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Abstract

 Rationale—Impulsive choice, or an inability to delay immediate gratification, has been 

strongly linked to the development and persistence of drug abuse. Indeed, delaying drug use itself 

may underlie drug addiction and relapse. Thus, employing treatments that are efficacious in 

reducing impulsive choice (atomoxetine; ATO) or drug-seeking behavior (progesterone; PRO) may 

be an effective means of treating drug addiction.

 Objective—The current study assessed sex differences in the effects of PRO, ATO and their 

combination in a delay discounting paradigm for cocaine and for sucrose pellets.

 Method—Male and female rats chose between a small-immediate or a large-delayed (0, 7.5, 

15, 30, 60 sec) outcome in an impulsive choice procedure for sucrose pellets (1 vs 3 pellets) or for 

iv cocaine infusions (0.3 vs 0.9 mg/kg). Following baseline assessment of impulsive choice, rats 

received daily treatment of vehicle (VEH), PRO (0.5 mg/kg), ATO (1.5 mg/kg) or a combination 

(PRO + ATO) until a second assessment of impulsive choice was determined.

 Results—Compared to the VEH group, females were less impulsive for cocaine following 

PRO or the PRO + ATO combined treatment, whereas males were less impulsive for cocaine 

following ATO. No treatment effects were observed on impulsive choice for sucrose pellets.

 Conclusions—The present results indicate that impulsive choice for cocaine is reduced by 

PRO in females and by ATO in males. These findings suggest both treatments may be an effective 

intervention in treating cocaine abuse, but that their effectiveness differs by sex.
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 Introduction

In the United States, over 1.5 million people habitually use cocaine (SAMHSA 2014), 

however few effective treatments are available (Somoza et al. 2013). One treatment approach 

advanced by Bickel et al. (2007) is to reduce maladaptive behaviors associated with drug 

abuse, such as impulsive choice (see reviews in Madden and Bickel 2010). Quantifying 

impulsive choice is usually accomplished by assessing how rapidly a delay devalues (i.e., 

causes one to discount) the value of a larger-later outcome (e.g. sobriety, money, family; 

Ainslie 1974) over a smaller-sooner one (e.g., an immediate high). Indeed, drug abusers 

more steeply discount (i.e., are more impulsive for) hypothetical monetary outcomes 

compared to non-abusing controls (e.g., Garcia-Rodriguez et al. 2013; Kirby et al. 1999; 

Madden et al. 1997).

Individuals who abuse drugs not only discount monetary outcomes, they also discount their 

preferred drug of abuse. Users of nicotine (Bickel et al. 1999), alcohol (Petry 2001), heroin 

(Madden et al. 1997; Giordano et al. 2002) and cocaine (Coffey et al. 2003) discount their 

preferred drug, and they do so at a steeper rate than they discount monetary outcomes. When 

abstinent (i.e., during withdrawal), drug abusers become even more impulsive and discount 

their preferred drug at a much steeper rate (Ashare and Hawk 2011; Field et al. 2006; 

Giordano et al. 2002), which could be a prominent variable underlying drug relapse. To 

investigate impulsive drug use in animal models, researchers could examine treatments that 

reduce delay discounting of drugs in nonhumans.

Delay discounting of drugs has been successfully modeled in nonhuman primates and rats. 

In preliminary studies, monkeys preferred larger doses of cocaine over smaller ones, and 

preference for the larger dose decreased (i.e., was discounted) as a function of its delay 

(Anderson and Woolverton 2003; Woolverton and Anderson 2006; Woolverton et al. 2007). 

Perry et al. (2007) reported similar findings in male and female rats using an adjusting delay 

procedure and found steeper discounting of cocaine as dose increased (e.g., 0.2 vs. 0.6 

mg/kg; 0.4 vs 1.2 mg/kg; 0.8 vs 2.4 mg/kg cocaine). A limitation of this procedure was that 

preference for the large cocaine dose was not established prior to imposing delays. Thus, it 

is difficult to determine if larger cocaine doses were more steeply discounted or if the larger 

doses were more aversive and decreased large alternative preference. The present study 

attempts to provide a more conclusive demonstration of delay discounting of cocaine in rats 

by establishing preference for the large dose prior to imposing delays.

The most promising pharmacotherapies to reduce impulsive choice for cocaine are those that 

have reduced impulsive choice for food or have reduced the reinforcing effects of cocaine. 

