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Introduction: Women have a shorter course from initial cocaine use to
meeting the criteria for cocaine use disorder as compared to men. Preclinical
findings similarly indicate that females develop key features of an addiction-
like phenotype faster than males, including an enhanced motivation for
cocaine and compulsive use, indicating that this phenomenon is biologically
based. The goals of this study were to determine whether cocaine-craving,
another key feature of addiction, also develops sooner during withdrawal in
females than males and to determine whether there are sex differences in the
molecular mechanisms associated with its development focusing on markers
known to mediate cocaine-craving in males (i.e.,, dorsomedial prefrontal
cortex, dmPFC, expression of brain-derived neurotrophic factor exon-IV,
Bdnf-1V, and NMDA receptor subunits, Grin2a, Grin2b, and Grinl).

Methods: Cocaine-craving was assessed following extended-access cocaine
self-administration and 2, 7, or 14 days of withdrawal using an extinction/cue-
induced reinstatement procedure. Tissue was obtained from the dmPFC
immediately after reinstatement testing and gene expression changes were
analyzed using real-time gqPCR.

Results: In males, cocaine-craving (total extinction and cue-induced
reinstatement responding) progressively increased from early to later
withdrawal time-points whereas in females, cocaine-craving was already
elevated during early withdrawal (after 2 days) and did not further increase at
later withdrawal time-points. Levels of cocaine-craving, however, were similar
between the sexes. Gene expression changes differed markedly between
the sexes such that males showed the expected relapse- and withdrawal-
associated changes in Bdnf-1V, Grin2a, Grin2b, and Grinl expression, but
females only showed a modest increase Grinl expression at the intermediate
withdrawal timepoint.
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Discussion: These findings indicate that cocaine-craving is similarly expressed
in males and females although the time-course for its incubation appears
to be accelerated in females; the molecular mechanisms also likely differ in
females versus males.

KEYWORDS

cocaine-craving, sex differences, telescoping effect, dmPFC, Bdnf-1V, Grin2a, Grin2b,

Grin1

1. Introduction

Overdose deaths involving cocaine have been steadily
increasing since 2014 (CDC WONDER, 2022). Despite men
having higher rates of cocaine use disorder than women
(Substance Abuse and Mental Health Services Administration
[SAMHSA], 2020), woman are more vulnerable to many aspects
of the disease. For example, women have a shorter time period
from initial cocaine use to meeting the criteria for cocaine use
disorder and/or seeking treatment for the disorder as compared
to men (Griffin et al,, 1989; White et al., 1996; McCance-
Katz et al., 1999; Sofuoglu et al., 1999; Haas and Peters, 2000;
Hernandez-Avila et al., 2004; O’Brien and Anthony, 2005).
This phenomenon has been termed the “telescoping effect” and
is a consistent effect that has been reported across multiple
drug classes including psychostimulants, such as cocaine and
methamphetamine (Griffin et al, 1989; White et al, 1996;
McCance-Katz et al., 1999; Sofuoglu et al., 1999; Haas and Peters,
2000; Brecht et al., 2004; Hernandez-Avila et al., 2004; O’Brien
and Anthony, 2005) as well as other addictive drugs, including
alcohol, opioid, tobacco, and cannabis (Anglin et al., 1987; Hser
et al., 1987a,b; Haas and Peters, 2000; DiFranza et al., 2002;
Hernandez-Avila et al., 2004; Ehlers et al., 2010; Back et al,,
2011a,b; Khan et al., 2013; Lewis et al., 2014; Adelson et al.,
2018; Peltier et al,, 2021) and non-pharmacological addictions,
such as gambling (Ladd and Petry, 2002; Ibanez et al., 2003;
Tavares et al, 2003; Grant et al, 2012). Women with a
cocaine use disorder also experience more drug-related medical
and psychological complications, report greater stress-induced
cravings, and longer periods of use after relapse compared to
their male counterparts (White et al., 1996; Luchansky et al,
2000; Gallop et al., 2007; Center for Substance Abuse Treatment,
2009; Greenfield et al., 2010; Potenza et al., 2012; Becker and
Koob, 2016).

While this increased risk in women may be due to socio-
cultural factors (Becker et al., 2016), results from preclinical
studies indicate that biological factors also contribute given
that female animals develop addiction-like features more readily
than male animals (Lynch and Taylor, 2004; Kerstetter et al,,
2012; Perry et al., 2013, 2015; Kawa and Robinson, 2019; Towers
et al, 2021). For example, female rats self-administer higher
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levels of cocaine, show greater escalation of cocaine intake over
time, and have a more significant disruption of diurnal control
over drug intake than males under extended-access cocaine
self-administration conditions, which supports an enhanced
vulnerability to transition from controlled to dysregulated
cocaine use in females (Lynch and Taylor, 2004, 2005; Roth
and Carroll, 2004; Smith et al.,, 2011; Kawa and Robinson,
2019; Algallal et al, 2020). Additionally, our more recent
study showed that two addiction-like features, an enhanced
motivation for cocaine and compulsive cocaine use despite
negative consequences, developed sooner during withdrawal
from extended-access cocaine self-administration in females
compared to males (following 7 versus 14 days; Towers et al,
2021). Our previous study and work from others has also shown
that these addiction-like features increase, rather than decrease,
in magnitude over withdrawal (Gancarz-Kausch et al,, 2014;
Towers et al.,, 2021). This incubation effect has been extensively
described for cue-induced cocaine-craving, which increases
progressively, or incubates, over protracted withdrawal in both
humans and animals tested following extended-access drug
self-administration (Grimm et al.,, 2001; Li et al,, 2015). This
incubation effect also occurs in both males and females (Nicolas
et al,, 2022) and is particularly robust in females tested during
estrus (versus non-estrus phases and males; Nicolas et al., 2019;
Corbett et al.,, 2021). However, it remains unknown whether
there are sex differences in the time-course for the incubation
of cue-induced cocaine-craving.

