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5-HT1B receptor agonist enhances breakpoint for cocaine on a progressive ratio (PR) schedule during maintenance of self-administration in female rats but reduces breakpoint for sucrose












	
	Original Research
published: 01 November 2022
doi: 10.3389/fnbeh.2022.1020146





[image: image2]

5-HT1B receptor agonist enhances breakpoint for cocaine on a progressive ratio (PR) schedule during maintenance of self-administration in female rats but reduces breakpoint for sucrose

Samantha N. Scott1, Brielle A. Ruscitti1, Raul Garcia1, Toan T. Nguyen2, Kevin M. Blattner3, Benjamin E. Blass3 and Janet L. Neisewander1*


1School of Life Sciences, Arizona State University, Tempe, AZ, United States

2School of Biological and Health Systems Engineering, Arizona State University, Tempe, AZ, United States

3Moulder Center for Drug Discovery Research, Department of Pharmaceutical Sciences, Temple University School of Pharmacy, Philadelphia, PA, United States

Edited by:
Jayme R. McReynolds, University of Cincinnati, United States

Reviewed by:
Brendan J. Tunstall, University of Tennessee Health Science Center (UTHSC), United States
Leandro Franco Vendruscolo, National Institute on Drug Abuse (NIH), United States
Elizabeth Doncheck, Medical University of South Carolina, United States

* Correspondence: Janet L. Neisewander, janet.neisewander@asu.edu

Specialty section: This article was submitted to Motivation and Reward, a section of the journal Frontiers in Behavioral Neuroscience

Received: 15 August 2022
 Accepted: 07 October 2022
 Published: 01 November 2022

Citation: Scott SN, Ruscitti BA, Garcia R, Nguyen TT, Blattner KM, Blass BE and Neisewander JL (2022) 5-HT1B receptor agonist enhances breakpoint for cocaine on a progressive ratio (PR) schedule during maintenance of self-administration in female rats but reduces breakpoint for sucrose. Front. Behav. Neurosci. 16:1020146. doi: 10.3389/fnbeh.2022.1020146



Background: Previous research showed that the 5-HT1B receptor agonist CP94253 enhanced cocaine reinforcement rate during maintenance of daily self-administration (SA), but inhibited reinforcement rate after 21 days of abstinence in male rats. Here we examined whether female rats show similar effects of CP94253 during maintenance as males across estrous cycle phases.

Methods: Female rats trained on a fixed ratio 5 (FR5) cocaine reinforcement schedule were tested for the effects of CP94253 (5.6 mg/kg, s.c.) on cocaine reinforcement rate during each phase of the estrous cycle, with access to either low (0.075 and 0.1875) or high (0.375 and 0.75) cocaine doses available for 1 h sequentially in descending dose order. Other female and male rats trained on a progressive ratio (PR) schedule of cocaine or sucrose reinforcement were tested for CP94253 (0, 3.2, 5.6, and 10 mg/kg, s.c.) effects on reinforcement rate in 3-h sessions. CP94253 effects on responding during sucrose cue-reactivity were also examined post-abstinence.

Results: Regardless of sex, CP94253 enhanced breakpoints on the PR schedule during maintenance of cocaine SA but attenuated breakpoints for sucrose reinforcement and decreased responding during sucrose cue-reactivity. FR results showed that CP94253 attenuated cocaine reinforcement rate during all estrous cycle phases except metestrus.

Conclusions: Overall, we suggest that CP94253 increased incentive motivation for cocaine during maintenance of SA in female and male rats, yet decreased motivation for sucrose. We also suggest that 5-HT1BRs modulate motivation similarly across sexes except when females are in metestrus.
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INTRODUCTION

Psychostimulant use disorders are a major, persistent societal problem for which there is no approved pharmacotherapy in the United States (Pomara et al., 2012). Preclinical evidence suggests that serotonin 1B receptor (5-HT1BR) agonists show promise as pharmacological medications for reducing psychostimulant reinforcement. Initially this idea was counter-indicated by Parsons et al. (1998), who discovered that 5-HT1BR agonists shift the cocaine dose-response curve upward and to the left on a low effort fixed ratio (FR) schedule of cocaine self-administration (SA), and increase cocaine reinforcement and breakpoint on a high effort progressive ratio (PR) schedule of reinforcement in male rats, suggesting an enhancement of cocaine reinforcement and incentive motivation. However, our lab found that the effects of 5-HT1BR agonists on cocaine SA in males depend on whether rats have undergone a period of prolonged abstinence. Specifically, systemic administration of 5-HT1BR agonists or over expression of 5-HT1BRs in the nucleus accumbens during maintenance of daily cocaine SA shifts the dose-response curve on an FR5 schedule of cocaine reinforcement to the left and increases breakpoint and cocaine reinforcement rate on a PR schedule in males (Pentkowski et al., 2009, 2012, Pentkowski et al., 2014). By contrast, after 21 days of forced abstinence, these manipulations shift the cocaine dose-response curve downward on a FR5 schedule, and decrease breakpoints and cocaine infusion rates on a PR schedule, suggesting a decrease in cocaine reinforcing effects and/or incentive motivation after abstinence (Pentkowski et al., 2012, 2014). Additionally, 5-HT1BR agonist decreases cocaine-reinforcing effects after abstinence and subsequent resumption of cocaine SA (i.e., relapse) regardless of sex (Scott et al., 2021). Moreover, 5-HT1BR agonists decrease both cue-elicited and cocaine-primed reinstatement of extinguished cocaine-seeking behavior in male and female rats (Acosta et al., 2005; Pentkowski et al., 2009, 2012; Scott et al., 2021). Together the findings suggest that there is an abstinence-dependent switch in 5-HT1BR modulation of cocaine SA in male rats from enhancement during maintenance to attenuation after a period of abstinence. However, it remains unclear whether 5-HT1BR agonist enhances cocaine-reinforcing effects in female rats prior to abstinence as observed previously in male rats (Pentkowski et al., 2009, 2014).

