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Abstract

Rationale—A subset of male rats that self-administer 3,4-methylenedioxypyrovalerone (MDPV) 

have unusually high levels of drug intake; however, factor(s) that influence this behavior (e.g., 

reinforcement history and sex) are unknown.

Objectives—Characterize the reinforcing potency and effectiveness of MDPV in female rats to 

determine whether: 1) a subset of females also develop high levels of MDPV self-administration 

(i.e., a high-responder phenotype); and 2) the degree to which the high-responder phenotype is 

influenced by various reinforcement histories (i.e., responding for cocaine or food).

Methods—Female Sprague Dawley rats initially responded for MDPV (0.032 mg/kg/infusion), 

cocaine (0.32 mg/kg/infusion), or food (45-mg grain pellet) under fixed ratio (FR) 1 and FR5 

schedules of reinforcement. After 20 sessions, the cocaine- and food-history rats responded for 

MDPV for 20 additional sessions. Dose-response curves for MDPV were generated under FR5 

and progressive ratio (PR) schedules of reinforcement.

Results—A subset of rats responding for MDPV developed high levels of MDPV intake. A 

history of responding for cocaine, but not food, inhibited the development of high levels of MDPV 

intake. Large individual differences were observed in the level of self-administration when MDPV 

was available under an FR5, but not PR, schedule of reinforcement.

Conclusions—MDPV functions as a powerful reinforcer in female rats, as has been previously 

reported in male rats. The substantial variability in MDPV self-administration between subjects 

may be related to individual differences in human drug-taking behavior.
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Introduction

Women transition from initiating substance use to seeking treatment more rapidly than men 

(i.e., telescoping; Griffin et al. 1989; Hernandez-Avila et al. 2004; DeVito et al. 2014), 

suggesting a faster progression from initial use to substance use disorder (SUD). Women 

also use similar amounts of cocaine as men, despite initiating use later than men (Griffin et 

al. 1989; DeVito et al. 2014; Miguel et al. 2019). Similar sex-related differences have been 

reported in rats self-administering cocaine, including that female rats tend to acquire cocaine 

self-administration more rapidly and to a greater level than male rats (e.g., Lynch and 

Carroll 1999; Carroll et al. 2002; Hu et al. 2004; Lynch 2008; but see Caine et al. 2004). In 

addition, under progressive ratio (PR) schedules of reinforcement, females often reach 

greater breakpoints than males, suggesting that cocaine is a more effective reinforcer in 

female rats compared to male rats (Roberts et al. 1989; Lynch 2008; Cummings et al. 2011). 

After extinction of cocaine self-administration, females have also been reported to reinstate 

responding to a greater extent than male rats, which suggests potential sex differences in 

relapse-related behaviors (Lynch and Carroll 2000; Lynch and Taylor 2004). Despite well-

established sex differences with cocaine, relatively few studies have examined the effects of 

another monoamine uptake inhibitor, 3,4-methylenedioxypyrovalerone (MDPV) in female 

subjects (King et al. 2015; Hambuchen et al. 2017; Javadi-Paydar et al. 2018; McClenahan 

et al. 2019), and only one of these evaluated MDPV self-administration (Javadi-Paydar et al. 

2018).

MDPV is a synthetic cathinone, which are designer stimulants, often referred to as “Bath 

Salts”, and marketed as legal alternatives to illicit stimulants, including cocaine or 

methamphetamine. MDPV and other structurally-related cathinones have a high abuse 

liability and are more effective reinforcers in laboratory animals than cocaine and 

methamphetamine (Watterson et al. 2014; Gannon et al. 2017, 2018b; Collins et al. 2019). 

Additionally, we have previously reported that a subset of male rats that self-administer 

MDPV develop aberrant drug-taking behavior, including high levels of drug intake within a 

relatively short period of time, and high levels of responding during periods of signaled drug 

unavailability (i.e., post-infusion timeouts [TOs]; Gannon et al. 2017). Importantly, because 

this “high-responder” phenotype is associated with an upward shift in the dose-response 

curve for MDPV self-administration relative to the dose-response curve for “low-responder” 

rats, it is unlikely that individual differences in the reinforcing potency of MDPV contribute 

to these dysregulated patterns of drug taking (Gannon et al. 2017, 2018a). Because this 

phenotype has been reliably observed in rats responding for MDPV, and structurally-related 

cathinones, we have been interested in whether MDPV self-administration can be used in 

both male and female rats to model a core feature of SUDs that is largely absent from 

studies involving cocaine, the inability to control drug use. Interestingly, although rats that 

acquire cocaine self-administration do not appear to develop this high-responder phenotype, 
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once the MDPV high-responder phenotype is established, high levels of drug intake are also 

observed when other stimulants (e.g., cocaine or methamphetamine) are made available for 

self-administration (Gannon et al. 2017), suggesting that it is an enduring SUD-like 

phenotype. Preliminary evidence suggests a history of cocaine self-administration may 

prevent or delay the development of this high-responder phenotype (Gannon et al. 2017), 

though the degree to which differences in operant or pharmacological history contribute to 

this prevention remains unclear.

