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Abstract

Rationale Opioid use disorder (OUD) is a major epidemic in the USA. Despite evidence indicating that OUD may be particularly
severe for women, preclinical models have yet to establish sex as a major factor in OUD.

Objectives Here, we examined sex differences in vulnerability to relapse following intermittent access fentanyl self-
administration and protracted abstinence and used buprenorphine, the FDA-approved treatment for OUD, to test the validity
of our model.

Methods Following acquisition of fentanyl self-administration under one of two training conditions, male and female rats were
given extended, 24-h/day access to fentanyl (0.25 pg/kg/infusion, 10 days) using an intermittent access procedure. Vulnerability
to relapse was assessed using an extinction/cue-induced reinstatement procedure following 14 days of abstinence; buprenorphine
(0 or 3 mg/kg/day) was administered throughout abstinence.

Results Levels of drug-seeking were high following extended-access fentanyl self-administration and abstinence; buprenorphine
markedly decreased drug-seeking supporting the validity of our relapse model. Females self-administered more fentanyl and
responded at higher levels during subsequent extinction testing. Buprenorphine was effective in both sexes and eliminated sex
and estrous phase differences in drug-seeking. Interestingly, the inclusion of a time-out during training had a major impact on
later fentanyl self-administration in females, but not males, indicating that the initial exposure conditions can persistently impact
vulnerability in females.

Conclusions These findings demonstrate the utility of this rat model for determining sex and hormonal influences on the
development and treatment of OUD.

Keywords Addiction-like phenotype - Fentanyl - Opioid - Intermittent access - Self-administration - Sex differences -
Buprenorphine - Treatment

Introduction

Opioid use disorder (OUD) is a major epidemic in the USA. In
2018 alone, 67,367 Americans died from a drug overdose,
roughly 185 individuals every day, and synthetic opioids,
such as fentanyl, were a major culprit (Hedegaard et al.
2020). In addition, as the COVID-19 global pandemic con-
tinues, there are concerns that the opioid epidemic is worsen-
ing with reports from national, state, and local media suggest-
ing an increase in opioid-related mortality in more than 30
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states, particularly from illicitly manufactured fentanyl and
fentanyl analogs (American Medical Association 2020).
Effects of the opioid epidemic are widespread, and women
are at a particularly high risk (Hemsing et al. 2016; Koons
et al. 2018; Mazure and Fiellin 2018; Huhn et al. 2019) as
they are more likely than men to be prescribed opioids and to
misuse prescription opioids (Koons et al. 2018; Hirschtritt
et al. 2018). Although men have historically had higher rates
of OUD than women, differences have narrowed in the current
opioid epidemic (i.e., 2.3:1 male-to-female ratio in 2002 ver-
sus a 1.8:1 ratio in 2018; National Survey on Drug Use and
Health 2020) with use increasing at a faster rate in women
versus men (i.e., 283% versus 108% increase in heroin use
from 2007 to 2014; Marsh et al. 2018; Mazure and Fiellin
2018). Women also develop OUD after less drug exposure/
fewer years of drug use than men; this phenomenon has been
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termed the telescoping effect and has been reported for opi-
oids as well as other substances (e.g., cocaine, cannabis, alco-
hol; Anglin et al. 1987; Hser et al. 1987a, 1987b; Haas and
Peters 2000; Hernandez-Avila et al. 2004; Back et al. 2011a,
2011b; Sartor et al. 2014; Lewis et al. 2014). While sociocul-
tural factors likely contribute to some of these differences
(Office of Women’s Health 2017), it is also possible that bio-
logical factors contribute although few studies have examined
this possibility.

Despite differences between men and women in vulnera-
bility to OUD, most preclinical studies on OUD have focused
on males. In addition, of the studies that have examined sex
differences most have focused on vulnerability to drug use,
and thus early phases of the addiction process, such as acqui-
sition and drug intake under short access conditions (e.g.,
Lynch and Carroll 1999; Thorpe et al. 2020). In general, these
findings indicate that females have an enhanced sensitivity to
the reinforcing effects of opioids in that they acquire heroin
self-administration faster and are more motivated to obtain
infusions of fentanyl, heroin, remifentanil, and morphine as
compared to males (Ambrosio et al. 1999; Carroll et al. 2002;
Cicero et al. 2003; Gonzalez et al. 2003; Klein et al. 1997;
Lacy et al. 2016; Lynch and Carroll 1999; Thorpe et al. 2020;
Townsend et al. 2019; Vela et al. 1998; but see Stewart et al.
1996). Some studies have also observed higher opioid intake
in females than males under short access conditions (Biscaia
et al. 2008; Carroll et al. 2001, 2002; Cicero et al. 2003;
Fulenwider et al. 2019; Phillips et al. 2019) although other
studies have reported similar intake between the sexes
(Gipson et al. 2020; Mavrikaki et al. 2017; Smethells et al.
2020; Vazquez et al. 2020; Zhang et al. 2018). These preclin-
ical results are also consistent with findings in humans show-
ing that women with an OUD report greater positive subjec-
tive effects following opioid use than men (i.e., liking, feeling
high, street value); notably, these enhanced positive reports
occurred even in the face of enhanced negative subjective/
physical effects (enhanced nausea and vomiting; Lofwall
et al. 2012; also see Zacny 2002).

Much less is known regarding sex differences in vulnera-
bility during later stages of the addiction process, and more
specifically, following the development of an addiction-like
phenotype. Several different procedures have been developed
to induce an addiction-like phenotype in rats, such as an en-
hanced motivation to use the drug, use despite negative con-
sequences, and vulnerability to relapse (Lynch 2018).
Extended access drug self-administration, which results in es-
calating and/or binge patterns of use, appears to be critical for
inducing addiction-like characteristics (Ahmed et al. 2000;
Koob 2020; Lynch 2018). These characteristics also tend to
emerge over abstinence and to increase, or “incubate,” over
time (Grimm et al. 2001; Gancarz-Kausch et al. 2014). Results
with other drugs of abuse demonstrate that in females, these
characteristics are more robustly expressed (Nicolas et al.
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2019; Reichel et al. 2012) and develop sooner during
abstinence and/or following less drug exposure as compared
to males (Lynch and Taylor 2004; Ramoéa et al. 2013, 2014;
Perry et al. 2013; Lynch 2018). Similar effects may also occur
with opioids considering findings showing that female rats
and mice given extended access (> 6 h/day) to heroin or oxy-
codone self-administer more drug and/or show greater escala-
tion of intake over time than their male counterparts (Carroll
et al. 2002; Towers et al. 2019; Kimbrough et al. 2020).
However, sex differences with opioids may be less robust than
with other drugs given that several other studies have reported
no differences between males and females in levels or patterns
of drug intake under extended access conditions (Venniro
et al. 2017, 2019; Reiner et al. 2020) or for subsequent levels
of drug-seeking following voluntary (Reiner et al. 2020) or
forced abstinence (Venniro et al. 2019). One the other hand, it
is possible that sex differences were obscured in these latter
studies given that intake was restricted in each of these studies
to either 12 (Reiner et al. 2020) or 15 infusions/h (Fredriksson
et al. 2020; Venniro et al. 2017, 2019). These latter studies
also included choice testing between heroin/fentanyl and a
non-drug reward within the extended access training period
which may have impacted the occurrence of sex differences as
well as the development of an addiction-like phenotype.
Indeed, the main findings from three of these studies was that,
like contingency management in humans, the availability of a
non-drug reward (palatable food or social interaction) could
be used to maintain voluntary abstinence and reduce/prevent
the development of incubated drug-craving (Reiner et al.
2020; Venniro et al. 2017, 2019). This interpretation is also
consistent with their findings showing that both males and
females showed a high preference for the non-drug versus
drug reward even when tested following protracted abstinence
(Reiner et al. 2020; Venniro et al. 2017, 2019).

