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κ-Opioid receptors (KORs) and their endogenous ligand dynorphin are involved in stress-induced alcohol seeking but the mechanisms
involved are largely unknown. We previously showed that systemic injections of the KOR agonist U50,488, which induce stress-like
aversive states, reinstate alcohol seeking after extinction of the alcohol-reinforced responding. Here, we used the neuronal activity marker
Fos and site-specific injections of the KOR antagonist nor-BNI and U50,488 to study brain mechanisms of U50,488-induced reinstatement
of alcohol seeking. We trained male Long–Evans rats to self-administer alcohol (12% w/v) for 23–30 days. After extinction of the alcohol-
reinforced responding, we tested the effect of U50,488 (0, 1.25, 2.5, and 5 mg/kg) on reinstatement of alcohol seeking. Next, we
correlated regional Fos expression with reinstatement induced by the most effective U50,488 dose (5 mg/kg). Based on the correlational
Fos results, we determined the effect of bed nucleus of the stria terminalis (BNST) injections of nor-BNI (4 μg/side) on U50,488-induced
reinstatement of alcohol seeking, and reinstatement induced by injections of U50,488 (0, 0.3, 1, and 3 μg/side) into the BNST. U50,488-
induced reinstatement of alcohol seeking was associated with increased Fos expression in multiple brain areas, including the BNST, where it
was significantly correlated with lever pressing. U50,488-induced reinstatement was blocked by BNST nor-BNI injections, and BNST
U50,488 injections partially mimicked the drug’s systemic effect on reinstatement. Our data indicate that the BNST is a critical site for
U50,488-induced reinstatement of alcohol seeking and suggest that KOR/dynorphin mechanisms in this brain area play a key role in stress-
induced alcohol seeking.
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INTRODUCTION

Stress is associated with heavy alcohol use and relapse
(Brown et al, 1995; Sinha and Li, 2007). Over the past two
decades, we and others have used the reinstatement model
(Shaham et al, 2003) to study the role of different brain areas
and neurotransmitter systems in stress-induced relapse to
alcohol seeking in rats and mice (Le and Shaham, 2002;
Mantsch et al, 2016), including the κ-opioid receptor
(KOR)/dynorphin system (Bruchas et al, 2010).
The KOR/dynorphin system plays a critical role in stress

responses (Van't Veer and Carlezon, 2013). Acute stress
stimulates the release of dynorphin in brain areas involved in
emotion, motivation, and drug seeking, including the bed
nucleus of the stria terminalis (BNST) and amygdala
(Bruchas et al, 2010; Morley et al, 1982; Nabeshima et al,
1992), and chronic stress exposure causes long-lasting effects
on KOR function (Karkhanis et al, 2016). In addition, KOR

agonists induce conditioned place aversion (CPA) and
depression- and anxiety-like states, whereas KOR antagonists
induce anxiolytic and antidepressant effects in animal
models (Bechara and van der Kooy, 1987; Falcon et al,
2015; Land et al, 2008, 2009; Mague et al, 2003; Mucha and
Herz, 1985; Pliakas et al, 2001; Privette and Terrian, 1995).
The KOR/dynorphin system also plays a role in the effect

of stressors and withdrawal states on drug self-
administration and reinstatement of drug seeking (Bruchas
et al, 2010). Stress-induced increases in alcohol drinking are
not observed in dynorphin knockout mice (Sperling et al,
2010). KOR antagonists decrease stress-induced reinstate-
ment of cocaine and nicotine seeking and preference
(Beardsley et al, 2005, 2010; Jackson et al, 2012; Redila and
Chavkin, 2008), and stress-induced potentiation of cocaine
and alcohol conditioned place preference (CPP)
(McLaughlin et al, 2006; Sperling et al, 2010). However,
one study showed that systemic injections of the KOR
antagonist JDTic had no effect on footshock-induced
reinstatement of alcohol seeking (Schank et al, 2012). KOR
antagonists also prevent increased alcohol intake induced by
alcohol dependence (Walker and Koob, 2008; Walker et al,
2011), and escalation of heroin, cocaine, and methampheta-
mine self-administration (Schlosburg et al, 2013; Wee et al,
2009; Whitfield et al, 2015).
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In agreement with the above results, we found that
systemic injections of the selective KOR agonist U50,488
reinstate nicotine and alcohol seeking in rats (Funk et al,
2014; Grella et al, 2014). These results extend earlier studies
showing that KOR agonists reinstate cocaine seeking in
squirrel monkeys (Valdez et al, 2007) and cocaine CPP in
mice (Redila and Chavkin, 2008). The goal of our present
study was to determine the brain sites involved in U50,488-
induced reinstatement of alcohol seeking. We first replicated
the results of our previous study (Funk et al, 2014) by
determining a dose–response curve for U50,488-induced
reinstatement of alcohol seeking. We then used the neuronal
activity marker Fos (Curran and Morgan, 1995) to determine
U50,488-induced neuronal activation in different brain areas
implicated in KOR/dynorphin-mediated stress responses and
stress-induced reinstatement of drug seeking. These include
dorsal and ventral medial prefrontal cortex (mPFC),
orbitofrontal cortex (OFC), nucleus accumbens (NAc) core
and shell, dorsal and ventral BNST (dBNST, vBNST), central
and basolateral amygdala (CeA, BLA), lateral hypothalamus
(LH), dorsal and median raphe nuclei (DRN, MRN), and
nucleus tractus solitarius (NTS) (Bossert et al, 2013; Bruchas
et al, 2010; Mantsch et al, 2014, 2016; Van't Veer and
Carlezon, 2013).
We found that in dorsal and ventral BNST, U50,488-

