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Abstract: Environments in which the pharmacological effects of alcohol have been experienced become potent triggers
for relapse in abstinent humans. Animal models developed to study the effect of environmental contexts on relapse to
alcohol-seeking behavior demonstrate that alcohol-seeking is renewed by exposure to an alcohol-associated context,
following the extinction of alcohol-seeking in a different context. Hence, contexts in which alcohol conditioning and
extinction learning occur can be critical determinants for whether or not alcohol-seeking behavior is observed. This
review summarizes preclinical research to date examining the role of alcohol contexts on the reinstatement of
extinguished responding for alcohol. Behavioral studies have elucidated factors that are important for eliciting context-
dependent relapse, and have uncovered novel interactions between alcohol-seeking driven by discrete alcohol cues in
different contexts. Neuropharmacological studies provide substantial evidence for a role of dopaminergic systems in
context-dependent reinstatement, and growing support for opioidergic mechanisms as well. Several key limbic brain
regions have been identified in the modulation of alcohol-seeking by context, supporting a proposed neural circuit that
includes the hippocampus, nucleus accumbens, basolateral amygdala, lateral hypothalamus, and the paraventricular

thalamus.
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INTRODUCTION

The development of a drug or alcohol addiction is
dependent upon learned behavior. For example, one learns
that the pharmacological effects of alcohol occur following
certain actions, like drinking, and are preceded by or
concomitant with certain sensory cues, such as the sight,
smell or taste of the alcoholic beverage. This learning occurs
in a location (or set of locations) known as the environmental
context, simply defined as the multimodal constellation of
stimuli that characterize a specific place. The importance of
the context in which alcohol ingestion occurs has been noted
for quite some time, but is now being increasingly
appreciated. Researchers and clinicians have observed that
the environmental context in which drugs of abuse are used
can influence subsequent pharmacological effects of drugs,
as well as susceptibility to relapse to drug taking. For
example, environmental stimuli can precipitate drug-taking
behavior in abstinent patients [1]. These and other
observations have led to the idea that exposure to
environments previously associated with drinking can
contribute to relapse in abstinent individuals.
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This idea may have relevance to behavioral techniques
used to reduce relapse, particularly to cue-reactivity
treatment, in which conditioned responding to drug cues
during treatment is extinguished through repeated
presentations of the cue(s) without the drug present, with the
goal of reducing relapse upon exposure to similar cues post-
treatment [2-7]. Although positive effects of cue reactivity
treatment have been reported [6, 8, 9] there is some
indication that, overall, this method may have only limited
success, particularly for alcoholics [10, 11]. One possible
reason for this limited success is the strong influence on
conditioned behavior of the context in which that
conditioning occurs. In cue-reactivity treatment, conditioned
responding to alcohol cues is extinguished in a single,
potentially unrealistic, laboratory setting, one that is very
different from the environments in which alcohol may have
been previously experienced. It has been proposed that the
extinction of reactivity to alcohol cues during treatment may
be specific to the treatment context, and may not generalize
to similar cues experienced outside the treatment context [12,
13]. Hence, exposure to the same or similar alcohol cues
outside the treatment context — particularly in contexts in
which those cues have been previously associated with the
drug or alcohol — may induce conditioned responses that
contribute to relapse. Relapse to alcoholism therefore may be
facilitated by the environmental context when discrete
alcohol cues are encountered in an alcohol-associated
setting.

This theory is in agreement with current conceptions of
extinction learning in which the extinction of a given
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behavioral response does not erase the original learned
association; rather, extinction results in the acquisition of a
new memory that competes with the original excitatory
conditioning. Thus, the original association is not eliminated,
but is still maintained in memory along with a newer
inhibitory association [13-15]. The difference in conditioned
responding in the extinction and conditioning contexts shows
that the environmental context can bias which association is
retrieved from memory, the original association or that
acquired during extinction. Therefore, therapies that seek to
reduce conditioned behavioral responses through extinction
techniques are faced with a difficult challenge that arises
from the natural properties of learning systems.

When thinking about alcohol addiction, this capacity of
context to influence behavior may manifest as an inability to
successfully abstain from drinking in environments that are
associated with drinking behavior and/or pharmacological
effects of alcohol. Further, behavioral treatments that seek to
reduce the relapse-inducing influence of discrete cues (such
as the visual sight of the bottle or the smell of alcohol) by
extinguishing conditioned responses to those cues in the
clinic may fail because the alcohol-associated context
experienced outside the clinic may provide the retrieval
signal for the original learned association between cue and
alcohol, rather than the newly-learned associations of cue-no
alcohol. In one study of social drinkers, a significant renewal
of responses to alcohol cues that had been extinguished in a
distinct environment was observed when subjects
experienced those cues in a environment different from the
extinction environment [16]. However, this context-
dependent renewal effect was not observed in two further
studies of human heavy drinkers [17] and alcohol-dependent
outpatients [18]. In the latter two cases, it may be that
renewal would have been observed in environments
previously associated with alcohol’s pharmacological
effects, something not tested in the referenced studies, i.e.,
the test context was neither the extinction context nor an
alcohol-associated context.

