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Abstract

Background: Enhancement in cognitive impulsivity and the resulting alterations in decision 

making serve as a contributing factor for the development and maintenance of substance use 

disorders. Nicotine-induced increases in impulsivity has been previously reported in male humans 

and rodents. Although the potential for sex differences in nicotine-induced impulsivity has not 

been examined.

Aims and Methods: In the present study, male and female Sprague Dawley rats were submitted 

to a delay discounting task, in which several consecutive measures of self-control were taken. 

Firstly, rats were tested with vehicle, and next with nicotine doses of 0.4 and 0.8 mg/kg. 

Thereafter, chronic treatment with bupropion started, and the animals were tested again. Half the 

animals continued to receive 0.8 mg/kg of nicotine, while the rest received nicotine and also a 

daily dose of 30 mg/kg of bupropion.

Results: When the animals were first tested with nicotine, female rats showed a significant 

nicotine dose dependent increase of impulsive behavior, whereas male rats only showed a decrease 

on their elections of the larger but delayed reward under the highest dose of 0.8 mg/kg of nicotine. 

Treatment with bupropion blocked the effect of nicotine on decision making in female rats, as they 

showed results close to their baseline levels. On the other hand, bupropion did not affect the 

nicotine-induced delay discounting in male rats.

Conclusion: These findings demonstrate sexually dimorphic effects of nicotine on cognitive 

impulsivity which may help to shed light nicotine use vulnerabilities observed in women.
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Introduction

Impulsivity can be described as a characteristic of normal personality, but when levels of 

impulsiveness prove extreme, they are associated with psychiatric disorders such as 

attention-deficit hyperactivity disorder (ADHD), mania, substance abuse and other 
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personality disorders (Dickman 1990; Ibias and Pellón 2011; Moeller et al. 2001). 

Impulsivity results in a wide spectrum of behavioral responses such as deficits in inhibitory 

control, intolerance to delay for reward, precipitated decisions, and short attention span 

(Evenden 1999). Thus, impulsivity can be divided in two types: “motor impulsivity”, 

consisting of a behavioral excess, and “cognitive impulsivity”, which entails precipitated 

decision making that tends to lead to undesired consequences for the individual (Brunner 

and Hen, 1997). The delay discounting task (Mazur, 1987) consist of choosing between a 

small immediate reward and a delayed reward of greater magnitude. This task provides 

direct measures of cognitive impulsivity since each choice is marked by a single response 

(Winstanley et al., 2006). Increases in delay discounting occur when choices giving access to 

the larger but delayed reward decrease as the delay to obtain it is becoming increasingly 

longer. Thus, increases in delay discounting may be operationalized as impulsive behavior, 

and are expected in the acquisition and maintenance of addictive behaviors (Bickel et al., 

2007; Mach, 2003; Rachlin, 1997)

Use of tobacco products containing nicotine leads to nicotine addiction which results in 

notable health and economic costs (Britton, 2017; Dai and Hao, 2018; Peto et al., 1996; 

Warner and Mendez, 2010). Impulsivity has been shown to be a contributing factor to drug 

abuse (De Witt, 2009; Moeller and Dougherty 2002; Perry and Carroll, 2008); and 

importantly for the present study, drug use has been shown to enhance impulsivity 

(MacKillop et al., 2011). Studies in humans and animals demonstrate that nicotine use 

increases impulsivity. For example, smokers tend to show higher levels of impulsivity 

compared to non- and ex-smokers when discounting targets are stimulus linked with tobacco 

consumption, but they don’t act more impulsive before other stimulus like monetary rewards 

(Baker et al., 2003; Bickel et al., 1999; Mitchell, 1999). Rodent studies have shown that 

nicotine administration can increase delay discounting in a dose dependent manner in Long 

Evans, Lewis, and Lister hooded male rats, but a slight decrease in Fisher male rats have also 

been found (Anderson and Diller, 2010; Dallery and Locey, 2005; Kelsey and Niraula, 2013; 

Kolokotroni et al., 2011). In addition to the effects of nicotine on impulsivity, sexually 

dimorphic effects of smoking and nicotine has been reported in humans and rodents. Women 

have more difficulty with smoking cessation and are less likely to quit smoking (Fortman 

and Killen 1994; Perkins et al., 1999; Rahmanian et al., 2011). Women also show lower rates 

of cessation when receiving nicotine replacement (Killen et al. 1990), but treatments with 

drugs like clonidine or bupropion appear to be more effective in women than in men 

(Glasman et al. 1988; Jamerson et al. 2001; Smith et al. 2003). In rats, females exhibit a 

greater motivation to lever press for nicotine and at lower doses than males (Chaudhri et al., 

2005; Donny et al., 2000; Flores et al., 2016; Lanza et al, 2004; Rezvani et al., 2008). 

