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A B S T R A C T

Learning processes associated with nicotine influence the development of addiction to tobacco products. In the
present report, we are interested in the interoceptive stimulus effects of nicotine acquiring control over appe-
titive behaviors – specifically, reward seeking. Also of interest is the current smoking cessation drug, varenicline
(Chantix®). Varenicline, with its nicotine-like stimulus effects, can decrease withdrawal and cravings for a subset
of individuals addicted to nicotine, though relapse is still common. We trained rats (N=48) with nicotine
(0.4 mg/kg, SC) as an excitatory stimulus (i.e., paired with sucrose) in a drug-discriminated goal-tracking (DGT)
task. There was no access to sucrose on interspersed saline days. After acquisition of the initial nicotine-saline
discrimination, rats were separated into four groups to test discrimination reversal and drug substitution. The
control group maintained nicotine as the excitatory stimulus (NIC+). The substitution group had varenicline
(1mg/kg) replace nicotine as the stimulus paired with sucrose (VAR+). One reversal group had nicotine signal
the absence of sucrose (i.e., now available on intermixed saline sessions; NIC−). The last group was similar to
the NIC− group except varenicline replaced nicotine on non-reinforced sessions (VAR−). We found that var-
enicline fully substituted as the training stimulus when the drug-sucrose relation remained in place (VAR+).
Both reversal groups acquired the new discrimination, albeit slowly and more variable for the VAR− group in
comparison to NIC−. There was an effect of group during substitution testing. Specifically, nicotine fully sub-
stituted for varenicline regardless of condition. However, varenicline only partially substituted for the nicotine
stimulus. At the start of extinction, responding mimicked that of the rats training condition. However, by ex-
tinction session 12, all groups maintained similarly low levels of responding. These findings show nicotine and
varenicline share stimulus elements, yet the conclusion of partial to full substitution depends on the nature of the
testing protocol.

1. Introduction

Tobacco use is responsible for nearly 6 million deaths per year
globally; this rate is projected to reach up to 8 million deaths annually
within the next 15 years (CDC, 2014; Faessel et al., 2010). Nicotine
appears to be the primary addictive constituent in tobacco that leads to
lasting brain and behavior changes, increasing the chances of depen-
dence. Since the 1960s, modifications in policy and increased education
on the costs of chronic smoking have helped decrease initiation and
smoking rates in the US, dropping from over 45% to around 15% (CDC,
2014; Volkow and Wise, 2005; World Health Organization, 2010).
Unfortunately, this means that roughly 50 million people are still at risk
for serious health complications associated with chronic tobacco use in
the United States alone.

The focus of the present research is on the behavioral and phar-
macological processes that contribute to nicotine use, specifically, the
interoceptive conditioning processes associated with nicotine-paired

