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Abstract

Rationale Individuals vary in the extent to which they attri-
bute incentive salience to reward cues. Discrete food and drug
(cocaine and opioid) cues become more attractive, eliciting
approach toward them, and more “wanted,” in that they serve
as more effective conditioned reinforcers, in some rats (sign-
trackers, STs), than in others (goal-trackers, GTs).

Objectives We asked whether there is similar variation in the
extent to which a cue associated with a drug from another
class, nicotine, acquires incentive motivational properties.
Methods First, a Pavlovian conditioned approach procedure
was used to identify rats that attribute incentive salience to a
food cue (i.e., STs and GTs). We then measured the extent to
which a cue (a light) paired with intravenous nicotine injec-
tions acquired two properties of an incentive stimulus: (1) the
ability to elicit approach toward it, and (2) the ability to act as a
conditioned reinforcer.

Results In contrast to previous findings with food, cocaine,
and opioid cues, we found that the nicotine cue was equally
attractive in STs and GTs, eliciting dose-dependent approach
behavior in both. However, the nicotine cue was a more ef-
fective conditioned reinforcer in STs than in GTs.
Conclusions We suggest the dissociation between these two
measures of incentive salience attribution may be related to
the fact that when present (as in the test of Pavlovian ap-
proach), nicotine can act as a potent “incentive amplifier,”
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and by this action, nicotine may render cues especially salient
for all animals.
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Introduction

Cues associated with drugs of abuse can acquire potent incen-
tive motivational properties (incentive salience), which is
problematic in the context of addiction because such cues
can both facilitate ongoing drug-taking behavior and, during
periods of abstinence, may precipitate relapse, despite an
expressed desire to stop using (Bossert et al. 2013; Caggiula
et al. 2001; Crombag et al. 2008; Milton and Everitt 2010;
Robinson and Berridge 1993; Stewart et al. 1984; Tomie et al.
2008). There is, however, considerable individual variation in
the extent to which drug cues bias attention toward them (e.g.,
Field and Cox 2008) and arouse motivation for them (Mahler
and de Wit 2010; Styn et al. 2013; Saunders and Robinson
2013, for review). In a series of preclinical studies, we have
suggested that one source of this variation arises from varia-
tion in the propensity to attribute incentive salience to reward
cues (Flagel et al. 2009; Robinson et al. 2014; Saunders and
Robinson 2013).

If a discrete localizable cue (the conditioned stimulus, CS)
is paired with delivery of a food reward (the unconditioned
stimulus, US), for some rats (sign-trackers, STs; Hearst and
Jenkins 1974) the food cue itself becomes attractive eliciting
approach and engagement with it, and desired, in that STs will
work avidly to obtain it. For other rats (goal-trackers, GTs;
Boakes 1977), the food cue itself is less attractive, its presen-
tation instead elicits approach to the location of food delivery,
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and it is a less effective conditioned reinforcer. Thus, while the
cue is an equally effective CS in STs and GTs—it reliably
evokes a conditioned response in both—it becomes a more
attractive and “wanted” incentive stimulus in STs than in GTs
(Flagel et al. 2007; Meyer et al. 2012a; Robinson and Flagel
2009; Yager and Robinson 2010). Importantly, the propensity
to attribute incentive salience to a food cue predicts the extent
to which drug cues acquire motivational properties (for re-
views, see Flagel et al. 2009; Robinson et al. 2014; Saunders
and Robinson 2013).

Most previous studies examining individual variation in
the extent to which drug cues can motivate behavior have
focused on cues associated with cocaine. For example, a
cocaine-associated cue is more attractive, eliciting more avid
approach behavior, in STs than in GTs (Flagel et al. 2010;
Yager and Robinson 2013), and also more desired, in the sense
that it acts as a more potent conditioned reinforcer in STs than
in GTs (Meyer et al. 2012b; Saunders and Robinson 2010;
Yager and Robinson 2013). In addition, a discrete cocaine
cue produces greater reinstatement of drug-seeking behavior
in STs than in GTs, and this is true whether the cocaine cue
acquired its motivational properties in an instrumental (i.e.,
traditional self-administration paradigm) setting, or using
Pavlovian conditioning procedures (Saunders and Robinson
2010; Saunders et al. 2013; Yager and Robinson 2013). More
recently, we found similar variation in the motivational prop-
erties of an opioid (remifentanil) cue. A discrete light cue
associated with intravenous injections of remifentanil is both
more attractive and a more effective conditioned reinforcer in
STs than in GTs (Yager et al. 2015).

Here we asked whether this variation extends to an addi-
tional class of drug that is widely used, nicotine. Nicotine is
especially interesting because it is thought to be a relatively
weak primary reinforcer, in the sense that it is not as avidly
self-administered as a number of other drugs, unless cues ac-
company nicotine delivery (Caggiula et al. 2001, 2002;
Chaudhri et al. 2006b; Rupprecht et al. 2015; c.f. Deroche-
Gamonet et al. 2002). Therefore, using rats, we asked whether
individuals that vary in their propensity to attribute incentive
salience to a food cue (i.e., STs vs. GTs) also vary in how
avidly they approach and/or work for presentation of a nico-
tine cue.

