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Abstract

Background: Although fentanyl has gained widespread prominence, there remains a lack of 

knowledge on the opioid synthetic agonist, particularly related to sex effects. Therefore, we 

conducted behavioral tests in female and male rats to measure drug abuse-related responses to 

fentanyl hypothesizing sex-specific responses.

Methods: Using female and male rats, we measured the effects of acute or repeated 

administration of fentanyl (20 μg/kg) on locomotor activity (LMA) and behavioral sensitization 

in an open field test. We further measured contextual-reward and associated locomotor activity 

during training in a conditioned place preference (CPP) paradigm using a low (4 μg/kg) or high 

(16 μg/kg) dose of fentanyl. Vaginal lavage samples were collected from female rats in the CPP 

study, and the estrous phase was determined based on the cytological characterization.

Results: Female, but not male, rats showed elevated LMA in response to acute fentanyl and 

behavioral sensitization to repeated administration of fentanyl. Fentanyl produced significant CPP 

in both sexes, but it was more potent in males. Finally, our secondary investigation of the estrous 

cycle on fentanyl-CPP suggests that non-estrus estrous phases, likely reflecting high estradiol, may 

predict the degree of fentanyl preference in females.
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Conclusions: Fentanyl was more potent and/or effective to produce LMA and LMA 

sensitization in females but more potent to produce CPP in males. Furthermore, the role of sex in 

fentanyl responses varied across endpoints, and sex differences in LMA were not predictive of sex 

differences in CPP.
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Introduction

Opioid Use Disorder (OUD) affects more than 2 million people in the United States alone, 

and this number has been steadily rising in recent years due to the opioid epidemic (Wei 

et al., 2019). Fentanyl, a synthetic opioid and potent mu-opioid receptor agonist, became a 

commonly abused drug in the so-called “third wave” of the opioid epidemic, in part because 

of its contamination with other drugs of abuse and its unintentional consumption. Along 

with other synthetic opioids, Fentanyl has been a significant contributor to the marked rise in 

overdose deaths between 2010–2015 (O’Donnell et al., 2017; Rudd et al., 2016). Although 

epidemiological data suggests no recent growth in opioid-related overdose deaths for 2017–

2018, synthetic opioid overdose deaths increased by 10% during this period (Wilson et al., 

2020). Additionally, the current novel coronavirus pandemic has caused a sudden increase 

in opioid use and overdose deaths, particularly from illicit fentanyl use (American Medical 

Association, 2020; Lambert, 2020). There is a growing concern that the stress and isolation 

of this pandemic will precipitate a substantial increase in the abuse of fentanyl and OUD 

(Becker and Fiellin, 2020).

Of those with OUD, women display higher rates of prescription overdose deaths (Unick 

et al., 2013), and recently, a greater rate of growth in opioid-related deaths compared to 

men (Mazure and Fiellin, 2018) was also reported. Despite evidence that the prevalence 

of OUD between sexes is equalizing (Becker and Chartoff, 2018; Mazure and Fiellin, 

2018), there is an abundance of clinical and pre-clinical research that suggests opioids and 

other drugs of abuse have distinct biologically based sex effects (Craft 2008; Huhn et al., 

2018; Serdarevic et al, 2017; Strang et al., 2020). Most research using rat models of drug 

abuse indicates that females are generally more responsive to drugs of abuse (Cicero et 

al., 2020; Becker and Koob, 2016; Collins et al., 2016). This includes evidence indicating 

sex differences in various phases of opioid addiction (Lynch et al., 2002; Lynch, 2006; 

Harp et al., 2020). For example, preclinical studies show that females consume greater 

levels of heroin and morphine compared to males under extended access conditions and 

acquire drug self-administration at a faster rate, working harder and binging for longer 

times (Lynch et al., 2002; Lynch, 2006). Lynch and colleagues recently showed that female 

rats self-administering more fentanyl and responded at higher levels during subsequent 

extinction testing (Bakhti-Suroosh et al., 2021). Also, female rats have been shown to have 

a higher demand for fentanyl or a food-reinforcer than males, but in a food versus fentanyl 

choice task, males show higher fentanyl choice compared to females, highlighting the need 

for more studies on fentanyl in females and males (Townsend et al., 2019). Therefore, it 
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is important to understand the effects of sex on fentanyl responses and the mechanism(s) 

underpinning these sex-related differences.

In research investigating sex as the primary variable of interest, sex hormones have been 

identified as important mechanisms for driving physiology and behavior. Estradiol, the 

predominant estrogen in the female reproductive cycle, has been posited as a key sex 

hormone in the regulation of drug reward (Bertz et al., 2016) and motivated behavior (Uban 

et al., 2011). Additionally, evidence from gonadectomized rats suggests an activation role for 

estradiol enabling females to be more vulnerable to addiction-related behaviors (Harp et al., 

2020). Although more work needs to be done to elucidate the contribution of estradiol in 

drug-seeking behavior, there is a growing body of research suggesting the role of estradiol in 

enhancing dopamine-mediated reward circuitry (Kokane and Perrotti, 2020; Calipari et al., 

2017; Vandegrift et al., 2017; Peterson et al., 2015).

