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A B S T R A C T

Cocaine use and withdrawal prompt stress system responses. Stress and the negative affective state produced by
cocaine withdrawal are major triggers for relapse. FKBP5 is a co-chaperone of the glucocorticoid receptor and
regulates HPA axis negative feedback. The role of FKBP5 in cocaine-related behaviors has not been studied. The
FKBP5 inhibitor SAFit2 was used to examine the role of FKBP5 in anxiety-like behavior during early cocaine
withdrawal and in stress-induced reinstatement following cocaine self-administration in male and female rats.
Withdrawal from cocaine self-administration resulted in heightened anxiety-like behavior in female rats, which
was significantly attenuated by SAFit2 administration. SAFit2 pretreatment prior to stress-induced reinstatement
to cocaine seeking significantly reduced active lever presses of males. In female rats, SAFit2 administration
prevented stress-induced reinstatement for rats in metestrus or diestrus, but not proestrus or estrus phases at the
time of reinstatement. These data suggest an important role for FKBP5 in stress-related behaviors following
cocaine self-administration, particularly in females.

1. Introduction

Cocaine abuse and dependence continue to be major health pro-
blems in the US (Kariisa et al., 2019). Abstinence from chronic cocaine
use precipitates an intense withdrawal syndrome. Symptoms include
cognitive dysfunction, sleep disturbances, depression, anxiety, persis-
tent cocaine cravings, and fatigue (Gawin, 1991; Weddington et al.,
1990). The goal of treatment is to prevent relapse to cocaine use during
abstinence, and current treatments utilize behavioral and/or psycho-
social approaches (Penberthy et al., 2010). Addition of a medication
that helps to reduce relapse could increase the success rate for patients
in treatment for cocaine use disorder. As of now, there are no FDA-
approved medications for the treatment of cocaine use disorder.

Sex differences in cocaine use and relapse to cocaine dependence
have been documented in humans (Back et al., 2005; Kosten et al.,
1993) and in rodent models of addiction (Becker and Hu, 2008; Lynch,
2018). While males are overall more likely to use cocaine, females es-
calate from use to dependence more quickly (Brady and Randall, 1999;
Griffin et al., 1989), are more sensitive to the subjective effects of co-
caine (Lukas et al., 1996; Sofuoglu et al., 1999), and are more vulner-
able to relapse (Hudson and Stamp, 2011; Kuhn and Francis, 1997).

Females are also more susceptible to stress-related and negative affec-
tive disorders such as post-traumatic stress disorder (PTSD), anxiety,
and depression (Breslau et al., 1997; McLean et al., 2011). This may
contribute to divergent reasons for initial use of cocaine (Fox and Sinha,
2009; McCance-Katz et al., 1999) or relapse to continued use (McKay
et al., 1996).

FKBP5 modulates glucocorticoid receptor sensitivity to cortisol
(Scammell et al., 2001) by binding to the receptor complex, reducing
the affinity of the glucocorticoid receptor for cortisol, and preventing its
translocation to the nucleus (Wochnik et al., 2005). Frequent activation
of the HPA axis and subsequent cortisol release can lead to increased
FKBP5 production, glucocorticoid receptor resistance, and HPA axis
dysregulation. Due to this, FKBP5 has been implicated in the pathology
of human psychiatric diseases such as anxiety, depression, and PTSD
(Binder et al., 2008; Ising et al., 2008; Lekman et al., 2008; Minelli
et al., 2013; Pérez-Ortiz et al., 2013). Since cocaine use disorder is
associated with HPA axis dysregulation, and FKBP5 mRNA is upregu-
lated in rats following chronic cocaine administration (Connelly and
Unterwald, 2019), we hypothesized that FKBP5 may be an important
mediator of anxiety produced by chronic cocaine exposure and in
stress-induced relapse. Thus, the following studies employed a selective
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inhibitor of FKBP5, SAFit2, to probe the role of FKBP5 in cocaine
withdrawal-induced anxiety, as well as stress-induced reinstatement to
cocaine seeking. This set of experiments first compared cocaine self-
administration behaviors between male and female rats. Then, the ef-
fect of SAFit2 on anxiety-like behaviors during withdrawal was mea-
sured using the open field test. Finally, these studies investigated the
effect of SAFit2 administration on stress-induced reinstatement to co-
caine seeking in male and female rats. Results demonstrate that FKBP5
contributes to anxiety and stress-induced relapse in a sex-dependent
manner.

