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BACKGROUND AND PURPOSE

The enduring propensity for alcoholics to relapse even following years of abstinence presents a major hurdle for treatment.
Here we report a model of relapse following protracted abstinence and investigate the pattern of neuronal activation
following cue-induced reinstatement and administration of the orexin; receptor antagonist SB-334867 in inbred
alcohol-preferring rats.

EXPERIMENTAL APPROACH

Rats were trained to self-administer alcohol under operant conditions and divided into two groups: immediate (reinstated
immediately following extinction) and delayed (extinguished and then housed for 5 months before reinstatement). Prior
to reinstatement, animals were treated with vehicle (immediate n = 11, delayed n = 11) or SB-334867 (20 mg-kg™" i.p.;
immediate n = 6, delayed n = 11). Fos expression was compared between each group and to animals that underwent
extinction only.

KEY RESULTS

SB-334867 significantly attenuated cue-induced reinstatement in both groups. Immediate reinstatement increased Fos
expression in the nucleus accumbens (NAc), infra-limbic (IL), pre-limbic (PrL), orbitofrontal (OFC) and piriform cortices, the
lateral and dorsomedial hypothalamus, central amygdala and basolateral amygdala (BLA), and the bed nucleus of the stria
terminalis. Following delayed reinstatement, Fos expression was further elevated in cortical structures. Concurrent with
preventing reinstatement, SB-334867 decreased Fos in NAc core, PrL and OFC following immediate reinstatement. Following
protracted abstinence, SB-334867 treatment decreased reinstatement-induced Fos in the PrL, OFC and piriform cortices.

CONCLUSIONS AND IMPLICATIONS

Cue-induced alcohol seeking can be triggered following protracted abstinence in rats. The effects of SB-334867 on both
behaviour and Fos expression suggest that the orexin system is implicated in cue-induced reinstatement, although some loci
may shift following protracted abstinence.

Abbreviations

BLA, basolateral amygdala; BNST, bed nucleus of the stria terminalis; CeA, central amygdala; CS+, conditioned stimulus;
DMH, dorsomedial hypothalamus; IL, infra-limbic cortex; iP, Indiana alcohol preferring rats; LH, lateral hypothalamus;
mPFC, medial prefrontal cortex; NAc, nucleus accumbens; OFC, orbitofrontal cortex; OX;, orexin, receptor; PrL,
pre-limbic cortex; S+, stimulus; VTA, ventral tegmental area
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Introduction

One of the most problematic features of alcohol addiction is
the long-lasting vulnerability of individuals with alcohol use
disorders to craving and relapse even following complete
remission of withdrawal symptoms and months or years of
abstinence. While stress and a post-dependent dysphoric
state brought about through neuroadaptations have been
identified as major factors contributing to relapse (Koob,
2009), passive exposure to cues and contexts previously asso-
ciated with drug availability and use has also been implicated
in eliciting craving and relapse (O’Brien et al., 1998). Clinical
studies have illustrated the relationship between cue expo-
sure and individual responses (cue reactivity) to alcohol con-
sumption and relapse propensity (Niaura etal., 1988;
Rohsenow et al., 1994). Further, cue exposure treatment has
demonstrated some success in increasing time to relapse in
detoxified alcoholics (Drummond and Glautier, 1994).
Consistent with these findings, it is well established that
re-exposure to alcohol-associated cues and contexts can pre-
cipitate previously extinguished responding for alcohol in
animal models (Bienkowski et al., 2004; Dayas et al., 2007).
There is some evidence to suggest that alcohol-predictive
cues retain their salience following extended periods of
repeated non-reinforced exposure (Ciccocioppo et al., 2001),
potentially implicating a role for such mechanisms in the
enduring vulnerability of alcoholics to relapse. A number of
studies have investigated the neural substrates and mecha-
nisms underlying cue-induced relapse to alcohol-seeking.
These studies have identified a number of common regions
involved in this response, including areas of the medial pre-
frontal cortex (mPFC), nucleus accumbens (NAc) core and
shell, the cornu ammon regions of the hippocampus, and
basolateral (BLA) and central amygdala (CeA) (Zhao et al.,
2006; Dayas et al., 2007; 2008; Radwanska et al., 2008). Few
studies to date, however, have examined the substrates
involved following periods of extended abstinence (Valdez
et al., 2002; Adams et al., 2010). It has been documented that
abstinence from alcohol results in a number of functional
neuronal alterations that may contribute to propensity to
relapse, including enhanced corticostriatal synaptic plasticity
(Xia etal., 2006), altered hippocampal inhibitory mecha-
nisms and synaptic structure (Faingold etal., 2004), and
modification to neurotransmitter and receptor expression
and function (Andrade et al., 1992; Vizi et al., 2000; Chandler
et al., 20006). It is unknown how these alterations may con-
tribute to the mechanisms involved in relapse. To address
this, here we investigated the ability of discrete alcohol-
related cues to precipitate relapse not only immediately after
extinction, but also when extinction is followed by a period
of extended abstinence. Further, we examined the putative
neuronal substrates underlying this behaviour. Given that
relapse still occurs well after withdrawal symptoms have dis-
appeared, we investigated this in inbred alcohol-preferring
rats based upon their propensity to self-administer indepen-
dent of alcohol dependence. Our strategy also allowed the
effect of protracted abstinence on reinstatement to be
assessed independent of any effects of withdrawal. Given the
pharmacological (Lawrence et al., 2006; Richards et al., 2008)
and anatomical (Dayas et al., 2007; Hamlin et al., 2007) evi-
dence for the involvement of orexin (hypocretin) systems in
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alcohol use and seeking, we also aimed to identify putative
anatomic loci where this neuropeptide may regulate relapse-
like behaviour. The results of this study demonstrate that
specific regions implicated in cue-induced reinstatement of
alcohol-seeking show increased activation following pro-
tracted abstinence. Further, the role of the orexinergic system
in mediating cue-induced reinstatement may involve actions
in the prefrontal cortex, although the circuitry through
which this occurs may alter following protracted abstinence.

