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cue-induced drug seeking
behavior

Bhumiben P. Patel and Jessica A. Loweth*
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Biomedical Engineering & Sciences, Virtua Health College of Medicine & Life Sciences of Rowan
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Introduction: Increasing evidence indicates that sex is a factor that impacts the
abuse liability and relapse vulnerability of prescription opioids like oxycodone.
However, while women are more likely than men to be prescribed and to use
these drugs, the impact of sex and ovarian hormones on prescription opioid use
and relapse vulnerability remains unclear. Accurately assessing these measures
is complicated by the fact that chronic opioid exposure can lower ovarian
hormone levels and cause cycle irregularities.

Methods: Adult male and female Sprague—Dawley rats self-administered
oxycodone (0.1 mg/kg/infusion) under extended-access conditions (6 h/day,
10 days) followed by forced abstinence. Separate groups of animals received
cue-induced seeking tests in a drug-free state during early (1-2 days) or later
periods of abstinence (43-45days). To track estrous cycle stage, animals were
regularly vaginally swabbed throughout the study.

Results: We observed oxycodone-induced estrous cycle dysregulation in the
majority (~60%) of the animals during both self-administration and the first
month of abstinence. In animals whose cycles were not dysregulated, we found
a reduction in oxycodone intake during estrus compared to all other cycle
stages (non-estrus). We also found that males but not females showed a time-
dependent intensification or incubation of cue-induced oxycodone craving
over the first 6 weeks of abstinence. This sex difference was estrous cycle-
dependent, driven by a selective reduction in drug seeking during estrus.

Discussion: These findings highlight the importance of tracking drug-induced
estrous cyclicity and identify a clear impact of ovarian hormones on oxycodone
taking and seeking behavior.

KEYWORDS

estrous cycle, estrous cycle dysregulation, oxycodone, incubation, drug seeking, sex
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1 Introduction

Prescription opioid misuse has fueled the current opioid epidemic,
which continues to grow at an alarming rate. Due to the reinforcing
properties of prescription opioids like oxycodone, initial medical
prescription opioid use can lead to misuse and dependence, including
transitioning to more powerful opioids such as heroin or dangerous
synthetic opioids such as fentanyl (Dickson-Gomez et al., 2022). High
relapse rates further contribute to the opioid crisis, with some studies
reporting that over half of recovering opioid-dependent users relapsed
within the first week of abstinence (Woody et al., 2008; Smyth et al.,
2010; Weiss et al., 2011). Sex is a biological factor known to influence
prescription opioid use, misuse and craving. However, the impact sex
has on these measures is complex. During the first “wave” of the
opioid epidemic in the United States (1999 to 2010), prescription
opioid-related overdose deaths increased at a dramatically higher rate
in women (415%) compared to men (265%) (Mack et al., 2013). On
the other hand, despite the fact that women were prescribed and used
more prescription opioids than men (Goetz et al., 2021), analyses of
data from 2017 found that men were more likely than women to
report misuse of prescription opioids and to meet the criteria for drug
dependence (Silver and Hur, 2020).

Preclinical rodent studies investigating sex differences in
oxycodone taking and seeking behavior in rats have also yielded
mixed results. Some report increased oxycodone intake in female
compared to male rats under both intravenous (Mavrikaki et al., 2017;
Kimbrough et al, 2020) and oral routes of oxycodone self-
administration (Fulenwider et al., 2020). Others found no overall sex
differences in oxycodone taking or seeking behavior (Bossert et al.,
2020; Fulenwider et al., 2020; Hinds et al., 2023). However, these latter
studies observed sex-specific effects of a mu opioid receptor agonist
and a dopamine modulator on the intensification or incubation of
cue-induced oxycodone seeking or craving that occurs during
abstinence and is thought to reflect increased relapse vulnerability
(Bossert et al., 2020; Fredriksson et al., 2020).

One factor known to influence sex differences in substance use
disorders is fluctuations in levels of the ovarian hormones estradiol
and progesterone that occur across the reproductive cycle in both
humans and rodents (Carroll et al., 2004; Moran-Santa Maria et al.,
2014; Carroll and Lynch, 2016; Knouse and Briand, 2021; Peart et al.,
2022; Maher et al., 2023). However, assessing sex differences in
prescription opioid abuse liability and relapse vulnerability is
complicated by the fact that chronic opioid use can dysregulate the
hypothalamic pituitary gonadal axis, leading to irregular hormonal
fluctuations and cycles (Daniell, 2008; Rhodin et al., 2010; Vuong
et al., 2010; Seyfried and Hester, 2012; Brennan, 2013). The extent of
this dysregulation is likely to be influenced by both the dose and
length of oxycodone exposure. For example, rats that self-administered
oxycodone under short-access conditions (1 or 2h) showed no signs
of estrous cycle dysregulation (Mavrikaki et al., 2017; Vassoler et al.,
2018; Hinds et al., 2023). However, studies conducted using longer-
access intravenous oxycodone self-administration (> 6h) either did
not track the rodent reproductive (estrous) cycle (Bossert et al., 20205
Fredriksson et al., 2020; Kimbrough et al., 2020) or observed baseline
estrous cycle dysregulation in their animals (Olaniran et al., 2023). It
is therefore unclear how longer-access oxycodone exposure impacts
gonadal hormone-dependent changes in estrous cyclicity in rodents
and how these hormonal fluctuations, when intact, impact changes in
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oxycodone taking and seeking behavior. Here we address this gap by

tracking and identifying oxycodone-induced estrous cycle
dysregulation and by assessing oxycodone taking and time-dependent
changes in cue-induced seeking behavior in males and females and
during periods of regular estrous cyclicity. We focused on time-
dependent changes in cue-induced oxycodone seeking or craving in
which craving is low during the first few days of abstinence and
progressively increases or incubates over time, reflective of increased
relapse vulnerability (Grimm et al., 2001; Lu et al., 2004; Wolf, 2016).
Due to oxycodone-induced estrous cycle dysregulation observed
during the first month of abstinence, we assessed the impact of estrous
cycle fluctuations on incubated craving following prolonged

abstinence (days 43-45), when estrous cyclicity returned.