The purpose of the present study was to examine sex dif-
ferences in the development of an addiction-like phenotype
with opioids using conditions optimized for its development
(extended access self-administration without limits on intake
and protracted abstinence without the inclusion of alternative
non-drug rewards). We focused on vulnerability to relapse as
assessed following extended access fentanyl self-
administration and protracted abstinence (14 days), when
levels of drug-seeking are known to be high (Grimm et al.
2001). To do so, rats were first trained to self-administer fen-
tanyl under one of two training conditions, with or without a
time-out after each infusion, and then were given extended,
24-h/day access to fentanyl using an intermittent access pro-
cedure known to induce an addiction-like phenotype (Fragale
et al. 2020; Martin et al. 2020; O’Neal et al. 2020; also see
Zimmer et al. 2012). As a test of validity for our behavioral
phenotype as a rat model of relapse, we also examined the
efficacy of daily treatment during abstinence with
buprenorphine, an FDA-approved treatment for OUD in
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humans, to attenuate drug-seeking. This experiment also
allowed us to examine sex differences in the efficacy of
buprenorphine as an anti-relapse intervention which is impor-
tant since sex/gender differences in humans are difficult to
interpret (Hecksher and Hesse 2009; Tuchman 2010;
McHugh et al. 2013; Koons et al. 2018). We hypothesized
that, as in humans, female rats would show an enhanced vul-
nerability to developing an addiction-like phenotype, includ-
ing greater intake and seeking, and that buprenorphine treat-
ment would decrease fentanyl-seeking in both males and
females.

Materials and methods
Subjects

Subjects were sexually mature male (N =41) and female (N =

54) Sprague—Dawley rats (Charles River), weighing approxi-
mately 370 g (male) and 270 g (female) at the start of the
study. Rats were individually housed in operant testing cham-
bers (Med Associates, St. Albans, VT, USA) on arrival and
remained in these chambers throughout the experiments. Rats
had ad libitum access to water and food (Teklad LM-4857912;
except as noted below for some animals during fentanyl self-
administration training) and were maintained on a 12-h light/
dark cycle (lights on at 7 AM). To ensure rapid acquisition of
fentanyl self-administration, rats were pre-trained to lever-
press for sucrose pellets (45 mg) in two to three, 24-h/day
sessions as described previously (fixed-ratio 1; Lynch 2008).
Rats were weighed three times/week, bedding and water bot-
tles were changed two times/week, and health was monitored
daily throughout the study. All procedures were conducted
within 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

Rats were anesthetized with ketamine/dexdomitor and im-
planted with an indwelling catheter (Silastic tubing, 0.51 and
0.94 mm o.d.; Dow Corning, Midland, MI, USA) into the
right jugular vein using methods previously described
(Lynch 2008). Ketoprofen (2—-5 mg/kg, s.c.) and gentamicin
(5.5 mg/kg, i.v.) were administered immediately following
surgery and for 2 days following surgery. Catheters were
flushed with heparinized saline 3 days/week to verify and help
maintain patency. Patency was also verified periodically by
administering methohexital (1.5 mg/kg). If a catheter 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), a new catheter was
implanted into the left jugular vein with testing resuming fol-
lowing a 1-2-day recovery period.

Fentanyl self-administration training

Rats were trained to self-administer fentanyl (0.25 pg/kg/
infusion) under a fixed-ratio 1 schedule and one of two
training conditions: with a I-s time-out after each infusion
(time-out; n =20 males; n=30 females) or without a time-
out after each infusion (no time-out; n=21 males; n=24
females; Fig. 1). We initially conducted these studies with-
out a time-out after infusions, but due to concerns of
toxicity, particularly in females, we added a brief 1-s
time-out to prevent fentanyl overdose. However, with this
change, we noticed some changes in behavior during train-
ing and extended access self-administration, so we expand-
ed the studies to fully explore the effects of training with
and without a 1-s time-out. Both conditions were tested
contemporaneously. We selected a low-to-moderate dose
of fentanyl (0.25 pg/kg/infusion) since such doses are sen-
sitive to changes in intake over time and to individual
differences (e.g., Morgan et al. 2002). This dose has also
been shown to maintain moderate-to-high levels of
responding under a progressive-ratio schedule (Awasaki
et al. 1997) and to induce robust escalation of intake, with
limited toxicity, when available under extended access
conditions (12-h/day, fixed-ratio 1; Morgan et al. 2002;
also see Nishida et al. 1989; Martin et al. 1997). Pilot
data from our laboratory also show that this dose induces
rapid and maximal rates of acquisition in both males and
females with >90% of the rats meeting the acquisition
criterion within the first 2—4 days. Sessions began at
12 pMm daily with the introduction of the left (active) lever
into the chamber and one priming infusion of fentanyl.
During the session, each response on the left lever pro-
duced a rapidly delivered (~1 s) infusion of fentanyl
which was paired with the sound of the pump and the
illumination of a stimulus light above the lever; responses
made during an infusion or the 1-s time-out (for the time-
out groups) were recorded but had no consequence.
Response on the right lever (non-active) were also record-
ed but had no programmed consequence. The left lever
remained extended into the chamber until 40 infusions
were obtained or until 11 AM the next day. If a rat did
not begin self-administering fentanyl within the first five
training sessions, in order to expedite acquisition, it was
food restricted to 85% of its free-feeding body weight
until the animal obtained all 40 infusions available for 2
consecutive sessions (generally 2-3 sessions). Training
sessions continued daily until acquisition occurred, defined
as five consecutive sessions wherein all 40 infusions were
obtained (without the use of food restriction).
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SA Training (~7 days) = IntA SA (10 days)—>
[----NoTO or TO----] [--No Time-Out--]

Fig. 1 Summary of experimental events. Male and female rats were
trained to self-administer (SA) fentanyl without (noTO) or with a time-
out (TO) after each infusion. Following acquisition of fentanyl SA (5
consecutive sessions wherein all 40 infusions available were obtained),
rats were given extended 24-h/day, intermittent access (IntA) to fentanyl
(0.25 ug/kg/infusion) for 10 sessions. No time-outs occurred after infu-
sions during this phase of the study. Following the last IntA fentanyl SA