Thus, the present study included two core experiments, the first of which tested hypotheses 

related to the reinforcing effects of MDPV in female rats, to determine whether: (1) high 

levels of MDPV self-administration and responding when drug is unavailable (i.e., high-

responder phenotype) develops in female rats; (2) the high-responder phenotype develops in 

a similar proportion of female rats as male rats; and (3) there are differences in reinforcing 

potency (fixed ratio dose response curve) or reinforcing effectiveness (progressive ratio dose 

response curve) between high- and low-responder female rats. The second experiment tested 

hypotheses relating to interactions between reinforcement history and the development of 

the MDPV high-responder phenotype, to determine if: (1) a history of responding for 

cocaine would prevent/delay the development of the MDPV high-responder phenotype; and 

(2) any operant history (e.g., responding for food pellets) would be sufficient to prevent/

delay the development of the MDPV high-responder phenotype.

Methods

Animals

Thirty, adult female Sprague-Dawley rats (200-225g) were obtained from Envigo 

(Indianapolis, IN) and singly housed in a temperature- and light-controlled (24°C; lights on 

6am-8pm) environment. Rats had ad libitum access to water and rat chow, except for a brief 

period (3-5 days) where rats (n=3) that failed to meet acquisition criteria were mildly food-

restricted (12-g/day; sufficient to maintain ≥95% of free-feeding bodyweight). All 

procedures were conducted during the light-cycle and in accordance with Institutional 

Animal Care and Use Committee at the University of Texas Health Science Center at San 

Antonio and the Guide for Care and Use of Laboratory Animals (National Research Council 

2011).

Surgical preparation

All rats were anesthetized with 2% isoflurane and prepared with an indwelling catheter in 

the left femoral vein and a vascular access button that was exteriorized in the mid-scapular 

region, as previously described (e.g., Doyle et al. 2020). Penicillin G (60,000 U/rat) was 

administered subcutaneously following surgery to prevent infection and 0.5 ml heparinized 

saline (100 U/ml) was flushed daily during the 5-7 days of recovery. Subsequent to the start 

of experimentation, rats were flushed daily with 0.2 ml of saline before and 0.5 ml of 

heparinized saline after each session.
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Apparatus

Operant sessions were conducted in standard operant chambers (Med Associates Inc., St. 

Albans, VT), housed within ventilated, sound- and light-attenuated cubicles. Each chamber 

contained two levers with a set of red, yellow, and green LEDs above each lever. A white 

house light was located on the opposite wall. A variable speed syringe driver was used to 

deliver drug solutions through Tygon tubing connected to a fluid swivel and spring tether, 

held in place by a counterbalanced arm. In chambers where rats earned food reinforcers, a 

pellet dispenser delivered 45-mg grain-based pellets (Dustless Precision Pellets® Rodent, 

45-mg; Bio-Serv, Flemington, NJ) to a lit food trough.

Self-administration

Acquisition—Rats initially responded for MDPV (0.032 mg/kg/infusion), cocaine (0.32 

mg/kg/infusion), or food (1 grain-based pellet) under a fixed ratio (FR) 1 schedule of 

reinforcement during daily 90-min sessions. The doses of MDPV were selected due to the 

~10-fold potency difference between MDPV and cocaine in behavioral assays (Baumann et 

al. 2013; Gatch et al. 2013; Collins et al. 2016; Schindler et al. 2016), and the relative 

position of both doses on the descending limb of the FR5 dose-response curve in male rats 

(Gannon et al. 2017). Illumination of a yellow LED above the active lever (counterbalanced 

across rats) signaled the start of the session; when a reinforcer was earned, all three LEDs 

above the active lever and the house light were illuminated for 5-sec, during which time no 

more reinforcers could be earned (i.e., a 5-sec timeout [TO]). Responses on the inactive 

lever, and on either lever during the 5-sec TO were recorded but had no scheduled 

consequence. After 10 sessions, rats that met acquisition criteria (i.e., ≥20 reinforcers and 

≥80% responses on the active lever for 2 consecutive sessions) were advanced to an FR5:TO 

5-sec schedule of reinforcement, whereas rats that failed to meet acquisition criteria within 

10 sessions (cocaine-history: n=1; food-history: n=1) were mildly food restricted (12-g food/

day) until acquisition criteria were met. One additional rat from the cocaine-history group 

never acquired responding and was excluded from all experiments and analyses beyond 

those related to the acquisition of responding.