2. Methods

2.1. Animals

Male and female Sprague Dawley rats (Charles River Laboratories,
Wilmington, MA) arrived at 7 weeks of age. Rats were housed two per
cage in a room on a 12-h reverse light cycle (lights off at 9AM), and had
unlimited access to water and standard rat chow. Rats were allowed to
acclimate to the facility and the light cycle for at least one week before
jugular catheter implantation surgery. Following jugular catheter im-
plantation surgery, rats were individually housed in the same space. All
procedures were approved by the Institutional Animal Care and Use
Committee of Temple University and were in compliance with the NIH
Guide for the Care and Use of Laboratory Animals.

2.2. Drugs

Cocaine hydrochloride (acquired from the NIDA Drug Supply
Program) was dissolved in 0.9% saline at a concentration of 2 mg/ml
and was administered intravenously (see section 2.3.2). SAFit2 (mole-
cular formula C46H62N2O10; [(1R)-3-(3,4-dimethoxyphenyl)-1-[3-(2-
morpholin-4-ylethoxy)phenyl]propyl] (2S)-1-[(2S)-2-cyclohexyl-2-
(3,4,5-trimethoxyphenyl)acetyl]piperidine-2-carboxylate) is the first
FKBP5 inhibitor with selectivity over FKBP4 (FKBP5 Ki 6 ± 2 nM,
FKBP4 Ki > 50,000 nM (Gaali et al., 2015)). SAFit2 was synthesized as
described (Gaali et al., 2015) and was solubilized in 8% ethanol, 10%
polyethylene glycol 300, and 10% Tween 80 in saline to produce a
concentration of 10 mg/ml. SAFit2 was administered by intraperitoneal
injection in a volume of 2 ml/kg body weight to achieve a 20 mg/kg
dose.

2.3. Cocaine self-administration procedures

2.3.1. Jugular vein catheter implantation surgery and maintenance
Rats were anesthetized with isoflurane (5% induction, 2–3%

maintenance) and polyurethane catheters 13 cm long (males) or 11 cm
long (females) (Instech Laboratories, Plymouth Meeting, PA) were im-
planted into the right jugular vein as previously described (Enman
et al., 2015). The catheter travelled subcutaneously over the scapula
and was affixed to a back-mounted port (Plastics One, Roanoke, VA).
On the day of surgery, rats received 5 mg/kg enrofloxacin (Baytril®)
antibiotic and 1 mg/kg meloxicam for analgesia. Catheters were flushed

with 0.2–0.3 ml heparinized (100USP/ml) saline containing 2.25 mg/
ml enrofloxacin for 3 days following surgery. Catheters were flushed
with heparinized saline before each self-administration session, and
locked with heparinized saline containing 0.225 mg/ml enrofloxacin
after each session. Catheters were flushed daily with heparinized saline
plus 0.225 mg/ml enrofloxacin otherwise. Cocaine self-administration
began 5 days following catheter implantation surgery.

2.3.2. Self-administration apparatus and procedure
Experiments were carried out in standard modular chambers within

a sound-attenuating cabinet (Med Associates, Fairfax, VT). Each
chamber featured a house light opposite two retractable levers with
circular lights positioned above them, and a footshock-generating
harness (Med Associates) attached to the bar floor. A swivel-tether
system connected to the back-mounted port of the rat delivered a drug
infusion via a 10-ml syringe in a computer-controlled syringe pump.

Once the session was initiated, the house light illuminated and the
two levers extended. Responses on the active (right) lever triggered the
light above it, activated a tone, and delivered an infusion of cocaine.
The house light then turned off and a 20 s time out began. During the
time out, the house light remained dark and any subsequent presses of
the active lever were recorded, but had no effect. Responses on the
inactive (left) lever were recorded but had no programmed con-
sequences. When the session concluded, the levers retracted and all
lights extinguished.