ANIMAL MODEL OF CONTEXT-DEPENDENT
RELAPSE TO ALCOHOL-SEEKING

Animal models have been developed to better understand
the behavioral and neural regulation of relapse to alcohol-
seeking by extinction and conditioning contexts. Initial
studies were based on the reinstatement procedure, in which
the ability of conditioned and unconditioned stimuli to
induce the reinstatement of an instrumental response is
provoked in extinguished animal subjects; this increase in
behavior after extinction is taken as a measure of drug-
seeking [19-21]. Stimuli that increase, or reinstate,
instrumental responding above extinction levels include non-
contingent presentation of the drug reinforcer, footshock
stress, and exposure to environmental stimuli that were
previously associated with drug-reinforced instrumental
responding (for review, see [22-26]). Recently, this
extinction/reinstatement relapse model was adapted to
address the effects of context on relapse. Crombag and
Shaham [27] trained rats to lever-press for infusions of a
heroin-cocaine combination in a distinctive context.
Behavior was then extinguished in a different context by
withholding drug. Following extinction, rats were placed
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back into the original context and responses on the lever that
previously delivered drug reinforcement were monitored.
The authors found that the return to the initial drug context
increased lever-pressing above response levels achieved in
the extinction context, indicative of context-dependent
relapse.

Several researchers have adapted this procedure to
investigate context-dependent reinstatement of instrumental
responding for alcohol [28-37]) (Fig. 1). In the first study,
published by our laboratory, rats were trained to lever press
in 1-hr sessions for small aliquots of 10% alcohol delivered
to a reward magazine adjacent to the lever [30]. Training
occurred in operant conditioning chambers made distinctive
by visual, olfactory and tactile cues; this multimodal
collection of stimuli was termed Context A. After 20
sessions of alcohol self-administration, rats received
extinction training for 6 daily 1-hr sessions during which
lever-pressing was not reinforced by alcohol delivery.
Importantly, extinction training occurred in a distinct context
— that is, the visual, olfactory, and tactile cues were different
than during self-administration training — termed Context B.
The day after the final extinction session, subjects were
placed back into the original testing context, Context A, and
responding on the lever was measured, although no alcohol
was delivered at test. In this procedure increased lever-
pressing at test would reflect the retrieval of the original
instrumental learning and not new learning which could be
initiated if responding were reinforced. As predicted,
placement into Context A led to elevated lever-pressing
relative to extinction levels (compare Extinction responding
with responding during Reinstatement Test Day 1 in Fig.
2A). Other laboratories have similarly demonstrated the
potent effect of the alcohol self-administration context on
instrumental response reinstatement [28, 29, 32-37]. For
example, Hamlin and colleagues [36] reported that
placement into the original training context reinstates
responding at a nose-poke operandum that was previously
reinforced by aliquots of a 4% beer solution, following
extinction in a different context. Many of these studies have
differed in the specifics of the training parameters, in the
operant response required, and in the percentage of alcohol
in the reinforcer solution. However, the clear pattern of
instrumental response reinstatement observed following
placement back into an alcohol-associated context indicates
that this is a reliable phenomenon, well-suited for the
investigation of the influence of the drinking context on
alcohol-seeking behavior.

We have observed consistent context-dependent
reinstatement of alcohol-seeking across repeated tests,
suggesting that the memory of an alcohol context can
influence alcohol-seeking long after the last episode of
alcohol consumption in that context (Fig. 2A). In rats trained
to respond for sucrose, re-exposure to the training context
also reinstates sucrose-seeking that has been extinguished in
a different context (Fig. 2B). However, context-dependent
reinstatement of sucrose-seeking is reduced with repeated
testing as shown by the decrease in the magnitude of
reinstatement across repeated tests (Fig. 2B). Thus,
mechanisms underlying the modulation by context of
sucrose-seeking may not be as long-lasting as they are for
alcohol [30].
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Fig. (1). Context-dependent reinstatement of alcohol-seeking. This schematic illustrates the use of distinct sensory features (floor texture,
odors, distinctive visual features on the walls) used to create distinct training, extinction, and testing environments, or contexts. Training is
conducted in Context A, and responding is extinguished in Context B. The reinstatement of responding can be tested in the the original
training context (the ABA design) or in a new, novel context (the ABC design).

When subjects are trained and tested in the same context,
and extinguished in a different context, the experimental
design is referred to as ABA (Fig. 1). To determine if
context-dependent reinstatement results simply from the
removal of inhibitory control over behavior that is
established in the extinction context, testing may also occur
in a third, unique, novel context using an ABC design (Fig.
1). When tested in the ABC design, we found that placement
into a novel context reinstated responding for sucrose, but
not for alcohol [30, 31]. Hence, mechanisms underlying the
contextual control over responding for pharmacological
agents, such as alcohol, may be different than for natural
rewards, like sucrose. This conclusion is supported by the
lack of significant reinstatement in a novel context for rats
trained to self-administer other drugs, such as intravenous
heroin (c.f., [38]).

In our initial efforts to develop a model of context-
dependent reinstatement of alcohol-seeking, the daily water
consumption of rats was restricted to motivate high intakes
of alcohol. In follow up studies, we and others found that the
self-administration context can reinstate instrumental
responding for alcohol in rats who were not water restricted,
indicating that it is the reinforcing property of alcohol itself,
rather than thirst, that motivates instrumental responding
[31].

