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Opioid use disorder (OUD) is a major epidemic in the United States, and fentanyl is a major culprit. The National Institute on Drug Abuse has highlighted an urgent need for research on the risks and outcomes of OUD with fentanyl; a better understanding of sex/gender differences is also critically needed given that the opioid epidemic has been particularly impactful on women. In response to this need, we developed a rat model of OUD with fentanyl and showed that sex impacts relapse vulnerability following extended-access self-administration under a low fentanyl dose. Here, our goal was to determine sex differences across a broad dose range, including high doses expected to maximize the expression of addiction-like features (e.g., vulnerability to relapse and physical dependence). Male and female rats were assigned to self-administer one of four fentanyl doses (0.25, 0.75, 1.5, and 3.0 µg/kg/infusion), and once they acquired, they were given extended (24-h/day), intermittent access (2, 5 min trials/h, fixed-ratio 1) to fentanyl for 10 days. Physical dependence (spontaneous weight loss) was assessed during early withdrawal, and relapse vulnerability was assessed on withdrawal day 15 using an extinction/cue-induced reinstatement procedure. Despite markedly higher intake in the high- versus low-dose groups, each group responded similarly during relapse testing (extinction and cue-induced reinstatement). However, number of infusions, or frequency of use, during extended access was predictive of later vulnerability to relapse, whereas total intake impacted physical dependence given that weight loss only occurred following the discontinuation of fentanyl self-administration at the three highest doses. Females self-administered more fentanyl each day and within each binge (active trial), and had longer lasting weight loss during withdrawal than males. Relapse vulnerability was also higher in females than males and highest in females tested during estrus. These findings indicate that sex is an important risk factor for patterns and levels of fentanyl intake, relapse, and physical dependence, and while fentanyl intake predicts physical dependence, frequency of use predicts relapse.
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INTRODUCTION
Opioid use disorder (OUD) is a major epidemic in the United States. The epidemic is intensifying with opioid-involved overdose deaths reaching the highest number ever recorded in the 12-month period leading up to April 2021, which was primarily driven by fentanyl, a synthetic opioid (Centers for Disease Control and Prevention, 2021). The National Institute on Drug Abuse (NIDA) has highlighted an urgent need for research on the risks and outcomes of OUD specifically with fentanyl (NIDA, 2021). The influence of biological factors, such as sex, on risks and outcomes of OUD are important to consider given that the opioid epidemic has been particularly impactful on women. For example, although men have higher rates of OUD and opioid-induced overdose deaths than women, differences have narrowed in the current opioid epidemic (i.e., 2.3:1 male-to-female ratio in 2002 versus a 1.8:1 ratio in 2018; National Survey on Drug Use and Health, 2018) with women showing a sharper increase in opioid use in the past decade than men (e.g., 283% versus 108% increase in heroin use from 2007 to 2014; Marsh et al., 2018) and being more likely than men to be prescribed opioids and to misuse prescription opioids (Mazure and Fiellin, 2018). Women are also more sensitive to the reinforcing effects of opioids, develop OUD more rapidly, and have higher cravings in response to drug cues compared with men (Anglin et al., 1987; Hser et al., 1987; Lynch and Carroll, 2001; Hernandez-Avila et al., 2004; Yu et al., 2007; Back et al., 2011a; Kennedy et al., 2013; Adelson et al., 2018; Moran et al., 2018).
In response to this need to understand the impact of biological sex on the risks and outcomes of OUD with fentanyl, we recently developed an extended-access fentanyl self-administration procedure that readily induces addiction-like features, including binge-abstinent patterns of use and an enhanced vulnerability to relapse, in both male and female rats (Bakhti-Suroosh et al., 2021). This latter feature, the enhanced vulnerability to relapse, emerged following extended-access self-administration and protracted withdrawal, and was blocked in both males and females by administering buprenorphine, an FDA-approved treatment for OUD, during abstinence, thus, validating our relapse model. Importantly, our preclinical findings were also similar to reports of sex/gender differences in humans and showed that females self-administered higher levels of fentanyl during the extended-access phase and responded at higher levels than males during subsequent relapse testing, especially when they were tested during estrus versus non-estrus phases of their cycles. These findings demonstrated that both males and females developed an addiction-like phenotype when given extended access to fentanyl and demonstrated that sex is an important risk factor for both intake and the development of expression of relapse vulnerability with fentanyl.
Now in this study, our goal was to determine sex differences across a broad dose range, including high doses expected to maximize the expression of addiction-like features (e.g., vulnerability to relapse and physical dependence). This is important because in our original study, we focused on the effects of a low dose of fentanyl (0.25 μg/kg/infusion) since low doses engender greater individual differences and are, thus, more sensitive to sex differences. However, low doses may not maximally induce an addiction-like phenotype considering that higher drug intake and/or frequency of use is predictive of an enhanced vulnerability to relapse in both humans with an OUD (Gossop et al., 2002; Smyth et al., 2010; Grau-López et al., 2012) and in animal models with other addictive drugs (Mantsch et al., 2004). Thus, in the current study, we examined fentanyl self-administration across a broad range of fentanyl doses (0.25, 0.75, 1.5, and 3.0 µg/kg/infusion) and hypothesized that relapse vulnerability would be highest following high-dose fentanyl self-administration. We also expanded our model to include an additional key feature of OUD in humans, physical dependence (American Psychiatric Association, 2013), as assessed by spontaneous weight loss during early withdrawal, a highly predictive single factor of withdrawal (Cicero and Meyer, 1973; Gellert and Holtzman, 1978; Nickel and Aledter, 1987; Maldonado et al., 1992; Houshyar et al., 2004; Navarro-Zaragoza et al., 2010; Pintér-Kübler et al., 2013; Bobzean et al., 2019; Seaman and Collins, 2021; Townsend et al., 2021). Physical dependence is a defining feature of OUD in humans (American Psychiatric Association, 2013), and women experience a more severe withdrawal syndrome than men (Huhn and Dunn 2020). Given that higher drug intake/frequency of use is also predictive of greater physical dependence, we hypothesized that weight loss would be greatest following high-dose fentanyl self-administration. Based on findings in humans and our previous results with fentanyl, we further hypothesized that the expression of enhanced vulnerability to relapse would be greater in females than males.