Sex differences in treatment effects are important to consider as preclinical research suggests that female rats are more sensitive to the effects of cocaine than male rats. For example, female rats acquire cocaine SA at a faster rate and consume more cocaine than male rats (Lynch and Carroll, 1999; Hu et al., 2004; Jackson et al., 2006; Lynch, 2006). Estrogens may play a crucial role in this sex difference as the exogenous administration of estradiol increases the acquisition of cocaine SA in ovariectomized (OVX) female rats when compared to OVX vehicle control females or castrated male rats (Jackson et al., 2006; Becker and Hu, 2008). During maintenance of daily cocaine SA, females obtain more infusions and reach higher breakpoints than males on a PR schedule (Carroll et al., 2002; Lynch and Taylor, 2004). Similarly, female rats demonstrate higher breakpoints during the estrus phase compared to other cycle phases, suggesting that motivation for cocaine is higher during the estrus phase (Roberts et al., 1989; Lacy et al., 2016). Additionally, female rats show greater reinstatement to a lower priming dose than males (Lynch and Carroll, 2000; Doncheck et al., 2020) with reports of heightened reinstatement of responding during cocaine cue-reactivity during proestrus (Feltenstein et al., 2011; Doncheck et al., 2018, 2021) and estrus phases (Kippin et al., 2005; Feltenstein and See, 2007). Together, these findings suggest that there are sex differences involving ovarian hormones in all phases of the cocaine addiction cycle.

This study tested the hypotheses that 5-HT1BR agonists: (1) enhance cocaine reinforcement rate in females tested before abstinence as observed previously in males; and (2) that sensitivity to this effect in females is particularly robust during the estrus phase of the estrous cycle when estrogens are relatively high. To test these hypotheses, we examined the effects of the 5-HT1BR agonist CP94253 on cocaine reinforcement rate under a FR5 schedule at each phase of the estrous cycle during maintenance of cocaine SA, and with another cohort of male and female rats, we tested CP94253 effects under a PR schedule of cocaine reinforcement. To further assess the effects of CP94253 on the ability to perform an operant response, we examined sucrose reinforcement rates under a PR schedule as well as responding during sucrose cue-reactivity tests.



METHODS


Animals

Male and female Sprague-Dawley rats (Charles River, San Diego, CA) weighing 200–300 g at the start of the experiment were single-housed in a climate-controlled facility on a reversed light/dark cycle (10 h light/ 14 h dark cycle). Rats had ad libitum access to food and water except during initial cocaine SA training sessions as described below. Rats were handled for 6–7 days prior to any experimental procedure. Animal care and husbandry adhered to the Guide for the Care and Use of Laboratory Animals. All experimental procedures were approved by the Institutional Animal Care and Use Committee at Arizona State University.



Surgery

Rats were anesthetized with isoflurane (2.5%–3.5%; VetOne, Idaho, USA) and received 0.05 mg/kg (s.c.) Buprenex (Par Pharmaceuticals, New York, USA) before surgery. A chronic indwelling catheter was then implanted into the jugular vein according to the methods previously described (Pockros et al., 2011). After surgery, rats were given cefazolin (30 mg/0.1 ml s.c.; WG Critical Care, NJ, USA), meloxicam (1 mg/kg/ml s.c.; Norbrook Laboratories Limited, Newry, Northern Ireland), and topical Neosporin ointment (NJ, USA) applied at incision sites. Rats were given 5–6 days of recovery prior to cocaine SA training. Rats received an injection of meloxicam (s.c.) the day after surgery and catheters were flushed with 0.1 ml cefazolin (10 mg/0.1 ml; i.v.) and with 0.1 ml (i.v.) saline containing heparin sodium (70 USP/1 ml; SAGENT pharmaceuticals, IL, USA) daily for 4 days during recovery. Thereafter, only heparin sodium was given daily throughout the SA experiments. Also, catheters were periodically tested for patency by administering 0.05 ml methohexital sodium (0.835 mg/0.05 ml i.v.; Jones Pharma Inc., MO, USA) at a dose that produces anesthetic effects only when administered i.v.