Atomoxetine (ATO) has been shown to decrease impulsive choice for food in male rats 

(Bizot et al. 2011; Robinson et al. 2008); although other studies have not replicated these 

findings (Baarendse and Vanderschuren 2012; Broos et al. 2012b; Paterson et al. 2012; Sun 

et al. 2012). However, ATO has other characteristics that make it a promising candidate. In 

animal models of drug abuse and relapse, ATO treatment alone (Economidou et al. 2009; 

Economidou et al. 2011) or in combination with other treatments reduced cue- and/or 

cocaine-primed cocaine seeking in male (Swalve et al. 2016) and female (Zlebnik and 

Carroll 2014) rats, but did not reduce cocaine self-administration in humans (Economidou et 
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al. 2011; Levin et al. 2009; Walsh et al. 2013). Taken together, these studies suggest that 

ATO may be an effective treatment to reduce impulsive choice for cocaine for both sexes.

Another potential treatment can be derived from studies of sex differences in drug abuse (see 

Anker and Carroll 2010a for a review). Across the reproductive cycle of female humans and 

rats, the reinforcing effects of cocaine are much weaker when PRO levels become relatively 

elevated compared to estrogen (e.g., Lukas et al. 1996; Lynch et al. 2000; Mello et al. 2007; 

Roberts et al. 1989; Sofuoglu et al. 1999). In rats, exogenously administered PRO, or its 

primary metabolite, allopregnanolone, attenuated stress and cocaine-primed reinstatement in 

females (e.g., Anker and Carroll 2010b; Anker et al. 2007; Zlebnik et al. 2014) and males 

(e.g, Zlebnik et al. 2014) as well as acquisition or escalation of cocaine self-administration 

in females (Jackson et al. 2006; Larson et al. 2007). Comparable clinical findings have been 

reported in both men and women with PRO reducing the physiological and pleasurable 

effects of cocaine (Evans and Foltin 2006, 2010; Fox et al. 2013; Sofuoglu et al. 1999; 

Sofuoglu 2002; Sofuoglu et al. 2004). Indeed, PRO recently reduced cocaine use in post-

partum women in clinical trials (Yonkers et al. 2014). Collectively, these findings suggest 

that PRO may serve as an efficacious intervention for psychostimulant addiction.

Combination treatments have also shown some promise in enhancing the effect of therapies 

in treating drug abuse (Stoops and Rush 2014), with similar findings reported in preclinical 

research. For example, the duel effects of wheel running, PRO and ATO when combined are 

typically more effective at reducing cocaine-seeking (see Swalve et al. 2016; Zlebnik and 

Carroll 2014; Zlebnik et al. 2014)) in male and female rats than when administered alone 

(see also, Comer et al. 1996). Since ATO and PRO treatments are presumed to impact 

impulsive choice for cocaine differently, they were presumed to be more effective in 

combination.

The present study examined the treatment effects of ATO and PRO alone and in combination 

on impulsive choice for cocaine and for sucrose pellets in male and female rats. It was 

hypothesized that ATO and PRO would reduce impulsive choice for cocaine and for sucrose 

pellets, and when combined, these treatments would produce additive effects. Since PRO 

treatment is biologically relevant to females, it was also hypothesized it would be more 

effective in females than male rats (for a review, see Carroll and Anker 2010).

 Methods

 Materials and Methods

 Animals—Male (n = 68) and female (n = 68) Wistar rats (Harlan Inc, Indianapolis, IN) 

weighing 225–250g and 175–200 g, respectively, at the start of the experiment served as 

subjects (female endocrine status was not monitored). During lever training for sucrose 

pellets, rats were singly housed in polycarbonate cages with bedding. Following training, 

rats responding for cocaine (N = 64) were implanted with an indwelling jugular catheter and 

singly housed in experimental chambers with wire mesh floors. Rats had free-access to 

water and were fed 16 g (females) or 20 g (males) of chow (Teklad 2018, Harlan) per day to 

maintain body weights at ~85% of free-feeding levels. Housing rooms were maintained at 

24 °C (40 – 50% humidity) under a 12/12-h light/dark cycle (lights on at 0600). The 
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experimental protocol was approved by the University of Minnesota Institutional Animal 

Care and Use Committee and conducted in compliance with the Guide for the Care and Use 

of Animals (National Research Council, 2011).