METHODS
Subjects
Sexually mature male (N = 29) and female (N = 29) Sprague–Dawley rats (Charles River) that weighed approximately 250 g (female) and 340 g (male) upon arrival were used as subjects in this study. At the start of the study, rats were individually housed in operant test chambers (Med Associates, St. Albans, VT, USA) with ad libitum access to water and food (Teklad LM-485 7912; except as noted below for some animals during fentanyl self-administration training) and maintained on a 12-h light/dark cycle (lights on at 7a.m.). After a 2-day acclimation period, rats were pretrained to lever press for sucrose pellets (45 mg) in 24-h/day sessions under a fixed-ratio 1 schedule to ensure rapid subsequent acquisition of fentanyl self-administration. Sessions continued daily until lever-press responding was acquired (two consecutive days wherein >50 pellets were obtained, typically two to three sessions; Lynch, 2008). Rats were weighed three times a week, and health was monitored daily throughout the study. Body weight was used as an assessment of overall health during extended access and as a measure of physical dependence to fentanyl. Physical dependence has been assessed previously by expression of opioid withdrawal syndrome upon cessation of chronic opioid exposure, and spontaneous loss of body weight has long been used as a highly predictive single factor of withdrawal (Cicero and Meyer, 1973; Gellert and Holtzman, 1978; Nickel and Aledter, 1987; Maldonado et al., 1992; Houshyar et al., 2004; Navarro-Zaragoza et al., 2010; Pintér-Kübler et al., 2013). All procedures were conducted within the animal care guidelines set by the National Institute of Health and were approved by The University of Virginia Animal Care and Use Committee.
Procedure
Surgery and catheter maintenance
After lever pretraining, rats underwent jugular catheterization surgery using methods previously described (Lynch 2008). Briefly, rats were anesthetized with ketamine/dexdomitor and implanted with an indwelling catheter (Silastic tubing; 0.51 and 0.94 mm o.d.; Dow Corning, Midland, MI, USA) into the right jugular vein. Catheters were flushed with heparinized saline 3 days a week to help verify and help maintain patency. If the patency of a catheter was questionable, patency was verified by administering methohexital (1.5 mg/kg). Any catheter that was no longer patent (i.e., the catheter was leaking, pressure prevented flushing, or the animal did not lose the righting reflex immediately after methohexital) was replaced with a new catheter implanted into the left jugular vein with testing resuming following recovery from surgery (1–2 days).
Fentanyl self-administration training
Following recovery from surgery, rats were randomly assigned to self-administer one of four fentanyl doses (µg/kg/infusion): 0.25 (9 females and 8 males), 0.75 (9 females and 8 males), 1.5 (8 females and 8 males), or 3.0 (7 females and 8 males). These doses were selected because the majority of studies using fentanyl self-administration procedures in rodents use a dose of fentanyl ranging from 0.25 to 2.5 ug/kg (Morgan et al., 2002; Wade et al., 2015; Bakhti-Suroosh et al., 2021; Dao et al., 2021; Fragale et al., 2021; Hammerslag et al., 2021; Malone et al., 2021; Martin et al., 2021); therefore, we selected a dose range that included both low (0.25 and 0.75 µg/kg/infusion) and moderate-to-high doses (1.5 and 3.0 µg/kg/infusion; Morgan et al., 2002; Wade et al., 2015; Martin et al., 2021; Dao et al., 2021; Malone et al., 2021; Hammerslag et al., 2021) in order to maximize the likelihood of sex and group differences in levels and patterns of fentanyl self-administration and subsequent effects on relapse vulnerability. Rats were trained to self-administer their assigned dose of fentanyl under a fixed-ratio 1 schedule with a 1-s time out following each infusion and a maximum of 40 infusions/day (Bakhti-Suroosh et al., 2021). At the beginning of each session, the left lever was extended into the chamber and remained extended until the session ended once all 40 infusions were obtained or until 11:50 a.m. the next day. Each response on the left lever produced an infusion of fentanyl, which was paired with the sound of the pump and the illumination of a stimulus light above the lever. The right lever remained extended throughout the session, and responses on this lever (inactive) were recorded but had no consequence. Sessions were conducted daily until acquisition occurred (i.e., 5 consecutive days wherein all 40 infusions were obtained). Moderate food restriction (85% of its free-feeding body weight) was used briefly (2–3 days) when necessary (i.e., fewer than 15 infusions/day by training day 5). All groups acquired fentanyl self-administration rapidly under these conditions, and rates of acquisition did not differ between groups.
Extended-access fentanyl self-administration
Once rats acquired fentanyl self-administration, they were given extended, 24 h/day access to fentanyl for 10 consecutive days under an intermittent-access procedure shown to induce an addiction-like phenotype in both males and females (Bakhti-Suroosh et al., 2021). With this procedure, rats have unrestricted, fixed-ratio 1 access (no timeout after infusions) to rapidly delivered infusions of fentanyl (within 1–2 s) during 5-min trials that initiated every 30 min around the clock. Each trial began with the extension of the left lever into the operant chamber; each response on this lever resulted in an infusion of fentanyl paired with the sound of the pump and the illumination of the stimulus light above the active lever. The 5-min trial ended with the left lever being retracted from the operant chamber. The right lever remained extended for the entire duration of the session; responses on this lever were recorded but had no consequence. Two females in the 0.25 μg/kg group, one female and one male in the 0.75 μg/kg group, and one female and one male in the 1.5 μg/kg group were excluded from the study and all analyses due to patency, toxicity, or technical issues during acquisition or extended-access self-administration. The final group sizes for females and males were 7 and 7 for the 0.25 μg/kg group, 8 and 7 for the 0.75 μg/kg group, 7 and 7 for the 1.5 μg/kg group, and 7 and 8 for the 3.0 μg/kg group, respectively.
Extinction and reinstatement testing
Vulnerability to relapse was assessed on withdrawal day15 using an extinction/cue-induced reinstatement procedure (Bakhti-Suroosh et al., 2021). Testing began between 12 and 1 p.m. with extinction responding being examined in a minimum of six 1-h sessions (Sanchez et al., 2014; Peterson et al., 2014; Beiter et al., 2016). Each session began with the introduction of the left lever into the operant chamber; responses on this lever, as well as the right lever, were recorded but did not have a consequence. Sessions continued until responding was extinguished (≤15 responses/h). This extinction criterion was typically met within six to nine sessions and with the exception of two males and three females (as detailed below). Cue-induced reinstatement responding was assessed 5 min after the final extinction session in a 1-h session. This session began with the introduction of the left lever into the operant chamber and the presentation of the cues formerly associated with fentanyl (sound of pump activation and the light above the left lever, 1–2 s). Each response on the left lever produced these same cues under a fixed-ratio 1 schedule. For the two males (one each in the 0.75 and the 1.5 μg/kg dose groups) and three females (two in the 0.25 μg/kg dose group and one in 1.5 μg/kg dose group) that did not extinguish within the nine extinction sessions run, their sessions terminated following the ninth extinction sessions, and then the next day, a second day of extinction testing was conducted using the same procedures (i.e., six to nine 1-h sessions) to ensure that responding was extinguished prior to reinstatement testing, and reinstatement testing was conducted during a similar time in the light cycle. The reinstatement test session began once responding had extinguished using the same procedure as described above. Data from the first day of extinction testing were used in the analyses of hourly extinction responses, whereas the second day was used for the last extinction session (versus reinstatement).