2 Materials and methods
2.1 Subjects and experimental design

Adult male and female Sprague-Dawley rats were purchased from
Envigo (Frederick, MD), with males weighing 250-275 grams and
females weighing 225-250 grams upon arrival. Animals were housed
on a reverse dark-light cycle (lights off at 9:00 AM, on at 9:00 PM)
with ad libitum access to food and water. Rats were group housed by
sex during an initial week-long acclimation period. Following this
acclimation period and for the remainder of the study, regular vaginal
swabbing began for female rats while males were handled on an
identical schedule. Following survival surgery to implant an
intravenous jugular catheter and sufficient recovery (5-7days),
animals self-administered oxycodone self-administration under
extended-access conditions (0.1 mg/kg/infusion, 6h/d for 10 d).
Animals then underwent forced abstinence in their home cages. To
assess the impact of sex and estrous cycle fluctuations on known time-
dependent changes in cue-induced oxycodone seeking, one group of
rats was tested during early abstinence, when craving is low (days 1-2;
n==8 males, n=19 females). A separate group of rats was tested
following prolonged abstinence (days 43-45; n=11 males, n=19
females), when craving has incubated. Due to estrous cycle
dysregulation observed during the first month of withdrawal, the
impact of estrous cycle fluctuations on oxycodone seeking was only
assessed on days 43-45, when estrous cyclicity had returned in all
animals (n=19). Animals were excluded due to poor self-
administration training (n=3) and due to computer malfunctions
during behavioral testing that prevented accurate data collection
(n=3). The number of rats reported refers to rats included in the
statistical analyses. See Figure 1 for a graphical depiction of this
experimental timeline.

2.2 Surgery

All animals underwent jugular catheter surgery as described
previously (Glynn et al., 2018; Corbett et al., 2021; Munshi et al., 2021;
Corbett et al., 2023a,b). Rats were anesthetized with ketamine &
xylazine (Covetrus, Portland, ME; males: 80 mg/kg & 10mg/kg, i.p.;
females: 60 mg/kg & 7.5mg/kg, i.p.) and a silastic catheter (Plastics
One, Roanoke, VA) was first inserted into the right jugular vein and
then passed subcutaneously to the mid-scapular region. Rats were
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Experimental Timeline

Seeking Seeking
Oxycodone
Arrival  Surgery S:?;- Admiin Test Test
7 days  5-7 days 10 days Days Abstinence Days
6 hours/day 1-2 43-45

J

FIGURE 1

Regular lavaging (females) or handling (males)

Experimental timeline. Separate groups of animals were tested for cue-induced oxycodone seeking on abstinence days 1-2 and days 43-45.

singly housed immediately following surgery and for the remainder
of the study. All animals were given 5 to 7 days to recover from surgery
before oxycodone self-administration began. All procedures were
approved by the Institutional Animal Care and Use Committee and
conducted in accordance with the United States Public Health Service
Guide for Care and Use of Laboratory Animals.

2.3 Estrous cycle monitoring

Estrous cycle was determined in intact, freely cycling females
throughout the course of the experiment. Females were swabbed daily
(~4-5 consecutive days with ~2-3 days off per week) at the onset of
the dark cycle (~9:00AM), approximately 30min prior to the
beginning of self-administration training or cue-induced seeking
tests. Males were handled on an identical schedule. As described
previously (Corbett et al., 2021; Corbett et al., 2023a,b), a cotton-
tipped applicator dipped in saline (0.9%) was used to gently swab the
vaginal canal and vaginal samples were placed on microscope slides
and stained with the Papanicolaou (PAP) stain kit (Abcam, Waltham,
MA). Vaginal samples were examined using light microscopy to
determine each animal’s estrous cycle stage (metestrus or diestrus I,
diestrus II, proestrus, estrus) and images were acquired using the
Keyence BZ-X710 light/fluorescence microscope. Each stage of the
cycle is defined by the absence, presence, or proportion of different
cell types, with nucleated epithelial cells dominating during proestrus,
anucleated cornified epithelial cells dominating during estrus, a
mixture of nucleated epithelial cells, anucleated cornified epithelial
cells, and leukocytes during metestrus or diestrus 1 and leukocytes
dominating during diestrus II (Cora et al., 2015). In order for a stage
to be assigned, the majority (>50%) of cells present on the slide must
be representative of that stage (Kerstetter et al., 2008; Corbett et al.,
2021). In normally cycling animals (those showing typical cycle length
of 4-5days and appropriate cycle phases), the stages immediately
before and after each swab were also taken into account when
determining or identifying each cycle stage.