Methods

Subjects

Male Sprague-Dawley rats (initial N=200; Harlan, Haslett,
Michigan) weighing 250-275 g upon arrival were individual-
ly housed in a climate-controlled colony room on a 12-h light/

12-h dark cycle (lights on at 0800 h). All testing occurred
during the light phase of the cycle. Food and water were
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available ad libitum (i.e., rats were not food-restricted at any
time). Rats were given 1 week to acclimate to the colony room
before testing began, during which time the experimenter han-
dled them several times. All procedures were approved by the
University of Michigan Committee on the Use and Care of
Animals.

Pavlovian training using food as the US

Apparatus Behavioral testing was conducted in 16 standard
(22x18x13 cm) test chambers (Med Associates Inc., St.
Albans, VT, USA) located in sound-attenuating cabinets
equipped with a ventilating fan to mask background noise.
Each chamber was equipped with an illuminated retractable
lever located 6 cm above a stainless steel grid floor to either
the left or right of a centrally located food magazine, placed
3 cm above the floor. A red house light was located on the wall
opposite of the food cup and remained illuminated throughout
the testing session.

Pavlovian training procedures Rats were first trained using
a Pavlovian conditioned approach (PCA) procedure as de-
scribed previously (Flagel et al. 2007; Yager and Robinson
2013). For 2 days prior to the start of training, 25 banana-
flavored pellets (45 mg; BioServe) were placed into the home
cage to familiarize the rats with this food. Approximately
1 week after arrival, rats underwent one magazine training
session during which the lever remained retracted and 25 pel-
lets were delivered into the food magazine according to a
variable time (VT) 30 s (0—60 s) schedule. Subsequently, rats
underwent 5 days of Pavlovian conditioning (1 session/day).
Each session consisted of 25 trials during which an illuminat-
ed lever (lever-CS) was inserted into the chamber for 8 s, after
which a single 45-mg banana-flavored pellet (the US) was
delivered into the food magazine. CS-US pairings occurred
ona VT 90 s (30-150 s) schedule. Importantly, no instrumen-
tal response was required by the rat to initiate delivery of the
food pellet. Lever deflections, magazine entries, latency to the
first lever deflection, and latency to the first magazine entry
during each CS presentation were recorded using Med
Associates software.

Quantification of behavior using an index of pavlovian
conditioned approach (PCA) Following completion of
Pavlovian training, animals were classed into three groups: (1)
those that preferentially interacted with the lever-CS (‘sign-
trackers’, STs), (2) those that preferentially interacted with the
food magazine during the lever-CS presentation (‘goal-
trackers’, GTs), and (3) those that had no strong preference
for the lever-CS or food magazine (‘intermediate group’, IG).
The extent to which behavior was directed toward the lever-CS
or the food magazine was quantified using a composite
Pavlovian conditioned approach (PCA) index, based on
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performance during days 4 and 5 of training, as described pre-
viously (Lomanowska et al. 2011; Meyer et al. 2012a). The
PCA index score incorporated three measures of conditioned
approach behavior: (1) the probability of contacting either the
lever-CS or food magazine during a trial [(number of trials with
a lever press/total number of trials) — (number of trials with a
magazine contact / total number of trials)], (2) the response bias
for contacting the lever-CS or food magazine during a trial
[(#lever deflections — #food magazine entries) / (#lever deflec-
tions+#food magazine entries)], and (3) the mean latency to
contact the lever or enter the food magazine during a trial
[(magazine contract latency — lever deflection latency) / 8].
The following formula was then used to calculate the PCA
index score: [(probability difference score+response bias
score+latency difference score) / 3]. The average of the three
measures of approach produces values ranging from —1.0 to +
1.0, where a score of +1 indicates an animal made a ST condi-
tioned response (CR) on every trial, a score of —1 that an animal
made a GT CR on every trial, and a score of 0 that an animal
distributed ST and GT responses equally. For purposes of clas-
sification, rats with scores of —1.0 to —0.3 were operationally
defined as GTs and rats with scores of +0.3 to +1.0 were de-
fined as STs. Rats that were within the range of —0.29 to +0.29,
whose behavior vacillated between the lever-CS and food mag-
azine, were classified as intermediates (IGs) and were not used
further because we were interested in comparing rats that dif-
fered strongly in their propensity to attribute incentive salience
to food cues (Meyer et al. 2012a).

