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Introduction: Despite their inclination to induce tolerance, addictive states, and respiratory depression, synthetic opioids are among the most effective clinically administered drugs to treat severe acute/chronic pain and induce surgical anesthesia. Current medical interventions for opioid-induced respiratory depression (OIRD), wooden chest syndrome, and opioid use disorder (OUD) show limited efficacy and are marked by low success in the face of highly potent synthetic opioids such as fentanyl. D-Cysteine ethylester (D-CYSee) prevents OIRD and post-treatment withdrawal in male/female rats and mice with minimal effect on analgesic status. However, the potential aversive or rewarding effects of D-CYSee have yet to be fully characterized and its efficacy could be compromised by interactions with opioid-reward pathology.
Methods: Using a model of fentanyl-induced conditioned place preference (CPP), this study evaluated 1) the dose and sex dependent effects of fentanyl to induce rewarding states, and 2) the extent to which D-CYSee alters affective state and the acquisition of fentanyl-induced seeking behaviors.
Results: Fentanyl reward-related effects were found to be dose and sex dependent. Male rats exhibited a range-bound dose response centered at 5 µg/kg. Female rats exhibited a CPP only at 50 µg/kg. This dose was effective in 25% of females with the remaining 75% showing no significant CPP at any dose. Pretreatment with 100 mg/kg, but not 10 mg/kg, D-CYSee prevented acquisition of fentanyl seeking in males while both doses were effective at preventing acquisition in females.
Discussion: These findings suggest that D-CYSee is an effective co-treatment with prescribed opioids to reduce the development of OUD.
Keywords: opioid use disorder (OUD), D-cysteine ethylester (D-CYSee), fentanyl, place conditioning, dose response, sex differences, substance abuse and addiction, conditioned place preference (CPP)
INTRODUCTION
Synthetic opioids, such as fentanyl and fentanyl analogs (F/FA), are clinically administered to alleviate severe chronic and acute pain, and induce anesthesia (Lee and Ho, 2013; Fujii et al., 2019; Strang et al., 2020). However, their clinical efficacy is complicated by their inclination to induce analgesic tolerance, pleasure, and addictive states (Lee and Ho, 2013). In 2021, opioid use disorder (OUD) and subsequent overdose resulted in an estimated 80,411 deaths in the US, incurring a medical cost of more than 1–1.5 trillion dollars (Serdarevic et al., 2017; Torralva and Janowsky, 2019; CDC, 2020; National Center on Health Statistics, 2021; NIDA, 2023). OUD is a chronically relapsing disorder that is characterized by compulsive drug-seeking behavior that can be enhanced by drug abstinence and is maintained by encounters with drug-associated cues which elicit strong cravings and promote drug-seeking behaviors (Mueller et al., 2002; Zanda et al., 2021; Zhang et al., 2022). A large body of literature shows that sex differences impose clinically relevant changes in the vulnerability to OUD with women being prescribed and escalating to higher doses of opioid faster with greater craving and withdrawal symptoms compared to their male counterparts (Lee and Ho, 2013; Manubay et al., 2015; Serdarevic et al., 2017; Huhn et al., 2019a; Huhn et al., 2019b; Pisanu et al., 2019; Torralva and Janowsky, 2019; CDC, 2020; National Center on Health Statistics, 2021; Wightman et al., 2021). Despite this, sex differences in relation to the experience of opioid reward remain ambiguous with contradictory findings in both human and animal studies (Lee and Ho, 2013; Huhn et al., 2019a; Wightman et al., 2021). Since 1999, deaths resulting from synthetic opioid-induced overdose have increased by 103.2-fold in men, representing 73% of all synthetic opioid deaths in 2020, compared to women who have experienced a smaller 46.2-fold increase (Serdarevic et al., 2017; Barbosa-Leiker et al., 2018; Torralva and Janowsky, 2019; CDC, 2020; National Center on Health Statistics, 2021; NIDA, 2023). This divergence in the vulnerability to OUD and rate of overdose have been attributed to socio-economic pressures and differences in pain manifestation, coping, drug pharmacokinetics, and sensitivity to aversive drug effects (Lee and Ho, 2013; Manubay et al., 2015; Pisanu et al., 2019). However, little attention has been given to sex-dependent effects of fentanyl on opioid-induced reward with current literature largely focused on outcomes related to opioid-induced analgesia and respiratory depression (Manubay et al., 2015; Huhn et al., 2019a).