Because rodents are often trained to drink alcohol using
mixtures of alcohol and a sweetener, such as sucrose, it is
relevant to ask in such cases whether rats are responding at
test for alcohol or for the sweetener. Notably, the majority of
studies on context-dependent reinstatement of alcohol-
seeking have not used adulteration of the alcohol with
sucrose or another sweetener during the operant conditioning
[28-30, 39, 40]. In a few cases in the rat where sucrose was
used, it was only in the home cage and instrumental training
itself was initiated using 10% ethanol without sucrose [31,
32, 34]. In one study in the mouse, however, sucrose

adulteration in the operant chamber was used to train
subjects to lever press [33]. Overall, the evidence in the rat
strongly supports the notion that alcohol seeking triggered by
the context is a consequence of prior exposure to alcohol in
that particular environment, and not to a memory of sucrose.
This remains to be demonstrated in the mouse. A number of
studies have used alcoholic beer as the reinforcer [35-37].
Inclusion of a non-alcoholic beer control group would
strengthen the hypothesis that the pharmacological properties
of the alcoholic beer were integral to the reinforcing effect of
the alcoholic beer, and thus to the eventual seeking behavior
driven by the self-administration context.

A combination of different sensory cues is typically used
to create distinct contexts for training and extinction,
prompting the question of whether rats process this
combination as a whole or attend to especially salient single
cues. Olfactory stimuli, which may receive heightened
attention by rodents, are prominent features of the contexts
we use; however, olfactory cues are potent discriminative
stimuli for reinstatement of alcohol-seeking in their own
right (c.f,, [41-44]). To determine if the reinstatement
observed using the ABA model requires the presence of the
full configuration of cues, or just the olfactory cue alone, we
tested rats in the presence of the full context or in a novel
context with the odor that formed part of Context A. This
experiment revealed that response reinstatement is not
supported by the olfactory cue alone when subjects have
been trained within a multimodal context. As seen in Fig.
(3A), responding is greater when subjects are exposed to the
Full Context after extinction in a different context, than
when exposed to the olfactory cue alone, presented in a
novel context. Interestingly, port-checking behavior also
increased selectively in response to the Full Context (Fig.
3B). The converse experiment, removing the olfactory cue
from the context and testing for reinstatement also revealed a
diminished reinstatement, seen in Fig. (3) as the No Odor
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Fig. (2). The alcohol training context reinstates alcohol-seeking
after extinction in a different context. A) Rats (N=8) were trained
to lever press for alcohol in Context A (black bars) and
extinguished in Context B (white bars). Twenty-four hours after the
last extinction session (Extinction), subjects underwent the first
reinstatement test in Context A (Reinstatement Test Day 1). Two
and three weeks later, subjects were tested again for reinstatement
of the operant response in Context A (Reinstatement Test Days 14
and 21), and in Context B 15 days after the first reinstatement test
(Day 15). No reward was delivered for any of the tests. Depicted
are mean alcohol lever presses +/- S.E.M. B) A separate group of
rats (N=6) was trained to lever press for sucrose in Context A (gray
bars) and extinguished in Context B (white bars). Reinstatement
was tested as described in (A). Depicted are mean sucrose lever
presses +/- S.EMM. * P < 0.01 as compared to extinction and # P <
0.01 as compared to Reinstatement Test Day 15. Adapted from [30]
with permission.
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Fig. (3). Context-dependent reinstatement of alcohol-seeking
depends upon the full configuration of stimuli that comprise the
context. A) Mean (+/- S.E.M.) alcohol lever and inactive lever
presses during the final 5 days of self-administration (Self-Admin)
and during four different reinstatement tests including the full
configuration of stimuli of the ethanol context (Full Context), the
alcohol context without the olfactory stimulus (No Odor), the
olfactory stimulus alone presented in a novel context (Odor Only),
and the same Novel context without the olfactory stimulus. The
mean responding in the extinction context the last day of extinction
before each test is also depicted. No alcohol was delivered during
the reinstatement tests, and the order of reinstatement tests was
counter-balanced across subjects. N=6. **P<(0.001, *P<0.05 as
compared to Extinction responding; ##P<0.005, #P<0.05 as
compared to reinstatement in the full context. B) Mean (+/-) S.E.M.
entries into the alcohol port by the same subjects as in Fig. (4A).
Interestingly, there is a significant increase in port entries only
during a reinstatement test with the Full Context. **P<0.005, as
compared to extinction responding. Adapted from [31] with
permission.

condition compared with Full Context. Together, these
findings indicate that the total configuration of contextual
stimuli and not a single stimulus alone is used to distinguish
between the self-administration and extinction environments.
Of course, when an olfactory cue is used alone as a
discriminative stimulus to define the conditions under which
alcohol is and is not available, as in the studies by Weiss and
colleagues, that olfactory cue can act as a reliable trigger for
reinstatement of alcohol-seeking (c.f., [41-44]).