A timeline of experimental procedures can be found in Fig. 1. Rats
were allowed to self-administer cocaine during daily 2-h sessions on a
fixed-ratio 1 (FR1) schedule of reinforcement. Each infusion delivered a
0.5 mg/kg dose of cocaine. Rats were required to achieve a minimum of
10 infusions for at least 10 consecutive days before proceeding to the
next phase of the experiment. The total number of self-administration
sessions was dependent on how fast each individual rat achieved 10 or
more infusions. The average number of sessions was 12.3 for females
and 16.9 for males. In order to provide proper experimental controls for
anxiety testing, after catheter surgeries were complete a sub-group of
rats from each sex were designated “shams”. During the daily self-ad-
ministration session these rats were exposed to the chamber with only
the house light illuminated (no cocaine was available); they were
treated identically otherwise.

2.4. Open field testing

Forty-eight hours following the last self-administration session, rats
were tested for anxiety-like behavior in the open field test. Rats were
injected with 20 mg/kg SAFit2 or vehicle 4 h before testing. Each rat
was tested only once. Rats that received vehicle went on to extinction
training. The open field apparatus consisted of a 45 cm square box with
a black floor grid enclosing a 15 cm square center area, gray walls and
an open top. Room lighting was adjusted to approximately 65 lux in the
center of the field, and approximately 35 lux in the corners. Each rat
was placed in the same corner to initiate the test and allowed to explore
the open field for 10 min. Open field tests were video recorded from
above. Behaviors were scored from the videos by two experimenters,

Fig. 1. Experimental timeline. Fig. 1 shows a timeline of experimental procedures. Male and female rats underwent IV cocaine self-administration. Forty-eight
hours following the last session, rats were tested for anxiety-like behavior in the open field test (OFT) with no pretreatment. A subset of female rats underwent OFT
testing following vehicle or SAFit2 pretreatment. Male and female rats that did not receive SAFit2 began extinction training. Once criteria were met, rats were tested
for stress-induced reinstatement in a counterbalanced manner following vehicle and SAFit2 administration.
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one blind to treatment condition. These scores were averaged to attain
the final data. The time a rat spent in the center grid of the open field as
well at the number of entries a rat made into the center area were
measured. Movement of the head, upper torso, and both front paws into
the center was considered an entry and time was counted.

2.5. Extinction and stress-induced reinstatement procedures

During extinction training, rats were placed in the chamber, and
presses on either lever had no effect. Rats underwent daily extinction
sessions until, for two consecutive sessions, responding decreased to
less than 30% of their active lever presses during the final three self-
administration sessions. When rats reached extinction criteria, they
underwent stress-induced reinstatement testing the following day. The
stressor consisted of 15 min of variably-timed mild footshocks (10s–70s,
randomly generated, mean 35s) delivered in the self-administration
chamber. Footshocks lasted for 0.5 s at 0.5 mA. Rats were monitored for
signs of disproportionate distress or excessive vocalizing (which did not
occur). Immediately following the footshock stress, a reinstatement
session (identical to previous self-administration conditions, but
without cocaine) lasted for 2 h, during which active and inactive lever
presses were recorded. Using a within-subjects design, rats were tested
with SAFit2 or vehicle, i.e. each rat underwent extinction and re-
instatement twice in a counterbalanced manner. Rats received 20 mg/
kg SAFit2 or vehicle 4 h prior to footshock.

2.6. Estrous cycle phase determination

In order to assess the effect of ovarian hormones on reinstatement
behavior, vaginal cytology samples were collected and estrous phase
was determined following previously described protocols (Cora et al.,
2015; Marcondes et al., 2002). Immediately following the reinstate-
ment session, the rat was gently restrained by gripping the base of the
tail and lifting the hind legs. A sterile cotton swab dipped in sterile
saline was briefly inserted into the vagina and gently twisted. The
cotton swab was then rolled/pressed onto a microscope slide (Fish-
erbrand Superfrost Plus Slides, Waltham, MA) for later analysis. Slides
were stained with 0.1% crystal violet (Fisher Scientific, Waltham, MA),
then washed twice with diH2O and allowed to dry. Slides were assessed
using a simple light microscope. Estrous cycle phase was determined by
examining cell number, type (epithelial cell, leukocyte), and mor-
phology (round, nucleated epithelial cell vs cornified epithelial cell).