Fixed Ratio 5 (FR5) Self-administration—Rats then responded for their assigned 

reinforcer under a FR5 schedule of reinforcement for 10 sessions and until meeting stability 

criteria (i.e., ± 20% of the mean for 3 consecutive sessions; no increasing or decreasing 

trend), or a maximum of 15 sessions. After this, the cocaine- and food-history groups self-

administered 0.032 mg/kg/infusion MDPV for at least 20 sessions and until meeting stability 

criteria, or a maximum of 25 sessions. As we have done previously, rats were classified as 

either low- or high-responders based on the percentage of total active lever responses that 

occurred during the 5-sec TO periods during the final 3 sessions of this phase, where high-

responder rats made ≥20% of their responses during TOs and low-responder rats made 

<20% of their responses during TOs (Gannon et al. 2017).

FR5 Dose-Response Curves—Dose substitution was used to generate full dose-

response curves under the FR5:TO 5-sec schedule of reinforcement. The first dose evaluated 

was always 0.032 mg/kg/infusion, with the remaining doses of MDPV (0.001-0.1 mg/kg/

infusion) and saline were evaluated in a pseudo-random order until stability criteria was 
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reached (i.e., ± 20% of the mean for 3 consecutive sessions; no increasing or decreasing 

trend), or for a maximum of 10 sessions.

PR Dose-Response Curves—Upon completion of the FR5 dose-response curve, the 

schedule of reinforcement was changed to a progressive ratio (PR), where the response 

requirement was increased according to the following equation: ratio = (5e[infusion # * 0.2]) – 

5 (Richardson and Roberts 1996). All rats first responded for 0.032 mg/kg/infusion MDPV, 

then the remaining doses of MDPV (0.0032-0.56 mg/kg/infusion) were evaluated in a 

pseudo-random order until stability criterion was reached (2 consecutive sessions within 2 

infusions), or a maximum of 7 sessions. After completion of the MDPV dose-response 

curve, cocaine (0.32 mg/kg/infusion) was substituted, to allow for the cocaine dose-response 

to be established by dose substitution (0.032-1.78 mg/kg/infusion) under the PR schedule of 

reinforcement.

Statistical Analysis

Responding during the 10 sessions under FR1 and the 10 sessions under FR5 are shown as 

the mean ± SEM of the number of reinforcers earned and number of responses on the 

inactive lever. Mean number of reinforcers earned during the last 3 sessions of responding 

under FR1 and FR5 conditions for the original reinforcer, as well as mean number of 

sessions required to meet acquisition criteria were compared by a one-way ANOVA with 

Tukey’s post-hoc analyses, when appropriate. A two-way (dose and history/phenotype) 

repeated measures (dose) ANOVA compared both the FR5 and PR dose response curves, 

with Tukey’s post-hoc analyses, when appropriate.

To calculate the dose estimated to produce 50% of the maximum responding (ED50) under 

PR schedule of reinforcement, the dose-response curve for each rat was normalized by 

setting the number of infusions earned when saline was available as the 0% effect level, and 

setting the maximum number of infusions earned, regardless of dose, to the 100% effect 

level (i.e., Emax). These normalized dose response curves were fit using a linear regression 

of the data spanning the 20-80% effect levels; the dose that maintained 50% of the maximal 

responding was estimated for individual subjects, and the group mean and 95% confidence 

intervals (CI) were compared. To compare differences in sensitivity, the peak doses (i.e., the 

dose that maintained the greatest level of responding under FR5) were calculated for 

individual subjects; the group mean and 95% CI were compared between groups and were 

considered significantly different if the CI did not overlap. Area under the FR5 dose 

response curve (AUC) and the dose-independent Emax values (PR dose response curve) were 

compared between groups using one-way ANOVAs with Tukey’s post-hoc.

Drugs

Racemic MDPV HCl was synthesized by Agnieszka Sulima and Kenner Rice (Bethesda, 

MD). Cocaine HCl was provided by the National Institute on Drug Abuse Drug Supply 

Program (Bethesda, MD). All drugs were dissolved in sterile 0.9% saline and administered 

intravenously in a volume of 0.1 ml/kg body weight.
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Results

Most rats (MDPV-history: 100%; cocaine-history: 80%; food-history: 90%) met acquisition 

criteria (i.e., earning ≥20 reinforcers and making ≥80% of responses on the active lever) 

within the first 10 sessions of self-administration (Fig 1; left panels). The mean (± SEM) 

number of sessions to acquire responding for MDPV (group: 4.3 ± 0.7 sessions; high-

responders: 5.0 ± 1.3; low-responders: 3.6 ± 0.5), cocaine (5.9 ± 0.8 sessions), or food (4.8 ± 

