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Abstract

Cocaine addiction is a devastating public health epidemic that continues to grow. Studies focused on identify-
ing biological factors influencing cocaine craving and relapse vulnerability are necessary to promote absti-
nence in recovering drug users. Sex and ovarian hormones are known to influence cocaine addiction liability
and relapse vulnerability in both humans and rodents. Previous studies have investigated sex differences in
the time-dependent intensification or “incubation” of cue-induced cocaine craving that occurs during with-
drawal from extended-access cocaine self-administration and have identified changes across the rat repro-
ductive cycle (estrous cycle). Female rats in the estrus stage of the cycle (Estrus Females), the phase during
which ovulation occurs, show an increase in the magnitude of incubated cue-induced cocaine craving com-
pared with females in all other phases of the estrous cycle (Non-Estrus Females). Here we extend these find-
ings by assessing incubated craving across the estrous cycle during earlier withdrawal periods (withdrawal
day 1 and 15) and later withdrawal periods (withdrawal day 48). We found that this increase in the magnitude
of incubated craving during estrus (Estrus Females) is present on withdrawal day 15, but not on withdrawal
day 1, and further increases by withdrawal day 48. No difference in the magnitude of incubated craving was
observed between Males and Non-Estrus Females. Our data indicate that the effects of hormonal fluctuations
on cue-induced cocaine craving intensify during the first month and a half of withdrawal, showing an interac-
tion among abstinence length, estrous cycle fluctuations, and cocaine craving.
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(s )

Cocaine addiction is a chronic, relapsing condition. Females have been historically understudied in preclini-
cal research studies but understanding how biological factors like sex and ovarian hormones influence re-
lapse vulnerability is critical in our understanding of how to reduce craving and promote abstinence in
recovering users of both sexes. Here we characterized changes in the intensification or “incubation” of cue-
induced cocaine craving during earlier and later withdrawal from extended-access cocaine self-administra-
tion between male and female rats and across the estrous cycle. Our results indicate an interaction between
estrous cycle fluctuations and time-dependent changes in the underlying craving state and lay the founda-
tion for future studies focused on investigating cellular mechanisms driving sex differences in relapse
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Introduction

Cocaine addiction is a chronic, relapsing disorder that
continues to pose a serious public health problem.
Alarmingly, deaths from cocaine overdose in the United
States doubled from 2011 to 2016 (Kampman, 2019), and
relapse rates have remained high for decades (Hunt et al.,
1971; Sinha, 2011). Sex is known to influence cocaine ad-
diction liability and relapse vulnerability, with women be-
coming addicted to cocaine more rapidly than men and
showing more serious drug-related health complications,
effects which are influenced by fluctuations in ovarian
hormones across the menstrual cycle (Greenfield et al.,
2010; Carroll and Smethells, 2016). In rodents, motivation
to obtain and seek for cocaine is also influenced by fluctu-
ations of ovarian hormones across the rat reproductive
cycle (estrous cycle; Carroll and Anker, 2010; Carroll and
Lynch, 2016). However, less is known regarding how ab-
stinence length and estrous cycle fluctuations interact to
influence cocaine craving and relapse vulnerability follow-
ing extended-access cocaine self-administration.

Drug-associated cues are known to elicit craving and
are one of the most common relapse triggers. Cue-in-
duced cocaine craving has been shown to increase or “in-
cubate” over time in both humans (Parvaz et al., 2016)
and rats (Grimm et al., 2001; Lu et al., 2004; Loweth et al.,
2014a,b; Zlebnik and Carroll, 2015; Glynn et al., 2018;
Nicolas et al., 2019), a phenomenon referred to as incuba-
tion of cue-induced craving. This time-dependent in-
crease in cue-induced craving occurring during forced
abstinence or withdrawal is thought to lead to increased
relapse vulnerability. Recent preclinical studies in intact,
freely cycling rodents following extended-access cocaine
self-administration (8 h) have shown changes in incubated
craving across the estrous cycle (Nicolas et al., 2019),
which lasts 4-5d and consists of four major phases (me-
testrus, diestrus, proestrus, and estrus) over which estro-
gen and progesterone levels fluctuate (Becker et al.,
2005; Lebron-Milad and Milad, 2012; see Materials and
Methods). Specifically, while no differences in seeking be-
havior are observed across the estrous cycle on with-
drawal day 2, an increase in the magnitude of incubated
cue-induced craving is observed during estrus (“Estrus
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Females”) compared with females in all other stages of
the estrous cycle (“Non-Estrus Females”) following 1
month of withdrawal (withdrawal day 29; Nicolas et al.,
2019). Estrus is the cycle stage in which ovulation occurs
and when estradiol levels have just dropped from peak
levels, but the ratio of estradiol to progesterone remains
slightly elevated (Broestl et al., 2018; Carney, 2019).
These findings are in general agreement with others
showing that both drug seeking under extinction condi-
tions and cocaine-primed reinstatement of previously ex-
tinguished drug-seeking behavior is highest in Estrus
Females compared with Non-Estrus Females and Males
following short-access (2 h) cocaine self-administration
(Kippin et al., 2005; Feltenstein and See, 2007; Kerstetter
et al., 2008). Here we both replicate and extend previously
reported findings (Nicolas et al., 2019) by assessing time-
dependent changes in the magnitude of cue-induced co-
caine craving in males and females and across the es-
trous cycle during withdrawal from extended-access
cocaine self-administration.