IntA fentanyl self-administration

Once rats acquired fentanyl self-administration, they were
given extended, 24-h access to fentanyl for 10 consecutive
days under an IntA procedure recently developed by Dave
Roberts and colleagues (Zimmer et al. 2012). This proce-
dure has already been used fairly extensively with
psychostimulants since it readily induces features of an
addicted phenotype, including the development of a
marked increase in motivation for the drug and vulnerabil-
ity to relapse as assessed following abstinence (Zimmer
et al. 2012; Calipari et al. 2013, 2014, 2015; Calipari and
Jones 2014; Kawa et al. 2016; Allain et al. 2017, 2018;
Singer et al. 2017; Venniro et al. 2018; Kawa and
Robinson 2019; Gueye et al. 2019; Nicolas et al. 2019;
Allain and Samaha 2019). Similar findings have been re-
ported for InA opioid self-administration, including fenta-
nyl (Fragale et al. 2020; Martin et al. 2020; O’Neal et al.
2020). With this procedure, rats had unrestricted, fixed-
ratio 1, access to rapidly delivered infusions of fentanyl
(~1 s) during 5-min trials that initiated every 30 min
around the clock. As with the training phase, each trial
initiated with the extension of the left lever into the operant
chamber and responses on this lever during each trial were
reinforced under a fixed-ratio 1 schedule; each infusion
was also paired with the sound of the pump and the illu-
mination of the stimulus light above the lever. However, in
contrast to training sessions, no priming infusions were
administered, and no time-outs were imposed during IntA
sessions. The left lever retracted at the end of each trial;
responses on the right lever were recorded throughout the
24-h sessions. Sessions continued daily for 10 days.
Incidences of self-injurious gnawing were managed using
topically applied antibiotic cream and/or systemically ad-
ministered antibiotic (gentamicin, 5.5 mg/kg, i.v.).

Buprenorphine treatment during abstinence

Rats were chronically treated with buprenorphine beginning
on abstinence day 1 by implanting a subcutaneous minipump
containing either buprenorphine (3 mg/kg/day; males n = 20;
females n =27) or vehicle (ultrapure water; males n = 13; fe-
males 7 = 17) under isoflurane anesthesia and using methods
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Abstinence (14 days) = Relapse (1 day) = Blood
[Buprenorphine (3 mg/kg/day) or Vehicle/Control]

session, rats were implanted with a subcutaneous minipump to deliver
either buprenorphine (3 mg/kg/day) or control (vehicle or sham implant).
Following a 14-day abstinence period, vulnerability to relapse was
assessed in a single session using an extinction/cue-induced reinstatement
procedure. The following morning, blood was collected to assess
buprenorphine levels in plasma and estradiol/progesterone levels
(females) in serum

previously described (Sorge et al. 2005). The daily dose was
calculated based on average weights observed in a pilot study
of untreated males and females over a 15-day abstinence pe-
riod and the milligrams per kilogram dose was selected based
on findings showing that it offsets heroin-induced increases in
nucleus accumbens dopamine (Sorge et al. 2005) and de-
creases cue-induced heroin-seeking in males (Sorge et al.
2005) without producing non-selective effects (Sorge et al.
2005; Bossert et al. 2020). We also included additional control
rats who underwent a sham implantation procedure, but with-
out the minipump implantation (males » = 8; females n = 10),
since several previous studies have noted that rats readily tol-
erate vehicle mini-pumps with evidence indicating no effects
on self-administration or seeking behavior (Kunko et al. 1998;
Rada et al. 2001; Vann et al. 2006; Sorge and Stewart 2006).
These rats also did not differ from vehicle controls on any of
the measure examined in the present study; thus, these groups
were combined to make one control group (n =21 males; n=

27 females).

Two males were excluded from the study due to patency
issues and one male and four females were excluded due to
fentanyl toxicity/health issues during IntA self-administration
or abstinence. These rats are not included in the total subject
numbers and their data were excluded from all analyses. The
final group numbers for males and females in the no time-out
groups were 10 and 12 for buprenorphine and 11 and 12 for
control, respectively; the final group numbers for males and
females in the time-out groups were 10 and 15 for
buprenorphine and 10 and 15 for control, respectively.

Extinction and reinstatement testing

Vulnerability to relapse was assessed using an extinction/
reinstatement procedure following protracted abstinence
(14 days), as compulsive opioid use and levels of opioid-
seeking incubate to peak levels within 14 days (Grimm et al.
2001). Extinction responding was examined in a minimum of
six, 1-h sessions using methods previously described
(Sanchez et al. 2014; Peterson et al. 2014; Beiter et al.
2016). Briefly, sessions began with the introduction of the left
lever into the operant chamber and responses on this lever, as
well as the right lever, were recorded, but did not have a
consequence. Sessions continued until responding
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extinguished (< 15 responses/h; typically within six sessions,
but up to eight sessions). A 1-h cue-induced reinstatement
session began 5 min after the last extinction session with the
introduction of the left lever into the operant chamber and a
presentation of the cues formerly associated with fentanyl
(sound of pump activation and the light above the left lever;
~1 s). Each response on the left lever produced these same
cues.

Plasma/serum assays

Trunk blood was collected the morning following the
extinction/reinstatement test (between 10 AM and 12 pMm)
and separated into plasma and serum using methods pre-
viously described (Lynch 2008, 2009). Plasma
buprenorphine concentrations were determined in all of
the buprenorphine-treated rats (except for one female due
to technical issues with the assay) as well as a subset of
the each of the control groups (n=4/group). Serum con-
centrations of estradiol and progesterone were determined
in all of the female rats (except 1 in the control group due
to technical issues), using methods previously described
(Lynch 2008). Radioimmunoassays were conducted in du-
plicate at the University of Virginia Center for Research in
Reproduction Ligand Assay and Analysis Core.

Estrous cycle phase determination

Estrous cycle phase was determined over a 5-day period be-
ginning 3 days prior to extinction/reinstatement testing, in
order to habituate them to the procedure, and then continuing
until the day after testing so that we could track their cycles
leading up to and following relapse testing. Swabs were con-
ducted between 11:30 AM and 12 pM as described previously
(Lynch et al. 2019), and estrous cycle phase was determined
based on previously published criteria (Feder 1981). In order
to determine associations with estrous cycle phase and
responding during extinction and reinstatement testing, swabs
obtained on the day of extinction/reinstatement test were fur-
ther categorized as either estrus (n = 12 for buprenorphine and
n =11 for control) or non-estrus (n = 15 for buprenorphine and
n =16 for control); this strategy has been used previously by
our group (Peterson et al. 2014; Lynch et al. 2019) and others
(Kerstetter et al. 2008) and is based on findings showing that
drug-seeking, including opioid-seeking, is higher during es-
trus as compared to non-estrus phases, and does not differ
between metestrus, diestrus, and proestrus phases (Lynch
et al. 2019; Lacy et al. 2020).

Drugs

Fentanyl hydrochloride and buprenorphine hydrochloride
were obtained from the National Institute on Drug Abuse

(Research Triangle Park, NC). Fentanyl was dissolved in ster-
ile saline at a concentration of 6.25 pg/mL, filtered (0.22 pum;
Millipore, Billerica, MA), and stored in sterile bottles at 4 °C.
The mg/kg dose was adjusted for changes in body weight
three times a week by adjusting the infusion duration.
Buprenorphine was dissolved in ultra-pure water and deliv-
ered via a subcutaneous osmotic minipump (Alzet model
2MLA4; Durect Corp., Cupertino, CA) at a dose of 3 mg/kg/
day and a mean pumping rate of 2.5 uL/h.

