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Extending the Role of Associative
Learning Processes in Nicotine Addiction

Rick A. Bevins
University of Nebraska—Lincoln

Matthew I. Palmatier
University of Pittsburgh

Compulsive smoking is a worldwide public health problem.
Although research has confirmed the importance of associa-
tive learning processes in nicotine addiction, therapies target-
ing nicotine-associated cues still have a high relapse rate. Most
theories conceptualize nicotine as an ‘outcome’ that reinforces
behaviors and/or changes the affective value of stimuli. Albe-
it important, this view does not capture the complexity of as-
sociative processes involved in nicotine addiction. For example,
nicotine serves as a conditional stimulus acquiring new appe-
titive/affective properties when paired with a non-drug re-
ward. Also, nicotine functions as an occasion setter that partic-
ipates in higher-order associative processes that likely permit a
more pervasive influence of conditioned cues that are resistant
to typically cue-exposure therapy techniques. Finally, nicotine
appears to amplify the salience of other stimuli that have some
incentive value resulting in enhanced nicotine self-adminis-
tration and conditioned reinforcement processes. Future smok-
ing intervention strategies should take into consideration these
additional associative learning processes.

Key Words: Drug abuse; Pavlovian conditioning; Smoking;
Tobacco

TOBACCO USE:
HEALTH AND ECONOMIC IMPACT

With an estimated 23% of the adult population in the Unit-
ed States classified as smokers, tobacco use is considered
one of the leading causes of preventable deaths in the Unit-

ed States (Centers for Disease Control [CDC], n.d.). The
consensus among the scientific community is that nicotine
is the main additive compound in tobacco products. Nico-
tine addiction results in the consumption of more than 400
billion cigarettes a year (Federal Trade Commission, 2001),
with the CDC estimating that this consumption kills near-
ly 440,000 people, resulting in a loss of more than $50 bil-
lion a year in health-related expenses and lost worker pro-
ductivity due to early deaths. Clearly, chronic tobacco use
is costly from an individual and societal perspective. The
health and economic benefits of quitting are enormous. In-
deed, the potential savings would be even more substantial
if the long-term abstinence rates were high. Smokers seem
motivated to quit, and a majority (about 70%) express a de-
sire to quit. Unfortunately, of those individuals that man-
age to quit smoking, about 95% relapse within a year (Gar-
ret, Rose, & Henningfield, 2001). The success rate can be
increased to varying degrees with behavioral (e.g., coun-
seling, cue-exposure therapy) and pharmacological (nico-
tine replacement, Zyban) interventions (Glover & Glover,
2001; Hughes, Goldstein, Hurt, & Shiffman, 1999; Swan et
al., 2003). There is little doubt of the potential benefits that
could come from research leading to a better understand-
ing of the etiology of tobacco dependence. This understand-
ing will likely require a multifaceted approach in which ge-
netic, neurobiological, individual, and cultural factors are
considered (Carmody, 1990; Conners et al., 1996; Emmons,
Wechsler, Dowdall, & Abraham, 1998; Fisher, Lichten-
stein, Haire-Joshu, Morgan, & Rehberg, 1993; Henning-
field, Schuh, & Jarvik, 1995; Koob, 2004; Tomar & Giovino,
1998; Tyndale & Sellers, 2001).
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Council.We extend our thanks to Dawn Metschke for her technical assistance and to Chana Akins, Eric Donny, Jennifer Murray, and Jamie
Wilkinson for their thoughtful comments on an earlier version of this article. Address correspondence to Rick A. Bevins, Department of
Psychology, University of Nebraska—Lincoln, Lincoln, NE 68588-0308; email: rbevins | @unl.edu.
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TOBACCO USE AND ASSOCIATIVE
LEARNING-BASED INTERVENTIONS

Of interest in the present review is recent preclinical lab-
oratory research on associative learning processes and its
potential implications for nicotine addiction and the de-
velopment of more effective intervention strategies. How-
ever, before discussing this research, we should provide a
broader context in which to think about these advances.
To this end, in this section we briefly describe the preva-
lent conceptualization of how associative learning process-
es contribute to chronic tobacco use and how this concep-
tualization has informed intervention strategies. Pavlov-
ian (classical) conditioning research has provided an im-
portant procedural and theoretical framework in which to
conceptualize associative learning processes in drug abuse.
In a typical Pavlovian conditioning procedure, one stimu-
lus (conditional stimulus [CS]) is presented repeatedly and
in close temporal proximity to another stimulus (uncon-
ditioned stimulus [US]). Conditioning is evidenced when
responding to the CS is modified relative to a control val-
ue (Pavlov, 1927; Wasserman & Miller, 1997). The ac-
quired response evoked by the CS is typically referred to as
a conditioned response (CR). For a typical smoker, poten-
tial CSs include cigarette pack, throat irritation, taste and
odor of cigarettes, and/or situational cues such as a smok-
ing area or car (Geier, Mucha, & Pauli, 2000; Lazev, Her-
zog, & Brandon, 1999; Pritchard, Robinson, Guy, Davis, &
Stiles, 1996; Rose, Behm, & Levin, 1993; Rose & Levin,
1991). Nicotine and its central nervous system (CNS) ef-
fects are the US (see later for a more detailed discussion).
A recent study by Lazev et al. (1999) with young adult
male and female smokers provides a good exemplar. Par-
ticipants had a complex polymodal stimulus that includ-
ed a visual, auditory, and olfactory component paired with
access to smoking their preferred brand of cigarette. The
polymodal stimulus was considered the CS, and all asso-
ciated exteroceptive and interoceptive stimulus events as-
sociated with smoking the cigarette were considered the
US. With repeated CS-US pairings, the CS alone (i.e., be-
fore access to cigarette) evoked an increase in pulse rate
and Likert-type scale report of “urge/craving to smoke.”
More important, this change was not observed to a second
polymodal stimulus that was never paired with access to a
cigarette. The authors took this differential control of urg-
es and pulse rate as evidence for a conditioned association
between the polymodal CS and smoking.

Cue-exposure approaches to the treatment of drug de-
pendence reflect the translation of laboratory research and
theory in Pavlovian conditioning into drug abuse inter-
vention techniques (Carter & Tiffany, 1999; Dadds, Bovb-

jerg, Redd, & Cutmore, 1997; Niaura et al., 1999; O’Brien,
Childress, McLellan, & Ehrman, 1992; Siegel & Ramos,
2002). This approach to smoking cessation might include
a combination of exposure to the actual smoking-related
stimuli (e.g., smell and touch of a cigarette) and slides or
imagery of high-risk smoking situations (cf. Niaura et al.,
1999; see Lee et al., 2003 for the potential use of virtu-
al reality). A main assumption behind cue-exposure thera-
pies is that repeated exposure to smoking-related stimuli
(CSs) will decrease their ability to evoke smoking-relat-
ed CRs (e.g., urges, craving, withdrawal, seeking, etc.). As
stated by Niaura et al. (1999), “Cue exposure was present-
ed as a method for breaking the bond between smoking
triggers and urges” (p. 688). Laboratory research on extinc-
tion of Pavlovian conditioning supports the basic premise
of this approach. That is, repeated presentation of an ex-
citatory CS without the US (i.e., extinction) typically re-
sults in a systematic decrease in the CS-evoked CR (Bev-
ins, Jensen, Hinze, & Besheer, 1999; Pavlov, 1927; Wasser-
man & Miller, 1997).