Materials and Methods

Subjects and surgery

Male (weight on arrival, 250-275 g) and female (weight
on arrival, 225-250 g) adult Sprague Dawley rats were
purchased from Envigo. Rats were housed on a reverse
light/dark cycle with food and water freely available (lights
off at 9:00 A.M., lights on at 9:00 P.M.). All rats were given
an initial acclimation period (5-7 d) during which rats were
group housed by sex (two to three rats/cage). Rats were
then anesthetized with ketamine and xylazine (males:
80and 10mg/kg, i.p.; females: 60and 7.5mg/kg, i.p.),
and a SILASTIC catheter (Plastics One) was inserted into
the right jugular vein and passed subcutaneously to the
mid-scapular region. Rats were singly housed immedi-
ately after surgery and for the remainder of the study. All
procedures were approved by the Institutional Animal
Care and Use Committee and conducted in accordance
with the US Public Health Service Guide for the Care and
Use of Laboratory Animals.

Cocaine self-administration

Following implantation of intravenous jugular catheters
and 5-7d of recovery, all rats underwent cocaine self-
administration 6 h/d for 10d under a fixed-ratio-1 (FR1)
reinforcement schedule (0.5 mg/kg/infusion). Self-ad-
ministration sessions started shortly after the onset of
the dark cycle (~10:00 A.M.) and were conducted in op-
erant chambers (MED Associates) equipped with active
and inactive nose-poke holes. Active hole responses
turned on the infusion pump and led to the delivery of a
20 s light cue and a 20 s time-out period, while poking in
the inactive hole was without consequence. Pump times
for each rat/chamber were adjusted based on body
weight (so as to deliver 0.5 mg/kg/infusion in a 100 pl/kg
volume to all rats). During the time-out period, nose
pokes in the active hole were recorded but did not result
in an infusion. Twelve rats that did not learn to self-

eNeuro.org


mailto:loweth@rowan.edu
mailto:loweth@rowan.edu
https://doi.org/10.1523/ENEURO.0054-21.2021
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

eMeuro

administer cocaine and/or had faulty catheters were ex-
cluded from the study and killed.

Tests for cue-induced cocaine seeking

Seeking tests were conducted using a between-sub-
jects design in which rats received a test on withdrawal
day 1, 15, or 48 (30 min each). For the withdrawal day 15
and 48 time points, rats were tested within 1 d of the spe-
cific time point (e.g., 14-16, 47-49) to ensure that enough
animals were in Estrus and Non-Estrus at the time of the
test. Males were tested on an identical schedule to have
an even distribution across withdrawal days within all
groups. As with self-administration sessions, each seek-
ing test began during the dark cycle (~10:00 A.M.).
During the seeking test, nose pokes in the active hole re-
sulted in presentation of the light cue previously paired
with cocaine, but no infusion. Responding in the inactive
hole had no consequence and controls for general activity
level. The number of times an animal responds in the ac-
tive hole under these conditions is the operational mea-
sure of cue-induced cocaine craving (Grimm et al., 2001;
Lu et al., 2004).

Estrous cycle monitoring

Estrous cycle was determined in freely cycling females
across self-administration training, throughout with-
drawal, and before seeking tests. Vaginal swabs were
taken regularly from all female rats throughout the study
(4-5d in a row followed by 2-3d off) to effectively track
the cycle of each animal. Females were swabbed at the
onset of the dark cycle (~9:00 to 10 A.M.) and ~30min
before the start of any behavioral test to ensure that we
knew the stage the rat was in when each session began.
As described previously by other laboratories (Bangasser
and Shors, 2008), vaginal samples were collected by
gently swabbing the vaginal canal using a saline-dipped,
cotton-tipped applicator and samples were “smeared” on
glass microscope slides. Males were handled on an iden-
tical schedule. Slides were stained with toluidine blue and
examined using light microscopy. The estrous cycle stage
was determined by the presence and morphology of cells
based on previously published criteria by other laborato-
ries (Hubscher et al., 2005; Cora et al., 2015). Each smear
was classified as one of the following four stages: metes-
trus (also known as diestrus | or D1); diestrus (also known
as diestrus Il or D2); proestrus; and estrus. The ovarian
hormones estradiol and progesterone fluctuate across
these four stages of the estrous cycle as follows: estra-
diol and progesterone levels are lower during metes-
trus and diestrus, and surge during proestrus (with the
estradiol surge preceding the progesterone surge);
both hormone levels decline during estrus, when ovu-
lation occurs (Becker et al., 2005; Becker and Hu,
2008; Lebron-Milad and Milad, 2012). The ratio of es-
tradiol to progesterone is lower during metestrus and di-
estrus, and elevated in proestrus and, to a lesser extent, in
estrus (Broestl et al., 2018; Carney, 2019). Metestrus was
classified based on the presence of approximately equal
amounts of nucleated epithelial cells, non-nucleated
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cornified epithelial cells, and leukocytes. Diestrus was clas-
sified based on the observation of a few cells, including
leukocytes and occasionally epithelial cells. The proestrus
phase was classified based on the presence of >75% of
nucleated epithelial cells, and the estrus phase (vaginal es-
trus) was classified by the presence of >75% of non-
nucleated cornified epithelial cells. Although there have
been some reports in the literature of cocaine exposure
disrupting estrous cyclicity in rats in a dose-dependent
manner (King et al., 1993), all female rats in this study were
lavaged regularly (4-5d in a row each week) throughout
the entire course of the study and exhibited normal cycling
(4-5d cycles) through all four stages of the estrous cycle
across the entire study.