Drugs

Cocaine hydrochloride was provided by the NIDA Drug Supply Program (RTI International, Research Triangle Park, NC) and was dissolved in bacteriostatic saline (Hospira Inc, Lake Forest, IL) and filtered through 0.2 μm membrane Acrodisc syringe filters (PALL Corporation, Ann Arbor, MI). CP94253 hydrochloride was purchased (Tocris Biosciences, Minneapolis, MN; Santa Cruz Biotechnology, Inc, TX, USA) or synthesized by Benjamin Blass and colleagues at Temple University. CP94253 doses are based on the salt form of drug and were prepared fresh daily using bacteriostatic saline. The volume of i.v. injections was 0.1 ml and all other injections were given at a volume of 1 ml/kg.



Vaginal swabs

Estrous cycle phases were determined by daily vaginal cytology (Becker et al., 2005; Byers et al., 2012) using the procedures described in Peartree et al. (2017).



Apparatus

Operant conditioning chambers (30 × 25 × 25 cm; Med Associates, St. Albans, VT) were equipped with a ventilation fan, an active and inactive lever, a cue light above the active lever, a house light, and a tone generator as previously described (Pentkowski et al., 2009). Infusion pumps were located outside of a sound-attenuating outer chamber. Polyethylene tubing attached to the drug syringe in the infusion pump entered through a port in the outer chamber wall and attached to a liquid swivel (Instech, Plymouth, PA) suspended above the inner chamber. The outlet line from the liquid swivel was encased inside a metal spring leash with a plastic connector that fastened to the catheter (Plastics One, Roanoke, VA).



Experiment 1: effects of the estrous cycle and CP94253 on maintenance of cocaine SA on an FR5 schedule of reinforcement

Forty-eight hours prior to the first SA session, rats were food-restricted to 85% of their initial free-feeding body weight to facilitate the acquisition of cocaine SA. Two-hour SA sessions occurred at approximately the same time of day 6 days/week during the rats’ dark cycle. Cocaine (0.75 mg/kg/0.1 ml infusion, i.v.) was available initially on a fixed ratio (FR) 1 schedule of reinforcement that progressed to an FR2, FR3, and FR5 based on individual performance. Ratio advancement within a session occurred once rats received seven cocaine reinforcers within an hour. The successful completion of a reinforcement schedule activated the tone and light cues and 1 s later activated the infusion pump to deliver cocaine over 6 s. These stimuli were then terminated and a house light was illuminated for 20 s to signal a timeout during which lever responses were recorded but produced no consequences. Once rats progressed to the FR5, they were given ad libitum access to food and began receiving daily vaginal swabs 30 min after the sessions to track their estrous cycle phases. Testing began once rats displayed stable cocaine reinforcement rate, defined as ≤15% variability in the number of infusions obtained across three consecutive sessions.

The rats were tested twice at each phase of the estrous cycle, receiving CP94253 (5.6 mg/kg, s.c.) prior to one test and vehicle prior to the other test, with the order of pretreatment counterbalanced. Fifteen minutes after the treatment injection, rats were placed into the SA chambers with cocaine available on an FR5 schedule of reinforcement. Separate groups of rats were tested on different dates but at the same time of day either with 0.075 and 0.1875 mg/kg (cohort 1, n = 19) or with 0.375 and 0.75 mg/kg (cohort 2, n = 35) cocaine available for 1-h each in descending order of dose with a 5-min time out between doses. Rats were given at least three additional SA sessions between tests to re-establish the stability criterion. Thirty min after each test, predicted estrous cycle phase was verified.



Experiment 2: effects of CP94253 on maintenance of cocaine SA on a PR schedule of reinforcement in males and females

A new cohort of male (n = 9) and female (n = 16) rats were food-restricted and trained to self-administer 0.75 mg/kg, i.v. cocaine on a FR1 schedule of reinforcement in 3-h SA sessions 6 days/week. After establishing stable cocaine reinforcement, rats continued daily SA training during 3-h sessions with 0.375 mg/kg, i.v. cocaine available on the PR schedule (Richardson and Roberts, 1996). The reason for lowering the cocaine dose was because most rats reach breakpoint prior to the 3-h session limit at this dose. Break point is defined as the last successful schedule of reinforcement completed prior to a 1-h period during which a rat fails to complete the next schedule. Testing commenced after rats met the stability criterion on the PR schedule. Test sessions were identical to training sessions except that rats received s.c. administration of their assigned drug treatment 15 min before the session. First, rats were tested with vehicle or 5.6 mg/kg, s.c., CP94253 on separate test days with order counterbalanced. After testing at both of these doses, rats underwent two more tests after receiving 3.2 or 10 mg/kg, s.c. CP94253, counterbalanced for dose order. Rats received additional sessions between the tests to re-establish the stability criterion. This dose order was selected to maximize the number of rats tested at the 5.6 mg/kg dose (i.e., the lowest effective dose in male rats) because of concerns for attrition due to loss of catheter patency. All female rats were vaginally swabbed 30 min after each test session.