2.4 Oxycodone self-administration

Following a sufficient recovery period (5-7 days), adult male and

female Sprague-Dawley rats self-administered oxycodone
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(MilliporeSigma, Burlington, MA) under a fixed-ratio-1 (FRI)
reinforcement schedule (0.1 mg/kg/infusion, 6h/day for 10 days). Each
session started shortly after the onset of the dark cycle (~9:30 AM) in
operant chambers (MED Associates, St. Albans, VT) equipped with
active and inactive nose-poke holes. As described previously, nose-
pokes in the active hole responses turned on the infusion pump and
led to the delivery of a 20s light cue and a 20s timeout period, while
nose-pokes in the inactive hole were without consequence (Glynn
et al., 2018; Corbett et al., 2021; Munshi et al., 2021; Corbett et al.,
2023a,b). Animals that failed to stably self-administer oxycodone
across the 10days were excluded from the analyses (defined as
obtaining less than an average of 20 infusions across the last 5 days of
self-administration).

2.5 Cue-induced oxycodone seeking tests

Seeking tests were administered within 1 day of each time-point
(days 1-2, days 43-45) in order to obtain enough animals across all of
the four different stages (metestrus or diestrus I, diestrus II, proestrus,
estrus) of the estrous cycle (4 to 5days in length). Males were tested
on an identical schedule (divided equally across days 1-2 or 43-45) in
order to have an even distribution across these days within all groups.
During the cue-induced seeking test, nose-pokes in the active hole
resulted in presentation of the light cue previously paired with
oxycodone but no drug infusion. Responding in the inactive hole had
no consequence and serves as a control for general activity level. The
number of times an animal responds in the active hole in this drug-
free state provides the operational measure of cue-induced drug
seeking or craving (Grimm et al., 2001).

2.6 Statistical analyses

Self-administration and time-course seeking test data were
analyzed using between-within ANOVAs with sex or cycle as the
between-subjects factor and self-administration day or time as the
within-subjects factor. Seeking test data across both time-points were
analyzed using two-way ANOVAs with sex or cycle and abstinence
day as the between-subjects factors. In some cases, unpaired ¢-tests or
one-way ANOVAs were used to compare self-administration or
seeking behavior between specific groups.
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3 Results

3.1 Oxycodone-induced estrous cycle
dysregulation

Using vaginal cytology, a well-established technique used to
determine estrous cycle stage (e.g., Cora et al., 2015), we assessed the
impact of extended-access oxycodone self-administration on the
length and pattern of the estrous cycle. Doing so will allow us to more
accurately determine the impact of hormonal fluctuations on
oxycodone taking and seeking behavior. We began by vaginally
swabbing all female rats (n =38) regularly (4 to 5 days) the week prior
to self-administration (Figure 1). We observed normal 4 to 5 day cycles
in which animals moved through each cycle stage at the approximate
length (diestrus, ~2-3 days; proestrus, ~12-14h; estrus, ~1-2 days;
Ajayi and Akhigbe, 2020) (Figure 2A, days 1-4). We then vaginally
swabbed them daily during the ten days of self-administration, during
which we observed clear estrous cycle dysregulation. Specifically,
we found that the majority of animals (23 out of 38 females or 61%)
had at least one 4-5day period (the length of an average cycle) in
which they did not enter estrus (Figure 2A, days 5-10 & Figure 2B),
indicative of an anovulatory state in which ovarian hormone levels are
low (e.g., Huang et al., 1978; Lu et al., 1979; Carlberg and Fregly, 1985).

10.3389/fnbeh.2024.1473164

During this period, their dysregulated smears frequently contained
significant amounts of mucous and cellular debris along with clumps
of cells that often contained a mixture of different cell types. While
closest to a diestrus-like state, some abnormal smears would have no
clear stage represented (see days 8-10 in Figure 2A). However,
patterns of oxycodone self-administration and oxycodone intake were
similar between rats that were dysregulated (n =23) and those that
were not (n =15) (Figure 2C), indicating that these changes in estrous
cyclicity were not due to individual differences in drug intake.
Unpaired t-tests of average responding across all 10 days revealed no
difference between the average number of active (t;s =0.61, p =0.55)
and inactive hole nose-pokes (t;s =1.28, p =0.21) and the total number
of oxycodone infusions obtained (t;s =1.52, p =0.14) between rats
with regular and dysregulated estrous cycles (Figure 2C). While
variable from animal to animal and week to week, this dysregulation
continued during the first month of abstinence. Animals that
remained past days 1-2 (n =19) were vaginally swabbed during
abstinence (4-5 consecutive days for several weeks; Figure 1) and
we found that 63% of females (12 out of 19) showed at least one
consecutive 4 to 5day period in which they did not enter estrus during
the first month of abstinence (Figure 2D). However, after 1 month of
abstinence, all rats exhibited normal 4 to 5 day estrous cycles in which
they spent ~2 to 3 days in diestrus, ~12-14h in proestrus and 1-2 days
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FIGURE 2

Representative Vaginal Cytology Across 10 Days of Oxycodone Self-Administration
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administration, the majority of animals (n = 23 out of 38, 61%) experienced estrous cycle dysregulation, defined as at least one 4-5 day period (the
length of an average cycle) in which they did not enter estrus. (C) No differences in oxycodone self-administration (active hole and inactive hole
responding, infusions obtained) were observed between animals with normal compared to dysregulated cycles. (D) During abstinence, the majority of
animals remaining (n = 12 out of 19, 63%) showed estrous cycle dysregulation. Data are shown as mean + SEM. Scale bar = 150 pm.
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in estrus (Ajayi and Akhigbe, 2020), similar to what was observed
prior to oxycodone self-administration or during the first few days of
oxycodone self-administration (days 1-4 in Figure 2A). Together
these data indicate that, unlike short-access paradigms (Mavrikaki
et al., 2017; Vassoler et al., 2018; Hinds et al., 2023), longer-access
oxycodone self-administration leads to significant estrous cycle
dysregulation in a significant percentage of animals both during self-
administration and within the first month of abstinence.

