
Baseline impulsive choice predicts the effects of nicotine and
nicotine withdrawal on impulsivity in rats

Hakan Kayir1,2,*, Svetlana Semenova1,*, and Athina Markou1,#

1Department of Psychiatry, School of Medicine, University of California San Diego, La Jolla, CA,
USA
2Department of Medical Pharmacology, Psychopharmacology Research Unit, Gulhane Military
Medical Academy, Ankara, Turkey

Abstract
Impulsive choice, a form of impulsivity, is associated with tobacco smoking in humans. Trait
impulsivity may be a vulnerability factor for smoking, or smoking may lead to impulsive
behaviors. We investigated the effects of 14-day nicotine exposure (6.32 mg/kg/day base,
subcutaneous minipumps) and spontaneous nicotine withdrawal on impulsive choice in low
impulsive (LI) and high impulsive (HI) rats. Impulsive choice was measured in the delayed reward
task in which rats choose between a small immediate reward and a large delayed reward. HI and
LI rats were selected from the highest and lowest quartiles of the group before exposure to
nicotine. In non-selected rats, nicotine or nicotine withdrawal had no effect on impulsive choice.
In LI rats, chronic nicotine exposure decreased preference for the large reward with larger effects
at longer delays indicating increased impulsive choice. Impulsive choices for the smaller
immediate rewards continued to be increased during nicotine withdrawal in LI rats. In HI rats,
nicotine exposure and nicotine withdrawal had no effect on impulsive choice, although there was a
tendency for decreased preference for the large reward at short delays. These results indicate that
nicotine- and nicotine withdrawal-induced increases in impulsive choice depend on trait
impulsivity with more pronounced increases in impulsive choice in LI compared to HI subjects.
Increased impulsivity during nicotine exposure may strengthen the addictive properties of nicotine
and contribute to compulsive nicotine use.

© 2013 Elsevier Inc. All rights reserved.
#Corresponding author: Athina Markou, Ph.D., Department of Psychiatry, Mail Code 0603, School of Medicine, University of
California San Diego, 9500 Gilman Drive, La Jolla, California 92093-0603, USA; tel: (858) 534-1572; fax: (858) 534-9917;
amarkou@ucsd.edu.
*These authors contributed equally to this work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Contributors
HK, SS and AM designed this project. HK and SS performed the experiments, data analyses and wrote the manuscript. AM provided
input for manuscript writing. All authors discussed the results and commented on the manuscript.

Conflict of interest
The NIH, TUBITAK-BIDEP, and TRDRP had no role in the study design, data collection, data analysis, data interpretation, writing of
the report, or decision to submit the article for publication. SS and HK have nothing to disclose. AM has received contract research
support from Bristol-Myers Squibb Co., Forest Laboratories and Astra-Zeneca, and honoraria/consulting fees from AbbVie during the
past 3 years. There are no actual or potential financial conflicts of interest.

NIH Public Access
Author Manuscript
Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2015
January 03.

Published in final edited form as:
Prog Neuropsychopharmacol Biol Psychiatry. 2014 January 3; 48: . doi:10.1016/j.pnpbp.2013.09.007.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Delayed reward; delay discounting; high and low impulsive rats; Wistar rats

1. Introduction
Impulsivity is defined as the predisposition to act prematurely without considering the future
outcomes of actions. Impulsivity is a common symptom of several psychiatric disorders,
such as attention-deficit/hyperactivity disorder, aggression, and personality disorders
(Moeller et al., 2001). Furthermore, trait impulsivity in relatively healthy humans
contributes to poor decision making. Impulsivity is not a unitary construct but rather refers
to diverse forms of deficits in response inhibition at different stages of the behavior, such as
preparation to respond, execution of the behavior, and the assessment of outcomes
(Evenden, 1999). At the preparation phase, behaviors initiated without adequate sensory
input result in “preparation” or “reflection” impulsivity (Dalley et al., 2011, Evenden, 1999).
During the execution of behavior, a failure to inhibit a motor action or stop the initiated
behavior causes “impulsive action” (Dalley, Everitt, 2011). Finally, making risky or
inappropriate choices, such as preference for small immediate rewards and intolerability of
delay associated with large rewards, is termed “impulsive choice,” also referred to as
increased delay discounting (Dalley, Everitt, 2011).