Although extinction clearly decreases the CR, from an
intervention perspective, it is important to note that cur-
rent research indicates that this loss in CR does not reflect
a destruction of the CS-US association or a “breaking” of
a bond. Rather, loss of conditioned responding appears to
result from a competing learning history (association) that
prevents expression of the CR (Bouton, 1991; Brooks &
Bouton, 1993; Pavlov, 1927; Robbins, 1990). Notably, this
competing learning tends to be situation specific (e.g., Bou-
ton, 1991, 2002). Experiments observing this effect gener-
ally proceed as follows: A CS is paired with the US in one
distinct environment (Context A). Once a robust CR has
developed, the same CS is then extinguished (no US) in a
second environment (Context B). When extinction is com-
plete (i.e., no CR), the CS is then tested back in Context
A or in a third distinct environment. In either test, the CS
regains its ability to evoke the CR, indicating that extinc-
tion did not destroy the CS-US association. An implication
of this research is that cue-exposure therapy might be lim-
ited in its effectiveness given that the conditional stimuli or
“smoking triggers” are typically presented in the clinical set-
ting. Although there are many demonstrated successes of
cue exposure in the treatment of drug dependence, there are
also demonstrations that, relative to (or in addition to) oth-
er intervention approaches, cue exposure does not improve
intervention success for smoking (e.g., Niaura et al., 1999;
Raw & Russell, 1980). Attention to the context specifici-
ty of extinction might improve the success rate of cue-ex-
posure approaches (see Bouton, 2002, and Siegel & Ramos,
2002, for recent and more detailed discussions of these is-
sues).
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ASSOCIATIVE LEARNING:
NICOTINE ASTHE US

A majority of the preclinical research in this area (see Table
1) mirrors the laboratory and clinical research with humans
and smoking just discussed in that nicotine is procedurally
conceptualized as the US; the CS is an exteroceptive stimu-
lus that reliably co-occurs with nicotine. A detailed discus-
sion of each model in Table 1 is beyond the scope and goal
of this review. Rather, we will summarize some of the re-
search from one of the more widely studied models, loco-
motor conditioning, and discuss what these recent findings
suggest for associative learning—based approaches to smok-
ing cessation.

Take as an example one of the first demonstrations of lo-
comotor conditioning from our laboratory (see Experiment
1 of Bevins, Besheer, & Pickett, 2001). In
that experiment, each rat had a distinct circular white
chamber (i.e., a context CS) paired on eight separate occa-
sions with a subcutaneous (SC) injection of nicotine (0.42
mg/kg base, or 1.2 mg/kg salt form). Each 30-minute con-
ditioning session (context CS * nicotine US pairing) was
separated by 24 hours, and nicotine was administered im-
mediately upon placement in the chamber. Unpaired con-
trols received similar exposure to the context CS and nico-
tine US but in a temporally separated fashion. On the test
day, both sets of rats (paired and unpaired) were injected
with saline and exposed immediately to the context CS.
'This drug-free test lasted 30 minutes, and activity, defined
as the number of infrared beam breaks, was automatically
recorded throughout the test session. As shown in Figure
1, rats that had the context CS paired with nicotine were
more active than control rats. This context-evoked increase
in activity was maintained throughout the drug-free test.
Walter and Kuschinsky (1989) have reported a similar con-
ditioned increase in sniffing and rearing (see also Schroed-

er, Binzak,& Kelley, 2001). We, and others, have taken this

selective increase in activity to reflect a conditioned asso-
ciation between the context CS and the psychomotor ef-
fects of the nicotine US (e.g., Bevins et al., 2001; Dwoskin,
Crooks, Teng, Green, & Bardo, 1999; Walter & Kuschin-
sky, 1989).

Many theories of drug addiction invoke the develop-
ment of conditioned associations through repeated drug ex-
perience to explain acquisition, maintenance, and/or relapse
of compulsive drug-taking behavior (e.g., DiChiara, 1995;
Koob, 2004; O’Brien et al., 1992; Robinson & Berridge,
1993; Siegel & Ramos, 2002; Stewart, 2004; Wise & Bo-
zarth, 1987). The incentive-sensitization theory of addiction
proposed by Robinson and Berridge (1993; see also Ber-
ridge & Robinson, 2003) is of direct import to the observa-
tion of nicotine-conditioned hyperactivity. A central com-
ponent to this theory is that conditioned associations be-
tween environmental stimuli and the CNS effects of a drug
result in increased drug seeking and taking. That is, the in-
centive salience induced by the drug US becomes associated
with contiguous environmental cues (CSs). Because a con-
ditioned association develops over multiple drug exposures,
the incentive salience of the drug is enhanced (sensitized).
Furthermore, this association means that the CS has become
an incentive that can access these drug-sensitized neurobio-
logical processes thus evoking cravings, “drug wanting,” and
approach to drug-related situations. In the words of Robin-
son and Berridge (1993),

Thus, with repeated drug use the act of drug taking and
drug-associated stimuli, gradually become more and more
attractive. Drug-associated stimuli become more and
more able to control behavior, because the neural system
that mediates “wanting” becomes progressively sensitized.
“Wanting” evolves into obsessive craving and this is man-
ifest behaviorally as compulsive drug seeking and drug
taking. Therefore, by this view, drug craving and addictive
behavior are due specifically to sensitization of incentive
salience. (p. 249)

Table 1:  Preclinical Models for Studying Associative Learning With Nicotine as the US

Conditional
Model Stimulus

Behavior Change
(Conditioned Response)

Example References

Conditioned anxiety Contextual cues

maze

Conditioned taste avoidance Flavored solution

Avoidance of open arms in elevated plus

File, Cheeta, Irvine, Tucci, and Akthar
(2002); Tucci, Cheeta, Genn, Seth, and
File (2002)

Decrease in consumption and increase in - Iwamoto and Williamson (1984); Parker

chin rubs and gapes (1995)

Conditioned tolerance Contextual cues

Place conditioning Contextual cues

Locomotor conditioning Contextual cues

rearing

Altered analgesic response and corticos-
terone levels

Approach/avoidance of paired environ-
ment (context)

Increase in general activity, sniffing, and

Caggiula etal. (1991); Epstein, Caggiula,
and Stiller (1989)

Fudala and Iwamoto (1986): Shoaib,
Stolerman, and Kumar (1994)

Bevins, Besheer, and Pickett (2001);
Walter and Kuschinsky (1939)
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At the time Robinson and Berridge published this incen-
tive-sensitization theory, there was only a single demon-
stration of conditioned locomotor sensitization with nico-
tine (Walter & Kuschinsky, 1989). Accordingly, they relied
on evidence from locomotor conditioning research with co-
caine, amphetamine, and morphine to support their theo-
ry. Since then, the effect with nicotine has been observed in
multiple laboratories, a few of the functional relations at the
behavioral level have been described, and some of the neu-
robiological processes involved in the expression of the con-
ditioned association have been identified. Whether this nic-
otine-conditioned hyperactivity provides an indirect mea-
sure of sensitized incentive salience can still be debated (cf.
Wise & Bozarth, 1987), but the findings summarized in the
remaining paragraphs of this section are consistent with the
theory.

Nicotine-conditioned hyperactivity has been demon-
strated in 6 different laboratories using a range of condi-
tioning parameters (Bevins et al., 2001; Dwoskin et al.,
1999; Le Foll, Schwartz, & Sokoloff, 2003; Reid, Ho, &
Berger, 1996; Schroeder et al., 2001; Walter & Kuschin-
sky, 1989). For example, this research has used between 5
to 15 conditioning trials (context CS * nicotine US pair-
ings), with trial durations (time in chamber) ranging from

300
= —e— Paired
th —0— Unpaired
H 2004
ﬂ \
c
=
=1
©  100-
2
= ]
5]
<
0

—
M =

15 min Interval

Figure 1: Mean Activity Level for Nicotine Paired and Unpaired
Rats in a Drug-Free Test for Locomotor Conditioning

NOTE: There was a main effect of group, (1, 26) = 9.32, p = 005,
and of interval, F(1,26) = 87.83, p < .001, but no significant interac-
tion, F < 1, indicating that the paired rats were consistently more
active than the unpaired control rats (i.e., nicotine-conditioned
hyperactivity). Data in the graph were previously published in a
different form (Bevins et al., 2001; Experiment 1, groups unpaired
and 1.2 nic).