3.2 Impact of sex and estrous cycle
fluctuations on oxycodone
self-administration

As estrous cycle fluctuations were abnormal in the majority of
animals (23 out of 38 or 61%) during self-administration (Figure 2B),
we first assessed the impact of sex but not estrous cycle on extended-
access oxycodone self-administration all of the animals. As expected
based on previous reports using a similar oxycodone dose and session
length (0.1 mg/kg/infusion, 6h/d for 10 d; Bossert et al.,, 2020;
Fredriksson et al., 2020), both males (n =19) and females (n =38)
showed robust escalation of oxycodone intake over the 10 day period

10.3389/fnbeh.2024.1473164

and showed no sex differences in oxycodone self-administration
(Figures 3A-C). The between-within ANOVA conducted on these
data with sex (male, female) as the between-subjects factor and self-
administration day (1-10) as the within-subjects factor revealed no
main effect of sex and no interaction between sex and self-
administration day on active hole responding (Sex: F,s5s =0.40,
p =0.53; Interaction: Fy 45 =0.42, p =0.93; Figure 3A), inactive hole
responding (Sex: F, 55 =1.48, p =0.23; Interaction: Fy,9s =0.895,
p =0.53; Figure 3C) or number of infusions obtained (Sex: F, 55 =0.77,
p =0.38; Interaction: Fy s =0.64, p =0.77; Figure 3B). Due to an
increase in or escalation of oxycodone intake across the ten-day self-
administration period, a significant effect of self-administration day
was observed for both active hole responding (F 45 =7.69, p <0.0001)
and the number of oxycodone infusions obtained (Fy s =25.31,
P <0.0001). Due to an expected reduction in inactive hold responding
over time, a significant effect of self-administration day on inactive
hole responding was also observed (F, 495 = 13.63, p <0.0001).

To determine the impact of estrous cycle fluctuations on
oxycodone intake, we analyzed self-administration behavior across
the cycle in the 15 rats whose cycles were not dysregulated (Figure 2B).
Across a 5-day period in which intake had stabilized (following
acquisition and prior to escalation, if escalation occurred), active and
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Sex and estrous cycle effects on oxycodone self-administration. (A—C) Across the 10 days of self-administration, no group differences between males
and females were observed for average active hole responding (A), number of oxycodone infusions obtained (B) or inactive hole responding (C). (D—F)
In animals whose cycles were not dysregulated (n = 15), oxycodone self-administration behavior was compared between estrus and non-estrus cycle
stages in the same animals across a 5-day period in which intake had stabilized (following acquisition and prior to escalation). During estrus, rats
showed a significant reduction in both active hole responding (D) and the number of oxycodone infusions obtained (E) compared to other cycle
stages (non-estrus), but no change in inactive hole responding (F). * p < 0.05. Data are shown as mean + SEM.
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inactive hole responding as well as oxycodone infusions were
compared within the same subjects across different cycle stages. Drug
taking was compared in estrus versus other cycle stages (non-estrus),
as previous studies have identified changes in drug taking and seeking
across different drug classes selectively during estrus, when estradiol
and progesterone have just dropped from peak levels and ovulation
occurs (e.g., Lynch et al., 2000; Kerstetter et al., 2008; Corbett et al.,
2021; Bakhti-Suroosh et al., 2021; Towers et al., 2022). Similar to
previous reports of a reduction in oxycodone reinforcement around
the time of ovulation (proestrus-estrus) under short-access conditions
(Hinds et al., 2023), we observed a significant reduction in both active
hole responding (t;,=2.54, p=0.024; Figure 3D) and oxycodone
intake (t;4=5.96, p<0.0001; Figure 3E) during estrus compared
non-estrus, with no change in inactive hole responding (t,,=0.14,
Pp=0.9889; Figure 3F). Thus, while there were no overall changes in
average oxycodone intake between animals whose cycles are regulated
or dysregulated (Figure 2C), there were subtle but significant changes
in intake across the estrous cycle in regularly cycling females
(Figures 3D-F). These findings indicate that, during periods of normal
estrous cyclicity and stable intake, a decrease in oxycodone intake is
observed during estrus compared to other cycle stages, a finding that
is opposite from that observed for psychostimulants like cocaine (e.g.,
Roberts et al., 1989; Hecht et al., 1999; Lynch et al., 2000).

