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Abstract

Background: Exposure to cocaine-associated stimuli triggers a robust rise in circulating glucocorticoid levels. Glucocorticoid
receptors are richly expressed in the basolateral amygdala, a brain region that controls the reinstatement of cocaine-seeking
behavior upon exposure to a previously cocaine-paired environmental context. In the present study, we investigated whether
glucocorticoid receptor stimulation in the basolateral amygdala is integral to drug context-induced motivation to seek
cocaine in a rat model of drug relapse.

Methods: Rats were trained to lever press for cocaine reinforcement in a distinct environmental context and were then given
daily extinction training sessions in a different context. At test, the rats received bilateral glucocorticoid receptor antagonist
(mifepristone; 3 or 10ng/hemisphere) or vehicle microinfusions into either the basolateral amygdala or the overlying
posterior caudate-putamen (anatomical control region). Immediately thereafter, drug-seeking behavior (i.e., nonreinforced
lever presses) was assessed in the previously cocaine-paired context and locomotor activity was assessed in a novel context.
Results: Intra-basolateral amygdala, but not intra-posterior caudate-putamen, mifepristone dose-dependently attenuated
drug context-induced cocaine-seeking behavior relative to vehicle, such that responding was similar to that observed in the
extinction context. In contrast, mifepristone treatment did not alter locomotor activity.

Conclusions: These findings suggest that basolateral amygdala glucocorticoid receptor stimulation is necessary for drug
context-induced motivation to seek cocaine.
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Introduction

Exposure to cocaine-associated stimuli, including drug para-
phernalia and drug-taking environments, can trigger craving
and increase the probability of drug relapse in cocaine users
(Rohsenow et al., 1990; Childress et al., 1993) and cocaine-seek-
ing behavior in laboratory animals (de Wit and Stewart, 1981).
In cocaine users, exposure to drug-associated environmental

stimuli precipitates reliable increases in the secretion of the
adrenal glucocorticoid, cortisol (Berger et al., 1996; Sinha et al,,
2000). Glucocorticoids have important influence on a number
of cocaine-induced behaviors, and the glucocorticoid receptor
(GR) has been proposed as a therapeutic target to reduce cocaine
addiction (Deroche-Gamonet et al., 2003).
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Significance Statement

Glucocorticoids, such as cortisol in humans and corticosterone in rats, promote cocaine-seeking behavior in rat models of drug
relapse. However, the contribution of glucocorticoid receptor stimulation to these effects has not been evaluated fully, because
previous research primarily utilized nonspecific manipulations of corticosterone levels, such as adrenalectomy, and nonselective
manipulations, such as corticosterone synthesis inhibition. Furthermore, the role of glucocorticoids has not been investigated in
cocaine-seeking behavior produced by exposure to a previously cocaine-paired environmental context in particular. Our findings
indicate that glucocorticoid receptor stimulation within the basolateral amygdala is necessary for drug context-induced cocaine-
seeking behavior. These findings may have important implications for the development of treatments for cocaine addiction.

GR stimulation regulates the acute motivational effects of
cocaine. In strong support of this, adrenalectomy or GR gene
inactivation disrupts cocaine-reinforced instrumental behav-
ior under fixed ratio schedules of reinforcement (Deroche et al.,
1997; Deroche-Gamonet et al., 2003). Furthermore, systemic GR
antagonism dose-dependently attenuates the breaking point
for cocaine reinforcement under progressive ratio schedules
(Deroche-Gamonet et al., 2003). Corticosterone replacement is
sufficient to restore or maintain cocaine self-administration
rates following adrenalectomy (Deroche et al., 1997; Mantsch
et al., 2008) but fails to eliminate impairments in the develop-
ment of escalation in cocaine intake under long-access condi-
tions (Mantsch et al., 2008). Overall, these findings indicate that
GRs play a role in the acute reinforcing effects of cocaine, while
other adrenal hormones or cocaine-related rapid increases in
corticosterone underlie the neuroadaptations that give rise to
the escalation phenomenon.