In the U.S., overdose from drugs of abuse is now the leading cause of accidental death in adults aged 18–50, resulting in ∼1,000 emergency visits and ∼91 deaths per day with more than 67% involving F/FA (Serdarevic et al., 2017; Torralva and Janowsky, 2019; CDC, 2020; National Center on Health Statistics, 2021). Overdose from opioids results in opioid-induced respiratory depression (OIRD) and cardiac toxicity which culminate in respiratory and cardiovascular failure. Opioid-induced respiratory conditions are reversed by administration of competitive opioid receptor antagonists such as naloxone and naltrexone (Barbosa-Leiker et al., 2018; Torralva and Janowsky, 2019). However, these treatments terminate opioid-induced analgesia, precipitate severe withdrawal symptoms, and are not effective against wooden chest syndrome (WCS, respiratory muscle rigidity and laryngospasm), uniquely resulting from the use of F/FA (Barbosa-Leiker et al., 2018; Torralva and Janowsky, 2019). In fact, despite the increased clinical and public availability of naloxone over the last decade, there has been no significant reduction in F/FA-related deaths (Torralva et al., 2020). As of 2022, an estimated 3 million people in the US and 16 million worldwide suffer from OUD (Azadfard et al., 2022). Medication-assisted treatments for OUD (i.e., methadone, buprenorphine, and ER naltrexone), which operate through direct antagonistic or agonistic action on the mu-opioid receptor, prevent subsequent clinical use of opioids in analgesia or anesthesia (Huhn et al., 2019a). These reactive intervention-based strategies for OUD are not preventative and burden patients with self-admittance and retention of treatment which is marginally effective with only 11% of people receiving treatment and less than 20.7% of those sustaining abstinence for at least 5 years (Zhu et al., 2018; Davis et al., 2021; Volkow, 2022). Accordingly, there is an urgent unmet medical need to develop drugs which can 1) reverse OIRD/WCS resulting from highly potent synthetic opioids without compromising analgesic efficacy or inducing aversive withdrawal states, and 2) prevent the development of and/or aid in the arrest of OUD.
Preclinical investigations have demonstrated that the thioester drug, D-cysteine ethylester (D-CYSee), delivers rapid and long-lasting recovery of respiratory function from OIRD in male and female rats with minimal effect on analgesic efficacy (Getsy et al., 2022c). These findings strongly indicate that D-CYSee and related thioesters (Mendoza et al., 2013; Gaston et al., 2021; Getsy et al., 2022b; Getsy et al., 2022c) act through an opioid receptor-independent mechanism that is metabolically distinct from those engaged by L-thiol esters which, while effective at recovering respiratory drive, induce maladaptive adverse effects on upper airway function (Gaston et al., 2021; Getsy et al., 2022c; Getsy et al., 2022b). Despite the clear therapeutic potential for D-CYSee in the recovery of respiratory drive following OIRD, the fact that it alters OIRD and that it readily passes the blood brain barrier suggests that indirect interactions with opioid-reward related effects are possible. Further, the potential aversive or rewarding behavioral effects of D-CYSee in the absence of opioids have yet to be fully characterized. While several previous studies have evaluated dose effects on the rewarding characteristics of fentanyl, these evaluations were often limited to male subjects and/or to a narrow dose range (Mucha and Herz, 1985; Vitale et al., 2003; Gaulden et al., 2021). Systematic analysis of the sex and dose specific differences in the rewarding properties of fentanyl could greatly aid in the development of studies evaluating treatment effects on fentanyl use disorder. Thus, experiments in the present study aimed to evaluate 1) the dose and sex dependent effects of fentanyl to induce rewarding states, and 2) the extent to which D-CYSee alters affective state and the acquisition of fentanyl-induced reward seeking.
MATERIALS AND METHODS
Subjects
Adult male (n = 98) and female (n = 79) Long-Evans outbred rats (ENVIGO, Indianapolis, IN), weighing approximately 200 g and 175 g at the start of testing, respectively, were housed individually in clear acrylic cages (65 cm × 24 cm × 15 cm) with food (Prolab RMH 3000, 5P00) and water ad libitum. The animal colony was maintained at a constant temperature (22°C ± 2°C) and humidity (50% ± 5% relative humidity) with a 14/10-h light/dark cycle (lights on at 0800 h). Animals were handled and weighed daily at time of testing. All procedures were approved by the Institutional Animal Care and Use Committee at Kent State University in compliance with National Institutes of Health guidelines.