2.7. Statistical analyses

Statistical analyses were carried out using GraphPad Prism v8.0
software. All data are displayed as mean ± SEM. Significant differ-
ences between two groups were evaluated using unpaired t-tests (or
unpaired t-tests with Welch's correction when variances differed sig-
nificantly). Significant differences between three or more groups were
assessed by ordinary two-way ANOVA, repeated measures two-way
ANOVA, or repeated measures three-way ANOVA where appropriate,
followed by Sidak post hoc tests. A p value of < 0.05 was considered
significant.

3. Results

3.1. Sex differences in cocaine self-administration behaviors

3.1.1. Female rats acquired cocaine self-administration faster and obtained
more cocaine infusions compared to male rats

In order to compare acquisition rate and cocaine intake between
male and female rats, data were compiled from all rats studied.
Acquisition rate was investigated by comparing the number of sessions
until successful acquisition (i.e., ≥10 infusions per session) between
male and females (Fig. 2A). Female rats acquired cocaine self-

administration after significantly fewer sessions (2.1 ± 1.4) compared
to male rats (4.7 ± 2.6) (Welch-corrected t(59.83) = 5.897
p < 0.0001). To further quantify acquisition, the mean number of
infusions from each of the first 10 self-administration sessions was
compared (Fig. 2B). Two-way repeated measures ANOVA found sig-
nificant main effects of session (F(9,765) = 26.20 p < 0.0001) and sex
(F(1,85) = 48.12 p < 0.0001), as well as a significant interaction (F
(9,765) = 1.946 p = 0.0429). Post hoc tests revealed that female rats
achieved more infusions than males at each session, particularly during
session 2 through 5 (p < 0.0001 for each individual session).

Differences in cocaine intake once rats had acquired self-adminis-
tration behavior (i.e. earned 10 or more infusions) were measured in
two ways. First, the mean number of infusions for each of the final 10
sessions was compared between males and females (Fig. 2C). Two-way
repeated measures ANOVA indicated significant main effects of session
(F(9,765) = 13.16 p < 0.0001) and sex (F(1,85) = 13.91
p = 0.0003), but no significant interaction (F(9,765) = 1.496
p = 0.1448). Planned comparison post hoc tests revealed that females
earned significantly more infusions than males during several sessions,
in particular the final session (p = 0.0001). Second, the total number of
infusions from each rat were quantified, cumulative over the final 10
sessions (Fig. 2D). Female rats achieved a greater total number of in-
fusions (341.5 ± 10.5) compared to males (277.2 ± 13.9) (t
(85) = 3.730 p = 0.0003). Not only did female rats acquire the self-
administration behavior faster than male rats, female rats earned more
cocaine infusions overall.

3.1.2. Female rats reinstated cocaine seeking to a greater extent compared
to male rats

To analyze sex differences in extinction and reinstatement behavior,
data were compiled from rats administered vehicle prior to stress-in-
duced reinstatement and compared between males and females. During
the final self-administration session (Fig. 3A), females pressed the ac-
tive lever significantly more than males (45.3 ± 3.4 vs 33.1 ± 3.0
respectively; t(42) = 2.672, p = 0.0107), which agrees with the pre-
ceding intake data on infusions earned (shown in Fig. 2C). Corre-
spondingly, female rats pressed the active lever more than male rats
during the final extinction session (Fig. 3B) (8.7 ± 0.5 vs 6.1 ± 0.7
respectively; t(42) = 3.054, p = 0.0039), however it should be noted
that the difference in extinction responding could be a function of the
difference in the threshold of lever presses required to meet extinction
criteria (ie, < 30% of responses made during the final self-administra-
tion sessions). Females showed greater stress-induced reinstatement
than males; the active lever pressing of female rats significantly ex-
ceeded that of males (125.9 ± 24.5 vs 62.8 ± 9.0; Welch-corrected t
(26.56) = 2.423, p = 0.0225) during reinstatement sessions (Fig. 3C).