Data analysis

We first determined whether there were sex and time-out
training condition effects on rates of acquisition, responding
during training, and subsequent intake and patterns of
responding during the IntA access period. Acquisition differ-
ences were assessed by comparing the number of days to
acquire self-administration using two-factor ANOVA with
sex and time-out training condition as the between-subject
factors. Group differences in responding during training were
assessed across the five acquisition criterion sessions using
repeated measures ANOVA with separate analysis for active
and inactive lever responses. Similar analyses were used to
assess sex and time-out training condition differences in total
intake across the 10 IntA self-administration sessions and di-
urnal patterns of intake (average percent of total intake in the
dark phase and average intake in light and dark phase) during
each of the IntA sessions as well as averaged over the initial
(1-2) versus later (sessions 6—10) IntA sessions. We also
added treatment condition (buprenorphine versus control) as
an additional factor in these analyses in order to ensure that the
groups were similar on all measures prior to abstinence and
buprenorphine versus control treatment. We also assessed
group differences in body weight at the end of the IntA pro-
cedure (mean weight observed on days 8—10) in order to con-
firm that the groups were similar prior to abstinence and treat-
ment using three-factor ANOVA.

For extinction and reinstatement responding, since males
and females in each of the time-out training groups received
either buprenorphine or control treatment during abstinence,
effects were compared between the eight groups (males/fe-
males, no time-out/time-out, buprenorphine/control) using re-
peated measures ANOVA. Specifically, for extinction, re-
sponses on the formerly active lever were compared across
the first six extinction sessions run, and for reinstatement,
responses on the formerly active lever were compared be-
tween the last extinction session and the reinstatement session.
We also assessed total responding during extinction across all
sessions run (6—8) using a three-factor ANOVA (sex, time-out
training condition, and treatment group). A similar repeated
measures ANOVA was used to assess group differences in
mean body weights during early (days 1-3), immediate (days
6-8), and late abstinence (days 12—14), as well as on the day
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of relapse testing (day 15). Similar three-factor ANOVAs
were used to assess group differences in plasma levels of
buprenorphine, and to assess effects of estrous cycle phase
(estrus, non-estrus) on total extinction and reinstatement
responding in females. Serum estradiol and progesterone
levels in females were analyzed using a two-factor ANOVA
(time-out training condition and treatment group). All post
hoc comparisons were corrected for multiple comparisons
using the Bonferroni method. Statistical analyses were per-
formed using SPSS (V26). Alpha was set at 0.05.

Results
Fentanyl self-administration training
Effects of sex and time-out training condition

All rats met the acquisition criterion fairly rapidly under
these moderate to high dose conditions, generally within
the first 5-7 days, and no significant effects of sex or
time-out training condition were observed (P’s>0.05;
Fig. 2a). However, significant effects of sex and time-
out training condition were observed for levels of active
and inactive lever responding during the five acquisition
criterion sessions (Fig. 2b,c). For active lever responses,
there was a significant effect of sex (F;9;=6.88, P=
0.01) and time-out training condition (F; ¢ =25.49,
P <0.01), with males responding at higher levels than
females and with males and females in the time-out
group responding more than those in the no time-out
group (Fig. 2b). We also observed non-significant

overall and interactive effects of day (P’s>0.05) indi-
cating that these differences were similar across the 5
criterion sessions. For inactive lever responses, there
was a significant effect of day (Fy364=2.45, P<0.05)
and day by training group (Fj4364=3.63, P<0.01), with
rats in the no time-out group responding at higher levels
than rats in the time-out group, particularly during the
later acquisition criterion sessions (Fig. 2c). Further
analysis of inactive lever responding within days 1 to
3 and 4 to 5 revealed a significant effect of training
group for days 4 to 5 only (Fy¢1=6.19, P<0.05).
Thus, while time-out training condition did not impact
the speed of acquisition, the inclusion of a time-out
resulted in increased active lever responding, and de-
creased inactive lever responding. Males trained with
and without a time-out also responded at higher levels
on the active lever than their female counterparts.

No differences between the treatment groups

Rats that were later given buprenorphine versus control
treatment during abstinence acquired fentanyl self-
administration at similar rates (Table 1) with results
from the three-factor ANOVA comparing the number
of days to acquire self-administration revealing non-
significant overall and interactive effects of treatment
group (P’s>0.05). There were also no differences in
active and inactive lever responses during the five ac-
quisition criterion sessions between rats later given
buprenorphine versus control treatment during absti-
nence. Thus, rats given buprenorphine versus control

a b Active Lever c Inactive Lever
10 1 moMale Sex - Training Condition 30 -
O0OFemale -©-M -noTO -O-F -noTO
-M-TO -O-F-TO
: i
Elah N
[
g, g *
8 ¥ §_ 15
4
> 7]
a b4
0 - T \ 40 T T T T | 0 T T T T
NoTO TO 1 2 4 5 1 2 3 4 5

Training Condition

Fig.2 Effect of sex and timeout training condition on rates of acquisition
and active and inactive lever responding during the 5-day acquisition
criterion period. Mean (+ SEM) number of days to acquire fentanyl
self-administration (a) and the mean (= SEM) number of active (b) and
inactive (¢) lever responses for each of the five acquisition criterion
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Session

Session

sessions for males (M) and females (F) in the no time-out (noTO, n=
21 and 24, respectively) and time-out (TO, n =20 and 30, respectively)
training conditions. *Significant effect of time-out training condition over
the 5 acquisition sessions (b) and during the last 2 sessions (¢);
#Significant effect of sex over the 5 sessions (b)
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Table 1 Male and female rats in
the no time-out and time-out Sex Time-out Treatment Days to acquire  Daily intake Body weight
training groups that were later group group (ng/kg) (&)*
given buprenorphine or control
treatment dunng abstinence ac- Males No time-out Control 64 +0.6 61.9+72 455 +9
quired self-administration in a Buprenorphine 6.7 = 1.1 589+ 11.7 471 £ 12
similar number of days, obtained Time-out Control 72+09 63.5+12.1 474 + 14
similar amounts of fentanyl over .
the 10-day intermittent access pe- Buprenorphine 6.6 +0.5 60.8 £9.4 468 + 15
riod, and weighed a similar Females  No time-out Control 63+ 1.1 93.5+£12.6 308 £ 4
amount prior to abstinence and Buprenorphine 6.5 £ 0.7 933+93 332+£6
treatment (last body weight dur- Time-out Control 87+ 14 5574638 309 + 7
ing the intermittent access period)

Buprenorphine 6.6 0.8 733 £8.1 302 +3

Data are presented as mean = SEM

*Significant difference between males and females

treatment had similar rates and patterns of responding
during acquisition.

IntA self-administration
Effects of sex and time-out training condition

Females in the no time-out training group self-administered
more fentanyl than all other groups with results from the re-
peated measures ANOVA revealing an interaction of sex and
training group (F 91 =5.05, P <0.05; Fig. 3); post hoc com-
parisons to females in the no-time-out group were also signif-
icant for each of the groups (P’s <0.05). We also observed
significant overall effects of sex (¥ 91 =06.74, P<0.05) and
time-out training group (F ¢, =4.02, P<0.05), but each of
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Fig. 3 Effect of sex and time-out training condition on subsequent fenta-
nyl intake under extended, intermittent access conditions. Mean (+ SEM)
number of fentanyl infusions obtained during each of the 10 intermittent
access sessions for males (M) and females (F) in the no time-out (noTO,
n =21 and 24, respectively) and time-out (TO, n =20 and 30, respective-
ly) training groups. *Significant difference between females in the noTO
group and all other groups

these effects appear to be driven by females in the no time-
out training group given that intake was equivalent between
the other three groups (P’s > 0.05). Thus, females trained to
self-administer fentanyl without a time-out after each infusion
showed greater subsequent intake of fentanyl under extended
IntA conditions compared to females trained with a time-out
and to males trained with or without a time-out.