Impulsive choice has been strongly associated with tobacco smoking and drug dependence
in humans (Bickel et al., 1999, Bickel et al., 2008, Goldstein and Volkow, 2002, Perry and
Carroll, 2008). Individuals with increased delay discounting begin the use of drugs,
including nicotine, at an earlier age compared with less impulsive individuals (Kollins et al.,
2005, Wulfert et al., 2002). Furthermore, tobacco smokers discounted future monetary
rewards to a greater extent than non-smokers (Baker et al., 2003, Bickel, Odum, 1999,
Dallery and Raiff, 2007, Heyman and Gibb, 2006, Mitchell, 2004). A recent meta-analysis
of human studies that covered 57 articles and a total of 3329 subjects provided further
evidence of increased impulsive choice in smokers and subjects with drug abuse (MacKillop
et al., 2011). Nineteen of these studies investigated tobacco smokers, 15 of which found a
significant increase in impulsive choices in the currently smoking group. Short-term nicotine
abstinence also increased impulsive choices in smokers when the choice was related to
smoking but not monetary choices (Mitchell, 2004).

Despite the considerable number of human studies, it remains unclear whether increased
impulsivity, including impulsive choice, is a cause or consequence of nicotine dependence,
or whether impulsivity and nicotine dependence are both consequences of a shared
biological mechanism. Studies in humans cannot easily determine the direction of causality
of these two behaviors (i.e., tobacco smoking and impulsivity), mainly because such
evaluations necessitate long-term follow-up assessments that begin from the early years of
adolescence and continue into adulthood. In this context, animal studies are important tools
for understanding the neurobiological basis of the development of nicotine dependence in
subjects that exhibit high or low levels of impulsivity before nicotine exposure.

A procedure that assesses impulsive choice is a delayed reward (i.e., delay discounting) task
that has been used to evaluate cognitive impulsivity in both humans and experimental
animals (Evenden and Ryan, 1996). In this task, impulsivity is defined and measured as the
preference for a smaller immediate reinforcer over a larger delayed reward (Ainslie, 1975,
Evenden, 1999). Acute nicotine administration increased impulsive choices in rats
(Anderson and Diller, 2010, Dallery and Locey, 2005, Kelsey and Niraula, 2013,
Kolokotroni et al., 2011), whereas exposure to chronic nicotine and nicotine withdrawal had
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mixed effects on impulsive choice behavior in rats (see Discussion for details). Differences
in baseline trait impulsivity may play a role in differential responses to chronic nicotine
exposure and nicotine withdrawal, a hypothesis that was explored in the present study.

The present study investigated the effects of chronic nicotine treatment and nicotine
withdrawal on impulsive choice in a general population of Wistar rats, and rats selected for
high and low baseline levels of impulsivity. Outbred Wistar rats were used in the present
study because outbred rat strains best reflect the human population and are most suitable for
the detection of individual differences because of a higher degree of genetic and phenotypic
heterogeneity than inbred rat strains. A discrete-trial delayed reward task with predefined
delay times for larger reinforcers was used in the present study to evaluate impulsive choice
behavior. The rats were chronically exposed to nicotine via subcutaneous osmotic
minipumps. Chronic nicotine administration via minipumps provides a stable nicotine blood
concentration that mimics the regular nicotine exposure experienced by long-term tobacco
smokers (Ulrich et al., 1997). Nicotine withdrawal was induced by removal of the osmotic
minipumps. Control rats were treated with saline via osmotic minipumps. We hypothesized
that exposure to chronic nicotine and nicotine withdrawal will have differential effects on
impulsivity in subjects with high and low levels of trait impulsivity.

2. Materials and Methods
2.1. Animals

Male Wistar rats (Charles River, Raleigh, NC), weighing 200–225 g upon arrival in the
laboratory, were housed two per cage on a 12 h/12 h reverse light/dark cycle (lights off at
8:00 AM). During behavioral training and testing, the rats were food-deprived and received
16 g/rat/day of food, including the food received in the experimental chamber. The rats were
fed 1 h after the experimental session. Water was available ad libitum in the home cage.
Behavioral tests were performed during the dark phase of the light/dark cycle. The animals
were treated in accordance with the guidelines of the American Association for the
Accreditation of Laboratory Animal Care and the National Research Council’s Guide for
Care and Use of Laboratory Animals. All experiments were approved by the Institutional
Animal Care and Use Committee of the University of California San Diego.

