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Abstract

Rationale—Previous work indicated that progesterone (PRO) reduced impulsive choice for
cocaine in female but not male rats (Smethells et al. 2016). Impulsive action, typically measured
by responding for a reinforcer during a signaled period of nonavailability of natural reinforcers,
predicts initiation and escalation of drug use in animals and humans. The present study examined
impulsive action for cocaine using progesterone (PRO) in male and female rats trained on a
Go/No-go task.

Objective—Rats were trained on a Go/No-go task to respond for cocaine infusions (0.4 mg/kg/
inf). During the “Go” component, responding was reinforced on a V1 30-s schedule; whereas,
during the “No-Go” component withholding a response was reinforced on a differential
reinforcement of other behavior (DRO) 30-s schedule. A response during the No-go component
reset the DRO timer and served as a measure of impulsive action. After baseline responding was
established, rats were pretreated with vehicle (VEH) or PRO (0.5 mg/kg), and DRO resets and
responding during the Go component for cocaine were compared in males vs. females.

Results—DRO resets were significantly lower following PRO treatment compared to VEH in
female, but not male, rats. Response rates and overall infusions during the Go component were not
significantly altered by PRO in either females or males.

Conclusion—Treatment with PRO resulted in a sex-specific reduction in impulsive action for

cocaine, while not affecting cocaine self-administration.
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Introduction

Cocaine and other stimulant addiction is a significant problem in the United States
(Substance Abuse and Mental Health Services 2015), yet treatments are not effective in
promoting long-term abstinence (Czoty et al. 2016, Somoza et al. 2013). Reducing
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maladaptive behaviors underlying drug addiction such as impulsivity (Bickel et al. 2007)
and stress (Solinas et al. 2010) is a novel treatment approach to reduce drug seeking.
Increased impulsivity is a factor linked to initiation and relapse of drug use (e.g., Anker et
al., 2009; Perry et al. 2005, 2008), as well as escalation of drug intake, and at least two
major forms of impulsivity have been implicated in drug abuse; impulsive choice and
impulsive action (see reviews by Weafer and de Wit 2014; Carroll and Smethells 2016).
Developing therapeutics that decrease impulsive action could prevent cocaine use and
cocaine relapse. Recent work by Smethells et al. 2016 indicated that impulsive choice for
cocaine was reduced by progesterone (PRO) in female but not male rats. Thus, the present
study examined the effect of PRO on another major form of impulsivity, impulsive action for
cocaine reward.

Impulsivity has been commonly conceptualized as impulsive action or impulsive choice for
reinforcers (see Weafer and de Wit 2014), and it has been examined using similar
methodologies in humans and non-human animals. Impulsive action is assessed by
measuring the ability to inhibit inappropriate or nonproductive responses. Tasks most
commonly used for this purpose in animals are the stop signal reaction time task (SSRT) and
Go/No-go task (Grant and Chamberlain 2014). Both tasks signal times when responding is
reinforced or when responding is punished by imposing delays to the reinforcer. Deficits in
the inhibitory part of the task are considered a form of impulsive action. The focus of the
present study is to examine treatments to decrease impulsive action as potential therapeutics
to reduce drug dependence.

Much of the research examining the relationship between impulsivity and drug abuse has
used food or monetary reinforcers. However, impulsive drug use and its treatment have been
significantly understudied and examination of underlying behaviors such as impulsive action
would afford a better understanding of the behaviors and how to target mechanisms
underlying drug addiction to prevent relapse. In an impulsive choice (i.e., delay discounting)
task in humans, drug users were more impulsive for drugs such as nicotine (Bickel et al.
1999), heroin (Madden et al. 1997; Giordano et al. 2002) and alcohol (Petry 2001) than for
money. Furthermore, the degree of impulsivity increased during drug withdrawal (Madden et
al., 1997), suggesting that impulsive drug use may be a target for novel treatments.