In summary, context-dependent reinstatement of alcohol-
seeking can be reliably induced in rodents. Our research
suggests that contexts can reinstate behavior across repeated
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tests sessions. Failure to observe reinstatement in a novel
context (Context C) suggests that memory of the alcohol
context plays an important role in reinstatement. In addition,
the complete configuration of the prior alcohol training
context appears to be the most potent signal for relapse.
These observations made using animal models may have
translational applicability for use in clinical research on
human alcoholics and alcohol-dependent individuals. Further
preclinical research on the neurobiology underlying context-
dependent relapse to alcohol-seeking can be well-informed
by studies conducted using animal models of context-
dependent reinstatement for other drugs of abuse, for which
important advances have been made [21, 38].

CONTEXTUAL MODULATION OF CUE-INDUCED REIN-
STATEMENT OF INSTRUMENTAL RESPONDING

Reinstatement is also triggered by discrete alcohol-
associated cues, as has been determined in studies that do not
alter the context during extinction [41, 42, 44-61]. However,
the cue-alcohol pairing is experienced in an environmental
context, raising the question of whether reinstatement
triggered by a drug-paired cue is modulated by that context.
Indeed, many studies on context-dependent reinstatement for
alcohol or other drugs of abuse include a response-
contingent cue that is concomitant with or immediately
preceding drug delivery [27-29, 34, 38, 62-64]; in these
studies, the response-contingent cue is presented in both the
alcohol and the extinction contexts, as well as at test in the
alcohol context.

The assumption is that at test the context modulates the
instrumental responding supported by the conditioned
reinforcing properties of the cue. We investigated this
hypothesis in C57Bl/6 mice, by manipulating the presence of
the alcohol-associated discrete cue at test. In this study, a
brief response-contingent tone-light cue was presented along
with the alcohol reinforcer following lever-press responses.
This self-administration training occurred in a distinctive
context. Extinction was conducted in a second distinctive
context, during which both the cue and the alcohol were
withheld. Mice were then tested for response reinstatement
using three different procedures: placement into the alcohol
training context, placement into the alcohol context with
response-contingent cue presentation, and placement into the
extinction context with response-contingent cue presentation.
The results showed that placement into the alcohol training
context triggered response reinstatement even if the cue was
not presented. There was also a strong trend (p=0.06) for cue
presentation in the extinction context to trigger response
reinstatement. But the largest reinstatement effect (i.e., most
lever presses) was obtained when the cue was presented in
the alcohol context; responding in the context + cue
condition was almost double that seen in either of the other
two conditions. These findings suggest that the most
effective trigger for relapse may not be the conditioned
discrete cue per se, but the experience of that cue in a
relevant context [33].

We further explored the interaction between context and
cues using a procedure in which priming aliquots of alcohol
were delivered to extinguished rats in either the extinction or
the alcohol training context. In this study, rats were trained
to lever-press for alcohol in one context and extinguished in
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a different context; response-contingent cues were not part of
the training. We then tested whether an alcohol prime (a few
oral reinforcers delivered at the beginning of the test session)
would reinstate responding at the alcohol lever, and whether
that reinstatement was greater in the context in which alcohol
had been experienced. Interestingly, the cuing power of a
few drops of alcohol was apparent in the alcohol context, but
there was no significant reinstatement produced by the
alcohol prime when delivered in the extinction context [32].
This result may represent another example of the modulation
of a response to an alcohol-predictive cue by the context; in
this case, the sight, smell and taste of alcohol all may serve
as predictive stimuli for the resultant pharmacological effects
of alcohol. This model may be interesting to explore further
since alcoholics often relapse after consumption of “the first
drink” [65].

ANIMAL MODELS OF CONTEXT-DEPENDENT
ALCOHOL-SEEKING: THE NEED FOR MORE
SPECIFIC MODELS

The findings discussed above suggest that responding
supported by an alcohol-associated cue is strongly modulated
by the context in which that cue is experienced. However, it
appears that performance of the operant response itself can
also be modulated by the context. Thus, it is difficult to
ascertain which conditioned association is modulated by the
subsequent return to the alcohol self-administration context
since multiple associations can influence behavior at test
(response-outcome, stimulus-outcome, etc.). Alcohol operant
self-administration, perhaps even more than intravenous drug
self-administration models, is dependent upon multiple
behavioral responses as rats must perform the operant
response and then locomote to the reward delivery port and
consume the alcohol; alcohol-paired cues in such a procedure
could impact multiple behaviors, including acting as a
conditioned reinforcer for the operant response and
stimulating the port-entry response to collect reward. Hence,
investigations into the neural underpinnings of context-
dependent alcohol-seeking in the operant self-administration
procedure are not straightforward.

To more directly study the effect of the alcohol context
on alcohol-seeking triggered by an alcohol-predictive cue,
we developed a behavioral model termed Pavlovian cue-
induced alcohol-seeking, in which rats are trained in a
distinctive context to discriminate between one auditory
stimulus that is consistently paired with oral alcohol delivery
(conditioned stimulus; CS") and a second stimulus that is
never paired with alcohol (CS"). Conditioning is measured by
heightened entries during the CS" into the alcohol delivery
port. Conditioned responding to the cues is then extinguished
following placement into a second unique context. Finally, to
test the modulation of alcohol-seeking by context, rats are
exposed to the CS" and CS™ without alcohol in the prior
training context, which causes renewal of port-entries to the
CS" [39]. In this procedure, paired presentations of the
stimulus and drug occur in a response-independent manner.
Although rats must approach the fluid port to consume
alcohol, the delivery of alcohol is never dependent upon
port-entry responses. By eliminating the response-contingent
relationship between behavior and cue/drug delivery this
model enables us to investigate the impact of context
explicitly on conditioned behavioral responding to an
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alcohol cue. Further, the addition of a CS  provides an
important within-subject control for behavioral and neural
manipulations of alcohol-seeking.