Several studies have examined the involvement of glucocor-
ticoids in drug-seeking behavior. Only i.v. (0.37 mg/kg), but not
i.p. or s.c., corticosterone administration is sufficient to reinstate
extinguished cocaine-seeking behavior (Deroche et al., 1997; Lee
et al., 2003; Graf et al., 2013; Wong and Marinelli, 2016), unless s.c.
corticosterone administration is preceded by adolescent cocaine
exposure (Wong and Marinelli, 2016). This suggests that rapid
increases in corticosterone levels or age-dependent cocaine-
induced adaptations are required for glucocorticoid-induced
reinstatement. Adrenalectomy or corticosterone synthesis inhi-
bition prevents food deprivation-, foot shock-, and conditioned
reinforcer-induced reinstatement of cocaine-seeking behavior
(Piazza et al., 1994; Erb et al., 1998; Mantsch and Goeders, 1999b;
Goeders and Clampitt, 2002; Shalev et al., 2003), with more
modest or no effects observed on cocaine-primed reinstate-
ment (Erb et al.,, 1998; Mantsch and Goeders, 1999a; Graf et al.,
2013). Furthermore, adrenalectomy with corticosterone replace-
ment is sufficient to restore stress-induced and cocaine-primed
reinstatement, suggesting corticosterone plays a permissive
role in these behavioral effects (Erb et al., 1998; Mantsch et al.,
2008). Importantly, these studies do not provide conclusive evi-
dence in support of the involvement of GRs in reinstatement,
because adrenalectomy and corticosterone synthesis inhibitors
also alter testosterone and corticotropin-releasing hormone
levels (Smagin and Goeders, 2004), and corticosterone can act
through GRs, mineralocorticoid receptors, and other cellular
mechanisms (Graf et al., 2013). Furthermore, the involvement of
GRs in reinstatement of cocaine-seeking behavior produced by
exposure to a drug-paired environmental context has not been
examined.

The basolateral amygdala (BLA) is a brain region that is abun-
dant in GRs (Joels and Karst, 2012) and critical for cue-induced
drug-seeking behaviors. Specifically, pharmacological inacti-
vation of the BLA inhibits drug context-induced (Fuchs et al,,
2005) and conditioned reinforcer-induced (Grimm and See, 2000)

reinstatement of cocaine-seeking behavior. In the present study,
we evaluated whether GR populations in the BLA contribute to
drug context-induced cocaine-seeking behavior in an instru-
mental model of drug relapse. To this end, we administered
mifepristone (RU38486), a potent competitive GR and progester-
one receptor antagonist with no affinity for mineralocorticoid
receptors (Cadepond et al., 1997), into the BLA just prior to rein-
statement testing. We were able to selectively manipulate GRs
using mifepristone due to the absence of progesterone recep-
tor expression in the BLA of rats (Quadros et al., 2007; Forbes-
Lorman et al., 2014).

MethodS

Animals

Male Sprague-Dawley rats (Harlan/Envigo, Livermore, CA; 275-
300g) were housed individually in a humidity-controlled vivar-
ium on a reversed light-dark cycle (light on/off: 7:00 pm/7:00 AM).
Animals received 20 to 25g/d of rat chow, with water available
ad libitum. Protocols for animal housing and experimentation
followed the Guide for the Care and Use of Laboratory Rats (Institute
of Laboratory Animal Resources on Life Sciences, 2011) and were
approved by the University of North Carolina and Washington
State University Institutional Animal Care and Use Committees.

Food Training

To facilitate the acquisition of drug self-administration, rats
were trained to lever press during a single overnight session.
Each response on one (active) lever resulted in food reinforce-
ment (45-mg grain-based food pellet; Bio-Serv., Flemington, NJ).
Responses on a second (inactive) lever had no programmed
consequences. Food training took place in sound-attenuated
operant conditioning chambers (26x27x27cm, Coulbourn
Instruments, Allentown, PA) equipped with 2 levers, stimulus
lights above each lever, and a house light on the wall opposite
to the levers. Importantly, the multi-modal sensory stimuli used
subsequently for contextual conditioning were not presented to
the animals during the food training session.

Surgery

Twenty-four hours after the food-training session, rats were
anesthetized with a cocktail of ketamine and xylazine (80.0 and
5.0mg/kg, respectively, i.p.). Intravenous catheters were con-
structed in house as described previously (Fuchs et al., 2007). The
catheters were implanted into the right jugular vein and exited
in a port posterior to the rats’ scapulae. The catheter port was
sealed with Tygon tubing and a cap (Plastics One, Roanoke, VA).
Using standard stereotaxic procedures, 26-gauge stainless-steel
guide cannulae (Plastics One,) were then aimed 2mm above the