0.8 sessions) did not differ (F=1.1, p=0.34). Though rats from the MDPV-history group 

appeared to earn more reinforcers (103.5 ± 29.8) than rats from the cocaine- (54.5 ± 2.5) or 

food-history (54.6 ± 5.6) groups at the end of the 10-day acquisition period, this difference 

was not significant (F[2,26]=2.3; p=0.12). However, after the response requirement was 

increased to FR5 for 10 sessions, there was a main effect of reinforcer (F[2,26]=3.7; 

p=0.04), with Tukey post-hoc analyses indicating that significantly more MDPV infusions 

(81.0 ± 17.3) were earned than food deliveries (37.3 ± 4.5; p=0.03), but there was no 

significant difference between the number of MDPV and cocaine infusions earned (57.8 ± 

8.9; p=0.35). Throughout the course of the experiment, lever discrimination remained high 

(>90% of responses made on the active lever) and responses made during the TOs were 

almost exclusively on the active lever.

The percentage of active lever responses made during the TOs (%TO responding) compared 

to the mean number of infusions earned under an FR5 is also shown in Fig 1 (right panels). 

Five out of 10 rats from the MDPV-history group made more than 20% of total active lever 

responses during the TOs, compared to only 1 out of 9 from the cocaine-history and 0 out of 

10 rats from the food-history groups. There was a significant correlation between %TO 

responding and infusions for rats in the MDPV-history (R2 = 0.54; p=0.016) and cocaine-

history groups (R2 = 0.89; p<0.0001), however, the number of food deliveries and the %TO 

responding were not significantly correlated in the food-history group (p>0.05).

Figure 2 (left panels) depicts the mean number of reinforcers earned by individual subjects 

when the original reinforcer (i.e., 0.032 mg/kg/infusion MDPV, 0.32 mg/kg/infusion cocaine 

or 1 food pellet) was available, as well as when 0.032 mg/kg/infusion MDPV was 

substituted in the cocaine- and food-history groups. When rats originally responded for 

MDPV (MDPV-history group) there was a large amount of variability in the number of 

infusions earned (range: 169.3; SD: 54.4). In contrast, when rats originally responded for 

either cocaine infusions (range: 90.7; SD: 26.1), or food deliveries (range: 35.7; SD: 12.8) 

there was less inter-subject variability. When rats in the cocaine-history group responded for 

MDPV, the inter-subject variability remained small (range: 35.7; SD: 11.5); however, when 

rats from the food-history group were allowed to respond for MDPV, the inter-subject 

variability increased substantially (range: 148.0; SD: 55.0), and was comparable to that 

observed in the MDPV-history group. In addition, there was a significant correlation 

between %TO responding and number of MDPV infusions earned in all three groups 

(MDPV-history: R2 = 0.54, p=0.016; cocaine-history: R2 = 0.55, p=0.022; food-history: R2 

= 0.65, p=0.005). Using the criterion established in male rats (i.e., high-responder rats make 

more than 20% of their active lever responses during TOs; Gannon et al. 2017, 2018a), 5 out 

of 10 rats from the MDPV-history group, and 6 out of 10 rats from the food-history group 
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were classified as high-responders, whereas none of the rats from the cocaine-history group 

met the criterion (Fig 2).

Shown in Figure 3 are the dose-response curves for MDPV self-administration (FR5) 

generated in MDPV-history rats (top panel), cocaine-history rats (middle panel), and food-

history rats (bottom panel). A two-way repeated measures ANOVA indicated a main effect 

of dose (F[1.6,39.4]=32.3, p<0.0001), a main effect of phenotype (F[4,24)=6.8, p=0.0008), 

and a dose x phenotype interaction (F[20,120]=3.4, p<0.0001). Tukey post-hoc analyses 

found that high-responders from the food-history group earned significantly more infusions 

of 0.0032 mg/kg/infusion MDPV than low-responder rats from the cocaine- or food-history 

groups (p<0.01 for both), and significantly more infusions of 0.032 mg/kg/infusion MDPV 

than low-responder rats from the MDPV-, cocaine-, or food-history groups (p<0.05 for 

both). The AUC for the MDPV dose-response curve for the high-responders from the food-

history group was also significantly greater than the AUCs for low-responders from the 

cocaine- and food-history groups (Table 1). However, there were no significant differences 

in the reinforcing potency of MDPV, as measured by peak dose, among the three groups 

(Table 1).