Data analysis

Behavioral data averaged across all 10 self-administra-
tion days or across an entire 30 min seeking test session
were analyzed using a one-way or two-way ANOVA.
Behavioral data analyzed across multiple days or time
bins within a session were analyzed using a repeated-
measures ANOVA and, in isolated cases where data
were missing for a certain time point because of a com-
puter malfunction or other technical issues, mean re-
placements were used. When a significant effect was
observed, Tukey’s post hoc analyses were conducted.
Data analyses were performed using Statistica (Tibco)
and GraphPad Prism. Statistical significance was set at
p <0.05. All data are expressed as the mean = SEM.

Results

No effects of sex or estrous cycle on cocaine intake
during extended-access cocaine self-administration
Rats self-administered cocaine under extended-access
conditions (6 h/d for 10d, 0.5mg/kg/infusion), and this
was followed by forced abstinence. Incubation was as-
sessed by administering cue-induced seeking tests dur-
ing earlier (withdrawal day 1 or 15) or later (withdrawal day
48) time points (Fig. 1A, timeline). This self-administration
regimen is known to produce incubation of cue-induced
cocaine craving in both males (Lu et al., 2004; Loweth et
al., 2014a; Glynn et al., 2018; Nicolas et al., 2019) and fe-
males (Zlebnik and Carroll, 2015; Nicolas et al., 2019).
Consistent with previous reports from other laboratories
in which animals self-administered cocaine under ex-
tended-access conditions (Nicolas et al., 2019), no differ-
ence in averaged responding (active or inactive hole nose
pokes) or cocaine intake (infusions) was observed be-
tween males (n=36) and females (n = 60) over the 10 d of
self-administration (Fig. 1B). One-way ANOVAs con-
ducted on these data averaged across all 10 self-adminis-
tration days revealed no significant effect of sex (male,
female) on the average number of active hole responses
(F(1,04 = 1.46, p=0.23), infusions obtained (F 94 = 1.38,
p=0.24), and inactive hole responses (F(194y = 1.61,
p=0.21; Fig. 1B). Additional analyses of daily responding
and cocaine intake across the 10 d self-administration pe-
riod with sex as the between-subjects factor (male, fe-
male) and self-administration day as the within-subjects
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Figure 1. No effects of sex or estrous cycle on cocaine self-adm

Self-Administration Day

Self-Administration Day

inistration. A, Experimental timeline. B, No sex differences were ob-

served for average active hole responding, infusions obtained, or inactive hole responding across the 10 d of cocaine self-adminis-

tration. C, No sex differences were observed in daily active hol

e responding, infusions obtained, or inactive hole responding over

the 10 d self-administration period. D, No estrous cycle effects were observed for average active hole responding, infusions ob-
tained, or inactive hole responding across the 10 d of cocaine self-administration. Data are shown as the mean = SEM (n=36

males; n = 60 females).

factor (days 1-10) similarly revealed no sex differences in
cocaine self-administration (Fig. 1C). No significant effect
of sex or interaction between sex and self-administration
day on the number of active hole responses (F 1 g4) = 1.46,
p=0.23; Fogs = 0.20, p=0.99), infusions obtained
(F1,04) = 1.38, p=0.24; F9 g46) = 0.58, p=0.82), or inac-
tive hole responses (F(1,94 = 1.61, p=0.21; Figg46) =
1.60, p=0.11) was observed, although a significant ef-
fect of self-administration day was observed for all three
measures (F(g,s46) = 9.05, p<0.0001; Figgss = 5.04,
p <0.0001; Fg,846) = 14.46, p < 0.0001) because of slight
variations in responding across all groups over the 10 d
self-administration period (Fig. 1C).