BLA (-2.7mm AP, 5.0mm ML, -6.7 mm DV, relative to bregma) or
the dorsally adjacent pCPu (-2.7 mm AP, 5.0mm ML, -4.7 mm DV).
The guide cannulae were covered by stylets (Plastics One). To
promote catheter patency, the catheters were flushed daily with
0.1mL of cefazolin (1.0mg/10mL, Henry Schein Animal Health,
Tualatin, OR; dissolved in 70U/mL heparinized saline, Patterson
Veterinary Supply, Sterling, MA) followed by 0.1mL of 10-U/
mL heparinized saline. Animals received 5 days of postsurgi-
cal recovery before drug self-administration training. Catheter
patency was verified periodically using propofol (10mg/0.1mL,
Henry Schein), a short-active sedative-hypnotic that produces
transient loss of muscle tone when administered i.v.

Cocaine Self-Administration Training

Rats were trained to lever press for cocaine infusions during 2-h
sessions during the rats’ dark phase. Training continued until
the rats reached the acquisition criterion (>10 infusions/session
on 10 days) (see schematic of experimental timeline in Figure 2).
Training occurred in operant conditioning chambers arranged to
form 1 of 2 distinct environmental contexts. Context 1 contained
a red house light, intermittent pure tone (80 dB, 1kHz, 2 seconds
on, 2 seconds off), pine-scented air freshener (Car Freshener
Corp., Watertown, NY), and wire mesh flooring. Context 2 con-
tained an intermittent white stimulus light (2 seconds on, 4 sec-
onds off) located above the inactive lever, continuous pure tone
(75 db, 2.5kHz), vanilla-scented air freshener (Scopus Products,
Moorpark, CA), and a ceramic tile bisecting a bar floor. At the
start of each self-administration training session, the rats’ jugu-
lar catheters were connected to an infusion pump (Coulbourn)
via polyethylene 20 tubing and liquid swivels (Instech, Plymouth
Meeting, PA). Tygon tubing connected the swivels to syringes that
were mounted on programmable infusion pumps (Coulbourn).
Active lever presses resulted in unsignaled cocaine infusions
(0.15mg/0.05 mL over 2 seconds, i.v.; NIDA Drug Supply Program,
Research Triangle Park, NC) under a fixed ratio 1 schedule with a
20-second timeout period. Active lever presses during the time-
out period and inactive lever presses during the session were
recorded but had no programmed consequences. Reinforcer
delivery and data collection were controlled using Graphic State
Notation software 4.1.04 (Coulbourn).

Extinction Training

Rats that self-administered cocaine in context 1 received daily
2-h extinction training sessions in context 2, and vice versa.
During these sessions, active and inactive lever presses had
no programmed consequences. Immediately before extinction
session 4, rats were acclimated to the microinfusion procedure
during a single sham infusion procedure. Stainless-steel injec-
tor cannulae (33-Ga, Plastics One) were inserted 2mm past the
tip of the guide cannulae, but fluid was not infused in order to
minimize tissue disruption. The injection cannulae remained in
place for 4 minutes while the rats were gently held by an experi-
menter. Extinction training continued until the rats reached the
extinction criterion (<25 active lever presses/session on 2 con-
secutive days) after a minimum of 7 daily sessions.

Reinstatement Testing

On the test day, injector cannulae were inserted into the guide
cannulae. The injector cannulae were connected via Tygon
tubing to Hamilton syringes mounted on an infusion pump
(Thermo-Fisher Scientific, Waltham, MA). The GR antagonist,
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mifepristone (3 or 10ng/0.5 pL/hemisphere; Sigma-Aldrich, St.
Louis, MO) or vehicle (2% ethanol/phosphate buffered saline;
0.5 pL/hemisphere) was infused bilaterally over 2 minutes. Intra-
BLA mifepristone doses were selected based on their effec-
tiveness to site-selectively inhibit memory consolidation and
reconsolidation (Roozendaal and McGaugh, 1997; Jin et al., 2007).
The injection cannulae were left in place for 1 minute before
and after infusion. Rats were then placed into the previously
cocaine-paired context for a 1-hour test session. During the test
session, rats were connected to the infusion apparatus to permit
perception of, and similar interaction with, the cocaine-paired
context as during self-administration training. However, fluid
was not infused through the catheters. Active and inactive lever
presses were recorded but had no programmed consequences.