Experiment 3: effects of CP94253 on sucrose reinforcement under a PR schedule and on sucrose cue reactivity

Once male (n = 8) and female (n = 15) rats in Experiment 2 completed testing for the effects of CP94253 on a PR schedule of cocaine reinforcement, they were placed in a different operant chamber with sucrose (45 mg pellets; Sigma Aldrich, MO, USA) available on the PR schedule. These new chambers were located in a different room and the positions of the active and inactive levers were opposite to that during cocaine SA (e.g., if the active lever had been on the right side, it was switched to the lever on the left side). Three-hour training sessions occurred 6 days/week until the stability criterion was met. Testing then commenced with rats receiving vehicle, 3.2, 5.6, or 10 mg/kg, s.c., CP94253 across tests using the identical order described for Experiment 2. After the last test, rats remained in their home cage for 10 days and then underwent testing for sucrose cue reactivity. Rats were tested twice for cue reactivity, receiving an injection of vehicle 15 min prior to one test and CP94253 (10 mg/kg, s.c.) 15 min prior to the other test, counterbalanced for order. During these 1-h test sessions, the light and tone cues previously presented with sucrose reinforcement were available on an FR1 schedule but no sucrose pellets were available. Rats remained in their home cages for 5 days intervening in the two tests.



Statistical analyses

Statistical analyses were conducted with IBM SPSS Statistics 23.0. Infusions, active and inactive lever responses were analyzed in separate ANOVAs with cocaine dose and drug pretreatment as within subjects factors where appropriate. Although we had designed Experiment 1 with an estrous cycle phase as a repeated measure, we included this variable as a between subjects factor because there was too much missing data due to the catheter failure of rats during the testing phase. The data from rats that had been tested multiple times under the same condition due to mistaken predictions of the estrous cycle phase were averaged and the average value was used in the ANOVA. Bonferroni post-hoc tests were used to identify the source of significant effects.




RESULTS


Baseline cocaine SA measures across estrous cycle phases

Figure 1 shows cohort differences in baseline maintenance of daily cocaine SA on the FR5 schedule of reinforcement prior to the first CP94253 test regardless of the estrous cycle phase. The ANOVAs showed a significant main effect of dose cohort for mg/kg intake, the number of infusions, and active lever responses (F(1,182) = 37.5, 38.1, 51.2, respectively, p < 0.05) due to cohort 1 showing higher measures compared to cohort 2. The reason for these differences is unclear but is likely due to running the cohorts during different months. There was no main effect of the estrous cycle phase nor interaction with dose cohort for any of the measures (Figures 1A–C), including inactive lever responses (data not shown).
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FIGURE 1. Average baseline (mean ± SEM) of daily cocaine intake (mg/kg) (A), infusion rates (B), and active lever response rates (C) during training for cohorts 1 and 2 at each estrous cycle phase measured prior to the CP94253 test phase. Both cohorts were given access to 0.75 mg/kg, i.v. cocaine on an FR5 schedule of reinforcement during training. The estrous cycle phase did not affect any of the measures.





Effects of estrous cycle and CP94253 on maintenance of cocaine SA on the FR5 schedule of reinforcement

CP94253 effects on mg/kg cocaine intake during the maintenance of daily SA in each phase of the estrous cycle of female rats is shown in Figure 2. ANOVA of cocaine intake showed no effect of estrous phase nor interaction with pretreatment or cocaine dose (Figures 2B–E). There were main effects of pretreatment (F(1,358) = 10.6, p < 0.05) and cocaine dose (F(3,358) = 156.4, p < 0.05). Rats consumed less cocaine after receiving CP94253 pretreatment compared to the vehicle regardless of cocaine dose and they consumed more cocaine as the dose increased (Figures 2F,G, respectively; Bonferroni t-tests, p < 0.0167).
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FIGURE 2. The number of rats tested in each condition under an FR5 reinforcement schedule (A) and effects of CP94253 on their mg/kg cocaine intake (mean ± SEM) during metestrus (B), diestrus (C), proestrus (D) and estrus (E). Cohort 1 had access to 0.075 and 0.1875 mg/kg, i.v. cocaine in descending order during the test phase of the experiment whereas cohort 2 had access to 0.375 and 0.75 mg/kg, i.v. cocaine in descending order. For subjects tested more than once under the same condition due to mis-predicted estrous cycle phase, the average of the tests was used in the ANOVA. There were no effects nor interactions with the estrous cycle phase. A main effect of pretreatment (F) indicated less mg/kg cocaine intake after CP94253 pretreatment compared to the vehicle regardless of cocaine dose and a main effect of dose indicated that rats consumed more cocaine as the dose available increased (G). *Indicates a significant difference from the vehicle, ANOVA main effect, p < 0.05. “a”, “b”, “c”, and “d” letter symbols indicate a significant difference from each other, Bonferroni t-tests, p < 0.0167.