rewards. The interoceptive stimulus effects of nicotine have been shown
to readily guide and increase appetitive-reward seeking behavior in
human and non-human animals (Bevins and Besheer, 2014; Charntikov
et al., 2017; Perkins et al., 2016). Our laboratory has used the drug
discriminated goal-tracking (DGT) task in rats to study interoceptive
conditioning with the nicotine stimulus (Besheer et al., 2004; Palmatier
et al., 2004; Pittenger et al., 2015). Briefly, rats receive a daily injection
of either nicotine or saline. When given nicotine, rats have access to
sucrose in a conditioning chamber via a dipper receptacle. When given
saline, rats do not have access to sucrose while in the chamber. Dis-
crimination learning is expressed as the nicotine stimulus evoking an
increase in goal-tracking behavior relative to saline. Goal-tracking is
defined as an associative learning based search for a reward in the area
it was presented in the past (cf. Boakes, 1977; Farwell and Ayres, 1979;
in our case, the dipper receptacle). Critically, conditioned responding in
this task does not reflect state-dependent learning (for more on this
topic see: Bevins et al., 2007; Murray et al., 2011).
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Varenicline (Chantix®) is a pharmacotherapy that has increased the
likelihood of successful quit attempts for tobacco users, in part, due to
its pharmacological similarity to nicotine (Cahill et al., 2010). Tobacco
users who wish to maintain abstinence during a serious quit attempt
may find that it alleviates craving for nicotine (Cahill et al., 2013;
Lange-Asschenfeldt et al., 2016). Varenicline acts as a partial agonist on
the α4β2-containing nicotinic acetylcholine receptors (nAChRs) which
may account for its increased efficacy when compared to less nicotine-
like pharmacotherapies such as bupropion (Zyban®; Potts and
Garwood, 2007). Preclinical studies have shown that varenicline has
nicotine-like effects. For example, LeSage et al. (2009) found that after
training a nicotine (0.4 mg/kg) drug discrimination in a two-lever op-
erant conditioning task, a range of varenicline doses (0.3, 1.0, 3.0 mg/
kg) partially substituted for nicotine as evidenced by some responding
on the nicotine-associated lever. In contrast, Jutkiewicz et al. (2011)
reported that varenicline 1.0mg/kg fully substituted for nicotine
(0.32 mg/kg) in rats trained on a two-nose poke aperture drug-dis-
crimination task. The difference between these two studies suggests
that training/testing procedures may influence the substitutability of
varenicline for nicotine. Notably, testing with higher doses of vareni-
cline in the nose-poke study, 1.78mg/kg and 3.2mg/kg, decreased
nicotine-like responding in this study (Jutkiewicz et al., 2011). In the
DGT task with a standard substitution protocol, the 1.0 and 3.0 mg/kg
varenicline dose fully substituted for a 0.4 mg/kg nicotine stimulus
(Reichel et al., 2010). Given these findings, we selected the 1.0 mg/kg
varenicline dose for the present study. Although the 3.0 mg/kg dose
fully substituted for nicotine in the DGT task, we decided against this
dose given the reduced substitution reported by Jutkiewicz et al. (2011)
and the non-specific motor impairment reported by us (Reichel et al.,
2010) with repeated treatment.

In the present study, two overarching questions guided our experi-
mental design. First, does varenicline substitute as a training drug in the
DGT task after rats have learned to discriminate nicotine from saline?
Second, how sensitive will the goal-tracking behavior be to a sudden
reversal of the discrimination (i.e., reinforcement now given only on
saline days)? Reversal learning has been shown using operant-trained
behaviors such as key pecks (Ward et al., 2008) and lever presses
(Amodeo et al., 2016; McDannald et al., 2015; Ward et al., 2008).
Pavlovian-reversal learning studies have also been conducted using
exteroceptive stimuli (Bouton and Brooks, 1993; Chudasama and
Robbins, 2003) and interoceptive conditioned responses such as heart
rate (Tighe et al., 1968). To our knowledge the only example of reversal
learning within a discrimination task using an interoceptive nicotine
stimulus was reported by Troisi (2013). That study used a reversal of an
operant-chain in a discrimination task. While this interesting study is
quite different from the one reported herein, it does show that the ni-
cotine stimulus was sensitive to a shift in reinforcers relations; for more
detail see Troisi (2013). The present research extends the observation of
reversal learning to the DGT task. Further, we determined whether the
leading non-nicotine pharmacotherapy for smoking cessation, vareni-
cline, substitutes for the nicotine stimulus in the reversal phase. Adding
this drug-substitution component to the reversal learning in the DGT
has extended our understanding of the stimulus effects of both nicotine
and varenicline.

2. Materials and methods

2.1. Animals

Forty-eight male Sprague-Dawley rats obtained from Envigo
(Indianapolis, IN) were individually housed in clear polycarbonate tubs
(48.3×26.7×20.3 cm; l×w×h) lined with Envigo TEK-Fresh
shavings in a temperature- (68 ± 5o F) and humidity- (30–70%) con-
trolled room. The rats had free access to water and food (Envigo, Teklad
Global Diets®, Indianapolis, IN) for three days after arrival; during this
time, they were handled 2min per day. After the third day, food was

restricted to maintain rats at 85% of free-feeding weight
(mean ± SD=316 ± 18.1 g). For each month of the study, we in-
creased each rat's controlled weight (mean ± SD=269 ± 15.3 g) by
2 g to allow for weight gain while still under the food restriction. The
colony was on a 12-h light/dark cycle with experimental sessions
conducted during the light period. The University of Nebraska-Lincoln
Institutional Animal Care and Use Committee approved all protocols.