To assess whether there was an effect of estrous cycle
on responding or cocaine intake during self-administra-
tion, rats were lavaged daily to determine cycle stage on
each of the 10 d of cocaine self-administration. Self-ad-
ministration data were then analyzed across all four
stages of the estrous cycle for each rat: metestrus, dies-
trus, proestrus, and estrus. Importantly, no effects of co-
caine exposure on estrous cycling were observed, and
rats followed a regular 4-5d cycle throughout the study,
during which they moved through each of the four cycle
stages (metestrus, diestrus, proestrus, and estrus). Of the
60 females included in this study, two were excluded from
this analysis because a clear proestrus smear (>75%
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nucleated epithelial cells; see Materials and Methods)
was not obtained at the time vaginal smears were taken.
No differences in averaged responding (active or inactive
hole nose pokes) or cocaine intake across the 10 d of self-
administration were observed across the four stages of
the estrous cycle (Fig. 1D). The one-way repeated-meas-
ures ANOVA conducted on these data (n=58 females)
with cycle as the within-subjects factor revealed no signif-
icant effect of estrous cycle (metestrus, diestrus, proes-
trus, estrus) on the average number of active hole
responses (F 171y = 0.44, p=0.73), infusions obtained
(F,171y = 0.54, p=0.66), and inactive hole responses
(Fi,171) = 1.34, p=0.26; Fig. 1D). Together, these findings
show that there were no sex differences or estrous cycle
effects on active and inactive hole responding or cocaine
intake during extended-access cocaine self-administra-
tion (Fig. 1).

Time-dependent effects of estrous cycle fluctuations
on incubation of cocaine craving

To determine the time course of known sex differences
in incubation of cue-induced craving across the estrous
cycle, separate groups of rats received cue-induced
seeking tests during earlier (withdrawal days 1 or 15) and
later (withdrawal day 48) withdrawal time points (Fig. 1A,

eNeuro.org



eMeuro

A
S 650 Active Hole 650
a 550 ° . 550
= i .
© 450 8 L 450
0 = o ° [} —
& 350 8 o
S i 8 o « 2
8 250 8 v 8 ®
&) B 8 3
150 o 8 8
g Il1e o
3 50
>
< Withdrawal ~ Withdrawal ~Withdrawal Withdrawal
Day 1 Day 15 Day 48 Day 1
B
650 Active Hole 650

Research Article: Confirmation 50f 10

Inactive Hole

Infusions

0O O Males
O O Non-Estrus
- [ © Estrus

Self-Administration Day

Self-Administration Day

o (<]
Withdrawal ~ Withdrawal Withdrawal ~ Withdrawal ~ Withdrawal
Day 15 Day 48 Day 1 Day 15 Day 48
Infusions 650 Inactive Hole
] 11548
OO A Males
71 OOA Non-Estrus
@E A Estrus
2 4 6 8 10

Self-Administration Day

Figure 2. No differences in cocaine self-administration across groups tested at different withdrawal time points. A, B, No group dif-
ferences (for animals destined for the nine groups shown in Fig. 3) were observed in average (days 1-10, A) or daily (B) active hole
responding, infusions obtained, or inactive hole responding (as described in Fig. 1) during cocaine self-administration, indicating
that group differences in incubated cocaine-seeking behavior (Fig. 3) were not because of differences in cocaine intake or self-ad-

ministration behavior.