Methods

Animals

All experiments were performed in accordance with the Pre-
vention of Cruelty to Animals Act, 1986 under the guidelines
of the National Health and Medical Research Council Code of
Practice for the Care and Use of Animals for Experimental
Purposes in Australia. Inbred alcohol-preferring (iP) rats were
obtained from the breeding colony at the Howard Florey
Institute, University of Melbourne. Parental stock had previ-
ously been obtained from Professor T.K. Li (while at Indiana
University, Indianapolis). Rats were maintained on a 12 h
light-dark cycle with ab libitum access to food and water.

Cue-induced alcohol reinstatement

Adult age-matched male iP rats (n = 42; on average 483 g)
were trained to self-administer ethanol (10% v/v) in 20 min
operant sessions in sound-attenuated operant chambers
(Medical Associates, VT, USA) using a fixed ratio 3 (FR3)
administration schedule as previously described (Cowen
et al., 2005), conducted 5 days per week. Ethanol availability
was conditioned with the presence of an olfactory cue (S+;
two drops of vanilla essence placed in a cap directly below the
active lever) and a 1 s light stimulus (CS+), located over the
active lever, illuminated when the FR3 requirement was met.
Both active and inactive lever responses were recorded during
each session.

After a period of stable responding for ethanol (35 days),
animals were subjected to extinction training sessions 5 days
per week, where ethanol, S+ and CS+ were not present, until
responding for the active and inactive levers were essentially
equal. The day following acquisition of these criteria, a subset
of animals was subjected to a reinstatement session where S+
and CS+ were reintroduced into the chamber and responding
for both the active and inactive levers recorded (immediate
reinstatement). Note that there was no ethanol reward asso-
ciated with lever-pressing during reinstatement trials. Thirty
minutes prior to reinstatement, animals received either
vehicle (3% DMSO i.p.) (n = 11) or the orexin, (OX,) receptor
antagonist SB-334867 (20 mg-kg™! i.p.) (n = 6). This dose has
previously been demonstrated to inhibit cue-induced alcohol
reinstatement in this breed of rats without affecting respond-
ing for water (Lawrence et al., 2006) and is within the range
that has previously been demonstrated to selectively reduce
OX, receptor-mediated calcium release (Smart ef al., 2001).
The remaining 22 rats were housed in their home cages for 5
months prior to being subjected to an identical reinstatement
session (delayed reinstatement; vehicle n = 11; SB-334867
n = 11). Three rats were extinguished but not subjected to

British Journal of Pharmacology (2011) 162 880-889 881



B Jupp et al.

reinstatement to act as extinction controls for the immuno-
histochemical study.