30 to 90 minutes and the effective dose of nicotine (US
intensity) varying from 0.21 to 0.6 mg/kg free base, in-
jected SC. In our laboratory, pairing an environment CS
with lower doses of nicotine (i.e., 0.11 to 0.18 mg/kg) does
not result in conditioned hyperactivity (Bevins & Palmat-
ier, 2003; Palmatier, Fung, & Bevins, 2003). Notably, these
doses have perceptible stimulus effects in rodents as mea-
sured by the drug’s ability to serve as a cue to guide behav-
ior in a drug discrimination task (e.g., Stolerman, Garcha,
Pratt, & Kumar, 1984; see the next section for a more de-
tailed discussion). Given this research, the absence of con-
ditioning at these doses cannot reflect the lack of percep-
tible stimulus effects. More likely, the lack of locomotor
conditioning reflects the fact that these doses have weak
to no psychomotor stimulant effects. That is, the uncon-
ditioned response (UR) is too weak to maintain a condi-
tioned association. If rats are preexposed to 0.18 mg/kg
dose of nicotine for 3 or 9 days, the subsequent stimulant
effects of this dose of nicotine are potentiated (sensitized)
and hence able to condition hyperactivity to a context CS
(Bevins & Palmatier, 2003).

This preexposure result suggests that the US in locomo-
tor conditioning studies might be better conceptualized as
the UR (behavioral activation) rather than simply the dose
of the drug being administered. This suggestion is consis-
tent with a recent theoretical model of learning that em-
phasizes the importance of the temporal relation between
the CS and UR evoked by the US (Donahoe & Vegas,
2004). In contrast, typical research and theory on associa-
tive learning emphasize the temporal relation between the
CS and US (Pavlov, 1927; Wasserman & Miller, 1997). In-
deed, much of associative learning theory is built on the
assumption of stimulus-stimulus associations. It is impor-
tant to note, however, that presentation of the US usually
results in the occurrence of the UR in close temporal prox-
imity (i.e., US and UR occurrence confounded; but see
Donahoe & Vegas, 2004). We are not suggesting that as-
sociative learning processes involved in tobacco addiction
do not include stimulus-stimulus associations. Rather, we
are suggesting that thinking about the relevance of the UR
to drug conditioning and to designing experiments that
explicitly study the CS-UR relation might lead to new in-
sights into basic behavioral and neurobiological processes
that could translate into effective drug abuse intervention
strategies.

Research has begun to elucidate some of the potential
neurobiological processes mediating expression of this nico-
tine-conditioned association. For example, Schroeder et al.
(2001) reported that rats that had an environment repeat-
edly paired with nicotine displayed a differential increase
relative to controls in Fos expression in the shell of the
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nucleus accumbens, suggesting that cellular activity in this
area is in response to the cues alone. Fos expression was also
increased in areas such as the infralimbic, prelimbic, and
anterior cingulate cortex. Furthermore, using microdialy-
sis, Reid et al. (1996) and Reid, Ho, and Berger (1998) con-
cluded that the correlated increase in dopamine in the nu-
cleus accumbens of rats that had nicotine paired with the
test environment was responsible for the enhanced (condi-
tioned) locomotor effects of nicotine in this group. Indeed,
systemic injection of the dopamine D1 receptor antagonist
SCH-23390 before a drug-free test blocked expression of
nicotine-conditioned hyperactivity (Bevins et al., 2001). The
dopamine D2/D3 antagonist eticlopride did not block ex-
pression of nicotine locomotor conditioning (Bevins et al.,
2001). However, pretreatment with the more specific do-
pamine D3 antagonist SB-277011-A, or the D3 partial re-
ceptor agonist BP 897, blocked conditioned hyperactivity
evoked by the context CS (Le Foll et al., 2003). These find-
ings, combined with the increase in D3 mRNA expression
in the shell of the nucleus accumbens in nicotine-paired
rats, led Le Foll et al. (2003) to conclude that overexpres-
sion of D3 receptors is involved in the conditioned effects
of nicotine.

In brief, these results suggest that the mesocorticolim-
bic system likely mediates, at least in part, expression of
the conditioned association between environmental cues
and the psychomotor effects of nicotine. However, much
more research that directly manipulates this system is
needed. For example, would a D3 antagonist bilaterally in-
fused into the nucleus accumbens shell prevent expression
of nicotine locomotor conditioning? Where in the brain
would nicotine need to be microinfused to produce condi-
tioning? Also, very little research has examined what CNS
processes are involved in acquisition of the conditioned
associations (cf. Palmatier & Bevins, 2002). Regardless,
pharmacotherapies that could selectively target this system
might decrease cue-elicited CRs that lead to drug seeking
and relapse. For example, bupropion hydrochloride, mar-
keted as the smoking cessation drug Zyban, is effective at
increasing smoking cessation rates (e.g., Hays & Ebbert,
2003; Swan et al., 2003). Correlational and preclinical re-
search has linked bupropion’s clinical efficacy to its effects
on purported reward and/or incentive-salience process-
es mediated by the mesolimbic system (Cryan, Bruijnzeel,
Skjei, & Markou, 2003; Learned-Coughlin et al., 2003; L4,
Perry, & Wong, 2002).

Although good initial progress has been made into un-
derstanding the neurobiological processes underlying nic-
otine-conditioned associations, much less is known about
the importance of behavioral (environmental) variables on
the development of these learned associations with nico-
tine. We recently finished a series of experiments inves-

tigating the importance of the injection to placement in
experimental apparatus interval in the acquisition of nico-
tine-conditioned hyperactivity (Bevins, Eurek, & Besheer,
in press). In the lingo of Pavlovian conditioning research,
the time between the presentation of the CS (context) and
the US (nicotine effects) is termed the inferstimulus inter-
val, or ISI. As the ISI is varied, conditioned responding
tends to vary in an inverted-U function (Bevins & Ayres,
1995; Pavlov, 1927; Smith, Coleman, & Gormezano,
1969). A negative ISI (US onset before CS onset) tends
to produce little or no CR; as the ISI increases, so does
conditioned responding. At longer ISI values, condition-
ing tends to weaken. We found that nicotine-conditioned
hyperactivity similarly varied with the ISI. There was rela-
tively weak conditioning with a —15-minute ISI (i.e., 0.4
mg/kg nicotine injected 15 minutes before placement in
the context CS for 30 minutes). Conditioning was robust
if nicotine was injected immediately before placement
(standard protocol). However, if nicotine was administered
15 minutes after placement or immediately after remov-
al from the chamber (30-minute ISI), then there was no
evidence for nicotine-conditioned hyperactivity. The in-
verted-U function in the nicotine locomotor condition-
ing task is consistent with a large body of Pavlovian con-
ditioning research (e.g., Bevins & Ayres, 1995; Cunning-
ham, Okorn, & Howard, 1997; Pavlov, 1927; Smith et al.,
1969) and suggests that the temporal relation between the
context CS and the psychomotor effects of the nicotine
US is important for the development of a conditioned as-
sociation.