Female rats also tolerate higher doses of nicotine before experiencing negative aversive 

effects (Torres et al., 2009).

Bupropion is a dopamine and norepinephrine reuptake inhibitor and a nicotinic receptor 

antagonist (Carroll et al., 2014; Slemmer et al. 2000), which is used as a treatment option for 

smoking cessation and depression (Hurt et al. 1997). In humans, bupropion decreases 

nicotine withdrawal symptoms, craving and reactivity to nicotine associated stimuli (Brody 

et al. 2004; Jorenby et al. 1999; Shiffman et al. 2000). In addition, bupropion does not affect 

delay discounting when given alone (Acheson and Wit, 2008), except in patients with 
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depressive symptoms and ADHD (Barrickman et al., 1995; Wilens et al., 2005). Research 

with animals has shown that bupropion reverses the affective and somatic aspects of nicotine 

withdrawal via the enhancement of brain reward function (Cryan et al. 2003).

The current study aims to determine whether sex differences exist in delay discounting to 

nicotine and whether bupropion could block nicotine delay discounting in male and female 

rats. When considering the contribution of impulsivity to nicotine use, sexually dimorphic 

effects of nicotine, and effects of bupropion on nicotine cessation, we hypothesize that 

nicotine will increase delay discounting, with female rats potentially having a more robust 

discounting than their male counterparts. Furthermore, if the effects of bupropion are in line 

with human results, then we predict that bupropion will reduce delay discounting for 

nicotine in rats.

Methods

Subjects

Fifteen-week-old male and female Sprague Dawley rats that were bred in-house from 

Envigo stock (Envigo, Indianapolis, IN, USA) were used. Rats were housed in groups of 2–3 

per cage in an environmentally controlled room with a 12-hour light-dark cycle (light on at 

06:00), an ambient temperature of 20–22°C, and 65% relative humidity. At the start of the 

procedure, the mean weight of male rats was 393±9 g, and the mean weight of female rats 

was 233±3 g. Weights were reduced in proportion to standard growth curves for Sprague 

Dawley rats to 85±2.5% of free-feeding weight using a controlled diet that was maintained 

throughout the study. Each rat was weighed daily before the experimental session, and a 

minimum of 20 minutes after the experimental session each animal received the appropriate 

food supplement to maintain its weight within the criterion-based range. Water was freely 

available to all animals in their home cages, and food supplements were daily calculated for 

every animal depending on their body weight and an estimation of the food pellets amount 

provided in each procedure. The entire study was performed on consecutive days. All animal 

care procedures were approved by the Institutional Animal Care and Use Committee at 

Western University of Health Sciences.

Apparatus

Sixteen Med Associates ENV-007 modular conditioning chambers measuring 31.8 × 25.4 × 

34.3 cm enclosed in soundproofed housing were used. Each chamber had two retractable 

levers available, situated on the front panel and at either side of the food tray. Lever presses 

required a force of approximately 0.5 N to be activated. Data were recorded using a MED-

PC software under a Windows environment, and 45 mg food pellets were dispensed (F0021, 

Bio-Serv, Frenchtown, NJ, USA) in an aperture in the chamber’s front wall, situated 

between the two levers. The chambers were lit by three 3W lamps, one situated above each 

lever and another situated on the top of the back wall as a chamber light. Exterior sound was 

masked by a fan that produced an ambient noise of approximately 60 dB in each chamber.
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Drugs

The nicotinic acetylcholine receptor agonist, nicotine hydrogen tartrate salt was purchased 

from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in saline (pH 7.4). Nicotine dose is 

expressed as free base in this study. Bupropion hydrochloride was purchased from Spectrum 

Chemical (New Brunswick, NJ, USA), and was dissolved in saline.

Acquisition of lever-pressing behavior (Autoshaping & training)

Four consecutive autoshaping sessions were conducted once the animals’ weight had been 

reduced to criterion. A food pellet was delivered after pressing the available lever under a 

continuous fixed ratio 1 (FR1) reinforcement schedule. If the animal passed through to the 

schedule and completed it, the same procedure on the opposite lever was conducted. All rats 

completed the schedule on both levers (40 pellets on each lever) by the 4th day of 

autoshaping sessions. Training began the day after the completion of autoshaping and 

consisted of daily sessions of 50 trials. Each trial commenced with the activation of one of 

the levers (right or left) and the light over that lever, which was turned on. Upon pressing the 

lever, the lever was retracted, a food pellet was dispensed and all lights in the experimental 

chamber switched off during an inter trial interval (ITI) of 30 s, until the start of the next 

trial, which might be on the same or on the opposite lever. The trial was computed as an 

omission if the animal took more than 10 seconds to respond following the presentation of a 

trial, in which case a new 30 s ITI ensued. This training procedure lasted for 4 consecutive 

sessions.