Estrous cycle phase determination
In order to track the pattern of the estrous cycle leading up to relapse testing and to habituate rats to the procedure, the phase of the estrous cycle was determined daily over a 5-day period beginning 3 days prior to extinction/reinstatement testing. The swabs of the vaginal epithelium cells were collected between 11 a.m. and 12 p.m.; male rats underwent similar handling by brushing their rear end with the cotton swab as described previously (Lynch et al., 2019). The phase of the estrous cycle was determined based on the proportion of three vaginal cell types: leukocytes, nucleated epithelial cells, and cornified epithelial cells. The rat was considered to be in estrus if there were an abundant number of cornified epithelial cells with no leucocytes, metestrus or diestrus if leukocytes were present, and proestrus if there were numerous, uniform in size round nucleated cells and no or few leucocytes. Swabs obtained on the day of extinction/reinstatement test were further categorized as either estrus (n = 13) or non-estrus (n = 17) based on findings from our group (Peterson et al., 2014; Lynch et al., 2019) and others (Kerstetter et al., 2008) showing that relapse vulnerability, including opioid seeking, is highest during estrus, but not different between metestrus, diestrus, and proestrus (Lynch et al., 2019; Nicolas et al., 2019; Lacy et al., 2020; Bakhti-Suroosh et al., 2021; Corbett et al., 2021).
Drugs
Fentanyl hydrochloride was obtained from the National Institute on Drug Abuse (Research Triangle Park, NC, USA) and dissolved in sterile saline at a concentration of 6.25, 18.75, 37.5, or 75 µg/ml for the 0.25, 0.75, 1.5, and 3.0 µg/kg dose conditions, respectively. Fentanyl solutions were sterile filtered (0.22 μm; Millipore, Billerica, MA, USA) and stored at 4°C. The duration of infusions was adjusted for changes in body weight on Mondays, Wednesdays, and Fridays to ensure that the mg/kg dose was consistent throughout the study.
Analysis
We first determined whether there was an effect of fentanyl dose on levels (μg/kg/day) and patterns of intake over the 10day extended-access self-administration period. Patterns of intake included frequency of use (total number of infusions/day and total intake/day in µg/kg), number of active trials within each extended-access session, and “binge” intake (average intake/day in µg/kg within each of the “active” trials that had one or more infusions). Group differences were assessed using repeated measures ANOVA with sex and fentanyl dose as between-subject factors and extended-access session as a within-subject factor; separate analyses were used for each of the dependent measures. Given that sex differences have previously been shown to be most robust under low versus high drug dose conditions (Lynch and Carroll 2001; Carroll et al., 2004; Torres et al., 2014; Towers et al., 2019), following a significant interaction of sex by dose, we examined sex differences within the two low fentanyl dose groups (0.25 and 0.75 μg/kg) and the two high dose groups (1.5 and 3.0 μg/kg). Repeated measures ANOVA was also used to examine sex and group differences in body weight over arrival, training (days 3–5), extended access (ExA; ExA 1, days 4–6; and ExA 2, days 9, 10, and first day of withdrawal at the time of discontinuation of drug self-administration), and withdrawal (W1, days 2–4; W2, days 6–8; and W3, days 12–14). To equate baseline sex differences in body weight, the same analysis was ran for percent change in body weight over ExA-1 and ExA-2 relative to prior to the beginning of extended access (training) as an assessment of overall health, and percent change in body weight over W1, W2, and W3 relative to ExA-2 as a measure of physical dependence to fentanyl. This measure (e.g., weight loss during spontaneous withdrawal) is a known proxy of physical dependence in animals and has long been used as a highly predictive and single factor of withdrawal (Cicero and Meyer, 1973; Gellert and Holtzman, 1978; Nickel and Aledter, 1987; Maldonado et al., 1992; Houshyar et al., 2004; Navarro-Zaragoza et al., 2010; Pintér-Kübler et al., 2013). A one-sample t-test was used to confirm significant decrease or increase in changes of body weight relative to baseline (or 0).
Effects on extinction and reinstatement were compared between the sexes and each of the dose groups as well as between males and females tested during estrus versus non-estrus phases. For extinction, we compared hourly responses on the formerly active lever within the first six extinction sessions run using repeated measures. The total number of responses on the formerly active lever were also compared using univariate ANOVA. For reinstatement, we compared responses on the formerly active lever during the last extinction session versus the cue-induced reinstatement session. Associations between fentanyl intake/infusions and total extinction and reinstatement responding/weight loss during withdrawal were assessed using the Pearson correlation coefficient. The analysis was performed collapsed across sex unless the univariant ANOVA determined there was a significant difference in the correlation coefficients for males and females. All post hoc comparisons were corrected for multiple comparisons using Tukey’s method. One-tailed tests were used for all a priori predicted differences (higher intake/infusions in females than males, greater fentanyl seeking in estrus females versus males and non-estrus females, positive association between fentanyl intake/infusions and extinction/reinstatement responding); all other tests were two tailed. Statistical analyses were performed using SPSS (V26) with alpha set at 0.05.