Dose-response curves for MDPV and cocaine self-administration were also generated under 

a PR schedule of reinforcement (Fig 4). A repeated measures ANOVA to compare the 

MDPV dose-response curves across history and phenotype indicated a significant main 

effect of dose (F[2.7,61.3]=189.3, p<0.0001), but no effect of phenotype, and no significant 

dose x phenotype interaction. Similarly, for the cocaine dose-response curves, there was a 

significant main effect of dose (F[3.0,61.9]=213.1, p<0.0001), but no effect of phenotype, 

and no dose x phenotype interaction. MDPV was equi-potent and equi-effective in all 

groups, regardless of reinforcement history or phenotype (Table 1). Similarly, there were no 

significant differences in potency or effectiveness of cocaine to function as a reinforcer 

across groups. However, MDPV was a more effective reinforcer than cocaine and ~10 times 

more potent than cocaine in all groups (Table 1).

Discussion

Synthetic cathinones (bath salts) are used for their stimulant and euphoric properties, with 

users often reporting that these effects are greater for synthetic cathinones than for other 

stimulants, such as cocaine and methamphetamine (Winstock et al. 2011; Johnson and 

Johnson 2014). In rats and rhesus monkeys, MDPV and other pyrrolidine-containing 

cathinones have been reported to maintain high levels of responding under both fixed and 

progressive ratio schedules, as well as binge-like patterns of consumption (Watterson et al. 

2014; Aarde et al. 2015b; Gannon et al. 2017, 2018a, 2018b; Javadi-Paydar et al. 2018; 

Collins et al. 2019); however, little is known about the reinforcing effects of MDPV in 

female subjects (Javadi-Paydar et al. 2018). Prior research using male rats suggested that a 

history of cocaine self-administration may prevent the development of high levels of MDPV 

intake; however, the broader impact of other reinforcement histories on the development of 

these high levels of MDPV intake are unknown. Thus, the present studies sought to 

characterize the reinforcing effects of MDPV, relative to cocaine, in female rats, and to 

investigate the role of reinforcement history on the development of high levels of MDPV 
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self-administration. The first central finding was that MDPV was a significantly more 

effective reinforcer than cocaine in female rats, replicating a previous finding in male rats 

(Gannon et al. 2017, 2018b). The second major finding was that ~50% of rats self-

administering MDPV developed the high-responder phenotype, and self-administered more 

MDPV across of range of doses under a FR schedule than low-responder rats, also 

replicating a previous finding in male rats (Gannon et al. 2017). However, there were no 

differences between high- and low-responder rats regarding the reinforcing effectiveness of 

either MDPV or cocaine. The third major finding was that a ~3-week history of responding 

for cocaine, but not food, was able to prevent or delay the development of high levels of 

MDPV intake. Taken together, these findings suggest that MDPV is a highly effective 

reinforcer in both male and female subjects, subsets of both male and female rats rapidly 

transition to high levels of MDPV intake, and this high-responder phenotype may be a 

model to study factors relating to individual differences in drug-taking in both sexes in order 

to better understand determinants contributing to vulnerability of humans to develop a SUD.

Women transition from first use to treatment-seeking more rapidly than men (Griffin et al. 

1989; Hernandez-Avila et al. 2004; DeVito et al. 2014), suggesting they may progress from 

initial use to SUD in a shorter timeframe than men. We found that female rats rapidly 

acquired MDPV self-administration (~4 sessions), in a similar, but perhaps slightly faster 

time than males in a previous study (~5 sessions; Gannon et al. 2017). Importantly, even 

though the rate of acquisition was comparable between sexes, female rats earned three times 

as many infusions (~100 vs ~30) than male rats that were allowed to acquire MDPV self-

administration under identical conditions in our laboratory (Gannon et al. 2017). These 

findings are somewhat consistent with literature on cocaine self-administration, which 

suggest that female rats acquire more quickly and to a higher level than male rats (Lynch and 

Carroll 1999; Carroll et al. 2002; Hu et al. 2004; Lynch 2008; but see Caine et al. 2004). Yet, 

it is interesting to note that in the present study, the rate and level of acquisition for cocaine 

self-administration in female rats was largely consistent with that previously reported for 

male rats self-administering cocaine under identical conditions in our laboratory (Gannon et 

al. 2017). Previous studies examining self-administration of other synthetic cathinones in 

female subjects also suggest that the reinforcing effects of α-pyrrolidinopentiophenone (α-

PVP), methylone, mephedrone are not significantly different between male and female rats 

(Creehan et al. 2015; Aarde et al. 2015a; Vandewater et al. 2015; Javadi-Paydar et al. 2018; 

Marusich et al. 2019a, b); though, like the present study, these previous studies have all 

relied on historical comparisons rather than direct comparisons of male and female subjects 

in the same study.