The effects of novel therapeutics such as PRO on impulsive action for drugs are unknown,
but initial preclinical results on impulsive choice for drugs are promising. Smethells et al.
(2016) reported that female and male rats differentially decreased impulsive choice for
cocaine with a delay-discounting task, after treatment with PRO and ATO, respectively. The
likely factor underlying this sex difference is that PRO, a female gonadal hormone, typically
decreases drug-seeking behaviors more effectively in females vs. male animals (Anker et al.
2009; Evans and Foltin 2010; Zlebnik et al. 2014; Smethells et al. 2016) and humans (Evans
and Foltin 2006; Fox et al. 2013; Saladin et al. 2015; Milivojevik et al. 2016; for reviews,
see Evans and Foltin 2010; Quinones-Jenab and Jenab 2012; Carroll and Lynch 2016;
Carroll and Smethells 2016, Wetherill et al. 2016). Interestingly, PRO decreased impulsive
action for sucrose pellets in a Go/No-go procedure in both male and female rats (Swalve et
al. 2016a). Impulsivity has been described in two major forms, impulsive choice and
impulsive action. Recent work indicated that PRO reduced impulsive choice for cocaine in
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female but not in male rats (Smethells et al. 2016), yet the impact of PRO on impulsive
action for drug reinforcers, such as cocaine, has not yet been studied.

It is essential to study sex as a biological variable in both impulsive behaviors and drug
addiction (see Weafer and DeWit 2014; Carroll and Lynch 2016; Carroll and Smethells 2016
for reviews), as in humans, women begin using cocaine at a younger age, have shorter times
to relapse and use more frequently than men (Kosten et al. 1993; McCance-Katz et al. 1999;
DeVito et al. 2014; for reviews, see Fattore et al. 2008; Fattore and Melis 2016). In most
animal studies, females exceed males on acquisition (Lynch and Carroll 1999; Jackson et al.
2006; Lynch 2009; but see Caine et al. 2004; Swalve et al. 2016b; for review see Anker and
Carroll 2011) and maintenance of cocaine self-administration (Lynch and Carroll 1999;
Anker et al. 2011; Cummings et al. 2011; Peterson et al. 2014; Swalve et al. 2016c; but see
Roberts et al. 1989; Cosgrove et al. 2002; Jackson et al. 2006; Kosten and Zhang 2008;
Perry et al. 2013). Animal studies also indicate that females have a better response to PRO
treatment for cocaine self-administration than males (Carroll and Lynch 2016; Carroll and
Smethells 2016).

While there is relative consistency in the literature indicating greater sensitivity to the
rewarding effects of cocaine in females vs. males, sex differences in impulsivity for drugs
are mixed. In humans, males and females show significant differences in their response to
motor impulsivity tasks. Women had more inhibitory errors and longer reaction times in an
SSRT paradigm than men (Morgan et al. 2011; Crosbie et al. 2013), while men committed
more inhibitory errors in continuous performance and Go/No-go tasks than women
(Saunders et al. 2008; Liu et al. 2013). However, a few studies have shown contradictory
results (Fields et al., 2009) or no sex differences (Reynolds et al. 2004; Townshend and
Duka 2005; Fernie et al. 2010). Previous results in our laboratory are consistent with the
preclinical literature, as female rats made more premature errors in a Go/No-go task for
cocaine (Anker et al. 2008), and in a few other studies there were no sex differences in
impulsive action with mice (Papaleo et al. 2012) and rats (Anker et al. 2008; Swalve et al.,
2016a). In general, data are mixed on sex differences in impulsive action (see review by
Fattore and Melis 2016), and little is known about the interaction between sex and impulsive
action for cocaine use and its treatment.