induced Fos expression was significantly correlated with
lever pressing, a finding consistent with the role of the BNST
in stress-induced drug seeking (Erb et al, 2001) and the role
of BNST KOR/dynorphin in stress responses (Crowley et al,
2016). Based on the correlational Fos data, we determined
the causal role of BNST KORs in U50,488-induced
reinstatement using local injections of the selective KOR
antagonist, nor-BNI (Portoghese et al, 1987). We also
determined whether BNST U50,488 injections will mimic
the drug’s systemic effect on reinstatement of alcohol
seeking.

MATERIALS AND METHODS

For subjects, drugs, apparatus, alcohol self-administration,
extinction and reinstatement testing, food pellet self-admin-
istration, immunohistochemistry, cannula surgery and
injections, and corticosterone radioimmunoassay, see
Supplementary Material Online.

Exp. 1: Effects of U50,488 on Reinstatement of Alcohol
Seeking

The goal of Exp. 1 was to determine the optimal dose for
U50,488-induced reinstatement alcohol seeking for the
subsequent Fos-mapping experiment (Exp. 2). We trained
13 rats to self-administer alcohol and then gave them daily
extinction sessions until they reached the extinction
criterion. We determined the effects of U50,488 on
reinstatement using a within-subjects design with the factors
of U50,488 Dose (0, 1.25, 2.5, and 5mg/kg, i.p.) and Lever
(active, inactive). We injected each rat with vehicle or one of
the doses of U50,488 and 30 min later placed them in self-
administration chambers for a 60 min reinstatement test. We
gave the doses in counterbalanced order with at least 2 days
of regular extinction sessions between tests.

Exp. 2: Effects of U50,488 on Reinstatement of Alcohol
Seeking: Correlation with Fos Expression

The goal of Exp. 2 was to determine whether U50,488-
induced reinstatement of alcohol seeking is associated with
increased neuronal activity in different brain areas impli-
cated in KOR/dynorphin-mediated stress responses and
stress-induced reinstatement of alcohol seeking. We trained
32 rats to self-administer alcohol and then gave them daily
extinction sessions until they reached the extinction
criterion. We determined the effects of U50,488 on
reinstatement of alcohol seeking using a mixed-design with
the between factor of U50,488 Dose (vehicle, 5 mg/kg, i.p.)
and within factor of Lever (active, inactive), and on Fos
expression using a between-subjects design with the factor of
U50,488 dose. We injected each rat with vehicle (n= 8) or
U50,488 (n= 24), and 30 min later placed them in the self-
administration chambers for a 60 min reinstatement test. At
the end of the test, we anesthetized them with sodium
pentobarbital, perfused them, and processed their brains for
Fos immunohistochemistry. We used a larger number of rats
in the drug condition to ensure sufficient statistical power to
detect statistically significant correlations between lever
presses during testing and Fos expression induced by
U50,488 injections.

Exp. 3: Effects of Intra-BNST Nor-BNI on
U50,488-Induced Reinstatement

In Exp. 2 we found that of the different brain areas under
study, Fos expression in the BNST was significantly
correlated with the active lever pressing induced by
U50,488 during the reinstatement tests. The goal of Exp. 3
was to determine whether BNST KORs mediate U50,488-
induced reinstatement of alcohol seeking by injecting the
selective KOR antagonist nor-BNI into the BNST before the
reinstatement tests. We trained 22 rats to self-administer
alcohol and then implanted them with bilateral cannulas
aimed at the BNST. After 1 week of recovery, we gave them 4
more daily alcohol self-administration sessions, and then
daily extinction sessions until they reached the extinction
criterion. We determined the effect of BNST nor-BNI on
U50,488-induced reinstatement using a mixed-factorial de-
sign with the between-subjects factor of nor-BNI Dose
(0, 4 μg/side) and the within-subject factors of U50,488 Dose
(0, 5 mg/kg, i.p.) and Lever (active, inactive). We injected
each rat with vehicle or nor-BNI into the BNST and 15 min
later injected them with vehicle or U50,488. After 30 min, we
placed the rats in the self-administration chambers for a
60 min reinstatement test. We performed the two reinstate-
ment tests 2–3 days apart and gave the rats regular extinction
sessions on the intervening days.