3.3 Sex-dependent changes in incubated
cue-induced oxycodone seeking

Following extended-access oxycodone self-administration,
separate groups of animals underwent forced abstinence in their home
cages and received cue-induced seeking tests in a drug free state
during early (1-2days) or later (43-45 days) periods of abstinence
(Figure 1). While cue-induced oxycodone seeking significantly
increased or incubated on days 43-45 (n =11) compared to days 1-2
(n =8) in male rats, seeking or craving did not incubate from days 1-2
(n =19) to 43-45 (n =19) in female rats (Figure 4B). The ANOVA
conducted on average active hole (previously paired with drug) nose-
pokes with sex (males, females) and test day (1, 44) as the between-
subjects factors revealed a significant effect of sex (F,s; =6.11,
p =0.017), a significant effect of test day (F, s; =26.89, p <0.0001) and
a significant interaction between sex and test day (F,s; =7.51,
p =0.008). Tukey post-hoc tests revealed a significant increase in or
incubation of cue-induced oxycodone seeking on days 43-45
compared to days 1-2 in males (*, p <0.0001) but not females
(p =0.16) and significantly lower cue-induced oxycodone seeking in
females compared to males on the later test day (#, p =0.0015;
Figure 4B). Similar effects were observed when seeking data were
analyzed in 10 min intervals across the 30 min test session. ANOVAs
conducted on active hole responding at each time point with sex
(males, females) as the between-subjects factor and time (10, 20, and
30min) as the within-subjects factor revealed no main effect of sex on
days 1-2 (F, 5 =0.04, p =0.85) but a significant main effect of sex on
days 43-45 (F, 5 =13.9, p =0.0009), when incubation occurred in
males but not females (Figure 4B). No interaction between sex and
time was observed on either days 1-2 (F,5, =0.37, p =0.69) or days
43-45 (F,5 =1.57, p =0.22). A significant effect of time on each
seeking test day was observed since, as expected, drug seeking was
highest during the first 10 min and gradually decreased across each
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session (days 1-2: F,5, =9.91, p =0.0002; days 43-45: F, s =6.84,
p=0.0022).

No effect of sex was observed on inactive hole (without
consequence) responding, indicating that sex selectively influences
oxycodone-seeking behavior. The ANOVA conducted on average
inactive hole responding revealed no main effect of sex (F,5; =0.19,
p =0.66) or interaction between sex and test day (F, 5; =0.09, p =0.76;
Figure 4D). A small but significant effect of test day (F,s; =4.06,
p =0.049) was observed due to a very small increase in inactive hole
responding on days 43-45 compared with days 1-2, similar to what
we have observed previously in cocaine-exposed rats (Corbett et al.,
2021). Similarly, the ANOVA conduced on the time-course of inactive
hole responding revealed no significant effect of sex (days 1-2:
Fi5 =0.23, p =0.63; days 43-45: F, ,; =0.01, p =0.92) or time (days
1-2: Fy5 =0.68, p =0.51; days 43-45: F, 5 =0.91, p =0.41) and no
interaction between sex and time (days 1-2:F, 5, =2.53, p =0.09; days
43-45: F, 5 =0.48, p =0.62; Figure 4D).

3.4 Estrous cycle-dependent changes in
incubated cue-induced oxycodone seeking

To determine whether the reduction in incubated oxycodone
seeking that we observed in female rats compared to male rats on days
43-45 (Figure 4B) was due to changes in hormonal fluctuations across
the estrous cycle, we separated the female seeking data (1 =19 females)
to compare animals in estrus (n =11) and those in other cycle stages
(non-estrus, n =8). This comparison has been used previously by both
our lab and others as changes in drug seeking behavior are most
robust during estrus compared to rats in other cycle stages
(non-estrus) for stimulants (Kerstetter et al., 2008; Nicolas et al., 2019;
Corbett et al., 2021; Corbett et al., 2023a,b), nicotine (Lynch et al.,
2019) and opioids (Bakhti-Suroosh et al., 2021; Towers et al., 2022).
Interestingly, a significant reduction in cue-induced oxycodone
seeking was observed selectively during the estrus stage of the estrous
cycle on days 43-45 in female rats (Figure 4C). The one-way ANOVA
conducted on seeking behavior on days 1-2 in all females (as estrous
cyclicity was dysregulated at this time-point; Figures 2B,D) and on
days 43-45 in females in non-estrus and estrus revealed a significant
main effect (F, ;5 =12.92, p <0.0001). Tukey post-hoc tests revealed
that females in non-estrus incubated on days 43-45 (*, p <0.0001 vs.
all females on days 1-2) while females in estrus did not (p =0.94, vs.
all females on days 1-2). Importantly, females in estrus showed a
significant reduction in cue-induced seeking on days 43-45 compared
to females in non-estrus (#, p =0.0006; Figure 4C). Similar effects were
observed when seeking data were analyzed in 10 min intervals across
the 30min test session (Figure 4C). The between-within ANOVA
conducted on active hole responding on days 43-45 with cycle
(non-estrus, estrus) as the between-subjects factor and time (10, 20,
and 30min) as the within-subjects factor revealed a significant main
effect of cycle (F,,; =23.44, p =0.0002) but no interaction between
estrous cycle and time (F,3, =0.88, p =0.43). A significant effect of
time was also observed since, as expected, drug seeking was highest
during the first 10 min and gradually decreased across each session
(F,34=4.55, p =0.018). No group differences were observed in average
inactive hole responding between females in non-estrus and estrus on
days 43-45 (F, ;5 =2.473, p =0.099) or across the 30 min seeking test
session (cycle: F, ;; =0.64, p =0.44; cycle x time: F,3, =0.42, p =0.63;
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FIGURE 4