Delay discounting

The delay discounting procedure was adapted from those used by Winstanley et al. (2004); 

Fox et al. (2008); and Íbias and Pellón (2014). Each session consisted of 40 trials (24 free-

choice and 16 forced-choice trials). Forced trials consisted of one of the levers available and 

the light above that level, as well as the chamber light, being switched on. The forced trials 

on lever A led to a reward of 4 food pellets (one every 0.5 seconds) for the first lever press 

after a given delay. The forced trials on lever B led to a single food pellet delivered 

immediately after the response. The free-choice trials consisted of both levers A and B 

available, and the lights above the levers as well as the chamber light being switched on, 

thereby permitting the animal to choose between the levers. After pressing either lever, and 

after the food delivery, the lights were switched off. Each trial was separated from the next 

by an ITI of 45 s during which the chamber light remained switched off. The position of 

levers A and B was balanced between the chambers, by assigning A as the right lever and B 

as the left lever in half the chambers, and reversing the order in the other half. During all 

forced- and free-choice sessions, food reward was dispensed using a FR1 schedule. Each 

session was divided into 4 blocks of 10 trials each. Each block commenced with 4 forced-

choice trials (randomly 2 on each lever) and continued with 6 free-choice trials. If the animal 

took more than 10 seconds to respond after the respective lever light had turned on, the 

current trial was counted as an omission, the lever was retracted, the lights of the 

experimental chamber were switched off and the following trial began after the ITI. The rate 

of reinforcement was always higher for the delayed option regardless of the increase of the 

delay (Smethells and Reilly, 2015).
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In the first phase of the study, 10 sessions were conducted without any delay (0 s), with the 

larger reward immediately following the response on lever A. Once all the animals had 

achieved a lever A preference criterion of 80% or more during the free-choice trials, a 

baseline estimate of impulsivity was made. Thereafter, twelve consecutive sessions (4 blocks 

of 3 sessions) were held, in which the value of the delay for lever A was doubled with delay 

values of 6, 12, 24 and 48 seconds needed to obtain the larger reward. Next, the preference 

for lever A was reset by means of 5 new sessions without any delay (0 s), in order to return 

the animals to an almost exclusive preference criterion for this lever. Overall, the sessions 

lasted between 27min (for delay 0) to 42min (for delay 48). In order to examine the effects 

of nicotine on impulsive choice, nicotine (0.4 mg/kg, sc) was administered, immediately 

prior to each experimental session, at approximately 11:00am. Animals were exposed to 

twelve consecutive sessions of delays (6–48sec), followed by five sessions of delay 0 under 

the effect of nicotine to reset lever preference to criterion. This procedure was repeated once 

again with the exception that rats were injected with 0.8 mg/kg of nicotine. Nicotine doses 

of 0.4 and 0.8 mg/kg were chosen based on their ability to produce rewarding/reinforcing 

effects in rats and also approximates to levels of nicotine intake in humans (LeSage et al., 

2003; for a review see O’Dell & Khroyan, 2009).

In the second phase of the study, male and female rats were divided in four groups of 8 rats, 

half of the animals continued with the same treatment, a daily dose of 0.8 mg/kg of nicotine 

just before the experimental session, at approximately 11:00am. The other half received 0.8 

mg/kg nicotine and a supplementary treatment consisting of a daily dose of 30 mg/kg of 

bupropion, administered by means of two daily doses of 15 mg/kg at 9:00am and 5:00pm. 

Similar to the first phase, 5 new sessions without any delay (0 s), and again 4 blocks of 3 

sessions with delays of 6, 12, 24 and 48 seconds were performed. The bupropion dose was 

selected according to previous findings showing its effects in reducing nicotine self-

administration and withdrawal (Bruijnzeel and Markou, 2003; Cryan et al., 2003; Hall et al., 

2015). The bupropion administration regimen was selected to reflect the method given in 

human smokers that undergo nicotine cessation therapy (DynaMed, 2020).

In each session, the proportion of choice of levers A and B, number of omissions, latency of 

each lever press depending on different type of trial, and the head entries made during the 

delay and during the ITIs were recorded. The delay discounting procedure lasted for 78 

consecutive sessions, and data from the last session of each delay condition were taken into 

analysis. Task parameters, delays and number of sessions, were chosen in order to minimize 

possible effects of satiation due to food deliveries and estimating a time window within 20 

and 40 minutes for nicotine effect. All rats showed a successful performance throughout the 

entire study, as the omissions happened sporadically, and their number was always below 1 

on average. Table 1 shows the experimental design.