The molecular mechanisms underlying incubated cocaine-
craving are also largely unknown in females since the vast
majority of the work has been conducted in male animals only.
Determining sex differences in the underlying neuroadaptations
of key features of cocaine use disorder, such as the incubation
of cocaine-craving, will be imperative as the effort to develop
the first FDA-approved treatment for cocaine use disorder
continues. While not yet examined, glutamatergic signaling is
a strong candidate as a mechanism underlying the telescoping
effect given the critical role this pathway plays in mediating
drug-craving/relapse in both humans and animal models (Rebec
and Sun, 2005; Goldstein and Volkow, 2011; Kalivas and
Volkow, 2011; Szumlinski and Shin, 2018). Findings from male
animals further indicates a causal role for glutamate receptor

frontiersin.org


https://doi.org/10.3389/fnbeh.2022.1027310
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/

Towers et al.

signaling in the dorsomedial prefrontal cortex (dmPFC) in drug-
craving and its incubation over withdrawal (McClure et al., 2014;
Szumlinski and Shin, 2018). Specifically, glutamatergic signaling
in this pathway changes dramatically during withdrawal,
from hypoglutamatergic during early withdrawal, when levels
of drug-craving are low, to hyperglutamatergic during late
withdrawal, when craving has increased to high levels (after 7 or
more days; Ben-Shahar et al., 2009, 2012, 2013; Chen et al., 2013;
Sun etal., 2014; Funk et al., 2016; Koob and Volkow, 2016; Barry
and McGinty, 2017; Hearing et al., 2018; Szumlinski and Shin,
2018; Siemsen et al., 2019; Caffino et al., 2020; Roura-Martinez
et al,, 2020). NMDA receptors have been shown to be critically
involved in the early-withdrawal molecular cascade that triggers
the incubation of craving (Barry and McGinty, 2017), as well
as the enhanced cue-induced craving following late withdrawal
(Chen et al, 2013; Barry and McGinty, 2017; Szumlinski
and Shin, 2018). Brain derived neurotropic factor (BDNF)
signaling, which requires coincident activation by glutamate and
dopamine, also increases in the dmPFC following relapse testing
(Peterson A. et al., 2014; Abel et al., 2019) and clinical studies
have similarly shown elevated BDNF serum levels are predictive
of cocaine craving and vulnerability to relapse in abstinent
cocaine-dependent individuals (D’Sa et al,, 2011; Corominas-
Roso et al, 2013). Although glutamatergic regulation of
cocaine-craving has not yet been examined in females, recent
findings with methamphetamine show that extended-access
self-administration differently impacts excitatory signaling in
the PFC of females versus males (Pena-Bravo et al,, 2019).
Further support is provided by data showing that estradiol
induces glutamate release (Le Saux et al, 2006), mediates
synaptic plasticity in brain through a glutamate-dependent
mechanism (Peterson B. et al,, 2014), and earlier data showing
sex-specific differences in NMDA receptor functioning (Cyr
etal., 2001).

The purpose of the present study was to expand on
our previous study on the telescoping effect and determine
whether cocaine-craving, as assessed using an extinction/cue-
induced reinstatement procedure, also incubates sooner during
withdrawal in females than males. We also determined whether
the molecular mechanisms associated with incubated cocaine-
craving differed between males and females and from early
to later periods of withdrawal focusing on markers known to
mediate cue-induced cocaine-craving in males (brain-derived
neurotrophic factor exon-IV, Bdnf-IV, and NMDA receptor
subunit-related gene expression, Grinl, Grin2a, Grin2b, in the
dorsomedial prefrontal cortex, dmPFC; Peterson A. et al,
2014; Szumlinski et al, 2016; Abel et al., 2019). Based
on previous findings indicating that addiction-like features,
including cocaine-craving, develop following extended-access
self-administration and increase, or incubate, over withdrawal
(Grimm et al., 2001; Gancarz-Kausch et al., 2014; Towers et al.,
2021), effects were examined during early withdrawal (following
2 days; W2), which was expected to be sub-threshold for
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inducing an addiction-like phenotype, intermediate withdrawal
(following 7 days; W7), which was expected to be threshold
for inducing an addiction-like phenotype, and late withdrawal
(following 14 days; W14), which was expected to be optimal
for inducing an addiction-like phenotype. Given our previous
findings (Towers et al., 2021) and reports of a telescoping effect
in women, we hypothesized that cocaine-craving (extinction
and cue-induced reinstatement) would incubate to high levels
sooner during withdrawal in females versus males. Additionally,
we predicted that BDNF and NMDA receptor gene expression
in the dmPFC would correspond to withdrawal- and sex-
dependent differences in cocaine-craving.

2. Materials and methods

2.1. Subjects

Sexually mature female (N = 52) and male (N = 41) Sprague-
Dawley rats (Charles River) were used as subjects in this study.
Rats were approximately 11-weeks-old and weighed roughly
260 g (females) and 380 g (males) at the start of the study. Upon
arrival at the facility, rats were individually housed in operant
conditioning chambers (Med Associates Inc., St. Albans, VT,
USA) with ad libitum access to water and food (Teklad LM-
485 7912; except as noted below for some animals during
cocaine self-administration training) and maintained on a 12-
h light/dark cycle (lights on at 7 a.m.). Over the course of the
study, the rats were weighed three times a week and their health
were monitored daily. All procedures were conducted within
animal care guidelines set by the National Institution of Health
and were approved by The University of Virginia Animal Care
and Use Committee.

2.2. Procedures

2.2.1. Lever pre-training

Following a 2-day habituation period to the operant
chamber, rats were pre-trained to lever press for sucrose pellets
(45 mg) in order to ensure rapid subsequent acquisition of
cocaine self-administration using methods previously described
(Lynch, 2008; fixed-ratio 1 access, 24-h/day). Briefly, pellets
were available 24h/day under a fixed ratio 1 (FR1) schedule;
no stimulus was paired with sucrose pellet delivery. Acquisition
was defined as 2 consecutive days wherein >50 pellets were
obtained. Rates of acquisition of lever-pretraining did not differ
between males and females (days = SEM, 2 £ 0.06 versus
2 % 0.11, respectively).

2.2.2. Surgery and catheter maintenance
After lever pre-training, an indwelling catheter (Silastic
tubing; 0.51 and 0.94 mm o.d.; Dow Corning, Midland, MI,
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USA) was implanted into the right jugular vein of the rats using
methods previously described (Lynch, 2008). Catheter patency
was maintained and verified throughout the study by flushing
with heparinized saline 3 days/week. If the patency of a catheter
was questionable, it was verified by administering sodium
brevital (1.5 mg/kg). Any catheter that was no longer patent
(i.e., the catheter was leaking, pressure prevented flushing, or the
animal did not lose the righting reflex immediately after sodium
brevital) was replaced by a new catheter that was implanted into
the left jugular vein with testing resuming following recovery
from surgery (1-2-days). Data collected between this assessment
and the last patency check were discarded.