Apparatus
Behavioral conditioning and testing were conducted in a three-chamber apparatus (Med Associates) consisting of two visually distinct larger ‘conditioning’ chambers (13″ × 9″ × 11.5″) separated by a smaller intermediary chamber (6″ × 7″ × 11.5″). One of the conditioning chambers contained wire mesh flooring with white walls whereas the other had steel rod flooring with black walls. The center chamber had PVC plastic floors and gray walls. All floors were raised 1.5″, with removable trays placed underneath. Removable partitions were used to isolate the rats within specific chambers during conditioning. During conditioned place preference (CPP) trials, partitions were removed to allow free access to the entire apparatus for 15 min. The center box was illuminated by an overhead light and infrared beams located at the bottom of the walls allowed for quantitative assessment of animal preference for each compartment. During all phases of the experiment, the testing room was kept in semidarkness illuminated only by red light (240 lx) and a white noise generator (≈50 dB) was used to mask outside noise.
Drug formulations and treatment regimens
Fentanyl citrate salt (Millipore Sigma, Cat#: F3886) was dissolved in sterile 0.9% saline at a stock/working concentration of 50 μg/mL and was diluted to working concentrations of 0.1, 0.5, 1.0, 5.0, 10, and 50 μg/mL and administered subcutaneously (s.c.) immediately prior to introduction to the conditioning chamber. D-cysteine ethylester hydrochloride (D-CYSee, Chem Impex, Cat#: 29770) was dissolved 15 min prior to treatment in sterile 0.9% saline at a concentration of 10 or 100 mg/mL and administered by intraperitoneal (i.p.) injection 15 min prior to introduction to the conditioning chamber. pH was calibrated to 7.4 for all treatments just prior to injection.
Conditioning and testing
Following a 5-day acclimation and handling period, rats underwent a baseline preference test consisting of 15 min of unrestricted access to the full apparatus to assess initial chamber bias. The time spent in each chamber was recorded and analyzed by automated software (MED-PC IV). To account for an observed initial chamber preference, a biased CPP design was implemented in which drug chamber-pairings were assigned against each rat’s initial chamber preference. Next, animals were assigned in a pseudorandom and counter-balanced manner to receive one of twelve treatment regimens in the drug-paired chamber. In six of the groups, rats were conditioned to associate one chamber, but not another, with fentanyl (0.1, 0.5, 1.0, 5.0, 10, or 50 μg/kg, s.c.). An additional five groups were pretreated with D-CYSee (10 mg/kg or 100 mg/kg, i.p.) or saline 15 min prior to fentanyl administration (5 μg/kg male and 50 μg/kg female, s.c.). A control group was conditioned to associate both chambers with saline (1 mL/kg, s.c.). A preliminary fentanyl dose response study determined that doses of 5 μg/kg and 50 μg/kg fentanyl were optimal to induce reward in males and females, respectively, for treatment groups receiving both fentanyl and D-CYSee. Forty-eight h after baseline testing, rats were conditioned during eight daily sessions, wherein drug treatment or saline was administered in an alternating manner (four fentanyl and four saline pairings). Following injection, rats were confined to the allocated compartment for 30 min to allow for complete onset and experience of drug action. Starting 48 h after the final conditioning session, rats underwent daily extinction trials. Identical to the preference-baseline test, these daily sessions consisted of a single 15-min test during which animals had full apparatus access. Extinction trials were repeated until extinction criterion was met or until five extinction trials were completed. Extinction criterion measures were assessed by single day t-test comparison of time spent in drug versus saline-paired chambers under each treatment group. A group was considered to have extinguished if preference was not significant for two consecutive days.
Data analysis
To account for the third chamber variable omitted by analysis of time in drug-versus saline-paired chambers alone, we first calculated the decimal (DEC) percent of total time spent in the drug-paired chamber by each animal versus time spent overall in the apparatus during each testing session (See Eq. 1). Next, the percent relative change in preference from before conditioning for each animal under each extinction trial was calculated (See Eq. 2). No significant effect of injection on fentanyl conditioned place preference was observed in males (Figure 1A; F1,76 = 0.623, p > 0.05) or females (Figure 1B; F1,51 = 0.291, p > 0.05). Therefore, all data independent of injection was considered equivalent under matching drug treatment(s) and processed together. The effects of treatment on drug-seeking behavior were analyzed by an overall analysis of the percent relative change in preference over 5 days of extinction testing using a one-way ANOVA. Changes in preference between extinction days were assessed within each treatment by repeated measures ANOVA.