Before fentanyl became a common illicit drug, it had a history of use as a selective mu-

opioid receptor agonist in early animal models of opioid reward and withdrawal (Bruiinzeel 

et al., 2006; Awasaki et al., 1997). Many publications were able to show a contextual 

preference for fentanyl via the Conditioned Place Preference (CPP) paradigm (Rech et 

al., 2010; Tzschentke, 2007; Vitale et al., 2003; Finlay and Jakubovic, 1998; Reid et al., 

1989; Mucha and Herz, 1985). Drug-associated CPP is commonly used to measure the 

motivational effects of a drug-paired context, whether rewarding or aversive (Napier et al., 

2013). Briefly, drug-associated CPP uses the principles of Pavlovian conditioning to pair a 

drug treatment with a neutral stimulus, typically a small chamber with salient contextual 

stimuli (e.g., tactile and visual). Drug preference in the CPP paradigm is measured by 

time voluntarily spent in the drug-paired context versus another accessible neutral context, 

usually paired with a vehicle-control. The CPP paradigm allows researchers to measure 

the salience of drug reward integration with a neutral context that serves as a conditioned 

stimulus, rather than a direct model of drug self-administration. Although it does not model 

voluntary drug-taking, CPP is nonetheless a powerful predictive model of drug-related 

reward (Karami and Zarrindast, 2008; Robinson and Berridge, 2000), and the CPP paradigm 

provides a second measure of drug response via behavioral sensitization to fentanyl-induced 

locomotor effects observed during conditioning.

Behavioral sensitization to drug-induced activity is a well-established animal model used in 

the substance abuse research field that is observed following repeated drug administrations 

as an increase in LMA or stereotypic behaviors. Drug-induced behavioral sensitization 

relies on neural sensitization and neuroplasticity within the reward circuitry. Indeed, there 

is considerable overlap in circuitry, neurotransmitters, and receptor systems that underlie 

behavioral sensitization and drug-seeking behaviors observed in self-administration models 

(Steketee and Kalivas, 2011). Similar to psychostimulants, such as cocaine, central nervous 

system depressants, including fentanyl, also induce robust behavioral sensitization (Bryant et 

al., 2009; Trujillo et al., 2004). However, the effects of sex on fentanyl-induced behavioral 

sensitization have not been studied previously.

Here, we used an Open Field assay and LMA during training days of a CPP assay 

to characterize acute response and behavioral sensitization to fentanyl. In addition, we 
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measured drug-related reward via a contextual preference in the CPP paradigm. Concurrent 

with our experiments, we also collected estrous cycle data of female rats for indirect 

measurement of the impact of sex hormones on behavior.

Methods

The Wayne State University Institutional Animal Care and Use Committee approved these 

procedures, and we followed the relevant guidelines in the Guide for the Care and Use 

of Laboratory Animals (2011). Female (n = 72) and male (n = 48) Sprague-Dawley rats 

(Charles River Laboratories, Raleigh, NC) were ordered at 10 weeks of age. All animals 

were pair-housed by sex upon arrival and then allowed to acclimate for one week in 

a climate-controlled vivarium with sex-specific rooms under a reverse light/dark cycle 

(lights off at 6:00 and lights on at 18:00). Rats had ad libitum access to food and water. 

After a week of acclimation, animals were handled and weighed daily for a week before 

beginning the experiments. All procedures were performed during the animal’s active phase 

(between 10:00 and 16:00) under dim red light to preserve the reverse light/dark cycle 

and minimize disruption of circadian rhythms. Experimental groups were pre-determined 

randomly before the beginning of experiments, and cage mates were always assigned to the 

same experimental group. On study days, they were transported from animal quarters to the 

behavioral study laboratory. All animals were given at least 30 minutes to acclimate to the 

behavioral suite before proceeding with any procedures. The behavioral suite was designed 

to minimize noise and provide a separate staging and testing area, uniform surroundings, 

controlled temperature and humidity, appropriate lighting, and an overhead camera for 

digital recording with connections to a computer in an adjacent room.

For the behavioral assays, the testing of male and female cohorts did not overlap. Female 

rats were brought into the behavioral room only after the conclusion of testing all male rats 

for each behavioral assay. The behavioral apparatuses were cleaned between each animal 

and test with 70% ethanol, and the entire behavioral testing room was thoroughly cleaned 

between male and female rat testing. Sterile saline (0.9% NaCl, preservative-free) was 

purchased from VetOne (Boise, Idaho). The National Institute for Drug Abuse (NIDA) Drug 

Supply Program (Bethesda, MD) generously provided fentanyl hydrochloride free of charge. 

A stock solution of fentanyl was prepared in sterile saline and stored at 4°C. Each day, 

fentanyl doses were made in sterile saline and allowed to reach room temperature before use. 

All injections were given subcutaneously (S.C.) with a 27-gauge needle at 1 ml/kg within 

the scruff of the neck.

Custom-made Plexiglas behavioral apparatuses (Formtech Plastics, Oak Park, MI) were used 

for the Open Field study (70 cm length x 30 cm width) and for the CPP study with the 

addition of Plexiglas wall inserts to create 2 chambers (each 35 cm length x 30 cm width). 