2.2.3. Cocaine self-administration training

Following surgery, rats were trained to self-administer
cocaine (Figure 1A; 1.5 mg/kg/infusion, a relatively high dose
shown to encourage rapid rats of acquisition) under a FR1
schedule with a maximum of 20 infusions/day using methods
previously described (Lynch et al,, 2010). Each session began
with the introduction of the active lever (cocaine-associated
lever) into the left side of the operant chamber and remained
extended until all 20 infusions were obtained or until the session
ended at 11:50 a.m. the next day. Responses on the active lever
were reinforced with an infusion of cocaine under a fixed-
ratio 1 schedule; infusions were paired with the sound of the
infusion pump located inside the sound attenuated chamber
and a stimulus light located above the active lever. The active
lever retracted following the 20th infusion (or at 11:50 a.m.)
and remained retracted until the next session. Responses on
the non-active (right) lever were counted during the session
to measure general activity, but did not have any programmed
consequence. Acquisition was defined as two consecutive days
wherein 20 infusions were obtained. Moderate food restriction
(85% of its free-feeding body weight, roughly 20 g/day and
15 g/day for males and females, respectively) was used briefly
(2-3 days) when necessary (i.e., fewer than 15 infusions/day by
training day 5; one male in the W2 group, one male and one
female in the W7 group, and two males in the W14 group).
All groups acquired cocaine self-administration rapidly under
these high dose conditions (typically within 2-3 days) and rates
of acquisition did not differ between males and females or
withdrawal groups.

2.2.4. Extended-access cocaine
self-administration and withdrawal

Once rats acquired cocaine self-administration, they
24-h/day,
(1.5 mg/kg/infusion) under a discrete trial procedure using

were  given intermittent-access to  cocaine
methods previously described (Ramoa et al, 2013, 2014).
Briefly, there were 4, 10-min discrete trials each hour that began
every 15 min (up to 96 infusions/day) with the extension of
the active-lever into the chamber. Cocaine was available during

each of the trials under a fixed-ratio 1 schedule; each infusion
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was paired with the sound of the infusion pump and a stimulus
light located above the active lever. Trials terminated, and the
lever retracted, after an infusion was obtained or after 10 min.
The inactive (right) lever remained extended the entire duration
of the session and responses on the lever were recorded but
had no consequence. Sessions ran continuously for 10 days.
These extended-, intermittent-access conditions have been
shown to induce ‘binge/abstinent’ patterns of intake and lead
to the development an addiction-like phenotype when assessed
following protracted withdrawal (Ramoa et al.,, 2013; Towers
et al., 2021). After the last extended-access session, cocaine was
again available for two additional sessions under fixed-ratio 1
session (up to 20 infusions) in order to equate intake between
the groups prior to withdrawal. Based on our previous findings
showing that females develop an addiction-like phenotype
sooner during withdrawal than males (7 versus 14 days; Towers
et al,, 2021), we assigned males and females randomly to one
of three different withdrawal conditions: early (2 days; n = 14
14 and 10,
respectively), or late (14 days; n = 14 and 11, respectively)

and 10, respectively), intermediate (7 days; n =

withdrawal. The withdrawal period began following the second
FR1 session. Rats remained in their operant chambers during
withdrawal. Additional male and female rats were also randomly
assigned to an early (n = 4 and 5, respectively), intermediate
(n = 4 and 4, respectively), or late (n = 6 and 2, respectively)
withdrawal groups; they underwent the same procedures as
those described for the rats given extended-access to cocaine
except they had access to saline instead of cocaine.

2.2.5. Extinction/reinstatement testing
Extinction/reinstatement testing was conducted in two
consecutive sessions after 2, 7, or 14 days of withdrawal. First,
extinction responding was examined in a minimum of 6, 1-h
sessions using methods previously described (Peterson A. et al,,
2014; Sanchez et al., 2014; Beiter et al., 2016). These sessions
started between 9 and 10:00 a.m. with the re-introduction of the
active-lever into the operant chamber; responses on this lever
and the inactive lever were recorded but had no programmed
consequence. Sessions continued until responding on the active
lever met an extinction criterion of less than 15 responses/h.
This criterion was typically met within 6 sessions and all
rats extinguished within 8 sessions. Cue-induced reinstatement
responding was assessed the following day in a 1-h session.
This session also started between 9 and 10:00 a.m. with the
re-introduction of the active lever into the operant chamber
as well as a presentation of the cues formerly associated with
cocaine (sound of infusion pump and the light above the active-
lever; roughly 3-5 s based on body weight). Each response on
the left-lever produced these same cues. Female rats were also
swabbed 3 days prior to the extinction and reinstatement test
days and on the behavioral test days as described previously
(Lynch et al., 2019) to determine the phase of the estrous cycle.
Male rats underwent similar handling. Unfortunately, the phase
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SA Training ExA Withdrawal ,
(~2-3 days) (10 days) (2,7, or 14 days)
B
Bregma 3.2 mm
FIGURE 1

Extinction
(1 day)

10.3389/fnbeh.2022.1027310

Reinstatement

. .
(1.dag) —> Tissue Collection

dmPFC

Summary of experimental events and brain region dissected for the gene expression analyses. (A) Timeline of experimental events: Following
self-administration training (SA), rats were given 24-h/day extended (ExA) access to cocaine (1.5 mg/kg/infusion) under a discrete trial
procedure for 10 days (4 trials/h). After the last cocaine self-administration session, rats were assigned to an early (n = 13 females, 10 males),
intermediate (n = 13 females, 10 males), or late (n = 13 females, 10 males) withdrawal groups. Additional rats were given access to saline and
assigned to an early (n = 4 females, 5 males), intermediate (n = 4 females, 4 males), or late (n = 6 females, 2 males) withdrawal groups.
Following the appropriate days of withdrawal, rats underwent extinction testing in a minimum of 6, 1-h sessions and then the next day
reinstatement testing in a 1-h session. Tissue was collected immediately after the reinstatement session. (B) Schematic illustration of the brain

region dissected for the dorsomedial prefrontal cortex (dmPFC).

of the estrous cycle could not be determined because the slides
were contaminated during staining and unable to be interpreted.
Therefore, the phase of the estrous cycle was not included in the
data analysis. Additionally, one female in the early withdrawal
group, one female in the intermediate withdrawal group and one
female and one male in the late withdrawal group were excluded
from the study and all analyses due to patency issues during
extended-access self-administration or technical issues during
withdrawal/relapse testing.