Immunohistochemistry

Subsets of rats from each behavioural group were randomly
selected for immunohistochemical analysis of Fos expression
(extinction only, n = 3; immediate reinstatement, vehicle n =
4; SB-334867 n = 5; delayed reinstatement, vehicle n = 5;
SB-334867 n = 4). One hour following the reinstatement
session, a time point at which Fos protein levels are around
their peak (Herdegen and Leah, 1998), animals were deeply
anaesthetized with pentobarbitone (100 mg-kg™ i.p.) and
transcardially perfused with 100 mL 0.1 M phosphate buff-
ered saline (PBS) followed by 400 mL 4% paraformaldehyde
(PFA) in 0.1 M PBS. Brains were removed and post-fixed over-
night in 4% PFA then cryoprotected for 48 h in 20% sucrose
in PBS and rapidly frozen over liquid nitrogen. Serial 40 pm
sections were collected and every fourth section processed for
Fos immunohistochemistry. Sections were incubated for 48 h
in primary antibody (1:1000, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), followed by biotinylated secondary
antibody (1 h, 1:500; anti-rabbit IgG, Vector Laboratories,
Burlingame, CA, USA), and streptavidin-horseradish peroxi-
dase complex (1 h, 1:500; Vector Laboratories). The reaction
product was visualized with nickel enhanced 3,3'-
diaminobenzidine (Sigma-Aldrich, St Louis, MO, USA) in 1%
hydrogen peroxide, as previously described (McPherson and
Lawrence, 2006). Sections were mounted on slides with 0.5%
gelatin and allowed to dry before being counter-stained with
neutral red (Sigma-Aldrich) to enable visualization of nuclei
of interest, dehydrated and cover slipped. All treatment
groups were reacted simultaneously to minimize procedural
variation. Control experiments were performed by omitting
the primary antibody on a subset of sections; in these experi-
ments, staining failed to occur.

Analysis of Fos expression

Stereological estimates of the total number of Fos positive
cells were conducted blind to treatment using the fraction-
ator method (Gundersen et al., 1988). The software package
Stereo-Investigator (MicroBrightField, Williston, VT, USA)
interfaced with an Olympus BX51 microscope (Center Valley,
PA, USA) fitted with a colour video camera (Optronics,
Goleta, CA, USA) and motorized x,y,z stage control (Prior,
Rockland, MA, USA) was used to conduct estimates of the
infra-limbic (IL) and pre-limbic (PrL) cortices (bregma
4.2 mm to 2.52 mm); anterior portion of the piriform cortex
(bregma 4.2 mm to 0.36 mm); orbitofrontal cortex (OFC)
(bregma 4.2 mm to 2.76 mm) NAc core and shell (bregma
2.76 mm to 0.98 mm); dorsal and ventral bed nucleus of the
stria terminalis (BNST) (bregma to —0.36 mm); BLA and CeA,
the lateral hypothalamus and dorsal medial hypothalamus
(-1.56 mm to -3.36 mm) and ventral tegmental area (VTA)
(-4.8 mm to —-6.8 mm). Counting frame sizes, areal and
section sampling fractions for each of these regions are listed
in Table 1. Stereological estimates were conducted based
upon findings by Mura and colleagues, demonstrating
regional heterogeneity in Fos induction following behav-
ioural testing, highlighting the limitation of obtaining accu-
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Table 1

Section sampling and areal sampling fractions for stereological
estimation of number of Fos-positive neurones in the regions
investigated

Region SSF ASF
mPFC 1/8 3/5
Piriform 1/8 12/25
OFC 1/8 4/15
NAc core 1/8 3/5
NAc shell 1/8 2/3
BLA 1/8 1/2
LH 1/8 4/5
DMH 1/8 4/5
dBNST 1/4 3/5
VBNST 1/4 3/5
CeA 1/8 5/12

mPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; NAc,
nucleus accumbens; BLA, basolateral amygdalae; LH, lateral
hypothalamus; DMH, dorsomedial hypothalamus; BNST, bed
nucleus of the stria terminalis; CeA, central amygdala.

rate Fos counts when selecting subsets of sections to assay
alterations in expression (Mura et al., 2004).