Sex and estrous cycle effects on cue-induced oxycodone seeking behavior. (A) Representative images following prolonged abstinence from extended-
access oxycodone self-administration from the same rat in Figure 1, showing that normal estrous cyclicity had returned around the time of the second
seeking test. Note that the proestrus stage shows some cornified cells, as estrus (E) begins the next day. (B) Males showed a significant increase in
cue-induced oxycodone seeking in the active hole (previously paired with drug) over days 43—-45 compared to days 1-2 (* p<0.05, vs. days 1-2), while
females did not. Females also showed a significant reduction in average cue-induced oxycodone seeking compared to males (# p < 0.05, top) across
the 30 min seeking test (* p < 0.05, significant main effect of sex, bottom) over days 43—-45. (C) This sex differences was driven by a selective reduction
in cue-induced oxycodone seeking during estrus but not other cycle stages (non-estrus). Top: * p<0.05, vs. all females on days 1-2 (dashed line); &

p <0.05, vs. non-estrus. Bottom: * p <0.05, main effect of estrous cycle. (D,E) There was no impact of sex (D) or estrous cycle (E) on responding in the
inactive hole (without consequence) on either test day. Data are shown as mean + SEM. Scale bar =150 pm.

time: F,3 =0.12, p =0.89; Figure 4E). These findings identify a
significant reduction in cue-induced oxycodone seeking during estrus
following prolonged abstinence, the opposite of what has been
observed for nicotine (Lynch et al., 2019), stimulants (Nicolas et al.,
2019; Corbett et al., 2021; Corbett et al.,, 2023a,b) and fentanyl (Bakhti-
Suroosh et al., 2021; Towers et al., 2022).

4 Discussion

The current study assessed the impact of extended-access
oxycodone self-administration on estrous cyclicity as well as the
impact of sex and estrous cycle fluctuations, when intact, on
oxycodone taking and seeking behavior. Three main findings have
emerged from these studies. First, we identified oxycodone-induced
estrous cycle dysregulation during both self-administration and the
first month of abstinence in the majority (~60%) of the females in this
study. This did not appear to be due to differences in oxycodone
intake, as self-administration behavior was similar between animals
with both regulated and dysregulated cycles. Second, in females whose
estrous cycles were not dysregulated (39%), we found a reduction in
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both active hole responding and the number of oxycodone infusions
obtained during estrus compared to other cycle stages (non-estrus).
Third, we observed a significant reduction in cue-induced oxycodone
seeking following prolonged abstinence in females compared to males
that was driven by a reduction in drug seeking during the estrus stage
of the cycle. Together these findings (1) highlight the importance of
tracking estrous cyclicity during drug self-administration and
abstinence and (2) identify a clear impact of hormonal fluctuations
across the estrous cycle on oxycodone taking and seeking behavior.

4.1 Oxycodone-induced estrous cycle
dysregulation

An important finding in the present study is the identification of
oxycodone-induced estrous cycle dysregulation observed both during
extended-access self-administration and the first month of forced
abstinence. This information has allowed us to more accurately assess
the impact of estrous cycle fluctuations on oxycodone taking and
seeking behavior in the current study (Figures 3, 4). While several
studies have identified no impact of short-access oxycodone
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self-administration (1-2h) on estrous cycle fluctuations (Mavrikaki
et al., 2017; Vassoler et al., 2018; Hinds et al., 2023), less is known
regarding how extended-access oxycodone self-administration
impacts estrous cyclicity. Previous studies using longer-access
paradigms either did not track estrous cycle stages (Bossert et al.,
2020; Fredriksson et al., 2020; Kimbrough et al., 2020) or were unable
to characterize the impact of oxycodone on estrous cyclicity because
they observed cycle dysregulation prior to drug exposure (Olaniran
etal., 2023).

Estrous cyclicity is controlled by the hypothalamic—pituitary-
gonadal axis, and estradiol and progesterone play a critical role in
modulating this feedback loop to ensure proper cycling (reviewed in
Becker et al., 2005; Seyfried and Hester, 2012; Scharfman and
MacLusky, 2014; Herbison, 2020). In order for ovulation to occur
during the estrus stage of the cycle, changes in estradiol and
progesterone levels influence the release of gonadotropin-releasing
hormone (GnRH) in the hypothalamus (reviewed in Herbison, 2020).
This triggers the production of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) in the pituitary gland, which subsequently
increases estradiol and progesterone production in the ovaries (Becker
et al., 2005; Seyfried and Hester, 2012; Scharfman and MacLusky,
2014; Herbison, 2020). Endogenous and exogenous opioids like
oxycodone inhibit this system by binding to opioid receptors in the
hypothalamus, thereby decreasing GnRH release and reducing the
production of estrogen and progesterone in the ovaries, leading to
subsequent cycle irregularities (reviewed in Brennan, 2013). For
example, administration of a high dose of morphine (60 mg/kg, i.p.)
to intact, cycling female rats blocks ovulation by completely abolishing
the release of luteinizing hormone (LH) and reducing the FSH surge
(Pang et al., 1977). Consistent with this relationship, we found that the
majority of the oxycodone-exposed rats in our study had at least one
4-5day period in which they did not enter the estrus stage of the cycle,
when ovulation normally occurs, indicating low ovarian hormone
levels and lack of ovulation or anovulation (Figure 2). Specifically, 23
out of 38 rats (61%) showed this cycle dysregulation over the 10 days
of extended-access oxycodone self-administration (Figure 2B). In the
animals tested at the later time-point (n =19), this same dysregulation
occurred at least once during the first month of abstinence in the
majority of the animals (12 out of 19, 63%; Figure 2D).