2.2. Apparatus

Med Associates conditioning chambers (ENV-008CT, St. Albans, VT,
USA) measuring 30.5× 24.1× 21.0 cm (l×w×h) were used. Each
chamber had two aluminum sidewalls; the ceiling, front, and back walls
were made of clear polycarbonate. Each chamber was equipped with a
0.1-ml cup attached to a dipper arm. The raised dipper arm delivered a
26% sucrose solution (w/v) in a recessed port measuring
5.2×5.2× 3.8 cm (l×w×d) located in the bottom center of the
right sidewall. An emitter/detector beam used to measure head entries
was located 1.2 cm within the dipper port and 3 cm above the metal rod
floor. Each chamber was located in a sound-attenuating cubicle
equipped with a fan to diminish outside noise and enhance airflow.

2.3. Drugs

(−)-Nicotine hydrogen tartrate (MP Biomedicals LLC, Santa Ana,
CA, USA) and varenicline tartrate (generously provided by NIDA [RTI,
Research Triangle Park, NC, USA]) were dissolved in 0.9% saline.
Nicotine was brought to a pH of 7.0 ± 0.2 with a dilute sodium hy-
droxide solution. All solutions were administered subcutaneously (SC)
at 1ml/kg. The varenicline dose is reported by salt weight and nicotine
by its base weight. Doses and injection-to-placement-intervals (IPI)
were based on our past DGT work (Besheer et al., 2004; Murray et al.,
2011; Polewan et al., 2013; Reichel et al., 2010). The nicotine-training
dose was 0.4 mg/kg. This dose is a very common dose in the drug
discrimination literature (cf. Wooters et al., 2009) and it produced ro-
bust discrimination performance in the DGT task (see later). For reasons
already described in the Introduction, we selected 1.0mg/kg vareni-
cline for the nicotine-substitution dose.

2.4. Acquisition

Rats were given a SC injection of nicotine (0.4 mg/kg) in their home
cage once a day for 3 days before the start of the experiment to diminish
the initial locomotor suppressant effects of nicotine (Bevins et al., 2001;
Charntikov et al., 2017). All rats received 32 consecutive days of dis-
crimination training. Nicotine or saline was injected 5min before a 20-
min session. On nicotine sessions, rats had intermittent access to 36
sucrose reinforcers, each presented for 4 s. Four separate programs
controlled the time of the first sucrose delivery which occurred on
average 140 s after the start of the program (range: 124–152 s). The
average time between all subsequent sucrose deliveries was 25 s (range:
4–80 s). Sucrose was withheld on saline sessions. No more than two of
the same session type (nicotine vs. saline) occurred on consecutive
days. Each rat received a unique order of nicotine and saline sessions.

2.5. Second training phase

For the second training phase, rats were assigned pseudo-randomly
to one of four groups and then a two-way repeated measures analysis of
variance (ANOVA) on Group and Session was conducted to ensure that
there were no group differences in responding during acquisition
training (ps≥ 0.05). Group NIC+ (n=12) followed the same protocol
as the acquisition phase. NIC− (n=12) underwent reversal learning in
which interspersed sucrose was now available on saline sessions and
withheld on nicotine sessions. VAR+ (n=12) was similar to the initial
acquisition phase except varenicline was administered in place of
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nicotine. VAR− (n=12) was similar to the NIC− group in which su-
crose was available on saline sessions but withheld on varenicline ses-
sions. The IPI for varenicline was 15min, while nicotine injections re-
mained at an IPI of 5min. In order to control for differences in IPIs, we
injected saline at the IPI time of the drug not given during the second
training phase. For example, a rat in the VAR+ group received two
saline injections on a saline test day, the first given 15min before
chamber placement and the second 5min before placement. On var-
enicline sessions, the first injection was varenicline and the second was
saline. Interspersed session types and sucrose presentations were as
described in the acquisition phase. Testing began after 32 sessions of
each type (drug vs. saline). Retraining occurred between test days and
before the extinction phase (see Fig. 1 for a methods flow chart in-
dicating session and days per each phase).