Statistical analysis

Differences in lever responding were assessed using a mixed-
factorial analysis of variance (ANOVA) with Fisher’s least sig-
nificant difference post hoc comparisons for treatment (SB-
334867 vs. vehicle) and reinstatement session (immediate vs.
delayed) and within-subject comparisons between extinction
and reinstatement sessions. Differences between the number
of Fos-positive neurones was assessed using a three-way
ANOVA with planned comparisons to test effects of treatment
(SB-334867 vs. vehicle), reinstatement session (immediate vs.
delayed) and brain region. A separate two-way ANOVA with
planned comparisons was also conducted to examine the
effect of reinstatement (extinction vs. vehicle) on each of the
regions investigated for each of the separate reinstatement
sessions. All data sets were subjected to a Shapiro-Wilks test
for normality before assigning appropriate statistical tests. All
Fos data were normalized by a square root transformation to
ensure normal distribution. Significance was set at P < 0.05
for all tests.

Results

Cue-induced alcohol reinstatement: effects

of protracted abstinence and the OX;
antagonist SB-334867

Following acquisition of alcohol self-administration, the
mean number of active lever presses over the last 3 days was
106 * 6, with a mean alcohol (10% v/v) consumption of 6.9
+ 0.4 mL-kg™" per session. The mean number of active lever
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Cue-induced reinstatement and the effect of SB-334867 immediately post-extinction and following protracted abstinence. (A) Re-exposure to S+
and CS+ significantly increased responding for the active lever in both immediate and delayed reinstatement sessions when compared with
extinction. SB significantly reduced reinstatement in both sessions. (B) No effect of SB or protracted abstinence was observed on inactive lever
responses. #P < 0.001, compared with extinction; *P < 0.001, compared with vehicle, mixed factorial analysis of variance with planned

comparisons. Ext, extinction; Veh, vehicle; SB, SB-334867.

presses at extinction was 5 + 1, achieved over a period of 31
days. The re-introduction of S+ and CS+, during reinstate-
ment sessions, both immediately [F 35 = 29.927, P < 0.001]
and following protracted abstinence [Fzs5 = 28.992, P <
0.001], significantly restored active lever responding in
vehicle-treated rats (Figure 1). SB-334867 significantly attenu-
ated responding for the active lever in both immediate [F s
=14.048, P < 0.001] and delayed reinstatement groups [F 3s
=20.611 P <0.001, Figure 1A]. No difference was observed for
any treatment between immediate and delayed reinstatement
groups. No effect of treatment or protracted abstinence was
observed on inactive lever responding [F33s) = 1.858, P> 0.05;
Fazs = 0.116, P > 0.05; Figure 1B].

Pattern of neuronal Fos expression following
cue-induced reinstatement

Immediate reinstatement. Two-way ANOVA revealed a signifi-
cant effect of reinstatement [F(;,67 = 365.540, P < 0.0001] and
brain region [Fuoe, = 17.713, P < 0.0001], and a significant
interaction between the two [Faoe, = 9.540, P < 0.0001].
Planned comparisons revealed that the number of
Fos-positive neurones was significantly increased in all
regions investigated with the exception of the VTA (Tables 2
and 3).

Delayed reinstatement. In animals undergoing reinstatement
following a period of protracted abstinence, two-way ANOVA
demonstrated a significant effect of reinstatement (Fi; =
239.108, P < 0.0001), brain region (Fi,7s = 10.780, P < 0.0001)
and a significant interaction between the two (Fio7 = 7.317,
P < 0.0001). Planned comparisons revealed that the number
of Fos-positive neurones was significantly increased in all
regions investigated with the exception of the VTA (Tables 2
and 3).

Alterations in the pattern of neuronal

Fos expression by SB-334867 and

protracted abstinence

Three-way ANOVA of Fos expression in animals undergoing
either immediate or delayed reinstatement and SB-334867 or
vehicle treatment revealed a significant effect of treatment
[Fai77) = 30.096. P < 0.0001], reinstatement session [F,177) =
61.092, P < 0.0001] and brain region [Fuo177) = 37.231, P <
0.0001]. Significant interactions were observed between treat-
ment x region [Fo177 = 4.320, P < 0.0001] and session x
region [Fo,177 = 3.061, P < 0.0001].

Effect of SB-334867 treatment. During immediate reinstate-
ment, the SB-334867 treatment significantly decreased the
number of Fos-positive neurones in the PrL and orbitofrontal
cortices and NAc Core when compared with vehicle-treated
animals (P < 0.05, planned comparisons) (Figure 2, Tables 2
and 3). SB-334867 treatment following protracted abstinence
significantly reduced the number of Fos-positive neurones in
the PrL, orbitofrontal and piriform cortices when compared
with vehicle-treated animals (P < 0.05, planned comparisons)
(Figure 2, Tables 2 and 3).