Reinforcement rates under the FR5 schedule of reinforcement are shown in Figure 3. ANOVA of infusions obtained showed the main effects of pretreatment (F(1,358) = 10.8, p < 0.05) and cocaine dose (F(3,358) = 21.0, p < 0.05), but no main effect of estrous cycle. Rats pretreated with CP94253 took fewer cocaine infusions compared to vehicle-pretreated rats (Figure 3E). The dose effect was due to fewer infusions earned at the two higher doses compared to the two lower doses (Figure 3F; Bonferroni t-tests, p < 0.0167). Interestingly, there were pretreatment by cocaine dose and pretreatment by estrous cycle phase interactions (F(3,358) = 2.8, 4.7, respectively, p < 0.05), but no 3-way interaction. Post-hoc analyses indicated that CP94253 pretreatment decreased infusions at intermediate cocaine doses (0.1875 and 0.375 mg/kg, i.v.) compared to vehicle pretreatment (Figure 3G; Bonferroni t-test, p < 0.0063) and when collapsed across all cocaine doses, CP94253 reduced the number of infusions obtained at all estrous cycle phases except metestrus (Figure 3H; p < 0.0063). The latter suggests that CP94253 was less effective during metestrus.
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FIGURE 3. Effects of the 5-HT1BR agonist CP94253 on cocaine infusion rate (mean ± SEM) under an FR5 reinforcement schedule in female rats during metestrus (A), diestrus (B), proestrus (C), and estrus (D), and ANOVA main effects of pretreatment (E) and dose (F) and interactions between pretreatment and dose (G) and pretreatment and cycle phase (H). For experimental details and n/condition see text or Figure 1 caption. *Difference from vehicle pretreatment, ANOVA main effect, p < 0.05 shown collapsed across pretreatment and estrous cycle phase or post-hoc Bonferroni t-tests, p < 0.0167; #difference from 0.075 and 0.1875 cocaine doses, Bonferroni t-tests, p < 0.0167.



ANOVA of active lever responses showed no three-way interaction (Figures 4A–D), but as expected there was a main effect of cocaine dose (F(3,358) = 31.5, p < 0.05) and post-hoc Bonferroni t-tests (p < 0.0125) showed that active lever response rates were lower at the two high doses compared to the two low doses. There were also pretreatment by cocaine dose and pretreatment by estrous cycle phase interactions (F(3,358) = 3.7, 3.0, respectively, p < 0.05). Subsequent post-hoc analyses showed that pretreatment with CP94253 decreased response rates at 0.1875 mg/kg, i.v. cocaine dose compared to vehicle pretreatment (Figure 4E; Bonferroni t-test, p < 0.0063). CP94253 also decreased active lever response rates during diestrus compared to vehicle, but there were no effects at other estrous cycle phases (Figure 4F, Bonferroni t-test, p < 0.0063). ANOVA of inactive lever responses revealed a main effect of cocaine dose, estrous phase, and a pretreatment by estrous phase interaction (F(3,317) = 2.81, 5.18, 3.85, respectively, p < 0.05). The rats displayed higher inactive lever responses when 0.075 mg/kg, i.v. was available compared to 0.375 mg/kg, i.v. cocaine (Figure 4G, Bonferroni t-test, p < 0.0125), and CP94253 pretreatment increased inactive lever responses only during metestrus (Figure 4H, Bonferroni t-test, p < 0.0063).
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FIGURE 4. Effects of CP94253 on mean ± SEM active lever response rates (A–F) and inactive lever response rates (G,H) under an FR5 reinforcement schedule in female rats during each estrous cycle phase (A–D) and ANOVA interactions between pretreatment and dose (E) and pretreatment and cycle phase (F) for active lever responses and the main effect of dose (G) and pretreatment by cycle phase interaction (H) for inactive lever responses. For experimental details and n/condition see text or Figure 1 caption. *Difference from vehicle pretreatment, Bonferroni t-tests, p < 0.0167; #difference between 0.075 and 0.375 mg/kg cocaine, Bonferroni t-tests, p < 0.0167.