Pavlovian approach using nicotine as the US

Surgery Following Pavlovian training using food as the US,
chronic indwelling catheters were implanted into the jugular
vein of STs and GTs, as described previously (Crombag et al.
2000). Catheter patency was tested before the first training
session and again after the last training session by intravenous
injection of 0.2 ml of methohexital sodium (10 mg/ml in ster-
ile water; JHP Pharmaceuticals). Rats were removed from the
study if they failed to become ataxic within 5 s of injection
(STs, n=1; GTs, n=4).

Apparatus Behavioral testing was conducted in chambers
identical to those used to screen animals for ST and GT, except
the food magazine and lever were removed from the chamber
and two stimulus lights were placed on the left and right sides
of the wall opposite the white house light, 13.5 cm above the
stainless steel grid floor. The side of the stimulus light desig-
nated to serve as a CS (i.e., to be paired with nicotine infusion)
was counterbalanced between rats. A syringe pump, located
outside the sound attenuating chamber and connected to rats’
catheter back ports, delivered nicotine infusions. The infusion
tubing was suspended into the chamber via a swivel mecha-
nism, which allowed rats’ free movement in the chamber.

Pavlovian training procedures Pavlovian training proce-
dures were similar to those described previously (Yager and
Robinson 2013). Prior to training, rats were assigned to either
Paired (CS and US presented together) or Unpaired groups
(US explicitly not paired with presentation of the CS).
Before Pavlovian training began, rats were first habituated to
the presentation of the stimulus light (light-CS) and infusion
procedure to decrease otherwise high levels of responding to
what were novel stimuli (Uslaner et al. 2006). The habituation
session consisted of 25 trials (VT 90 s schedule) during which
both stimulus lights were simultaneously illuminated for 10 s
and coincided with activation of the infusion pump and an
intravenous (IV) infusion of saline (50 pl delivered over
2.8 s). Starting the next day, rats underwent 15 days of
Pavlovian conditioning using nicotine as the US. Each session
consisted of eight trials (CS-US presentations) occurring on a
VT schedule with a mean of 900 s (840-960 s). This long
inter-trial interval (ITI) was chosen since nicotine, as opposed
to a food pellet, has relatively long-lasting neurobiological
and interoceptive effects. Thus, in order to have more discrete
CS-US pairings, a long ITI is necessary (see Uslaner et al.
2006 for discussion). For rats in the Paired groups, each
light-CS presentation was paired with an intravenous infusion
of 7.5, 15, or 25 pg/kg of a nicotine solution (bitartrate salt,
calculated on the weight of the base and dissolved in 0.9 %
saline, pH-adjusted to 7.2—7.4, delivered in 50 pul over 2.8 s).
Independent groups of rats were used for each dose of nicotine
tested. Each trial consisted of illumination of the CS for 10 s
and nicotine delivery coincided with the onset of the CS. No
action was required by the rat to initiate either illumination of
the light or the nicotine injection. These testing parameters
were selected because we have previously shown, using iden-
tical methods, that when cocaine is used as the US, rats will
approach the CS (Flagel et al. 2010; Uslaner et al. 2006; Yager
and Robinson 2013). Rats in the Unpaired group received
non-contingent infusions of 25 pg/kg nicotine that were ex-
plicitly not paired with illumination of the CS (nicotine was
administered on a VT schedule with a mean of 180 s after the
CS was extinguished). We opted to only use the highest dose
of nicotine for the Unpaired animals as this was the dose that
produced the most robust behavior in the Paired rats.

Video analysis Video was scored offline by an observer blind
to the experimental condition for two different conditioned
responses (CRs), as described previously (Yager and
Robinson 2013). (1) Conditioned orientation: an orienting
response was scored if the rat made a head and/or body move-
ment in the direction of the CS during the CS period, regard-
less of whether the rat approached the CS. (2) Conditioned
approach: an approach response was scored if during the CS
period a rat moved toward the CS, bringing its nose to within
1 cm of'the light. Due to the location of the cue light within the
chamber, a rat had to rear, lifting both paws off the floor, in

@ Springer



3152

Psychopharmacology (2015) 232:3149-3160

order to bring its nose within 1 cm of the light. It is important
to note that if an approach response was scored on a given
trial, an orientation response would also be scored, as orienta-
tion always preceded approach. However, an orientation re-
sponse could occur in the absence of an approach response.
The probability of an orientation or approach CR was deter-
mined by counting the number of trials in which an animal
oriented toward or approached the CS and dividing by the
total number of trials. Thus, for example, a probability of 0.5
means that a rat approached (or oriented) on half the trials in a
session.

Test for conditioned reinforcement

One week following the last training session with nicotine as
the US, all rats underwent a single 40-min test for conditioned
reinforcement. During this test, the cue light was relocated to
the middle of the front wall and was flanked by two nose poke
ports. Responses into one of the ports (active) resulted in
illumination of the nicotine cue (light-CS) for 2 s. Responses
into the other port (inactive) had no consequence. No nicotine
was delivered during this test.