2.2. Apparatus
All of the tests was conducted in a set of 12 nine-hole operant boxes (Med Associates, St.
Albans, VT). Each box consisted of a 25.5 cm width × 28.4 cm length × 28.7 cm height
chamber placed in a sound-proof enclosure with a ventilator fan that provided air circulation
and produced low levels of background noise. A 2.5 W, 24 V white house-light was
positioned on one wall of the chamber and illuminated during each experimental session.
Each testing chamber contained a curved wall with nine holes equipped with 3 W cue lights
located at the rear panel and a photocell emitter and detector pair located at the entrance of
each hole. Metal inserts covered every other hole, leaving open holes 1, 3, 5, 7, and 9. Food
pellets (45 mg, Noyes Precision Pellets, New Brunswick, NJ) were delivered via a food
dispenser into a pellet receptacle located in the center of the opposite wall. The pellet
receptacle was also equipped with a cue light and photocell emitter and detector pair. Each
apparatus was controlled by and provided data collected through a Med Associates (Med
Associates, St. Albans, VT) interface to a computer. Behavioral training and baseline
assessments in the delayed reward task were conducted 5 days per week (Monday-Friday),
and behavioral testing during chronic nicotine/saline exposure and withdrawal was
conducted daily (i.e., 7 days per week).
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2.3. Delayed reward procedure
The delayed reward procedure used in the present study was similar to the procedure
originally developed by Evenden and Ryan (1996) for two-lever boxes and modified by van
Gaalen and colleagues (van Gaalen et al., 2006) for the five-hole chambers. In a discrete-
trials choice procedure, the rats choose between one food pellet delivered immediately and
four food pellets delivered after a delay.

On day 1, the rats were habituated to the chambers for 20 min. During habituation, the cue
lights in holes 3 and 7 were illuminated, and food pellets were placed in each illuminated
hole. On day 2, a 20-min session began with the illumination of the cue lights in holes 3 and
7, and one pellet was delivered into the pellet receptacle every 20 s, independent of the rats’
responses. On day 3, training on a fixed-ratio 1 (FR1) schedule of reinforcement was
initiated. For the FR schedule, at the beginning of the session, the cue lights in holes 3 and 7
were illuminated, and nosepoking at either hole was rewarded with one pellet. The session
was terminated after a maximum of 100 pellets were earned or 30 min elapsed, whichever
occurred first. The intertrial interval (ITI) was 20 s, and the limited hold to make a response
was 10 s. The rats were then trained to nosepoke into the hole in the center position (hole 5)
to initiate a trial. A nosepoke in hole 5 resulted in the presentation of the cue lights in holes
3 and 7. Nosepoking in either illuminated hole during a 10 s limited hold period was
rewarded with one pellet. If the rat did not respond within the limited hold period, then the
house light was switched on for 5 s, and the same trial was initiated with the illumination of
hole 5. The ITI was 20 s. Nosepoking in a non-illuminated hole was recorded but had no
consequences. The session was terminated after a maximum of 100 pellets were earned or
after 34 min elapsed, whichever occurred first. During the subsequent training sessions, the
ITI was gradually increased from 20 to 100 s, and the session duration was also increased
from 34 to 100 min. The duration of the final training and testing sessions was fixed at 100
min, together with increasing the ITI to 100 s. Thus, the maximal number of pellets obtained
during a session decreased to 85 and 60 pellets when the ITI was increased to 70 and 100 s,
respectively.

During the next phase, holes 3 and 7 were designated as small (one pellet) and large (four
pellets) reward holes, respectively. The position associated with the small and large reward
was the same for each individual subject and counterbalanced across rats. The hole opposite
the initial preferred side was designated the large reward hole for each subject. The session
was initiated with illumination of the cue light in hole 5. When the rat nosepoked in hole 5,
the cue light was extinguished while the cue lights in holes 3 and 7 were illuminated. During
a 10 s limited hold period, nosepoking in hole 3 or 7 was rewarded with one or four pellets,
consistent with the size of the reward designated for each hole. If the rat did not respond
within the limited hold period, then the house light was turned on for 5 s, and the same trial
was initiated. The ITI was 100 s. Nosepoking in non-illuminated holes was recorded but had
no consequence. The session was terminated after 60 trials or 100 min, whichever occurred
first. The rats were trained under these conditions until they preferred the large reward for at
least 50 trials. After reaching this criterion of performance, the delayed reward training was
initiated.