Effects of CP94253 on maintenance of cocaine SA on a PR schedule of reinforcement in males and females

To control for variability in testing measures, the results were analyzed as a percent change from individual baselines. There were no effects of sex on any of the measures; therefore, these data are shown collapsed across male and female rats (Figures 5A–C). The ANOVA of mg/kg cocaine intake showed a main effect of pretreatment (F(2.6,55) = 5.19, p < 0.001), where 10 mg/kg CP94253 enhanced cocaine intake (mg/kg) compared to all other conditions (Bonferroni t-tests, p < 0.0125, Figure 5A). ANOVA of infusions obtained showed a similar main effect of pretreatment (F(2.4,56) = 8.37, p < 0.001), where all doses of CP94253 (3.2, 5.6, and 10 mg/kg) enhanced cocaine infusions obtained when compared to vehicle (Bonferroni t-tests, p < 0.0125, Figure 5B). Lastly, there were main effects of pretreatment for breakpoint (F(2.6,68) = 5.95, p < 0.05, Figure 5C) and active lever responses (F(2.19,55) = 4.66, p < 0.05, Figure 5D), which were due to increases in these measures after administration of 3.2 and 10 mg/kg CP94253 (Bonferroni t-tests, p < 0.0125). There were no significant effects nor interactions for inactive lever responses (data not shown).
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FIGURE 5. Effects of CP94253 on the mean ± SEM mg/kg cocaine intake (A), cocaine infusions (B), breakpoints (C), and active lever responses (D) during maintenance of daily cocaine self-administration (SA) under a progressive ratio (PR) schedule of reinforcement expressed as a % change from training baseline in male (n = 9) and female (n = 16) rats. There were no main effects or interactions with sex, therefore the data are collapsed across sex. *Difference from vehicle, Bonferroni t-tests, p < 0.0167.





Effects of CP94253 on sucrose reinforcement under a PR schedule of reinforcement in males and females

The effects of CP94253 on sucrose reinforcement measures are shown in Figure 6. There were no effects of sex, therefore the data are collapsed across sex (Figures 6A–C). ANOVA of sucrose pellets earned showed a main effect of pretreatment (F(3,81) = 3.39, p < 0.05), due to a decrease in the number of sucrose reinforcers obtained at the highest dose of CP94253 (10 mg/kg) when compared to all other CP94253 doses (Bonferroni t-tests, p < 0.0125, Figure 6A). ANOVA of breakpoints showed a similar main effect of pretreatment (F(3,80) = 4.41, p < 0.05), where 10 mg/kg CP94253 decreased the breakpoint for sucrose reinforcers in comparison to vehicle (Bonferroni t-tests, p < 0.0125, Figure 6B). Lastly, ANOVA of active lever responses for sucrose showed a main effect of pretreatment (F(3,81) = 3.61, p < 0.05), revealing that 3.2 mg/kg CP94253 increased active lever responses for sucrose compared to 10 mg/kg CP94253 (Bonferroni t-tests, p < 0.0125, Figure 6C). There were no significant effects on inactive lever responses for sucrose reinforcement (data not shown).
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FIGURE 6. Effects of CP94253 on mean ± SEM sucrose reinforcers earned (A), breakpoints (B), and active lever responses (C) under a PR schedule of reinforcement expressed as a % change from training baseline in male (n = 8) and female (n = 15) rats. There were no main effects or interactions with sex, therefore the data are collapsed across sex. *Difference from vehicle, Bonferroni t-tests, p < 0.0167; #difference from 3.2 mg/kg CP94253, Bonferroni t-tests, p < 0.0167; †different from 10 mg/kg CP94253, Bonferroni t-tests, p < 0.0167.





Effects of CP94253 on responding during sucrose cue-reactivity tests

ANOVA of effects of CP94253 on sucrose cue reactivity assessed in males and females 10 days after the last training session showed no effect of sex (Figure 7A) but revealed a main effect of pretreatment (F(3,81) = 3.61, p < 0.05) that was due to decreased active lever responses with CP94253 pretreatment compared to the vehicle regardless of sex (Bonferroni t-tests, p < 0.0125, Figure 7B). There were no significant effects on inactive lever responses (data not shown).
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FIGURE 7. Effects of CP94253 (10 mg/kg, SC) on responding during sucrose cue-reactivity test expressed as the mean ± SEM active lever presses in male (n = 8) and female (n = 15) rats (A) and in all rats (B). Testing took place at least 10 days after the last training session. There were no main effects or interactions with sex. *Difference from vehicle, Bonferroni t-tests, p < 0.0167.