Using this model we have found that conducting
extinction in multiple contexts, rather than just a single
distinct extinction context, greatly reduced the renewal
(reinstatement) of responding to the alcohol cue after
placement back into the alcohol training context [39].
Identification of behavioral mechanisms, such as this one,
that may reduce the strong effects of context on alcohol-
seeking could provide new avenues of treatment for humans,
potentially resulting in enhanced efficacy of cue-reactivity
treatment in humans.

NEURAL BASIS FOR CONTEXT-DEPENDENT
ALCOHOL-SEEKING

In addition to exploring new behavioral mechanisms that
may be applicable to the treatment of humans, investigation
of the underlying neurobiological mechanisms is also of
great interest. Understanding the biology may further assist
treatment efforts; for example, by providing new ideas for
pharmacological treatments. Below, we summarize the
published findings to date, focusing primarily on data
obtained using models of context-dependent reinstatement of
alcohol-seeking.

Opioidergic Transmission

The opioid antagonist, naltrexone, is one of the few
approved drugs for use in humans to reduce drinking. More
patients remain abstinent when taking naltrexone than those
taking placebo [66], and naltrexone reduces reported urge to
drink following exposure to alcohol-related cues [67].
Therefore studies of its behavioral and neural mechanisms
are of interest. We tested the effects of systemic naltrexone
administration on context-dependent reinstatement and
found an attenuation of responding when rats were placed
into the alcohol context after extinction in a different context
[31]. Using a similar procedure, Marinelli et al. [29] also
found that systemic administration of naltrexone reduced
context-dependent reinstatement of alcohol-seeking, as well
as reducing neural activation of the basolateral amygdala and
the CA3 region of the hippocampus, as indicated by a
reduction in c-fos mRNA. Naltrexone acts at multiple opioid
receptor subtypes. In a subsequent study, the effects of the
mu opioid receptor selective antagonist, D-Phe-Cys-Tyr-D-
Trp-Orn-Thr-Pen-Thr-NH, (CTOP), and the delta opioid
receptor antagonist, naltrindole, were also found to reduce
context-dependent reinstatement of alcohol-seeking [28].
The studies overall suggest that some aspect of the test
process, perhaps the placement into the alcohol-associated
context, induces the release of endogenous opioids that act
upon delta and mu opioid receptors to facilitate context-
dependent reinstatement. The location(s) of these receptors
has yet to be determined. In recent unpublished experiments,
we have found that local infusion of naltrexone into the
ventral tegmental area in the midbrain attenuates context-
dependent reinstatement; the same effect was observed after
local down-regulation of the expression of the mu opioid
receptor using viral-mediated RNA interference (Gill and
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Janak, unpublished findings). These findings suggest that mu
opioid receptors in the ventral tegmental area may regulate
context-dependent reinstatement. Interestingly, a likely effect
of activation of mu opiod receptors in the ventral tegmental
area is an increase in dopamine release at some afferent sites,
including the nucleus accumbens (NAc), a ventral forebrain
structure that has been widely implicated in relapse [68-70].
Recent evidence confirms a role for NAc dopamine in
context-dependent reinstatement, as described below.

Dopaminergic Transmission

The NAc receives a strong dopaminergic projection from
the ventral tegmental area, and dopamine released from these
projections acts upon dopamine receptors of the D1 and D2
families located on postsynaptic targets (D1 and D2) or on
dopaminergic (D2) or glutamatergic presynaptic terminals
(D2)[71]. Interestingly, conditioned increases in NAc
dopamine in animals trained to self-administer alcohol have
been reported. Microdialysis studies have demonstrated that
placement in the alcohol self-administration chamber
increases dopamine levels in the NAc [72]. This finding
suggests that anticipation of the opportunity to self-
administer alcohol, signaled by placement within the
alcohol-associated environment, activates dopamine systems.
Interestingly, these increases in dopamine have been
observed in the NAc shell and core subregions, and are
higher prior to self-administration of an alcohol-sucrose
combination than prior to self-administration of sucrose
alone [73]. The pre-session increases in NAc dopamine
levels are normalized during reinstatement elicited by a
discriminative stimulus that signals alcohol availability [41],
revealing a possible functional relationship between
dopamine release and reinstatement behavior. Both D1 and
D2 antagonists block reinstatement of responding for alcohol
that is induced by a discriminative stimulus [43]. Like the
context itself, presentation of this discriminative stimulus is
constant throughout the alcohol self-administration sessions.
D1 and D2 antagonists also block context-dependent
reinstatement of responding for cocaine [62], and infusion of
a D1 receptor antagonist into the NAc shell blocks context-
dependent reinstatement of responding for heroin [74].
Hamlin and colleagues [36] showed that systemic
administration of the D1 antagonist, SCH 23390, blocks
context-dependent reinstatement of responding for alcohol.
Taken together, these results suggest that blockade of
dopamine transmission within the NAc should inhibit
context-dependent reinstatement of alcohol-seeking.