While patterns of fentanyl intake did not differ between rats
trained with and without a time-out, we observed changes in
daily patterns of intake over time (Fig. 4a; effect of day,
Fo783=26.25, P<0.001) as well as sex differences in these
changes (day by sex, Fo783=3.69, P<0.001). Specifically,
during the initial IntA sessions (sessions 1-2), both males
and females self-administered significantly more fentanyl dur-
ing the dark versus light phase of the light—dark cycle
(P<0.05). There was no difference between males and fe-
males for the percent of the total intake in the dark phase
averaged over these initial sessions (58 +2% and 55+2%,
respectively; P> 0.05). However, beginning around session
3, the diurnal control over intake was lost (equal intake in
the dark versus light; P> 0.05). Patterns of intake stabilized
around day 6, and for sessions 6—10, both males and females
took fewer fentanyl infusion in the dark versus light phase
(P <0.05); males also took significantly less of their total fen-
tanyl in the dark phase than females (41 + 1% and 45 + 1%,
respectively; P <0.01).

To further explore sex differences in daily patterns of fen-
tanyl self-administration over time, we plotted hourly intake
of fentanyl averaged across the initial (sessions 1-2; Fig. 4b)
versus the latter sessions (sessions 6—10; Fig. 4c). During the
initial sessions, hourly patterns of intake showed that rats self-
administered significantly more fentanyl in the dark versus
late phase (effect of phase, [} 93 =25.48, P<0.001); there
was no overall or interactive effects of sex (P’s > 0.05). Also
consistent with the percent dark phase analysis, the analysis of
light versus dark phase fentanyl intake averaged across the
latter sessions (sessions 6—10) showed that rats self-
administered significantly more fentanyl in the light versus
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Fig. 4 Effects of sex and time-out training condition on patterns of fen-
tanyl self-administration under extended, intermittent access conditions.
(a) Mean (= SEM) percent of total fentanyl intake that occurred in the
dark phase for each of the 10 intermittent access sessions and the mean (=
SEM) number of fentanyl infusions obtained during each hour of access
averaged access sessions 1-2 (b) and 6-10 (c) of the intermittent access
period for males (M) and females (F) in the no time-out (noTO, n=21

dark phase (effect of phase, Fy 93 =57.43, P<0.001). There
was also a significant overall sex effect (F g3 =6.36, P <0.05)
and phase by sex interaction (£ 93 =4.49, P<0.05) with
males self-administering similar levels of fentanyl in the light
phase (P> 0.05), but less fentanyl in the dark phase (P=
0.001) compared to females. Thus, during the 10-day IntA
period, fentanyl self-administration transitioned from being
phase-locked to the dark phase to having no apparent daily
rhythm, and with males obtaining less fentanyl during the dark
phase as compared to females.

Despite these differences in patterns and levels of intake,
no overall or interactive effects of time-out training condition
were observed for body weight at the end of the IntA self-
administration period (P’s > 0.05; Table 1). There was, how-
ever, a marked sex difference (£ g;=638.69, P <0.001) with
males weighing more than females.

Buprenorphine treatment during abstinence

Rats later receiving buprenorphine versus control treatment
during abstinence self-administered similar levels of fentanyl
(see Table 1) and showed a similar diurnal pattern of intake
over the 10-day IntA period. Results from the three-factor
ANOVA comparing average intake and average percent in-
take in the dark across the 10 IntA sessions revealed non-
significant overall and interactive effects of treatment group
(P’s>0.05). Thus, rats in the buprenorphine versus control
groups had a similar history of fentanyl self-administration
prior to abstinence and treatment. Rats in these groups also
weighed a similar amount at the end of the IntA self-
administration period (see Table 1) and no significant overall
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and 24, respectively) and time-out (TO, n=20 and 30, respectively)
training groups. *Significant effect of light-dark phase: greater fentanyl
intake in the dark versus light for sessions 1 and 2 (a, b) and lower intake
in the dark versus light for sessions 610 (a, ¢). +Significant decrease in
average percent intake in the dark phase from sessions 1-2 versus 610
(a). #Significantly lower fentanyl intake in males compared to the females
in the dark phase for sessions 610 (a, ¢)

or interactive effects of treatment group on body weight were
observed (P’s > 0.05).

Extinction and reinstatement testing

Effects of sex, time-out training condition,
and buprenorphine treatment

Extinction responding over the first six extinction sessions
was higher in females than males (effect of sex, F; g7 =4.73,
P <0.05; Fig. 5a, b), and highest in all groups during the first
session versus later ones (effect of session, Fs435=60.07,
P<0.001; session 1 versus 2, 3, 4, 5, and 6, P’s<0.001).
Although extinction responding appeared to be elevated in
females in the no time-out training group, this effect was var-
iable, only apparent within the controls, and none of the over-
all or interactive effects of time-out training condition were
significant (P’s > 0.05). As predicted, buprenorphine treat-
ment during abstinence decreased extinction responding (ef-
fect of treatment, F'; g7 =21.43, P <0.001), particularly during
the initial extinction sessions when responding was high (in-
teraction of session by treatment, F’s435=16.77, P <0.001).
Further analysis within each session revealed significant ef-
fects of treatment within extinction sessions 1, 2, and 3 (P’s <
0.001). We also observed non-significant interactions of sex
by treatment and sex by treatment by session indicating that
buprenorphine similarly decreased responding in males and
females. Similar effects were observed for total extinction
responses across all extinction sessions run (Fig. 5c, d) with
results from the univariant analysis revealing significant over-
all effects of sex (F37=4.19, P<0.05) and treatment
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Fig.5 Effect of sex, time-out training condition, and buprenorphine treat-
ment on fentanyl-seeking during extinction testing. Mean (+ SEM) num-
ber of responses made on the lever formerly associated with fentanyl
during the first six 1-h extinction sessions (a, b) and across all extinction
sessions run (¢, d) for control treated (a, ¢) male (M) and female (F) rats in
the no time-out (noTO, n=11 and 12, respectively) and time-out (TO,
n=10 and 15, respectively) training groups and for buprenorphine-

(Fy87=21.57, P<0.001), a non-significant interaction of sex
by treatment (P > 0.05), and non-significant overall and inter-
active effects of training group (P’s > 0.05).