Exp. 4: Effects of BNST U50,488 on Reinstatement of
Alcohol Seeking

In Exp. 3 we found that nor-BNI BNST injections blocked
U50,488-induced reinstatement, demonstrating the necessity
of BNST KORs in the systemic effect of U50,488 on
reinstatement. The goal of Exp. 4 was to determine the
sufficiency of activation of BNST KORs in inducing
reinstatement. To test this idea, we determined whether
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BNST injections of U50,488 would mimic the drug’s
systemic effect on reinstatement. We trained 12 rats to self-
administer alcohol and then implanted them with bilateral
cannulas aimed at the BNST. After 1 week of recovery, we
gave them 4 additional daily alcohol self-administration
sessions, and then daily extinction sessions until they
reached the extinction criterion. We determined the effect
of BNST U50,488 injections on reinstatement using a within-
subjects design with the factors of U50,488 Dose (0, 0.3, 1.0,
and 3 μg/side) and Lever (active, inactive). We injected each
rat with vehicle or U50,488 into the BNST, and 5min later,
we placed the rats in the self-administration chambers for a
60 min reinstatement test. We performed the reinstatement
tests 2–3 days apart and gave the rats regular extinction
sessions on the intervening days.

Exp. 5: Effects of Intra-BNST Nor-BNI on Responding
for Food Pellets

In Exp. 3 we found that BNST injections of nor-BNI blocked
U50,488-induced reinstatement. The goal of Exp. 5 was to
rule out the possibility that the effect of these injections on
reinstatement is due to nonspecific motor deficits. For this
purpose, we determined the effect of BNST nor-BNI

injections on high-rate lever pressing for palatable food
pellets (Calu et al, 2014). We implanted 12 rats with bilateral
cannulas aimed at the BNST. After 1 week of recovery, we
trained them to self-administer the food pellets (catalog no.
1811155, TestDiet). We gave the rats daily 1 h of self-
administration sessions under an FR-1 reinforcement
schedule for 12 days. We then determined the effect of
BNST nor-BNI injections on lever pressing for food pellets
using a within-subjects design with the factors of nor-BNI
Dose (0, 4 μg/side) and Lever (active, inactive). We injected
each rat bilaterally with vehicle into the BNST and 45 min
later placed the rats in the self-administration chambers for a
1 h food self-administration session. After 2 days, we injected
the rats with nor-BNI into the BNST 45 min before a 1 h
food self-administration session. We gave the rats a regular
self-administration session on the day between the tests. We
did not counterbalance the vehicle and nor-BNI injections to
avoid a carryover effect of nor-BNI on lever presses from test
1 to test 2.

Exp. 6: Effect of U50,488 on Serum Corticosterone Levels

The goal of Exp. 6 was to determine whether under our
experimental conditions, the effective dose of U50,488 for

Figure 1 Dose response of U50,488-induced reinstatement of alcohol seeking in Exp. 1. (a) Timeline of the experiment. (b) Self-administration:
mean± SEM number of active and inactive lever presses (left) and alcohol rewards and g/kg intake (right) during the 25 training sessions. (c) Extinction:
mean± SEM number of non-reinforced presses on the previously active lever and on the inactive lever during the 7 extinction days. (d) Left column:
reinstatement: total responding: mean± SEM number of non-reinforced presses on the previously active lever and on the inactive lever during the 1 h
reinstatement tests. Right column: reinstatement: 20 min intervals: mean± SEM number of active lever presses during testing. *Different from vehicle (0 dose),
po0.05, n= 13. FR, fixed ratio, i.p., intraperitoneal.
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reinstatement of alcohol seeking induces a physiological
stress response, as assessed by measuring plasma levels of the
stress hormone corticosterone (cortisol in humans)
(Dallman et al, 1995; Selye, 1936). We gave 30 rats 5 daily
vehicle injections (i.p.) and placed them in cages for 1 h to
habituate them to the injection procedure. The following
day, we injected them with U50,488 (5 mg/kg i.p.) and
decapitated them either immediately (0 min) or 30 or 60 min
after the injection (n= 10 per time point) and collected their
trunk blood for corticosterone analysis. We used the 0 min
time-point as the baseline, because we and others found that
rats habituated to vehicle injections show negligible
injection-induced corticosterone increase (Ignar and Kuhn,
1990; Marinelli et al, 2007).