Effect of protracted abstinence. Planned comparisons investi-
gating the effect of protracted abstinence found that the
number of Fos-positive neurones increased in the IL, PrL,
orbitofrontal and piriform cortices in vehicle-treated
animals compared with immediate reinstaters (P < 0.05,
planned comparisons). In SB-334867-treated animals, Fos
expression was significantly increased following delayed
reinstatement when compared with Fos expression in
SB-334867-treated animals undergoing immediate reinstate-
ment in the IL, orbitofrontal and piriform cortices and NAc
core (P < 0.05, planned comparisons) (Figure 2, Tables 2
and 3).
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Table 2

Stereological cell counts of Fos-positive cells induced by cue-induced reinstatement and the effect of SB-334867

Immediate reinstatement

Delayed reinstatement

Extinction Vehicle
PrL 6.2 1.6 63.8 + 10.3"
IL 2.5+ 0.6 28.1 + 9.6
Piriform 15.5 + 2.8 66.5 = 3.5%
OFC 174 = 1.9 108.6 + 9.5%
NAc core 9.7 +29 53.3 = 10.0*
NAc shell 7.5 = 0.5 40.9 *= 4.0*
BLA 10.3 + 2.4 38.6 = 5.1*
LH 3.4 = 0.1 31.0 + 4.4*
DMH 3.6 = 0.3 35.6 = 4.4*
dBNST 3.6 = 0.3 27.4 = 1.0*
VBNST 54 = 3.0 29.3 + 1.6"
CeA 10.1 = 3.3 38.2 = 1.4*
VTA 2.4 + 0.2 9.1 = 0.1

SB-334867 Vehicle SB-334867
37.5 £ 8.1* 111.8 = 21.8* 82.3 = 14.9*1
26.2 = 1.4 53.5 = 9.6"t 41.9 = 10.57
47.6 = 9.4 102.5 = 10.6" 71.6 = 5.6*
57.9 = 6.2* 149.5 = 20.5* 98.4 = 26.8*"
27.8 = 3.3* 63.0 = 5.9* 60.0 = 7.31
28.3 = 4.1 52.9 = 2.9* 435 £ 5.5
21.7 = 2.0 50.5 = 7.7¢ 34.7 £ 6.9
20.0 = 1.9 42.4 = 5.5* 25.8 = 4.2
22.6 = 4.6 33.6 = 6.6" 29.1 = 44
29.8 = 3.5 33.9 * 6.6* 33.1 £ 1.6
274 = 2.8 40.8 = 1.9* 37.2 £ 7.7
60.5 = 3.3 55.1 = 4.9* 67.3 = 9.1
10.6 = 2.4 11.6 = 2.5 124 = 1.3

Counts are expressed as square root of mean = SEM.

PrL, pre-limbic cortex; IL, infra-limbic cortex; ; OFC, orbitofrontal cortex; NAc, nucleus accumbens; BLA, basolateral amygdalae; LH, lateral
hypothalamus; DMH, dorsomedial hypothalamus; BNST, bed nucleus of the stria terminalis; CeA, central amygdalae; VTA, ventral tegmental

area.

#P < 0.05 (vs. extinction), two-way analysis of variance (ANOVA) with planned comparisons, *P < 0.05 (vs. vehicle); TP < 0.05 (vs. immediate

reinstatement), three-way ANOVA with planned comparisons.

Table 3

Percentage change in Fos-positive cells due to the effect of pro-
tracted abstinence or SB-334867 treatment in brain regions where a
significant effect of either abstinence or drug treatment was
observed

Effect of SB-334867

Effect of protracted

abstinence treatment
Vehicle Immediate Delayed
(%) (%) (%)
PrL +75* —42* -26*
IL +90* -7 -22
Piriform +54* -29 -30*
OFC +38* —47* —34*
NAc core +18 —48* -5

*Denotes a significant effect of each treatment as illustrated in
Table 2.