Only a few studies have examined sex differences in impulsivity for drugs versus more
common reinforcers such as food. They found that PRO decreased impulsive choice in
females but not males (Smethells et al 2016). However, sex differences in impulsive action
for a drug reinforcer and the effect of PRO on impulsive action for drugs in male and female
animals is unknown. Given the discussed relationship between impulsive action for drugs
and continued drug use as well as the sex-specific effects of drugs on impulsive choice, it is
important to examine another major form of impulsivity, impulsive action. The rationale for
studying the effect of PRO on impulsive action is based on our previous finding that PRO
reduced impulsive choice for cocaine in female but not male rats (Smethells et al. 2016).
Also, in another recent study PRO reduced impulsive action for sucrose pellets in both
female and male rats (Swalve et al. 2016a). Thus there may be differences in the effect of
PRO on drug- vs. natural-rewards such as sucrose (Swalve et al. 2016a). The goal of the
present study was to examine sex differences in a Go/No-go task for a drug reinforcer (e.g.
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intravenous cocaine) and to examine PRO’s effects on impulsive action for cocaine. It was
hypothesized that females would show greater impulsive responding for cocaine than males
as measured by increased DRO resets during the No-go phase of the task. It was also
expected that females would show a greater reduction in impulsive action for cocaine
following PRO treatment than males.

Male (n = 16) and female (n = 14) Wistar rats (weighing 200-224 g for females and 250-
274 g for males and matched for age at arrival) from Envigo Inc. (Madison, W1, United
States) were used as subjects. Rats were initially housed in pairs in plastic home cages for a
minimum of 3 days to allow for habituation to the facility. Food (Teklad 2018, Envigo Inc.)
and water were available ad libitum during habituation. At the start of the experiment, rats
were housed individually in experimental chambers. Rooms were maintained at 24° C and
40-50% humidity. All experiments occurred during the light cycle with a 12 h on/12 h off
cycle (lights on at 600). Access to water was ad libitum during the experiments, but food
was limited to 16 g for female rats and 20 g for male rats and was given 4 h after session
conclusion. All experimental details were approved by the Institutional Animal Care and
Use Committee at the University of Minnesota and performed in compliance with the Guide
for the Care and Use of Animals (National Research Council, 2011). Research facilities
were accredited by the American Association for the Accreditation of Laboratory Animal
Care.

Customized octagonal chambers with alternating Plexiglas and stainless steel walls (Med
Associates Inc, St. Albans, VT, USA) were encased in a sound-attenuating wooden box with
a small ventilation fan. Each chamber contained an overhead white house light (4.6 W) and
two retractable levers equipped with tri-colored stimulus lights (4.6 W) centered above each
lever. During the drug self-administration portion of the experiment, a syringe pump
(PHM-100, Med Associates) delivered infusions through a harness attached to a swivel-
tether system (375/22PS, Instech, Plymouth Meeting, PA, USA; C313CS-MN, Plastics One,
Roanoke, VA, USA). All experimental sessions were controlled by a computer running Med-
PC IV® software (Med Associates).

Cocaine HCI (National Institute of Drug Abuse, Research Triangle Institute, Research
Triangle Park, NC, US) was dissolved in sterile saline to a final concentration of 1.6 mg
cocaine/1 ml saline and given at a dose of 0.4 mg/kg/infusion. The duration of the infusion
was set based on the weight of the rat (1s/100 g) and infused at 0.025 ml/s. Progesterone
(PRO; Sigma Aldrich, St. Louis, MO) was dissolved in peanut oil (VEH; Sigma Aldrich) to
a final dose of 0.5 mg/kg administered subcutaneously 30 minutes prior to experimental
sessions. This dose has produced endogenously relevant levels of PRO (Jackson et al 2006),
and it decreased cocaine-seeking and impulsivity for food and cocaine in our previous
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studies (see Anker et al. 2011 for a review; Smethells et al. 2016; Swalve et al. 20163, b, d;
Zlebnik et al. 2014).

Autoshaping—~Prior to examining impulsive action for cocaine, all animals were trained
and tested in a Go/No-Go paradigm for food (see Swalve et al. 2016a). Briefly, rats were
initially trained to lever-press on a randomly-assigned active lever for a sucrose pellet
(Bioserv F0021) on an escalating variable-time and simultaneous fixed-ratio 1 (FR1)
schedule. Rats were considered to have completed autoshaping after 3 consecutive days of
30 or more sucrose pellets earned per day.