Statistical analysis

All measures involved in delay discounting in the first phase of the study (before bupropion 

treatment) were analysed using ANOVA tests with a between subjects Sex factor (male and 

female rats), and two repeated measure factors Dose (Vehicle, 0.4, and 0.8mg/kg of nicotine) 

and Delay (0-, 6-, 12-, 24-, and 48-s). In the second phase of the study, analysis of bupropion 
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data was carried out using ANOVA analysis with the between subjects Sex factor, and 

Treatment factor (nicotine 0.8 mg/kg, or nicotine 0.8 mg/kg+ bupropion 30 mg/kg), and the 

repeated measure Delay factor. Data obtained from delay discounting were fitted using the 

following formula (Mazur, 1987): Y = A/1+KD, where Y is the mean proportion of choices 

of the delayed reward of greater magnitude, A is a free parameter for designing the 

beginning of the curve (asymptote), K is a parameter that reflects the slope of the discount 

function, and D corresponds to the delay used. As the value of the estimate of K increases, 

the curve becomes more pronounced, so that higher K estimates reflect greater impulsivity. 

Mean K estimations for each group and nicotine dose were compared using ANOVA with 

the between subjects Sex factor, and the repeated measure Delay factor. Post-hoc 

comparisons, when needed, were made using pairwise comparisons with a Bonferroni 

correction. Minimum significance was set at 0.05. The statistical analyses were performed 

using the SPSS 24.0 software package.

Results

Figure 1 shows the effects of nicotine and delays on the mean (±SEM) proportion of choices 

on the delayed lever made by male (Fig. 1A), and female rats (Fig. 1B). The analysis 

revealed a Sex × Dose × Delay interaction effect [F(8,240)= 2.41, p< 0.03]. Vehicle treated 

male and female rats decreased their proportion of delayed choices as the delay increased. 

The choices on the delayed lever decreased to approximately 60% of the possible delayed 

rewards at the longest delay of 48 s.

Nicotine 0.4 mg/kg treatment in male rats produced a similar decrease in the proportion of 

delayed choices as observed upon vehicle treatment. However in female rats, nicotine 0.4 

mg/kg produced a decrease in the proportion of delayed choices that differed from vehicle 

treatment at the 6, 12 and 24 s delay sessions, and ultimately, at the 48 s delay, the choice on 

the delayed lever fell to 40%. A Further decrease in proportion of delayed choices was 

detected when rats were treated with nicotine 0.8 mg/kg. Nicotine 0.8 mg/kg treatment in 

male rats produced a gradual decrease in the proportion of delayed choices that differed 

from vehicle treatment at the 6, 12 and 24 s delay sessions, and at 48 s delay, the choice for 

the delayed lever was decreased to 40% of the possible delayed rewards. In female rats, 

nicotine 0.8 mg/kg produced a robust decrease in the proportion of delayed choices with all 

delay sessions (6–48 s) that were reduced as compared to vehicle treatment. At 0 s, there 

was a non-significant small reduction in the choice for the delay lever which is likely due to 

a slight shift in baseline, rather than anorexic effects of nicotine, as rats ate all food pellets, 

or an increase in omissions. At the 48 s delay session, the choice for the delay lever was 

attenuated to 15% of the possible delayed rewards. Sex differences were detected in both 

nicotine doses tested. Female rats treated with 0.4 mg/kg of nicotine had lower proportion of 

delayed choices at the 6 and 24 s delays compared to similarly treated male rats. Likewise, 

female rats treated with 0.8 mg/kg of nicotine had lower proportion of delayed choices 

during all delay periods as compared to their male counterparts.

Figure 2 shows the effects of nicotine and delays on mean (±SEM) latency made by male, 

and female rats during the immediate (Figures 2A, and 2B), and delayed (Figures 2C, and 

2D) free choice trials. The analysis showed longer latencies for female rats when they were 
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injected with nicotine, as revealed by a Sex x Dose interaction effect [F(2,60)= 9.36, p< 

0.01]. In male rats, nicotine treatment modestly increased latencies compared to vehicle at 

delay 0 s. In female rats, nicotine 0.8 mg/kg increased latencies as compared to vehicle 

treatment at all delays with the exception of 24 s. Overall, female rats treated with nicotine 

had longer latencies than similarly treated male rats. Analysis of latencies with choice on the 

delayed lever did not reveal any statistical differences for Sex [F(1,30)= 3.01, p= 0.09], Dose 
[F(2,60)= 0.93, p= 0.91], or Delay [F(4,120)= 0.82, p= 0.51].