 Apparatus—Sessions were conducted in customized octagonal experimental chambers 

housed in wooden sound-attenuating boxes with a ventilation fan. Each experimental 

chamber contained two levers, each with a 3 LED light array directly above, and an 

overhead light (houselight) for general illumination. Chambers used to assess delay 

discounting of sucrose pellets included a food hopper between the levers that delivered 

sweetened sucrose pellets (Bio-Serv® pellets #F0021). Chambers used to assess delay 

discounting of cocaine included a syringe pump (PHM-100, MedAssociates, St. Albans, VT) 

that delivered drug through a swivel-tether (375/22PS, Instech, Plymouth Meeting, PA; 

C313CS-MN, PlasticsOne, Roanoke, VA) that was attached to a harness (CIH95Ab, Instech) 

worn by the rat. A computer running Windows XP® and Med-PC IV® software orchestrated 

sessions and recorded data.

 Drugs—Cocaine HCl, supplied by the National Institute of Drug Abuse (Research 

Triangle Institute, Research Triangle Park, NC), was diluted in 0.9% NaCl (saline; SAL) to a 

concentration of 1.6 mg/ml and then refrigerated. Heparin (5 USP/ml) was added to the 

cocaine solution to aid catheter patency. The syringe pump in the experimental chamber 

delivered 0.025 ml/s, and the duration of the pump was set to provide 0.3 mg/kg/infusion. 

Progesterone (Sigma-Aldrich, St. Louis, MO) was dissolved to 0.625 mg/ml in peanut oil 

(USP; Sigma-Aldrich) as a vehicle (VEH) and administered subcutaneously (SC) at a 0.5 

mg/kg dose. Atomoxetine (Sigma-Aldrich) was dissolved in saline (SAL; 30 mg/ml) and 

delivered intraperitoneally (IP) at a 1.5 mg/kg dose. PRO, ATO, and control treatments 

(VEH or SAL) were administered approximately 30 min prior to the start of experimental 

sessions. The PRO dose was based on previous work that found it was effective in reducing 

cocaine and cue-primed reinstatement as well as reducing breakpoints for cocaine on a 

progressive ratio schedule (e.g., Larson et al. 2007; Zlebnik et al. 2014). The ATO dose was 

selected based on previous research showing it reduced cocaine seeking (Swavle et al. 2016; 

Zlebnik and Carroll 2014) and impulsive choice at doses of 1–2 mg/kg (e.g., Bizot et al. 

2011; Robinson et al. 2008).

 Catheterization Surgery—Rats that responded for cocaine were anesthetized with a 

ketamine (60 mg/kg)/xylazine (10 mg/kg) mixture and an atropine supplement (0.15 ml of 

0.4 mg/ml) to aid respiration. Next, a silastic catheter (Plastics One, Roanoke, VA) was 

implanted in the right jugular vein toward the right atrium and secured with silk sutures (see 

Lynch and Carroll 1999). The distal end of the catheter was subcutaneously tunneled to a 

medial incision 1 cm rostral to the scapulae and then connected to the harness on the rat (see 

apparatus). During the three-day recovery period, rats were given buprenorphine (0.05 

mg/kg) every 12 hr, with heparin (10 IU/kg, intravenous, IV) and enrofloxacin (10 mg/kg, 

sc) provided daily and ibuprofen (50 mg/kg) continuously available in the drinking water. 

Catheter patency was checked weekly with a ketamine (10 mg/kg)/midazolam (0.5 mg/kg)/

saline mixture, and loss of patency was assumed if a loss of righting reflex was not observed 
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within 10 seconds. A second catheter was implanted on the other side if patency was lost on 

the first.

 Procedure

 Lever Training—Rats were initially trained to respond on a concurrent fixed-ratio (FR) 

1 fixed-time (FT) 5 min schedule for food pellets. Illumination of the houselight and 

stimulus lights above the levers signaled the start of the session. Free pellet deliveries on the 

FT schedule were preceded by flashing of lights above both levers for 2 sec (i.e., an “auto-

shaping” procedure). Lever training concluded once rats responded more than 25 times on 

each lever.