For each assay, we placed four apparatuses side-by-side, with removable wire covers placed 

on top. During the tests, animal behavior was digitally recorded by overhead cameras and 

tracked using Ethovision software (Noldus, Leesburg, VA) to determine locomotor activity 

via distance traveled, and preference via time spent in each chamber.
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Open Field Assay

For the Open Field study, we divided rats into three groups before testing (Fig.1A): saline-

control, acute fentanyl, and chronic fentanyl (n= 8/group for males and females). Rats 

in the control group received daily sterile saline injections on all eight days. Rats in the 

acute fentanyl group received a daily saline injection for seven days and a single fentanyl 

injection (20 μg/kg) on the eighth day. Rats in the chronic fentanyl group received a daily 

fentanyl injection (20 μg/kg) for eight consecutive days. This dose of fentanyl was similar to 

published research (Mucha and Herz, 1985). On days 1 and 8 of the experiment, LMA in the 

open-field arena was measured for a 15-minute habituation period followed by a 30-minute 

post-injection period inside the arenas. For injections during behavioral testing, rats were 

removed after the habituation period, injected with appropriate drugs, and immediately 

returned to the open field arenas for the post-injection period observations. Injections on 

days 2–7 were given in the home-cage at the same time of day as behavioral testing on days 

1 and 8 (starting ~11:00 daily). For normalization of LMA to the control group, we divided 

each LMA value by the mean LMA of the control group for its corresponding sex.

Conditioned Place Preference

For the CPP study, we used three treatment groups for male (n = 24 (n=8/group)) and 

female (n = 48 (n=16/group)) rats: saline-control (vehicle), low dose (4 μg/kg), and high 

dose (16 μg/kg) fentanyl. These doses of fentanyl were chosen based on published work 

(Mucha and Herz, 1985). We placed rats in the CPP apparatus for testing immediately 

after injection, with every other apparatus rotated 180° to avoid a side bias for the room. 

The CPP apparatuses had 2 chambers separated by an exchangeable piece of plastic that 

created a wall or an arch-style opening/door. Context A had a wire mesh floor and black 

walls with diagonal white stripes. Context B had a smooth black floor and white walls 

with black dots. The black/white balance of the walls was even. On the pretest day (day 

1), we placed a black wall with an arch-style opening between both sides of the apparatus 

to allow free exploration for 20 minutes between Context A and Context B in a drug-free 

state. To determine a preference, we measured the total duration on each side compared 

to the total test duration (1200 s). The less-preferred side from the pretest was assigned 

to the drug treatment condition to remove side bias as a potential confound to a drug 

effect. On conditioning days (days 2–9), we placed a black wall in the apparatus to enclose 

the rats in only one context. On the first day of conditioning, we gave all rats a control 

injection of saline before placing the animal in the control-paired context for 20 minutes. 

The following day, we gave rats the drug treatment (saline for controls and fentanyl 4 or 

16 μg/kg for the experimental groups) and placed them in the drug-paired context for 20 

minutes. We repeated this process of alternating days of contextually paired saline and drug 

administration 3 more times until the rats received 4 pairings of each treatment/context, for a 

total of 8 conditioning days. The test day (day 10) followed the same schedule as the pretest 

day (day 1) in a drug-free state. We replaced the separating wall with the arch-style opening 

in the CPP apparatus, and we recorded the duration of time each rat spent in each context.

Characterization of Estrous Cycle—To understand how the estrous cycle might affect 

behavior in female rats, daily vaginal lavage samples were collected. Male rats did not 

undergo a sham procedure, and we acknowledge this as an experimental limitation. For 
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each experimental day during the CPP and Open Field experiments, and for the three days 

leading up to each experiment, vaginal lavage samples were collected from female rats for 

later cytological characterization of estrous staging and corresponding indirect measure of 

estradiol levels. The vaginal lavage procedure was performed per published methods (Cora 

et al., 2015; Paccola et al., 2013; Marcondes et al., 2002). Briefly, we used smooth glass 

pipettes to flush deionized water into the vaginal canal, then collected the sample on a 

microscope slide where it was stained with Cresyl Violet (Sigma Aldrich, St. Louis, MO) 

for later cellular characterization. Vaginal lavages were performed 30 minutes after the end 

of behavioral testing or drug administration for that day. The vaginal lavage samples were 

analyzed for estrous cycle phases following published methods (McLean et al., 2012; Cora 

et al., 2015) using a two-rater system. The raters were blinded to group assignment during 

estrous cycle rating. Discrepancies in coding were resolved by a third-rater, and inter-rater 

reliability was good with a significant Pearson r between raters (r = 0.9197, p < 0.0001). In 

the interest of appropriate power for analysis, classifications of estrous cycle phases were 

then clustered into two groups: estrus and non-estrus (proestrus, metestrus, and diestrus), as 

described previously (Kerstetter et al., 2008; Peterson et al., 2014; Nicholas et al., 2019; Tan 

et al., 2019; Bakhti-Suroosh et al., 2021). This grouping provided a high estradiol condition, 

where non-estrus phases included diestrus and metestrus with rising/surging levels and 

proestrus with peaking levels of estradiol, and a low estradiol condition, where the estrus 

phase has the lowest level of estradiol during the estrous cycle (Zachry et al., 2021).

Data Analysis

Place preference and locomotor activity digital recordings were analyzed with Ethovision 

XT 14 video tracking software (Noldus Information Technology, Wageningen, Netherlands). 