DISCUSSION

The present study examined the effects of a 5-HT1B receptor agonist, CP94253, on cocaine abuse-like behavior during the maintenance of cocaine SA in rats, and whether these effects are influenced by the estrous cycle phases in female rats. The finding that cocaine reinforcement rate did not differ across phases of the estrous cycle (Figure 1) is discrepant with previous studies demonstrating greater cocaine reinforcement rate during estrus when estrogen levels are relatively high compared to diestrus and metestrus phases (Roberts et al., 1989; Hecht et al., 1999; Lynch et al., 2000; Hu et al., 2004; Feltenstein and See, 2007). The reason for this discrepancy is unclear but may be related to the use of a low-effort, FR5 schedule of reinforcement. Previous research suggests that estrous cycle effects are more reliably observed under PR compared to FR schedules, suggesting that low-effort FR schedules may lack the sensitivity to detect estrous cycle-dependent effects on cocaine SA (Roberts et al., 1989; Lynch and Taylor, 2004, 2005; Lynch, 2008; Lacy et al., 2016). Additionally, our study was longer than most cocaine SA experiments, which may have obscured estrous cycle effects because chronic cocaine SA results in irregular estrous cycles (Roberts et al., 1989; King et al., 1990; Feltenstein and See, 2007). Lastly, the discrepancy may be attributed to the dose of intravenous cocaine as estrous cycle effects are more reliably observed in studies that examine lower doses of cocaine than those that examine higher doses. For instance, female rats display higher reinforcement rates during estrus than other phases when they self-administer low doses (0.2–0.5 mg/kg, i.v.) of cocaine (Roberts et al., 1989; Hecht et al., 1999; Lynch et al., 2000; Hu et al., 2004; Feltenstein and See, 2007), but not high doses such as 0.75–1.5 mg/kg, i.v. cocaine (present study; Lynch and Taylor, 2004).

Importantly, the metestrus phase of the estrous cycle impacted the effects of CP94253 on cocaine SA measures. Specifically, CP94253 decreased infusion rates during all phases of the estrous cycle except metestrus (Figure 3H) and although the interaction of CP94253 and estrous cycle phase for mg/kg cocaine intake did not reach significance, it appears that the main effect of CP94253 on this measure was carried by small decreases observed at all phases except metestrus (Figures 2B–F). Furthermore, CP94253 increased inactive lever presses (Figure 4H) and produced a nonsignificant increase in active lever presses only during metestrus, whereas CP94253 decreased active lever presses during all other phases although this latter effect was only significant during diestrus. The pattern of intake, reinforcement rates, and active lever presses across estrous cycle phases overall suggests that reinforcement-related behaviors in female rats are differentially affected by CP94253 during metestrus compared to other phases of the estrous cycle. The behavior observed during metestrus may involve a nonspecific increase in activity given that inactive lever presses were increased by CP94253 during testing on the FR5 schedule of cocaine reinforcement. In any case, this estrous cycle effect is likely mediated by hormonal changes. Cocaine alters anterior pituitary hormones, such as follicle stimulating hormone (FSH) and luteinizing hormone (LH), which in turn regulate gonadal hormones across species, including humans (Mello et al., 1990, 1993; Dada and Horacek, 1991; Heesch et al., 1996; Mendelson et al., 2001). Therefore, it is possible that CP94253 alters cocaine-induced changes in FSH and LH as the ratio of these and other ovarian hormones are markedly different during metestrus compared to any other cycle phase. Further research is needed to verify and extend the present estrous cycle findings due to the low number of animals tested (e.g., n = 4) at some of the phases and the tendency for most initial tests to occur during estrous or metestrus, which may be problematic if the sensitivity to effects of CP94253 change with repeated testing.

The present results from the FR5 experiment showing that pretreatment with CP94253 attenuated cocaine reinforcement rates during maintenance of SA in female rats are difficult to interpret due to the inverted U-shape of the cocaine SA dose-response curve observed with low ratio schedules, and this study failed to capture the ascending limb of this curve. An increase in cocaine infusions at doses on the ascending limb of the curve with a decrease in infusions at doses on the descending limb represents a leftward shift that is typically interpreted as an enhancement or sensitization of the reinforcing effects of cocaine (Mello and Negus, 1996; Parsons et al., 1998; Piazza et al., 2000) Previous research comparing vehicle and CP94253 pretreatments showed that the highest reinforcement rate in males was observed under CP94253 pretreatment at the lowest dose of cocaine tested, which is on the ascending limb (upward shift), but CP94253 also decreased reinforcement rate across doses on the descending limb of the dose-response curve (leftward shift). This pattern was interpreted as a CP94253-induced enhancement of the reinforcing value of cocaine (Parsons et al., 1998; Pentkowski et al., 2009). In the present study, however, CP94253 effects in females resemble the males at doses considered to be on the descending limb of the dose-response curve but do not resemble males at the lowest dose tested, which is considered to be on the ascending limb. Since females failed to show an increase in reinforcement rate at the lowest dose tested, it is ambiguous whether the CP94253-induced decreases in SA measures on the descending limb were due to a decrease in cocaine reinforcing value resulting in less motivation for cocaine or to the enhancement of the reinforcing value of cocaine producing longer interdose interval due to a transient satiation effect (Killeen and Reilly, 2001; Lynch and Carroll, 2001).