[image: Figure 1]FIGURE 1 | The presence or absence of a saline pretreatment injection had no significant effect on the percent change of preference in (A) males or (B) females. Data points represent the % change from each animal’s bias test during a single extinction trial, and data are presented as a summary of the 5 days of extinction testing. Black center line is the mean value of the normal distribution of the data, error bars in black are ±2*SE, and red dotted line is the median. *p < 0.05, **p < 0.01, ***p < 0.001.
To reduce the risk of inflation of the F-value (type I error) due to unequal variances within the ANOVA, Mauchly’s test of sphericity was used to evaluate the assumption of sphericity, and violations were corrected for using Greenhouse-Geisser. All post hoc tests were conducted, when appropriate, using Fisher’s least significant difference (LSD) test.
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Criteria for animal exclusion
A Grubbs extreme studentized deviant test (CL = 99.5) was used to evaluate data for outliers in each treatment group. Outliers were detected in the 10 μg/kg and 50 μg/kg fentanyl female treatment groups. The sole outlier within the 10 μg/kg fentanyl treatment group was likely the result of added stress due to an accidental home cage drop. Outliers within the 50 μg/kg fentanyl treatment group were more pervasive and were not isolated to any one set of animals and were only observed in females at this dose. Closer inspection of these data revealed a clean split centered at the mean between the female outliers and the bulk (75%) of remaining data. Further analysis of these data by test day showed that outliers were stable in preference over the full 5 days of testing. Thus, a mean split was used to separate the 50 μg/kg fentanyl female treatment group into two subgroups: 50 μg/kg fentanyl sensitive and 50 μg/kg fentanyl insensitive. As a result of apparatus, power, and/or computer failure a few data points were omitted or unrecoverable from each group (18 of 802 data points total). Within-group analysis revealed no significant change in preference between testing days resulting from any omitted or missing single trial data. One animal was removed in the female saline 1 mL/kg and fentanyl 50 μg/mL treatment group due to incorrect injection regimen.
RESULTS
The effectiveness of fentanyl to induce reward seeking is sex and dose dependent
Following an initial baseline preference test, male and female rats were assigned to one of twelve treatment groups. In seven of the groups, rats were conditioned to associate one chamber, but not another, with fentanyl (0.1, 0.5, 1.0, 5.0, 10, and 50 μg/kg, s.c.). An additional five groups were pretreated with D-CYSee (10 mg/kg or 100 mg/kg, i.p.) or saline 15-min prior to fentanyl (5 μg/kg male and 50 μg/kg female, s.c.). A control group was conditioned to associate both chambers with saline (1 mL/kg, s.c.). Following conditioning, rats underwent five 30-min extinction sessions. To determine if fentanyl dose or sex had any effect on chamber preference, the percent relative change in preference from the baseline preference test and each extinction test was analyzed by ANOVA by treatment. As shown in Figure 2A, males showed a range-bound dose response suggesting a bell-shaped curve in that effective doses were restricted to a limited range centered at the 5 μg/kg dose with a significant difference in CPP between treatment levels (Figure 2A; F10,412 = 6.620, p < 0.0001). Fisher’s LSD confirmed the change in CPP resulting from 5 μg/kg fentanyl was significantly greater in magnitude than that of saline (p < 0.0001), or fentanyl at 0.1 μg/kg (p < 0.0001), 0.5 μg/kg (p = 0.002), 1 μg/kg (p = 0002), and 50 μg/kg (p < 0.0001). Treatment with 10 μg/kg fentanyl induced a significant CPP compared to saline controls (p = 0.002), and fentanyl at 0.1 μg/kg (p = 0.004), 1 μg/kg (p = 0.029), and 50 μg/kg (p < 0.0001). No significant difference in preference was found between 0.5 μg/kg fentanyl and the saline control group (p = 0.067), although a positive trend in preference was observed. No significant differences in preference were detected between any other groups (ps > 0.05).