Though there may be sex-related differences in MDPV acquisition, comparisons between 

the current study and a prior study in males (Gannon et al. 2017) suggest that any 

differences in the acquisition of responding are not due to sex-related differences in the 

reinforcing potency or effectiveness of MDPV. Both the dose that maintained peak levels of 

MDPV self-administration under an FR5 schedule of reinforcement (0.005 mg/kg/infusion), 

and the dose that maintained half maximal responding under the PR schedule of 

reinforcement (ED50 = 0.017 mg/kg/infusion) previously determined in male rats (Gannon et 

al. 2017) have overlapping confidence intervals with those determined in the current studies 

with female rats, suggesting that male and female rats are equally sensitive to the reinforcing 
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effects MDPV. Similarly, the maximal reinforcing effectiveness of MDPV does not appear to 

differ as a function of sex, with both females and males earning a maximum of ~28 infusions 

of MDPV under a PR schedule of reinforcement (Gannon et al. 2017). Although numerous 

studies suggest that cocaine is a more effective reinforcer in female as compared to male rats 

(e.g., Roberts et al. 1989; Lynch 2008; Cummings et al. 2011), measures of reinforcing 

potency and effectiveness for cocaine in female rats were comparable to those we have 

previously reported using identical procedures in male rats (Gannon et al. 2017). Taken 

together, the results of the current studies in female rats and those of a previous study in 

male rats suggests that while sex-related differences might exist with regard to the rate and 

level of acquisition for stimulants, such as MDPV and cocaine, these differences were not 

apparent when full dose-response curves were evaluated under either FR5 or PR schedules 

of reinforcement, similar to previous reports with cocaine (Caine et al. 2004).

Like in male rats, a subset (~50%) of female rats developed high levels of MDPV intake and 

engaged in high levels of responding during the post-infusion TO (i.e., high-responder 

phenotype). Responding during post-infusion TOs is highly correlated with responding 

during periods of signaled drug unavailability (Gannon et al. 2017), which is thought to be 

an important aspect of SUD-related behavior (Deroche-Gamonet et al. 2004). Based on our 

previous study in male rats suggesting that a history of cocaine self-administration prevented 

or delayed the development of the MDPV high-responder phenotype, a second goal of these 

studies was to determine whether female rats that acquired responding for cocaine or a non-

drug reinforcer (food pellets) would be similarly resistant to the development of the high-

responder phenotype when MDPV was available. Similar to previous reports from our 

laboratory (Collins and France 2015; Gannon et al. 2017) that showed that male rats that 

acquired self-administration for 0.1, 0.32, or 1.0 mg/kg/infusion cocaine under limited 

access conditions all made less than 20% of their total responses during post-infusion TOs 

(i.e., none of them developed the high-responder phenotype), only one of ten female rats 

from the current study developed the high levels of TO responding when allowed to self-

administer 0.32 mg/kg/infusion cocaine. Additionally, consistent with the findings reported 

in Gannon et al. 2017, the high-responder phenotype did not emerge after cocaine-trained 

female rats were transitioned to, and maintained on MDPV self-administration for a 

prolonged period of time (>60 sessions). Although female rats that acquired responding for 

food pellets also failed to exhibit patterns of responding consistent with the high-responder 

phenotype when responding was reinforced by food delivery, high rates of MDPV self-

administration (and responding during post-infusion TOs) were observed in 6 of the 10 

female rats once they were allowed to self-administer MDPV. Though the cocaine- and 

food-history groups had longer histories of reinforcement before classification as high- or 

low-responders (~40-45 sessions) compared to the MDPV-history rats (~20-25 sessions), the 

high-responder phenotype persisted throughout the generation of the MDPV dose-response 

curve (~55 sessions), suggesting the development of the phenotype, or lack thereof, is not 

due to differences in number of self-administration sessions. Together, these findings suggest 

a history of responding for cocaine, but not a more general history with operant 

contingencies, can prevent or delay the development of the high-responder phenotype; 

however, the mechanism(s) through which cocaine self-administration is capable of 

blocking/blunting the transition to high levels of MDPV self-administration is unclear. In 
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order to better understand factors that contribute to differences in drug-taking behavior, 

future studies are necessary to determine whether a history of prior self-administration with 

drugs from other classes (e.g., opioids), or whether any cocaine exposure (e.g., non-

contingent cocaine) may prevent the transition to high levels of MDPV self-administration.

Importantly, the high-responder rats generally self-administered more MDPV across a range 

of doses than the low-responder rats, resulting in an upward shift in the FR dose response 

curve and not a change in the peak dose, indicating that, like in male rats (Gannon et al. 

2017), these differences in MDPV intake are not due to differences in sensitivity. MDPV 

was also a significantly more potent and effective reinforcer than cocaine (i.e., maintained 

higher breakpoints) in female rats, consistent with previous reports in male rats and rhesus 

monkeys (Gannon et al. 2017, 2018b; Collins et al. 2019). In contrast to what has been 

reported in male rats, there was no effect of the high-responder phenotype on the MDPV or 

cocaine PR dose response curves. This might be an important sex-related difference in 

aspects of the high-responder phenotype; however, it is also possible that it is due to the 

extended period of time (>60 sessions) before the PR dose response curves were generated.