RESULTS

Systemic Injections of U50,488 Reinstate Alcohol
Seeking after Extinction

In Exp. 1 we determined the dose response of U50,488 on
reinstatement of alcohol seeking (see Figure 1a for experi-
mental timeline). As in our previous studies under similar

training and extinction conditions (Le et al, 2005, 2006,
2011), the rats demonstrated reliable alcohol self-
administration (~0.7 g/kg at the end of training) and
extinction of the alcohol-reinforced responding when lever
pressing was not reinforced with alcohol during the
extinction phase (Figure 1b and c). During the subsequent
reinstatement tests, systemic injections of U50,488 caused a
dose-dependent increase in active but not inactive lever
presses The ANOVA showed a significant interaction
between U50,488 Dose and Lever (F3, 33= 3.9, p= 0.018).
The post hoc analyses showed significant differences in
vehicle versus 2.5 mg/kg (p= 0.013) and 5mg/kg (p= 0.003)
(Figure 1d). Figure 1d (right column) shows the time course
of active lever presses (20 min intervals) during the
reinstatement tests. The statistical analysis showed a
significant interaction between U50,488 Dose and Lever
(F3, 33= 3.1, p= 0.04). The post hoc group differences were
observed between vehicle and 2.5 mg/kg at the 20–40 min
interval (p= 0.013) and vehicle versus 5 mg/kg at the
40–60 min interval (p= 0.025). Together, the data in Exp. 1
show that systemic injections of U50,488 reinstate alcohol
seeking in a dose-dependent manner.

Figure 2 U50,488-induced reinstatement of alcohol seeking in Exp. 2. (a) Timeline of the experiment. (b) Self-administration: mean± SEM number of active
and inactive lever presses (left) and alcohol rewards and g/kg intake (right) during the 30 training days. (c) Extinction: mean± SEM number of non-reinforced
presses on the previously active lever and on the inactive lever during the 7 extinction days. (d) Left column: reinstatement: total responding: mean± SEM
number of non-reinforced presses on the previously active lever and on the inactive lever during the 1 h reinstatement tests. Right column: reinstatement:
20 min intervals: mean± SEM number of active lever presses during testing. *Different from vehicle (0 dose), po0.05, vehicle, n= 8; U50,488 (5 mg/kg),
n= 24.
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U50,488-Induced Reinstatement of Alcohol Seeking Is
Associated with Fos Induction in BNST

In Exp. 2 we used the activity marker Fos to determine
whether U50,488-induced reinstatement of alcohol seeking is
associated with neuronal activation in different brain areas
implicated in KOR/dynorphin-mediated stress responses and
stress-induced reinstatement of alcohol seeking (see
Figure 2a for experimental timeline).

Training, extinction, and reinstatement. As in Exp. 1, the
rats demonstrated reliable alcohol self-administration, ex-
tinction of the alcohol-reinforced responding during the
extinction phase, and robust U50,488-induced reinstatement
(Figure 2b–d). As in Exp. 1, we observed reliable reinstate-
ment of alcohol seeking after systemic injections of 5 mg/kg
of U50,488, as indicated by a significant interaction between
U50,488 Dose and Lever (F1, 29= 4.5, p= 0.042). Figure 2d
(right column) shows the time course of active lever presses
(20 min intervals) during the reinstatement tests. The
statistical analysis showed a significant interaction between
U50,488 Dose and Lever (F1, 30= 4.3, p= 0.048). Significant
post hoc group differences were observed between vehicle
and U50,488 at the 20–40 min interval (p= 0.031).

Fos expression and correlations between Fos expression and
active lever presses. During the reinstatement tests, systemic
injections of U50,488 (5mg/kg) caused significant Fos
induction in multiple brain areas (Figures 3d and e and 4d
and e), including dorsal mPFC (F1, 29= 6.2, p= 0.02), ventral
mPFC (F1, 27= 15.4, po0.001), OFC (F1, 29= 6.9, p= 0.01),
NAc core (F1, 28= 5.5, p= 0.03), NAc shell (F1, 28= 4.5,
p= 0.04), dorsal BNST (F1, 28= 5.2, p= 0.03), ventral BNST
(F1, 29= 44.6, po0.001), CeA (F1, 27= 7.5, p= 0.01), LH
(F1, 29= 26.3, po0.001), DRN (F1, 28= 21.5, po0.001), MRN
(F1, 29= 13.7, po0.001), and NTS (F1, 26= 6.0, p= 0.02), but
not BLA (p40.1). Subsequent Pearson’s r correlations between
Fos-IR values and active lever presses during the reinstatement
tests in rats injected with U50,488 (n= 24) showed significant
correlations for dorsal BNST (r= 0.42, p= 0.04) and ventral
BNST (r= 0.43, p= 0.03) but not the other brain areas
(Figures 3f, 4f, and Supplementary Table 1).