[image: Figure 2]FIGURE 2 | Fentanyl induces CPP in a sexually dimorphic and dose dependent manner. (A) In male rats, fentanyl doses of both 5 μg/kg and 10 μg/kg elicited a statistically significant change in preference compared to saline controls. Doses of 0.1 μg/kg, 0.5 μg/kg, 1 μg/kg, and 50 μg/kg did not induce a significant change from saline controls though a positive and negative trend was observed in preference on the left and right of 5 μg/kg fentanyl dose indicating that 5 μg/kg was the optimal dose in males to induce CPP (magenta box - broken line). (B) In female rats, the 50 μg/kg dose elicited a statistically significant change in preference from baseline-preference testing compared to saline controls. (C) Magnification of the blue box (solid line) in (B). Whereas no dose tested within the range of 0.1–10 μg/kg elicited a significant response from saline controls a trend was observed in the 1–10 μg/kg treatment groups. (D) A mean split of the 50 μg/kg treatment group into fentanyl sensitive (25%) and insensitive (75%) subgroups revealed two statistically separate response phenotypes. Data points represent the % change from each animal’s bias test during a single extinction trial, and data are presented as a summary of the 5 days of extinction testing. Black center line is the mean value of the normal distribution of the data, error bars in black are ±2*SE, and red dotted line is the median. *p < 0.05, **p < 0.01, ***p < 0.001.
In females, a mean split at the 50 μg/kg fentanyl dose (see Figures 2B–D) revealed two modes of drug responding (50 μg/kg sensitive and insensitive) with sensitive animals (∼25%) exhibiting a positive sigmoidal-like shaped curve with preference increasing with administered dose with a significant difference in preference between treatment groups (Figures 2B–D; F11,351 = 132.451, p < 0.0001). Post hoc tests confirmed that the change in CPP resulting from treatment with 50 μg/kg fentanyl (sensitive) was significantly greater in magnitude than that of saline treatment (p < 0.0001), or fentanyl at 0.1 μg/kg (p < 0.0001), 0.5 μg/kg (p < 0.0001), 1 μg/kg (p < 0.0001), 5 μg/kg (p < 0.0001), 10 μg/kg (p < 0.0001) or 50 μg/kg (insensitive; p < 0.0001). Surprisingly, no trend or significant differences in CPP were found between the saline control and 50 μg/kg fentanyl (insensitive) treatment group (p < 0.05). No significant differences were found in CPP from treatment with 1 μg/kg, 5 μg/kg, or 10 μg/kg fentanyl when compared to saline control (ps > 0.05). Further, no significant differences were found between any other groups (ps > 0.05).
The stability of fentanyl reward seeking is prone to more variability early in extinction testing in both males and females
The stability of CPP across extinction days within each treatment was assessed by repeated measures ANOVA. In males, Mauchly’s test indicated that the assumption of sphericity had been violated between extinction trials in the 5 μg/kg fentanyl (χ29 = 34.072, p < 0.0001, ε = 0.505) and 10 μg/kg fentanyl (χ29 = 18.541, p = 0.029, ε = 0.541) treatment groups, thus Greenhouse-Geisser corrected results for these groups are reported. The assumption of sphericity was not violated between extinction trials under any other group (ps > 0.05). A significant difference in the percent change in CPP between extinction trials was detected in the 50 μg/kg fentanyl treatment group (Figure 3; F4,32 = 7.397, p = 0.0002). Fisher’s LSD confirmed that the mean percent change in CPP significantly decreased in magnitude between extinction days one and three (p = 0.0235, one and four (p = 0.0027), one and five (p = 0.0359), two and three (p = 0.0006), two and four (p < 0.0001), and two and five (p = 0.001). No significant difference was observed between any other extinction test days (ps > 0.05).
[image: Figure 3]FIGURE 3 | Data summarized in Figure 2A separated by individual extinction test. (A–F) No significant change in preference was found between days at doses of 0.1–10 µg/kg fentanyl or saline controls in male rats. (G) A significant downward shift and extinction in preference was detected between extinction days two and three under the 50 µg/kg fentanyl dose. This was not observed under either the 5 or 10 µg/kg dose resulting in a significant preference for the fentanyl paired chamber over saline controls. Black center line is the mean value of the normal distribution of the data, error bars in black are ±2*SE, and red dotted line is the median. *p < 0.05, **p < 0.01, ***p < 0.001.
