locomotor activity can lend insight into the perceived stimulatory effects 

of nicotine, most nicotine-induced locomotor studies have been conducted in SD rats. Thus, 

there may be potential strain differences in nicotine-induced locomotor activity across strain. 
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To fully address strain and sex differences in regard to nicotine self-administration and 

its stimulatory effects, future studies would also benefit from exploring potential strain 

differences in nicotine-induced locomotor activity.

5. Conclusion

The results of the current study provide insight into genotypic and sex differences 

underlying preclinical modeling of TUD. Our results provide evidence that sex and strain 

can influence nicotine self-administration, and when unaccounted for, can lead to inaccurate 

conclusions regarding strain and sex influences on nicotine self-administration. While 

sex is now a mandated biological variable to consider in National Institutes of Health­

funded grants, these results further validate the importance of examining neurobehavioral 

consequences of nicotine use in both male and female animal models (Mennenga & 

Bimonte-Nelson, 2014). Additionally, while we have previously reported that estrous cycle 

phase does not affect nicotine self-administration (Goenaga et al., 2019), these findings 

were characterized in SD females and thus, should be addressed in LE females where strain 

differences may be present. Given the differences in nicotine self-administration between 

female SD and LE strains, cautionary measures should be taken when choosing a strain 

to model aspects of nicotine addiction. Lastly, while we report no differences in WT and 

Tg ChAT::cre rats, further validation that genetic modifications do not alter behavioral 

phenomena should be established.
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Public Significance Statement:

It is important for preclinical animal models of nicotine addiction to approximate patterns 

of nicotine use in humans, taking sex into account. Further, choice of strain may directly 

influence behavioral outcomes in preclinical nicotine models, thus it is important to 

characterize strain differences in nicotine intake. This study highlights sex and strain 

differences that provide beneficial insight into acquisition of nicotine self-administration 

behavior in preclinical models.
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Figure 1: Differences in Infusions across Sessions is Sex and Strain Specific.
A 3-way mixed model ANOVA revealed a main effect of sex, strain and interaction. 

Significant effects were observed between SD males (red) and LE males (green) as well as 

between SD females (black) and LE females (blue). These effects are indicated by asterisks 

within the graph legend. Fitted linear regressions are shown for each group within the graph 

and respective line equations and R2 values are shown. **p<0.01; ***p<0.001. Error bars 

indicate ± SEM.
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Figure 2: Sex and Strain Differences in Total Number of Nicotine Infusions.
(A) Mean total number of infusions earned across the 10 sessions in which rats met criteria 

for SD males, SD females, LE males and LE females. (B) An interaction plot, where the 

lines depict strain and sex is located on the x-axis, is displayed. *p<0.05; ***p<0.001. 

Numbers within bars of panel A represent number of animals. Error bars indicate ± SEM.
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Figure 3: Sessions to Reach Criteria is Unaffected by Sex or Strain.
(A) Mean total number of sessions needed to achieve 10 sessions of criteria is shown 

for SD males, SD females, LE males and LE females. Numbers within bars represent 

number of animals. Error bars indicate ± SEM. (B) A breakdown of the percentage of 

animals meeting 10 criteria-making sessions within specified bins are shown. Numbers 

within columns represent the number of animals in each bin.
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