During the delayed reward training, the session consisted of 60 trials divided into five blocks
with 12 trials each. Each block began with two forced trials in which, after a nosepoke in
hole 5, either hole 3 or 7 was illuminated in a counterbalanced order, and a response at the
illuminated hole was rewarded with an immediate one pellet or delayed four pellets. No
delay was applied during the first block. Beginning with the second block, delays for the
large reward were increased per block as the following: 0, 1, 2, 4, and 8 s. Over the training
sessions, the delays were gradually increased to 0, 10, 20, 40, and 60 s per block.
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The ITI duration for all of the stages of delay discounting training was adjusted according to
the delay duration (ITI duration = 100 s – [response latency + delay duration]). Thus, the
delay duration was included in the ITI, and the trial duration was fixed at 100 s. The session
duration was fixed at 100 min.

2.4. Osmotic minipump implantation and removal
The rats were anesthetized with an isoflurane/oxygen vapor mixture (1–2%), and an osmotic
minipump (14-day 2ML2 [5 µl/h], Alzet Osmotic Pumps, Cupertino, CA) was inserted
subcutaneously at the back of the animal parallel to the spine with the flow-moderator
directed posteriorly. The wound was closed with 9 mm stainless steel wound clips (Becton
Dickinson Primary Care Diagnostics, Sparks, MD), and antibacterial Bacitracin ointment
was applied to the incision area. On day 14, the minipumps were surgically removed using
the aforementioned procedure.

2.5. Experimental design
The experiment was performed in two replications; all of the groups were represented in
each replication. Rats (n = 44) were trained in the delayed reward task until stable
responding was achieved (< 20% variation in each block during the last three sessions).
Then, rats were assigned to two treatment groups (n = 22/group) with equal levels of
impulsivity under baseline conditions, defined as the mean percentage of delayed reward
choices during the three longest (20, 40, and 60 s) delay blocks. Low impulsive (LI) and
high impulsive (HI) rats in each treatment group were selected as the top and bottom 25% of
the population, respectively (n = 5 per group). The rats were prepared with minipumps that
contained either saline or nicotine hydrogen bitartrate (6.32 mg/kg/day, base; Sigma, St.
Louis, MO) dissolved in sterile 0.9% saline. The effects of nicotine on impulsive choice
were assessed for 14 days. The effects of spontaneous nicotine withdrawal on impulsive
choice were assessed 6, 12, 24, and 48 h post-pump removal. Rats that did not exhibit stable
performance (< 20% variation in each block during the last three sessions) were excluded
from the data analyses (two rats from the nicotine group and one rat from the saline group).

2. 6. Statistical analyses
Behavioral outcome measures were preference for the large reward and the total number of
omissions during choice trials. Impulsive choice was quantified using the area under the
curve (AUC) because it provides a theoretically neutral measure of delayed discounting
(Myerson et al., 2001). AUC was calculated as a sum of impulsive choices for all delays.
The indifference point, the delay at which rats switched their preference over to the
immediate, small reward (i.e., the delay on which the preference for large reward is 50%)
was calculated using the hyperbolic function which best describes delay discounting with
fixed delays (Cardinal, 2006, Green and Myerson, 2004, Mazur, 1987). We used the
hyperbolic equation V = A/(1 + kD), where V is the preference for the large reward after a
delay of D in seconds, A is the preference for the large reward at D = 0 s and the free
parameter k describes how rapidly V declines with increasing delay Interpolation of mean
indifference points was performed by fitting a logistic equation by non-linear regression
using GraphPad Prism 5.0 software. The calculated k value represents the degree of
discounting and 1/k value is used as indifference point. Only one indifference point was
calculated for each rat at each specific time point of the experiment. The percentage of large
reward choices was calculated for each block of 10 trials per each delay. Baseline impulsive
choice was calculated as the average of each trial block during the last five days of testing
under baseline conditions before nicotine/saline administration. The data were analyzed
using a repeated-measures analysis of variance (ANOVA), with Delay, Day of nicotine/
saline exposure, and Withdrawal hours as the within-subjects factors and Treatment (saline
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or nicotine) and Trait Impulsivity (HI and LI) as the between-subjects factors. Considering
that baseline differences in impulsive choice behavior may impact the interpretation of the
results, separate data analyses were performed on data from HI and LI rats to investigate the
effects of nicotine/saline exposure and nicotine/saline withdrawal on delayed reward choice
within each behavioral phenotype. The time-course analyses of delayed reward choice
during chronic nicotine/saline exposure and nicotine/saline withdrawal were performed for
each delay block. Post-hoc comparisons were conducted using the Newman-Keuls test. The
level of significance was set at p < 0.05. The statistical analyses were performed using the
SPSS version 17 software (Statistical Package for the Social Sciences, Chicago, IL).