In another experiment, we asked whether conditioning
in one environment would affect the subsequent uncondi-
tioned and conditioned locomotor effects of nicotine in a
second environment. In Phase 1, we used our standard con-
ditioning protocol with a paired and unpaired group. In
brief, one set of rats (n = 22) received nicotine (0.4 mg/kg)
paired with Context 1 (i.e., black square chamber with rod
floor) on 16 separate occasions. For these paired rats, nico-
tine was injected SC immediately before placement in Con-
text 1 for 30 minutes. An unpaired control group (7 = 11)
received equal exposure to Context 1 and nicotine, except
nicotine was administered in the home cage at least 2 hours
after context exposure. Figure 2A shows the activity for each
group across the 16 trials. As seen previously in our labo-
ratory (e.g., Bevins et al., 2001) and others (Clarke & Ku-
mar 1983; Dwoskin et al., 1999; Stolerman, Fink, & Jarvik,
1973), acute nicotine had a locomotor-suppressant effect
that was replaced by locomotor activation with repeated ex-
posure to nicotine.

In Phase 2, the paired rats were divided into two groups
(n = 11/group) with the restriction that activity in Phase 1
did not differ statistically. Rats in one group, P:C1—C2,
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Experiment

NOTE: (A) Mean activity levels for Phase 1 conditioning of Con-
text 1 (C1) for paired (P) and unpaired (U) rats. (B) Mean activity
levels in Context 2 (C2) for each group in Phase 2 (Tt in group
name = transport cart). There was a main effect of group, F(2, 30) =
26.84, p < .001; a main effect of conditioning trial, /{5, 150) = 3.52,
p =.005; and a significant Trial x Group interaction, F(10, 150) =
6.43, p < .001. Subsequent least squares difference (LSD) compari-
sons indicated that P:C1—C2 was, in general, more active than the
other two groups and that P:Tr—C2 was more active than unpaired
controls, ps < .001. (C) Activity for each group across Context 2
extinction trials (Phase 3). There was a main effect of group, F(2,
30) = 8.45, p = .001; a main effect of conditioning trial, F(8, 240)
=15.92, p < .00; and a significant Trial x Group interaction, F(16,
240) = 3.11, p < .001; Subsequent LSD comparisons indicated that
P:C1—C2 was, in general, more active than the other two groups,
s < .009, but that overall activity did not differ between P:Tr—C2
and the unpaired control, p = .239.

were placed in Context 1 for 10 minutes then removed
and injected with nicotine (0.4 mg/kg) immediately be-
fore placement in Context 2 (white circular chambers de-
scribed earlier) for 30 minutes. This protocol was repeated
daily for 6 days. The other paired group, P:Tr—C2, were
handled similarly but were placed back into the transport
cart! for 10 minutes before being removed, injected with
nicotine, and placed in Context 2 for 30 minutes. Thus,
the only difference between the groups was whether the
previously conditioned context (Context 1) preceded nic-
otine exposure and subsequent conditioning in the sec-
ond environment (Context 2). Unpaired rats, Unp:C1—
C2, were treated like group P:C1—C2 except saline was
administered before placement in Context 2 and nicotine
was given in the home cage at least 2 hours after the con-
ditioning trial. Figure 2B shows the activity in Context 2
for all groups. Interestingly, brief exposure to a previously
conditioned environment (Context 1) enhanced the loco-
motor stimulant effects of nicotine. That is, nicotine-in-
duced activity was greater in group P:C1—C2 than in P:
Tr—C2.

Phase 3 was extinction of Context 2 for all groups. Each
rat was injected with saline once daily for 9 days (no US)
and placed in Context 2 for 30 minutes. Relative to the
unpaired control, both paired groups appeared to display
some conditioned hyperactivity on the first extinction trial
(see Figure 2C). 'This conditioned hyperactivity, however,
was enhanced for group P:C1—C2 and persisted for more
extinction trials than that of group P:Tr—C2. This data
pattern is interesting because it indicates that enhance-
ment of locomotor stimulant effects of nicotine in Phase
2 resulted in a more robust conditioned response that was
more resistant to extinction. Whether the enhancement
reflects second-order conditioning, generalization of exci-
tation, and so on will have to await further research. Re-
gardless, this result is consistent with the earlier sugges-
tion that research focusing on the relations between the
CS and the nature of the unconditioned response might
provide important insights into factors mediating drug
conditioning.

Clearly, more basic research on associative learning pro-
cesses with nicotine as the US is required. At the neurobi-
ological level, the substrates mediating drug conditioning
have only begun to be investigated. This work has primarily
focused on mesocorticolimbic and dopaminergic processes.
Other receptor systems such as glutamatergic or GABAer-
gic would be of interest (cf. Bevins et al., 2001; Schroeder et
al., 2001), as well as brain structures outside the mesocorti-
colimbic system (e.g., hippocampus, reticular formation). In
addition, it seems important to extend the generality of these
results to other rat strains—only Wistar and Sprague Daw-
ley rats have been used—and to mice. This latter extension
would provide the opportunity to study contributing fac-
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tors at the genetic level. Finally, more basic research at the
behavioral level is required. Although the list of questions
at this level is long, one especially important question is
whether an extinguished conditioned response (cf. Figure
2C) will show renewal, reinstatement, or spontaneous re-
covery. For example, would exposure to a general stress-
or result in a return (reinstatement) of extinguished con-
ditioned hyperactivity? These phenomena are taken as evi-
dence that extinction is an alternative learning history that
competes with old learning (Bouton, 1991; Pavlov, 1927)
and suggest a potential cause of relapse to old patterns of
drug seeking and taking (cf. Bouton, 2002). If so, then the
nicotine locomotor conditioning model could be used to
better understand factors that induce relapse, as well as po-
tential interventions that might decrease chances of re-
lapse.

EXTENDING ASSOCIATIVE THEORY:
NICOTINEASA CS

Most of the research on associative learning with nicotine
has conceptualized nicotine as the US. However, recent re-
search from our laboratory with nicotine (Besheer, Palmat-
ier, Metschke, & Bevins, 2004; Palmatier, Peterson, Wilkin-
son, & Bevins, 2004; Sanderson et al., 2003) and other labo-
ratories with ethanol, morphine, diazepam, or pentobarbi-
tal (Alessi, Roll, Reilly, & Johanson, 2002; Greeley, Lé, Pou-
los, & Cappell, 1984; Kim, Siegel, & Patenall, 1999; Re-
vusky, Davey, & Zagorski, 1989) suggest that this focused
conceptualization of nicotine might not completely cap-
ture the complexity of the associative processes involving
nicotine and, by theoretical extension, the associative fac-
tors contributing to tobacco dependence. We suggest that a
more complete associative analysis of nicotine dependence
will also include nicotine in the role of a CS. As a CS, nico-
tine should acquire new or additional affective properties by
virtue of being reliably paired with other appetitive stimu-
li (e.g., food, drink, work breaks, positive self-image, peer-
group inclusion, etc.).

One obvious prerequisite of this theoretical extension
is that nicotine must have perceptible stimulus effects. In-
deed, there is a substantial operant drug discrimination lit-
erature showing that the pharmacological (interoceptive)
effects of nicotine can guide reinforced responding in hu-
man and nonhuman animals. For example, rats can learn
to turn consistently to one of two arms of a T-maze that
contains food reward depending on whether nicotine (0.4
mg/kg, base) or saline was administered systemically (e.g.,
Schechter & Rosecrans, 1972). In this discrete-trial situ-
ation, nicotine is referred to as a discriminative stimulus
(SD). Methodologically, the nicotine SD sets the occasion
on which a response (e.g., left turn) will be reinforced. The

opposite response-outcome relation is cued by administra-
tion of saline (i.e., no nicotine). A more popular variant of
this task in behavioral pharmacology laboratories has the
pharmacological effects of nicotine (0.4 mg/kg, base) serv-
ing as a cue for responding on one of two levers in an op-
erant conditioning chamber. In this task, if the rat is pre-
treated with nicotine, then responding 10 consecutive
times on the right lever is reinforced with food; when pre-
treated with saline, left lever responding is reinforced (e.g.,
Stolerman, 1989).