3.2. Anxiety following cocaine self-administration

3.2.1. Female, but not male rats displayed anxiety-like behavior during
early abstinence from cocaine self-administration

Forty-eight hours following the last self-administration session, rats
were tested in the open field for anxiety-like behavior. Male rats ab-
stinent from cocaine for 48 h did not spend a significantly different
amount of time in the center area (Fig. 4A) compared to sham controls
(t(25) = 0.5816 p = 0.5661). Likewise, male rats in withdrawal from
cocaine did not differ from sham controls in the amount of entries into
the center area (Fig. 4B) (t(25) = 1.172 p = 0.2523). Compared to
sham controls, female rats abstinent from cocaine spent significantly
less time in the center area (Fig. 4C) (t(21) = 2.278 p = 0.0333), in-
dicating anxiety-like behavior. Female cocaine-experienced and sham
rats did not differ in the number of entries into the center area (Fig. 4D)
(t(21) = 0.7160 p = 0.4819). Given that males did not display anxiety-
like behavior, they were excluded from further open field testing with
SAFit2.
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3.2.2. SAFit2 reduced anxiety-like behavior in female rats during early
abstinence from cocaine self-administration

To determine the effect of FKBP5 inhibition on anxiety-like behavior
in female rats during withdrawal from cocaine self-administration,
groups of cocaine-experienced and sham control rats were treated with
20 mg/kg SAFit2 or vehicle 4 h prior to open field testing. When ana-
lyzing the amount of time spent in the center of the open field (Fig. 5A),
two-way ANOVA showed a significant interaction (F(1,31) = 10.49
p = 0.0029) between main effects of cocaine (F(1,31) = 1.976
p = 0.1698) and SAFit2 (F(1,31) = 3.110 p = 0.0877). Post hoc tests
revealed that rats in withdrawal from cocaine and treated with SAFit2
spent significantly more time in the center area compared to rats in
cocaine withdrawal injected with vehicle (p = 0.0009). Two-way
ANOVA did not identify a significant interaction (F(1,31) = 0.2749
p = 0.6038) nor main effects of cocaine (F(1,31) = 1.607 p = 0.2144)
or SAFit2 (F(1,31) = 0.6624 p = 0.4219) on the number of entries to
the center area of the open field (Fig. 5B). These results indicate an-
xiolytic effects of the FKBP5 inhibitor, SAFit2, during withdrawal from

cocaine in female rats.

3.3. Stress-induced reinstatement to cocaine seeking

3.3.1. SAFit2 attenuated stress-induced reinstatement to cocaine seeking in
male rats

Male rats were injected with 20 mg/kg SAFit2 or vehicle 4 h prior to
footshock stress-induced reinstatement, and active lever presses were
recorded. Two-way repeated measures ANOVA detected significant
main effects of session (F(1,7) = 49.65 p = 0.0002) and SAFit2 (F
(1,7) = 7.956 p = 0.0257) as well as a significant interaction (F
(1,7) = 10.69 p = 0.0137). Post hoc tests determined that, compared
to vehicle controls, rats that received SAFit2 produced fewer active
lever presses during reinstatement (p = 0.0055), demonstrating that
inhibiting FKBP5 can limit stress-induced reinstatement in male rats
(Fig. 6A).

Fig. 2. Female rats acquired cocaine self-ad-
ministration faster and earned more cocaine
infusions than male rats. Rats were allowed to
self-administer cocaine, 0.5 mg/kg/infusion, under
an FR1 schedule in daily 2-h sessions. The number
of sessions until acquisition of self-administration is
compared between male and female rats (A). The
numbers of infusions earned are shown during the
first ten (B) and the last ten (C) self-administration
sessions in male and female rats. Additionally, the
cumulative number of infusions for each rat during
the last 10 sessions is shown by sex (D). Post hoc
and t tests: * = p < 0.05, ** = p < 0.01,
*** = p < 0.001, **** = p < 0.0001. N = 41
male rats, 46 female rats.
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3.3.2. The effect of SAFit2 on stress-induced reinstatement in female rats
May depend on ovarian hormones