In contrast to effects during extinction, males and females
responded at similar levels during reinstatement testing
(Fig. 6a, b) with results from the repeated measures
ANOVA comparing responding during the last extinction ses-
sion to the reinstatement session revealing non-significant

Hour of Extinction

treated (b, d) male and female rats in the no time-out (n=10 and 12,
respectively) and time-out (7 =10 and 15, respectively) training groups.
*Significantly higher responses during the first extinction session versus
later ones (2—6) across the control and buprenorphine groups (a).
#Significant overall effect of sex (a—d). +Significant overall effect of
buprenorphine (¢, d) and within the first 3 sessions (a, b)

overall and interactive effects of sex (P’s>0.05). As with
extinction responding, however, buprenorphine treatment de-
creased responding during reinstatement with results reveal-
ing a significant effect of treatment (/' g7 =13.21, P < 0.001),
session (F; g7=38.21, P<0.001), and session by treatment
(F187=13.92, P<0.001). Although no group difference was
observed within the last extinction session (P> 0.05), there
was a significant difference between the buprenorphine and

b Buprenorphine
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Fig.6 Effect of sex, time-out training condition, and buprenorphine treat-
ment on fentanyl-seeking during cue-induced reinstatement testing. Mean
(+ SEM) number of responses made on the lever formerly associated with
fentanyl during the last extinction session versus the reinstatement session
for control treated (a) male (M) and female (F) rats in the no time-out
(moTO, n=11 and 12, respectively) and time-out (TO, n=10 and 15,

Last Extinct

Reinstate

respectively) training groups and for buprenorphine-treated (b) male
and female rats in the no time-out (n =10 and 12, respectively) and
time-out (n=10 and 15, respectively) training groups. *Significant dif-
ference from the last extinction session (a, b). +Significant effect of
buprenorphine (a, b)
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control group within the reinstatement session (P < 0.001).
Further analysis within each of the groups revealed a signifi-
cant effect of session within both the control (P <0.001) and
buprenorphine groups (P <0.01), indicating that while
buprenorphine decreased responding during reinstatement
testing, it did not prevent the reinstatement of responding fol-
lowing extinction in response to fentanyl-associated cues. As
with extinction responding, time-out training condition did
not significantly impact responding during reinstatement and
all overall and interactive effects of time-out condition were
non-significant.

Thus, females had higher levels of drug-seeking than males
(during extinction); buprenorphine decreased drug-seeking in
both males and females and eliminated sex differences in
drug-seeking. In contrast to effects observed on intake during
the IntA component of the study, rats trained with and without
a time-out during acquisition responded at similar levels dur-
ing extinction and reinstatement and showed a similar re-
sponse to buprenorphine treatment.

Body weight

Effects of sex, time-out training condition,
and buprenorphine treatment

Although no significant effects of training condition were ob-
served for body weight, as with effects observed at the end of
the IntA self-administration period, marked sex differences
were observed during each of the abstinence/treatment and
relapse testing time-points (Fig. 7; overall effect of sex,
Fy37=764.75, P<0.001; within each time-point, P’s <

0.001). We also observed significant effects of time
(F3261=063.41, P<0.001), time by treatment group
(F3,261 = 5432, P< 0001), time by S€X (F3,261 = 942,
P <0.001), and time by treatment group by sex (F3,61 =

6.46, P<0.001). Further analysis within the control and
buprenorphine groups revealed a significant effect of time
within the control group (P <0.05), but not within the
buprenorphine group (P > 0.05) indicating that buprenorphine
prevented weight gain over time. Similar findings of a signif-
icant effect of session within the control group, but not the
buprenorphine group, were also observed in separate analyses
within males and females (P’s > 0.05). These analyses also
revealed a significant interaction of treatment by time within
males (£3,117=27.41, P<0.001) and females (F3 ;55 = 24.10,
P <0.001); however, the post hoc comparisons of body
weights were not significant at any of the time-points within
females (P’s > 0.05), but within males, there was a difference
on the relapse test session (P <0.01) and a trend for a differ-
ence on abstinence day 14 (P =0.064). These results indicate
that buprenorphine prevented weight gain over abstinence,
particularly in males.
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Associations with plasma and serum

As expected, buprenorphine-treated rats had significantly
higher levels of buprenorphine in plasma as compared to the
negligible levels observed in control rats (21.5+2.1 ng/mL
and 0.4 £0.4 ng/mL, respectively; 75, =5.83, P<0.001).
Levels were also similar between each of the buprenorphine-
treated groups (effects of time-out condition, P’s > 0.05), al-
though there was a tendency for females to have higher plas-
ma buprenorphine levels than males (24.6 +2.8 ng/mL and
17.28 £3.2 ng/mL, respectively; F43=2.98, P=0.091).
Serum estradiol levels were similar between female rats in
the control and buprenorphine groups (4.7 £0.4 pg/mL and
5.69 +0.68 pg/mL, respectively), and all overall or interactive
effects of treatment and time-out training condition were non-
significant (P> 0.05). While serum progesterone levels also
did not differ significantly between the time-out training
groups (P’s>0.05), there was a non-significant trend for
higher levels of serum progesterone in controls as compared
to buprenorphine-treated rats (28.7 +4.0 ng/mL versus 19.6 +
3.0 ng/mL; effect of treatment, F'; 43=3.12, P=0.084). No
significant group differences were observed for the ratio of
estradiol to progesterone in serum (P’s > 0.05). These results
confirm the presence of buprenorphine following relapse test-
ing and show that such treatment did not impact estradiol, and
only modestly (and non-significantly) impacted progesterone.

Effect of estrous cycle phase

As shown in Fig. 8, buprenorphine treatment decreased ex-
tinction (a) and reinstatement (b) responding in females tested
during both estrus and non-estrus phases. Since no significant
effects of time-out training condition were observed for ex-
tinction or reinstatement responding in the previous analyses,
or in this analyses of estrus and non-estrus females (P’s >
0.05), the data presented here are collapsed across time-out
training condition. For extinction, there was a significant over-
all effect of treatment (' 5o=16.12, P<0.001) and estrus
cycle phase (Fs50=4.06, P<0.05), and a non-significant
trend for an interaction between treatment and estrous cycle
phase (P=0.076) indicating that levels of extinction
responding were higher in estrus versus non-estrus females
and decreased in both estrus and non-estrus females by
buprenorphine treatment. For reinstatement, there was a sig-
nificant overall effect of treatment (F 5o =24.37, P <0.001),
as well a significant overall effect of phase (£ 50=4.58,
P <0.05) and an interaction of phase by treatment (F 44 =
5.14, P<0.05). Further analysis within each of the treatment
groups revealed a significant effect of phase within the control
group (P < 0.05) but not the buprenorphine group (P > 0.05),
indicating that the overall effect of phase was driven by the
heightened responding in estrus female in the control group.
Post hoc comparison of each of the control groups to the
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Fig.7 Effect of sex, time-out training condition, and buprenorphine treat-
ment on body weight (g) during the abstinence/treatment and relapse
testing phases of the study. Mean (+ SEM) body weight (g) during early
(Early, days 1-3), intermediate (Inter, days 6-8), and late (Late, days 12—
14) abstinence as well as on the day of the relapse test (Relapse) for
control treated (a) male (M) and female (F) rats in the no time-out
(noTO, n=11 and 12, respectively) and time-out (noTO, n=10 and 15,

buprenorphine group (collapsed across estrous cycle phase)
revealed significant differences for both estrus (P <0.001)
and non-estrus females (P <0.01); however, the effect size,
as measured using partial eta-squared, was robust for the
estrus-control versus buprenorphine comparison (0.47) versus
medium-to-large for the non-estrus-control versus
buprenorphine comparison (0.21). These findings are also
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Fig. 8 Effect of estrous cycle phase and buprenorphine treatment on
fentanyl-seeking during extinction and reinstatement testing. a Mean total
(+ SEM) responses made on the lever formerly associated with fentanyl
across all extinction sessions run (6-8) and b during the reinstatement test
session for control (left panels) and buprenorphine-treated (BUP; right
panels) females tested during estrus (Estrus; n =11 and 12, respectively)