timeline), and no group differences in cocaine self-admin-
istration behavior were observed across groups assigned
to different withdrawal time points (Fig. 2; see description
of analyses below). On withdrawal days 15 and 48, all rats
were tested within 1 d of the seeking test time point to en-
sure an adequate number per group across the estrous
cycle (see Materials and Methods). These withdrawal peri-
ods were chosen based on previously published reports
in male rats showing that craving is elevated but not maxi-
mal during the first few weeks of withdrawal (e.g., with-
drawal day 15) and incubates further over the next month
during withdrawal from extended-access cocaine self-ad-
ministration (Lu et al., 2004; Loweth et al., 2014b; Glynn et
al., 2018). During the cue-induced seeking test, respond-
ing in the previously active hole delivered only the cue (no
cocaine) while responding in the inactive hole was without
consequence; active hole nose pokes under this condi-
tion provide an operational measure of cue-induced drug
seeking. During withdrawal, rats were lavaged daily for
at least 4-5 consecutive days to determine estrous cycle
stage. To control for this, males were handled on an
identical schedule. As expected based on previous re-
ports (Kerstetter et al., 2008; Nicolas et al., 2019), analy-
ses revealed no difference in cue-induced seeking
behavior between females in metestrus, diestrus, and
proestrus (commonly referred to as Non-Estrus Females)
on each withdrawal day. One-way ANOVAs conducted
on active hole nose pokes across each of these
three cycle stages at each withdrawal time revealed no
significant group differences, as follows: withdrawal day
1 (n=14), F11) = 0.84, p=0.46; withdrawal day 15
(n=14), Fp,11) = 1.13, p=0.36; and withdrawal day 48
(n=7), Fio,4y = 0.26, p=0.78. Thus, all rats in these three
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stages on each withdrawal day (1, 15, and 48) were com-
bined into a Non-Estrus Females group and compared
with rats in estrus (Estrus Females) and Males (Fig. 3), as
others have done previously (Kippin et al., 2005;
Kerstetter et al., 2008; Nicolas et al., 2019). To ensure
that group differences in incubation of cue-induced
seeking behavior (Fig. 3) could not be attributed to group
differences in cocaine intake or responding during self-
administration, self-administration behavior was ana-
lyzed across all nine groups (Fig. 2). One-way ANOVAs
conducted on these data revealed no significant differ-
ences in average active hole responding (Fs7) = 1.16,
p=0.36), inactive hole responding (Fisr = 0.69,
p=0.69), or infusions obtained (Fgg7) = 1.23, p=0.34)
across the 10 d of self-administration (Fig. 2A).
Additional analyses of daily responding and cocaine in-
take across the 10 d self-administration period with
treatment group as the between-subjects factor (nine
groups) and self-administration day as the within-sub-
jects factor (days 1 through 10) similarly revealed no
group differences in cocaine self-administration (Fig.
2B). No significant group effect or interaction between
treatment group and self-administration day on the num-
ber of active hole responses (Fgs7 = 1.16, p=0.34;
F72,783) = 0.57, p=0.99) or infusions obtained (Fggs7) =
1.29, p=0.26; F72,783 = 0.82, p=0.86) was observed.
No significant group effect was observed for the number
of inactive hole responses (F(72,7s83 = 0.69, p=0.69),
although a small interaction between treatment group
and self-administration day was observed (F72,783 =
1.41, p=0.02; Fig. 2B). As in Figure 1, a significant effect
of self-administration day was observed for all three
measures (active hole, infusions, inactive hole: Fg 7g3) =
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Figure 3. Estrus Females show a time-dependent increase in the magnitude of incubated cue-induced cocaine craving compared
with both Non-Estrus Females and Males. A, Active hole responding on withdrawal days 1, 15, and 48. Data are shown as the mean
+ SEM number of active hole (paired with the light cue) nose pokes during each seeking test (30 min). While all three groups demon-
strated incubation of cue-induced cocaine craving over the first month and a half of withdrawal, Estrus Females showed an increase
in the magnitude of incubated cue-induced craving compared with both Non-Estrus Females and Males that was present on with-
drawal day 15 and continued to increase on withdrawal day 48. *p < 0.05, versus corresponding withdrawal day 1 for each group;
#p < 0.05, versus Non-Estrus Females and Males on the specified time point; $p < 0.05, versus Estrus on withdrawal day 15. B,
Active hole responding (mean = SEM) across each 30 min seeking test in 10 min time bins. *p < 0.05, versus Non-Estrus Females
and Males averaged across all time bins. C, Inactive hole responding on withdrawal day 1, 15, and 48. Data are shown as the
mean = SEM number of inactive hole (without consequence) nose pokes during each seeking test (30 min). “o < 0.05, withdrawal
day 48 versus withdrawal day 1 averaged across all groups. D, Inactive hole responding (mean = SEM) across each 30 min seek-

ing test. n=7-15 rats/group.

9.11, P < 0.0001; F(9,783) = 3.58, p=00002, F(9,783) =
11.86, p <0.0001, respectively) because of slight varia-
tions in responding across all groups over the 10 d self-
administration period (Fig. 2B).

Analyses of seeking test data (Fig. 3A) revealed that
although all three groups (Males, Non-Estrus, Estrus) ex-
hibited similar active hole nose pokes during the seeking
test on withdrawal day 1 and a progressive increase in
seeking behavior on withdrawal day 15 and 48 (i.e., incu-
bation), the magnitude of the seeking responses on with-
drawal days 15 and 48 was significantly greater in Estrus
Females compared with both Non-Estrus Females and
Males. Thus, the two-way ANOVA conducted on these
data with sex/cycle (Males, Non-Estrus, Estrus) and
withdrawal day (1, 15, and 48) as the between-subjects
factors revealed a significant effect of sex/cycle (F(2 s7) =
11.98, p<0.0001) and withdrawal (Fs7 = 63.85,
p <0.0001), and a significant interaction between sex/
cycle and withdrawal (F,s7) = 2.99, p=0.023). Tukey’s
post hoc tests revealed a significant increase in cue-in-
duced seeking on withdrawal day 15 and 48 compared
with seeking on withdrawal day 1 (*p <0.05) in each
group and a significant increase in cue-induced seeking
in Estrus Females compared with both Males and Non-
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Estrus Females on withdrawal days 15 and 48 (Fig. 3A,
#p < 0.05). Notably, the magnitude of incubated craving
in Estrus Females was higher on withdrawal day 48 than
withdrawal day 15 (Fig. 3A, $p <0.05), indicating that
they did not simply reach a maximal level of responding
more quickly than Non-Estrus Females and Males.
Similar to total responding (Fig. 3A), analyses of active
hole nose pokes across the 30 min session on each with-
drawal time point revealed enhanced drug seeking in
Estrus Females compared with both Males and Non-
Estrus Females on withdrawal days 15 and 48 (Fig. 3B).
The between-subjects/within-subjects ANOVAs con-
ducted at each time point with sex/cycle (Males, Non-
Estrus, Estrus) as the between-subjects factor and time
(10, 20, and 30 min) as the within-subjects factor revealed
a significant effect of time on each withdrawal test day,
since, as expected, drug seeking was highest during the
first 10 min and gradually decreased across each session
(withdrawal day 1: Fp 52 = 22.8, p <0.0001; withdrawal
day 15: Fp 70 = 14.59, p <0.0001; withdrawal day 48:
Fi2,50 = 6.37, p=0.0034). While no significant effect of sex/
cycle (Fp.06) = 0.26, p=0.77) was observed on withdrawal
day 1, a significant main effect of sex/cycle was observed
on withdrawal days 15 (F(2,36 = 8.90, p=0.0007) and 48