Data were statistically analyzed, and graphs were created using Prism 9.2.0 (GraphPad 

Software, San Diego, CA). Before running statistical tests, we determined homoscedasticity 

and normality of distribution for each of our datasets. Raw data are reported in all cases, 

and in some cases analyzed data are additionally provided, including normalizing LMA data 

and expressing CPP as a change in preference. For multivariate, mixed-factor ANOVAs, 

we used Sidak’s Multiple Comparison Test (α = 0.05) for the post hoc comparison of 

groups. Post hoc analyses for multiple comparisons examined the effects of sex, treatment 

(drug/dose), and time (day) on behavioral measures. An independent 2-way ANOVA was 

used to analyze changes in preference data for the 2 sub-groups of the estrous cycle (i.e., 

‘estrus’ or ‘non-estrus’) for the female rats receiving low or high dose fentanyl in the CPP 

study, and Fisher’s LSD was used for post hoc analysis. In some cases, we performed post 

hoc analysis of multiple comparisons in the absence of an interaction or main factor effect, 

for example when a priori hypotheses related to sex effects are expected. These Protected 
F post hoc analyses are not meant to support sex differences but rather show qualitatively 

different patterns of fentanyl-induced behaviors between females and males, which was the 

primary hypothesis of the study.
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Results

Acute and repeated effects of fentanyl on locomotor activity in female and male rats in an 
open field

In the light of literature suggesting elevated locomotion and behavioral sensitization to 

opioids in rats (Bryant et al., 2009; Trujillo et al., 2004), we compared female and male rats 

for the locomotor response to single and repeated doses of fentanyl using an open field assay 

as illustrated in Fig. 1A. A 3-way ANOVA showed an interaction by treatment, day, and sex 

(F2,41 = 5.599, p = 0.0071) and all 2-way interactions and 1-way factors were significantly 

different (p < 0.01). For visual clarity and to analyze multiple comparisons at day 1 or day 

8, we presented the data by day in Fig. 1B and 1C and analyzed them by 2-way ANOVA. 

On the first day of drug administration, a main effect for drug treatment (F2, 41 = 8.801, 

p = 0.0007) was observed, but no interaction of sex effect was observed. Based on the a 
priori hypothesis that acute fentanyl administration would increase locomotor activity, we 

accepted the multiple comparisons that show female rats given fentanyl on day 1 showed 

significantly more LMA than females in either saline control group (i.e., saline-control (p 

< 0.01) or acute fentanyl group that did not receive fentanyl yet (p < 0.05)), whereas males 

given fentanyl did not show any LMA changes compared to their male saline-controls (Fig. 

1B). As shown in Fig. 1C, on day 8, after one week of repeated injections, female and male 

rats were again tested for LMA. We found an interaction between treatment and sex (F2, 42 = 

6.380, p = 0.0038), and main effect for drug treatment (F2, 42 = 17.46, p < 0.0001) and sex 

(F2, 42 = 73.82, p < 0.0001). Post hoc analysis of day 8 data revealed that female rats in the 

repeated fentanyl group showed significantly higher LMA than those in the saline-control 

or the acute fentanyl group (p < 0.0001 or p < 0.01, respectively). Female rats also show 

more LMA activity than male rats in their respective treatment groups, i.e., acute fentanyl (p 

< 0.05) or repeated fentanyl (p < 0.0001). Next, as shown in Fig. S1, we analyzed changes 

within groups across days 1 to 8 using a 2-way ANOVA and found an interaction between 

group and time (F5, 42 = 25.51, p < 0.0001) and main effects for time (F1, 42 = 170.3, p < 

0.0001) and group (F5, 42 = 20.79, p < 0.0001). Multiple comparisons revealed that all the 

female groups, including saline-controls, significantly increased in LMA from day 1 to day 

8 (p < 0.0001), and males did not differ between days in any group. Therefore, to accurately 

compare males and females across days, we normalized male and female LMA to the mean 

of their respective saline-control groups, by dividing each LMA value by the mean LMA 

of the saline group for each corresponding sex. As shown in Fig. 1D, after normalizing to 

saline-control, while we did not find an interaction between group and day, we found a main 

effect for time (F1, 39 = 12.66, p < 0.001) and treatment (F5, 42 = 1.400, p < 0.0001) using 

a mixed-effects model. This normalization and post hoc analysis for multiple comparisons 

revealed that only female rats given repeated fentanyl showed a significant increase in LMA 

from day 1 to day 8 (p < 0.05), indicative of behavioral sensitization.

Effects of fentanyl on locomotor activity in female and male rats during the CPP training 
paradigm

Building upon our Open Field data suggesting sexually dimorphic LMA response to 

fentanyl, we conducted a CPP test to measure drug-context-paired locomotion and 

contextual reward for fentanyl between sexes (data shown in Fig. 3). Additionally, for 
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the eight days of contextual training (i.e., conditioning), we measured LMA immediately 

after drug administration. A 3-way ANOVA showed an interaction by treatment, day, and 

sex (F2, 64 = 3.363, p = 0.041) but only treatment by day for 2-way interactions (F2, 64 = 

4.553, p = 0.0142) and treatment (F2, 64 = 6.183, p = 0.0035) and day (F1, 64 = 34.28, p < 

0.0001) as main factors were significantly different with sex not being a significant source 

of variance. Nonetheless, based on a priori hypotheses we presented the data by sex in Fig. 