RESULTS
Extended-access fentanyl self-administration
Sex and dose-dependent effects were observed for the number of infusions self-administered over the 10-day extended-access period (Figure 1A) with results revealing significant overall effects of sex (F1, 50 = 8.5, p < 0.01), dose (F3, 50 = 11.4, p < 0.001), and session (F9, 450 = 2.6, p < 0.01) as well as significant interactions of sex by dose (F3, 50 = 3.2, p < 0.05) and session by dose (F27, 450 = 1.6, p < 0.05). While the overall effect of sex indicates higher infusions in females than in males, this difference appears to be driven primarily by effects at the lower doses given the sex by dose interaction as well as results from the subsequent analyses within the low (0.25 and 0.75 μg/kg) and high (1.5 and 3.0 μg/kg) doses, which revealed a significant effect of sex within the low (F1, 27 = 9.7, p < 0.01), but not high, doses (p > 0.05). While the overall effect of dose reflects higher infusions at the lower versus higher doses (0.25 versus 1.5 and 3.0 μg/kg, p’s <0.05; 0.75 versus 1.5 and 3.0 μg/kg; p’s < 0.05), this difference appears to be driven primarily by effects in females given the significant interaction of sex by dose as well as results from the follow-up comparisons within females and males, which revealed a significant effect of dose within females (F3, 25 = 11.4, p < 0.001), but only a trend for an effect of dose within males (p = 0.076). Further comparison within females revealed significant differences between the two lower doses and the two higher ones (0.25 versus 1.5 and 3.0 μg/kg, p’s < 0.001; 0.75 versus 1.5 and 3.0 μg/kg, p’s < 0.05). Finally, the overall effect of session appears to be attributable to a decrease in infusions from sessions 1 to 2 (t57 = 4.2, p < 0.001) as well as an increase in infusions from session 2 to 10 (t57 = 2.3, p < 0.05). However, both effects were apparent for the two highest doses, but not the two lowest doses, which likely account for the significant interaction observed between dose and session. Indeed, subsequent analysis within each of the doses revealed a significant overall effect of session within the 1.5 and 3.0-μg/kg doses (F9, 108 = 4.1, p < 0.001 and F9, 117 = 3.7, p < 0.001, respectively), but not the 0.25 or 0.75-μg/kg doses (p’s > 0.05); subsequent analyses within the 1.5 and 3.0-μg/kg doses also confirmed a significant decrease in infusions from sessions 1 to 2 and a significant increase in infusions from sessions 2 to 10 for both doses (p’s < 0.01). Thus, females self-administered more fentanyl infusions than males, particularly at low doses.
[image: Figure 1]FIGURE 1 | Effect of sex and dose on the number of infusions and fentanyl intake in female and male rats under extended-access conditions. Mean (±SEM) number of infusions for each of the 10 extended-access sessions (A) and fentanyl intake averaged across the extended-access period (μg/kg); (B) for females and males in the 0.25 (n = 8 males, n = 9 females), 0.75 (n = 8 males, n = 9 females), 1.5 (n = 8 males, n = 8 females), and 3.0 (n = 8 males, n = 7 females) dose (μg/kg) conditions. (*) Significant sex difference within the two lower doses. (+) Significant decrease from session 1. (^) Significant increase from session 2. (#) Significant difference between the two lowest and two highest doses in females. Significant difference from (@) 0.25, (!) 0.75, and (%) 1.5 μg/kg.
Average daily fentanyl intake (µg/kg) over the extended-access period was greatest in rats given access to higher versus lower doses of fentanyl (Figure 1B; effect of dose, F3, 50 = 23.4, p < 0.001) with the 3.0 μg/kg group having the highest intake (versus 0.25, 0.75, and 1.5 μg/kg, p < 0.05) and the 0.25 μg/kg group having the lowest intake (versus 0.75 and 1.5 μg/kg, p’s < 0.05). In contrast to effects with infusions, dose-dependent effects on intake were apparent for both males and females (nonsignificant interaction of dose by sex). Although no overall or interactive effects of sex were observed for intake (p’s > 0.05), a planned comparison of males and females in the low-dose groups (0.25 and 0.75 μg/kg) confirmed that, similar to the effects with infusions, females had higher fentanyl intake than males (t27 = 1.7, p < 0.05). Thus, fentanyl intake dose-dependently increased in both males and females with increases in fentanyl dose with females taking more fentanyl than males at low fentanyl doses.
To further explore sex and dose-dependent differences in patterns of fentanyl self-administration, we also analyzed the number of active trials during each of the 10 extended-access sessions. This analysis revealed an overall effect of dose (Figure 2A; F3, 50 = 3.7, p < 0.05) and session (F9, 450 = 21.0, p < 0.001) and a trend for an interaction of sex by dose (p = 0.069) and session by dose (p = 0.085). The overall effect of dose appears to be attributable to rats in the 0.75-μg/kg dose having significantly more active trials compared with the lowest and highest dose conditions (0.75 versus 0.25 and 3.0 μg/kg, p’s < 0.05). As with findings for daily intake, the session effect in this analysis appears to be due to a decrease in the number of active trials from sessions 1 to 2 (t57 = 6.4, p < 0.001) and an increase from sessions 2 to 10 (t57 = 8.4, p < 0.001). However, these session effects appear to be more robust at higher versus lower doses, which likely accounts for the trend for an interaction between dose and session. Although no overall effect of sex was observed (p > 0.05), given the trend for an interaction of sex by dose (p = 0.069) and our hypothesis that sex differences would be most apparent under low dose conditions, we examined sex differences within the low versus high dose groups. This analysis showed, that as with daily intake, females had more active fentanyl trials than males under low (F1, 27 = 7.9, p < 0.01), but not high dose (p > 0.05) conditions. Thus, rats in the 0.75 μg/kg group had more active trials than rats in the other dose groups, and females in the low dose groups had more active trials than males in these groups.
[image: Figure 2]FIGURE 2 | Effect of sex and dose on binge fentanyl intake in female and male rats under extended-access conditions. Mean (±SEM) number of active trials for each of the 10 extended-access sessions (A) and binge fentanyl intake (μg/kg) in active trials across all extended-access session (B) for females and males within the 0.25 (n = 8 males, n = 9 females), 0.75 (n = 8 males, n = 9 females), 1.5 (n = 8 males, n = 8 females), and 3.0 (n = 8 males, n = 7 females) dose (μg/kg) conditions. (*) Significant sex difference within the two lower doses. (+) Significant decrease from session 1. (^) Significant increase from session 2. (#) Significant increase compared with 0.25 and 3.0 μg/kg. Significant difference from (@) 0.25, (!) 0.75, and (%) 1.5 μg/kg.
Average binge fentanyl intake (µg/kg) within active trials across the 10 extended-access sessions was greater in females compared with males (Figure 2B; overall effect of sex, F1, 50 = 4.8, p < 0.05) and in higher versus lower dose conditions (F3, 50 = 61.4, p < 0.001; 3.0 versus 0.25, 0.75, and 1.5 μg/kg, p’s < 0.010; 1.5 versus 0.25 and 0.75, p’s < 0.01; and 0.75 versus 0.25, p < 0.01). Given that there were no significant overall or interactive effects of session (p’s > 0.05), these data are presented as average binge intake/day across the extended-access period to highlight the overall effects of sex and dose. There were no interactions of dose or sex (p’s > 0.05). Thus, in contrast to daily intake, the higher binge intake in females was similarly maintained across low and high fentanyl doses. However, similar to daily fentanyl intake, binge intake increased in both sexes with increases in fentanyl dose.