Go/No-Go for Food—After criteria for autoshaping were met, rats were transferred to the
Go/No-go phase. Briefly, the Go/No-go program consisted of alternating Go and No-go
components. During the Go component, a lever press on the active lever produced a 45 mg
sucrose pellet on a VI 30 sec schedule, and a press on the inactive lever produced no
consequence. Alternatively, during the No-go component, withholding a response on the
active lever produced a pellet on a Differential Reinforcement of Other Behavior (DRO) 30
sec schedule. Responding on the active lever during the No-go component reset the DRO
timer, and a “DRO reset” was recorded as an index of impulsive action. The session began
with the Go component and then moved to the No-go component, alternating back and forth
throughout the session. Each component lasted 15 min with a 5 sec timeout between
components for an approximately 2-h session. Thus, there were 4 Go alternating with 4 No-
go components during the 2-hr session. Illumination of a stimulus light over the active lever
marked the Go phase of the paradigm, while continuous flashing of the same stimulus light
marked the No-go component. Once responding was stable (see Swalve et al. 2016a), rats
were given either progesterone (0.5 mg/kg) or vehicle (peanut oil) 30 min prior to the
beginning of the session, and they were tested to stability before proceeding to the Go/No-go
for cocaine component. The data from several of these rats were reported previously in
Swalve et al., (2016a) and will not be reported here.

Go/No-go for Cocaine—Rats initially underwent surgery according to the procedures
described in Swalve et al. (2016a). Briefly, rats were anesthetized with a mixture of
ketamine (60 mg/kg for females and 90 mg/kg for males) and xylazine (10 mg/kg) (Hsu et
al. 1986). A single-beaded catheter (Plastics One, Roanoke, VA) was implanted into the
jugular vein and attached to a harness and tether. Rats were given extended-release
buprenorphine (0.05 mg/ml) post-surgery with ibuprofen (50 mg/kg) administered in the
drinking water for pain relief. Patency was checked weekly with a mixture of ketamine (10
mg/kg) and midazolam (0.5 mg/kg) in saline. If a loss of righting reflex was observed within
10 seconds of the ketamine/midazolam infusion, the rat was considered patent; if patency
was not observed, a second catheter was implanted in the opposite jugular vein using the
surgical procedure described above.

Three days post-surgery, rats were started on the Go/No-go procedure for cocaine. This
procedure is almost identical to the Go/No-go for food procedure with a few differences.
First, the No-go phase was omitted during the initial training of cocaine self-administration.
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Ground food was initially placed on the active lever until rats completed 15 or more lever
presses on the active lever for 3 days. After these criteria were met, rats were allowed to self-
administer cocaine during the Go component in a 2-hour session until they reached the
criteria of 25 or more infusions per session for 3 sessions to ensure that rats were reliably
self-administering cocaine. The No-go phase was then added back to the session and
responding continued until stability was reached. Identical to the food phase, each
component lasted 15 min with a 5 sec timeout between components for a total of 2 hours
with 4 phases of each component. Once stability was reached, rats were given treatment with
either progesterone (0.5 mg/kg) or vehicle (peanut oil). The treatment received in the
cocaine phase was identical to the treatment received in the food phase (e.g. if rats were
treated with PRO in the food component, they were treated with PRO in the cocaine
component). Stability was defined as the first 3 consecutive days of responding during
treatment with 1 or more DRO resets and total infusions earned during the No-go component
within 50% of the previous day’s level; stable sessions were used to examine group
differences. Rats took between 10 and 62 days (mean = 32.2 + 2.92) to reach baseline
stability and between 3 and 26 days (mean = 7.7 +£0.68) to reach stability once treatment
started.

Treatment with PRO vs. Vehicle (VEH)—A single dose of PRO (0.5 mg/kg) was used
in this study, as it has preduced significant reductions in drug seeking in a comparison of
males and females on drug-related behavior (see reviews, Carroll and Anker 2010; Anker
and Carroll 2011). Previous studies indicated that there are relatively minor dose-effect
differences of PRO, but significantly higher doses can trigger adverse hormonal effects
(Larson et al. 2007; Anker et al. 2007, 2012; Smethells et al. 2016; Carroll and Lynch 2016;
Carroll and Smethells 2016). Also, due to the relatively short catheter life, length of the
training procedure used to maintain a stable Go/No-go baseline over a long period, and the
primary comparison of sex differences, we were not able to test the Go/No-go behavior with
a dose response effect of PRO.