Four hours prior to footshock stress-induced reinstatement, female
rats were injected with 20 mg/kg SAFit2 or vehicle, and active lever
presses were counted. Two-way repeated measures ANOVA showed a
significant main effect of session (F(1,17) = 64.33 p < 0.0001) but no
effect of SAFit2 (F(1,17) = 0.6586 p = 0.4283) and no significant
interaction (F(1,17) = 0.6964 p = 0.4156). A significant effect of
session indicates active lever presses were significantly lower on ex-
tinction days versus reinstatement days, which is to be expected
(Fig. 6B). Given that FKBP5 also complexes with other steroid hormone
receptors (Zannas et al., 2016), female rats were separated by estrous
phase into two groups: 1. proestrus and estrus (postulated relatively
high estrogen level) and 2. metestrus and diestrus (postulated relatively
low estrogen level). There was no difference in reinstatement re-
sponding between rats in proestrus/estrus and rats in metestrus/dies-
trus following vehicle administration (Fig. 7A). Two-way repeated
measures ANOVA found a significant effect of session (F(1,12) = 36.81
p < 0.0001), but not estrous phase (F(1,12) = 0.9939 p = 0.3385)
nor an interaction between the two (F(1,12) = 1.059 p = 0.3237).
However, two-way repeated measures ANOVA revealed a significant
interaction (F(1,13) = 9.878 p = 0.0078) between the main effects of
session (F(1,13) = 49.51 p < 0.0001) and estrous cycle stage (F
(1,13) = 9.335 p = 0.0092) following SAFit2 administration (Fig. 7B).
Post hoc tests showed that rats injected with SAFit2 in proestrus/estrus
pressed the active lever significantly more than rats injected with
SAFit2 in metestrus/diestrus (p = 0.0003; Fig. 7B). Given these results,
the effect of SAFit2 on stress-induced reinstatement in females may
depend on estrous phase and ovarian hormone levels.

4. Discussion

First and foremost, the studies presented here replicate documented
sex differences in the acquisition rate, intake, and reinstatement of
cocaine self-administration. Specifically, female rats acquire the self-
administration behavior faster than males, earn more cocaine infusions
than males, and respond to a greater extent than males during re-
instatement (Becker and Hu, 2008; Bobzean et al., 2014; Davis et al.,
2008; Lynch and Carroll, 1999; Swalve et al., 2016). These studies
determined that these sex differences are driven by the effect of es-
trogen on motivated behaviors. In the current study, female rats
achieved substantially more infusions than males during the first sev-
eral sessions of acquisition, but this gap narrowed during maintenance.
The reason for this is unclear, but may be due to estrogen-mediated
acceleration of associative cue learning in females. Indeed, a sophisti-
cated set of experiments from Calipari and colleagues found a complex
interaction between cocaine-related cues and estrous cycle phase; drug
seeking, usually enhanced during estrus, was no different across the
estrous cycle in the absence of cues (Johnson et al., 2019).

A sex difference we did not anticipate was a withdrawal-induced
anxiety-like phenotype in female rats, but not in male rats. Previous
studies from our own lab and others demonstrated anxiety-like beha-
vior in both males and females following non-contingent chronic co-
caine administration (Ambrose-Lanci et al., 2010; Perrine et al., 2008;
Sarnyai et al., 1995), and several other groups have shown anxiety-like
behavior following cocaine self-administration (Aujla et al., 2008;
Buffalari et al., 2012; Nunes et al., 2019). One explanation for this
discrepancy is the schedule and timing of cocaine administration. In our
hands using short-access cocaine self-administration (ie, 2-h sessions),
both male and female rats acquired and maintained self-administration
of cocaine, successfully extinguished this behavior, strongly reinstated
lever pressing in response to mild footshock, and females displayed
withdrawal-induced anxiety-like behavior. Since male rats displayed
anxiety-like behavior in the defensive burying test following chronic 6-
h access to cocaine (Aujla et al., 2008), it is possible we would have
seen an anxiety-like phenotype using the open field test in the male rats

Fig. 3. Female rats pressed the active lever more than male rats during
self-administration, extinction, and in response to footshock stress-in-
duced reinstatement. The number of active lever presses are shown for male
and female rats during the final self-administration session (A), the final ex-
tinction training (B), and stress-induced reinstatement (C). t tests:
* = p < 0.05, ** = p < 0.01. N = 22 male rats, 22 female rats.