Figure 3 shows the effects of nicotine and delays on mean (±SEM) head entries made by 

male (Figs. 3A, and 3C), and female rats (Figs. 3B, and 3D). The analysis of head entries 

during the delay revealed a Sex × Dose × Delay interaction effect [F(8,176)= 3.35, p< 0.01]. 

Head entries in vehicle treated male and female rats increased as the delay increased with all 

delays (6–48 s) being different from delay 0 s. Moreover, vehicle treated female rats had 

more head entries than male rats at the 6 s delay. Nicotine treatment did not change head 

entries in male rats; whereas in female rats, both doses of nicotine reduced head entries 

across delays 6–48 s when compared to vehicle treated rats. At 48 s delay, female rats 

treated with 0.4 mg/kg nicotine had fewer head entries than similarly treated male rats.

The analysis of head entries during the ITI revealed a Sex × Dose × Delay interaction effect 

[F(8,240)= 6.88, p< 0.01]. In vehicle treated male rats, head entries gradually increased as 

delays increased at delays 12–48 s being different from delay 0 s. Both doses of nicotine 

decreased head entries as compared to vehicle treatment between delays 12–48 s. Vehicle 

treated female rats had similar number of head entries across all delays, and at delays 0 and 

6 s female rats had more head entries than their male counterparts. Both doses of nicotine 

treatment decreased head entries in female rats as compared to vehicle treatment across all 

delays. Moreover, 0.8 mg/kg nicotine reduced head entries in female rats more than in male 

rats at delays 0, 6 and 12 s, while both doses of nicotine reduced head entries in female rats 

more than in male rats at delays 24 and 48 s.

Figure 4 shows the effects of bupropion, nicotine and delays on the mean (±SEM) 

proportion of choices on the delayed lever made by male (Fig. 4A), and female rats (Fig. 

4B) The analysis revealed a Sex x Treatment x Delay interaction effect [F(4,112)= 2.52, p< 

0.05]. Nicotine treated male and female rats decreased their proportion of delayed choices as 

the delay increased with choices being lower starting at delay 12 s in male rats and at 6 s in 

female rats as compared to their respective delay 0 s values. Moreover, female rats had lower 

proportion of delayed choices than male rats at 12 and 24 s delays. In male rats bupropion 

did not alter proportion of delayed choices in nicotine treated rats. However in female rats, 

bupropion produced a significant increase in the proportion of delayed choices between 12 

and 48 s delays. At 48 s delay, female rats had higher proportion of delayed choices than 

similarly treated male rats.

Figure 5 shows the effects of bupropion, nicotine and delays on mean (±SEM) latency made 

by male, and female rats during the immediate (Figures 5A, and 5B), and delayed (Figures 

5C, and 5D) free choice trials. The analysis of latencies with choices on the immediate lever 

showed longer latencies for female rats as revealed by a Sex x Delay interaction effect 

[F(4,112)= 5.13, p< 0.01]. Female rats had longer latencies than male rats at delays from 6 
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to 48 s. In addition, significant differences were found for female rats given bupropion at 

delay 6 s, and for female rats given only nicotine at delay 12 s when compared to delay 0 s 

respectively. The analysis of latencies that led to choices on the delayed lever also revealed a 

Sex effect [F(1,28)= 12.32, p< 0.01]. Regardless of treatment, female rats had longer 

latencies than male rats at from delays 6 to 48 s.

Figures 6A and 6B show the effects of bupropion, nicotine and delays on mean (±SEM) 

head entries by male and female rats, respectively. The analysis of head entries during the 

delay revealed a Sex x Delay interaction effect [F(4,112)= 3.61, p< 0.01]. Regardless of 

treatment, male and female rats made more head entries as the delay increased. Male rats 

had more head entries at 48 s delay than female rats. Figures 6C and 6D show the effects of 

bupropion, nicotine and delay on mean (±SEM) head entries during the ITI period. The 

analysis revealed a Sex x Delay interaction effect [F(4,112)= 13.47, p< 0.01]. Male rats had 

more head entries than female rats during the ITI period.