eNeuro.org



eMeuro

(Fe,25 = 5.74, p=0.0089), while no significant interaction
was observed at any time point (withdrawal day 1: F4 sp) =
0.15, p=0.96; withdrawal day 15: F4 7o) = 1.39, p=0.25;
withdrawal day 48: F(4 50) = 0.3015, p =0.88). Tukey’s post
hoc tests conducted on the main effect of sex/cycle re-
vealed an overall significant increase in active hole re-
sponding in Estrus Females compared with both Males
and Non-Estrus Females on withdrawal days 15 (p =0.002,
p=0.001, respectively) and 48 (p =0.01, p=0.04, respec-
tively; Fig. 3B). Importantly, no effect of sex or estrous
cycle on inactive hole responding was observed (Fig. 3C),
indicating that estrous cycle fluctuations selectively influ-
ence drug-seeking behavior. The two-way ANOVA con-
ducted on inactive hole responding with sex/cycle (Males,
Non-Estrus, Estrus) and withdrawal day (1, 15, and 48) as
the between-subjects factors revealed no significant effect
of sex/cycle (Fi,s7) = 0.73, p=0.48) or interaction between
sex/cycle and withdrawal (Fa g7y = 0.14, p=0.96). A small
but significant effect of withdrawal (Fi,s7) = 3.84, p=0.03)
was observed in all groups because of a very small in-
crease in inactive hole responding on withdrawal day 48
compared with withdrawal day 1 (p =0.03). The between-
subjects/within-subjects ANOVAs conducted on inactive
hole responses at each time point with sex/cycle (Males,
Non-Estrus, Estrus) as the between-subjects factor and
time (10, 20, and 30 min) as the within-subjects factor simi-
larly revealed no significant effect of sex/cycle (withdrawal
day 1: Fpoe =0.28, p=0.75; withdrawal day 15: F 3¢
=0.69, p=0.51; withdrawal day 48: F, o5 =0.34, p=0.71),
and no significant interaction between sex/cycle and time
(withdrawal day 1: F4 55 =0.51, p=0.73; withdrawal day
15: F(4,72) =0.79, p = 0.53; withdrawal day 48: F 50 =1.91,
p=0.12), although slight variations in inactive hole re-
sponding were observed across each session (withdrawal
day 1: Fpsy =2.93, p=0.06; withdrawal day 15: F3 75
=5.13, p=0.01; withdrawal day 48: Fip 50) =1.84, p=0.17;
Fig. 3D). These studies are the first to investigate the time
course of incubated cue-induced craving across the es-
trous cycle in females following extended-access self-ad-
ministration and show an increase in the magnitude of
craving in Estrus Females compared with Non-Estrus
Females and Males as withdrawal progresses (i.e., more
robust incubation of craving; Fig. 3A).

Discussion

This study investigated the effects of sex and estrous
cycle on the time course of incubation of cue-induced co-
caine craving in adult male and female rats during with-
drawal from extended-access cocaine self-administration.
While no sex differences in cocaine self-administration were
observed, we found an increase in the magnitude of incu-
bated cue-induced craving in Estrus Females compared
with both Non-Estrus Females and Males that was present
on withdrawal day 15 and was further elevated on with-
drawal day 48 (Fig. 3). Our data indicate that the effects of
hormonal fluctuations on cue-induced cocaine craving and
relapse-like behavior are influenced by abstinence length,
findings which have important implications for treatment
strategies focused on promoting abstinence in recovering
users of both sexes.
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Effects of sex and ovarian hormones on cocaine
addiction and relapse vulnerability

While our findings are the first to investigate the time
course of incubated craving across the estrous cycle dur-
ing withdrawal from extended-access cocaine self-ad-
ministration, ovarian hormones are known to significantly
influence cocaine addiction liability and relapse vulner-
ability. During the follicular phase of the menstrual cycle
when estrogen levels rise and progesterone levels are
low, females report a greater high from cocaine adminis-
tration (Evans et al., 2002; Evans and Foltin, 2010). During
the luteal phase, when estrogen levels are declining and
progesterone levels are increasing, women have reported
reduced cardiovascular and subjective effects to cocaine
(Evans and Foltin, 2010). Similarly, progesterone levels
are inversely related to cocaine craving as women with
higher progesterone levels show lower cue-induced co-
caine craving compared with women with lower proges-
terone levels (Sinha et al., 2007).