2A and 2B and analyzed them by 2-way repeated-measures ANOVA. In females, we found 

an interaction between time and drug treatment (F14, 301 = 7.015, p < 0.0001) as well as 

a main effect for drug treatment (F2, 43 = 6.373, p = 0.0038) and time (F7, 301 = 11.23, p 

< 0.0001). We observed increased LMA in response to high dose (16 μg/kg) fentanyl on 

day 3, day 5, day 7, and day 9 (Fig. 2A) in females. Post hoc testing across days showed 

that this effect of high dose fentanyl on day 3 was significantly different from day 9 (p = 

0.0113), but no other high dose fentanyl treatment days were significantly different from 

one another. Also, every high dose fentanyl treatment day was significantly different from 

every saline treatment day (p < 0.05), and no differences were observed across the saline 

treatment days in females. Post hoc testing among groups on each treatment day revealed 

significant effects on day 3 between saline and high dose fentanyl groups (p = 0.0264), on 

day 5 between saline and high dose fentanyl groups (p < 0.0001), and between low dose 

and high dose fentanyl groups (p = 0.0029), on day 7 between saline and high dose fentanyl 

groups (p < 0.0001) and between low dose and high dose fentanyl groups (p = 0.0003), on 

day 9 between saline and high dose fentanyl groups (p < 0.0001) and between low dose and 

high dose fentanyl groups (p = 0.0001). No significant post hoc effects were observed for the 

low dose (4 μg/kg) fentanyl or saline groups in females. This drug treatment or interaction 

effect was not observed in males (Fig. 2B). However, male rats did show a time effect during 

CPP training (F7, 147 = 9.316, p < 0.0001). Post hoc testing across days showed that only 

day 3 and day 9 of low dose fentanyl administrations were significantly different for males 

(p = 0.0158). Post hoc testing among groups on each treatment day revealed a significant 

difference on day 9 between saline and high dose fentanyl groups (p = 0.0498).

When LMA was isolated exclusively for drug treatment days, no interaction in treatment 

and time was observed for either sex. Females showed a main effect for treatment (F2, 45 

= 11.95, p < 0.001), and male rats showed a main effect for time (F2.239, 47.03 = 14.47, 

p < 0.001). In females, a treatment effect was observed on each day between saline and 

high dose fentanyl (p < 0.05), between saline and low dose fentanyl on day 5 or day 7 (p 

< 0.05), and between low dose and high dose fentanyl on day 7 (p = 0.0469). In males, a 

time-dependent increase in LMA was observed within the low dose (4 μg/kg) fentanyl group 

as well as the saline group (p < 0.05), but not the high dose (16 μg/kg) fentanyl group (Fig. 

S2B). For saline, day 3 was different from day 5, day 7, or day 9 (p < 0.05), and for low dose 

fentanyl, day 3 was different from day 5, day 7, or day 9, and day 9 was also different from 

day 5 or day 7 (p < 0.05).

To control for the increase in the control group, we normalized drug groups with respect 

to the saline control for both sexes and performed 2-way repeated-measures ANOVAs (Fig. 

2C and 2D). We found a time by treatment interaction only in females (F6, 129 = 2.215, p = 

0.0456) and females also had significant main effects of time (F2.768,119 = 3.699, p = 0.0161) 

and treatment (F2, 43 = 11.82, p < 0.0001), but males only showed a main effect of time 

Gaulden et al. Page 8

Drug Alcohol Depend. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(F2.262, 47.50 = 4.894, p = 0.0092). Post hoc analysis in this Protected F value case showed 

that female rats did not have a time-dependent increase in LMA between any two drug 

conditioning days, but did show significant differences among groups on select treatment 

days (Fig. 2C). Significant effects were observed on day 5 between saline and low dose 

fentanyl groups (p = 0.0046) and between saline and high dose fentanyl groups (p = 0.0008), 

on day 7 between saline and high dose fentanyl groups (p = 0.0038) and between low dose 

and high dose fentanyl groups (p = 0.0469), and on day 9 between saline and high dose 

fentanyl groups (p = 0.0072). Comparatively, post hoc testing showed that only male rats in 

the low dose fentanyl group had a significant increase in LMA between days 7 and 9 (Fig. 

2D. p = 0.0332), and no significant effects were observed among groups on any treatment 

day.

Effects of fentanyl on conditioned place preference in female and male rats

We next measured contextual reward for fentanyl between sexes using the CPP paradigm. A 

3-way ANOVA of all preference data failed to show an interaction by treatment (0, 4, or 16 

μg/mg fentanyl), day (pretest vs. test), and sex, but a 2-way interaction between treatment 

and day was found (F2, 64 = 6.750, p = 0.0022) and treatment (F2, 64 = 4.040, p = 0.0223) 

and day (F1, 64 = 37.74, p < 0.0001) as main factors were significantly different with sex 

not being a significant source of variance. Nonetheless, based on an a priori hypotheses we 

presented the data by sex in Fig. 3A and 3B and analyzed them by 2-way repeated-measures 

ANOVA to qualitatively compare effects by sex. The preference data revealed a day by 

treatment interaction on contextual preference for fentanyl for female (F2, 43 = 4.939, p = 

0.0117) and male rats (F2, 21 = 3.939, p = 0.0353) and main effects of time in female rats 

(F1, 43 = 11.91, p = 0.0013) and treatment (F2, 21 = 3.727, p = 0.0412) and time (F1, 21 

= 30.44, p < 0.0001) in male rats. Post hoc analysis revealed that female rats showed a 

preference for the high dose (16 μg/kg) fentanyl paired context on test day compared to 

the saline control group (Fig. 3A, p = 0.0031). In comparison, male rats given the low (4 

μg/kg) or high dose of fentanyl demonstrated a significant preference for the drug paired 

side compared to saline-control (Fig. 3B, p = 0.0014 or p = 0.037, respectively).