Reinforced behavior in humans can also come under
the control of the SD effects of nicotine. For example, in
a study by Perkins, DiMarco, Grobe, Scierka, and Stiller
(1994), controlled doses of nicotine were delivered to hu-
mans in nasal spray. Participants readily learned to place
10 poker chips in a “nicotine pile” if the nasal spray con-
tained nicotine. If the spray contained only vehicle (no
drug), the participants learned to place the chips in a “ve-
hicle pile.” Notably, control of chip placement in these
participants was sensitive to nicotine dose. After acquisi-
tion of the discrimination, the less nicotine administered
in the nasal spray, the more chips participants moved
from the nicotine to the vehicle pile. The operant drug
discrimination research clearly indicates that a drug state
such as the one induced by the pharmacological effects of
nicotine can serve as an interoceptive cue for the presence
of a response-outcome relation. More important, drug-
drug conditioning research indicates that the pharmaco-
logical effects of a drug can serve as a CS for the pharma-
cological effects of another drug. For example, Revusky
et al. (1989) paired pentobarbital (32 mg/kg) repeated-
ly with amphetamine (24 mg/kg) in rats. Pentobarbital,
the putative CS, was administered 30 minutes before am-
phetamine, the putative US. Relative to controls that re-
ceived similar exposure to the drugs in an unpaired fash-
ion, the pentobarbital CS came to evoke an increase in
heart rate. Acquisition of the heart rate CR was sensi-
tive to CS salience and the nature of the US, and once
acquired, the CR survived a 43-day retention interval
(Reilly & Revusky, 1992; Revusky et al., 1989; Revusky
& Reilly, 1990). An interesting variant of this drug-drug
conditioning protocol uses a low dose of a drug as a CS
for a later and typically larger effect of the same drug
(US). For instance, Greeley et al. (1984) repeatedly fol-
lowed a low dose of ethanol (0.8 g/kg) with a higher dose
of ethanol (2.5 g/kg). The low dose of ethanol acquired
the ability to evoke an increase in body temperature. The
authors suggested that the low dose of ethanol served
as a CS eliciting a compensatory hyperthermic CR for
the high dose of ethanol (US) that produces a hypother-
mic UR. More recently, Siegel and colleagues have in-
vestigated the ability of the early pharmacological effects
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of morphine to serve as a CS for its later, more profound
analgesic effects in rats (e.g., Kim et al., 1999; Sokolows-
ka, Siegel, & Kim, 2002; see also McDonald & Siegel,
2004).

Recent research from our laboratory has extended
these findings on drugs as conditional stimuli to nicotine
and to a nondrug US (Besheer et al., 2004). In that re-
search, rats were given intermixed saline and nicotine ses-
sions. On nicotine sessions, rats were injected with nico-
tine (0.4 mg/kg) 5 minutes before placement in a standard
operant chamber for 20 minutes. In that 20-minute ses-
sion, the rats had intermittent access to a 4-second dipper
cup of sucrose solution (eight per session). Saline sessions
were similar, except saline was administered and sucrose
was not delivered. Rats tend to search in a location where
appetitive outcomes have reliably occurred in the past (i.e.,
goal tracking; Boakes, 1977; Farwell & Ayres, 1979). Thus,
our main measure in nicotine sessions was the rate of dip-
per entries (goal tracking) before the first sucrose delivery;
a comparable rate was calculated for saline session. Rats
readily learned this Pavlovian discrimination as evidenced
by more goal tracking during the nicotine session than in
the saline sessions. Consistent with a Pavlovian condition-
ing account, this goal-tracking CR was susceptible to ex-
tinction (Pavlov, 1927; Wasserman & Miller, 1997). That
is, repeated presentation of the nicotine cue without the
sucrose US resulted in a decrease in conditioned respond-
ing across trials.

Associative learning theory also predicts that changes in
features of the CS should produce a loss of conditioned re-
sponding. Indeed, nicotine-evoked goal tracking was dose
dependent: As the dose (i.e., salience) of nicotine decreased,
so did the goal-tracking CR. Furthermore, amphetamine
(1 mg/kg) in a stimulus-substitution (generalization) test
evoked, at best, a CR about 25% of that controlled by the
nicotine cue (Besheer et al., 2004). This latter result has two
important implications. First, the increase in goal track-
ing during the nicotine cue is not due to its psychomotor
stimulant effects increasing dipper entry rates. If this were
the mechanism, then amphetamine, a potent psychomo-
tor stimulant at 1 mg/kg (cf. Palmatier et al., 2003), should
have evoked a more complete CR (about 100%). This did
not occur. Second, the lack of substitution between nicotine
and amphetamine suggests that rats learned more than a
drug versus no drug, or a stimulant versus no stimulant, dis-
crimination. Rather, the interoceptive CS controlling goal
tracking includes pharmacological effects that are specif-
ic to nicotine. Notably, the interoceptive cueing effects ap-
pear to be mediated by CNS nicotinic acetylcholine recep-
tors (nAChRs). That is, CR evoked by nicotine is prevent-
ed by pretreatment with the central and peripheral nAChR
antagonist mecamylamine; pretreatment with the periph-

eral nAChR antagonist hexamethonium had no effect on
conditioned responding (Besheer et al., 2004). Combined,
these results suggest that pharmacological effects of nicotine
can enter into a conditioned association with an appetitive
nondrug US. As a result of this association, nicotine comes
to evoke a response that it did not previously control: goal
tracking.

To date, all of the published research has used a 0.4
mg/kg dose of nicotine as the CS. This is the most com-
mon dose used as an SD in operant drug discrimination
research. However, some of the operant drug discrimina-
tion research has successfully used lower doses of nicotine
as the SD (e.g., Hirschborn & Rosecrans, 1974; Stolerman
et al., 1984). A fading technique is one method used to
train rats with a lower dose of nicotine. In that technique,
rats are first trained to discriminate the 0.4 mg/kg nico-
tine dose from saline to guide reinforced responding. Once
discrimination performance is stable, the dose of nicotine
is decreased (e.g., from 0.4 to 0.2 mg/kg). When perfor-
mance restabilizes, the dose is lowered again (cf. Stoler-
man et al., 1984). In a set of 7 male Sprague Dawley rats,
we sought to determine whether a lower dose of nicotine
could function as a CS using this fading procedure. Ac-
cordingly, rats were trained in the Pavlovian discrimina-
tion procedure described earlier in which 0.4 mg/kg nic-
otine signaled intermittent access to the sucrose US; sa-
line (no drug) signaled no sucrose. Similar to our previ-
ous research, rats acquired the discrimination as indicat-
ed by more goal tracking before sucrose was delivered in
the nicotine session than in a comparable time in the sa-
line session (see the leftmost bars in Figure 3A). When the
nicotine CS was shifted from 0.4 mg/kg to 0.2 mg/kg, 5
of the 7 rats displayed a disruption in discrimination per-
formance as indicated by a negative difference score (see
leftmost scatter plot in Figure 3B; figure caption describes
difference score). With continued training, the 0.2 mg/
kg nicotine dose maintained differential conditioned re-
sponding (center bars, Figure 3B). The shift to a 0.1 mg/kg
dose was not as disruptive as the previous dose shift: 2 of 7
rats displayed a negative difference score. As training con-
tinued, the 0.1 mg/kg dose of nicotine also served as the
CS, as indicated by differential control of the goal-track-
ing CR. Finally, when the dose of nicotine was lowered to
0.05 mg/kg, 6 of the 7 rats displayed disruption in condi-
tioned responding. Thus, similar to the operant drug dis-
crimination research, a relatively low dose of systemically
administered nicotine (0.1 mg/kg, SC) can serve as a con-
ditional stimulus.