Preclinical studies in freely cycling rodents have also
shown that regulation of cocaine intake, motivation to ob-
tain cocaine, and cue- and cocaine-primed reinstatement
of drug-seeking behavior change across the rat reproduc-
tive (estrous) cycle. These behaviors are enhanced during
estrus (Estrus Females), when estrogen levels are declin-
ing but the ratio of estradiol to progesterone remains
slightly elevated (Carney, 2019), compared with females
in all other cycle stages (Roberts et al., 1989; Lynch et
al., 2000; Kippin et al., 2005; Feltenstein and See, 2007).
In addition, time-course studies conducted following
short-access (2 h) cocaine self-administration found en-
hanced drug seeking both under extinction conditions
and following cocaine-primed reinstatement in Estrus
Females compared with Non-Estrus Females and Males
up to 6 months after the last self-administration session
(Kerstetter et al., 2008). Our data and recent findings
from Nicolas et al. (2019) conducted following extended-
access cocaine self-administration regimens are gener-
ally consistent with these previous findings and indicate
an increase in the magnitude of incubated cue-induced
cocaine craving in Estrus Females compared with Non-
Estrus Females and Males on both withdrawal days 15
and 48 (Fig. 3; withdrawal day 29; Nicolas et al., 2019). In
both studies conducted during withdrawal from ex-
tended-access cocaine self-administration, no effect of
estrous cycle was observed on cue-induced cocaine
seeking during the first day or two of withdrawal (with-
drawal day 1, Fig. 3; withdrawal day 2, Nicolas et al.,
2019). Although seeking is low at this time point, studies
have shown that group differences in cue-induced co-
caine-seeking behavior can be detected on withdrawal
day 1 from extended-access cocaine self-administration
following attenuation of BDNF-TrkB signaling in the nu-
cleus accumbens (NAc; Li et al., 2013). Significant in-
creases in responding under extinction conditions
following short-access cocaine self-administration have
also been observed in females compared with males
(Fuchs et al., 2005; Kippin et al., 2005) and across the
estrous cycle on withdrawal day 1, with Estrus Females
showing enhanced responding on the active lever
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(previously paired with cocaine and a discrete cue) com-
pared with Non-Estrus Females and Males (Feltenstein
and See, 2007; Kerstetter et al., 2008; see below). Such
findings argue against a floor effect and instead suggest
that the effects of estrous cycle fluctuations on the incu-
bation of craving during withdrawal from extended-ac-
cess cocaine self-administration may be influenced by
the underlying craving state, which progressively in-
creases or incubates during the first month of with-
drawal. Future studies are needed to determine when
estrous cycle-dependent changes in incubated craving
develop between withdrawal days 1 and 15 and to better
understand sex differences in drug seeking on with-
drawal day 1 across short-access models (Kippin et al.,
2005; Fuchs et al., 2005; Feltenstein and See, 2007) and
extended-access models (Nicolas et al., 2019; Fig. 3), as
lower extinction responding has been observed on with-
drawal day 1 following extended-access compared with
short-access regimens (Mantsch et al., 2004; Sorge and
Stewart, 2005). Although not observed in the current
study (see Materials and Methods), the potential impact
of cocaine-induced disruptions in estrous cyclicity (King
et al., 1993) on withdrawal-dependent changes in drug-
seeking behavior across different cocaine self-adminis-
tration models must also be addressed.

While hormonal suppression and replacement studies
have not been conducted with the incubation model, sup-
pressing ovarian hormones via ovariectomy has been
shown to reduce cocaine-primed reinstatement of drug-
seeking behavior while chronic estradiol replacement in
ovariectomized animals restores drug seeking to levels
observed in sham controls (Anker et al., 2007; Larson and
Carroll, 2007). Other studies have shown that estradiol re-
placement in ovariectomized rats either restores or en-
hances the motivation for cocaine, cocaine-conditioned
place preference, and locomotor sensitization (for review,
see Carroll and Anker, 2010; Carroll and Lynch, 2016;
Harp et al., 2020). An obvious limitation of these studies is
that ovariectomy depletes all ovarian hormones while
chronic hormone replacement prevents the normal rhyth-
mic cycling of ovarian hormones that normally occurs
across the estrous cycle, making it difficult to compare
these findings to those conducted in ovary-intact, nat-
urally cycling female rats. As reviewed above, studies
under the latter condition show that behavioral re-
sponding to cocaine is enhanced during estrus, a
stage in which estrogen levels are declining from peak
levels reached in proestrus, although the ratio of estra-
diol to progesterone is still slightly elevated (Broestl et
al., 2018; Carney, 2019). To address this discrepancy,
recent studies assessed the effects of chronic treat-
ment with the estrogen receptor antagonist tamoxifen
in ovary-intact, naturally cycling female rats on motiva-
tion to obtain cocaine and cue-induced reinstatement
of cocaine-seeking behavior. Tamoxifen is an estrogen
receptor modulator that antagonizes both estrogen re-
ceptors a and B and has been shown to inhibit estra-
diol-dependent behaviors such as mating behavior
(Wilson et al., 2003). While chronic tamoxifen treat-
ment prevented the increase in motivation for cocaine
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normally observed in female rats following cocaine
self-administration, it did not reduce cocaine-seeking
behavior during extinction and cue-induced reinstate-
ment tests (Bakhti-Suroosh et al., 2019), in support of
findings that other hormones such as progesterone
may instead play a critical role (Feltenstein and See,
2007; Sinha et al., 2007). However, these studies in-
volved chronic suppression of estradiol-dependent
signaling, making it difficult to assess how changes in
estradiol fluctuations across the estrous cycle influ-
ence relapse vulnerability. Studies assessing the ef-
fects of acute administration of estrogen receptor
antagonists on relapse vulnerability in ovary-intact fe-
males are necessary to understand how transiently
disrupting estrous cycle fluctuations influences re-
lapse vulnerability.