Together, the data in Exp. 2 show that U50,488-induced
reinstatement is associated with increased neuronal activity
in multiple brain areas, and that neuronal activity in BNST
but not in other brain areas is significantly correlated with
this reinstatement.

BNST Injections of Nor-BNI Blocked U50,488-Induced
Reinstatement of Alcohol Seeking

Based on the results of Exp. 2—significant correlations
between U50,488-induced reinstatement of active lever presses
and Fos induction in BNST—in Exp. 3, we tested the causal
role of BNST KORs in U50,488-induced reinstatement of
alcohol seeking by using site-specific injections of the KOR
antagonist, nor-BNI (see Figure 5a for experimental timeline).
As in Exp. 1–2, the rats demonstrated reliable alcohol self-
administration and extinction of the alcohol-reinforced
responding during the extinction phase (Figure 5b and c).
During the reinstatement tests, pretreatment with nor-BNI
blocked U50,488-induced reinstatement (Figure 5d). The

ANOVA, which included the between-subjects factor of
nor-BNI dose, and the within-subjects factors of U50,488
Dose and Lever, showed a significant interaction between the
three factors (F1, 18= 6.6, p= 0.02), and an interaction between
nor-BNI dose and U50,488 dose (F1, 18= 8.0, p= 0.01). The
post hoc analyses showed that the active lever pressing of rats
injected with systemic U50,488 and BNST vehicle was
significantly higher than those injected with systemic
U50,488 and BNST nor-BNI (p= 0.03). These results indicate
that activation of KORs in BNST is critical to U50,488-induced
reinstatement of alcohol seeking.

BNST Injections of U50,488 Reinstate Alcohol Seeking

The goal of Exp. 4 was to determine the sufficiency of
activation of BNST KORs in inducing reinstatement. To test
this idea, we determined whether BNST injections of
U50,488 would mimic the drug’s systemic effect on
reinstatement (see Figure 6a for experimental timeline). As
in Exp. 1–3, the rats demonstrated reliable alcohol self-
administration and extinction of the alcohol-reinforced
responding during the extinction phase (Figure 6b and c).
BNST injections of U50,488 modestly reinstated alcohol
seeking (Figure 6d). The ANOVA, which included the
within-subjects factors of U50,488 Dose and Lever, showed a
significant U50,488 Dose × Lever interaction (F3, 27= 3.7
p= 0.03). Active lever pressing after injections of the high
dose of U50,488 (3 μg/side) was significantly higher than the
vehicle and the lower doses (p-values o0.05). These results
indicate that agonist activation of BNST KORs is sufficient to
induce modest reinstatement of alcohol seeking.

BNST Injections of Nor-BNI Had a Minimal Effect on
High-Rate Operant Responding for Food

The goal of Exp. 5 was to rule out the possibility that BNST
nor-BNI injections blocked U50,488-induced reinstatement
of alcohol seeking (Exp. 3) because of nonspecific motor
deficits. To test this possibility, we determined the effects of
nor-BNI BNST injections on high-rate lever pressing for
palatable food pellets (Supplementary Figure S1a and b). We
found that BNST nor-BNI injections (4 μg/side) had a
modest, statistically nonsignificant effect on lever pressing
for the food pellets (Supplementary Figure S1c). The
statistical analysis, which included the within-subjects factors
of nor-BNI Dose and Lever, showed a significant effect of
Lever (F1, 9= 49.7, p= 0.001) but no effect of nor-BNI dose or
an interaction between the two factors. These results indicate
that the BNST injection of nor-BNI did not reduce U50,488-
induced reinstatement of alcohol seeking (Exp. 3) by causing
nonspecific motor deficits.