Figure 7 shows mean (±SEM) estimates of K parameter for each group of male and female 

rats at each dose of nicotine from data shown on Figure 1 (Figure 7A), and also depending 

on the combined treatment of nicotine and bupropion or only nicotine from data shown on 

Figure 4 (Figure 7B). The analysis of K estimates showed bigger coefficients of impulsivity 

for female rats injected with nicotine when compared to male rats, as revealed by a Sex x 

Dose interaction effect [F(2,90)= 186.60, p< 0.01]. Nicotine increased the steepness of the 

hyperbolic functions of female rats describing the decrease of self-control on decision 

making due to the delays. On the other hand, treatment with bupropion produced a 

significant decrease on these impulsivity indexes on female rats, as revealed by a Sex x 

Treatment interaction effect [F(1,28)= 100.20, p< 0.01]. Female rats given nicotine were 

more impulsive than male rats, as it had been shown in the first part of the study, but 

treatment with bupropion successfully reduced the impulsive behavior of female rats, that 

showed lower impulsivity indexes than male rats given bupropion or only nicotine.

Discussion

The present study sought to examine differences in impulsivity between male and female 

Sprague Dawley rats injected daily with nicotine and evaluate whether chronic treatment 

with bupropion could reverse these differences. Rats were tested with vehicle and nicotine at 

doses of 0.4 and 0.8 mg/kg. Male and female rats showed similar levels of delay discounting 

when tested with vehicle, while delay discounting after nicotine administration produced a 

sexually dimorphic response. Female rats showed a significant increase in delay discounting 

when given 0.4 and 0.8 mg/kg of nicotine, as well as significant increases in the steepness of 

their respective discounting functions expressed by means of K parameters. On the other 

hand, male rats only showed increases in delay discounting and their K parameters only 

when 0.8 mg/kg of nicotine was given. The delay discounting observed at 0.8mg/kg nicotine 

in males was similar to levels observed with 0.4mg/kg in females.

Our results provide evidence in line with previous literature on sex differences in the 

vulnerability to drug effects. Female rats show higher density of neuronal acetylcholine 

nicotinic receptors (nAChRs), which could be responsible for sex differences in response to 
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nicotine (Koylu et al., 1997) by increasing nicotine-evoked impulsive behavior (Mendez et 

al., 2013; Ohmura et al., 2012). In addition, sex differences in neurotransmission in brain 

regions are also relevant, as nicotine either directly or indirectly increases dopamine (DA) 

release in the ventral striatum (Mansvelder et al., 2003; Rice and Cragg, 2004). In fact, 

female rats tend to display lower dopamine levels than males in the ventral striatum 

(Cummings et al., 2014), which in turn may contribute to increased levels of impulsivity 

(Gan et al., 2010; Saddoris et al., 2015; Moschak and Carelli, 2017). Moreover, 

pharmacokinetic factors could contribute to our findings as females accumulate nicotine in 

the brain faster and at higher levels than males (Rosecrans and Schechter, 1972) and 

metabolize nicotine slower than males (Kyerematen et al., 1988; Nwosu and Crooks, 1988). 

The role of ovarian hormones has also been investigated as a possible source of sex 

differences on drug effects. In case of nicotine, elimination of ovarian hormones by the way 

of ovariectomy decreases the rewarding effects of nicotine, which is reversed upon estradiol 

supplementation (Flores et al., 2016); although nicotine reward is not altered across the 

estrous cycle (Torres et al., 2009). It is presently not known whether ovarian hormones can 

modify nicotine-induced impulsivity. We did not observe changes on the behavior of our 

female rats that could be indicating cyclic variations, and unsurprisingly, changes on the 

proportion of delayed choices throughout the study were consistent with the drug treatments 

and the delay used.

The increase in delay discounting observed in female rats due to nicotine was also 

accompanied by sex differences in the topography of the animals’ behavior. The analysis of 

other variables such as lever response latencies for immediate versus delay lever, or the 

number of head entries during delays and ITI can be indicative of differences in attention, 

arousal or motivation, and/or psychomotor processes that may suggest complementary or 

global behavioral effects (Cardinal et al., 2000; Mar and Robbins, 2007). Latencies provide a 

direct measure of the drug’s power affecting the haste of the rats’ responses over the two 

levers during the free choice trials. Our results showed that latencies to choose the delayed 

reward were not affected by the nicotine dose or the delay, even when the preference for the 

delayed reward had decreased because of the length of the delay. Although, both male and 

female rats showed a dose dependent increase on their latencies to choose the immediate 

lever during the delay 0 s condition. This result may indicate that nicotine selectively 

increased the rats’ sustained attention (Mirza and Stolerman, 1998) for the delayed option. 

Furthermore, the increased latencies showed by female rats given 0.8 mg/kg of nicotine 

could be reflecting a resistance to change from the delayed to the immediate lever, as they 

were contingent with a significant decrease on the proportion of delayed choices and its 

consequent increase of choices on the immediate lever at delays of 6 and 12 s.