Changes in body weight during extended-access self-administration and over withdrawal
As expected, there was a marked sex difference in body weight across the study (Figure 3A; overall effect of sex, F1, 50 = 1338.6, p < 0.001) with males weighing more than females. There were also significant overall effects of dose (F1, 50 = 4.2, p = 0.01) and time (F6, 300 = 508.2, p < 0.001), and interactions of time by sex (F6, 300 = 95.7, p < 0.001), time by dose (F18, 300 = 3.3, p < 0.001), and time by sex by fentanyl dose (F18, 300 = 4.3, p < 0.001). Further analysis of body weight at the end of fentanyl self-administration training (days 3–5) just prior to the start of extended access confirmed an overall effect of sex (F1, 50 = 906.7, p < 0.001) with males weighing more than females (p < 0.001), but no overall or interactive effects of dose (p’s > 0.05); therefore, to determine sex- and dose-dependent effects of extended-access fentanyl self-administration on body weight, we analyzed percent change in body weight from just prior to extended-access self-administration (training) to after approximately 5 (ExA-1) or 10 (ExA-2) days of access (Figure 3B). Results from this analysis revealed an overall effect of dose (F3, 50 = 4.0, p < 0.05) as well as significant interactions of sex by dose (F3, 50 = 5.5, p < 0.01) and sex by day by dose (F3, 50 = 3.9, p < 0.05). While the overall effect of dose reflects lower percent body weight gain in the 3.0 μg/kg group compared with the 0.75 μg/kg group (p < 0.05), this difference appears to be driven by males given the significant interaction between dose and sex and the follow-up comparisons within males and females, which revealed a significant effect of dose within males (F3, 25 = 7.7, p < 0.001), but only a trend for an effect of dose within females (p = 0.084). The analysis within males also revealed a significant interaction of day by dose (F3, 25 = 32.7, p < 0.05) with follow-up comparisons within ExA-1 and 2 revealing that males in the 3.0 μg/kg dose gained significantly less weight compared with males in the 0.25, 0.75, and 1.5 μg/kg doses at ExA-1 and that males in both the 1.5 and 3.0 μg/kg doses gained significantly less weight than males in the 0.25 and 0.75 μg/kg dose at ExA-2 (p’s < 0.05). Given the significant interactions of sex by dose and sex by dose by day, we also examined sex differences within each of the dose groups. This analysis revealed a significant effect of sex within the 0.25-μg/kg dose group (F1, 12 = 12.0, p < 0.01), wherein females had less percent body weight gain than males, as well as a trend for an effect of sex in the 3.0 dose group (p = 0.052), wherein males tended to have less percent body weight gain than females. Thus, in males, fentanyl dose-dependently decreased percent body weight gain and the highest dose tended to have a greater anorectic effect in males than in females. In contrast, females showed an enhanced sensitivity to the anorectic effect of the low dose of fentanyl compared with males, and although this effect may be the result of greater fentanyl intake in females than in males at the lower doses, it was not further enhanced in females with increases in fentanyl dose.
[image: Figure 3]FIGURE 3 | Effect of sex and dose on body weight (g) in female and male rats during extended-access self-administration and withdrawal. Mean (±SEM) body weight (g) at arrival, the end of self-administration training (training, days 3–5) just prior to extended-access self-administration, following approximately 5 days (ExA-1, days 4–6) and 10 days (ExA-2, days 9–10 or at the time of discontinuation of drug self-administration on withdrawal day 1) of extended-access self-administration, and during early (W1, days 2–4), intermediate (W2, days 6–9), and late withdrawal (W3, days 12, 13, and 14) for males and females in the 0.25 (n = 8 males, n = 9 females), 0.75 (n = 8 males, n = 9 females), 1.5 (n = 8 males, n = 8 females), and 3.0 (n = 8 males, n = 7 females) dose (μg/kg) conditions (A). These data are also plotted as percent change in body weight after approximately 5 (ExA-1) and 10 (ExA-2) days of extended-access self-administration relative to the end of training (training) just prior to extended-access self-administration (B) and during early, intermediate, and late withdrawal relative to the end of extended-access self-administration (ExA-2) just prior to withdrawal (C). (*) Significant effect of sex. (#) Significant difference from higher doses in males. (+) Significant difference between each of the withdrawal phases. (@) Significant difference from 0.25 μg/kg. (^) Significant difference from prewithdrawal body weight (versus 0 or no change).
We also analyzed percent change in body weight during early (W1, withdrawal days 2–4), intermediate (W2, withdrawal days 6–8), and late withdrawal (W3, withdrawal days 13–15) relative to the end of the extended-access self-administration (ExA-2) as a measure of physical dependence to fentanyl (Figure 3C). This analysis revealed significant overall effects of sex (F2, 50 = 33.2, p < 0.001) and withdrawal timepoint (early, immediate, and late; F2, 100 = 341.4, p < 0.001), which reflect greater increases in percent body weight in males versus females and at later versus earlier timepoints during withdrawal (early versus intermediate and late, p’s < 0.001; intermediate versus late, p < 0.05) as well as significant interactions of sex by withdrawal timepoint (F2, 100 = 50.5, p < 0.001) and sex by withdrawal timepoint by dose (F6, 100 = 2.7, p < 0.05). The overall sex effect appears to be driven by changes during intermediate and late withdrawal given the significant interaction of sex by withdrawal timepoint and the results from analysis within each withdrawal timepoint, which revealed significant effects of sex within the intermediate and late withdrawal timepoints (p’s < 0.001), but not within the early withdrawal timepoint (p > 0.05). Further analysis within the early withdrawal timepoint revealed a significant effect of dose (F3, 50 = 7.9, p < 0.001) and significant differences between the 0.25 μg/kg dose and all other doses (p’s < 0.05). The decreases in percent body weights during early withdrawal were also significantly different from body weights at the end of the extended access (ExA-2; versus 0) for each of the doses except the 0.25 μg/kg dose (p’s < 0.001). Further analysis within intermediate and late withdrawal revealed nonsignificant overall and interactive effects of dose indicating that the sex differences were due to greater percent body weight gain in males than females in each of the dose groups with males, but not females, surpassing their previous body weight at ExA2 by intermediate withdrawal (p < 0.001); by late withdrawal, both males and females had surpassed their previous body weight at ExA-2 (versus 0; p’s < 0.001). Thus, rats in the three highest dose groups lost body weight during early withdrawal and this weight loss was similar between males and females indicating that physical dependence was expressed similarly in males and females following fentanyl self-administration at 0.75 μg/kg doses and higher. Despite the similar weight loss between males and females during early withdrawal, weight loss persisted longer in females compared with males.