MDPV self-administration reliably results in a subset of rats developing this high-responder 

phenotype, thus there are large individual differences in level of drug intake and responding 

when drug is not available, in both female and male subjects. Through historical 

comparisons, there do not appear to be large sex differences in MDPV self-administration 

between females and males; however, because of known sex/gender differences in cocaine 

use between women and men, it will be important to directly compare both sexes in future 

studies, especially when exploring factors that underlie the development of this novel, high-

responder phenotype.
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Fig 1. 
Reinforcers earned during 10 sessions of acquisition (fixed ratio [FR] 1) and 10 sessions of 

responding under a FR5 schedule of reinforcement in adult, female Sprague Dawley rats 

responding for 0.032 mg/kg/infusion MDPV (circles; n=10), 0.32 mg/kg/infusion cocaine 

(squares; n=9), or 1 grain-based pellet (triangles; n=10). Left panels represent mean (± 1 

S.E.M.) number of reinforcers earned (circle, square or triangle) and responses on the 

inactive lever (x) across 20 sessions of self-administration. Abscissa: session number (day) 

where sessions 1-10 were responding under FR1 and sessions 11-20 were responding under 

FR5. Ordinates: mean number of reinforcers earned or responses per session. Right panels 

represent the correlation between mean percent timeout (TO) responding and the number of 

reinforcers earned during the final 3 sessions on FR5:TO 5-sec. Abscissa: percent responses 

made on the active lever during TOs versus total active lever responses. Ordinates: mean 

number of reinforcers earned
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Fig 2. 
Mean number of reinforcers earned for individual subjects when responding for MDPV 

(circles), cocaine (squares) or food (triangles) in rats with a MDPV-history (top; n=10), 

cocaine-history (middle; n=9) or food-history (bottom; n=10). Left panels represent mean 

number of reinforcers earned during the final 3 sessions on FR5:TO 5-sec schedule of 

reinforcement for the original reinforcer and for MDPV. Abscissa: reinforcer available. 

Ordinates: mean number of reinforcers earned. Right panels represent the correlation 

between percent TO responding and mean number of 0.032 mg/kg/infusions of MDPV 

earned, where high-responders (filled symbols) made more than or equal to 20% of 

responses during the 5-sec TO and low-responders (open symbols) made less than 20% of 

responses during the TO. Abscissa: percent responses made on the active lever during TOs 

versus total active lever responses. Ordinates: mean number of MDPV infusions earned
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Fig 3. 
MDPV FR5 dose response curves in rats with a history of responding for MDPV (top; 

n=10), cocaine (middle; n=9), or food (bottom; n=10) in high- (filled symbols) and low-

responder (open symbols) rats. Abscissa: SAL represents infusions of saline and the 

numbers refer to dose of MDPV available during each session, expressed as mg/kg/infusion 

on a log scale. Ordinate: total infusions obtained during the 90-minute session. Error bars 

represent ± 1 S.E.M.
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Fig 4. 
MDPV (circles) and cocaine (squares) progressive ratio dose response curves in rats with a 

history of responding for MDPV (top left panel; n=10), cocaine (top right panel; n=8-9), or 

food (bottom left panel; n=8-9) in high- (filled symbols) and low-responder (open symbols) 

rats. Abscissa: SAL represents infusions of saline and the numbers refer to dose of MDPV 

or cocaine available during each session, expressed as mg/kg/infusion on a log scale. Left 

ordinate: total infusions obtained during the session. Right ordinate: corresponding final 

ratio completed for each session. Error bars represent ± 1 S.E.M.

Doyle et al. Page 17

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Doyle et al. Page 18

Ta
b

le
 1

.

Pe
ak

 d
os

e 
(m

ea
su

re
 o

f 
po

te
nc

y)
 a

re
a 

un
de

r 
th

e 
cu

rv
e 

(A
U

C
) 

ca
lc

ul
at

ed
 f

ro
m

 th
e 

fi
xe

d 
ra

tio
 (

FR
5)

 d
os

e 
re

sp
on

se
 c

ur
ve

 f
or

 M
D

PV
, a

nd
 E

D
50

 (
m

ea
su

re
 o

f 

po
te

nc
y)

 a
nd

 E
m

ax
 (

m
ea

su
re

 o
f 

ef
fe

ct
iv

en
es

s)
 c

al
cu

la
te

d 
fr

om
 th

e 
pr

og
re

ss
iv

e 
ra

tio
 d

os
e 

re
sp

on
se

 c
ur

ve
s 

fo
r 

M
D

PV
 a

nd
 c

oc
ai

ne
.