Systemic Injections of U50,488 Increased Plasma
Corticosterone Levels

The goal of Exp. 6 was to determine whether under our
experimental conditions, the effective dose of U50,488 for
reinstatement of alcohol seeking induces a physiological
stress response, as assessed by measuring plasma levels of the
stress hormone corticosterone (Marinelli and Piazza, 2002;
Marinelli et al, 1997). We found that systemic injections of
U50,488 (5 mg/kg) increased plasma corticosterone levels:
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0 min after injection (baseline condition): 257.7± 37.4 ng/ml;
30 min after injection: 584.5± 57.8 ng/ml; and 60 min after
injection: 447.5.5± 41.6 ng/ml. The statistical analysis

showed a main effect of Time after injection (F2, 27= 12.5,
p= 0.001). Corticosterone levels were significantly higher in
the 30 min (p= 0.001) or 60 min (p= 0.008) groups

Figure 3 U50,488-induced reinstatement of alcohol seeking is associated with increased neuronal activity in dorsal and ventral mPFC, OFC, NAc, and
BNST (Exp. 2). (a–c) Sampling region of the different brain areas (Paxinos and Watson, 2005). (d) Mean± SEM Fos-labeled neurons in rats injected with
vehicle or U50,488 (5 mg/kg, i.p.). (e) Representative photomicrographs of Fos expression from rats treated with vehicle or U50,488 (scale bar= 100 μm). (f)
Pearson’s r correlations of Fos expression in the different brain areas with active lever pressing in rats injected with U50,488. *Different from vehicle, po0.05.
Vehicle, n= 6–8 per brain area; U50,488, n= 23–24 per brain area. dmPFC, dorsal mPFC; vmPFC, ventral mPFC; dBNST, dorsal BNST; vBNST, ventral BNST.
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compared with the 0 min group. These results indicate that a
U50,488 dose (5 mg/kg) that induces reinstatement of
alcohol seeking also induces a physiological stress response,
as indicated by increased plasma corticosterone.

DISCUSSION

In a previous study, we found that systemic injections of
U50,488 reinstate alcohol seeking after extinction (Funk
et al, 2014). The goal of our present study was first to

Figure 4 U50,488-induced reinstatement of alcohol seeking is associated with increased neuronal activity in the CeA, LH, DRN, MRN, and NTS, but not
BLA (Exp. 2). (a–c) Sampling region of the different brain areas (Paxinos and Watson, 2005). (d) Mean± SEM Fos-labeled neurons in rats injected with vehicle
or U50,488 (5 mg/kg, i.p.). (e) Representative photomicrographs of Fos expression from rats treated with vehicle or U50,488 (scale bar= 100 μm). (f)
Pearson’s r correlations of Fos expression in the different brain areas with active lever presses in rats injected with U50,488. *Different from vehicle, po0.05.
Vehicle, n= 7–8 per brain area; U50,488, n= 21–24 per brain area.
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independently replicate this finding, and then to explore
brain mechanisms of U50,488-induced reinstatement by
using the activity marker Fos and site-specific injections of
the selective KOR antagonist nor-BNI and U50,488. The four
main findings of our study are: (1) U50,488-induced
reinstatement was associated with increased Fos expression
in several cortical and subcortical brain areas, (2) U50,488-
induced reinstatement was correlated with Fos expression in
dorsal and ventral BNST but not in the other brain areas, (3)
pretreatment with BNST injections of nor-BNI blocked
U50,488-induced reinstatement, and (4) BNST injections of
U50,488 partially mimicked the drug’s systemic effect on
reinstatement. These results indicate that KORs in the BNST,
a region implicated in stress responses and stress-induced
reinstatement of drug seeking (Mantsch et al, 2016;
Silberman and Winder, 2013), are critical to U50,488-
induced reinstatement of alcohol seeking.

Methodological and Interpretational Considerations

Several methodological issues should be considered in the
interpretation of the inhibitory effect of BNST nor-BNI

injections on U50,488-induced reinstatement of alcohol
seeking. The first issue is that the effect of these injections
on reinstatement might be due to diffusion into the nearby
ventricles and actions on KORs in distal brain areas (Johnson
and Epstein, 1975). Although we cannot rule out this
possibility, we believe that it is unlikely, because we
implanted the cannulas at a 15° angle to avoid penetrating
the ventricles (Figure 5e).
The second issue is the degree to which the effect of nor-

BNI on U50,488-induced reinstatement is mediated by KORs
after acute injections 45 min before the reinstatement tests.
In this regard, although nor-BNI is a prototypical and widely
used selective KOR antagonist (Portoghese et al, 1987), there
are reports that the drug also binds to μ-opioid receptors
(MORs) for several hours after systemic injections
(Broadbear et al, 1994; Endoh et al, 1992), but see Narita
et al (1993) for pharmacological data that do not support
MOR-mediated effects of acute nor-BNI. In addition,
Harshberger et al (2016) recently reported that systemic
injections of a high dose (3 mg/kg, s.c.) of the preferential
MOR antagonist naltrexone decreased U50,488-induced
reinstatement of alcohol seeking. However, the data from