2.6. Substitution test days

To determine if there were similarities in the two drug stimuli re-
gardless of learning history, we tested rats twice with the drug that was
not given during the second training phase. The first of the two test days
occurred 24 h after session 32 of the second training phase (see Fig. 1).
Rats that received nicotine during the second training phase were tested
in a 140-s substitution test with varenicline, or vice versa. The two-
injection protocol from the second training phase was followed here.
Sucrose was in the dipper wells but was never available. After the first
test, re-training occurred to ensure responding remained stable. The
second test occurred 24 h after session 34. We conducted two tests to
determine if the substitution pattern was replicable. We declared full
substitution if responding was statistically similar between the drugs,
but different from saline. Partial substitution was declared when re-
sponding evoked by the drugs differed from each other and saline.

2.7. Nicotine extinction

Following the tests, rats underwent retraining so that responding
reached pre-test baseline levels. They then started the extinction phase.
All rats received nicotine 5min before the start of a 20-min extinction
session. In order to keep contextual cues the same, sucrose was in the
dipper well but was never available across the 12 extinction sections.

2.8. Dependent measures

The primary dependent measure for acquisition and the second
training phase was dipper entries per sec (Figs. 2A and 3). The per sec
measure was calculated by taking the total head entries made before the
first sucrose delivery and dividing by the time in seconds before that
delivery occurred. Using the dipper entries before the first delivery
avoids the influence of sucrose on this measure of learning. Sucrose-free
sessions used a matched time bin for calculating head entries per sec.
For comparison purposes, we used the per-second measure across the
140-s substitution tests even though sucrose was not available. As de-
tailed later, we also collected and analyzed total dipper entries in the
20-min sessions (see Fig. 4).

2.9. Data analysis

For analyses, we conducted two-way repeated measures ANOVAs
using within-subjects factors of Drug (nicotine, varenicline, and saline)
and Session. Additional post-hoc pairwise comparisons were conducted
when significant interactions occurred; significance was set at
p < 0.05. For statistical analyses, we used R version 3.3.2 (R
Development Core Team, 2016).

3. Results

3.1. Acquisition

Fig. 2 shows the results for the acquisition phase in which all rats
had nicotine as the interoceptive stimulus paired with sucrose (NIC+).
For the two-way repeated measures ANOVA, there were main effects of
Drug [F(1,47)= 315, p < 0.01], Session [F(15,705)= 31.3;
p < 0.01], and a significant Drug ∗ Session interaction [F
(15,705)= 23.0, p < 0.01]. Nicotine suppressed responding in the
first and second sessions compared to saline (ps < 0.02). By the fourth
session, all rats acquired the discrimination, showing significantly
higher rates of dipper entries on nicotine days compared to saline days
(ps < 0.01). For total dipper entry data in acquisition, see Supple-
mental Fig. 1.

3.2. Second training phase

Fig. 3A shows dipper entries per sec for the NIC+ group during the
second training phase. There were main effects of Drug [F
(1,11)= 85.6, p < 0.01] and Session [F(41,451)= 3.07, p < 0.01],
and a significant Drug ∗ Session interaction [F(41,451)= 1.64,
p < 0.01]. Dipper entries on nicotine days were higher than saline
days for all sessions (ps < 0.01). Fig. 3B shows dipper entries per sec
for the VAR+ group. There were main effects of Drug [F(1,11)= 50.8,
p < 0.01] and Session [F(41,451)= 1.72, p < 0.01], and a significant

Phase 1
16 Sessions/32 Days

Phase 2
42 Sessions/84 Days

Phase 3
12 Sessions/12 Days

Acquisi�on

NIC+/SAL-

NIC+

NIC-

VAR+

VAR-

Nico�ne ex�nc�on

Subs�tu�on tests (2 Days) 
a�er sessions 32 & 34

Fig. 1. The flow of the experimental protocol. Phase 1 re-
presents the acquisition of nicotine (0.4mg/kg) as an ex-
citatory interoceptive stimulus. Phase 2 includes the group
maintaining the sucrose-reinforcer relation from Phase 1
(NIC+), the reversal group (NIC−), varenicline-substitution
(1.0mg/kg) group (VAR+), and the reversal and drug-sub-
stitution group (VAR−). Regardless of group, all rats un-
derwent two stimulus-substitution tests with the drug not
given during Phase 2. After which, all rats underwent Phase 2
retraining before Phase 3 extinction with nicotine (0.4mg/
kg).