Endocrine status of female rats—We did not monitor the endocrine status of the
female rats in this study as it would have caused interference with catheter life and the
delicate training procedures used to maintain a stable Go/No-go baseline over a long period.
We attempted to limit potential direct effects of cycling hormones by including data over 3
consecutive days in females and males. Thus, the variability of the female rats’ 4-day estrous
cycle was captured in the mean values used. However, when data were subsequently
analyzed over the 3 individual test days, there was no day effect in females or males.

Data analysis—VI response rates during the Go component and DRO resets during the
No-go component were recorded during the same 3 days of stability. Differences in stable
responding during the VI and DRO components were normalized by transforming the raw
data from rats into percent change from their baseline, as differences between rats on their
VI responding and total DRO resets were occasionally high. Percent change was averaged
over the 3 days of stable responding during baseline and treatment to represent each
condition for analysis.
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Independent samples t-tests were used to examine differences in VI and DRO responding
prior to treatment in males and females. Sex and treatment effects during the No-go
component were used as a measure of impulsive action and analyzed using a two-way
ANOVA with follow-up analyses using Tukey-Kramer post hoc tests. The number of
infusions earned by males and females treated with PRO or VEH under the VI and DRO
contingencies as well as total infusions during both components were also compared in two-
way ANOVAS to examine underlying sex or treatment differences in the baseline levels of
responding for cocaine. Statistical analyses were conducted with SPSS version 17 and
GraphPad Prism version 7. The alpha value was set at p <0.05 for establishing statistical
significance.

Results of the t-tests indicated that there were no significant differences in VI response rates,
DRO resets, or infusions during the Go or No-go components between males and females.
There were also no significant differences in responding during the Go and No-go
components during baseline in either males or females. There were also no significant
differences in infusions during either component and no differences in VI response rates or
DRO resets between treatment groups. Thus, males and females had similar levels of
responding prior to the beginning of treatment, and PRO vs. VEH treatment groups were
similar in responding as well.

Figure 1 illustrates the percent change of DRO resets from baseline to treatment across
stable sessions in males and females (each point indicates an individual subject and bars
indicate group mean [+/- SEM]). According to a two-way ANOVA on the mean percent
change of DRO resets across stable sessions of the No-go component, there was a main
effect of treatment [F(1,26)=5.741, p<0.05], and an interaction between sex and treatment
[F(1,26)=4.458, p<0.05], but there was no main effect of sex. Post hoc analyses showed that,
compared to females treated with VEH, females treated with PRO had significantly lower
percentage of baseline DRO resets. Table 1 shows the mean number of infusions, VI
response rate and DRO resets (+/— SEM) by sex, schedule and treatment.

Figure 2 illustrates the percent change in VI response rates from baseline to treatment across
stable sessions in males and females (each point indicates an individual subject and bars
indicate group mean [+/— SEM]). A two-way ANOVA showed no significant effect of sex or
treatment and no interaction between sex and treatment in the mean percent change of VI
responding across stable sessions of the Go component. A separate two-way ANOVA
showed no significant effect of sex or treatment and no interaction on VI response rates.
Two-way ANOVA on infusions earned during the No-go component and total infusions over
both components also indicated no significant main effects of sex and treatment and no
interactions. Thus, treatment did not significantly affect responding for cocaine during the
VI component or infusions earned during either component in either males or females.
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Discussion

This study showed that PRO significantly reduced impulsive action for cocaine in females,
as indicated by a relative decrease in percent change in DRO resets in the PRO group
compared to the VEH group. Progesterone did not alter impulsive action in males, nor did it
affect responding for cocaine during the Go component in either sex. This suggests that
impulsive action for cocaine was attenuated by PRO compared to VEH in females, while
activity and the overall reinforcement value of cocaine were not significantly altered by this
dose. The effect of PRO in the present study was behaviorally specific to measures of
impulsive action, as the attenuation of responding by PRO did not transfer to VI responding.
The results also showed that impulsive action for cocaine was not significantly different
prior to treatment in males vs. females. The present findings were consistent with recent
previous results indicating that PRO reduced impulsive choice for cocaine infusions under a
delay-discounting schedule in females but not in males (Smethells et al. 2016).