Underlying mechanisms of estrous cycle-dependent
changes in relapse vulnerability

The cellular mechanisms that drive sex differences and
estrous cycle-dependent changes in cocaine addiction li-
ability and relapse vulnerability have been historically
understudied, largely because of the exclusion of female
subjects in preclinical research. In the past several years,
there has been a shift toward systematically studying sex
differences in preclinical addiction models. Recent stud-
ies have identified sex differences in mRNA and protein
expression in stress systems and glutamatergic signaling
pathways within the reward circuitry following cocaine ex-
posure (Connelly and Unterwald, 2019, 2020; Castro-
Zavala et al., 2020). Such studies will lay the foundation
for future work focused on identifying cellular and synap-
tic mechanisms driving sex differences in behavioral re-
sponding to cocaine. The importance of such studies is
further highlighted by recent evidence for latent sex differ-
ences in hippocampal synaptic plasticity despite common
behavioral end points in males and females (Jain et al.,
2019).

Dopaminergic projections from the ventral tegmental
area (VTA) to the NAc are known to play a critical role in co-
caine addiction, although less is known about the role do-
pamine plays in the incubation of cocaine craving (Carelli
and West, 2014; Wolf, 2016). The basal firing rate of VTA
dopamine (DA) neurons changes across the estrous cycle,
with the greatest increase occurring in estrus, including an
increase in burst firing (Zhang et al., 2008; Calipari et al.,
2017), which are changes known to increase dopamine re-
lease (Pignatelli and Bonci, 2015). Similarly, DAergic trans-
mission in the NAc changes across the estrous cycle
(Becker and Hu, 2008). Importantly, cocaine-related cues
can increase dopamine release in the NAc (Willuhn et al.,
2010), and interactions between glutamatergic and dopa-
minergic signaling in the NAc are known to play a role in
cocaine-seeking behavior (Anderson et al., 2008). Cocaine-
induced dopamine release in the NAc has also been shown
to be modulated by estrogenic signaling in the medial pre-
optic area of the hypothalamus in female rats (Tobiansky et
al., 2016), indicating that neuroadaptations across the es-
trous cycle within this region could contribute to sex differ-
ences in incubated craving. While it is unknown how cue-
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induced DA release changes during withdrawal from
extended access cocaine self-administration, it is likely
that estrous cycle fluctuations during withdrawal impact
dopaminergic transmission to influence cue-induced co-
caine-seeking behavior.

Another brain area of interest is the basolateral amyg-
dala (BLA), as it plays an important role in driving moti-
vated behaviors like drug seeking. Human studies have
shown that drug cues activate the amygdala (Childress et
al., 1999) and that chronic cocaine use increases connec-
tivity between the amygdala and limbic circuitry critical for
driving-motivated behaviors like drug seeking (Konova et
al.,, 2015; Contreras-Rodriguez et al., 2016). Projections
from the BLA to the NAc have been shown to play an im-
portant role in incubated cue-induced cocaine craving in
male rats (Lee et al., 2013; Ma et al., 2016) and other re-
lated studies have shown that inputs from the thalamus
and cortex to the basal and/or lateral amygdala are critical
in driving cue-induced reinstatement of drug seeking in
male rats (Arguello et al., 2017; Rich et al., 2019, 2020). In
addition, recent studies have shown an increase in BLA
activity following early withdrawal (2-3 weeks) from ex-
tended-access cocaine self-administration in male rats,
and that, when the magnitude of craving increases, so
does BLA activity (Munshi et al., 2021). As with the VTA,
BLA activity changes across the estrous cycle (Blume et
al.,, 2017, 2019), raising the possibility of an interaction
among cocaine exposure, BLA activity, and estrous cycle
stage that may influence incubated craving. However, lit-
tle is known regarding the cellular and synaptic mecha-
nisms in the BLA contributing to time-dependent changes
in cocaine craving in either males or females. Future stud-
ies will address these mechanisms in both sexes, includ-
ing how they are influenced by hormonal fluctuations
across the estrous cycle.
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