Fig. 2. The acquisition data for all 48 rats combined. The saline stimulus
evoked responding significantly higher than that of nicotine for sessions 1 and
2. Rats acquired the nicotine-stimulus discrimination by session 4 and persisted
through session 16. Asterisks indicate p < 0.05.
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interaction [F(41,451)= 1.45, p=0.04]. For the VAR+ group, dipper
entry rates on varenicline days were higher than saline days for all
sessions (ps≤ 0.02). Fig. 3C shows the NIC− group. There were main
effects of Drug [F(1,11)= 26.4, p < 0.01] and Session [F
(41,451)= 2.87, p < 0.01], and a significant interaction [F
(41,451)= 7.36, p < 0.01]. As can be seen, reversal of the dis-
crimination took time to develop. Dipper entries were higher on nico-
tine days than saline days for session 1 and 2 (ps < 0.01). There was no
difference between saline and nicotine for sessions 3–7, 9–13, 15, 17,
and 20–22 (ps > 0.09). On saline injection days, rats in the NIC−
group increased rates of head entries into the dipper receptacle com-
pared to nicotine on sessions 8, 14, 16, 18, 19, and 23–42 (ps < 0.04).
This pattern indicates that the reversal was eventually acquired. Fig. 3D
shows the VAR− group. There were main effects of Drug [F
(1,11)= 9.47, p < 0.02], Session [F(41,451)= 2.32, p < 0.01], and a
significant interaction [F(41,451)= 4.45, p < 0.01]. Reversal learning
in the VAR− group also took time to develop and appeared less robust
than that of the NIC− group. Dipper entries on session 1 were higher
when given varenicline than saline (p < 0.01), but no differences be-
tween varenicline or saline injections for sessions 2–16, 20, 26, 29, and
38 (ps≥ 0.08). Dipper entries were greater on saline than on vareni-
cline days for session 17–19, 21–25, 27, 28, 30–37, and 39–42 (ps <
0.05).

We examined total dipper entries in the 20-min session to determine
whether rats were sensitive to the presentation of sucrose, especially, in
the reversal groups (see Fig. 4). For the NIC+ group (Fig. 4A), there
were main effects of Drug [F(1,11)= 137, p < 0.01] and Session [F
(41,451)= 1.48, p < 0.04], but no interaction was found (F < 1).
Dipper entries were higher on all nicotine sessions compared to saline

(ps < 0.01). For the VAR+ group (Fig. 4B), there was a main effect of
Drug [F(1,11)= 45.9, p < 0.01] but there was neither an effect of
Session [F(41,451)= 1.03, p=0.41] nor an interaction (F < 1).
Dipper entries were higher on all varenicline sessions compared to
saline (ps < 0.01). For the NIC− group (Fig. 4C), there were main
effects of Drug [F(1,11)= 59.9, p < 0.01] and Session [F
(41,451)= 5.45, p < 0.01], and a Drug ∗ Session interaction [F
(41,451)= 5.95, p < 0.01]. No difference in dipper entries was ob-
served between nicotine and saline for session 1 (p > 0.06). However,
more dipper entries occurred on saline than on nicotine days for ses-
sions 2–42 (ps≤ 0.04). For the VAR− group (Fig. 4D), there were main
effects of Drug [F(1,11)= 39.2, p < 0.01] and Session [F
(41,451)= 1.97, p < 0.01], and a Drug ∗ Session interaction [F
(41,451)= 3.81, p < 0.01]. Dipper entries were higher on saline days
than on varenicline days for session 1–42 (ps < 0.05). This data pat-
tern for the rats in the NIC− and VAR− groups indicates that they were
sensitive to the delivery of the reinforcer very early in reversal training,
despite not displaying an early reversal of discrimination indexed by
our measurement of interoceptive conditioning (i.e., dipper entries
before the first sucrose delivery of each session).