The final group size for females and males in the cocaine
groups was 13 and 10 for the early withdrawal group, 13 and 10
for the intermediate withdrawal group, and 12 and 10 for the
late withdrawal group. For the saline groups, since there were
no behavioral differences between rats tested following early,
intermediate, or late withdrawal, data were collapsed into one
group (n = 14 females and 11 males).

2.2.6. Gene expression

Immediately following the reinstatement session, rats were
anesthetized using isoflurane and then euthanized by rapid
decapitation. Tissue from the dmPFC was rapidly dissected from
ice-chilled 2-mm-thick coronal brain slices based on boundaries
defined previously (Figure 1B; coordinates: Bregma 3.2 mmy;
Paxinos and Watson, 2007). The dmPFC, which includes
the prelimbic region and anterior cingulate, was selected
since this region is known to be critical for the incubation
of cocaine-craving in males (Kalivas and McFarland, 2003;
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Ishikawa et al,, 2008). The tissue was immediately frozen using
liquid nitrogen and stored at —80°C until further processing.
RNA extraction, cDNA transcription, and RT-qPCR were
performed using methods previously described (Smith et al,
2018). Briefly, total RNA was isolated using a RNeasy (R)
Lipid Tissue Mini Kit (Qiagen, Valencia, CA, USA) and the
quantity and quality was determined using a NanoDrop™
Spectrophotometer. ¢cDNA templates were prepared using
High-Capacity cDNA Reverse Transcription Kit with RNase
Inhibitor (Applied Biosystems, Carlsbad, CA, USA). RT-qPCR
was performed using the Applied Biosystem StepOnePlus™
real-time PCR system and Applied Biosystems TagMan™ Gene
Expression assays using oligonucleotide primers chosen from
prior publications. We analyzed the relative expression of Bdnf-
IV, Grinl, Grin2a, and Grin2b (Supplementary Table 1). One
housekeeping gene (Gapdh for Bdnf-associated genes or B2m
for glutamate genes) was used for normalization. Since multiple
qPCR plates were required for a plate study analysis for each
gene, males and females, matched for group, were run on
the same plate to eliminate potential sex differences due to
qPCR plate run. A small number of samples were outliers and
excluded based on the Grubb’s test, which included 8 of the 320
samples. The final group sizes of females and males for Bdnf-
IV were 13 and 9 for the early withdrawal group, 12 and 10
for the intermediate withdrawal group, 12 and 10 for the late
withdrawal group, and 14 and 11 for the saline controls, for
Grinl were 13 and 10 for the early withdrawal group, 13 and
10 for the intermediate withdrawal group, and 12 and 10 for the
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late withdrawal group and 14 and 10 for the saline controls, for
Grin2a were 13 and 9 for the early withdrawal group, 13 and
9 for the intermediate withdrawal group, and 12 and 9 for the
late withdrawal group and 14 and 11 for the saline controls,
and for Grin2b were 13 and 9 for the early withdrawal group,
13 and 10 for the intermediate withdrawal group, and 12 and
9 for the late withdrawal group and 14 and 11 for the saline
controls.

2.3. Drugs

Cocaine hydrochloride was obtained from the National
Institute on Drug Abuse (Research Triangle Park, NC, USA)
and dissolved in 0.9% sterile saline (7 mg/ml), filtered (0.22 pm;
Millipore, Billerica, MA, USA), and stored at 4°C. The infusion
duration was adjusted three times/week based on body weight to
maintain a constant mg/kg dose (2 s/100 g).

2.4. Data analysis

Data were first examined to verify that the assumptions of
parametric analyses were met (i.e., normal distribution, equal
variances). Sex differences were examined using both between
sex analyses, to address quantitative differences, and using
separate analyses within each sex, to address qualitative sex
differences. This approach is analogous to the one we used
recently to determine sex differences in the development of
other addiction-like features (Towers et al, 2021) and has
been recommended by other experts in the addiction field
for detecting quantitative versus qualitative sex differences
(Beltz et al, 2019). Specifically, quantitative differences in
cocaine intake over the 10-day extended-access period were
addressed using a repeated measures ANOVA with session
as the repeated measure and sex and withdrawal group as
the between-subject factors. Post hoc comparisons of the first
and later sessions (averaged across sessions 2-10) were made
using the paired ¢-test. Sex and withdrawal group were also
included as between subject factors in the analyses of total
extinction responses (univariant ANOVA), extinction responses
during the first six extinction sessions run (repeated measures
ANOVA), and responses during the last extinction session
versus the reinstatement session (repeated measures ANOVA).
Post hoc comparison of the first extinction session versus later
sessions (averaged across sessions 2-6) and of the last extinction
session versus the reinstatement session were made using
the paired t-test. Withdrawal-dependent changes in extinction
and reinstatement responding were also examined within
females and males separately to address expected qualitative
differences (e.g., ovarian hormones contribute to cocaine-
craving in females, but not males; Jackson et al., 2006; Becker,
2009). Pearson correlations were also conducted to determine
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associations between average cocaine intake during extended-
access and the total number of extinction and cue-induced
reinstatement responses.

Similar analyses were used to determine quantitative and
qualitative sex differences in gene expression with separate
univariate ANOVA analyses conducted for each gene. Sex and
withdrawal group differences were determined using percent
difference from saline controls. Changes from baseline/saline
expression levels were determined using a one-sample t-test
(versus no change), and one-tailed t-tests were used for all
a priori predicted hypotheses (i.e., higher cocaine-craving and
Bdnf-IV and Grinl expression in the W7 and W14 withdrawal
groups compared to the W2 withdrawal group; Abel etal., 2019).
Partial eta squared (7 p2) was used as a measure of effect size and
Tukey correction was used to control for multiple comparisons.
Statistical analyses were performed using SPSS (V26).