Impulsivity has emerged as a major factor contributing to drug addiction and its resistance to
treatment (Perry and Carroll 2008; Weafer and de Wit 2014; Jentsch et al. 2014; Smethells et
al. 2016). Reducing maladaptive behaviors such as impulsivity is a novel method for treating
drug addiction (see Bickel et al., 2007). Results of the current study indicate that PRO, a
female gonadal hormone, reduced impulsive action in female rats compared to VEH, but not
in males. These results were consistent with previous findings from our laboratory showing
that PRO attenuated impulsive choice for cocaine (Smethells et al. 2016) in females but not
males. The findings that progesterone decreased both impulsive action (present study) and
impulsive choice (Smethells et al. 2016) in female rats shows promise for treatment of
behaviors such as impulsivity that underlie drug addiction in humans. In contrast, Smethells
et al. (2016) reported that atomoxetine (ATO) reduced impulsivity choice for cocaine in
males, but not in females. While it was beyond the scope of the present study, further studies
are needed to examine ATO to determine whether male-specific treatments reduce impulsive
action for cocaine.

The finding that PRO differentially alters impulsive action in female vs. male rats is
consistent with previous reports on the effects of PRO on drug-taking and impulsivity.
Progesterone was more effective in treating cocaine-seeking behavior in females than males
in both human (Fox et al. 2013; Evans and Foltin 2006; for review, see Quinones-Jenab and
Jenab 2010) and animal studies (Anker et al. 2009; Zlebnik et al. 2014; see Anker and
Carroll, 2011; Smethells et al. 2016). Progesterone also significantly decreased impulsive
choice for cocaine in females but not males in our previous study (Smethells et al., 2016).

While this is seemingly contrary to previous reports that PRO decreased cocaine self-
administration and reinstatement, these findings are similar to that of Swalve et al. (2016d),
that showed no effect of PRO on reinstatement. Both this study and previous work used a 2-
h session length, and the present study had approximately 1 h of VI responding for cocaine.
Session length has played a role in the lack of an effect of PRO, as sex differences are more
often revealed during extended-access conditions (Roberts et al. 1989; Lynch and Carroll
1999; Lynch et al. 2000; Campbell et al. 2002; Carroll et al. 2002; Caine et al. 2004; Roth
and Carroll 2004; Fuchs et al. 2005). In the present study, an advantage of short sessions was
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that the total amount of cocaine intake was limited, thus reducing the potential rate-altering
effects of cocaine.

No sex differences were found in the present study between males on females on baseline
levels of impulsive action in a Go/No-go task for cocaine. While previous reports showed
that female rats responded more than males during a No-go component (Anker et al. 2008),
there was no punishment contingency on responding during No-go in that study, which,
combined with an increased session length, may have enhanced differences. The lack of sex
differences in impulsivity prior to PRO treatment the present study is similar to results from
studies in both humans (Townshend and Duka 2005, Reynolds et al. 2004; Fernie et al.
2010) and rodents (Papaleo et al. 2012). However, it is contrary to the results of tests of
impulsive action in other models in humans and non-human animals (Jentsch and Taylor
2003; Anker et al. 2008; Saunders et al. 2008; Morgan et al. 2011; Bayless et al. 2012;
Burton and Fletcher 2012; Papaleo et al. 2012; Crosbie et al. 2013; Liu et al. 2013). Further
examination of the specificity of sex differences in different models of impulsive action is
needed.