Extinction and reinstatement of fentanyl seeking
To our surprise, the dose of fentanyl self-administered during the extended-access period did not impact extinction responding over the first six extinction sessions (Figure 4A; no overall or interactive effects of dose, p’s > 0.05). As expected, however, females responded at higher levels than males (effect of sex, F1, 250 = 4.9, p < 0.05). Responding was also highest during the first extinction session compared with the later ones (effect of session, F5, 250 = 40.7, p < 0.001; session 1 compared with sessions 2–6, p < 0.001). Analysis of total extinction responding confirmed the nonsignificant overall and interactive effect of dose (p’s > 0.05) and higher responses in females than males (F1, 50 = 5.3, p < 0.05; Figure 4B). Extinction responding also differed between males and females tested during estrus versus non-estrus phases (F1, 46 = 6.3, p < 0.01) with estrus females responding at higher levels compared with both males (p < 0.001) and non-estrus females (p < 0.05).
[image: Figure 4]FIGURE 4 | Effect of sex, estrous cycle phase, and dose on responding during extinction testing in female and male rats. Mean (±SEM) number of responses made on the lever formerly associated with fentanyl during the first six 1-h extinction sessions for males (A; left) and females (right) within the 0.25 (n = 8 males, n = 9 females), 0.75 (n = 8 males, n = 9 females), 1.5 (n = 8 males, n = 8 females), and 3.0 (n = 8 males, n = 7 females) dose (μg/kg) conditions and across all doses and extinction sessions run (B) (n = 29 males, n = 29 females). (*) Significantly higher responding in females compared with males. (+) Significantly higher responding in session 1 compared with sessions 2–6. (^) Significantly higher responding in estrus females compared with non-estrus females and males.
Similar to the effects during extinction, the dose of fentanyl self-administered during the extended-access period did not impact cue-induced reinstatement responding (Figure 5A). Specifically, results from the repeated measures ANOVA comparing responding during the last extinction session to the reinstatement session revealed a significant overall effect of session (F1, 50 = 100.1, p < 0.001), but nonsignificant overall or interactive effects of dose (p’s > 0.05) indicating that fentanyl-seeking was similarly reinstated within each of the fentanyl groups. In contrast to the extinction findings, there was also no overall or interactive effect of sex (Figure 5B; p > 0.05). However, as predicted, reinstatement responding was higher in females tested during estrus versus non-estrus phases (p 0.05); estrus females also tended to respond at higher levels than males (p = 0.08). Inactive lever responses during extinction and reinstatement were minimal and analysis of inactive lever responses revealed no overall or interactive effects of sex or groups (p > 0.05). Thus, the dose of fentanyl self-administered during extended access did not have a significant effect on subsequent relapse vulnerability; relapse vulnerability was most pronounced in females during estrus.
[image: Figure 5]FIGURE 5 | Effect of sex, estrous cycle phase, and dose on responding during reinstatement testing in female and male rats. Mean (±SEM) number of responses made on the lever formerly associated with fentanyl during the last extinction session versus the reinstatement session for males (A; left) and females (right) within the 0.25 (n = 8 males, n = 9 females), 0.75 (n = 8 males, n = 9 females), 1.5 (n = 8 males, n = 8 females), and 3.0 (n = 8 males, n = 7 females) dose (μg/kg) conditions and across all doses (B) (n = 29 males, n = 29 females). (+) Significantly higher responding in the reinstatement session compared with the last extinction session. (^) Significantly higher responding in estrus females compared with non-estrus females.
Associations between frequency or amount of intake and vulnerability to relapse or physical dependence
As predicted, frequency of fentanyl use, as defined by the average number of fentanyl infusions obtained during the extended-access period, was predictive of later relapse vulnerability during extinction and reinstatement testing (total responding; Figure 6A; r = 0.45, p < 0.001); this relationship was also similar between males and females (nonsignificant interaction of sex, p > 0.05). However, to our surprise, fentanyl intake (averaged across the extended-access period) was not significantly associated with relapse vulnerability in males or females (Figure 6B; p’s > 0.05). Although, as expected, the amount of fentanyl use was predictive of the development of physical dependence (Figure 6C), as defined by percent decrease in body weight during early withdrawal; however, this correlation was significant in males (r = −0.72, p < 0.001), but not in females (interaction of sex, F1, 54 = 5.5, p < 0.05). Importantly, this effect was specific to fentanyl intake, and not frequency of fentanyl use, given that the relationship between infusions and percent change in body weight during early withdrawal was nonsignificant for both males and females (Figure 6D; p’s > 0.05). Thus, frequency of opioid use, but not opioid intake, was predictive of relapse vulnerability in both males and females; whereas, opioid intake, but not frequency of use, was predictive of physical dependence in males, but not in females.
[image: Figure 6]FIGURE 6 | Associations between frequency of fentanyl use and relapse vulnerability and fentanyl intake and the development of physical dependence. Frequency of fentanyl use (A), or average number of fentanyl infusions, but not amount of fentanyl use (B), or average fentanyl intake, was positively correlated with relapse vulnerability during extinction and reinstatement testing (total responses) in both males and females (n = 29 males, n = 29 females). However, amount of fentanyl use (C), but not frequency of fentanyl use (D), was significantly correlated with development of physical dependence, or percent decrease in body weight during early withdrawal in males, but not in females (n = 29 males, n = 29 females). r, Pearson correlation, (*) significant association.
DISCUSSION
The goals of this study were to determine the fentanyl dose conditions that maximize the expression of an addiction-like phenotype in both males and females and to expand our model to include an additional key feature of OUD in humans, physical dependence. Surprisingly, despite markedly higher intake in groups given access to higher versus lower doses of fentanyl, each of the groups responded at similar levels during relapse testing (extinction and cue-induced reinstatement). We did observe a positive association between relapse vulnerability and number of infusions, but not fentanyl intake, indicating that frequency of use, but not total intake, impacts vulnerability to relapse. However, total intake was associated with the development of physical dependence given that weight loss was apparent following discontinuation of fentanyl self-administration at the three highest doses, but not following discontinuation of self-administration at the lowest dose. While this effect was similar between both males and females, the association between intake and weight loss was significant in males, but not females. Other notable sex differences were that both frequency of fentanyl use and intake were greater in females than in males, with particularly robust differences at lower doses, and that the time course for recovery of body weight loss during withdrawal was prolonged in females versus in males. As with our previous findings, females also had exhibited higher relapse vulnerability than males, particularly when they were tested during the estrus phase of their estrous cycle. Together, these findings indicate that sex is an important risk factor for pattern and levels of fentanyl intake, physical dependence, and relapse vulnerability, and while fentanyl intake predicts physical dependence, frequency of use predicts relapse vulnerability.