In females, Mauchly’s test indicated that the assumption of sphericity had been violated between extinction trials in the saline (χ29 = 53.716, p < 0.0001, ε = 0.342), 0.5 μg/kg fentanyl (χ29 = 17.866, p = 0.037, ε = 0.562), and 10 μg/kg fentanyl (χ29 = 50.917, p < 0.0001, ε = 0.483) treatment groups, thus Greenhouse-Geisser corrected results for these groups are reported. The assumption of sphericity was not violated between extinction trials in any other group (ps > 0.05). Due to a limitation of the sample size the 50 μg/kg fentanyl sensitive group lacked sufficient degrees of freedom to complete a Mauchly’s test, thus sphericity was assumed. A significant difference in the percent change in preference between trials at the 5 μg/kg fentanyl dose (Figure 4; F4,36 = 2.771, p = 0.04) was observed. Post hoc tests confirmed that the mean percent change in preference significantly increased in magnitude between extinction days one and two (p = 0.003), one and three (p = 0.021), and one and five (p = 0.048). No significant effect was observed between extinction test days in any other group (ps > 0.05).
[image: Figure 4]FIGURE 4 | Data summarized in Figures 2B–D separated by individual extinction test. (A–D) and (F–H) No significant change in preference was found between days at doses of 0.1–5 µg/kg and 10–50 µg/kg fentanyl or saline controls in female rats. (E) A significant upward shift in preference was detected between extinction days one and two under the 5 µg/kg fentanyl dose. Although not significant in any other group, this trend was observed with the 0.5, 1, and 10 µg/kg fentanyl doses. Black center line is the mean value of the normal distribution of the data, error bars in black are ±2*SE, and red dotted line is the median. *p < 0.05, **p < 0.01, ***p < 0.001.
D-CYSee prevents acquisition of fentanyl reward seeking in a sexually dimorphic and dose-dependent manner
As shown in Figure 5, in males, there was a significant difference in the change in CPP between treatment groups (F10,412 = 6.620, p < 0.0001). Fisher’s LSD confirmed that male rats pretreated with 100 mg/kg D-CYSee (H-D-CYSee) 15-min prior to conditioning with 5 μg/kg fentanyl showed a significant decrease in preference compared to 5 μg/kg fentanyl controls (p < 0.0001). Critically, no significant difference was found between the H-D-CYSee+5 μg/kg fentanyl and saline (p = 0.378), H-D-CYSee+5 μg/kg fentanyl and H-D-CYSee (p = 0.818), or H-D-CYSee alone and saline (p = 0.523) treatment groups. Male rats pretreated with 10 mg/kg D-CYSee (L-D-CYSee) 15-min prior to conditioning with 5 μg/kg fentanyl did not show a significant change in CPP from 5 μg/kg fentanyl-treated controls (p = 0.159) although a negative trend in CPP was observed. A significant difference was observed between the saline control and the L-D-CYSee+5 μg/kg fentanyl treatment group (p = 0.007). No significant differences were detected between any other treatment groups (ps > 0.05).
[image: Figure 5]FIGURE 5 | D-CYSee prevents acquisition of fentanyl-induced CPP in a dose dependent manner in male rats. Treatment with 100 mg/kg D-CYSee 15-min prior to fentanyl conditioning significantly decreased the preference for the fentanyl associated chamber compared to fentanyl controls. No significant difference was found in preference between saline controls, D-CYSee 100 mg/kg + fentanyl, and D-CYSee alone at 100 mg/kg. Treatment with 10 mg/kg D-CYSee 15-min prior to fentanyl conditioning did not significantly alter fentanyl preference though a trend of decreased preference for fentanyl was observed. Data points represent the % change from each animal’s bias test during a single extinction trial, and data are presented as a summary of the 5 days of extinction testing. Black center line is the mean value of the normal distribution of the data, error bars in black are ±2*SE, and red dotted line is the median. *p < 0.05, **p < 0.01, ***p < 0.001.
As shown in Figure 6, in females, a significant difference in CPP was detected between treatment groups (F11,351 = 132.451, p < 0.0001). Post hoc tests confirmed that females pretreated with either H-D-CYSee (p < 0.0001) or L-D-CYSee (p < 0.0001) 15-min prior to conditioning with 50 μg/kg fentanyl showed a significantly decreased CPP compared to fentanyl (sensitive) controls. No significant difference was detected between any other treatment group (ps > 0.05).