Fig. 4. Female, but not male, rats display cocaine withdrawal-induced
anxiety-like behavior. Rats were tested for anxiety-like behavior 48 h fol-
lowing the last cocaine self-administration session. The amount of time rats
spent in the center of the open field (A, C) as well as the number of entries into
the center area (B, D) are shown for male (A, B) and female (C, D) rats.
N = 13–14 male rats/group, 9–14 female rats/group.
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had we extended the session time to 6 h. Other explanations could be
that anxiety needs to be activated by a stressor to distinguish a with-
drawal phenotype, or that the time of maximal anxiety experienced
during withdrawal may differ between males and females. Alter-
natively, the reason for this sex difference in withdrawal-induced an-
xiety may be straightforward: female rats self-administered more co-
caine than male rats in the present study leading to greater withdrawal
symptoms. To the authors’ knowledge this is the first study to directly
compare anxiety-like behavior following cocaine self-administration in
male and female rats. The few studies that have measured anxiety
following cocaine self-administration tested only male rats (Aujla et al.,
2008; Buffalari et al., 2012; Mantsch et al., 2008; Nunes et al., 2019).
Likewise, studies that found no sex differences in drug-taking during
maintenance (Anker and Carroll, 2010; Cosgrove et al., 2002; Jackson
et al., 2006) did not measure subsequent anxiety-like behavior. Because
cocaine intake has been positively correlated with severity of anxiety-
like behavior in males (Buffalari et al., 2012), this leaves open the
possibility that, at least in the current described experiments, female
rats showed an anxiety-like phenotype while males did not because
females consumed more cocaine. The effects of the FKBP5 inhibitor
SAFit2 on cocaine withdrawal-induced anxiety was investigated in fe-
males only since females showed the anxiogenic phenotype. SAFit2
increased the time female rats spent in the center of the open field,
indicating that its administration reduced anxiety-like behavior during
early cocaine withdrawal.

Although evidence of the anxiolytic effect of SAFit2 in rodents exists
(Hartmann et al., 2015), SAFit2 had not yet been examined in the
context of cocaine-related behaviors. We hypothesized that adminis-
tration of SAFit2 would also attenuate stress-induced reinstatement to
cocaine seeking by enhancing HPA axis negative feedback. Indeed,
SAFit2 administration significantly reduced the number of active lever
presses produced by male rats during reinstatement. The results from
female rats were not as definitive. There was no significant difference in
lever pressing following SAFit2 administration as compared with ve-
hicle when data from all females were analyzed together. When data
were assessed by postulated high and low estrous levels, an effect of
SAFit2 became apparent. Estrous cycle phase was recorded immediately
following the reinstatement session. We collapsed the four estrous
phases (proestrus, estrus, metestrus, diestrus) into two groups based on
the relative levels of estrogen and progesterone present during each
phase (Butcher et al., 1974) due to the relatively small sample size of
our study. Rats in metestrus or diestrus phases were combined into one
group as hormone levels are relatively low during these phases; con-
versely, rats in proestrus or estrus phases were combined into another

group as hormone levels during these phases are relatively high
(Butcher et al., 1974). Ultimately, we found that SAFit2 attenuated
stress-induced reinstatement of rats in metestrus/diestrus at the time of
reinstatement. Furthermore, rats in metestrus/diestrus pressed the ac-
tive lever significantly less than rats in proestrus/estrus following
SAFit2 administration prior to reinstatement.

In addition to glucocorticoid receptors, FKBP5 interacts with other
steroid hormone receptors, importantly the estrogen and progesterone
receptors (Hubler et al., 2003; Shrestha et al., 2015). The relationship
between FKBP5 and progesterone receptors is similar to that of FKBP5
and glucocorticoid receptors. FKBP5 and progesterone receptors also
form a short feedback loop, such that FKBP5 decreases progesterone
receptor sensitivity, and progesterone receptor activation results in
induction of FKBP5 mRNA (Hubler et al., 2003). Some evidence in-
dicates that FKBP5 associates with estrogen receptors and promotes
their activity (Shrestha et al., 2015). In a cell model, estradiol (the
predominant estrogen) potentiates the increase in FKBP5 mRNA pro-
duced by corticosterone and subsequent sequestration of glucocorticoid
receptors in the cytosolic compartment (Malviya et al., 2013). Although
the FKBP5 gene does not have an estrogen response element (Hubler
and Scammell, 2004), estradiol may regulate FKBP5 gene expression
indirectly. Indeed, estradiol enhances HPA axis activity and disrupts
HPA axis negative feedback (Heck and Handa, 2019) in which FKBP5
plays a major role; progesterone generally opposes these effects.