We also expressed our data as a change in preference. A 2-way ANOVA failed to show an 

interaction between sex and treatment, but main effects of sex (F1, 63 = 7.418, p = 0.0083) 

and treatment (F2, 63 = 8.316, p = 0.0006) were observed. Post hoc analysis showed that 

a significant difference was observed between the female and male groups at the low dose 

fentanyl context (p < 0.0171). In line with presenting data by sex, we analyzed the female 

and male change in preference data independently using 1-way ANOVA (Fig. 3C and 3D). 

For females, a significant main effect was observed (Fig. 3C, F2, 42 = 8.403, p = 0.0009), and 

post hoc testing revealed significant differences between saline and high dose fentanyl (p = 

0.007) and between low dose and high dose fentanyl (p = 0.0479). For males, a significant 

main effect was found (Fig. 3D, F2, 21 = 3.939, p = 0.0353), and post hoc testing showed 

significant differences between saline and low dose fentanyl (p = 0.0326).
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Association of contextual reward for fentanyl and estrous cycle phase at the onset of 
conditioning to fentanyl in female rats

Using vaginal lavage samples taken daily during our experiments, we analyzed behavior 

based on cytological classifications of the estrous cycle. In our analysis, we categorized 

the four phases of the rat estrous cycle into estrus and non-estrus phases based on 

their purported levels of estradiol (i.e., lower circulating estradiol in estrus) (Miller and 

Takahashi, 2013; Peterson et al., 2014; Staley and Scharfman, 2015). Using samples taken 

no more than two hours after relevant behaviors, we examined phases of the estrous cycle 

as a factor in behavioral measures for the Open Field and CPP tests (Fig. S3 and Fig 

4, respectively). In the Open Field test, using a 2-way ANOVA we did not observe an 

interaction between treatment and estrous phase on LMA for the first drug day (Fig. S3A) 

or the last drug day (Fig. S3B). For the CPP test, using a 2-way ANOVA we did not find 

an interaction between treatment and estrous phase on LMA (Fig. S3C) or on preference 

at test day (Fig. S3D). However, based on findings that initial fentanyl exposure conditions 

persistently impact vulnerability to drug-seeking in females, but not males, (Bakhti-Suroosh 

et al., 2021) and given our a priori hypothesis that elevated estradiol in females during 

the first fentanyl exposure may enhance the development of a drug-context preference, we 

examined the effect of the estrus phase on first fentanyl exposure in the low or high dose 

fentanyl groups (Fig. 4). Using a 2-way ANOVA, a main effect of estrous phase (estrus vs. 

non-estrus) was observed (F1, 27 = 4.427, p = 0.0448) despite not obtaining an interaction 

between estrous phase and treatment (4 or 16 μg/mg fentanyl) or a main effect of treatment. 

Post hoc analysis found that females in non-estrus phases (i.e., including proestrus with high 

estradiol) during the first exposure to high dose fentanyl had a greater change in preference 

in the drug context in the CPP test (p = 0.0372) compared to female rats in estrus phase (i.e., 

low estradiol).

Discussion

We use 3 independent drug measures (i.e., LMA in Open Field, LMA in CPP, and contextual 

reward in CPP) to show sex-related differences in fentanyl response, and our data are 

consistent with the few published reports showing sex differences to fentanyl in animals and 

humans (Bryant et al., 2020; Townsend and Banks, 2019; Klein et al., 1997). The primary 

findings of our research illustrate that the behavioral response to fentanyl is regulated, in 

part, by sex. Specifically, we present three main findings for sex-related effects: 1) initial 

exposure to the fentanyl doses tested in this study produced enhanced LMA in females 

but not males, indicating that acute fentanyl was either more potent or more effective 

to produce LMA in females than males, 2) behavioral sensitization to fentanyl-induced 

LMA in both open field and CPP to repeated fentanyl was observed in females but not 

males, and 3) fentanyl produced significant CPP in both sexes, but it was more potent in 

males. Together, these data support the previous research suggesting that sex regulates the 

behavioral response to opioids and potentially the rewarding, and at least the contextually 

rewarding, effects of opioids (Lynch et al., 2002; Lynch, 2006; Harp et al., 2020). A 

secondary finding of our research suggests that the estrous cycle phase in female rats can 

predict the degree of preference for a fentanyl-paired context, with high estradiol during a 

non-estrus phase at the onset of drug conditioning being a predictor. Our findings present a 
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general congruence between clinical and pre-clinical literature that could be developed for a 

better understanding of sex effects for the treatment of OUD.

In the current study, we show that female rats progressively increase in LMA in response to 

repeated fentanyl, with a more robust effect for a daily rather than alternating fentanyl 

administration. This incremental increase in locomotion after drug administration, also 

known as behavioral sensitization, replicates previous work with other drugs of abuse and 

has been suggested to model aspects of substance abuse and be a proxy-measure of drug 

reward given the neuroplasticity that occurs within the reward circuitry and neurotransmitter 

systems (Niikura et al., 2013; Vanderschuren et al., 2000). Indeed, some animal research 

suggests that males are more likely to escalate drug-taking of opioids (Mavrikaki et al., 

2017). However, clinical and preclinical data indicate that females, more than males, show 

rapid drug-taking escalation, also known as “telescoping” (Becker and Chartoff, 2018). This 

clinical observation is consistent with our CPP training data, which shows an increase in 

female LMA by the second drug day and remaining stable for the remainder of the drug 

training days. Although these data support clinical and pre-clinical findings, behavioral 

sensitization does not closely model drug-taking or seeking behaviors; and there is a 

growing body of evidence showing sex effects in rat self-administration models (Smith et al., 

2020; Carroll and Smethells, 2015; Lynch, 2006).