Statistical analysis

Linear mixed-models (LMM) analysis was used for all repeat-
ed measures data (Verbeke and Molenberghs 2000). The co-
variance structure was explored and modeled for each depen-
dent variable. Analysis of variance was used to analyze dose-
response data for conditioned orientation, conditioned ap-
proach, and to compare responding during conditioned rein-
forcement. When main effects were found, post hoc compar-
isons were made using Fisher’s LSD test. Statistical signifi-
cance was set at p<0.05.

Results

Individual variation in Pavlovian conditioned approach
behavior to a food cue

As expected from previous studies (Flagel et al. 2007; Meyer
et al. 2012a; Robinson and Flagel 2009; Saunders and
Robinson 2012), two distinct phenotypes emerged as a result
of Pavlovian training using food as the US. Figure 1 shows the
performance of rats classified as STs or GTs based on the PCA
index as described in the “Methods” section. Across days of
training, STs came to reliably and rapidly approach the lever-
CS (Fig. 1a, c), and they vigorously engaged it (Fig. 1b). In
contrast, GTs rarely approached the lever-CS, but upon its
presentation, they instead reliably and rapidly approached
the food cup (Fig. 1d, ), which they vigorously engaged
(Fig. le). Of the 200 rats screened for this experiment, 59 were
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classed STs (30 %), 63 IGs (32 %), and 78 GTs (39 %). This
distribution of PCA index scores is similar to previous reports
(Meyer et al. 2012a).

A nicotine cue is equally attractive to STs and GTs

When a drug is used as the US, rats rarely physically engage
the CS. Instead, a sign-tracking CR consists of approach to the
vicinity of the CS, and sniffing and investigation of it (Flagel
et al. 2010; Uslaner et al. 2006; Yager and Robinson 2013).
Thus, when using nicotine as the US, we scored a CS-directed
approach response (a ST CR) if a rat brought its nose to within
1 cm of'the light-CS during the CS period, which required it to
rear. In contrast, conditioned orientation was defined as a head
and/or body movement in the direction of the light-CS upon
CS presentation, regardless of whether an animal approached
it.

Conditioned orientation (7.5 ug/kg) As can be seen in
Fig. 2a, when 7.5 pg/kg nicotine was used as the US, neither
Paired STs nor GTs acquired a conditioned orientation re-
sponse (group, session, interaction effects n.s.). However,
both STs and GTs oriented significantly more relative to their
respective Unpaired control groups [effect of pairing; STs,
F(1, 50.86)=45.75, p<0.001; GTs, F(1, 51.73)=20.78,
p<0.001].

Conditioned approach (7.5 pg/kg) Consistent with the fact
that neither STs nor GTs acquired a conditioned orientation
response, as an orientation must precede an approach re-
sponse, neither Paired STs nor GTs acquired a conditioned
approach response when using 7.5 pg/kg nicotine as the US
(Fig. 3a; group, session, interaction effects n.s.). Furthermore,
approach behavior did not differ between Paired and Unpaired
groups.

Conditioned orientation (15 pg/kg) Figure 2b illustrates
that when using 15 pg/kg nicotine as the US, both Paired
STs and GTs acquired a conditioned orientation response, as
indicated by a significant increase in the probability of orien-
tation behavior across sessions [F(2, 27)=14.76, p<0.001],
and the two groups did not differ. In addition, both STs and
GTs showed a significant increase in probability of orienting
to the nicotine cue across sessions, relative to their respective
Unpaired control groups [pairing x session interaction; STs,
F(2,20)=2.67, p=0.03; GTs, F(2, 21)=7.56, p=0.003].

Conditioned approach (15 ug/kg) Figure 3b shows that
both Paired STs and GTs acquired a conditioned approach
response across sessions when using 15 pg/kg nicotine as
the US [F(2, 50.65)=6.04, p=0.004], and the two groups
did not differ. Furthermore, both STs and GTs approached
the nicotine cue more than their respective Unpaired control
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Fig. 1 Behavior directed toward Leve r (C S ) F (0]0) d C u p

the lever-CS (sign-tracking) ver-

sus behavior directed toward the Directed Behavior Directed Behavior
food cup (goal-tracking), durin, nQ, 1 " n 1 "
the CS greientation (Sgl"s, n=15% Slg n-T raCkl ng GoaI-TraCklng
GTs, n=16). Data are presented as 1 00 ] a 7] d
means+SEM for (a) probability GT
of approaching the lever-CS dur-

ing the 8-s CS period [#trials with 0 7 5 i ST
a lever-CS contact / #trials per .
session], (b) number of lever
contacts, (¢) latency to first lever
contact after CS presentation, (d)
probability of approaching the
food magazine during the 8-s CS
period [#trials with a food cup

entry/#trials per session], (e) 0.25 i
number of food magazine entries GT ST

during the 8-s CS period, and (f)

latency to the first food cup entry GO_OOO
after CS presentation. For all T T T T T T T T T T
measures, there was a significant
effect of group (ST or GT), ses- 90 7] b ]

sion, and a group X session inter-
action (p’s<0.001)

0.50 .