Locomotor Activity Testing

To evaluate whether the effects of mifepristone on cocaine-
seeking behavior were due to a change in general motor activity,
BLA-cannulated rats from the reinstatement study were assigned
to receive bilateral microinfusions of mifepristone or vehicle.
Treatment assignment was randomized and testing commenced
2 to 7 days after the reinstatement test session. Immediately
after the microinfusions, the rats were placed into novel Plexiglas
chambers (42x20x20cm) equipped with 8 light sources and
photodetectors. Photobeam breaks, produced by the horizontal
movement of the animals, were measured for 1 hour by a com-
puterized system (San Diego Instruments, San Diego, CA).

Histology

Rats were euthanized by ketamine/xylazine overdose (80/5 i.v. or
240/15mg/kg, i.p., depending on catheter patency). Rats were per-
fused transcardially with ice-cold sterile phosphate-buffered saline
and 4% paraformaldehyde solution. The brains were dissected out
and cryoprotected in 30% sucrose solution. Brain tissue was sec-
tioned into 40-um sections on a cryostat and stained with cresyl
violet (Kodak, Rochester, NY) to visualize cannula placement.

Statistical Analyses

Separate ANOVAs or t tests were used to evaluate group dif-
ferences in cocaine intake, lever responding, and locomotor
activity with treatment (mifepristone doses, vehicle) as the
between-subjects factor and time (days or 20-minute intervals)
as the within-subject factor, where appropriate. Tukey’s posthoc
tests were used to further investigate significant effects, when
appropriate. Alpha was set at 0.05.

Results

Histology

Cannula placements were located bilaterally in the lateral or
basal nuclei of the amygdala or the overlying posterior caudate-
putamen (pCPu) (Figure 1) without excessive gliosis or other
abnormalities at the infusion sites. Data from 9 rats with incor-
rect cannula placements were excluded from statistical analy-
ses. The resulting sample sizes are reported in Figure 2.

Behavioral History

There were no differences between the groups that were
trained in context 1 vs context 2 in any dependent measure
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Figure 1. Photomicrograph and schematics illustrating cannula placement. Symbols represent the most ventral point of injection cannula tracts for rats that received
mifepristone (Mif) or vehicle microinfusions into the basolateral amygdala (BLA) or posterior caudate-putamen (pCPu) immediately before reinstatement testing.
Numbers represent distance from bregma in millimeters according to the rat brain atlas (Paxinos and Watson, 1997).

(data not shown). There were also no preexisting differences
between the BLA-cannulated or pCPu-cannulated groups
in cocaine intake, active lever responding, or inactive lever
responding leading up to the test session. Inactive lever
presses remained low at test. Descriptive statistics for these
measures are reported in Table 1 and Figure 2. The ANOVA of
active lever presses during the 10 criterion self-administra-
tion training days indicated no group or time main or inter-
action effects (F, . ,,,,,=0.36-0.98, P=.46-0.95) (Figure 2A).
The ANOVA of drug infusions during the last 10 days of self-
administration indicated a time main effect (F,,,=11.62,
P=.0001) but no group main effect or group x time interaction
(F1s635.505= 1.03-1.16, P=.34-0.43). Accordingly, collapsed across
group, cocaine intake slightly increased across time (day 1 <
day 6-10, Tukey’s tests, P<.05) (Figure 2A). Finally, the ANOVA
of nonreinforced active lever presses during the first 7 extinc-
tion training days indicated a time main effect F(;,,,=22.01,
P=.0001), but no group main effect or group x time interaction
(F12435210=0-25-1.16, P=.91-0.94). Thus, active lever respond-
ing gradually declined during extinction training (day 1 > 2-7,
Tukey’s tests, P=.01) (Figure 2B).

Intra-BLA Mifepristone Inhibits Drug Context-Induced
Reinstatement of Cocaine-Seeking Behavior

Intra-BLA mifepristone pretreatment attenuated cocaine-
seeking behavior in the cocaine-paired context (Figure 2C). The
ANOVA of active lever presses during the last extinction session
and the test session indicated significant treatment x time inter-
action (F,,,=7.57, P=.03), time main (F ,=61.81, P<.0001), and
treatment main (F,,,=7.56, P=.003) effects. The vehicle and 3-ng
mifepristone grouips exhibited more active lever responding
upon reexposure to the cocaine-paired context at test relative
to responding during the preceding extinction session (Tukey’s
test, P<.05), whereas the 10-ng mifepristone group did not.
Furthermore, the 10-ng mifepristone group exhibited less active
lever responding than the other 2 groups in the cocaine-paired
context at test (Tukey’s test, P<.05) but not during the preced-
ing extinction session. The time-course analysis indicated that
active lever responding gradually declined in all groups dur-
ing the test session in the cocaine-paired context (Figure 2D;
ANOVA time main effect: F,,,=14.90, P=.0001). Overall, the
10-ng mifepristone group exhibited less active lever responding

than the other 2 groups throughout the test session (treatment
main effect: F,,,=8.302, P=.002, Tukey’s tests, P<.05), and the
3-ng mifepristone group exhibited a trend for less active lever
responding than the vehicle group (treatment x time interac-

tion: F, ,=2.47, P=.06).