3. Results

3.1. Behavioral results

3.1.1. Extended-access self-administration
During the 10-day extended-access period, female rats self-
administered more cocaine than males [Figures 2A, B; effect of
sex, F(1,62) = 15.16, P < 0.001]. However, there were no overall
or interactive effects of group (P > 0.05) indicating that levels
of cocaine intake were similar between groups within females
and males prior to withdrawal. Patterns of intake were also
similar between the groups (group by session, P > 0.05) and
sexes (sex by session, P > 0.05) with males and females in each
of the groups having the highest intake during the first session
[effect of session, F(9,558) = 8.07, P < 0.001; session 1 versus
average intake of sessions 2-10, £(92) = 8.56, P < 0.05]. Thus,
while females had higher cocaine intake during the extended-
access phase, there were no significant group differences in levels
or patterns of cocaine intake within males or females prior to
withdrawal and subsequent extinction/reinstatement testing.

3.1.2. Extinction

As predicted, cocaine-craving was significantly affected by
length of withdrawal [effect of group, F(2,62) = 4.5, P < 0.05]
and the highest levels of extinction responding were observed in
the late withdrawal group (versus the early withdrawal group,
170.2 £ 17.0 versus 95.5 =+ 21.4, respectively; P < 0.05).
Although no overall or interactive effects of sex were observed
(P’s > 0.05, Supplementary Figure 1A), planned analyses within
males and females separately indicate that the withdrawal-
dependent increase in extinction responding was driven
primarily by effects in males (Figures 3A-D). Specifically,
within males there was a significant effect of withdrawal group
for both hourly extinction responses [Figure 3A; F(3,27) = 7.6,
P < 0.01; np3, 0.36] and total extinction responses across all
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Effect of sex on cocaine intake during 10 extended-access sessions under a discrete trial procedure. Mean (+SEM) number of infusions obtained
during each of the ten extended-access sessions (A) and averaged across all extended-access sessions (B) for males and females in the early
(W2; n = 13 females, 10 males), intermediate (W7; n = 13 females, 10 males), and late (W14; n = 13 females, 10 males) withdrawal groups.
*Significantly higher cocaine intake in females compared to males. + Significantly higher cocaine intake during the first extended-access
session compared to later ones (averaged across sessions 2—-10) for both sexes.

extinction sessions run [Figure 3B; F2,27y = 7.6, P < 0.01;
np?, 0.36]. Post hoc comparison also confirmed higher total
extinction responses in the intermediate and late withdrawal
groups versus the early withdrawal group (P’s < 0.01). The
analysis of hourly extinction responding in males also revealed
a significant effect of session [F(s,135) = 40.2, P < 0.001],
which reflects higher responding in the first session versus later
ones [session 1 versus average of sessions 2-6, +(29) = 7.70,
P < 0.001], as well as an interaction of group by session
[F(10,135) = 3.4, P < 0.001] which reflects a group difference
[F2,27y = 6.8, P < 0.01] and higher responding in the
intermediate and late withdrawal groups as compared to the
early withdrawal group (P’s < 0.05) during the first extinction
session, but not later ones (P’s > 0.05). In contrast, within
females, the effect of group was non-significant for both hourly
extinction responses [Figure 3C; F(2,35y = 1.7, P > 0.05]
and total extinction responses across all extinction sessions
run [Figure 3D; F(3,35y = 1.8, P > 0.05] indicting that
extinction responding was similarly increased at early versus
later withdrawal time-points. However, similar to males, the
analysis of hourly extinction response within females revealed
a significant effect of session [F(s,175) = 35.34, P < 0.001],
which reflects higher responding in the first session versus
later ones [sessions 2-6, t(37) = 9.45, P < 0.001], as well
as an interaction of group by session [F(10,175) = 4.63,
P < 0.001] which reflects a group difference [F(2,35) = 5.1,
P < 0.05] and higher responding in the late withdrawal
group compared to the early withdrawal group (P < 0.05)
during the first extinction session. For both males and females,
responding decreased to similarly low levels in each of the
groups by session 6 (effect of group, P5 > 0.05). These
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findings indicate that in males, extinction responding increases
over withdrawal and peaks during intermediate withdrawal
(i.e., following 7 days of withdrawal). While a similar effect
also occurred in females for responding during the first
extinction session, total extinction responses were already
elevated in females during early withdrawal (i.e., following
2 days of withdrawal) and did not further increase over
withdrawal.

3.1.3. Reinstatement

As with extinction responding, cue-induced reinstatement
of cocaine-craving was significantly affected by the length of
withdrawal [effect of group, F(2,62) = 4.6, P < 0.05] and the
highest levels of responding were observed in the intermediate
and late withdrawal groups (versus the early withdrawal group;
80.3 £ 17.6 and 86.5 = 8.8 versus 38.0 & 6.2, respectively;
Ps < 0.05). Although no overall or interactive effects of
sex were observed in the overall analysis (Supplementary
Figure 1B), planned analyses within males and females
separately indicate that, like extinction responding, withdrawal-
dependent increases in reinstatement responding were driven
primarily by effects in males (Figure 4A). Specifically, for
males responding was significantly reinstated by the cues in
each of the withdrawal groups [versus the last extinction
session; effect of session, F(1,27) = 102.4, P < 0.001; within the
early, t(9) = —4.40, P < 0.001, intermediate, ¢(12) = —5.95,
P < 0.001, and late, #(12) = —5.55, P < 0.001, withdrawal
groups] and this reinstatement effect was significantly affected
6.4,
P < 0.01; session by group interaction F(3,27) = 5.9, P < 0.01].

by length of withdrawal [effect of group, F(2,27)

Although no group difference was observed within the last
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extinction session (P < 0.05), there was a significant effect
of group within the reinstatement session [F(2,27) = 6.1,
P < 0.01; np?, 0.13] with subsequent post hoc comparisons
revealing a significant difference between the early and the
late (P < 0.01) withdrawal groups. In contrast, the same
analysis within females revealed a significant effect of session
[Figure 4B; F(1,35y = 40.5, P < 0.001], but non-significant
trends for group [F(1,35) = 2.47, P = 0.10] and session by
group [F(1,35y = 2.63, P = 0.09]. Post hoc analyses also
confirmed non-significant group differences within both the
last extinction session (P > 0.05) and the reinstatement session
(P > 0.05). Together, these findings indicate that in males,
cue-induced cocaine-craving progressively increases from early
to late withdrawal (following 2 versus 14 days) whereas
in females, cocaine-craving is already elevated during early
withdrawal (following 2 days) and does not further increase over
withdrawal.