Head entries provide a quantitative measure of the number of times the animal inspects the 

food hopper, which may increase as a function of increasing delays, and be low during the 

ITI (Cardinal et al., 2000). In the present study, the number of head entries during the delays 

increased with the length of the delay in all the animals, but decreased in female rats given 

nicotine when compared to vehicle and when compared to male rats. This result was 

observed in all the delay conditions, and is in line with similar results in rats performing 

delay discounting under the effects of amphetamine (Cardinal et al., 2000). In addition, male 

and female rats showed a very low rate of head entries during the 45 s ITI periods, but 
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nicotine reduced even more than residual magazine behavior to an extent that it practically 

disappeared in female rats given 0.8 mg/kg of nicotine, which may reflect dose dependent 

anxiolytic like effects (Hendry and Rosecrans, 1982; Stolerman et al. 1995). Acute 

administration of nicotine at the doses used in our study are anxiolytic (File et al. 1998) that 

could be modulating our rats’ performance on the delay discounting task, partially 

preventing the animals from an excessive checking of the food hopper. In addition, we did 

not observe any anorexic effect due nicotine administration, as rats always ate their food 

provided in their home cage, as well as all the food pellets dispensed during the 

experimental session. It is noteworthy that some studies have suggested that nicotine alters 

food reward value, which might be reflected in choice response, under a modified impulsive 

choice paradigm (Locey & Dallery, 2009, 2011).

After the evaluation of delay discounting with nicotine, half of the animals continued to 

receive a daily dose of 0.8 mg/kg of nicotine, while the other half received daily 0.8 mg/kg 

nicotine and a daily dose of 30 mg/kg of bupropion. Treatment with bupropion significantly 

decreased delay discounting in female rats to a degree similar to vehicle-treated baseline 

levels. Bupropion differs in its pharmacokinetic properties from men to women, and their 

normalized volume of distribution and half-life is larger for women, while they show a 

smaller terminal elimination rate (Stewart et al., 2001). In addition, a more pronounced 

antidepressant effect elicited by chronic bupropion treatment has been also observed in 

female mice (Radhakrishnan et al., 2013). Thus, a decrease in delay discounting due to the 

chronic treatment with bupropion could be based on its antidepressant effects mediated by 

its stimulatory action on the DA and norepinephrine (NE) systems, as well as on its anti-

nicotinic receptor activity (Arias, 2009; Dwoskin et al., 2006). As such, the ability of 

bupropion to normalize impulsivity induced by nicotine could be due to catecholaminergic 

or cholinergic mechanisms. Increase in dopamine and norepinephrine levels have been 

implicated in decreasing impulsivity (Navarra et al., 2008; Pattij et al., 2007; Robinson et al., 

2008; Tsutsui-Kimura et al., 2009). Additionally, antagonism of nicotinic receptor can 

reduce delay discounting given nicotine (Kolokotroni et al., 2011; Tsutsui-Kimura et al., 

2010a; Tsutsui-Kimura et al., 2010b). On the other hand, bupropion did not alter the 

topography of the animals’ behavior. This drug can decrease lever pressing to obtain 

nicotine, but without interfering other behaviors as lever pressing to obtain food (Bruijnzeel 

and Markou, 2003). In our study, bupropion did not alter the behavioral patterns for latencies 

and head entries previously shown when 0.8 mg/kg of nicotine had been given, suggesting 

that bupropion acts primarily to modify impulsive choice more so than interfering with 

topographic behaviors.

Conclusion

Our study has shown a common behavioral correlate of drug abuse, a decrease on self-

controlled behavior related to nicotine consumption. Nicotine produced impulsive behavior 

similar to other drugs of abuse (Perry and Carroll, 2008). Sex differences in delay 

discounting could have been produced by a greater responsiveness to the effect of nicotine 

via cholinergic system, an increase of DA in striatum contingent with nicotine 

administration, and also because of sex differences on nicotine pharmacokinetics. The fact 

that bupropion blocked the effect of nicotine, reversing the impulsive behavior in our female 
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rats is likely due to one or more of the above noted mechanisms. Our results demonstrate 

that the activation of the cholinergic system by nicotine plays a critical role in nicotine-

induced impulsive behavior and the observed sex differences. In addition, the sexually 

dimorphic effects of bupropion in the present study is in line with results observed in women 

given bupropion to quit smoking when compared to men (Smith et al. 2003). The present 

study introduces impulsivity as a factor to consider when examining nicotine use behaviors 

and nicotine cessation efforts between men and women.
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Figure 1. 
shows the mean (±SEM) proportion of delayed choices made by male rats (Fig. 1A), and 

female rats (Fig. 1B) by reference to the delays (0, 6, 12, 24, and 48 s), and the different 

doses of nicotine used in the study (Vehicle, 0.4, and 0.8 mg/kg), n=16. †= p< 0.05 for Sex 
differences. *= p< 0.05 for Dose differences versus vehicle. #= p< 0.05 for Delay differences 

versus delay 0.
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Figure 2. 
shows the mean (±SEM) latency made by male, and female rats during the immediate 