Probability

Contacts

8¢ O Af
%)
D
L 6 -
o)
=
9
g 4 :
2 rm 1T 1T 1T 1 r 1T 1T 1T 1
12 3 45 12 3 45
Session

groups [effect of pairing; STs, F(1, 44.45)=4.77, p=0.03;  and GTs acquired a conditioned orientation response, as indi-
GTs, F(1, 23.39)=7.44, p=0.01]. cated by a significant increase in the probability of orienting

behavior across sessions [F(2, 64.54)=42.39, p<0.001], and
Conditioned orientation (25 pg/kg) Figure 2c shows that  the two groups did not differ. In addition, both STs and GTs
when using 25 pg/kg nicotine as the US, both Paired STs showed a significant increase in conditioned orientation to the
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Fig. 2 Probability of conditioned
orientation to a cue associated
with a non-contingent intrave-
nous injection of nicotine. Data

0.9-

are illustrated as the mean+SEM. a ] b
(a) Cond.moned orlentathn in rats -9 ST-Paired

that received 7.5 pg/kg nicotine .

(Paired STs n=12, GTs n=12). —O— GT-Paired

(b) Conditioned orientation in rats
that received 15 pg/kg nicotine
(Paired STs

n=14, GTs n=15) (c¢) Condi-
tioned orientation in rats that re-
ceived 25 pg/kg nicotine (Paired
STs n=15, GTs n=16; Unpaired
STs n=8, GTs n=38). (d) Dose—
response function for the proba-
bility of conditioned orientation
on the final day of training where

0.3

0.6 ST-Unpaired 4
—{ 1 GT-Unpaired

Conditioned Orientation
7.5 pg/kg 15 ug/kg

each data point represents an in-
dependent group of rats. UP=
Unpaired. Number sign indicates
a significant difference between
STs and UP rats; @ indicates a
significant difference between
GTs and UP rats. p<0.05

Probability

0.6

0.3

o
©
1
(@]

2§ |

8 15 1 8 15

Dose-Response
d #@

#@

nicotine cue across sessions, relative to their respective
Unpaired control groups [pairing x session interaction; STs,
F(2, 48.75)=14.9, p<0.001; GTs, F(2, 46.65)=9.17,
p<0.001].

Conditioned approach (25 pg/kg) Figure 3c illustrates the
probability of conditioned approach across training sessions
when using 25 pg/kg nicotine as the US. Figure 3¢ shows that
both STs and GTs acquired a conditioned approach response
[effect of session, F(2, 59.95)=15.81, p<0.001], and the two
groups did not differ in this response. In addition, both STs
and GTs approached the nicotine cue more than their respec-
tive Unpaired control groups [effect of pairing; STs, F(1,
21.31)=8.1, p=0.01; GTs, F(1, 25.62)=7.2; p=0.01].
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Dose (pg/kg)

Importantly, neither STs nor GTs in the Unpaired groups de-
veloped an orienting or an approach CR.

Dose-response analysis Figures 2d and 3d summarize the
dose—response functions for the probability of conditioned
orientation and conditioned approach on the final day of train-
ing. For conditioned orientation, a two-way analysis of vari-
ance (ANOVA) revealed that there were no differences be-
tween STs and GTs, and the probability of this CR increased
as a function of dose in both groups [F(2, 78)=16.49,
p<0.001]. Similarly, as shown in Fig. 3d, the nicotine cue
elicited similar approach behavior in STs and GTs and the
probability of an approach CR increased as a function of dose
in both groups [F(2, 78)=13.62, p<0.001]. We separately
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Fig. 3 Probability of conditioned
approach to a cue associated with
a non-contingent intravenous in-
jection of nicotine. Data are illus-
trated as the mean+SEM. (a)
Conditioned approach in rats that
received 7.5 pg/kg nicotine
(Paired STs n=12, GTs n=12).
(b) Conditioned approach in rats
that received 15 pg/kg nicotine
(Paired STs n=14, GTs n=15). (¢)
Conditioned approach in rats that
received 25 pg/kg nicotine
(Paired STs n=15, GTs n=16;
Unpaired STs n=8, GTs n=38). (d)
Dose-response function for the
probability of conditioned ap-
proach on the final day of training
where each data point represents
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Conditioned Approach
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an independent group of rats.
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dicates a significant difference
between STs and UP rats; @ in-
dicates a significant difference
between GTs and UP rats. p<0.05
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o
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0.4

0.2+
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analyzed conditioned approach dose—response data for STs
and GTs and included Unpaired control animals in this anal-
ysis. A one-way ANOVA showed a significant effect of treat-
ment group for both STs and GTs [STs, F(3, 45)=6.15, p=
0.001; GTs, F(3,47)=6, p=0.002]. However, post hoc analy-
sis (Fisher’s LSD) revealed that, on the final day of testing,
Paired STs differed from Unpaired STs at both 15 and 25 pg/
kg (p’s<0.05) but not at the lowest dose (»=0.87). However,
Paired GTs only differed from Unpaired GTs at the highest
dose tested [7.5 ng/kg, p=0.4; 15 ugkg, p=0.15; 25 pg/kg,
p=0.01].