PrL, pre-limbic cortex; IL, infra-limbic cortex; ; OFC, orbitofrontal
cortex; NAc, nucleus accumbens

Discussion

Here we demonstrate that re-exposure to alcohol-predictive
cues following an extended period of abstinence is sufficient
to reinstate previously extinguished operant responding for
alcohol, demonstrating that rats, like humans, exhibit endur-
ing vulnerability to relapse-like behaviour. Patterns of Fos
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expression associated with cue-induced reinstatement
provide support for the involvement of a cortico-striatal
circuit, as has been previously suggested (Kalivas and Volkow,
2005; Koob and Volkow, 2010). Following protracted absti-
nence, the overall pattern of neural activation was similar,
although a number of structures exhibited significantly
greater Fos expression. Importantly, responding on the active
lever was similar between the immediate and delayed rein-
statement groups, suggesting that the elevated Fos expression
associated with protracted abstinence may reflect an altered
response to reward-related cues. In addition, we show that
reinstatement can be disrupted by the administration of
the OX; receptor antagonist SB-334867, suggesting that the
orexin system remains involved in the integration of the
salience of cues following protracted abstinence. Intriguingly,
the putative anatomic loci where SB-334867 may act (directly
or indirectly) to regulate relapse-like alcohol-seeking appar-
ently shifts from the orbitofrontal/PrL cortex and accumbens
core following immediate reinstatement to primarily a corti-
cal locus following delayed reinstatement. These findings col-
lectively suggest that the circuitry through which orexin
impacts upon alcohol-seeking driven by exposure to cues
may change over time.

Propensity of alcohol-predictive cues to induce
reinstatement is maintained over a period of
protracted abstinence and involves the
orexinergic system

The present data support previous findings regarding the role
of alcohol predictive cues in eliciting relapse (e.g. Bienkowski
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Graphs and representative photomicrographs illustrating the effect of reinstatement and SB-334867 on Fos expression in the pre-limbic (PrL),
orbitofrontal (OFC), piriform cortex and nucleus accumbens core. Reinstatement significantly increased the number of Fos-positive neurones in
the PrL, OFC, piriform cortex and nucleus accumbens core in both the immediate and delayed reinstatement groups. In the PrL and OFC,
SB-334867 significantly reduced this increase in the immediate and delayed group, while the effect was only observed in the immediate
reinstatement group in the accumbens core, and the delayed reinstatement group in the piriform cortex. *P < 0.05 versus vehicle; “P < 0.05 versus
immediate reinstatement, three-way analysis of variance with planned comparisons. #P < 0.05 versus extinction, two-way ANOVA with planned
comparisons. Ext, extinction; Veh, vehicle; SB, SB-334867. All scale bars = 100 pm.
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etal.,, 2004) and demonstrate that these cues retain their
salience even following 5 months of abstinence. The latter
fact extends the current knowledge base, and provides evi-
dence that rats exhibit an enduring relapse propensity for a
considerable part of their lifespan. It is interesting that no
‘incubation of craving’ effect was observed in the current
study, given that responding on the active lever was similar
between the immediate and delayed reinstatement groups.
This finding does not necessarily discount an increase in
responding during intermediate time points not examined.
This phenomenon has been observed previously for heroin,
where reinstatement assessed following 1 day, 1, 3 or 6
months of withdrawal followed an inverted U-shaped curve,
with higher responding after 1 and 3 months than after 1 day
or 6 months of withdrawal (Shalev et al., 2001). It should be
noted that the animals used in the current study were not
alcohol dependent and therefore did not necessarily experi-
ence florid withdrawal. Given this, dependency and subse-
quent withdrawal may be required for the incubation of
craving and may explain the apparent lack of this phenom-
enon in the current study. It is however cogent to note that
this study was designed to address the reaction to cue
re-exposure following an extended abstinence; in this
context, the data demonstrate an enduring ability of cues to
precipitate relapse-like responding directed at the active lever.

The current data also support a role for the orexinergic
system in this phenomenon, given that the OX; receptor
antagonist SB-334867 was capable of preventing cue-induced
reinstatement following protracted abstinence. Previous work
has implicated the orexinergic system in cue- and stress-
induced reinstatement of alcohol seeking (Lawrence et al.,
2006; Richards et al., 2008). The present data suggest that
despite extinction and long-term abstinence, the orexinergic
system is seemingly still involved in the integration of the
salience of cues previously linked to the availability of a
positive reinforcer.