3.3. Varenicline and nicotine tests

Recall that we tested rats in the VAR+ and VAR− groups with
nicotine on two separate occasions whereas the NIC+ and NIC−
groups were tested with varenicline. Responding across the two tests
did not differ as the Group ∗ Test Session interaction was not significant
(F < 1). Accordingly, we averaged the data from the two tests for each
rat. This average was used for graphs (see Fig. 5) and the two-way
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Fig. 3. Panels A and B, display the dipper entry per sec responding for both the NIC+ and VAR+ groups, respectively, in which the drug days continued to be
reinforced. Panel C and D display dipper entries for the NIC− and VAR− groups, respectively, in which the drug-reinforcer relation was reversed such that sucrose
was now available on saline sessions. Asterisks indicate p < 0.05.
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repeated measures ANOVA with Group (NIC+, NIC−, VAR+, VAR−)
and Drug (saline, varenicline, or nicotine) as factors. There was a main
effect of Group [F(3, 44)= 5.91; p < 0.01] and a significant
Group ∗Drug interaction [F(6, 232)= 46.9; p < 0.01], but no main
effect of Drug [F(2,232)= 2.32, p=0.10]. For the two NIC groups,
varenicline-evoked responding that differed from saline (ps < 0.01)
and nicotine (ps < 0.02). This data pattern suggests partial substitu-
tion of varenicline for the nicotine stimulus regardless of training his-
tory. In both VAR groups, saline responding was different from that of
the nicotine stimulus (ps < 0.01). In the same two groups, the nicotine

stimulus evoked goal-tracking at rates similar to the varenicline sti-
mulus (ps≥ 0.30). This outcome indicates full substitution of the ni-
cotine stimulus for varenicline regardless of whether varenicline sig-
naled the presence (VAR+) or absence (VAR−) of the sucrose
reinforcer.

3.4. Nicotine extinction

Fig. 6 displays the extinction phase results. For the two-way re-
peated measures ANOVA, there was a main effect of Session [F(11,
484)= 20.9; p < 0.01], a significant Group ∗ Session interaction [F
(33, 484)= 1.91; p < 0.01], but no effect of Group [F(3, 44)= 2.10;
p=0.11]. Dipper entries here mirrored responding from the second
training phase for each group, with higher rates for the NIC+ and VAR
+ groups relative to the NIC− and VAR− groups (ps < 0.01; post-hoc
comparisons of plus vs. minus conditions). When comparing within
drug condition, the NIC+ group responded at a higher rate than the
NIC− group (p < 0.01), and VAR+ higher than VAR− (p < 0.01).
Responding by all four groups reached similarly low levels by session
12 (ps≥ 0.99). A significant decrease in responding was observed for
the NIC+ and the VAR+ groups from extinction session 1 to extinction
session 12 (ps < 0.01). For the NIC− and VAR− groups, they main-
tained low levels of responding across extinction sessions 1–12
(ps≥ 0.99). Total dipper entries for all groups reached similarly low
levels by the end of the extinction phase (see Supplemental Fig. 2).

4. Discussion

In our laboratory with the DGT task, the interoceptive stimulus ef-
fects from nicotine can be discriminated from saline at doses ranging
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Fig. 4. Panels A and B, display the total dipper entries for the NIC+ and VAR+ groups, respectively, in which drug days were reinforced. Panels C and D, display
total dipper entries for the NIC− and VAR− respectively. Each graph shows the rats were sensitive to the US presentation (excluding session 1 for the NIC− group
[p=0.06]). Asterisks indicate p < 0.05.

Fig. 5. The results from the substitution tests following sessions 32 and 34 of
the second phase. Data were averaged together from the two tests. Varenicline
tests in both nicotine groups display partial substitution for the nicotine sti-
mulus. Whereas, nicotine tests in both the varenicline groups show full sub-
stitution. A single asterisk indicates significant differences from saline
p < 0.05. The double asterisk indicates significant difference from both nico-
tine and saline p < 0.05 (i.e., partial substitution).
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from 0.05 to 0.6mg/kg (Bevins et al., 2007; Charntikov et al., 2017;
Charntikov et al., 2012; Polewan et al., 2013; Reichel et al., 2010). We
replicated this past work showing that 0.4 mg/kg nicotine quickly ac-
quired control over goal tracking. Interestingly, we found that the sti-
mulus-sucrose relation used in discrimination training with a 0.4 mg/kg
nicotine versus saline stimulus was reversible as evidenced by the ac-
quisition of the discrimination in the NIC− group. There is a dearth of
literature on reversal learning using drug discrimination and only one
known to us for a discrimination involving the nicotine stimulus (see
Troisi, 2013). Interestingly, we found that a 1mg/kg varenicline sti-
mulus fully substituted for the 0.4 mg/kg nicotine stimulus when drug
sessions continued to be reinforced (i.e., VAR+). Further, when the
substitution drug in the reversal condition was varenicline, this sub-
stitution was more tenuous. That is, discrimination reversal in the
VAR− group eventually occurred but with much more variability than
that displayed by the NIC− group.