Latency to approach (25 pg/kg) We saw the most consistent
change in approach behavior across sessions when using
25 ng/kg nicotine as the US. Thus, we also analyzed the

I I

8 15
Session

UP 7515 25
Dose (ug/kg)

latency to approach the nicotine cue at this dose. As can be
seen in Fig. 4, the latency to approach the nicotine cue de-
creased across sessions [F(2, 31.03)=13.95, p<0.001], and
this did not differ between groups.

A nicotine cue is a more effective conditioned reinforcer
in STs than GTs

Following 1 week of abstinence, all rats underwent a single
test for conditioned reinforcement. Figure 5 shows the mean
difference in nose pokes into the active minus inactive port
during the conditioned reinforcement test. As can be seen in
Fig. 5, when 7.5 or 15 pug/kg nicotine was used as the US
during Pavlovian conditioning, Paired STs and GTs did not
differ in the extent to which they would work for the nicotine
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Fig. 4 Latency to approach a cue associated with an intravenous
injection of 25 pg/kg nicotine (Paired, STs n=15, GTs n=16; Unpaired,
STs n=8, GTs n=8)

15

cue [7.5 ug/kg, #(22)=1.04, p=0.31; 15 ug/kg, #(27)=0.51,
p=0.62], and there were no differences in the degree to which
STs and GTs responded in the active versus inactive port
[group x port interaction; 7.5 pg/kg, F(1, 22)=1.09, p=0.31;
15 ng/kg, F(1,27)=0.26, p=0.62]. However, when 25 nug/kg
nicotine was used during training, STs responded more for
presentation of the nicotine cue than GTs [#(29)=2.15, p=
0.04] and showed more robust conditioned reinforcement as
indicated by a significant group x port interaction [F(1, 29)=
4.606, p=0.04]. Importantly, there were no group differences
in the number of inactive responses, indicating that this effect
was driven by a difference in the number of active responses.
For rats in the Unpaired condition, there were no significant
differences between groups. We also separately analyzed
conditioned reinforcement dose—response data for STs and
GTs. Across doses, for GTs, there were no significant differ-
ences between the number of active minus inactive nose pokes
[F(2,42)=1.11, p=0.34]. However, the degree to which STs
worked for presentation of the nicotine cue varied as a func-
tion of dose [F(2, 40)=3.35, p=0.046]. Post hoc analysis
(Fisher’s LSD) revealed that STs that were trained with
25 pg/kg nicotine made significantly more nose pokes into
the active than the inactive port than STs trained with
7.5 ng/kg (p=0.015). STs that were trained with 15 pug/kg
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Dose (ug/kg)

Fig. 5 Performance during the test for conditioned reinforcement.
During this test, a nose poke into the active port resulted in presentation
of the cue either previously paired or unpaired with non-contingent nic-
otine delivery for 2 s. Data represent the mean+SEM difference in nose
pokes into the active minus inactive port during the conditioned reinforce-
ment test where each data point represents an independent group of rats
(UP STs n=8, GTs n=8; 7.5 pg/kg nicotine STs n=12, GTs n=12; 15 ng/
kg nicotine STs n=14, GTs n=15; 25 ug/kg nicotine STs n=15, GTs n=
16). UP=Unpaired. Asterisk indicates a significant group difference be-
tween STs and GTs. p<0.05

did not differ for STs trained with either 7.5 or 25 pg/kg
(p’s>0.05).

Discussion

We previously reported that individuals prone to attribute in-
centive salience to a food cue are also more prone to attribute
motivational properties to both cocaine and opioid
(remifentanil) cues (Flagel et al. 2010; Meyer et al. 2012b;
Saunders and Robinson 2010; Saunders et al. 2013; Yager
et al. 2015; Yager and Robinson 2013), based on tests of
attractiveness, conditioned reinforcement, and conditioned
motivation (Milton and Everitt 2010). Here we asked whether
there is similar individual variation in the extent to which a
light cue associated with intravenous injections of nicotine
acquires motivational properties. With training, the nicotine
cue did become attractive, eliciting orientation towards it
and approach into close proximity with it. However, in con-
trast to studies using cocaine or remifentanil as the US, the
nicotine cue was equally attractive in STs and GTs, eliciting
dose-dependent approach behavior in both. Therefore, by this
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measure it would seem that the nicotine cue was attributed
with incentive salience to the same extent in STs and GTs.
However, the incentive motivational properties of the nicotine
cue were also assessed using a different test—the ability to act
as a conditioned reinforcer. On this test, the nicotine cue was a
more effective conditioned reinforcer in STs than in GTs, at
least at the highest dose tested, consistent with studies with
cocaine and remifentanil.