Our fentanyl preference data from the CPP assay suggests that male rats engage in drug-

context-seeking behavior at a lower dose of fentanyl. Although both the sexes showed 

a preference for high dose fentanyl context, specifically in CPP-Test data, only male 

rats preferred the low dose fentanyl context as well, suggesting a more sensitive reward 

profile for fentanyl among male rats. This was a surprising finding given our open field 

and CPP training data showing more overall locomotor activation to fentanyl in females 

compared to males. Assuming that time spent in the drug-paired context reflects a measure 

of drug-context seeking, this data supports the idea that male rats are more sensitive 

to seeking fentanyl. Our preference data are different from recent work showing sex 

differences in fentanyl self-administration. Banks, Townsend, and colleagues have shown 

that while female rats display greater fentanyl and food choice behavior compared to 

males in a single-choice paradigm, male rats had higher fentanyl responding compared to 

female rats in a fentanyl vs. food choice paradigm (Townsend et al., 2019), but no neural 

mechanism was explored. In addition to hormone-related or genetic-based sex differences, 

pharmacokinetic differences between females and males have been raised as a potential 

explanation for a sexually dimorphic response to fentanyl, and these differences could be 

attributed to the drug delivery method, whereby differences in body fat content could alter 

the absorption of subcutaneous opioids (Ohtsuka et al., 2007). Cunningham and colleagues 

have also shown that male rats self-administrating fentanyl have profound effects on rat 

brain innate immune targets (Cisneros and Cunningham, 2021; Ezeomah et al., 2020); 

however, this effect and mechanism was not studied in females. Therefore, we are currently 

investigating mechanisms that underlie the sex effects caused by non-contingent delivery or 

self-administration of fentanyl.

In the open field and CPP assays, we found a robust sex effect of acutely elevated 

locomotor response to fentanyl in females compared to male rats. A potential explanation 
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for the observed sex differences is in opioid pharmacology, regional neuroanatomy, and 

the influence of estradiol on opioid-induced behaviors. For example, preclinical evidence 

suggests that gonadal hormones can alter the affinity and density of mu-opioid receptors, 

as well as alter endogenous opioid (e.g., dynorphin and enkephalin) levels (Becker and 

Chartoff, 2018). Specifically, female rats with high circulating estradiol, such as those 

in proestrus, show a greater density of mu-opioid receptors in addiction-related brain 

regions, such as the striatum (Cruz et al., 2015). Indeed, elevated estrogen has been 

positively associated with locomotor and reward response to opioids (Mirbaha et al., 2009). 

Yet, there is some evidence that experimentally elevating estradiol can also attenuate the 

self-administration of heroin (Smith et al., 2020; Smith et al., 2021), however, the exact 

mechanism for this behavioral modulation remains unknown. More studies are needed 

to understand the hormonal influence on opioid behaviors, particularly in response to 

fentanyl because it is a major misassumption that mu-opioid receptor agonists are similar 

in pharmacokinetics and pharmacodynamics. Fentanyl is ~100 times more potent than 

morphine (Comer and Cahill, 2019), but the research community knows a fraction about 

it comparatively. For example, naturally occurring (opiates) and semisynthetic opioids, 

such as morphine and oxycodone, respectively, have been shown to produce robust pro-

inflammatory effects in the brain (Wang et al., 2012; Fan et al., 2018; Osmanlioglu et al., 

2020). These neuroinflammatory effects are thought to modulate pain and addiction-related 

behaviors (Cahill and Taylor, 2017; Kohno et al., 2020); however, fentanyl is devoid of 

pro-inflammatory response and activates anti-inflammatory mechanisms instead (Molina-

Martinez et al., 2014; Kwon et al., 2019).

As a secondary analysis, we collected vaginal lavage samples for histological analysis 

and cytological characterization of the estrous cycle. Although our open field data were 

under-powered when divided into groups based on the estrous phase, we show that drug 

exposure during ‘non-estrus phases’ (i.e., proestrus, metestrus, or diestrus), which typically 

reflect higher estradiol levels than estrus (Zachry et al., 2021), is predictive of a greater 

increase in fentanyl place preference in the CPP assay for females. This result is not entirely 

surprising, because estradiol has previously been shown to augment reward signaling in 

response to drugs of abuse (Calipari et al., 2017, Vandegrift et al., 2017). As such, we 

hypothesized that rats in non-estrus phases are primed by estradiol to have a more salient 

drug conditioning upon first exposure. Despite our preliminary findings, there is some 

evidence that females in proestrus, when estradiol is highest, will self-administer less 

opioids (Lacy et al., 2020; Lacy et al. 2016), which may be affected by behavioral changes 

that occur during proestrus that often focus the female’s attention on partner-seeking instead 

of drug-seeking activities. However, analyzing proestrus alone is impeded by the relatively 

short proestrus time window, lasting less than a quarter of the overall cycle duration (Cora et 

al., 2015). In future studies, we aim to investigate the interaction between sex hormones and 

fentanyl response to test the causal role of estradiol in the development of drug reward.