 Impulsive Choice for Sucrose Pellets Training—Following lever training, all rats 

were put in an impulsive choice procedure (see Fox et al. 2008) that presented trials whereby 

a response on the right lever delivered 3 sucrose pellets following a delay of T seconds, and 

a response on the left lever delivered 1 sucrose pellet immediately. Each session, rats were 

presented with 3 blocks of 12 trials. Each block began with two sample trials that required 

the rat to experience each alternative separately prior to 10 choice trials during which both 

alternatives were available. Once preference for the large alternative was established under a 

0-s delay (>80% large choices averaged across two consecutive sessions), delays imposed 

following a response to the large alternative during which the left stimulus light flashed at 2 

Hz. The delay to the large alternative increased each session until the largest delay was 

reached (7.5, 15, 30, 60 sec), upon which the delay was reduced back to 0 sec (i.e., a delay 

gradient). All trials were separated by a compensating 60-sec intertrial interval (ITI) that was 

adjusted to ensure all trials were equivalently spaced regardless of the delay experienced on 

the previous trial (e.g., a 15 sec delay resulted in a 45 sec ITI blackout of the overhead light 

before the next trial). Sessions concluded after 30 choice trials or 60 min, whichever 

occurred first. The proportion of large alternative choices was calculated each session. 

Stability was determined visually and mathematically by assessing trend and variability (< 

0.1 S.E.M on average across delay values), respectively, in the proportion of large choices at 

each delay value across the last three delay gradients. Once stable, the proportion of large 

choices at each delay was averaged across the three gradients to represent the baseline level 

of impulsive choice. Subsequently, rats assigned to the impulsive choice for cocaine 

procedure underwent surgery, while the remaining rats were put on drug treatment to assess 

the impact on impulsive choice for sucrose pellets.

 Treatment Assessments for Impulsive Choice for Sucrose Pellets—Following 

baseline stability, female (n = 36) and male (n = 36) rats were assigned to balance baseline 

delay gradient shape across treatment groups: VEH (VEH + SAL), PRO (PRO + SAL), ATO 

(ATO + VEH) or the combination treatment (PRO + ATO). Rats received daily injections 30 

min prior to experimental sessions until one more delay gradient was captured. To assess 

changes in impulsive choice for sucrose pellets across treatment conditions, the proportion 

of large alternative choices was assessed as a function of delay.

 Treatment Assessments for Impulsive Choice for Cocaine—Once stable 

baseline delay gradients were established under the impulsive choice for sucrose pellets 

Smethells et al. Page 5

Psychopharmacology (Berl). Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



procedure, female (n = 32) and male rats (n = 32) underwent IV catheter implantation and 

recovered in the drug self-administration chamber for three days. On the fourth day, the first 

impulsive choice for cocaine session began at 0900 hr. Sessions were conduced in a similar 

manner to the impulsive choice for sucrose pellets procedure except for a few differences: 1) 

Rats chose between 1 immediate or 3 delayed infusions of cocaine (0.3 mg/kg/inf) on the 

left and right levers, respectively, 2) To reduce the maximum dose of cocaine available per 

hr, the ITI (i.e., time between trials) was increased to 120 sec and the session duration was 

increased to 3 hr, 3) Rats were housed in the experimental chambers to enhance the duration 

of catheter patency, 4) Baseline impulsive choice was assessed until the proportion of large 

choices at 3 of 4 delays was below the average proportion at the 0 sec delay, and then drug 

treatment was provided until a second gradient was completed. Although rare, if a rat did not 

complete more than 10 choice trials in a session then the delay value was presented again the 

following session. Female (n = 32) and male rats (n = 32) were assigned to one of four 

treatment groups to balance baseline delay gradient shape across groups. All rats received 

daily injections (0830 hr) of a drug treatment (e.g., VEH, PRO, etc.) 30 min before every 

session until a drug treatment gradient was completed. To assess changes in impulsive 

choice for cocaine across treatment conditions, the proportion of large alternative choices 

was assessed as a function of delay. Additionally, the average latency to make a choice 

response was calculated at each delay value and compared within-subjects across treatment 

conditions (latency data for two female subjects could not be calculated due to a program 

malfunction).