(Figures 2A, and 2B), and delayed (Figures 2C, and 2D) free choices by reference to the 

delays (0, 6, 12, 24, and 48 s), and the different doses of nicotine used in the study (Vehicle, 

0.4, and 0.8 mg/kg), n=16. †= p< 0.05 for Sex differences. *= p< 0.05 for Dose differences 

versus vehicle. #= p< 0.05 for Delay differences versus delay 0.
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Figure 3. 
shows the mean (±SEM) head entries made by male rats (Figs. 3A, and 3C), and female rats 

(Figs. 3B, and 3D) during the delay and the ITI by reference to the delays (0, 6, 12, 24, and 

48 s), and the different doses of nicotine used in the study (Vehicle, 0.4, and 0.8 mg/kg), 

n=16. †= p< 0.05 for Sex differences. *= p< 0.05 for Dose differences versus vehicle. #= p< 

0.05 for Delay differences versus delay 0.
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Figure 4. 
shows the mean (±SEM) proportion of delayed choices made by male rats (Fig. 1A), and 

female rats (Fig. 1B) by reference to the delays (0, 6, 12, 24, and 48 s), and the different 

treatments used in the study (nicotine (0.8 mg/kg), or nicotine (0.8 mg/kg) & bupropion (30 

mg/kg)), n=8. †= p< 0.05 for Sex differences. *= p< 0.05 for Treatment differences. #= p< 

0.05 for Delay differences versus delay 0.
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Figure 5. 
shows the mean (±SEM) latency made by male, and female rats during the immediate 

(Figures 5A, and 5B), and delayed (Figures 5C, and 5D) free choices by reference to the 

delays (0, 6, 12, 24, and 48 s), and the different treatments used in the study (0.8 mg/kg of 

nicotine, and 0.8 mg/kg of nicotine + a daily dose of 30 mg/kg of Bupropion) (n=8). †= p< 

0.05 for Sex differences. *= p< 0.05 for Treatment differences. #= p< 0.05 for Delay 
differences versus delay 0.
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Figure 6. 
shows the mean (±SEM) head entries made by male rats (Figs. 6A, and 6C), and female rats 

(Figs. 6B, and 6D) during the delay and the ITI by reference to the delays (0, 6, 12, 24, and 

48 s), and the different treatments used in the study (nicotine (0.8 mg/kg), or nicotine (0.8 

mg/kg) & bupropion (30 mg/kg)), (n=8). †= p< 0.05 for Sex differences. *= p< 0.05 for 

Treatment differences. #= p< 0.05 for Delay differences versus delay 0.
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Figure 7. 
shows mean (±SEM) estimations of K parameters for each group of male and female rats at 

each dose of nicotine (Figure 7A, n=16, †= p< 0.05 for Sex differences, *= p< 0.05 for Dose 
differences); as well as estimations of K depending on the combined treatment of nicotine 

and bupropion or only nicotine (Figure 7B, n=8, †= p< 0.05 for Sex differences, *= p< 0.05 

for Treatment differences).
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Table 1

shows the experimental design.

Procedure Treatment Sessions

Autoshaping
&

Training
(4 Autoshaping & 4 Training sessions) 8

↓

Delay 0-s
(Criterion >80% of free choices on the delayed lever)

Vehicle

10

Test
3 Sessions X 4 Delays (6-, 12-, 24-, 48-s) 12

Delay 0-s
(Criterion >80% of free choices on the delayed lever) 5

Delay
Discounting

Test
3 Sessions X 4 Delays (6-, 12-, 24-, 48-s)

Nicotine (0.4 mg/kg)

12

Delay 0-s
(Criterion >80% of free choices on the delayed lever) 5

Test
3 Sessions X 4 Delays (6-, 12-, 24-, 48-s)

Nicotine (0.8 mg/kg)

12

↓

Delay 0-s
(Criterion >80% of free choices on the delayed lever) 5

Delay 0-s
(Criterion >80% of free choices on the delayed lever) Nicotine (0.8 mg/kg)

or
Nicotine (0.8 mg/kg) & Bupropion (30 mg/kg)

5

Test
3 Sessions X 4 Delays (6-, 12-, 24-, 48-s) 12
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