Given the sex difference in cocaine intake during the
extended-access period, we ran correlational analyses
to determine whether cocaine intake was predictive of
later cocaine-craving during extinction and reinstatement
testing (total responses for each; data not shown). These
both

0.04) and cue-induced reinstatement

extinction
0.13)
—0.08
and

associations for

r -
in the overall sample and within females (r =
and 0.11, 0.10
0.04, indicate

were non-significant

r =
r -

respectively) and males

respectively) separately. These findings
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that prior cocaine intake was not predictive of later
cocaine-craving.

3.2. Molecular results

3.2.1. Bdnf-1V gene expression

Sex- and withdrawal-dependent effects were observed for
Bdnf-IV expression within the dmPFC (Figure 5A) with results
from the analysis of percent difference from saline controls,
which normalizes baseline sex differences, revealing that males
had a larger increase than females in Bndf-IV expression [effect
of sex, F(1,60) = 27.7, P < 0.001; T]pz, 0.30]. Effects were most
pronounced in males in the early withdrawal group [effect of
group, F(2,60) = 6.9, P < 0.01; early withdrawal group versus
0, P < 0.05], and while the interaction of sex and withdrawal
group was not statistically significant (P > 0.05), results from
the planned analysis within each sex confirmed an effect of
withdrawal group within males [F(2,4.4) = 4.4, P < 0.05]. Within
males, the increase in Bdnf-IV expression was also significantly
greater than zero for both the early and late withdrawal groups
(P < 0.05%). In contrast, the effect of withdrawal group was
not significant in females (P > 0.05), and collapsed across
withdrawal groups, expression levels were not significantly
different from zero (P > 0.05). Thus, Bdnf-IV expression was
increased following relapse testing in males, but not females, and
while effects were most pronounced following testing during
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early withdrawal, expression remained elevated persistently (i.e.,
following relapse testing and 14 days of withdrawal).

3.2.2. Grinl gene expression

Sex- and withdrawal-dependent effects were observed for
Grinl expression within the dmPFC (Figure 5B) with results
from the analysis of percent difference from saline controls
revealing non-significant overall effects of sex and withdrawal
group but a trend for a significant interaction of sex by
withdrawal group [Figure 5D; F(2,62) = 3.1, P=0.053; T]pz, 0.09].
Further analysis within each sex revealed non-significant effects
of withdrawal group for both males and females (P’s > 0.05)
although within females there was a trend for increased
Grinl expression (>0, relative to saline controls, P = 0.06)
which appears to be driven by effects within the intermediate
withdrawal group given that expression was significantly higher
than saline controls in the intermediate withdrawal group
(P < 0.05), but not in the early or late groups. The same
analysis within males showed that Grinl expression was also
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increased relative to saline controls, but in contrast to effects
in females, this occurred in the late withdrawal group in
males (P < 0.05), not the intermediate group (or early group).
Thus, females appear to have higher Grinl expression following
relapse testing during intermediate withdrawal, while, males
showed an increase in Grinl expression during late withdrawal.

3.2.3. Grin2a gene expression

Sex-dependent effects were observed for Grin2a expression
within the dmPFC (Figure 5C) with results from the analysis
of percent difference from saline controls revealing a significant
overall effect of sex [F(1,50) = 10.8, P < 0.01; T]pz, 0.15] indicating
that males show a greater decrease in Grin2a expression than
females following relapse testing (P < 0.01). Further analysis
in males revealed a non-significant effect of withdrawal group
(P > 0.05) and a significant difference from zero for percent
of control expression when collapsed across withdrawal groups
(P < 0.001), indicating that the decrease in Grin2a expression
was consistent across each of the withdrawal time-points. In
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females, the overall effect of withdrawal group was also non-
significant (P > 0.05), but in contrast to males, in females,
percent of control Grin2a expression was not significantly
different from zero (P > 0.05). Thus, Grin2a expression was
decreased following relapse testing during early, intermediate,
and late withdrawal in males but was unchanged at these
withdrawal time-points in females.

3.2.4. Grin2b gene expression

Sex- and withdrawal-dependent effects were observed for
Grin2b expression within the dmPFC (Figure 5D) with results
from the analysis of percent difference from saline controls
revealing a significant effect of sex [F(1,60) = 4.4, P < 0.05;
np?, 0.07] indicating that males had a greater decrease in
Grin2b expression (relative to saline controls) than females
following relapse testing. There was also a significant effect of
withdrawal group [F(2,60) = 3.2, P < 0.05] that again appears
to be driven by changes in males given that follow-up analysis
within each sex revealed a significant effect of withdrawal
group for males [F(3,25) = 5.2, P < 0.05], but not females
(P > 0.05). Further analysis within males also showed that the
decrease in Grin2b expression (relative to saline controls) was
significantly lower than zero for both the early (P < 0.01) and
late (P < 0.05) withdrawal groups. Within females, the change
in percent of control Grin2b expression was not significantly
different from zero (P > 0.05). Thus, Grin2b expression in
the dmPFC decreased following relapse testing in males, but
not females, and while effects were most pronounced following
testing during early withdrawal, modest decreases were also
observed during late withdrawal.

4. Discussion

Women have a shorter duration of cocaine use prior to
developing problematic cocaine use and show an enhanced
vulnerability to cocaine-related medical consequences including
a shorter time interval between onset of cocaine use and a
fatal outcome compared to men (White et al., 1996; Sofuoglu
et al., 1999; Haas and Peters, 2000; O’Brien and Anthony, 2005;
Origer et al,, 2014; see Agabio et al., 2016 for review). These
sex difference appear to be driven by biological differences
considering our previous findings showing that a parallel
phenomenon also occurs in female rats with the development
of two key features of cocaine use disorder, an enhanced
motivation for cocaine and compulsive cocaine use despite
negative consequences (Towers et al., 2021). Here, we expanded
on the investigation of the telescoping effect by determining
whether the time-course for the incubation of cocaine-craving,
another key feature of cocaine use disorder in humans, also
develops sooner during withdrawal in females than males.
We found that in males, cocaine-craving (total extinction and
cue-induced reinstatement responding) progressively increased
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from early to later periods of withdrawal whereas in females,
cocaine-craving was already elevated during early withdrawal
(following 2 days of withdrawal) and did not further increase
over withdrawal (i.e., non-significant effect of withdrawal
group). While these findings are consistent with our hypothesis
for a faster course for the incubation of cocaine-craving in
females, this effect was modest considering it was only apparent
in the sex-specific time-course analyses (i.e., there were no
overall or interactive effects of sex on levels of cocaine-craving).
Cocaine-craving during the first hour of extinction testing also
similarly increased from early to later periods of withdrawal in
both males and females. Despite these modest sex differences in
behavior, we observed marked sex differences in the molecular
adaptations associated with the incubation of cocaine-craving.
Specifically, we showed that Bdnf-1V, Grin2a, Grin2b, and Grinl
gene expression changed in response to withdrawal and relapse
testing in males, while females only showed a modest increase
in the expression of Grinl at the intermediate withdrawal time-
point. Together, these findings provide evidence for a modestly
faster time-course for the development of incubated cocaine-
craving in females versus males, and indicate that the underlying
molecular adaptations differ in females versus males. Each of
these molecular findings are discussed further below.