 Data Analysis—Between- and within-group differences in delay discounting for 

cocaine, delay discounting for sucrose pellets, cocaine intake, and choice latencies were 

each assessed separately in females and males using a linear mixed-model with a 3-way 

analysis of variance (ANOVA) structure for the fixed effects (Group X Treatment Outcome 

X Delay); to accommodate potential non-sphericity in the correlation structure, random 

effects for rats and delay-specific residual variances were used. To provide a unitary measure 

of impulsive choice, an area-under-the-curve (AUC; Myerson et al. 2001) analysis was 

conducted on individual baseline and treatment gradients of every rat. This AUC measure 

was used to compare baseline delay gradients within the sucrose pellet and cocaine groups 

using a 2-way ANOVA (Sex X Group). Additionally, sex differences in treatment effects 

were assessed using 3-way ANOVA (Sex X Group X Treatment Outcome) on the AUC 

measures from the impulsive choice for cocaine and for sucrose pellet conditions. For all 

analyses, “Group” refers to treatment group, while “Treatment Outcome” refers to pre-

treatment baseline vs. post-treatment. For all ANOVAs, a Holm (Holm, 1979) type I error 

adjustment was applied to all post-hoc tests of pre-treatment baseline vs. post-treatment 

(e.g., for each delay tested within sex and group) and to all post-hoc tests to compare AUC 

across treatment groups (e.g., within treatment outcome and sex).

 Results

 Treatment Assessments for Impulsive Choice for Sucrose Pellets

Figure 1 shows the proportion of large sucrose pellet choices across the delay to the large 

alternative during baseline (open squares) and following different treatments in female (left 
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column) and male (right column) rats. Both female and male rats discounted the large 

sucrose pellet alternative, as preference for the large alternative was high at the 0-sec delay 

and significantly decreased as the delay was increased across sessions in female (F4, 288 = 

212.54, p < 0.01) and male rats (F4, 288 = 439.94, p < 0.001). There were no significant 

differences in AUC from baseline during any treatment condition in either sex.

 Treatment Assessments for Impulsive Choice for Cocaine

Figure 2 displays the proportion of large cocaine choice across delay to the large alternative 

during baseline (open squares) and following the different treatments in female (left column) 

and male (right column) rats. Rats discounted the large cocaine dose as preference for it was 

high at the 0-sec delay and significantly decreased as a function of delay in both female 

(F4, 252 = 40.56, p < 0.01) and male rats (F4, 252 = 56.22, p < 0.01). In females, a 3-way 

(Group X Treatment Outcome X Delay) ANOVA revealed a main effect of treatment 

outcome (F1, 252 = 25.09, p < 0.01) and a significant treatment outcome x delay interaction 

(F4, 252 = 5.56, p < 0.01). A post-hoc comparison of treatment outcome yielded significant 

increases in the proportion of large alternative choices following PRO (30 sec delay) and 

PRO + ATO (30 sec delay). In Males, a 3-way (Group X Treatment Outcome X Delay) 

ANOVA revealed a main effect of treatment (F1, 252 = 7.58, p < 0.01), and interactions of 

treatment X delay (F4, 252 = 4.28, p < 0.01) and of treatment X group (F3, 252 = 6.73, p < 

0.001). Post-hoc assessment of treatment outcome showed significant increases in the 

proportion of large cocaine choices follow ATO treatment at the 7.5 and 30 sec delays.

Table 1 presents mean AUC of rats during baseline and treatment in the impulsive choice for 

cocaine procedure (see Figure 2). From the 3-way (Sex X Group X Treatment Outcome) 

ANOVA, baseline levels of impulsive choice were not significantly different between sexes. 

However, sex and treatment differences were observed as revealed by a main effect of 

Treatment Outcome (F1, 56 = 24.92, p < 0.001) and Sex (F1, 56 = 5.84, p < 0.05). Post-hoc 

assessments revealed a significant increase in AUC (a reduction in impulsive choice for 

cocaine) following the PRO and PRO + ATO treatments in females and following the ATO 

treatment in males. Changes in impulsive choice for cocaine, however, did not alter the 

latency to make a choice. In both females and males, there were no significant differences 

following treatment for any group at any delay.

 Cocaine Intake

Figure 3 presents average cocaine intake (mg/kg) of female (left column) and male (right 

column) rats as a function of delay during baseline and during treatment conditions for each 

of the four treatment groups. The amount of cocaine infused decreased slightly as the large 

alternative delay increased as evidenced by a main effect of delay in both females (F4, 252 = 

31.54, p < .01) and males (F4, 252 = 26.11, p < 0.001). The amount of cocaine infused by 

females increased slightly under the ATO treatment condition. In females, the ANOVA 

returned a main effect of treatment outcome (F1, 252 = 4.12, p < .05) and group (F3, 252 = 

3.14, p < .05). In males, the ANOVA revealed a significant main effect of treatment outcome 

(F1, 252 = 5.06, p < .05) and an interaction of treatment outcome X group (F3, 252 = 6.15, p < 

0.001), with significant increases following ATO at the 7.5, 15 and 60 sec delays.
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 Sex Differences in Impulsive Choice

Figure 4 displays the mean baseline proportion of large alternative choices as a function of 

the delay to the large alternative in male and female rats for the impulsive choice for sucrose 

pellets (Panel A) and for cocaine (Panel B) procedures. In general, there were no sex 

differences in delay discounting for sucrose pellets or for cocaine.