Contrary to our prediction, the dose of fentanyl self-administered during extended access did not impact subsequent vulnerability to relapse. This is surprising considering that fentanyl intake prior to withdrawal and relapse testing was markedly higher in the groups given access to higher versus lower doses of fentanyl. Our prediction that vulnerability to relapse would be enhanced in groups with higher versus lower intake of fentanyl (i.e., groups given access to higher versus lower doses of fentanyl) was based on reports in humans showing that the risk of relapse following treatment for OUD is higher in individuals who report higher levels of opioid use prior to treatment compared with those reporting lower levels (Gossop et al., 2002; Smyth et al., 2010; Grau-Lopez et al., 2021). While our findings appear to be in contrast to these results, it is important to note that these same studies also identified frequency of opioid use as a risk factor for relapse following treatment. It is also important to note that it is difficult in humans to determine levels of opioid use, since the dose is often unknown. For example, in one study (Smyth et al., 2010), the amount of heroin use prior to treatment was estimated based on the amount of the substance relative to a quarter. In this preclinical study, where levels and frequency of use were precisely measured, we found that frequency of use, but not levels of use, was predictive of vulnerability to relapse. Specifically, like findings in humans, we observed significant associations between frequency of use and relapse responses; rats in the lower fentanyl dose groups also obtained more infusions than rats in the higher dose groups and the highest relapse responses were observed in the groups given access to the lowest dose of fentanyl, not the highest dose (although this difference was not significant). Our interpretation of the association is also consistent with other studies with fentanyl and other addictive drugs showing that patterns of intake, but not amount of intake, are predictive of an enhanced vulnerability to relapse (Belin et al., 2009; Martin-Garcia et al., 2014; Allain and Samaha, 2019) as well as the development of an enhanced motivation for the drug (Zimmer et al., 2012; Allain et al., 2018; Fragale et al., 2021; Martin et al., 2021). The translational implication is that additional antirelapse interventions should be targeted toward individuals reporting high frequencies of opioid use and questions such as “how often” rather than “how much” may be more beneficial when trying to identify high-risk patients with OUD.
Intake was predictive of the development of physical dependence to fentanyl, and while the correlation between intake and weight loss was only significant in males, it is notable that in both sexes, physical dependence only developed following fentanyl self-administration at the three highest doses and neither males nor females showed weight loss during withdrawal from the 0.25-μg/kg dose. The significant correlation between intake and weight loss in males was expected based on multiple previous studies showing that rodents with greater opioid intake have more signs of physical dependence compared with rodents with less opioid intake (Vendruscolo et al., 2018; Towers et al., 2019; Moussawi et al., 2020). Clinical studies also report greater physical dependence in individuals reporting higher levels of opioid use (O’Malley and O’Malley, 2020; Rodríguez-Espinosa et al., 2021). However, it is somewhat surprising to observe it here considering that the weight loss observed during early withdrawal in males was similar between each of the three highest dose groups and fentanyl intake increased significantly with increases in the dose of fentanyl self-administered during extended access. Although, there was considerable variability in intake within dose groups, which likely accounts for this association in males. Interestingly, despite intake being greater in females compared with males, weight loss during early withdrawal was the same in females and males, which is similar to findings in mice where females had greater heroin intake over extended-access self-administration, but displayed a similar number of naloxone-precipitated withdrawal signs (Towers et al., 2019). This, along with weight loss not being significantly associated with physical dependence in females, is curious and suggests that physical dependence develops in females once a certain threshold of intake is achieved, but that, unlike effects in males, further increases in intake do not further enhance physical dependence in females.
Our findings showing that physical dependence developed in the three highest dose groups, but not the lowest dose group, yet each of the groups, including the lowest dose group, responded at similar levels during relapse testing suggest that the development of physical dependence is not necessary for the development of other addiction-like behaviors. This conclusion is supported by findings in humans showing that a substantial subgroup of people with OUD have relatively low levels of physical dependence (Kanof et al., 1991). Interestingly, a recent preclinical study (Townsend et al., 2021) also showed that despite similarities between men and women for both escalation of fentanyl intake and physical dependence, only the men developed an enhanced preference for fentanyl over a nondrug alternative reinforcer (Ensure). This is important because this shift is believed to represent another key feature of OUD in humans, an enhanced preference for a drug to the exclusion of other reinforcing stimuli and activities and further supports the notion that features of the addiction-like phenotype develop independently of one another. It also suggests that sex differences in vulnerability to OUD vary between different features of the disease (relapse, preference for the drug over other rewards, compulsive use, and motivation for the drug). This idea is also supported by our current findings showing that females were more vulnerable than males during relapse testing but did not differ from males for the expression of physical dependence during early withdrawal. It should be noted, however, that the conditions necessary for inducing addiction-like features with fentanyl have yet to be fully established. For example, we and others have shown that extended-access fentanyl self-administration induces an enhanced vulnerability to relapse when assessed following protracted abstinence; we also showed that this phenotype can be blocked by buprenorphine treatment during withdrawal. However, it is not clear if these effects differ from those observed following short-access self-administration, and the time–course for such changes during withdrawal have yet to be fully explored. A few studies have explored effects with other addiction-like features, although the Townsend study did show that the preference for the drug over a nondrug reinforcer was attenuated following treatment with methadone in men, but not in women, which further indicates that their model induced this feature of an addiction-like phenotype in men, but not in women. Further research is necessary to explore the fentanyl self-administration and withdrawal conditions necessary to induce addiction-like features in men and women.
Our findings also confirmed biological sex as an important vulnerability factor across the disease process. Specifically, during the extended-access phase, females self-administered more infusions and had higher levels of fentanyl intake than males, and as expected (Towers et al., 2019), these differences were most apparent under low dose conditions. These findings are consistent with our previous study with fentanyl self-administration under these extended-access conditions (Bakhti-Suroosh et al., 2021) and previous work with heroin showing robust sex differences in intake during extended-access self-administration under lower dose conditions (30 and 60 μg/kg/infusion; Towers et al., 2019), but not higher dose conditions (250 μg/kg/infusion; Zhang et al., 2015). These findings also provide insight as to why a few studies using higher doses of opioids have reported no sex differences in levels of opioid intake under extended-access conditions with heroin (100 μg/kg/infusion; Venniro et al., 2017; Venniro et al., 2019) and fentanyl (3.2 μg/kg/infusion, Townsend et al., 2021; 2.5 μg/kg/infusion, Hammerslag et al., 2021, Reiner et al., 2020). One exception was for binge intake, where females had higher intake than males regardless of dose. This is interesting because it suggests that even under high-dose conditions where intake is similar between males and females (Venniro et al., 2017; Venniro et al., 2019; Reiner et al., 2020; Hammerslag et al., 2021; Townsend et al., 2021), there is likely a sex difference in the pattern of self-administration. Indeed, numerous studies have shown that there are sex differences in patterns of extended-access drug self-administration under both high and low dose conditions (e.g., Lynch and Taylor, 2004; Towers et al., 2019) with female rodents self-administering more heroin during the first hour of a long, continuous access session (fixed-ratio 1, 6-h session; Towers et al., 2019), having a longer initial period of “binge” cocaine before taking a break and showing a more diurnal dysregulation pattern of cocaine use during 24-h/day sessions (Lynch and Taylor, 2004), and having greater binge-like alcohol drinking using a two-bottle, limited-access “drinking-in-the-dark” procedure (Sneddon et al., 2019) compared with males.