A large body of work conducted in males has shown that
cue-induced drug-craving increases, or incubates, from early
(days 1-2) to later periods of withdrawal (days 14-60; Grimm
et al,, 2001; Li et al., 2015). A similar effect has been confirmed
to occur in females with findings showing that males and females
have similarly low levels of cue-induced cocaine-craving during
early withdrawal (on withdrawal day 1); high levels of cue-
induced cocaine-craving are reported in males and females
during later withdrawal time-points (following 14 and 48 days
of withdrawal), with the highest levels observed in females tested
during estrus (versus males and females tested during non-
estrus phases; Nicolas et al,, 2019; Corbett et al.,, 2021). Our
current results build on this body of literature and show that
there is also a modest sex difference on the ascending limb
of the incubation of cocaine-craving curve, with elevated cue-
induced cocaine-craving already evident in females during early
withdrawal (following 2 days of withdrawal). This conclusion
is also consistent with findings from Nicolas et al. (2019)
showing that in females, levels of cue-induced cocaine-craving
during late withdrawal (day 29) was not significantly higher
than those observed during early withdrawal (day 2) indicating
that levels of cocaine-craving were already elevated in females
during early withdrawal. However, as with our effects here,
the effect in this previous study was modest and observed in
only one of the two cohorts tested suggesting that the 2-day
withdrawal time-point is a threshold condition for females to
start expressing high levels of cocaine-craving. This idea is also
consistent with findings showing that cocaine-craving is low in
both males and females immediately following extended-access
self-administration (day 1 of withdrawal), but then increases
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in both sexes by withdrawal day 15 (Corbett et al,, 2021). It
is also consistent with our findings showing that motivation
for cocaine, as assessed under a progressive-ratio schedule,
is either unchanged or decreased from baseline in females
and males tested immediately following extended-access self-
administration (day 1 of withdrawal), but then increases in
both males and females tested following 14 or more days
of withdrawal (Lynch and Taylor, 2005; Towers et al., 2021).
Together, these findings suggest that cocaine-craving incubates
over withdrawal in both sexes, but that in females, incubation
occurs sooner such that by withdrawal day 3, cocaine-craving is
already increased from low levels. Future studies are necessary
to confirm this possibility.

Our findings on incubation of cocaine-craving are also
consistent with previous results from our group and others
showing that females develop other features of an addiction-
like phenotype, including an enhanced motivation for cocaine,
compulsive cocaine use despite punishment, and cocaine
preference over other non-drug rewards, sooner during
withdrawal or after less drug exposure than males (Lynch
and Taylor, 2004; Kerstetter et al., 2012; Perry et al, 2013,
2015; Kawa and Robinson, 2019; Towers et al., 2021). This
effect with cocaine-craving does appear to be less robust as
compared to effects reported for the development of other
addiction-like features. For example, with the development of
an enhanced motivation for the cocaine, females, but not males,
develop this phenotype under threshold conditions (following
extended-access self-administration and 7 days of withdrawal),
with females responding at roughly 25% higher levels than
males to obtain infusions of cocaine. In contrast, the effect here
with cocaine-craving was observed for total extinction and cue-
induced reinstatement responding, but not for the first hour
of extinction responding which increased progressively in both
sexes from early to later periods of withdrawal.

These sex differences in the incubation of cocaine-craving
do not appear to be driven by females having great cocaine
intake during the extended-access period considering that
cocaine intake was not predictive of subsequent cocaine-
craving, which is consistent with our previous findings for
the development of enhanced motivation for cocaine and
compulsive cocaine use despite negative consequences (Towers
et al,, 2021). This idea is also supported by findings from the
two previous studies on sex differences in cue-induced cocaine-
craving (Nicolas et al., 2019; Corbett et al., 2021) which showed
that females had higher levels of cue-induced craving during late
withdrawal despite self-administering similar levels of cocaine
during the extended-access phase. It is notable that intake
did not differ between the sexes in the previous studies given
that these studies also used extended-access conditions [i.e., 6-
h/day with the long-access procedure, Corbett et al. (2021);
8-h/day using a different intermittent-access procedure, Nicolas
et al., 2019]. Both studies also used low to moderate doses of
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cocaine (i.e., 0.5 or 0.75 mg/kg/infusion) which are typically
more sensitive to individual differences, such as sex, than high
doses like the one used here (1.5 mg/kg). None-the-less, we
have consistently observed higher intake in females than males
under these extended-access conditions (e.g., Doyle et al., 2014;
Peterson A. et al,, 2014; Towers et al,, 2021) suggesting that our
procedure is sensitive to sex differences in intake.

One limitation to our findings is that we were not able to
consider the impact of the estrous cycle on the time-course
for the incubation of cocaine-craving in females. Estrous cycle
phase is known to impact drug-craving during later (day 15 and
48), but not early (day 1) withdrawal time-points with estrus
females having higher levels of cocaine-craving than males, but
no difference between non-estrus females and males (Nicolas
etal, 2019; Corbett et al., 2021). Considering that overall levels
of craving were similar between males and females in the current
study, it is likely that the majority of our females were tested
during a non-estrus phase of their cycle. However, future studies
are necessary to determine whether the phase of the estrous
cycle impacts cocaine-craving following 2 days of withdrawal
and whether ovarian hormones contribute to the modestly
accelerated time-course for the incubation of cocaine craving
in females. This question is important considering evidence
indicating that estradiol underlies the accelerated course in
females for the development of other key addiction-like features,
such as an enhanced motivation for cocaine (Ramoa et al., 2013,
2014; Bakhti-Suroosh et al., 2019).