Intra-pCPu Mifepristone Does Not Alter
Cocaine-Seeking Behavior

Intra-pCPu administration of 10ng of mifepristone (behavio-
rally effective BLA dose) failed to alter cocaine-seeking behavior
in the cocaine-paired context (Figure 2E). The ANOVA of active
lever presses during the last extinction session and the test ses-
sion indicated a time main effect only (F, ,,=38.72, P=.0001) and
no differences between the 10-ng mifepristone and vehicle con-
trol groups in either context (treatment main and interaction
effects: F, ,,=0.23-0.35, P=.57-0.64).

Intra-BLA Mifepristone Does Not Alter General Motor
Activity

Locomotor activity declined gradually during the 1-hour ses-
sion (Figure 2F, ANOVA time main effect: F, ,=156.23, P<.0001).
Furthermore, the groups did not signiﬁcantiy differ in locomo-
tor activity, although the 10-ng mifepristone group exhibited a
trend for more locomotion than the other groups (treatment x
time interaction: F,,=0.53, P=.71; treatment main effect:
F,,,=3.22,P=.06).

Discussion

Exposure to cocaine-associated stimuli elicits a reliable increase
in self-reports of craving and induces robust hypothalamic
pituitary adrenal (HPA) axis activation in cocaine users (Berger
et al,, 1996). Extending these observations, findings in the pre-
sent study establish that there is a causal relationship between
increased GR stimulation and drug context-induced motivated
behavior in rats. Furthermore, a critical site of the correspond-
ing GR-dependent glucocorticoid effects is the BLA. Supporting
these conclusions, we report that intra-BLA administration of
mifepristone inhibited drug context-induced reinstatement of
extinguished cocaine-seeking behavior in a dose-dependent
(Figure 2C-D) and anatomically selective manner (Figure 2E).
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Figure 2. Effects of intra-basolateral amygdala (BLA) or intra-posterior caudate-putamen (pCPu) mifepristone administration on drug context-induced reinstatement
of cocaine-seeking behavior and locomotor activity. Top: Experimental timeline. In the schematic, context A represents the cocaine-paired context (i.e., context 1 or 2,
counterbalanced across subjects, see Methods), context B represents the extinction context (i.e., context 2 and 1, respectively). (A) Time course of active lever presses
(mean +SEM) and cocaine intake (mean number of infusions + SEM) during the 10 criterion self-administration training days collapsed across the factor, group (n=40). (B)
Time course of active lever presses (mean + SEM) during the first 7 extinction training days collapsed across the factor, group (n=40). (C) Active lever presses (mean+SEM)
during cocaine self-administration (mean of last three 2-hour sessions), extinction training in the extinction context (1st hour of the last 2-hour session), and at test (1-h
session) in the cocaine-paired context following intra-BLA administration of mifepristone or vehicle. The numbers in the bars indicate sample sizes. (D) Time course of
active lever presses (mean/20 minutes + SEM) across time during the reinstatement test session (n=8-10/group as in A). (E) Active lever presses (mean+SEM) during each
experimental phase in the pCPu anatomical control groups. (F) Locomotor activity in a novel context (mean photobeam breaks/20 minutes + SEM) (n=8-10/group as in A).
Symbols represent difference from responding on day 1 (*, Tukey’s test, P<.05), from responding in the extinction context (*C, Tukey’s test, P<.05; E, ANOVA context main
effect, P=.0001) or from the vehicle control group (+C, Tukey’s test, P<.05; D, ANOVA treatment main effect, P=.01, Tukey’s test, P<.05).