There has long been evidence that classically conditioned
food cues can become attractive, eliciting approach behavior
(Brown and Jenkins 1968; Davey and Cleland 1982; Hearst
and Jenkins 1974; Zener 1937), but it was only recently
established that classically conditioned drug cues can also
elicit approach behavior; i.e., a sign-tracking CR (Uslaner
et al. 2006). The first demonstration was by Tomie and col-
leagues (Tomie 2001; Tomie et al. 2003) who reported that
rats would approach a cue associated with a sweetened ethanol
solution. Although Tomie included a number of controls sug-
gesting otherwise, there was some concern as to whether rats
approached the cue because it was associated with the drug
(ethanol) or because it was associated with the sweet solution.
Supporting Tomie’s original reports, Krank et al. (2008) later
reported that rats also learned to approach an unsweetened
ethanol solution. Initial attempts to determine if rats would
learn to approach a cue associated with intravenous (IV) drug
(cocaine) delivery were unsuccessful (Kearns and Weiss
2004), and there are a number of reasons why this may have
been the case (see Uslaner et al. 2006 for discussion).
Nevertheless, there are now several studies reporting that rats
will approach a cue associated with an IV injection of cocaine
(Aragona et al. 2009; Flagel et al. 2010; Uslaner et al. 2006;
Yager and Robinson 2013) or various opioids (Madsen and
Ahmed 2014; Peters and De Vries 2013; Yager et al. 2015).
The results reported here add nicotine to this list.

However, the main goal of the present experiment was to
determine if there is individual variation in the extent to which
a classically conditioned nicotine cue acquires incentive sa-
lience. We found that the nicotine cue was equally attractive to
STs and GTs but differed in its ability to serve as a conditioned
reinforcer. We next discuss what might account for this differ-
ence between measures of conditioned approach versus con-
ditioned reinforcement, when nicotine serves as the US.
Caggiula and others have argued that the ability of nicotine
to motivate behavior involves three dissociable processes: (1)
the ability to act as a primary reinforcer, (2) the ability to
transform a neutral stimulus into a conditioned reinforc-
er, and (3) the ability of nicotine to act as a
“reinforcement enhancer” or an “incentive amplifier”
(Balfour et al. 2000; Bevins and Palmatier 2004,
Caggiula et al. 2009; Chaudhri et al. 2006a; Liu et al.
2007; Palmatier et al. 2007, 2013; Rupprecht et al.
2015). Consideration of these dissociable processes
may inform the results here.

First, although nicotine acts as a primary reinforcer, it is a
relatively weak one, in the sense that nicotine supports only
low levels of self-administration behavior in the absence of
associated cues (Caggiula et al. 2002; Chaudhri et al. 2007;
Donny et al. 2003; Le Foll and Goldberg 2006; Rupprecht
et al. 2015; Sorge et al. 2009). Several self-administration
studies have shown that when a cue is paired with nicotine
delivery, rats will readily self-administer nicotine, but removal
of the nicotine-paired cue dramatically decreases self-
administration behavior (Caggiula et al. 2001, 2002; Sorge
et al. 2009). This suggests that cues associated with nicotine
delivery are at least as important as nicotine itself in maintain-
ing self-administration behavior (e.g., Balfour et al. 2000;
Rupprecht et al. 2015). It may be for this reason that the
nicotine cue becomes especially salient in all animals, eliciting
approach behavior. However, this explanation does not ac-
count for the difference we found in the ability of the nicotine
cue to serve as a conditioned reinforcer.