Early[ Inter Late 'Relapsé

Early Inter Late Relapse
Abstinence Phase
respectively) training groups and for buprenorphine-treated (b) male and
female rats in the no time-out (n =10 and 12, respectively) and time-out
(n=10 and 15, respectively) training groups. #Significant effect of sex
overall and at each of the time-points during abstinence/treatment and
relapse testing (a, b). *Significant difference from Early (a).
+Significant effect of buprenorphine (a, b)

consistent with the significant interaction of phase by treat-
ment and indicate that buprenorphine treatment had a larger
impact in females tested during estrus versus non-estrus
phases. Thus, buprenorphine decreased fentanyl-seeking dur-
ing both extinction and reinstatement testing and was particu-
larly effective at decreasing estrus-heightened reinstatement
responding.

b Reinstatement
80

Control
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0 -
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versus non-estrus (Non-E; n=16 and 15, respectively) phases.
#Significant overall effect of estrous cycle phase (a, b). +Significant
overall effect of buprenorphine (a, b) and for both control estrus and
non-estrus rats as compared to buprenorphine rats (collapsed across es-
trous cycle phase; b)
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Discussion

Fentanyl self-administration under these extended IntA con-
ditions induced high levels of subsequent fentanyl-seeking
during extinction and reinstatement testing, which were great-
ly attenuated by buprenorphine treatment during abstinence.
Consistent with our hypothesis, females self-administered
more fentanyl and had higher levels of drug-seeking during
subsequent extinction testing as compared to males. Despite
this enhanced vulnerability in females, buprenorphine was at
least as effective at decreasing fentanyl-seeking in females
versus males. In fact, the efficacy of buprenorphine was most
pronounced in females tested during estrus, when levels of
drug-seeking were the highest. These findings demonstrate
the utility of this model for determining sex and hormonal
influences on the efficacy of treatments for OUD.
Interestingly, the inclusion of a time-out during training had
a major impact on subsequent fentanyl intake under extended
access conditions in females, but not males, underscoring the
importance of the initial exposure conditions on later vulner-
ability to fentanyl in females.

The experimental conditions used in the present study were
designed to be optimal for inducing an addiction-like pheno-
type. Specifically, our extended IntA fentanyl self-
administration procedure was developed based on findings
with psychostimulants showing that it induces binge-
abstinent patterns of drug intake and marked increases in sub-
sequent drug-secking and motivation to obtain the drug follow-
ing protracted abstinence (i.e., Zimmer et al. 2012). Similar
findings have also been reported in recent work with opioids
(Fragale et al. 2020; Martin et al. 2020; O’Neal et al. 2020).
Although fentanyl intake did not escalate over time under these
conditions, as with findings with stimulants (Zimmer et al.
2012), fentanyl was self-administered in binge-abstinence pat-
terns that were dysregulated from a normal diurnal cycle (e.g.,
intake was higher in the light phase). We also assessed vulner-
ability to relapse following protracted abstinence, when levels
of drug-seeking are known to be high and included a test of
validity for our relapse model using the anti-craving medica-
tion, buprenorphine. As with recent findings in males with
opioids (Fragale et al. 2020; Martin et al. 2020; O’Neal et al.
2020) and previous findings with stimulants (Zimmer et al.
2012; Calipari et al. 2013, 2014, 2015; Calipari and Jones
2014; Kawa et al. 2016, 2019; Allain et al. 2017, 2018;
Singer et al. 2017; Venniro et al. 2018; Kawa and Robinson
2019; Gueye et al. 2019; Nicolas et al. 2019; Allain and
Samaha 2019), both males and females responded at high
levels during extinction and reinstatement testing following
IntA fentanyl self-administration and abstinence. Our findings
showing that buprenorphine treatment during abstinence great-
ly attenuated subsequent fentanyl-seeking provide support for
the translational value of our rat model and suggest that it could
be useful for screening new potential treatments for OUD.
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As predicted, females self-administered more fentanyl than
males under extended access conditions and showed a higher
subsequent level of drug-seeking following protracted absti-
nence. These findings are consistent with findings showing
that women with an OUD are more motivated to obtain opi-
oids (e.g., greater drug and sexual risk behaviors; Meade et al.
2010), show a faster time-course to the development of an
OUD (Hernandez-Avila et al. 2004), and have higher levels
of craving during abstinence as compared to men with an
OUD (Back et al. 2011a; Kennedy et al. 2013; Moran et al.
2018; Yu et al. 2007). They are also consistent with previous
preclinical findings showing that females self-administer more
heroin and oxycodone under extended access conditions than
males (Carroll et al. 2002; Towers et al. 2019; Kimbrough
et al. 2020) and with previous findings with other drugs of
abuse showing that females have higher levels of drug-
seeking than males following extended access self-
administration and abstinence (Lynch 2018). Our current find-
ings showing that sex differences were apparent in some con-
ditions, but not others, may also explain some discrepancies in
the occurrence of sex differences under extended access con-
ditions (e.g., Carroll et al. 2002; Towers et al. 2019;
Kimbrough et al. 2020; Reiner et al. 2020; Fredriksson et al.
2020; Venniro et al. 2017, 2019) since differences are likely to
depend on both the training and extended access conditions.
As with the current findings, these previous reports of sex
differences in drug-seeking have typically revealed effects
during extinction, but not following exposure to drug-
associated cues (Lynch 2018). Parallel findings have also been
reported in human laboratory studies among individuals with
an OUD with women reporting higher baseline levels of crav-
ing than men during abstinence (Back et al. 201 1a; Kennedy
et al. 2013), but similar craving in response to opioid-
associated cues (Moran et al. 2018). These findings establish
sex as a factor impacting the expression of an opioid
addiction-like phenotype and indicate that biological factors
contribute to the enhanced vulnerability observed in women.

Interestingly, the conditions used during fentanyl self-
administration training impacted responding during training
as well as later self-administration sessions; these conditions
also greatly impacted the later occurrence of sex differences.
During training, both male and female rats trained with a time-
out after each infusion responded at higher levels on the active
lever during the five criterion training sessions and at lower
levels on the inactive lever during the final two training ses-
sions as compared to male and female rats trained without a
time-out. Although males also responded at higher levels on
the active lever than females, the effect of time-out training
condition on responding during training was similar between
the sexes. In contrast, the effect of time-out training condition
on later intake under IntA conditions was markedly different
between males and females with females trained without a
time-out taking considerably more fentanyl than females
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trained with a time-out; no difference was observed within
males. It is not clear why the inclusion of a short time-out
during training had such a large impact on later intake in
females, but not males, especially considering that the inclu-
sion of a time-out similarly impacted responding in males and
females during training. A clue into a potential explanation is
provided by findings from Calipari and colleagues (Calipari
et al. 2017; Johnson et al. 2019; Brady et al. 2019) indicating
that in females, the effects experienced during initial drug
exposure can have a lasting impact on later self-
administration and drug reward-related behaviors.
Specifically, Calipari and colleagues showed in a series of
studies that females have a heightened sensitivity to the rein-
forcing effects of cocaine during estrus, and if they are initially
exposed to cocaine during estrus, they continue to have a
heightened sensitivity to cocaine even when tested during
non-estrus phases of their cycle (Calipari et al. 2017;
Johnson et al. 2019; Brady et al. 2019). Thus, one possible
explanation for our current findings is that the reinforcing
effects of fentanyl were greater for females trained without a
time-out as compared to males and females trained with a
time-out, which then caused them to have an increased vul-
nerability to fentanyl during extended access self-administra-
tion. One caveat to this idea, however, is that all groups ac-
quired self-administration rapidly and no significant differ-
ences were observed for rates of acquisition. Each of the
groups also regulated their intake of fentanyl similarly during
the training phase (i.e., similar inter-infusion intervals; data
not shown). Further research will be necessary to determine
why a time-out during training impacted later fentanyl intake
in females, but not males.