Previous studies indicate that an inverted U-shaped rela-
tionship exists between HPA axis activation and reinstatement
performance (Deroche et al.,, 1997). Systemic corticosterone
administration alone elicits maximal reinstatement of cocaine-
seeking behavior at a dose (0.37mg/kg, i.v.) that produces a
rise to approximately 600ng/mL in plasma corticosterone con-
centrations, similar to foot-shock stress (as cited in Deroche
et al., 1997), with negligible behavioral response elicited above

and below this dose (Deroche et al., 1997). In comparison, we
reported in a recent study of cocaine memory reconsolidation
(S.J. Stringfield and R. A. Fuchs, unpublished observations) that
brief (15-minute) nonreinforced exposure to a cocaine-paired
context identical to that utilized in the present study elicits a
rise in blood serum corticosterone concentrations from 130ng/
mL (baseline) to 250ng/mL. Further, it can be assumed that
2-hour exposure to the cocaine-paired context resulted in a
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Table 1. Descriptive Statistics

Active Lever

Inactive Lever

Exp./Group Cocaine Intake SA EXT 1 EXT 7 SA EXT 1 EXT 7 Test

BLA Vehicle 27.9+1.9 62.9+11.1 36.6+11.1 10.4+2.8 1.3+04 9.8+3.6 2.6+0.7 41+1.7
3ng Mif 29.1+3.0 66.5+10.7 44.1+11.6 11.13+£1.9 26+1.6 10.0+4.4 48+2.1 6.1+2.2
10ng Mif 32.5%3.2 67.9+9.4 36.5£11.8 6.3+1.8 1.53+0.6 8.8+4.7 2.1x0.5 3.1x15

pCPu Vehicle 32.0£2.7 60.7+11.3 32.3+11.2 7.1+14 0.1+0.1 9.3+4.0 0.5+0.2 1.1+1.0
10ng Mif 28.7+2.0 54.8+7.0 28.5+11.8 6.8+1.6 3.0+1.4 9.1+4.2 1.0+£0.4 2.0£1.1

Cocaine intake (mean infusions/session for the last 3 training sessions + SEM) and active and/or inactive lever responses during self-administration training (SA;
mean + SEM for the last 3 training sessions), during the first (EXT 1) and last (EXT 7) extinction training sessions, and during reinstatement testing in the cocaine-
paired context (Test), where appropriate. Means are provided for rats that received mifepristone (Mif) or vehicle into the BLA or pCPu immediately before testing.

Sample sizes and active lever data for the test session are shown in Figure 2.

similar corticosterone response, approaching levels produced
by restraint stress in drug-naive rats (Mantsch et al., 2007a;
Mantsch et al., 2007b). Sensitized HPA axis function following
withdrawal from cocaine, reported earlier (Mantsch et al., 2007a;
Zhou et al., 2011), may contribute to similar corticosterone
responses to reward-predictive stimuli and physically aversive
stressors. Nevertheless, drug context-induced corticosterone
serum concentrations alone would have been insufficient to
produce significant reinstatement of extinguished cocaine-
seeking behavior in the present study.

The mifepristone-induced dose-dependent decrease in
cocaine-seeking behavior in the present study (Figure 2C) indi-
cates that corticosterone-induced GR stimulation in the BLA
upon exposure to the cocaine-paired context is necessary for
cocaine-seeking behavior. The mifepristone-induced decrease
in cocaine-seeking behavior was not due to a nonspecific deficit
in instrumental performance, as the behavioral effective dose
of mifepristone did not alter inactive lever responding in the
cocaine-paired context (Table 1), relative to vehicle. Notably,
inactive lever pressing is not a sensitive measure of hypoactiv-
ity due to floor effects. However, mitigating the possibility that
mifepristone acted by suppressing motor activity, the behav-
iorally effective dose of mifepristone produced a trend for an
increase, as opposed to a decrease, in locomotion in a novel
context (Figure 2F). Mifepristone effects were also anatomically
selective to the BLA, since mifepristone administration into the
dorsally adjacent pCPu did not inhibit reinstatement (Figure 2E).