In addition to nicotine acting as a primary reinforcer, and
establishing cues as conditioned reinforcers (Palmatier et al.
2008, 2007), nicotine can also directly amplify the incentive
properties of cues and thus has been termed an incentive am-
plifier (Bevins and Palmatier 2004; Caggiula et al. 2009;
Palmatier et al. 2013, 2012; Rupprecht et al. 2015). For ex-
ample, systemic injections of nicotine can enhance the ability
of a conditioned stimulus to serve as a conditioned reinforcer
(Guy and Fletcher 2014a; Olausson et al. 2004; Palmatier
et al. 2007) and to attract (Guy and Fletcher 2014a;
Palmatier et al. 2013), effects that may be dependent upon
dopamine (Guy and Fletcher 2014b; Palmatier et al. 2014).
Nicotine can even enhance the incentive properties of uncon-
ditioned stimuli (Chaudhri et al. 2007; Donny et al. 2003).
Importantly, nicotine amplifies the incentive value of cues
“on-the-fly,” as discontinuation of nicotine treatment reverses
the enhancement of approach behavior (Guy and Fletcher
2014a). This property of nicotine, the ability to enhance the
incentive motivational properties of cues, may help in inter-
pretation of our results. During Pavlovian training using nic-
otine as the US, nicotine may have acted as an incentive am-
plifier, enhancing the motivational properties of the cue. This
may have had the effect of making the cue an especially at-
tractive stimulus, thus eliciting approach in both STs and GTs.
Consistent with this hypothesis, other incentive amplifiers,
such as amphetamine, yohimbine, and stress (Feltenstein and
See 2006; Robbins 1978), have been found to increase the
incentive value of reward-associated cues fo the same extent
in STs and GTs (Meyer et al. 2014). However, during the
conditioned reinforcement test, no nicotine was “on board,”
so its action as an incentive amplifier would not be present.
Under these conditions, STs worked more avidly for presen-
tation of the nicotine cue, suggesting that they did attribute
more incentive salience to it than GTs. In other words, the
incentive amplifying effects of nicotine may have masked
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any differences between STs and GTs as measured by condi-
tioned approach, because during this test, nicotine was on
board, whereas it was not during the test of conditioned
reinforcement.

It is important to note that rats in the Unpaired group, which
received non-contingent IV infusions of nicotine that were
explicitly not paired with presentation of the cue light, did
not acquire a conditioned approach CR, nor did the cue act
as a conditioned reinforcer. At first, this may seem to be in-
consistent with a report that non-contingent nicotine delivery
increased responding for a visual stimulus that was not asso-
ciated with any other reward besides illumination of the cue
light (Donny et al. 2003). Based on these data, it might be
assumed that in the present study, rats that received unpaired
CS-US pairings during Pavlovian training would also ap-
proach the cue light if nicotine generally amplifies the incen-
tive value of cues. However, in the study conducted by Donny
et al. (2003), rats had to actively work for presentation of the
visual stimulus, which is quite different than the situation here.
Additionally, previous work has shown that rats find light
stimuli inherently reinforcing and will sustain instrumental
responding for a light stimulus even in the absence of any
other reinforcer (Olsen and Winder 2009; Stewart 1960).
Thus, in the Donny et al. (2003) study, nicotine may have
acted to enhance the reinforcing properties of the visual stim-
ulus, but in this study, nicotine was not present during the
conditioned reinforcement test.

One potential limitation of this study is the range of nico-
tine doses used as the US. We selected doses that have been
reported to support nicotine self-administration (Matta et al.
2007; Peartree et al. 2012; Rose and Corrigall 1997).
However, while 25 ng/kg is a typical dose used in nicotine
self-administration studies and sits near the peak of the dose—
response curve, the other doses we selected (7.5 and 15 ug/kg)
are both on the ascending limb of the dose—response curve.
While these nicotine doses can function as reinforcers, they
may only do so in a subset of animals; thus, making it difficult
to achieve conditioning with these doses. We think it is un-
likely, however, that a higher dose of nicotine (>25 ug/kg)
would result in differences in approach behavior between
STs and GTs as their approach responses to the three doses
we tested were identical.

In summary, we report that the propensity to attribute in-
centive salience to a food cue predicts the extent to which a
nicotine cue serves as a conditioned reinforcer, but not the
extent to which it becomes attractive. This dissociation in
the ability of a nicotine cue to motivate behavior under differ-
ent conditions may be due to its ability to amplify the incen-
tive value of cues, as we have found that other incentive am-
plifiers, such as amphetamine and stress, potentiate the moti-
vational properties of food cues equally in STs and GTs
(Meyer et al. 2014). These data also highlight the importance
of studying multiple properties of an incentive stimulus,
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because they are psychologically and neurobiologically disso-
ciable (Cardinal et al. 2002; Everitt and Robbins 2005; Milton
and Everitt 2010). In addition, the form of the CS is also an
important factor (Holland et al. 2014; Meyer et al. 2014;
Saunders et al. 2014), but this has only been studied in relation
to food and cocaine cues—not with other drugs.

The present data are also interesting in light of recent stud-
ies in human smokers. For example, Mahler and de Wit (2010)
found that smokers who reported the highest craving when
presented with food cues when food-deprived also reported
the highest craving when presented with smoking cues during
abstinence, a finding that has recently been replicated (Styn
et al. 2013). Thus, some people may also be more susceptible
to the motivating effects of nicotine-associated cues during
abstinence (i.e., no nicotine on board), making them more
likely to relapse. In conclusion, it appears that there is consid-
erable individual variation in the ability of discrete cues asso-
ciated with drugs from many different classes (cocaine, opi-
oids, alcohol, and nicotine) to acquire motivational properties
(Robinson et al. 2014; Saunders and Robinson 2013; Tomie
and Sharma 2013), which may prove important in the devel-
opment of individualized treatment approaches.
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