We recently found that dopamine neurotransmission in
both the core and shell is required for context-dependent
reinstatement of responding for alcohol [34] (Fig. 4). In this
study a response-contingent cue was present throughout
training and extinction and testing. One interpretation of our
findings, consistent with the literature, is that the impairment
observed after D1 antagonist infusion into the NAc core
results from inhibition of cue-supported conditioned
responding, whereas the impairment observed after D1
antagonist infusion into the NAc shell reflects a specific role
of the shell in modulating contextual influences on
conditioned responding [34, 74]. These hypotheses await
confirmation following further experimentation.
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Fig. (4). Dopamine in the nucleus accumbens in required for
context-dependent alcohol-seeking. Panels depict Mean (+ S.E.M)
responses on the active lever at the end of extinction (white bar)
and after microinfusion of the D1 dopamine receptor antagonist,
SCH 23390, into the nucleus accumbens (NAC; filled bars).
Comparison of responding during extinction and responding after
vehicle (0) reveals the context-dependent reinstatement effect;
comparison of the different doses from 0 to 0.6 reveals the dose-
dependent effect of SCH 23390 on this reinstatement. The top panel
depicts combined data from the core and shell subregions as there
were no statistical differences in the effects of SCH 23390 after
infusion into the subregions (Overall NAC). Data from each
subregion are shown in the smaller figures, below. At test, active
lever responding produced the light-noise stimulus without alcohol.
M p<0.01, ~ p<0.05 significantly different from saline. Adapted
from [34].

Nucleus Accumbens (NAc)

The expression of context-dependent reinstatement
depends on the recognition of the alcohol-associated context
(perhaps mediated by the hippocampus, see below), and then
the production of alcohol-seeking behavior. The NAc is
described as a limbic-motor interface [75] meaning that the
NAc allows for signals from limbic regions, such as the
hippocampus, to affect ongoing behavioral output. Hence the
NAc is well situated to translate context-stimulated drive
into alcohol-seeking. The NAc is implicated in numerous
conditioned effects of appetitive stimuli (c.f., [76, 77]), and
is a critical component of the brain circuitry that underlies
the rewarding and reinforcing effects of drugs, including
alcohol [78-82]. The NAc is divided into two subregions, the
core and the shell, that have distinct afferent and efferent
connections. The NAc core is required for reinstatement of
responding for cocaine and other intravenously-delivered
drugs [69, 83-85] and for cue- and alcohol-induced
reinstatement of responding for alcohol [86]. Recently,
Fuchs and colleagues [87] reported that reversible
inactivation of both the NAc shell and core attenuated
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context-dependent reinstatement of responding for cocaine.
Using the context-dependent reinstatement of instrumental
responding model with an oral alcohol prime, described
above, we found that NAc core inactivation blocked the
increased responding seen at test, while NAc shell
inactivation prevented the normal extinction of instrumental
responding observed at test [32]. Thus, as with other triggers
for reinstatement, such as cues and priming injections, the
ability of contexts to promote reinstatement of extinguished
operant responses for alcohol may require the NAc core,
probably due to its role in initiating the alcohol-seeking
behavioral response.

Other studies have implicated the NAc shell. Context-
dependent reinstatement of operant responding for a beer
solution is associated with increased c-Fos protein in the
NAc shell, especially its more ventral aspect [35, 36].
Interestingly, the NAc shell neurons that are involved may
depend upon their efferent target: a pathway from the NAc
shell to the lateral hypothalamus was activated by context-
dependent reinstatement, as identified using a double
labeling technique that looked for the intersection of neurons
labeled with c-Fos after context-dependent reinstatement that
were also labeled by a retrograde tracer from the lateral
hypothalamus to the NAc shell [37]. In addition, using the
same technique, a pathway from the medial NAc shell to the
lateral hypothalamus was activated by placement into the
extinction context [37]. Hence there appear to be distinct
roles for NAc shell regions in inhibiting and reinstating
responding, which may make the interpretation of drug
microinjection studies more difficult given the potential
difficulty in selectively affecting the medial or ventral shell
after microinfusion of a drug solution. This observation may
contribute to the lack of reinstatement impairment we
observed after shell inactivation in our previous study [32].
Alternatively, the effect of shell inactivation may differ
following delivery of alcohol primes, a more likely
explanation given that we have seen significant impairment
in context dependent reinstatement for alcohol following the
administration of dopamine D1 receptor antagonists into
either the core or shell [34]. In addition, a recent study using
the Pavlovian cue-induced alcohol-seeking model found that
inactivation of both the NAc core and shell blocked context-
dependent renewal of responding to an alcohol predictive
cue, whereas only NAc core inactivation blocked cue-
induced alcohol-seeking when the effect of the cue was
tested in the extinction context [40]. These findings are
consistent with a general role for the core in conditioned
responding and of the shell in effects of context.