Importantly, we observed a significant amount of individual
variability across subjects in terms of exactly when dysregulation
occurred and for how long. We also found that a significant number
of animals did not show dysregulated cycles during self-administration
(15 out of 38, 39%; Figure 2B) or abstinence (7 out of 19, 37%;
Figure 2D), indicating that, similar to our previous reports (Corbett
et al., 2021), regular vaginal swabbing alone is not producing cycle
dysregulation. We did not observe significant differences in oxycodone
intake between animals whose cycles were dysregulated and animals
who continued to cycle regularly (Figure 2C), suggesting that the
variability was not simply due to the amount of oxycodone the animals
self-administered. Similar variability has been observed in humans.
For example, while many women who chronically use opioids
experience permanent or transient amenorrhea (cycling or menses
stops), a smaller number will continue to menstruate (e.g., Santen
et al,, 1975; Rhodin et al., 2010). Due to this variability, oxycodone-
induced estrous cycle dysregulation was only discovered here because
we tracked the cycle consecutively (4 to 5days in a row per week) in
animals before, during and after self-administration. In this way,
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we were able to catch periods of cycle dysregulation that would have
been missed if we had only swabbed during or just around periods of
behavioral testing, which could have resulted in mischaracterization
of cycle stages and inappropriate grouping of animals. Our findings
highlight the importance of fully characterizing drug-induced changes
in estrous cyclicity across the study to most accurately assess the
impact of ovarian hormone fluctuations on oxycodone taking and
seeking behavior.

While outside the scope of this study, it is important to note that
chronic opioid exposure also leads to hormonal dysregulation in
males via similar changes within the hypothalamic pituitary gonadal
axis described above. In males, these changes can result in decreased
levels of testosterone and infertility (e.g., Daniell, 2008; Seyfried and
Hester, 2012; Brennan, 2013). Future studies should examine how
extended-access opioid self-administration and forced abstinence
impacts gonadal hormone levels in both males and females and how
hormonal depletion and replacement of all 3 gonadal hormones
(estradiol, progesterone, testosterone) impacts oxycodone taking and
seeking behavior in both sexes.

4.2 Impact of sex on oxycodone
self-administration

Consistent with previous reports using a similar self-
administration paradigm (0.1 mg/kg/infusion, fixed ratio 1, 6h
sessions for at least 10 days), we found no sex differences in extended-
access oxycodone self-administration on any measures—active and
inactive hole responding and number of infusions obtained (Bossert
et al.,, 2020; Fredriksson et al., 2020) (Figures 3A-C). The lack of sex
differences in oxycodone self-administration reported here are also
consistent with several studies showing no sex differences in shorter-
access (1-2h) oxycodone self-administration (Mavrikaki et al., 2017;
Vassoler et al., 2018; Hinds et al., 2023). Studies that have reported sex
differences in intravenous oxycodone self-administration differed
significantly from the current study in regard to session length, dose,
and/or reinforcement schedule. For example, following several days
of longer-access (12h) oxycodone self-administration, one study
found that females took more oxycodone than males (Kimbrough
et al,, 2020). Another study found that, while few sex differences in
short-access oxycodone intake emerged across most schedules of
reinforcement, a dose-response curve revealed that females did take
more oxycodone than males at lower doses (0.01-0.03mg/kg/
infusion) and under a higher schedule of reinforcement than those
used here (fixed ratio 5; Mavrikaki et al., 2017). Together, the current
findings along with other reports (Mavrikaki et al., 2017; Vassoler
et al.,, 2018; Bossert et al., 2020; Fredriksson et al., 2020; Hinds et al.,
2023) generally indicate that under lower reinforcement schedules
and/or higher doses such as the conditions used here, males and
females show similar levels of intravenous oxycodone intake.

4.3 Impact of estrous cycle fluctuations on
oxycodone self-administration and
cue-induced oxycodone seeking

In a subset of animals whose cycles were not dysregulated during
self-administration, we discovered a reduction in extended-access
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oxycodone self-administration during the estrus stage of the estrous
cycle (Figures 3D,E), after estradiol and progesterone levels have
peaked and when ovulation occurs. This is generally consistent with
recent reports showing that oxycodone reinforcement also decreases
during both proestrus and estrus compared to metestrus/diestrus
(Hinds et al., 2023). Similarly, heroin intake decreases during
proestrus, when estradiol and progesterone are elevated, an effect that
is estradiol- but not progesterone-dependent (Ethridge and Smith,
2023). These findings are distinct from the impact of estrous cycle
fluctuations on cocaine self-administration, as females in estrus will
work harder to self-administer cocaine (Hecht et al., 1999; Lynch et al.,
2000) and will consume more cocaine (Lynch et al., 2000), effects that
are estradiol-dependent (Roberts et al., 1989; Lynch et al., 2001;
Jackson et al., 2006). Therefore, estradiol appears to be impacting the
self-administration of opioids and stimulants in opposite ways. A
focus for future studies will be to determine what is driving the
decrease in opioid intake or responding for opioids observed across
the cycle here (Figure 3) and by others (Ethridge and Smith, 2023;
Hinds et al., 2023). For example, this decrease could be due to
heightened sensitivity to the drug such that less is needed to obtain a
reinforcing effect. Conversely, this decrease could be due to a lower
reinforcing efficacy of the drug leading to less intake or reduced
motivation to obtain the drug.