To further investigate whether CP94253 enhances reinforcement/motivation for cocaine during maintenance of daily SA in female rats as observed previously in males, we measured its effects under a PR schedule of reinforcement. The PR schedule typically produces a linear increase in infusions earned across doses that are self-administered (Hodos, 1961; Depoortere et al., 1993), and therefore, increases in the number of infusions earned suggest enhancement of cocaine reinforcement/motivation, whereas decreases suggest attenuation of these processes. The results showed that CP94253 enhanced mg/kg cocaine intake, infusions, breakpoint, and active lever responses (Figure 5), supporting the hypothesis that pretreatment with CP94253 enhances the reinforcing value of cocaine in female rats during the maintenance of SA. One unusual aspect of the CP94253 dose-response curve under the PR schedule of reinforcement is that the 5.6 mg/kg dose failed to produce a significant increase in mg/kg intake, breakpoint, or active lever presses, although there were trends toward these effects as well as a significant increase in the number of infusions obtained. The inconsistent CP94253 dose-response functions may be due to a test order effect given that 5.6 mg/kg CP94253 and vehicle were always tested across the first two tests in counterbalanced order, while 3.2 and 10 mg/kg CP94253 were tested subsequently in counterbalanced order. It is possible that rats became more sensitive to CP94253 effects across repeated tests resulting in more reliable effects at the last two doses tested.

Together with previous literature, the present findings suggest that male and female rats exhibit similar abstinence-dependent CP94253 effects on cocaine reinforcement. In light of the enhancement of cocaine reinforcement/motivation under the PR schedule in both male and female rats, the most parsimonious interpretation of the CP94253-induced decrease in SA measures across increasing doses of cocaine under the FR5 schedule is that CP94253 enhanced cocaine reinforcing value/motivation in female rats, similar to the effects observed previously in males tested with 5-HT1BR agonist during maintenance of cocaine SA under an FR5 schedule (Parsons et al., 1998; Pentkowski et al., 2014). Reinforcement rates at 0.075 mg/kg, i.v. cocaine under an FR5 schedule are enhanced in male rats during maintenance of cocaine SA but attenuated after prolonged forced abstinence (Pentkowski et al., 2014). Recently, we replicated the latter effect in both male and female rats and showed that the effect persists even when rats are tested after resuming sessions of daily access following abstinence (Scott et al., 2021). These same rats also showed a decrease in cocaine cue-reactivity in response to CP94253 when tested after either 21 or 60 days of abstinence (Scott et al., 2021). Collectively, the findings suggest that the functional effects of 5-HT1BR agonists on cocaine reinforcement/motivation flip from facilitatory during maintenance of daily SA to inhibitory after prolonged abstinence in both males and females.

The effects of CP94253 on sucrose reinforcement were examined to assess possible agonist effects on the ability to perform an operant response or on consummatory behaviors in general. During maintenance of daily sessions, the highest dose of CP94253 (10 mg/kg) produced opposite effects on reinforcement rates under a PR schedule of cocaine reinforcement (i.e., increase; Figure 5) vs. sucrose reinforcement (i.e., decrease; Figure 6) regardless of sex. CP94253 (10 mg/kg) also decreased responding in both sexes during a sucrose cue-reactivity test that occurred after 10 days of abstinence (Figure 7). These findings suggest that CP94253 decreases motivation for sucrose regardless of abstinence or sex. Previous research has shown that 5-HT1BR agonists either decrease sucrose reinforcement and responding during sucrose cue-reactivity (Lee and Simansky, 1997; Acosta et al., 2005), or failed to alter sucrose consumption (Pentkowski et al., 2009; Garcia et al., 2020). Overall, these findings suggest that 5-HT1BR agonists may facilitate satiety associated with sucrose reinforcers or may decrease motivation to seek sucrose reinforcement.

In conclusion, the present results suggest that female rats show a similar enhancement of cocaine reinforcement/motivation as males in response to CP94253 given during maintenance of cocaine SA, whereas both sexes show a decrease in sucrose reinforcement/motivation in response to CP94253. The ability of CP94253 to modulate cocaine reinforcement may depend on estrous cycle phase as rats in metestrus showed different dose-response functions for cocaine SA measures compared to other phases of the estrous cycle. Because previous findings suggest that 5-HT1B agonists persistently attenuate motivation for cocaine after prolonged abstinence regardless of sex (Acosta et al., 2005; Pentkowski et al., 2009, 2014; Garcia et al., 2020; Scott et al., 2021), further research is needed to understand the mechanism underlying the switch in 5-HT1BR agonist effects on cocaine SA during abstinence because their post-abstinence inhibition of cocaine SA suggests potential therapeutic effects for treating psychostimulant use disorders (Callahan and Cunningham, 1995; Fletcher and Korth, 1999; Miszkiel et al., 2011; Pentkowski et al., 2014; Garcia et al., 2017).
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