This extension of associative learning theory to include
drugs states as CSs that enter into associations with tem-
porally contiguous appetitive (rewarding) events has the
potential to contribute to our understanding of tobacco
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dependence and hence benefit intervention and preven-
tion methods. For example, the transition from experiment-
ing with cigarette smoking into a dependence phase might
be facilitated if the pharmacological effects of nicotine sig-
nal appetitive events. In adolescents, the stimulus effects of
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Figure 3: Results from Nicotine CS Fading Dose Experiment
NOTE: (A) Mean dipper entries per second for the final nicotine

and saline training session before each dose shift. Dipper entries
on nicotine sessions were from the early portion of the session
before any sucrose was delivered; a similar time period was used
for saline sessions. Relative to saline values, there were significantly
more dipper entries at each nicotine dose, #5(6) 2 2.92, ps < .027,
indicating differential control of a goal-tracking conditioned
response by the nicotine conditional stimulus (CS). (B) Individual
data at each dose shift. The difference in discrimination measure
for each rat was calculated by taking the difference between dipper
entry rate for nicotine and saline on the last training session of the
maintenance dose (e.g., 0.4 mg/kg) and subtracting that value from
the difference between dipper entry rate for nicotine and saline on
the first training session for the new nicotine dose (e.g., 0.2 mg/
kg). Thus, a negative value indicates that the discrimination was
disrupted by the shift in nicotine dose (i.e., the difference between
nicotine and saline performance was less under the new training

dose).

low nicotine doses can be adventitiously paired with other
rewarding outcomes such as acceptance into a peer group,
positive self-images, and/or alcohol consumption. A simi-
lar suggestion for methamphetamine and caffeine abuse was
made by Alessi et al. (2002). That suggestion was based on
their finding with human participants that had a nonpre-
ferred drug (typically diazepam) paired with increased pay
during a subsequent computer task. The monetary outcome
(US) induced a preference for interoceptive effects of diaze-
pam (CS). Or, in the words of the authors, “drug (diazepam)
may have acquired the properties of a conditioned reinforc-
er as a result of its association with money” (p. 81, empha-
sis added). Although this analysis is speculative given our
current state of knowledge, we would extend it to suggest
that an appetitive associative learning history would also
make quitting more difficult and relapse into chronic pat-
tern of smoking more likely if reexposed to nicotine after
abstinence. From this perspective, the pharmacological ef-
fects of the low doses of nicotine from the initial inhala-
tions of the first cigarette after a period of abstinence would
not only have the primary reinforcing effects, but it would
also include these acquired appetitive associations and their
impact on incentive-salience processes. In addition to this
conditioned reward, appetitive CRs tend to be search or ap-
proach-like behaviors to stimuli or situations in which the
US had occurred in the past (e.g., Timberlake & Lucas,
1989; Panksepp et al., 2004). Such conditioned respond-
ing would likely increase the chances an individual will seek
contexts that encourage further smoking.

FURTHER EXTENSIONS:
NICOTINE AS A MODULATOR

In addition to the potential role of nicotine as a CS, recent
research indicates that nicotine can modulate associative
processes in a conditional and unconditional manner. In the
conditional sense, the interoceptive cueing effects of nico-
tine can serve as a contextual stimulus that sets the occasion
for an association between a discrete exteroceptive CS (e.g.,
light cue) and a rewarding US (Palmatier et al., 2004; Sand-
erson et al., 2003). Thus, the CS-US association is said to
be conditional on the drug state (context). In the uncondi-
tional sense, nicotine appears to amplify the salience of oth-
er stimuli that have some incentive value (e.g., Caggiula et
al., 2001; Olausson, Jentsch, & Taylor, 2004a). This ampli-
fication has been described as unconditional in that the ef-
fects of nicotine do not depend on any contingency between
nicotine administration and the incentive stimulus (Caggi-
ula et al., 2002; Donny et al., 2003; Olausson et al., 2004a).
Both classes of modulation by nicotine, “occasion setting”
and “incentive amplification,” likely have important impli-
cations for the treatment and prevention of tobacco use and
will thus be discussed in more detail in the remainder of this
review.
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Occasion Setting

If nicotine can function as a discriminative stimulus that
occasions a response-outcome (reinforcer) relation and can
function as a CS that enters into direct association with
a nondrug US, then nicotine should serve to occasion the
presence of CS-US contingency that does not necessarily
exist outside of that drug state. Given the importance that
theories of drug abuse place on associative learning pro-
cesses, surprisingly little research has been conducted on
the ability of drug states to occasion a Pavlovian associa-
tion. Most of what we know about drugs as occasion set-
ters comes from the area of discriminated taste aversion in
which the pharmacological effects of a drug occasion (sig-
nal) an aversive CS-US association (e.g., Revusky, Coombes,
& Pohl, 1982; Skinner, Goddard, & Holland, 1998). Take
as an example the following experiment by Martin, Gans,
and van der Kooy (1990). In this research, water-deprived
rats were given limited access to a 0.1% saccharin solution
(i-e., CS). This saccharin CS was paired with lithium chlo-
ride-induced illness (i.e., US) only when the presession in-
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Figure 4: Acquisition of a Discrimination for Nicotine as an
Occasion Setter for an Appetitive CS-US Association.

NOTE: The light CS was followed by 4-second access to 26%
sucrose in the nicotine state; no programmed consequence followed
the light CS in the saline state. Dipper entry data were first converted
to elevation scores using the following formula: the number of
dipper entries occurring during the 15 seconds immediately before
the CS (i.e., pre-CS) minus the number of dipper entries during
the light CS. The mean elevation score on each saline session for a
rat was then subtracted from the corresponding nicotine elevation
score to determine the discrimination score. Positive values indicate
more dipper entries during the CS on nicotine sessions relative to
saline sessions. Data in the graph were previously published in a
different form (Palmatier et al., 2004).

jection was morphine; no illness followed saccharin con-
sumption if the presession injection was saline. Morphine
acquired modulatory control over the saccharin CS-lithium
chloride US association as evidenced by less saccharin in-
take on morphine trials than on saline trials. To our knowl-
edge, there is no published demonstration that nicotine can
serve as an occasion setter in this discriminated taste aver-
sion procedure. Perhaps this deficit is due to the aversive ef-
fects of nicotine. Novel tastes paired with doses of nicotine
commonly used in operant drug discrimination evoke con-
ditioned aversive taste reactions and avoidance responses in
rats (Parker, 1995). Such responses are not typically seen
with drugs such as morphine, amphetamine, or cocaine.

Although characterizing the stimulus properties of nico-
tine in the discriminated taste aversion paradigm could be
very interesting, our research and theoretical framework was
more focused on appetitive processes within the incentive-
motivational systems (cf. Robinson & Berridge, 1993; Wise,
2004; see earlier discussion). Therefore, a more natural ques-
tion for us to ask was whether nicotine could modulate the
appetitive conditional value of a discrete environmental cue.
Answering this question required a slight modification of
the previously described research in which nicotine served
as a CS. Rather than nicotine directly signaling intermit-
tent access to the sucrose US, in these modulatory studies,
a discrete 15-second cue (e.g., light) signaled the delivery
of sucrose in the nicotine state (0.4 mg/kg, SC). The same
light cue was presented in the saline state, but sucrose was
not delivered. Thus, nicotine disambiguates the meaning of
the light. All other training parameters were identical to the
nicotine CS research described earlier (see also Palmatier et
al., 2004).