Pattern of neural activation following
reinstatement of alcohol-seeking by

discrete cues

Brain structures implicated in relapse have been suggested
from human imaging studies. A study in alcoholics showed
increased cue-induced activation of the striatum, anterior
cingulate and mPFC. Interestingly, this activation was more
pronounced in subsequent relapsers compared with alcohol-
ics who remained abstinent during a 3 month follow up.
Cue-induced activation of the mPFC, but not the severity of
alcohol craving, was associated with the subsequent amount
of alcohol intake upon relapse. Consequently, the authors
suggested that cue-induced activation of parts of an attention
network may attribute incentive salience to alcohol cues that
trigger relapse among alcoholics (Grusser et al., 2004). The
current study found that exposure to discrete alcohol predic-
tive cues significantly increased Fos expression in the IL, PrL,
orbitofrontal and piriform cortices, NAc core and shell, baso-
lateral and central amygdala, lateral and dorsomedial hypo-
thalamus and the BNST. These regions are largely consistent
with findings from previous studies investigating the pattern
of Fos activation induced by reinstatement of alcohol seeking
by exposure to discriminative cues (Zhao et al., 2006; Dayas
et al., 2007) and contexts (Hamlin et al., 2007), although par-
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tially distinct activation patterns are observed between cue
and context-driven reinstatement (Chaudhri et al., 2010).
There is also significant overlap between the regions identi-
fied in the current study and those implicated in cue and
context-driven reinstatement to other drugs of abuse (e.g.
Hamlin ef al., 2008; Kufahl et al., 2009), suggesting a poten-
tially common network through which drug predictive cues
may act to drive relapse.

Fos activation following reinstatement of
alcohol-seeking is enhanced following
protracted abstinence

The majority of studies investigating relapse to drug seeking
have been conducted almost immediately after the operant
task is extinguished. Because human relapse is an enduring
problem (Epstein et al., 2006), we attempted to model this
aspect more closely, by extinguishing rats and then subjecting
them to 5 months of abstinence prior to precipitating relapse.
Within this context, it is important to note that extinction is
an approach few alcoholic patients undertake when trying to
achieve abstinence, and represents a limitation of the model
used in the current study. Regardless of the approach taken to
obtain abstinence, however, relapse often occurs weeks to
months following treatment, not immediately on the day
following treatment or initiation of abstinence. Given this, the
current study aimed to address if the neural correlates involved
in relapse following a period of protracted abstinence differ
from those that are involved in immediate relapse.

The reinstatement of alcohol seeking following protracted
abstinence induced Fos expression in the same regions as
observed following immediate reinstatement, although the
amount of activation was significantly increased in the IL,
PrL, orbitofrontal and piriform cortices compared with that
found in cortical regions of immediate reinstaters. With-
drawal has been demonstrated to result in a number of alter-
ations within these regions, some of which may contribute to
an increased reactivity to reward associated cues. For
example, AFosB is increased in the OFC during alcohol with-
drawal, which has been suggested to relate to increased cue
reactivity (Doran et al., 2007; Tetley et al., 2010). As discussed
previously, the animals in the current study were not depen-
dent and therefore may not have experienced florid with-
drawal. Nevertheless, neural activation upon cue exposure
was still enhanced following extinction and abstinence com-
pared with reinstatement immediately after extinction. What
this increased cortical Fos expression relates to in terms of
behavioural outcomes still remains to be determined, given
that the current study found no difference in alcohol-seeking
between the two reinstatement time points. These data may
reflect altered neural responses to the cue presentation and its
integration, rather than any alteration in activation related to
behavioural output. In other words, the central processing of
cues and their salience may alter during extended periods of
abstinence, yet once integrated, result in a similar behav-
ioural response. In keeping with this idea, the pattern of
activation during recent and remote memory retrieval relat-
ing to fear conditioning demonstrates increased activation of
cortical regions following remote retrieval which has been
suggested to play a role in the integration and processing of
these memories (Frankland et al., 2004).



Alterations in the pattern of Fos activation by
the OX; receptor antagonist SB-334867 —
evidence for orexinergic loci of action in
cue-induced reinstatement of alcohol seeking
A role for the neuropeptide orexin A in mediating stress, cue-
and context-induced relapse to drug seeking has been estab-
lished for alcohol, other drugs of abuse and natural rewards
(Boutrel et al., 2005; Harris et al., 2005; Lawrence et al., 2006;
Richards etal.,, 2008). Orexin A containing neurones are
solely located in the hypothalamus; however, their projec-
tions and OX; receptors are widely distributed throughout
the brain (Peyron et al., 1998; Marcus et al., 2001; Baldo et al.,
2003). The precise regions of the brain involved in mediating
the effects of orexin on drug seeking remain to be elucidated
(Lawrence, 2010), although the insular cortex appears to be
one region where orexins may integrate drug rewards (Hol-
lander et al., 2008).