Similar to intake, we also observed a reduction in cue-induced
oxycodone seeking in estrus following prolonged abstinence (days
43-45; Figure 4), an effect which is also opposite of that observed
following cocaine exposure and abstinence (Kerstetter et al., 2008;
Nicolas et al., 2019; Corbett et al., 2021; Corbett et al., 2023a,b).
Importantly, females in estrus on days 43-45 did not show incubation
or the time-dependent increase in oxycodone seeking behavior that
normally occurs during the first month of forced abstinence and is
thought to reflect increased relapse vulnerability (e.g., Grimm et al.,
2001; Venniro et al., 2021). These findings differ from recently
published findings showing no impact of estrous cycle fluctuations on
incubated oxycodone seeking following a significantly shorter
abstinence period (2 weeks; Olaniran et al., 2023). However, Olaniran
and colleagues observed estrous cycle dysregulation prior to the start
of oxycodone self-administration. They also found a significant impact
of oxycodone exposure on estrous cyclicity (time spent in each cycle
stage), both of which may have masked any estrous cycle-dependent
changes in oxycodone seeking. Alternatively, the impact of estrous
cycle fluctuations on cue-induced oxycodone seeking could be time-
dependent and may not emerge within the first 2 weeks of abstinence.
Indeed, we have found that estrous cycle-dependent changes in
incubated cocaine seeking intensifies between 2 and 7weeks of
abstinence (Corbett et al., 2021), albeit in the opposite direction from
the effects
Unfortunately, the estrous cycle dysregulation here observed during

observed here following oxycodone exposure.
the first month of abstinence (Figure 2) prevented us from accurately
assessing the time course of estrous cycle-dependent changes in
incubated oxycodone seeking.

Other studies investigating the impact of estrous cycle
fluctuations on opioid seeking using other opioids and/or other
relapse models have yielded mixed results. One report found that
the administration of exogenous estradiol led to more robust
extinction and a consequential reduction in heroin seeking in freely
cycling females (Vazquez et al., 2020). While this generally fits with
our findings, our seeking test data are not suggestive of changes in
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extinction learning, as we did not observe an interaction between
estrous cycle stage and time (Figure 4B). However, others found an
increase in cue-induced reinstatement of previously extinguished
fentanyl seeking behavior in estrus compared to non-estrus females
(Bakhti-Suroosh et al., 2021; Towers et al., 2022). An increase in
oxycodone conditioned place preference was also observed during
estrus compared to other cycle stages (Babb et al., 2023). Additional
studies also found no impact of estrous cycle fluctuations on
cue-induced reinstatement of oxycodone seeking (Hinds et al., 2023)
or incubated heroin craving (Mayberry et al., 2022). While session
length, dose, drug, behavioral paradigm and estrous cyclicity may
all contribute to these disparate findings, future studies are needed
to fully characterize and interpret the impact of ovarian hormones
on opioid seeking reward-related  behavior  across
different paradigms.

Another important future direction is to identify the cellular
mechanisms underlying the distinct effects of estrous cycle fluctuations
on taking and seeking behavior in stimulant- and opioid-exposed
animals. While estradiol is known to impact behavioral responding to
cocaine by altering cocaine-induced dopamine release in the nucleus
accumbens (NAc; Becker, 2016) and via changes in glutamate
receptor-dependent signaling in the NAc (Tonn Eisinger et al., 2018),
the mechanisms underlying estradiol-dependent changes in opioid
reinforcement have not yet been explored. However, it is known that
elevated estradiol levels increase endogenous opioid tone (e.g., peptide
and opioid receptor levels) in the hypothalamus to initiate changes in
sexual receptivity during proestrus and estrus (reviewed in Micevych
and Meisel, 2017). While this relationship has not been explored as
extensively in the NAc, increases in endogenous opioid peptides have
been observed in the NAc in proestrus/estrus compared to metestrus/
diestrus (Roman et al., 2006). Ovariectomized females also showed a
reduction in preproenkephalin mRNA levels in the NAc and striatum
which were restored following 2 weeks estradiol treatment (Le Saux
and Di Paolo, 2005). An increase in opioid receptor mRNA and
protein expression in the striatum has also been observed following
co-administration of opioids and ovarian hormones (Teodorov et al.,
2014; Cruz et al,, 2015). One intriguing possibility is that estrous
cycle-dependent increases in endogenous opioid tone are occurring
within the NAc to influence the changes in oxycodone taking and
seeking that we (Figures 3, 4) and others (Hinds et al., 2023) have
observed across the cycle. Interestingly, a role for endogenous NAc
opioid signaling in mediating incubated cue-induced cocaine craving
has also been identified. Dikshtein and colleagues have shown that
increased f-endorphin levels in the NAc are associated with reduced
incubated cue-induced cocaine seeking in male rats (Dikshtein et al.,
2013), indicating that this could be a shared mechanism influencing
craving across both substances but one that could theoretically
be impacted differently by ovarian hormones across the two drug
classes. To fully investigate these mechanisms, future studies should
be conducted in intact, freely cycling rats both in the absence and
presence of hormone receptor antagonists as well as following
hormonal depletion and replacement. Future studies should also
address how the timing of hormonal fluctuations across the estrous
cycle (e.g., comparing the impact of hormone receptor antagonism in
proestrus vs. estrus) contributes to the estrous cycle-dependent
changes in oxycodone taking and seeking behavior observed here.
Together this knowledge may inform and improve prescribing
practices for drugs like oxycodone by taking an individual’s hormonal
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status into account, which may in turn reduce their potential
abuse liability.
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