[image: Figure 6]FIGURE 6 | D-CYSee prevents acquisition of fentanyl-induced CPP in female rats. (A) Treatment with 100 mg/kg or 10 mg/kg D-CYSee 15-min prior to fentanyl conditioning significantly decreased the preference for the fentanyl associated chamber compared to fentanyl controls. No significant difference was found in preference between saline controls, D-CYSee 100 mg/kg + fentanyl, D-CYSee 10 mg/kg + fentanyl, D-CYSee alone at either 10 or 100 mg/kg, or 50 μg/kg fentanyl insensitive treatment groups. (B) Magnification of data without fentanyl sensitive females. Data points represent the % change from each animal’s bias test during a single extinction trial, and data are presented as a summary of the 5 days of extinction testing. Black center line is the mean value of the normal distribution of the data, error bars in black are ±2*SE, and red dotted line is the median. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
In the present study, we utilized a rat model of CPP to evaluate 1) the dose and sex dependent effects of fentanyl on reward-seeking behavior, and 2) the extent to which D-CYSee alters affective state and the acquisition of fentanyl-induced reward. Our results demonstrate significant differences in the fentanyl dose response between male and female Long-Evans rats. Fentanyl CPP in males followed a range-bound dose response centered at a dose of 5 μg/kg, with only doses of 5 μg/kg and 10 μg/kg eliciting a significant change in preference that also trended with doses of 0.5 μg/kg—1 μg/kg. Fentanyl doses above 10 μg/kg or below 0.5 μg/kg failed to induce any effect on preference in male rats. Conversely, fentanyl preference in female rats demonstrated a multifaceted dose response that was comprised of two sub-populations which responded in a divergent manner at higher fentanyl doses. While not significant, a linear trend toward preference was observed at doses from 1 μg/kg to 10 μg/kg. However, at a dose of 50 μg/kg a dual modality was observed wherein 25% of animals showed a significant CPP with the remaining 75% showing no difference in preference from saline control animals. No consistent changes or trends in preference were observed across the testing period of 5 days in males or females under any treatment condition, although test day one showed greater variability than later test days. Pretreatment with D-CYSee was effective at preventing the acquisition of fentanyl seeking in both male and female animals, and in the absence of fentanyl, D-CYSee induced no change in affective state. Critically, in males, but not females, D-CYSee exhibited a dose dependency wherein 100 mg/kg but not 10 mg/kg prevented the acquisition of fentanyl CPP. A partial non-significant reduction in preference compared to fentanyl controls was observed under the 10 mg/kg dose, whereas 100 mg/kg D-CYSee prevented fentanyl CPP. Critically, a dose dependency for D-CYSee was not observed in females as both the low and high dose were equally effective at preventing the acquisition of fentanyl CPP. These data suggest that males are more at risk for the development of OUD from lower dose fentanyl than females, and that females exhibit a dual modality in opioid reward experience. That is, a greater percentage of females are resistant to the rewarding effects of fentanyl at higher doses while a smaller percentage find these doses tremendously rewarding.
Over the last few decades, several studies have utilized the CPP paradigm to evaluate the impacts of mu-opioid receptor agonists such as fentanyl on contextual preference and reward (Finlay et al., 1988; Vitale et al., 2003; Rech et al., 2011; Gaulden et al., 2021). The earliest study assessed the motivational properties of fentanyl at doses of 0.25, 1, 4, and 16 μg/kg in male Sprague Dawley rats and found a nearly identical range-bound fentanyl dose response centered at 4 μg/kg (Figure 7A; Mucha and Herz, 1985). Studies since have assumed equivalence between the male and female dose response curves employing only a few doses of fentanyl between 0.25 μg/kg and 16 ug/kg (Finlay et al., 1988; Vitale et al., 2003; Rech et al., 2011; Gaulden et al., 2021). Recent work found that significant fentanyl CPP could be elicited in females with a dose of 16 μg/kg but not 4 μg/kg (Gaulden et al., 2021). Interestingly, the data at the 16 μg/kg but not 4 μg/kg dose showed greater variability in which 25% (n = 4) expressed a preference above the standard error of the mean (SEM), ≈31% (n = 5) expressed a preference below the SEM, and 37% (n = 7) exhibited increased preference within the SEM. Critically, the data centered around the mean closely aligns with our linear dose response at lower fentanyl doses while those above and below the standard error are similar to, with smaller effect size, our findings at 50 μg/kg. Taken together these findings support a model of a transitional fentanyl dose response curve in female rats (Figure 7B) that exhibit a low-grade linear relationship with induced CPP at low doses (≈1 µg/kg-10 μg/kg). Doses above 10 μg/kg provoke a divergent response wherein animals progressively fall away from the linear model splitting into high preference or low-zero preference fentanyl response groups. This dual modality in fentanyl responding is consistent with findings showing that women with OUD are more motivated to obtain opioids and that female rats will self-administer more fentanyl than males and express higher levels of drug seeking (Lee and Ho, 2013; Serdarevic et al., 2017; Huhn et al., 2019a; Huhn et al., 2019b; Townsend et al., 2019; Bakhti-Suroosh et al., 2021; Towers et al., 2021; Wightman et al., 2021; NIDA, 2022).