Females also showed an enhanced sensitivity to the anorectic effect of the low dose of fentanyl during extended-access self-administration. Most preclinical self-administration studies use 6- or 12-h extended-access sessions, which result in daily cycles of intake and withdrawal that are long enough to induce weight changes due to physical dependence (Townsend et al., 2021). This is the first study, to our knowledge, that has monitored changes in body weight in males and females over a period of 24-h/day opioid access followed by prolonged withdrawal. Under the lowest dose condition, females gained less percent body weight than males during both the first and last 5 days of extended-access self-administration. Although this effect may be driven by females having greater fentanyl intake than males under the lowest dose condition, weight gain in females was not further impacted with increases in fentanyl dose/intake like it was in males. In fact, males tended to have a smaller percent of body weight gained in the high dose conditions compared with females even though fentanyl intake was similar under these self-administration conditions. These anorectic effects of fentanyl are consistent with the side effects reported with the use of fentanyl patches in cancer patients (Wiffen et al., 2014), and while sex/gender differences have not been examined in humans, based on our findings, we would expect that this side effect might be more apparent in women at low doses and more apparent in men at high doses. Further research is necessary to examine these possibilities as dose-dependent side effects of opioid analgesics may have important sex differences that could impact patient care.
Although fentanyl intake was not correlated with weight loss during early withdrawal in females, there was an overall effect of dose with females self-administering the three highest doses of fentanyl, but not the lowest dose, losing a significant amount of their body weight during early withdrawal, similar to the findings in males. This finding, in addition to previous findings showing that weight loss occurs during early withdrawal (∼12 h) in females, similar to males (Townsend et al., 2021), and that the recovery of this weight loss follows a similar pattern as other somatic signs of opioid withdrawal in females (Bobzean et al., 2019), provides support for the use of weight loss as a measure of physical dependence in females. Interestingly, despite similar weight loss in males and females during early withdrawal from the three highest doses of fentanyl, females took longer to regain their body weight and continued to gain less body weight than males even during late withdrawal. These findings are consistent with another study that showed weight loss and somatic withdrawal symptoms, including stomach writhing symptoms, persisted longer in women compared with men following discontinuation of morphine administration (Bobzean et al., 2019) and findings in humans indicating that women experience a more severe withdrawal syndrome than men (Back et al., 2011b; Huhn et al., 2019; Dunn et al., 2020). These findings indicate that the physiological effects of opioid withdrawal may be prolonged in females compared with males. However, it is important to note that there are sex differences in weight gain under normal conditions, and these differences may contribute to the effects observed here during withdrawal. Future research that includes additional measures of physical dependence/opioid withdrawal is necessary to examine this possibility especially considering that the current withdrawal scales were developed using male animals. To our knowledge a detailed withdrawal syndrome following extended-access opioid self-administration remains unknown for females.
Finally, females showed an enhanced vulnerability during relapse testing compared with males, and these effects were particularly robust during extinction testing and when females were tested during estrus versus non-estrus phases of their estrous cycle. These results were expected based on our previous findings with fentanyl (Bakhti-Suroosh et al., 2021). They are also consistent with results with other addictive drugs showing greater cue-induced reinstatement responding in estrus females compared with non-estrus females and males during late and protracted withdrawal (days 15, 30, and 48; Nicolas et al., 2019: Corbett et al., 2021); although here, there was only a trend for estrus females having higher reinstatement versus males, extinction responding was significantly higher in estrus females compared with non-estrus females and males. This is important considering that a number of recent studies have reported that sex differences are not relevant for cue-induced relapse/reinstatement with opioids (Cooper et al., 2007; Venniro et al., 2017; Venniro et al., 2019; Fredriksson et al., 2020; Reiner et al., 2020), yet differences were likely due to inclusion of a greater percentage of non-estrus versus estrus females. Importantly, our preclinical findings are consentient with clinical findings showing that women have greater opioid (Yu et al., 2007; Kennedy et al., 2013; Moran et al., 2018), alcohol (Willner et al., 1998; Seo et al., 2011), and cocaine (Robbins et al., 1999) craving in the presence of drug-associated cues compared with men (but see Avants et al., 1995; Volkow et al., 2011). These sex/gender differences in humans have also attributed, at least in part, to hormonal changes over the menstrual cycle given that the positive subjective effects of cocaine tend to increase with higher levels of estradiol during the follicular phase and to be reduced when progesterone is higher during the luteal phase (Fox et al., 2008). Although similar effects have not been observed in women with OUD, the menstrual cycle is disrupted by opioid use making it difficult to determine the impact of gonadal hormones on drug craving and use (Santen et al., 1975). Our findings indicate that gonadal hormones likely impact relapse vulnerability with opioids given that extinction and reinstatement responding was higher in females tested during estrus, when the ratio of estradiol to progesterone is relatively high, versus non-estrus females. Future studies investigating relapse vulnerability in females, and particularly those that examine effects within one test session, should consider hormonal status prior to making conclusions regarding sex differences (or lack thereof) as the proportion of females tested during estrus versus non-estrus phases (or luteal versus follicular phases) could drastically change the results and conclusions.
In summary, our findings indicate that patterns of use, rather than absolute levels of use, impact vulnerability to relapse. Females also showed an enhanced vulnerability to relapse compared with males, particularly when they were tested during estrus. The translational implications of our findings are that additional antirelapse intervention may be necessary for women and individuals reporting high frequencies of opioid use. These findings also have implications for studies on sex/gender differences in substance-use disorder as they further support the idea that sex differences are most apparent under low-dose conditions that induce intersubject variability. They also indicate that sex/gender differences may be apparent for patterns of intake even in the absence of a sex difference for overall levels of use; this is important considering that the pattern of use, but not intake, was predictive of relapse vulnerability. Finally, they indicate that a lack of a sex/gender difference for relapse vulnerability during extinction/reinstatement testing may be due to the distribution of females tested at different menstrual/estrus cycle. Thus, phase of menstrual/estrous cycle should be considered in studies of sex differences in relapse.
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