As indicated by an increasingly positive within-subject
discrimination score in Figure 4, rats (n = 7) readily learned
the discrimination with more goal tracking during the light
CS on nicotine sessions than in saline sessions. Notably,
conditioned responding stabilized quickly (fewer than 20
sessions; 10 nicotine and 10 saline sessions). Subsequent ex-
periments have explored various associative and pharmaco-
logical aspects of nicotine as a contextual modulator. For ex-
ample, this modulatory function appears to be mediated by
central nAChRs. Pretreatment with mecamylamine blocked
cue-evoked goal tracking in the nicotine state, whereas pre-
treatment with hexamethonium had no effect (Palmatier
et al., 2004). This modulatory effect, similar to the CS ef-
fect, was sensitive to shifts in salience (i.e., dose) and time
between injection and placement (Palmatier et al., 2004, in
press). More important, after rats have acquired the discrim-
ination, repeated administration of nicotine without presen-
tations of the light or sucrose (i.e., extinction) does not dis-
rupt the goal-tracking CR when the light CS was reintro-
duced. This insensitivity to extinction of the nicotine mod-
ulator suggests that nicotine-specific goal tracking in this
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drug-modulation task likely reflects a higher order associa-
tion with the light CS—sucrose US rather than expression of
a weak nicotine-sucrose association (Palmatier, 2004; Pal-
matier et al., 2004).

From an addiction treatment perspective, perhaps the
most important finding to date is that functionally simi-
lar but pharmacologically distinct drug states substitute for
one another in a transfer test. For example, chlordiazepoxide
(CDP) does not prompt conditioned responding if rats were
trained with nicotine as the modulator. Conversely, nico-
tine does not evoke a CR if rats were trained with CDP as
the modulator. Thus, nicotine and CDP are pharmacologi-
cally distinct in these substitution tests, that is, no stimulus
generalization (i.e., Palmatier et al., 2004, in press). How-
ever, when rats were trained such that nicotine was a modu-
lator for one CS (e.g., white noise), CDP was a modulator
for another CS (e.g., light), and saline signaled that neither
discrete CS would be followed by sucrose the substitution
(transfer) pattern was very different. That is, each drug state
transferred conditional control over goal tracking to the
other discrete cue. In this example, nicotine now prompted
conditioned responding to the light CS even though nico-
tine and CDP are pharmacologically distinct and the light
CS had never been paired with sucrose in the presence of
nicotine. More important, a novel drug state (amphetamine)
did not control conditional responding to either CS, indi-
cating that training two discriminations within a rat did not
result in a drug-no drug discrimination (Palmatier, 2004).
These studies suggest that the conditional control exerted
by nicotine is analogous to Pavlovian occasion setting dem-
onstrated with exteroceptive contexts and discrete cues (cf.
Holland, 1999; Swartzentruber, 1998). Drug states that do
not share stimulus properties become functionally equiva-
lent when they are trained in a similar manner. This finding
could have important implications for nicotine addiction
and the development of behavioral therapies because gen-
eralization is based on commonality of higher order associa-
tive processes. Although we will delay further discussion of
this point until the concluding comments, we should note
that despite some evidence to the contrary (M. A. Miller,
Parker, Keely, Johnson, & Schaal, 2002), we were not sur-
prised to find transfer of conditional control by drug con-
texts. Indeed, recent associative learning theories place tre-
mendous emphasis on the modulatory influence of discrete
and contextual cues in Pavlovian conditioning (e.g., Bouton,
1993, 2002; Kasprow, Schachtman, & Miller, 1987; Rescor-
la, 1986; Schmajuk, Lamoureux, & Holland, 1998). How-
ever, very few preclinical models have examined these po-
tential modulatory processes in relation to drug abuse (cf.
Crombag & Shaham, 2002). Thus, there remains a criti-
cal need to bridge current theoretical models of associative
learning and preclinical models of drug abuse.

Incentive Amplification

As noted earlier, recent research has shown that nicotine
amplifies the salience of other stimuli that have some incen-
tive value. For example, Olausson, Jentsch, and Taylor (2003)
preexposed rats to nicotine or saline for 15 days. After this
exposure, all rats received pairings of a 5-second light +
tone compound CS with 5-second access to water (i.e., the
US). Across training sessions, rats that received preexposure
to nicotine acquired a goal-tracking CR more readily than
did rats that were never preexposed to nicotine. In addition,
acute and chronic nicotine exposure enhances the ability of
an appetitive CS to promote a novel lever-pressing response
in rats (i.e., enhanced conditioned reinforcement; Olausson
et al., 2004a, 2004b).

Although Olausson and colleagues have focused on nic-
otine’s ability to amplify the effects of conditional incentive
stimuli, Caggiula and colleagues (e.g., Caggiula et al., 2001;
Donny et al., 2003) have focused on the ability of nicotine
to enhance the incentive value of unconditioned reinforcers.
For example, bar pressing in rats can be maintained by con-
tingent presentation of a 1-second cue light-on, 1-minute
house light-off visual stimulus. Notably, responding for this
visual stimulus increases when nicotine is infused intrave-
nously in the same session (Donny et al., 2003). This shift in
responding does not depend on a contingency between nic-
otine and the stimulus. That is, nicotine enhanced respond-
ing for the visual stimulus when it was accompanied by con-
tingent nicotine infusions or nicotine infusions delivered in
a response-independent manner (i.e., yoked or continuous
infusions).

The discovery that nicotine amplifies the incentive sa-
lience of conditional and unconditional stimuli is excit-
ing and has prompted many new questions about the na-
ture of this interaction. For instance, does nicotine enhance
responding for conditioned reinforcers because it increases
the incentive value of the US or does it simply strengthen
the associative links between the CS and US? Or, could nic-
otine alter the incentive value of any cue that was controlled
by operation of a manipulandum? Currently, such changes
appear to be US dependent, but additional experiments are
needed to distinguish between these possibilities. For ex-
ample, a replication of the research by Olausson and col-
leagues (2004a, 2004b) that included assessment of the ef-
fects of nicotine on responding for familiar stimuli not pre-
viously paired with a reward (i.e., unpaired group) is need-
ed. Perhaps nicotine would enhance responding for any
stimulus that was delivered under an operant contingency.
Future studies should begin to determine whether nico-
tine enhances the value of any stimulus that an organism
encounters, or whether these effects of nicotine are lim-
ited to stimuli that already possess some conditional or



154 From BEHAVIORAL AND COGNITIVE NEUROSCIENCE REVIEWS

unconditional incentive-motivational value. In addition,
are the neurobiological processes mediating this effect
similar or distinct from those suggested in Robinson and
Berridge’s incentive-sensitization theory of addiction (Ber-
ridge & Robinson, 2003; Robinson & Berridge, 1993)?

SUMMARY AND CONCLUDING THOUGHTS

'The more comprehensive role of associative learning pro-
cesses involving nicotine described in this review might
provide answers to some puzzling questions about nicotine
dependence. For example, in a recent and thought-provok-
ing review, Caggiula and colleagues (2001) highlighted the
apparent paradox between the subtle psychoactive effects of
nicotine and its potent abuse liability. They argued that nic-
otine-paired stimuli were at least as important as the rein-
forcing effects of nicotine in maintaining self-administra-
tion. We concur, and the research supports such a proposi-
tion and points to additional processes that likely contribute
to the tenacity of the smoking habit. Figure 5 summariz-
es these processes. First, nicotine is a potent US that enters
into associations with stimuli that are contiguous with its
CNS effects (connection 1 in Figure 5). These pairings of
nicotine with environmental events (e.g., lighter, throat ir-
ritation) imbues those events (CSs) with incentive salience
and hence the ability to evoke craving, drug “wanting,” and
approach (Berridge & Robinson, 2003; Robinson & Ber-
ridge, 1993). More important, these associations tend to be
specific to or occasioned by situational cues (e.g., bar or pub,
smoking area, home, vehicle, etc.), making simple extinction
in a clinical setting less than optimal from an associative
learning perspective (cf. Bouton, 2002; see also connection 3
in Figure 5 and later discussion).