This study was the first to have the varenicline stimulus replace
nicotine and continue the stimulus-sucrose relation (VAR+) and the
reversal (VAR−) in the DGT task. In contrast to nicotine, varenicline is
a partial agonist for the α4β2-containing nAChRs and also displays
agonist activity for nAChRs containing α3β4 and α7 subunits (Coe
et al., 2005; Smith et al., 2007). The α4β2-containing nAChRs in hu-
mans has been associated with attention (Roh et al., 2014), learning
and memory (Kenney and Gould, 2008), reward valuation (De Biasi and
Dani, 2011), cholinergic transmission (Hasselmo and Giocomo, 2006;
Prado et al., 2017), and psychiatric disorders (Eaton et al., 2003). This
agonist profile of varenicline likely accounts for its effectiveness as a
smoking cessation aid by alleviating withdrawal and cravings for some
nicotine-dependent smokers (Garrison & Dugan, 2009). The blunted
dopaminergic effect compared to nicotine alone may decrease its abuse
potential (Coe et al., 2005). These neuropharmacological differences
from nicotine could make the varenicline stimulus sufficiently different

and/or less salient than the nicotine stimulus. Indeed, our findings
suggest that such differences may be important for drug substitution in
the DGT task only when new learning is required. Namely, differences
in performance only emerged when the drug stimulus-sucrose relation
was reversed (cf. VAR− and NIC−).

In future work, it will be interesting to examine the effects of higher
and lower doses on learning and performance in the varenicline groups.
As detailed earlier, the primary factors driving our decision to use
1.0 mg/kg varenicline were full substitution for nicotine in the DGT
task (Reichel et al., 2010), full substitution in a two-nose poke aperture
drug-discrimination task (Jutkiewicz et al., 2011), and no evidence for
non-specific motor impairment effects with repeated treatment (Reichel
et al., 2010). However, an effective substitution dose in the DGT may
differ from an effective dose for reversal learning [see Levin et al.
(2012) for such differences when studying the reinforcer-enhancement
effects of nicotine]. Perhaps reversal learning would be faster and/or
less variable with a higher dose (e.g., 3.0 mg/kg) if the motor impair-
ment effects seen with repeated treatment were transient (cf. Reichel
et al., 2010). Of course, future research could also explore the impact of
the nicotine-training dose on substitution and reversal.

An elemental view of the drug stimulus (cf. Bevins and Besheer,
2014) suggests that the varenicline stimulus lacks one or a number of
elements that make up the nicotine stimulus. The finding that the
varenicline stimulus only partially prompted nicotine-like responding
during substitution testing in both the NIC+ and NIC− groups (see
Fig. 5) supports this view. The opposite was not the case. Nicotine fully
substituted for the varenicline stimulus in the VAR+ and VAR−
groups. This data pattern suggests that nicotine includes all the stimulus
elements of varenicline (full substitution) but varenicline lacks some of
the stimulus elements of nicotine, hence the partial substitution pattern.
Related, Reichel et al. (2010) trained nicotine as an excitatory inter-
oceptive stimulus in the DGT task. The 0.3, 1, and 3mg/kg varenicline
doses fully substituted for the 0.4mg/kg nicotine-training stimulus
when tested in brief 4-min substitution tests. In that same study (see
Experiment 5), however, one group of rats received varenicline sub-
stitution during repeated 20-min non-reinforced (i.e., extinction) ses-
sions. Varenicline only partially substituted for the nicotine stimulus in
these longer repeated sessions that provided an opportunity for the rat
to learn about non-reinforcement. The work by Reichel et al. (2010),
combined with the present research, indicates that substitution of
varenicline for the nicotine stimulus is dependent on the testing pro-
tocol. Further, approaches that require or permit the opportunity for
new learning such as extinction or reversal learning may be more
sensitive at detecting a different set of stimulus elements (cf. Bevins
et al., 2012; Reichel et al., 2010).