[image: Figure 7]FIGURE 7 | Proposed model of fentanyl reward dose response curves in male and female rats. (A) In males, fentanyl preference follows a bell-shaped dose-response curve centered at a dose of 4–6 μg/kg. (B) Females exhibit a transitional fentanyl dose response curve in which low doses of fentanyl (≈1 μg/kg–10 μg/kg) induce a low-grade preference that scales linearly. Doses above 10 μg/kg provoke a divergent response wherein animals progressively fall away from the linear model splitting into high preference or low-zero preference fentanyl response groups. Large graphs depict a nominal scale model over tested fentanyl doses while small graphs depict the model with dose scaled linearly.
Current literature on differences between female-female and female-male reward experience to drugs of abuse including opioids have largely centered on estrous cycling. Supporting this, recent work showed that the estrous cycle phase during the first exposure to fentanyl was predictive of elicited preference (Gaulden et al., 2021). However, the response pattern previously discussed within their 16 μg/kg treatment group was maintained within both estrus and non-estrus groups. Thus, while the estrous cycling may impact the magnitude of the elicited preference at lower doses, it does not appear to underlie the divergent responding seen in females in response to high-dose fentanyl. Recent findings have identified sex differences in the behavioral inhibition system centered in the prefrontal cortex, and in hippocampal plasticity and cognitive processing which are critical for opioid-reward processing and the formation of a CPP (Giacchino and Henriksen, 1998; Euston et al., 2012; Gonzalez et al., 2014; Baldo, 2016; Otis et al., 2018; Nam et al., 2019; Yagi and Galea, 2019; Jung et al., 2022). These functional and morphological discrepancies between males and females in these regions may underlie the observed sex differences in opioid-reward processing and the efficacy of D-CYSee (Yagi and Galea, 2019; Jung et al., 2022). Further evaluation of the impacts of these sex differences on reward processing are needed to better inform the clinical application of opioids and the development of treatment(s) for OUD, OIRD and WCS. Further, the successful translation of these models to humans could greatly inform the clinical application of opioids in pain management and clarify the divergence between the predicted vulnerability to OUD, and the number of women who advance to OUD and overdose.
Current non-preventative treatment strategies for OUD and OIRD are less effective in females (Barbosa-Leiker et al., 2018; Huhn et al., 2019a; Hoopsick et al., 2020; Davis et al., 2021). Our data demonstrate that D-CYSee, while effective at preventing fentanyl reward in both sexes, is more effective in female rats. D-CYSee prevents the acquisition of fentanyl-induced CPP in both males and females suggesting that D-CYSee could be an effective co-treatment with prescribed opioids to reduce the development of OUD. D-CYSee has been shown to effectively and persistently reverse OIRD in rat and mouse models (Getsy et al., 2022c). As a cysteine derivative, D-CYSee shares properties with N-acetyl-L-cysteine (NAC) which has also been shown to reduce OIRD (Getsy et al., 2022a) and cocaine-seeking behavior (Madayag et al., 2007; Amen et al., 2011; Reichel et al., 2011; Schmaal et al., 2012; Corbit et al., 2014; Reissner et al., 2015). Thus, D-CYSee may act in a similar fashion to NAC through normalization of glutamate and restoration of glutamate uptake by the glutamate transporter 1 (GLT-1) (Schmaal et al., 2012; Reissner et al., 2015). Although limited data are available on the effects of NAC on opioid seeking, NAC has been shown to reduce reinstatement of heroin self-administration (Zhou and Kalivas, 2008). D-CYSee may share these same mechanisms, and the ethylester addition likely facilitates its effects through its cell/blood brain barrier permeability (Mendoza et al., 2013; Gaston et al., 2021; Jenkins et al., 2021; Getsy et al., 2022c). Thus, D-CYSee may be a more effective cysteine derivative than NAC at preventing OUD in addition to reversing OIRD in both males and females (Getsy et al., 2022c). Determining the molecular mechanism(s) by which D-CYSee affords its promising outcomes and whether it could be effective in the treatment of OUD will be the subject of future studies.
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