The present results support further examination of PRO in reducing impulsive action
involved with cocaine seeking in humans, as results also suggest that a potential mechanism
of PRO’s actions on drug use might be its ability to reduce impulsive drug seeking. In
addition to the current Go/No-go task for impulsive action for cocaine, PRO has reduced
several forms of drug seeking, ranging from initial acquisition of drug seeking after forced
abstinence to maintenance of steady levels, escalation of drug intake, and relapse or
reinstatement of drug seeking after a drug-free period (see reviews, Becker and Koob 2016;
Carroll and Lynch 2016). Accumulating evidence suggests that the positive results in animal
studies may apply to stimulant addiction in humans. For example, in one of the first studies
of impulsivity and nicotine addiction in adolescent, Krishnan-Sarin et al. (2007) found that
specific measures of impulsivity were associated with either the ability to initiate or to
maintain abstinence from smoking. In another study, using a test of impulsive action
(SSRT), Colzato et al (2010) found that women in the luteal phase of their menstrual cycle
(when PRO is peaking) had less impulsive action than women in their follicular phase (when
estrogen is peaking and PRO is low). Recently it was reported by Saladin et al. (2015) that
higher endogenous PRO levels (luteal phase) were associated with higher odds of achieving
smoking abstinence in women smokers treated with a nicotine patch or patch plus
varenicline, compared to those who were administered PRO during the follicular phase,
when the PRO to estrogen ratio is lower.

There are three main limitations to this study. First, acute cocaine has been shown to
increase behavioral disinhibition (i.e., DRO resets) in the Go/No-go task (Paine and
Olmstead, 2004) and increase impulsive choice in female rats (e.g., Smethells and Carroll
2015). Thus, the intake of cocaine could have significantly altered impulsivity throughout
the session. However, there was no significant difference in total infusions, infusions during
the Go components, or the discrimination index (e.g. the percentage of responding on the
active vs. inactive lever). This suggests that measures of general responding and activity
were not significantly altered by cocaine self-administration during the session, and only
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impulsive action was reduced by PRO treatment. Thus, potential rate-altering effects of
cocaine as a reinforcer compared to sucrose or food may be limited.

Second, decreased in impulsive action by PRO, measured by a decrease in DRO resets,
could lead to a higher overall amount of infusions during the No-go component. However,
there were no effects of treatment on number of infusions earned during the No-go
component. Only DRO resets were affected, suggesting that PRO was selectively limiting
impulsive action, while having no effect on overall drug use and activity.

Third, decreased responding in the female PRO-treated group compared to the VEH group
may have been driven by increased in responding in the VEH group. Female rats may have
differentially shown increased impulsive action, as measured by DRO resets, over days of
treatment that did not occur in male rats. This potentiation of impulsivity is what was
reduced by PRO, but the potential behavioral and neurobiological mechanisms behind this
increase in the VEH group and attenuation by PRO are unknown. It would be informative to
examine the time-course of impulsive action for other drugs in male and female rats.

In summary, the present results revealed that PRO decreased impulsive action for cocaine
compared to VEH in female but not male rats. Higher levels of impulsivity are associated
with increased drug-seeking and initiation of drug use (see reviews by Weafer and de Wit
2014; Carroll and Smethells 2016), and treating these underlying behaviors may be a useful
strategy for decreasing current or future drug use. Progesterone is a hormone that is already
used in many contraceptives currently on the market, and it is commonly used among the
female population; thus, future research on PRO’s ability to decrease impulsivity related to
drug addiction, and other psychiatric disorders in humans, is warranted.
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Session

Mean and individual DRO resets for cocaine expressed as a percentage of baseline (* SEM )
in males and females when pretreated with saline (open symbols) vs. PRO (filled symbols).
The asterisks indicates a significant difference in the average percent change of baseline
responding between the PRO- and VEH-treated groups *P<0.01
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Fig 2.

Mean and individual V1 response rates for cocaine expressed as a percentage of baseline (*
SEM ) in males and females when pretreated with saline (open symbols) vs. PRO (filled
symbols).
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