Figure 5 Nor-BNI injections into the BNST blocked U50,488-induced alcohol seeking (Exp. 3). (a) Timeline of the experiment. (b) Self-administration:
mean± SEM number of active and inactive lever presses (left) and alcohol rewards and g/kg intake (right) during the 25 training sessions.
(c) Extinction: mean± SEM number of non-reinforced presses on the previously active lever and on the inactive lever during the 7 extinction days. (d)
Reinstatement: mean± SEM number of non-reinforced presses on the previously active lever and on the inactive lever during the reinstatement tests. We
injected the rats with vehicle or nor-BNI (4 μg/0.5 μl/side) into the BNST and 15 min later with U50,488 (5 mg/kg, i.p.); we started the test session 30 min after
the U50,488 injection. (e) Representative cannula placements in the BNST. Scale bar= 400 μm. (f) Cannula placements: numbers represent mm from bregma
(Paxinos and Watson, 2005). *Different from vehicle, po0.05, n= 9–11/group. FR, fixed ratio.
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this study are difficult to interpret, because U50,488 had a
very weak effect on reinstatement (less than 10 lever presses
during the test sessions). In addition, naltrexone has a
moderate affinity for KORs and at high doses will block these
receptors (Goldstein and Naidu, 1989). Thus, a likely
interpretation of the results of Harshberger et al (2016) is
that naltrexone blocked U50,488-induced reinstatement
because of inhibition of KORs. Together, based on the
pharmacological selectivity of both U50,488 (Clark and
Pasternak, 1988; de Costa et al, 1990) and nor-BNI
(Portoghese et al, 1987) for KORs, the most parsimonious
pharmacological interpretation of our data is that the
effect of BNST nor-BNI injections on U50,488-induced
reinstatement is mediated by local blockade of KORs.
Another issue is the modest and non-dose-dependent

effect of BNST U50,488 injections on reinstatement that was
weaker and less robust than the drug’s systemic effect. The
reasons for these different results are unknown and we
cannot rule out that they are partly due to different alcohol
training conditions between Exp. 3 and 4 (see Supplementary
Material Online). Another possibility is that U50,488-
induced reinstatement is caused by coordinated activation
of KORs in BNST and other brain areas like the amygdala
(Nygard et al, 2016). However, empirical evidence incon-
sistent with this idea is that BNST nor-BNI injections
completely blocked the systemic effect of U50,488 on
reinstatement (Exp. 3). It is also possible that U50,488 doses
of43 μg/side would have elicited a stronger reinstatement of
alcohol seeking.
Another issue to consider in the interpretation of our data

within the context of the general phenomenon of stress-
induced reinstatement (Mantsch et al, 2016; Shaham et al,
2000b) is whether the effect of U50,488 on reinstatement of
alcohol seeking is due to the instigation of a stress-like state
that promotes drug seeking. In support of this notion, we

found that, as with exposure to environmental stressors like
footshock or restraint (Kant et al, 1985; Shaham et al, 1997),
U50,488 injections increased plasma levels of the stress
hormone corticosterone (Selye, 1936). However, the observa-
tion that a pharmacological agent increases corticosterone
does not necessary imply that the hormonal response will be
followed by a behavioral and psychological stress state that
laboratory animals or humans will avoid (Chen et al, 2015;
Marinelli and Piazza, 2002; Piazza et al, 1993). For example,
psychostimulants, opioids, and alcohol reliably increase
plasma corticosterone levels in rodents (Piazza and Le
Moal, 1997; 1998,; Sarnyai et al, 2001). Nevertheless, based
on the literature, it is highly likely that 5 mg/kg of U50,488
induces stress-like aversive behavioral and psychological
effects, because it is well established that like external
stressors, U50,488 causes CPA (Ehrich et al, 2015; Land et al,
2008; Mucha and Herz, 1985; Mucha et al, 1985) and
anxiety- and depressive-like responses in rodent models of
anxiety and depression (Mague et al, 2003; Todtenkopf et al,
2004; Valdez and Harshberger, 2012).

Role of the BNST in Reinstatement of Drug Seeking

To the degree that U50,488 is a pharmacological stressor that
induces a stress-like state, our study appears to provide novel
evidence for a role of the BNST in stress-induced reinstate-
ment of alcohol seeking. These data agree with results from
prior studies on the role of BNST in stress-induced
reinstatement of opiate and psychostimulant seeking and
preference in the self-administration and CPP versions of the
reinstatement model (Erb et al, 2001; Mantsch et al, 2016).
Thus, inhibition of CRF or noradrenaline neurotransmis-

sion in the BNST decreases footshock stress-induced
reinstatement of cocaine seeking (Erb and Stewart, 1999;
Leri et al, 2002; Vranjkovic et al, 2014) and morphine CPP