Our molecular findings are suggestive of an earlier
recruitment of glutamatergic signaling in the dmPFC of females
than males, which is critical for the incubation of cocaine-
craving in both humans and animal models (Rebec and
Sun, 2005; Goldstein and Volkow, 2011; Kalivas and Volkow,
2011; Szumlinski and Shin, 2018). Specially, Grinl, the gene
that encodes the ubiquitous subunit of NMDA receptor (i.e.,
GluN1), was increased sooner in withdrawal in females than
males (during intermediate versus late withdrawal). While
this effect was modest and only apparent in the within-
sex analyses, it does mirror our behavioral findings of an
accelerated course to incubated craving in females; however,
the molecular shift is delayed compared to the behavior,
which is likely the result of the early withdrawal timepoint
being threshold for females to start expressing high levels of
cocaine-craving. This idea is further supported by findings
in males where total extinction response reaches peak-levels
following 7 days of withdrawal, but the molecular shift in
Grinl does not occur until after 14 days of withdrawal.
Our findings are also consistent with previous findings with
methamphetamine showing that a molecular shift toward
increased NMDA receptor currents in the PFC occurs after
less extended-access self-administration in females than males
(Mishra et al., 2017; Pena-Bravo et al,, 2019). These previous
studies further showed that the increase in NMDA receptor
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currents that developed following withdrawal from extended-
access methamphetamine self-administration was likely due
to changes in GluN2B signaling in the PFC males, whereas,
it was not affected by GluN2B antagonism in the PFC
in females (Mishra et al., 2017; Pena-Bravo et al., 2019).
These findings are similar to our observations here that
Grin2b, the gene that encodes GluN2B subunit of the NMDA
receptor, was decreased in males during both early and late
withdrawal, but unchanged across withdrawal in females. These
findings are intriguing because they suggest that some of
the molecular adaptations associated with development of
substance use disorder may be accelerated (Grinl), while others
are qualitatively different in females compared to males (Grin2a
and Grin2b).

Although Bdnf-IV, Grin2a, and Grin2b expression did not
change in response to withdrawal and relapse testing in females,
our molecular results in males are consistent with previous
findings indicating that in males, BDNF and NMDA receptor
subunits play a critical role in the incubation of cocaine-craving.
More specifically, for Bdnf-IV, we observed increase expression
in the dmPFC of males following relapse testing during early
and late withdrawal. These findings are consistent with our
previous findings from two separate studies showing that Bdnf-
IV expression in the dmPFC is elevated in males following
withdrawal from extended-access cocaine self-administration
and cue-induced relapse testing (day 15; Peterson A. et al,, 2014;
Abel et al., 2019). We also previously showed that exercise (i.e.,
wheel running) during withdrawal dose dependently attenuated
both relapse responding and Bdnf-IV expression (Peterson A.
et al,, 2014), which provides further support for dmPFC BDNEF-
IV contributing to the incubation of cocaine-craving/relapse
vulnerability in males. It is notable that the greatest increase in
Bdnf-IV expression observed in males in the current study was
following relapse testing during early withdrawal, when levels
of cocaine-craving were low. This is surprising considering
that Bdnf-IV expression presumably increases progressively
over withdrawal. Our current findings suggest that this is not
the case; this idea is also consistent with clinical findings in
individuals with cocaine use disorder showing that high levels
of serum BDNF during early withdrawal were predictive of
early relapse following discharge from an inpatient abstinence
program (within ~4 days; Corominas-Roso et al, 2015).
Individuals with high levels of BDNF during early withdrawal
also did not show withdrawal-dependent increases in serum
BDNF (Corominas-Roso et al.,, 2015) which is in contrast to
individuals with lower levels of serum BDNF during early
withdrawal who did show an increase serum levels of BNDF
over withdrawal (Corominas-Roso et al.,, 2015). Together, these
findings suggest that increased Bdnf-IV expression in the
dmPFC can precede the development of incubated cocaine-
craving; BDNF is also likely a clinically relevant marker for
early relapse. However, considering that the clinical data were
obtained from a predominantly male sample (only 2 of the
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40 patients were women; Corominas-Roso et al., 2015), along
with our current findings showing that Bdnf-IV expression did
not change in response to withdrawal and relapse testing in
females, it is possible that findings with BDNF apply to males,
but not females. Future research is necessary to address this
possibility.

Similarly, our findings in males for NMDA receptor subunit
expression are consistent with a large body of work indicating
that NMDA receptors are causally involved in the incubation of
cocaine-craving in males (Szumlinski and Shin, 2018). Here, we
confirmed that expression levels of Grinl, Grin2a, and Grin2b
are low following cue-induced relapse testing during early
withdrawal (after 2 days), when cocaine-craving was the lowest
in males (also see Ben-Shahar et al,, 2009; Szumlinski et al.,
2016; Barry and McGinty, 2017), and that expression of Grinl
was increased following cue-induced relapse testing during
late withdrawal (after 14 days), when cocaine-craving was the
highest in males (also see Abel et al,, 2019). These findings
are also consistent with the pathophysiology of substance use
disorder in humans, which is associated with increased levels of
GluN1 expression, the protein encoded by Grinl (Enoch et al,,
2014; Daneshparvar et al,, 2019). However, it is surprising that
Grin2b expression levels continued to be decreased during late
withdrawal considering findings showing that GluN2B protein
levels in the dmPFC become increased in response to drug-
associated cues as early as day 3 of withdrawal and remain
increased up to 30 days of withdrawal (Szumlinski et al,
2016). The reason for the discrepancy between Grin2b mRNA
expression and the protein it encodes, GluN2B, is unknown but
may be the result of procedural differences, or more likely, a
difference in gene versus protein expression. GluN2A protein
levels also increase from low levels within the first week of
withdrawal from extended-access self-administration, but do
not become elevated until 60 days of withdrawal (Ben-Shahar
et al,, 2009; Szumlinski et al., 2016). A limitation to this study
is that we only investigated differences at the mRNA level; thus,
future studies will need to determine differences at the protein
level.

In conclusion, our findings indicate that the incubation
of cocaine-craving develops more rapidly in females than
males, although this effect is modest and overall levels of
cocaine-craving were similar between the sexes. Despite the
modest sex difference in behavior, there were marked differences
between males and females in the molecular adaptations
known to mediate cocaine-craving in males, and some of
these differences (i.e., Grinl) parallel the behavioral differences.
These findings highlight a need for further research on sex
differences in mechanism underlying cocaine use disorder as
this information is needed to develop sex-specific prevention

and treatment strategies.
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