This is the first study to our knowledge that has investi-
gated the pattern of Fos expression following inhibition of
alcohol seeking by the OX; receptor antagonist SB-334867.
SB-334867 decreased Fos expression associated with reinstate-
ment in the PrL and orbitofrontal cortices and the NAc core
in the immediate reinstatement group. All these regions are
implicated in the reinstatement of reward seeking (Lasseter
et al., 2009; Rocha and Kalivas, 2010), receive projections
from orexinergic neurones and contain OX; receptors,
although to differing degrees (Peyron et al., 1998; Marcus
et al., 2001; Baldo et al., 2003). The NAc core is an exception,
being essentially devoid of orexinergic projections and OX;
receptors (Marcus ef al., 2001; Baldo et al., 2003), suggesting a
secondary effect of SB-334867 on the reinstatement-induced
Fos expression in this structure.

A cortico-amygdala-striatal pathway has been implicated
in the reinstatement of alcohol seeking, with the PrL cortex
and NAc core critically involved in mediating this behaviour
(Backstrom and Hyytia, 2007; Chaudhri et al., 2008). Of these
regions, the PrL and orbitofrontal cortices are possibly best
anatomically arranged to be directly affected by changes in
orexinergic signalling. Both the PrL and orbitofrontal cortices
send direct projections to the NAc core (McFarland et al.,
2003). Moreover, pyramidal cells in the prefrontal cortex
receive orexin A innervation (Peyron et al., 1998), express
OX; receptors (Marcus et al., 2001) and orexin A enhances the
excitability of layer 5 pyramidal cells from rat prefrontal
cortex that is sensitive to antagonism by SB-334867 (Xia
etal., 2005; Li et al., 2009). The decrease in Fos expression
observed in the NAc core following treatment with
SB-334867 may be an indirect consequence of decreased acti-
vation of the PrL cortex. Indeed, previous data have demon-
strated the ability for the inactivation of the prefrontal cortex
to reduce activation of the NAc core (Ishikawa et al., 2008).

There is some evidence to suggest that orexin may effect
drug seeking via its action in the VTA (Harris et al., 2005;
Wang et al., 2009). The current study, however, failed to find
an effect of SB-334867 on Fos expression in this region. It
should be noted that cue-induced reinstatement was not
associated with elevated Fos expression in the VTA, similar to
previous findings using the renewal paradigm (Hamlin ef al.,
2007). Consequently, the ability to detect a drug effect in the
VTA may be limited under the current experimental condi-
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tions. Direct microinjection studies are required to confirm
the anatomical loci where OX; receptor antagonism attenu-
ates alcohol seeking.

Following protracted abstinence, reinstatement-induced
Fos expression was reduced by SB-334867 treatment in the
PrL, orbitofrontal and piriform cortices, but not in the accum-
bens core. This suggests that SB-334867 may act through
different mechanisms to inhibit reinstatement of alcohol
seeking, depending upon the timing of the reinstatement
relative to extinction training. Importantly, the differential
effects of SB-334867 on Fos expression observed between
immediate and delayed reinstatement argue against these
changes occurring as the result of non-specific effects of
SB-334867, and support the relationship between reduced
alcohol-seeking behaviour and Fos expression. While it is
theoretically possible that the reduction in Fos is observed
due to a reduction in motor behaviour associated with
reduced drug seeking, the differential patterns observed
between immediate and delayed reinstatement groups
treated with SB-334867 again argue against this, because their
motor outputs are similar.

Conclusions

In summary, the results of this study for the first time dem-
onstrate that specific brain nuclei implicated in cue-induced
reinstatement of alcohol seeking show enhanced Fos expres-
sion following extinction and protracted abstinence com-
pared with immediately after extinction, despite alcohol
seeking being comparable. Further, the role of the orexinergic
system in mediating discrete cue-induced reinstatement may
occur through actions in the prefrontal cortex, although the
mechanism through which this occurs may vary after an
extended period of abstinence.
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