The stimulus properties of nicotine can function as a
CS and enter into association with other appetitive stimu-
li (Besheer et al., 2004; see connection 2 in Figure 5). Thus,
nicotine acquires additional incentive properties related to
the USs (e.g., alcohol, peer acceptance). The appetitive CRs
evoked by the nicotine CS will likely be search or approach-
like behaviors to stimuli or situations in which the US had
occurred in the past. Many of these situations will encour-
age further smoking. Recall that nicotine has the ability
to amplify incentive salience of conditioned and uncondi-
tioned reinforcers (rewards). The research by Caggiula and
colleagues showing that nicotine unconditionally enhances
the incentive salience of a mildly rewarding visual stimulus
(e.g., Donny et al., 2003) suggests that nicotine might en-
hance the appetitive/incentive effects of potential USs that
are paired with the nicotine CS (solid arrow “a” in Figure 5).
If so, this incentive-amplifying effect of nicotine might fa-
cilitate its ability to serve as a CS for a rewarding outcome.
Arguably, any conditioned appetitive value that nicotine ac-
quired as a CS could be enhanced by its own incentive-am-
plifying effect on these USs. In other words, the magnitude

of the US (e.g., alcohol, peer acceptance) is enhanced by the
incentive-amplifying effects of nicotine. Albeit speculative,
from the perspective of the present review, this might mean
that US enhancement by nicotine will increase the rate at
which it serves as a CS and that the strength of the condi-
tioned association will be stronger than typically mediated
by that US in the absence of nicotine (dashed arrow “a™ in
Figure 5).

It is important to note that even in the absence of this
incentive-feedback loop, the finding that nicotine serves as a
CS and acquires additional appetitive/incentive value might
serve to enhance its ability to function as a US (Connection
1), thus enhancing the environment CS—nicotine US asso-
ciations (dashed arrow “b*”). In addition, Olausson and col-
leagues’ (2004a, 2004b) research indicates that nicotine can
amplify the incentive salience of conditioned reinforcers. As
environmental cues enter into conditioned associations with
nicotine, they presumably acquire conditioned appetitive/
rewarding value. An interesting possibility is that the incen-
tive-amplifying effects of nicotine might act on these CSs
(solid arrow “b”). If acquired incentive salience increases the
“attention-grabbing” ability of the CS (cf. Robinson & Ber-
ridge, 1993), then enhancement of this CS quality by nico-
tine might increase the strength of the conditioned associa-
tion (dashed arrow “c™”). These incentive-amplifying effects
could also enhance conditioned associations for which nico-
tine serves as an occasion setter (dashed arrow “d*”; see the
following paragraph). Additional research will be required
to examine the validity of these incentive-feedback func-
tions (dashed lines) and their potential contribution to the
difficulty that many long-term smokers have quitting.
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Figure 5: Extensions of Associative Learning Theory to Nicotine
Addiction Discussed in the Review

NOTE: The main text describes the graphic in detail. In brief,
connections 1, 2, and 3 reflect nicotine in the role of the uncondi-
tioned stimulus (US), conditional stimulus (CS), and occasion set-
ter, respectively. Solid arrows “a” and “b” refer to nicotine’s ability to
amplify incentive salience. The dashed arrows (“a™ to “d*”) denote
potentially interesting feedback functions in which conditioned as-

sociations may be strengthened.
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Finally, the extensions of associative learning theo-
ry to tobacco abuse proposed in this review demand that
we consider the importance of conditional modulatory
cues (occasion setters) whether they are the pharmacolog-
ical effects of nicotine (see connection 3 in Figure 5) or
other situational (context) cues. Clinically, if some situa-
tional cues are associated with the reinforcing/psychoac-
tive effects of nicotine, and the meaning of these cues can
be modulated by other stimuli, then an associative learn-
ing-based approach to smoking cessation requires an in-
dividual to identify and extinguish not only smoking cues
(CS) but also the modulators that instantiate their ability
to predict smoking outcomes. Extinction of a modulator
is more complicated than extinction of a CS and requires
that the modulator now signal that the cue will be non-
reinforced (R. R. Miller & Oberling, 1998). In our pre-
clinical model, the discrete CS (e.g., light) would not be
followed by sucrose in the presence of nicotine. Howev-
er, the same CS would be followed by sucrose in the pres-
ence of saline (no drug). Preliminary research in our labo-
ratory indicates that this type of training can eliminate the
modulatory control of nicotine. This proposed framework
will also help identify stimulus classes that are more or less
likely to modulate the meaning of smoking cues. For ex-
ample, human research suggests that there is a special rela-
tion between drinking alcohol and smoking cigarettes. On
average, 85% to 90% of alcoholics in treatment are habit-
ual smokers, in contrast to a 20% to 25% smoking rate in
the general population (e.g., Harris, 1980; Hughes, 1995).
Alcohol consumption increases smoking rates in chronic
smokers (Shiffman et al., 1994) and increases the likeli-
hood of relapse in abstinent smokers (Brandon, Tiffany,
Obremski, & Baker, 1990; Shiffman, 1986). Interestingly,
chronic smokers report greater urges to smoke and show
more potent reactivity to smoking cues when they are un-
der the influence of alcohol (Burton & Tiffany, 1997; Say-
ette, 2002).

To date, the bulk of research into this ethanol/nicotine
interaction has explored genetic (e.g., de Fiebre, Dawson,
& de Fiebre, 2002) or neurobiological factors (e.g., Lars-
son & Engel, 2004; Owens et al., 2003). A few investiga-
tors have suggested a role for learning histories in this inter-
action (Burton & Tiffany, 1997; Sayette, 2002). For exam-
ple, the interoceptive effects of ethanol might serve as a CS
for smoking (Sayette, 2002). We suggest that such a long-
lasting stimulus—165-minute half-life in humans (Desag-
er, Golnez, De-Buck, & Horsmans, 2002)—might also be
conceptualized as a modulatory context that sets the occa-
sion for nicotine-conditioned associations. Conceptualizing
ethanol and/or nicotine as a modulatory context might help
to flesh out the details of this interaction and help explain
some inconsistencies in conditioning accounts (e.g.,

Burton & Tiffany, 1997; Sayette, 2002). For example, how
do purportedly “neutral” cues change when copresented
with ethanol? If these presumed neutral cues were associat-

ed with another rewarding outcome, could alcohol promote
cue reactivity? That is, could the ethanol drug state trans-
fer its conditional control to stimuli with which it has nev-
er been paired in the past? Given the appropriate stimulus
arrangements, current associative theories and our research
would answer a strong yes to this question (Bouton, 1993,
2002; Palmatier, 2004).

Undeniably, the investigation of associative learning pro-
cesses involving nicotine has advanced our understanding of
nicotine, learning, and tobacco addiction. One responsibility
of preclinical researchers is to continue to develop and study
behavioral models that reflect the environmental complex-
ity and stimulus conditions encountered by the individuals
they aspire to help. Although we have focused on nicotine
and compulsive tobacco use, at least some of the extensions
of associative learning theory that we have described in the
present review should apply to compulsive drug use in gen-
eral. Thus, a complete understanding of compulsive drug use
will require knowledge of the unconditional stimulus and
reinforcing effects of a drug, as well as their ability to func-
tion as conditional stimuli and modulators.

NOTE

1.1t is important to note that the transport carts were used
every day of the experiment to move the rats from the col-
ony to the experimental room and then back. Thus, any ex-
planation based on disruption of activity by placement in
the transport cart is strained by the familiarity of the cart—
32 exposures before the start of Phase 2.
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