While the explanation for the effect of time-out training
condition on subsequent responding for fentanyl is not clear,
the findings are advantageous since they reveal conditions that
are ideal for inducing sex differences (without a time-out dur-
ing training) as well as those that induce equivalent fentanyl
self-administration (with a time-out during training). It is no-
table that even when intake was similar between males and
females in the current study (i.e., within the time-out training
group), females showed higher subsequent fentanyl-seeking
than males. There were also no differences in intake between
females who underwent relapse testing during estrus versus
non-estrus phases of their cycle, yet fentanyl-seeking was
markedly higher in estrus versus non-estrus females. Thus,
these procedures appear to be ideally suited for examining
sex and hormonal influences on the expression of an opioid
addiction-like phenotype under intake equated conditions and
female-heightened conditions.

We also observed time- and sex-dependent differences in
patterns of intake under these extended access conditions.
While several previous studies have also shown that daily
patterns are disrupted under extended access self-
administration conditions (Roberts et al. 2002; Lynch and

Taylor 2004; Chen et al. 2006; O’Dell et al. 2007; Bass
et al. 2010; Logan et al. 2014), only one previous study ex-
amined sex differences (Lynch and Taylor 2004). As with the
current findings, this previous study showed that males and
females given extended access to cocaine under a discrete trial
procedure had a similar dark-phase locked pattern of intake
during the initial 1-2 sessions, but a different pattern thereafter
(Lynch and Taylor 2004). However, one major difference
between the previous findings with cocaine and the findings
here with fentanyl is that in the previous study, by the end of
the extended access testing period (7 days), dark-phase control
over intake was regained in males, and only females remained
dysregulated. Here, the phase-dark control over intake was
lost in both sexes and males showed even less intake in the
dark versus light phase as compared to females. While it is not
clear if these differences are due to the drug or extended access
conditions, it is notable that sleep dysregulation is reported in
both men and women with an OUD (Hartwell et al. 2014;
Gordon 2019). Further research is needed to address these
discrepancies. Further research is also needed to understand
the sex difference observed during the latter sessions, since
while it is clear that diurnal control over fentanyl intake was
lost in both sexes, the meaning of our finding showing that
males self-administered less fentanyl in the dark versus light
phase than females during is unclear.

We predicted that buprenorphine would effectively de-
crease fentanyl-seeking in both sexes given findings in
humans showing that it improves treatment retention and re-
duces opioid use in both women and men with an OUD
(Herget 2005; Mattick et al. 2014). However, because the
clinical findings have been mixed regarding the potential for
buprenorphine to have differential efficacy as an anti-relapse
intervention in men versus women (Koons et al. 2018; Huhn
et al. 2019), we did not have a prior prediction for sex differ-
ences in the efficacy of buprenorphine to reduce fentanyl-
seeking. While our findings showing that buprenorphine
markedly reduced fentanyl-seeking in both sexes support this
hypothesis, we also have some evidence to suggest that its
efficacy may be enhanced in females versus males given that
buprenorphine was able to eliminate sex differences in drug-
seeking, bringing females down to a male level. This was
particularly evident in females tested during estrus versus
non-estrus phases wherein buprenorphine was able to block
the estrus-induced increase in drug-seeking. This idea is also
consistent with recent findings showing that in females,
buprenorphine decreased extinction and context-induced rein-
statement of opioid-secking, whereas in males, it decreased
extinction but did not significantly impact context-induced
reinstatement (Bossert et al. 2020).

They are also consistent with previous findings showing
that sex differences in regional glucose metabolism during
morphine withdrawal were abolished following
buprenorphine treatment (Santoro et al. 2017). Several clinical
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studies have also shown that despite greater medical comor-
bidities and higher levels of craving in women than men at
intake, women have at least similar treatment outcomes fol-
lowing buprenorphine treatment (Marsh and Simpson 1986;
Rutherford et al. 1997; Schottenfeld et al. 1998; Jones et al.
2005; Jimenez-Trevifio et al. 2011; Grella and Lovinger 2012;
McHugh et al. 2013; Levine et al. 2015; Ohlin et al. 2015;
Palisetal. 2017; Adelson et al. 2018 but see Back et al. 201 1a,
2011b; Chopra et al. 2008; Johnson et al. 1995; Marchand
et al. 2015; Pérez de los Cobos et al. 2007; Zielinski et al.
2017). Together, these findings confirm clinical reports indi-
cating that buprenorphine decreases craving in both sexes and
further indicate that it may be particularly effective at offset-
ting the heightened craving observed in women.

Interestingly, buprenorphine treatment during abstinence
prevented weight gain over time, particularly in males. This
is potentially important since weight gain is a common side
effect of mu opioid receptor activation/agonist replacement
therapy that can affect treatment outcome for OUD (Fenn
et al. 2015; Huhn et al. 2019; Mysels and Sullivan 2010;
Sanger and McCarthy 1981; Yeomans and Gray 2002).
While methadone, the other FDA-approved agonist replace-
ment medication for treating OUD, is associated with weight
gain, especially in women (Fenn et al. 2015), it is unknown if
treatment with buprenorphine would also be associated with
weight gain (Schlienz et al. 2018). Given that buprenorphine
is a partial agonist at mu receptors, it is possible that, unlike
methadone, which is a full agonist, it may induce less weight
gain. This idea is also consistent with previous findings show-
ing that chronic buprenorphine treatment decreases sucrose
intake (Hood et al. 2007; Mysels and Sullivan 2010; Mysels
et al. 2011). One caveat, however, is that a recent clinical
study of male patients undergoing treatment for OUD found
a significant increase in body weight at the end of a 4-month
buprenorphine—naloxone treatment period, although this dif-
ference was from the pre-treatment baseline and no controls
were included (Baykara and Alban 2019). Further studies with
appropriate controls are needed in both clinical and preclinical
studies to understand the effect of buprenorphine treatment on
body weight in males and females.

Together, these findings demonstrate the utility of our ex-
tended, IntA fentanyl self-administration procedure as a rat
model of OUD that can be used to determine sex and hormon-
al influences on the development and treatment of OUD. This
is critical since most of what is known about OUD has been
derived from studies with males. There have also been sur-
prisingly few preclinical studies examining sex differences in
the efficacy of medications for OUD even though their use
could greatly assist in resolving inconsistencies in human
studies and teasing apart biological versus socio-cultural fac-
tors. Such studies could also provide critical sex-specific dos-
ing information on the efficacy, behavioral specificity, and
adverse effects of FDA-approved medications that could be

@ Springer

translated to the clinic. Further research is also needed to
screen new potential treatments since roughly 50% of individ-
uals who enter opioid maintenance programs either drop out
or are discharged early (Baekeland and Lundwall 1975; Hser
et al. 2014), with even higher drop out/discharge rates for
women (Anglin et al. 1987).
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