F
ix

ed
 r

at
io

 5
 d

os
e 

re
sp

on
se

 c
ur

ve
P

ro
gr

es
si

ve
 r

at
io

 d
os

e 
re

sp
on

se
 c

ur
ve

M
D

P
V

M
D

P
V

C
oc

ai
ne

P
ea

k 
do

se
 (

95
%

 C
I)

A
U

C
 ±

 S
E

M
E

D
50

 (
95

%
 C

I)
E

m
ax

 ±
 S

E
M

E
D

50
 (

95
%

 C
I)

E
m

ax
 ±

 S
E

M

m
g/

kg
m

g/
kg

in
fu

si
on

s
m

g/
kg

in
fu

si
on

s

M
D

P
V

-h
is

to
ry

G
ro

up
 (n

=1
0)

0.
00

7 
(0

.0
05

-0
.0

10
)

20
9.

3 
±

 4
4.

6
0.

02
0 

(0
.0

16
-0

.0
27

)
28

.0
 ±

 0
.7

 *
0.

16
 (

0.
12

-0
.2

1)
23

.1
 ±

 0
.8

H
ig

h-
re

sp
on

de
rs

 (n
=5

)
0.

00
8 

(0
.0

05
-0

.0
12

)
25

9.
0 

±
 8

0.
6

0.
01

9 
(0

.0
12

-0
.0

29
)

27
.8

 ±
 1

.3
 *

0.
16

 (
0.

11
-0

.2
3)

24
.1

 ±
 0

.7

L
ow

-r
es

po
nd

er
s 

(n
=5

)
0.

00
6 

(0
.0

04
-0

.0
11

)
15

9.
5 

±
 3

5.
2

0.
02

2 
(0

.0
16

-0
.0

30
)

28
.1

 ±
 0

.9
 *

0.
16

 (
0.

10
-0

.2
6)

22
.1

 ±
 1

.4

C
oc

ai
ne

-h
is

to
ry

G
ro

up
/lo

w
-r

es
po

nd
er

s 
(n

=8
-9

)
0.

00
7 

(0
.0

05
-0

.0
10

)
13

9.
0 

±
 2

0.
7

0.
02

1 
(0

.0
15

-0
.0

29
)

28
.3

 ±
 1

.5
 *

0.
13

 (
0.

10
-0

.1
7)

24
.1

 ±
 0

.7

F
oo

d-
hi

st
or

y
 

 
 

  
G

ro
up

 (n
=8

-1
0)

0.
00

5 
(0

.0
03

-0
.0

07
)

29
5.

0 
±

 5
8.

0 
$

0.
02

0 
(0

.0
15

-0
.0

28
)

29
.0

 ±
 0

.6
 *

0.
11

 (
0.

08
-0

.1
2)

22
.9

 ±
 1

.2

H
ig

h-
re

sp
on

de
rs

 (n
=4

-6
)

0.
00

4 
(0

.0
03

-0
.0

06
)

41
1.

1 
±

 5
6.

4 
#$

0.
02

2 
(0

.0
16

-0
.0

30
)

29
.5

 ±
 1

.0
 *

0.
11

 (
0.

06
-0

.1
8)

22
.5

 ±
 1

.4

L
ow

-r
es

po
nd

er
s 

(n
=4

)
0.

00
8 

(0
.0

04
-0

.0
13

)
12

1.
0 

±
 2

1.
6

0.
01

9 
(0

.0
09

-0
.0

37
)

28
.4

 ±
 0

.2
 *

0.
12

 (
0.

08
-0

.1
7)

23
.3

 ±
 2

.3

* p<
0.

05
 in

di
ca

te
s 

a 
si

gn
if

ic
an

t d
if

fe
re

nc
e 

fr
om

 th
e 

co
ca

in
e 

E
m

ax
 f

or
 th

e 
sa

m
e 

re
in

fo
rc

em
en

t h
is

to
ry

# p<
0.

05
 in

di
ca

te
s 

a 
si

gn
if

ic
an

t d
if

fe
re

nc
e 

fr
om

 th
e 

lo
w

 r
es

po
nd

er
s 

w
ith

 th
e 

sa
m

e 
re

in
fo

rc
em

en
t h

is
to

ry

$ p<
0.

05
 in

di
ca

te
s 

a 
si

gn
if

ic
an

t d
if

fe
re

nc
e 

fr
om

 r
at

s 
w

ith
 a

 c
oc

ai
ne

 h
is

to
ry

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 March 01.


	Abstract
	Introduction
	Methods
	Animals
	Surgical preparation
	Apparatus
	Self-administration
	Acquisition
	Fixed Ratio 5 (FR5) Self-administration
	FR5 Dose-Response Curves
	PR Dose-Response Curves

	Statistical Analysis
	Drugs

	Results
	Discussion
	References
	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Table 1.