Hippocampus

The expression of context-dependent reinstatement
depends on the recognition of the alcohol-associated context,
and hence on retrieval of information about that context from
memory. That the hippocampus provides contextual
information is supported by the demonstration of location-
specific firing by hippocampus CAl neurons, called ‘place
cells” [88]. Different neurons are selective for different
locations within a given environment. Location-specific
firing is acquired by rats shortly after placement in a new
environment, is specific for a given environment, and is
maintained over time, providing a possible neural readout for
the creation of a memory of a specific place. Hippocampal
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CAL1 pyramidal neurons project to the neighboring subicular
region of the hippocampus [89]; these cells also process
location-specific information [90, 91]. A majority of
subicular cells recorded in the behaving rat show location-
specific firing during performance of a spatial task
reinforced by rewarding medial forebrain bundle stimulation
[92].

Other studies support the notion that the hippocampus is
necessary for contextual memory. Reliance of context-
dependent conditioning on the hippocampus has been
demonstrated within the fear-conditioning model [93-96].
Further, rats fear-conditioned in one environment and
extinguished in a different environment show robust
reinstatement of freezing to the tone conditioned stimulus
when returned to the training context, and this effect is
blocked by pre-test inactivation of the hippocampus [97, 98].
These studies are analogous to the context-dependent
reinstatement model used in the present studies. In summary,
the hippocampus is known to encode contextual information
(place cells) and is required for retrieval of contextual
information in several conditioning paradigms [97-99].
Therefore, it is likely that the hippocampus is required for
expression of context-dependent reinstatement of responding
for alcohol.

Of relevance to the present topic, context-specific c-Fos
expression is induced in the hippocampal CA3 region by
placement in a behavioral chamber in which rats received
beer for 21 days [100]. The CA3 region of the dorsal
hippocampus also is reported to be activated by the alcohol
context at test within a context-dependent reinstatement
procedure, as indicated by c-Fos protein [36] and mRNA
[29]. In agreement with this idea, reversible inactivation of
the dorsal hippocampus attenuates context-dependent
reinstatement of responding for cocaine [101]. These
findings suggest that activation of the hippocampus is
dependent on the subject’s association between the
rewarding substance and the environment. The dorsal
hippocampus projects relatively sparsely to the NAc, and
additionally can provide information to the NAc indirectly
via its inputs to the prefrontal cortex. The ventral
hippocampus projects strongly to the basolateral amygdala
[102] and the NAc shell [103, 104], placing it in a prime
position to influence NAc output directly via the shell or
indirectly via the Dbasolateral amygdala-to-NAc core
pathway. In this regard, it is noteworthy that electrical
stimulation of the ventral hippocampus reinstates responding
for i.v. cocaine [105], In summary, it is of great interest to
determine the role of the ventral hippocampus/subiculum in
context-dependent reinstatement of alcohol-seeking. This
region has a major projection to the NAc, potentially
providing direct information about contexts to this motor
interface. It also projects to the basolateral amygdala, which
may allow it to modulate the recall/retrieval of context-
dependent cue-drug associations that then could access the
NAc circuitry through the strong excitatory projections from
the basolateral amygdala to the NAc.

Basolateral Amygdala

The basolateral complex of the amygdala is important for
assigning motivational significance to sensory stimuli,
specifically in the association of discrete sensory cues with
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rewarding or aversive stimulil [76, 106, 107]. Lesions and
inactivation of the basolateral amygdala, as well as NMDA
receptor antagonist infusions into this region, impair learning
and performance dependent upon cue-reward associations
for both natural rewards, such as food [108-111], and drug
rewards, such as cocaine [112]. In addition, neurons within
the basolateral amygdala encode the cue within a cue-
induced reinstatement model [113], and inactivations/lesions
of this region attenuate cue-induced reinstatement for
intravenous drugs [112, 114, 115]. Recently, it was reported
that inactivation of the basolateral amygdala in mice with
muscimol blocked context-dependent renewal of responding
to a shock-predictive cue [116]. Taken together, because the
BLA is critical for cue-reward learning and cue-induced
reinstatement for rewarding stimuli, it is likely that the
basolateral amygdala contributes to context-dependent
reinstatement of responding by providing information about
conditioned stimuli within the alcohol and extinction
contexts. Although this hypothesis remains to be tested,
increases in neuronal activation in the basolateral amygdala
as indexed by c-fos mRNA or protein have been observed
upon context-dependent reinstatement for alcohol [29, 36].
In addition, inactivation of the BLA blocks context-
dependent reinstatement of responding for intravenous
cocaine [101, 117].

Lateral Hypothalamus and Paraventricular Thalamus

The use of immunohistochemical techniques has allowed
for a relatively unbiased approach towards identifying neural
circuitry involved in context-dependent relapse. Hamlin et
al. [35, 36] and Marchant et al. [37] have employed this
approach, and in so doing, have identified regions that would
have been expected based on previous research (i.e., the
NAc, hippocampus, and basolateral amygdala) as well as
regions not usually emphasized in studies of the
neurobiology of relapse to alcohol or even other drugs of
abuse. This research group then went on to confirm a role for
these regions using lesions/inactivations. The lateral
hypothalamus was one region identified first by its
significant c-Fos activation during reinstatement [36]; this
finding was confirmed by showing that temporary
inactivation of this region by microinfusion of GABAergic
agonists blocked context-dependent reinstatement of operant
responding for a beer solution [37]. The Ilateral
hypothalamus may be involved in alcohol-seeking behavior
due to its demonstrated role in food and water consumption
[118, 119]. However, the efferents from the lateral
hypothalamus that may be critical in alcohol seeking are
unknown at this time; this is an interesting yet challenging
task given the diversity of brain regions to which the lateral
hypothalamus projects.