 Discussion

The present study provides the first demonstration that a pharmacological intervention can 

be employed to reduce impulsivity for any drug, including cocaine. Compared to the VEH 

control group, both ATO and PRO treatments reduced impulsive choice for cocaine as 

indicated by the increase in AUC (Table 1). The effects, however, differed by sex, with PRO 

reducing impulsivity in females and ATO reducing impulsivity in males (Figure 2; Table 1). 

These treatments, however, did not alter impulsive choice for sucrose pellets (see Figure 1), 

which suggests that these drug treatments, at their present doses, selectively interacted with 

the cocaine impulsive choice procedure and the subject sex in some fashion.

The sex difference in the reduction of impulsive choice for cocaine by PRO is likely related 

to two factors: 1) PRO reduces cocaine-seeking behavior relatively more in females than 

males (see a review by Quinones-Jenab and Jenab, 2010) and 2) PRO differentially reduces 

the reinforcing efficacy of smaller doses of cocaine more than larger ones in females. The 

sex difference in the effect of PRO is likely related to its capacity to blunt the reinforcement 

enhancement effect of estrogen, a female gonadal hormone, on cocaine (Roberts et al. 1989). 

Indeed, Anker et al. (2009) reported allopregnanalone, the primary metabolite of PRO, 

reduced cocaine-primed reinstatement in female, but not male rats (see also Larson et al. 

2007). Regarding the dose dependent effects of PRO on cocaine, Mello et al. (2007) reported 

high PRO levels during the luteal menstrual phase reduced progressive ratio breakpoints 

(e.g., reinforcing effects) in female monkeys at low (0.0032 mg/kg), but not higher doses of 

cocaine (0.032 mg/kg). Thus, the reduction in impulsive choice for cocaine observed with 

PRO may have resulted from a relatively greater reduction in the rewarding effects of the 

smaller vs. larger cocaine dose, shifting preference to the large alternative. Collectively, 

these two factors could have combined to reduce impulsive choice for cocaine in females 

following PRO treatment, although a more complete examination of the dose-response 

effects in males in warranted.

The reduction of impulsive choice for cocaine by ATO in males is, perhaps, more complex 

since little sex difference work has been done on this topic. The dose of ATO (1.5 mg/kg) 

employed is within the dose range (1–2 mg/kg) that has reduced impulsive choice in male 

rats, presumably by reducing sensitivity to the large alternative delay (Bizot et al. 2011; 

Robinson et al. 2008). However, like other studies employing this dose range, here it did not 

alter impulsive choice for sucrose pellets (Baarendse and Vanderschuren 2012; Paterson et 

al. 2012; Sun et al. 2012). This disparity in the effect of ATO on sucrose pellets and cocaine 

suggests that it is interacting with some aspect of the impulsive choice for cocaine 

procedure. Indeed, recent work by Swavle et al. (2016) showed males (vs. females) had a 

relatively greater reduction in cocaine-seeking behavior during reinstatement when treated 

with the same dose of ATO (1.5 mg/kg) used in the present study. Given the present results 
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and the lack of studies examining sex differences in the effects of ATO on cocaine self-

administration, additional research in this area is warranted.

The combined effects of PRO + ATO were similar to PRO alone in females and ATO alone 

in males, either suggesting these drugs solely drove the effect or that there were ceiling 

effect in the impulsive choice for cocaine measure. Specifically, the baseline preference for 

the large cocaine alternative was significantly higher than what is typical for food (see 

Figure 4), which resulted in less room for an increase when assessing the combination 

treatments. Thus, further research is warranted to determine if longer delay lengths and 

different cocaine dose ranges produce steeper cocaine gradients that would allow for 

combination treatment effects to emerge.