Inhibiting FKBP5 with SAFit2 would then not only enhance HPA
axis negative feedback regulated by glucocorticoid receptors, but also
increase progesterone receptor sensitivity and may disturb the effects of
estradiol. We found SAFit2 administration to be effective at reducing
cocaine seeking in female rats that were in an estrous phase with re-
latively low levels of estrogen (metestrus/diestrus), but not relatively
high levels of estrogen (proestrus/estrus). This could be due to many
factors. Perhaps the dose of SAFit2 was insufficient to overcome the
potentiating effect of estrogen on the HPA axis following footshock
stress. Alternatively, the time of testing after SAFit2 administration may
have been too soon, since one study found a decrease in anxiety-like
behavior 16 h, but not 1 h, following SAFit2 administration (Hartmann
et al., 2015). Full dose-effect and time-course studies are needed to
resolve this issue.

In addition to enhancing HPA axis activation, estrogens facilitate
cocaine self-administration (Jackson et al., 2006), potentiate dopamine
signaling in the nucleus accumbens following cocaine administration
(Becker and Hu, 2008), and increase cocaine seeking during reinstate-
ment (Doncheck et al., 2018; Hudson and Stamp, 2011). Estradiol ex-
erts these effects through three known receptors: ERα, ERβ, and the G-

Fig. 5. SAFit2 administration attenuated anxiety-
like behavior in female rats during early ab-
stinence from cocaine self-administration. Rats
were tested for anxiety-like behavior 48 h following
the last cocaine self-administration session. The
amount of time rats spent in the center of the open
field (A) as well as the number of entries into the
center area (B) following 20 mg/kg SAFit2 or vehicle
administration is shown. Post hoc tests:
*** = p < 0.001. N = 5–13 rats/treatment/group.
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protein-coupled estrogen receptor (GPER) (Almey et al., 2015). Sex
differences in responses to cocaine are most likely mediated by estrogen
receptors found in the mesolimbic dopamine pathway (Calipari et al.,
2017; Tonn Eisinger et al., 2018). Estradiol directly and indirectly in-
creases dopamine release in the nucleus accumbens of male and female
rodents (Cummings et al., 2014; Thompson and Moss, 1994) most likely
by activating the fast-acting GPER (Yoest et al., 2018). Furthermore,
estradiol enhances the activity as well as sensitivity to dopamine of
ventral tegmental area dopaminergic neurons (Calipari et al., 2017;
Vandegrift et al., 2017; Zhang et al., 2008), although the estrogen re-
ceptor subtype responsible for this has yet to be elucidated. Evidence
indicates that behavioral responses to drugs of abuse in female rodents
require ERα, ERβ, or both (Hilderbrand and Lasek, 2018; Larson and
Carroll, 2007; Satta et al., 2018; Van Swearingen et al., 2013). De-
termining the role of estrogen receptor type and location in the effects
of cocaine will provide valuable information for understanding the sex
differences in cocaine addiction, as well as the role of FKBP5 in these
differences.

It should be noted that the effect of SAFit2 administration on rat
vaginal cell type, number, or morphology has not been studied. SAFit2
was administered 4 h prior to footshock stress and subsequent 2-h re-
instatement session, meaning collection of vaginal cytology samples
occurred more than 6 h following SAFit2 administration. The entirety of
metestrus phase can last only 6 h in the rat (Cora et al., 2015). If it is
possible for a rat to experience an entire cycle phase in the time be-
tween SAFit2 administration and vaginal smear, the accuracy of as-
signment to estrous phase at time of SAFit2 treatment is suspect. Future
studies should aim to analyze estrous cycle phase in a timely manner
without disrupting the primary cocaine-related behavior experiments.
Additional experiments examining the effect of SAFit2 on estrous cycle
and FKBP5 interaction with the estrogen and progesterone receptors are
vital to developing FKBP5 inhibitors for therapeutic use in females.

5. Conclusions

The studies reported here support previously reported sex differ-
ences in the acquisition, maintenance, and reinstatement of cocaine
self-administration behaviors, and expand those results to include di-
vergence in the expression of withdrawal-induced anxiety-like behavior
as well as responses to stress-induced reinstatement. These experiments
identify the FKBP5 inhibitor SAFit2 as a possible therapeutic for pre-
vention of relapse during cocaine withdrawal in males. In females, use
of FKBP5 inhibitors may need to be correctly timed in relation to hor-
monal cycle to be most effective.
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