Reversal learning in discrimination tasks has been considered a
form of cognitive flexibility (Prado et al., 2017). The inability to alter a
response to a new stimulus-reinforcer relation is often referred to as
perseverative errors or perseverative responding. Perseverative errors
are commonly seen in successive reversal paradigms in which the re-
inforcer relations are flipped multiple times akin to an ABAB study
design (Clarke et al., 2008; Prado et al., 2017; Thomas et al., 2008). In
the DGT task, they manifest as the inability to withhold responding on
non-reinforced sessions of the reversal groups. In fact, the discrimina-
tion reversals for the NIC− and VAR− groups appear to be driven more
by an increase in saline responding rather than by a decrease in re-
sponding in the previously reinforced nicotine sessions (compare Fig. 3
panels A and B to C and D). We posit that at least two potential factors
may account for this pattern of responding. First, the behavioral cost of
nose poking to access sucrose in the dipper receptacle is low. Thus,
responding in the NIC− and VAR− sessions remained relatively high
and seemingly insensitive to the lack of sucrose early in the session. In
contrast to the early session responding, recall that total dipper entries
in the 20-min session revealed that rats were sensitive overall to the
absence of sucrose on drug sessions in the NIC− and VAR− group (see
Fig. 4). A second possibility, and not necessarily mutually exclusive

Fig. 6. Panels A and B, display dipper entries per sec for nicotine extinction
sessions 1–12 for the NIC+ and NIC− groups and the VAR+ and VAR−
groups, respectively. All groups reached similarly low levels of responding by
session 12. An asterisk denotes significance set at p < 0.05.
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from the first, is that the reward enhancing effects of nicotine and
varenicline may produce some perseverative responding in the face of
non-reinforcement (Barrett et al., 2018). Barrett et al. (2018) found that
varenicline and nicotine enhanced the reinforcing value of a visual
stimulus using a behavioral economic approach as well as a progressive
ratio schedule of reinforcement. In the present study, the dipper re-
ceptacle is associated with sucrose on 50% of the sessions (i.e., saline in
the reversal phase). Thus, the stimuli that compose the receptacle have
conditioned reinforcing value through this association. Varenicline and
nicotine may enhance the reinforcing value of these stimuli early in the
session. This enhancement may translate in an increase in goal-tracking
behavior until some time has passed without sucrose delivery (i.e.,
extinction).

Not surprisingly, for the nicotine extinction phase, rats in the NIC−
and VAR− groups had lower levels of goal-tracking than the NIC+ and
VAR+ groups (i.e., mimicking responding in the reversal phase). The
level of goal-tracking behavior seen through session 12 was consistent
with other studies testing extinction in the DGT task with similar li-
gands (i.e., behavior diminishes to lower levels but still persists; Reichel
et al., 2010).

In sum, the present study has extended our understanding of the
nicotine and varenicline stimulus in a number of notable ways. For
example, the varenicline stimulus can fully substitute for the nicotine
stimulus when new learning is not required (VAR+). We also dis-
covered that reversal learning with nicotine in the DGT task is possible
but it takes extensive training and discrimination reflects more of an
increase in saline-evoked responding than a decrease in nicotine-
evoked responding early in the session. Further, if the drug-sucrose
relation was reversed then substitution for nicotine by the varenicline
stimulus appears partial. A conclusion supported by the opposite drug
tests in phase 2 training. As noted earlier, it will be of interest to assess
the importance of training and substitution doses in the future. We will
also be interested in whether training nicotine from the outset to not
signal access to sucrose (NIC−) will alter the substitution patterns seen
by varenicline when training is either continued (drug sessions not
reinforced) or is reversed. Also, we wonder whether full substitution
patterns when shifting from NIC+ to VAR+ predicts that the vareni-
cline stimulus will work as well as the nicotine stimulus if it served as
the initial training drug in the DGT task.
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