More broadly, the present study demonstrates delay discounting of cocaine in male and 

female rats as preference for a large dose of cocaine decreased as the delay to the large 

cocaine delivery was increased (see Figure 4B). These findings extend previous work 

showing delay discounting of cocaine in rats (Perry et al. 2007) and nonhuman primates 

(Anderson and Woolverton 2003; Woolverton and Anderson 2006; Woolverton et al. 2007). 

No sex differences were observed between male and female rats in impulsive choice for 

sucrose pellets or for cocaine (Figure 4); baseline AUC measures of impulsive choice were 

similar between sexes. The absence of sex differences in impulsive choice for either 

reinforcer is somewhat consistent to previous findings by Perry et al. (2007). In this study, 

they reported no sex differences in impulsive choice for cocaine or food pellets except in one 

condition where low-saccharin preferring females were more impulsive for food pellets.

The present study sought to model the increased impulsivity for drugs that occurs in 

abstinence (Giordano et al. 2002) and to explore possible treatments. However, one difficulty 

in modeling a treatment for the increased discounting of (i.e., impulsivity for) hypothetical 
drugs observed in humans during withdrawal (e.g., a hypothetical choice between two 

amounts of heroin) is that in rats, actual drug outcomes must be delivered as choice 

outcomes, which introduces several interpretational issues. One issue is that treatments that 

reduced impulsivity led to an increased preference for the large cocaine alternative, which 

typically would result in increased drug intake, which was observed in males in the present 

study (see Figure 3). Another difficulty is that the reduction in impulsive choice observed 

here was due to the drug treatments interacting with the behaviorally disruptive (Smethells 

and Carroll 2015) or impulsivity-increasing effects of acute and chronic cocaine exposure 

(e.g., Broos et al. 2012a; Dandy and Gatch 2009; Mitchell et al. 2014; Simon et al. 2007; but 

see Winstanley et al. 2007). Regardless of these issues, the reduction in impulsive choice for 

cocaine provides support for employing the present treatments given the strong relationship 

between drug abuse and impulsive choice (see Madden and Bickel, 2010, for a review).

The present study employed a single dose of ATO and PRO that were previously shown to 

be effective treatments for reducing impulsive choice and/or reinstatement of cocaine 

seeking in rats (e.g., Bizot et al. 2011; Zlebnik et al. 2014). The use of a single dose, 

however, is a limitation of the present study. Additional examination of the effects of the 

presently employed treatments on impulsive choice for cocaine is necessary to determine if 

sex differences are observed across a wider range of doses. Additionally, it might be possible 
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that a stronger therapeutic effect could occur when treatments are provided both singly and 

in combination.

In summary, the present study demonstrated that impulsive choice for cocaine was reduced 

by PRO in females and ATO in males. However, these treatments did not alter impulsive 

choice for sucrose pellets, which suggests ATO and PRO may specifically target impulse 

choice for cocaine. Since progesterone is an endogenous hormone in women that counteracts 

the cocaine-enhancing effects of estrogen (Roberts et al. 1989), this treatment may be 

differentially more effective in treating cocaine abuse in women than men (see preliminary 

work by Younkers et al. 2014). Indeed, future work could examine the interaction of 

endocrine status with these treatments, since it was not monitored in the present study. 

Overall, the present results suggest a sex difference in the effects of ATO and PRO to reduce 

impulsive choice for cocaine.
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Figure 1. 
Proportion of large (vs. small) sucrose pellet choices across large alternative delay during 

baseline (open squares) and treatment conditions in female and male rats.
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Figure 2. 
Proportion of large (vs. small) cocaine dose choices as a function of large cocaine delay 

across baseline (open squares) treatment conditions in female and male rats. † - significant 

change in AUC baseline to treatment (p < 0.05; see Table 1). * - significant post-hoc 

difference at delay (p < 0.05).
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Figure 3. 
Cocaine intake (mg/kg) as a function of the delay to the large cocaine dose during baseline 

(open squares) and treatment in female and male rats. Due to the slight decrease in trials 

completed during treatment conditions, there was no significant increase in cocaine intake 

with the increase in large cocaine choices during treatment conditions. * - significant post-

hoc difference at delay (p < 0.05).
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Figure 4. 
Mean baseline proportion of large alternative choices in male (squares) and female (circles) 

rats as a function of large alternative delay during the impulsive choice for sucrose pellets 

(Panel A) and for cocaine (Panel B) conditions. No significant differences between sexes 

were observed.
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