Similarly, in a recent paper, a role for the paraventricular
thalamus was likewise identified on the basis of a significant
increase in cells double labeled with c-Fos and a retrograde
tracer from the NAc shell after reinstatement in the alcohol-
associated context [35]. Excitotoxic lesions of the
paraventricular thalamus were then shown to block context-
dependent reinstatement of responding for beer [35]. The
role of the paraventricular thalamus in behavior is not
entirely clear, but it is sometimes considered to contribute to
arousal and attention [120]. Interestingly, the paraventricular
thalamus projects to the NAc shell while the NAc shell
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projects to the lateral hypothalamus, which itself projects to
the paraventricular thalamus. Overall, a clever approach,
combining retrograde tracers and a measure of neuronal
activation, such as the immediate early gene c-Fos, has led to
the identification of two regions that to date have received
little attention, but that may play a major role in context-
dependent reinstatement of responding for alcohol.

PROPOSED NEURAL CIRCUITRY IMPLICATED IN
CONTEXT-DEPENDENT REINSTATEMENT OF
RESPONDING FOR ALCOHOL

In summary, as depicted in Fig. (5), a circuit with the
NAc as a critical integrative node is likely to underlie
context-dependent reinstatement for alcohol, with the
hippocampus providing requisite information on the
discrimination between the alcohol and extinction contexts,
either directly through projections to the NAc shell, or
indirectly through projections to the basolateral amygdala or,
perhaps, other regions such as the prefrontal cortex (not
shown in the diagram). Excitatory input to the NAc shell
from the paraventricular thalamus may provide an additional
signal that combines with the hippocampal input to activate
the neurons within the shell. The NAc core is viewed as a
critical final common pathway for the alcohol-seeking
response, and the influence of conditioned stimuli on
alcohol-seeking may arise from projections from the
basolateral amygdala to the NAc core. In this conception, the
role of the shell is seen as modulating the output of the core,
perhaps via projections from the shell to the ventral
tegmental area that in turn influence projections back to the
core [121, 122]. Presumably, the excitatory input to the NAc
from regions such as the hippocampus, thalamus, and
basolateral amygdala is modulated by dopaminergic input
from the ventral tegmental area such that dopamine release at
sites receiving strong excitatory input facilitates that input,
resulting in the selection of a specific population of neurons
within the NAc that contributes to the production of the
alcohol-seeking behavioral response. Recent findings
discussed above indicate that the lateral hypothalamus may
be a critical component in this circuitry, but it is unclear as
of yet how output from the lateral hypothalamus may
contribute to alcohol seeking.

CONCLUSION

Contexts in which alcohol is experienced become potent
triggers for relapse, possibly due to their role in the retrieval
of learned associations that may influence alcohol-seeking
behavior. The ability of contexts to influence relapse may be
an especially difficult problem when treating patients since
the effects of treatments that seek to extinguish responses to
alcohol-associated cues may not transfer to contexts outside
of the extinction context. These effects of alcohol and
extinction contexts can be reliably modeled in rodents
allowing for the exploration of the critical neural and
behavioral mechanisms that may contribute to the effect of
context on relapse. Thus far, an interconnected circuit of a
number of limbic regions, with the NAc as a critical node of
convergence for these regions, has tentatively been
identified, using a variety of techniques including
immunohistochemistry,  temporary  inactivation, and
permanent lesion. A critical role for dopaminergic and
opioidergic endogenous neurotransmitter systems is also
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supported. Not surprisingly, there is considerable overlap in
the neural mechanisms identified thus far for context-
dependent reinstatement of alcohol-seeking and for context-
dependent reinstatement of responding for other drugs of
abuse (e.g. [38, 69, 101, 117]). It is expected that the next
few years will reveal continued advances in our
understanding of the neurobiology underlying context-
dependent reinstatement of alcohol-seeking.

p— Conditioned
Alcohol-

seeking

v

Fig. (5). Proposed neural circuitry implicated in context-
dependent reinstatement of responding for alcohol. In this
highly simplified schematic, the NAc core is proposed as a requisite
final common output for alcohol-seeking. The influence of context
is proposed to have access to the NAc core through multiple routes:
First, through direct projections from the hippocampus (HIPP) to
the NAc shell; the NAc shell may then influence the NAc core via
projections from the ventral tegmental area (VTA) that influence
dopamine projections back to the NAc core. Second, contextual
information from the hippocampus (HIPP) may be carried by
projections that terminate at the cell body regions of other
excitatory inputs to the NAc core, such as the basolateral amygdala
(BLA), where this contextual information may modulate the
processing of information regarding conditioned stimuli. The
information provided by the paraventricular thalamus (PVth) is not
clear at the present time. Likewise, the role of NAc shell projections
to the lateral hypothalamus (LH) in alcohol-seeking is not defined.
See text for relevant research findings and further discussion.
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