The acute effects of mifepristone on drug context-induced
reinstatement were likely mediated by membrane-bound GRs
on glutamatergic and/or GABAergic neurons within the BLA
(Johnson et al., 2005). Importantly, the effects of glucocorti-
coids on neural activity vary as a function of circulating corti-
costeroid history and brain region (Karst et al., 2010; Tasker and
Herman, 2011). In the presence of baseline corticosterone lev-
els, GR stimulation in the BLA increases the excitability of BLA
principal neurons and decreases the GABA-mediated synaptic
inhibition of these neurons (Duvarci and Pare, 2007). Conversely,
after recent corticosterone application or restraint stress, glu-
cocorticoids decreased the excitability of BLA pyramidal neurons
(Karst et al., 2010). Low circulating corticosteroid concentrations
prior to and at the onset of the test session, as we have reported
(S. J. Stringfield and R. A. Fuchs, unpublished observations),
likely favored the corticosterone-induced excitation of gluta-
matergic principal neurons in the BLA and mediated the mife-
pristone-induced inhibitory effects on cocaine-seeking behavior
in the present study. Specifically, via monosynaptic as well as
polysynaptic connections between BLA principal neurons and
elements of the relapse circuitry, corticosterone at BLA GRs
could control glutamate and/or dopamine neurotransmission

in the prefrontal cortex (Lasseter et al., 2014), nucleus accum-
bens (Xie et al., 2012), and dorsal hippocampus (Xie et al., 2010,
2013) that is required for drug context-induced cocaine-seeking
behavior. Recent optogenetic studies support this conclusion,
indicating that photoinhibition of BLA projections to the pre-
limbic cortex or nucleus accumbens core disrupt cue-induced
cocaine-seeking behavior (Stefanik and Kalivas, 2013), although
similar studies have not been conducted using the contextual
reinstatement model.

The cellular mechanisms by which exposure to a cocaine-
paired context elicits GR-dependent reinstatement have not
been characterized. Lidocaine or D1 antagonist administration
into the rostral, but not the caudal, BLA impairs cue-induced
cocaine-seeking behavior (Kantak et al., 2002; Mashhoon et al.,
2009). GRs are selectively expressed in the rostral, but not
the caudal, BLA (Johnson et al., 2005; Sivukhina et al., 2013),
and mifepristone microinfusions were aimed at the anterior
region of the BLA in the present study. Therefore, differential
GR expression may be a source of functional heterogeneity in
cue-induced reinstatement within the BLA, and cue-induced
reinstatement may involve interactions between corticosterone
and dopamine. In further support of the latter hypothesis, expo-
sure to cocaine-predictive environmental stimuli elicits condi-
tioned dopamine release in the amygdala of rats (Weiss et al.,
2000). Similar to cocaine itself, cocaine context exposure may
enhances HPA activity and circulating corticosterone levels via
D1- and D2-like dopamine receptor-dependent (Borowsky and
Kuhn, 1991; Ikemoto and Goeders, 1998), as well as N-methyl-D-
aspartate receptor-dependent (Damianopoulos and Carey, 1995),
mechanisms. In addition, corticosterone may be able to amplify
dopamine neurotransmission in the BLA via GR-independent
mechanisms that involve the inhibition of corticosterone-sensi-
tive monoamine transporters and thus the impairment of dopa-
mine clearance (Graf et al., 2013; Hill and Gasser, 2013). Such
GR-independent processes in the BLA or elsewhere may poten-
tiate drug context-induced reinstatement of cocaine-seeking
behavior, but GR-dependent mechanisms play a requisite role in
the BLA in this phenomenon.

Findings from the present study concur with earlier research
suggesting that GRs may be suitable therapeutic targets for the
treatment of cocaine addiction (Deroche-Gamonet et al., 2003).
This conclusion is offered with the caveat that rats received lim-
ited access to cocaine in the present study (2h/d), although they
obtained 256 infusions of cocaine in average (Figure 2A) and
exhibited escalation in drug intake (approximately 33% increase
in the number of infusions/d over the last 10 days of training).
We have shown previously that conditioned stimulus-induced
reinstatement is transiently enhanced by a long-access cocaine
self-administration regimen (6h/d) or by a short access regimen



coupled with yoked cocaine exposure (1 + 5h/d, respectively), rel-
ative to a short access cocaine regimen (1h/d; Kippin et al., 2006).
Hence, future studies will need to evaluate the impact of more
extensive cocaine regimens on drug context-induced reinstate-
ment and on the recruitment of glucocorticoids and GRs in
this phenomenon. Furthermore, given that these receptors are
distributed throughout the human body, continuing efforts to
understand the site-specific cellular mechanisms by which GRs
mediate drug context-induced cocaine-seeking behavior will
be useful for the development of nuanced, anatomically tar-
geted therapeutic interventions in the future. In the short term,
it is encouraging that systemic mifepristone administration
attenuates self-reports of craving in response to alcohol-asso-
ciated cues as well as subsequent alcohol intake in alcoholics
(Vendruscolo et al., 2015).
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