The work presented in this study supports the hypothesis that sex influences addiction-

related behavioral responses to fentanyl. We showed that female rats had a higher initial 

(acute) locomotor response to fentanyl, whereas males showed a gradual increase in 

locomotor response to fentanyl and a place preference for a lower dose of fentanyl. We 

also present preliminary data using estrous phase classification to suggest that estradiol 
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may play a key role in sexually dimorphic responses to fentanyl, particularly at the onset 

of drug exposure and drug/context-related learning. Although these data support clinical 

and preclinical work on sex differences in opioid response, determining the mechanisms 

that drive these behaviors and others, including fentanyl self-administration to measure drug-

taking, remains an important area for future research. Investigating the interaction between 

gonadal hormones and mu-opioid receptor pharmacology in reward circuitry remains a 

priority in this area of research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Female, but not male, rats show elevated LMA in response to acute fentanyl.

• Female, but not male, rats develop behavioral sensitization to repeated 

fentanyl.

• Female rats only preferred the context paired with high fentanyl dose.

• Male rats preferred contexts associated with low or high fentanyl doses.

• Estrous phase may predict the degree of fentanyl preference in females.

Gaulden et al. Page 18

Drug Alcohol Depend. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Fentanyl (FTY) differentially affects locomotor activity (LMA) in female and male rats.
(A) A schematic of the timeline of the open field experiment. Rats were first tested for 

LMA following saline or fentanyl (20 μg/kg) subcutaneous injection. After 1 week of daily 

injections, LMA was tested in rats given repeated fentanyl, acute fentanyl (i.e., rats given 

saline through days 1–7 and fentanyl on day 8 only), or saline-control. (B) Only female rats, 

given fentanyl injection on day 1 had elevated LMA compared to saline-control or acute 

fentanyl that received saline on day 1 (*p < 0.05). No significant changes were observed 

in male rats on day 1. (C) After 8 days of repeated fentanyl administration, female rats 

showed elevated LMA compared to saline-control (****p < 0.0001) or to acute fentanyl 

(**p < 0.01). Additionally, female rats given acute and chronic fentanyl had significantly 

more LMA than males of the same treatment groups (***p < 0.001 and ****p < 0.0001, 

respectively). (D) Only female rats showed a time-dependent increase in locomotor activity 

for rats given fentanyl daily for 8 days (chronic) when data are normalized to respective 
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group saline-control data (*p < 0.05). Graphs display means ± SEM, with points on bar 

charts representing individual values.
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Figure 2. Locomotor activity (LMA) response to fentanyl (FTY) is different between females and 
males in the acute response and behavioral sensitization over repeated administration to fentanyl 
in the conditioned place preference paradigm.
(A) In alternating days of no-drug/drug conditioning (i.e., intermittent administration), 

female rats given high dose (16 μg/kg) fentanyl showed a significantly elevated LMA 

response compared to saline (****p < 0.0001) or compared to low dose (4 μg/kg) fentanyl 

(**p < 0.01, ***p < 0.001). The LMA returned to baseline on days when drug groups were 

given saline conditioning. A sensitized response was observed in females given high dose 

fentanyl when comparing day 3 fentanyl with day 9 fentanyl (*p < 0.05). (B) Male rats 

did not show an acute response to fentanyl, but did show a significant difference between 

saline and high dose fentanyl on day 9 (*p < 0.05). Males also showed sensitization to the 

low dose fentanyl comparing day 3 with day 9, but this may have been due to an increased 

LMA response over time in all male groups. (C) Female rats did not show a significant 

difference in LMA between drug days when the data were normalized to the saline-control, 

but significant differences were observed between low dose fentanyl and saline on day 5 

(*p < 0.01), between saline and high dose fentanyl on days 5, 7, or 9 (***p < 0.001, **p 

< 0.01), and between low dose and high dose fentanyl on day 7 (*p < 0.05). (D) Male rats 

given 4 μg/kg fentanyl showed a significant increase in LMA between day 7 and day 9 of 

conditioning when the data were normalized to the saline-control. Points on the line graphs 

are means ± SEM.
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Figure 3. Fentanyl (FTY) produced significant conditioned place preference (CPP) in both sexes, 
but it was more potent in males.
(A) On Test day, female rats given high dose (16 μg/kg) fentanyl were significantly different 

from the saline-control group (**p < 0.01). (B) Males preferred both low (4 μg/kg) and 

high doses of fentanyl-paired contexts compared to a saline-control group on Test day (**p 

< 0.01, *p < 0.05). (C) When data are expressed as change in preference from Pretest to 

Test day, high dose fentanyl was significantly different from saline or low dose fentanyl 

(***p < 0.001, *p < 0.05). (D) A significant difference between low dose fentanyl and saline 

was observed for male rats (*p < 0.05). Bar graphs display means ± SEM, with points 

representing individual values.
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Figure 4. Estrous cycle phase during the first treatment of high dose fentanyl (FTY) predicts 
later fentanyl preference in the conditioned place preference (CPP) paradigm.
(A) Among the female rats administered low dose (4 μg/kg) or high dose (16 μg/kg) 

fentanyl-paired context, estrous phase (i.e., estrus vs. non-estrus) at initial fentanyl exposure 

during conditioning was predictive of subsequent fentanyl preference as a main factor. Post 

hoc analysis showed that the change in preference for the fentanyl-paired context in the CPP 

paradigm was significantly different between estrus and non-estrus groups in females given 

high dose fentanyl (*p < 0.05). Bar graphs display means ± SEM, with unique symbols 

representing individual estrous phases of females.
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