Figure 6 U50,488 injections into the BNST reinstated alcohol seeking (Exp. 4). (a) Timeline of the experiment. (b) Self-administration: mean± SEM number
of active and inactive lever presses (left) and alcohol rewards and g/kg intake (right) during the 23 training sessions. (c) Extinction: mean± SEM number of non-
reinforced presses on the previously active lever and on the inactive lever during the 7 extinction sessions. (d) Reinstatement: mean± SEM number of non-
reinforced presses on the previously active lever and on the inactive lever during the reinstatement tests. We injected the rats with vehicle or U50,488 (0.3, 1,
3 μg/0.5 μl/side) into the BNST and started the session 5 min later. (e) Cannula placements: numbers represent mm from bregma (Paxinos and Watson,
2005). *Different from vehicle, po0.05, n= 10. FR, fixed ratio.
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(Wang et al, 2001, 2006). In addition, 6-OHDA lesions of the
ventral noradrenergic bundle, which innervates the BNST
(Aston-Jones et al, 1999), decrease footshock-induced
reinstatement of heroin seeking (Shaham et al, 2000b) and
morphine CPP (Wang et al, 2001). Furthermore, reversible
inactivation of the BNST with tetrodotoxin decreases
footshock-induced reinstatement of heroin seeking
(Shaham et al, 2000a), and reversible inactivation of the
BNST with lidocaine decreases swim stress-induced rein-
statement of cocaine CPP (Briand et al, 2010). However, the
tetrodotoxin and lidocaine data described above should be
interpreted with caution, because both drugs also inhibit
neuronal activity of fibers of passage. There is also evidence
that reversible inactivation of the BNST with muscimol
+baclofen decreases footshock-induced reinstatement of
cocaine seeking (McFarland et al, 2004) and yohimbine-
induced potentiation of cue-induced cocaine seeking
(Buffalari and See, 2010). However, the relevance of the
results with yohimbine to the role of BNST in stress-induced
reinstatement is unclear, because yohimbine’s effects on
operant responding during reinstatement testing appear to
be independent of the history of contingent drug self-
administration and may not be related to the commonly
assumed stress-like effects of yohimbine (Chen et al, 2015).
In our previous study, we found that the CRF1 receptor

antagonist antalarmin decreases U50,488-induced reinstate-
ment of alcohol seeking (Funk et al, 2014). Similarly, in
squirrel monkeys, the CRF1 receptor antagonist CP-154526
decreases spiradoline (a KOR agonist)-induced reinstate-
ment of cocaine seeking (Valdez et al, 2007). Based on these
results, and the findings described above on the role of BNST
CRF in stress-induced reinstatement of drug seeking, we
speculate that U50,488-induced activation of BNST CRF
neurotransmission plays a role in U50,488-induced reinstate-
ment. Anatomical support for this notion is that the BNST
receives dynorphin/CRF projections from the CeA
(Marchant et al, 2007; Sakanaka et al, 1986).
Finally, previous studies have shown that KORs in BLA,

CeA, NAc, and DRN play a role in nicotine, cocaine,
methamphetamine, and alcohol seeking and preference
(Kissler and Walker, 2016; Land et al, 2009; Nygard et al,
2016; Whitfield et al, 2015). We extend these findings by
showing that BNST KORs play an important role in
reinstatement of alcohol seeking. Based on our Fos data
showing that U50,488 injections increased neuronal activity
in the above brain areas and in others, a question for future
research is whether KORs in other brain areas also play a role
in reinstatement of alcohol seeking induced by U50,488 and
other stressors. In this regard, KORs have an important
regulatory role in the BLA and CeA projections to the BNST
(Crowley et al, 2016; Li et al, 2012) and there is evidence that
these projections play a role in anxiogenic (stress) responses
(Crowley et al, 2016). In addition, the CeA sends dynorphin-
and CRF-containing projections to the BNST (Beckerman
and Glass, 2012; Beckerman et al, 2013; Marchant et al,
2007). Thus, a question for future research is whether these
amygdala–BNST dynorphin projections also play a role in
reinstatement of alcohol seeking induced by U50,488 and
other stressors.

Concluding Remarks

Our results provide new evidence for a role of the BNST in
reinstatement of alcohol seeking induced by an aversive
pharmacological stimulus, extending results from previous
studies on the critical role of the BNST in stress-induced
reinstatement of psychostimulant and opioid seeking
(Mantsch et al, 2016; Shaham et al, 2000a). Our data also
extend previous results on the important role of the KOR/
dynorphin system in reinstatement of drug seeking and
preference (Bruchas et al, 2010; Nygard et al, 2016; Smith
et al, 2012), as well as alcohol self-administration and
withdrawal states (Berger et al, 2013; Kissler et al, 2014;
Walker et al, 2011; Wee and Koob, 2010).
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