3. Results
3.1. Baseline performance

The mean baseline delayed reward choices of all of the rats (i.e., the general population)
during the last 5 days before exposure to saline or nicotine were similar across all of the
delay blocks and treatment conditions (Table 1). The ANOVA revealed a significant effect
of Delay (F4,168 = 143.7, p < 0.0001) on choice behavior under baseline conditions, but no
differences in choice behavior between the treatment groups before exposure to nicotine or
saline. After the rats were selected for high and low levels of impulsivity, the ANOVA
confirmed significant main effects of Trait Impulsivity (F3,16 = 14.8, p < 0.0001) and Delay
(F4,64 = 84.4, p < 0.0001) and a significant Trait Impulsivity × Delay interaction (F12,64 =
3.8, p < 0.0001). No differences were found between the mean baseline delayed reward
choices in the HI and LI rats assigned to the different treatment groups before exposure to
nicotine or saline (Fig 1).

3.4. Chronic nicotine exposure
During the first block with no delay, all rats from all experimental groups chose the large
reward (data not shown). ANOVAs revealed no effect of 13-day chronic nicotine exposure
on choice behavior in the general rat population of (Table 1) or in rats with high and low
levels of trait impulsivity (Fig 2). The area under the curve (AUC) was calculated for HI and
LI rats during chronic (13 days) nicotine exposure (Fig. 3a). The ANOVAs on AUC data
revealed significant main effects of Treatment (F1,16 = 4.2, p < 0.05) and Trait Impulsivity
(F1,16 = 15.4, p < 0.001), but no Treatment × Trait Impulsivity interaction. A separate 2-way
ANOVA on the LI group data showed a Treatment × Days interaction effect (F12,96 = 1.9, p
< 0.05) with nicotine-treated LI rats showing increased impulsive choice compared to saline-
treated LI rats on days 7, 10 and 11 of chronic nicotine exposure (Newman-Keuls test, p <
0.05). No significant main effect of Treatment was detected in HI rats.

Further, we analyzed indifference delay points in HI and LI rats (Fig 3b). Similar to the
AUC analyses reported above, ANOVA on indifference points revealed significant main
effects of Treatment (F1,16 = 4.4, p < 0.05) and Trait Impulsivity (F1,16 = 35.8, p < 0.001),
but no Treatment × Trait Impulsivity interaction. A separate 2-way ANOVA on the LI group
data showed a significant effect of Treatment (F1,8 = 5.3, p < 0.05) but no Treatment × Days
interaction. Nicotine-treated LI rats showed decreased indifference points (i.e., increased
impulsive choice) compared to saline-treated LI rats during days 6–13 of chronic nicotine
exposure (pairwise comparisons with Newman-Keuls test, p < 0.05). No significant main
effect of Treatment was detected in HI rats.

In addition, changes in choice behavior HI and LI rats in response to chronic nicotine were
assessed during days 1–7 and days 8–13 of nicotine exposure (Fig 2). Separate ANOVAs on
days 1–7 of nicotine exposure confirmed no differences in choice behavior between HI and
LI rats for any of the five delay blocks. In contrast, during days 8–13, differential effects of
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nicotine exposure were observed in HI and LI rats. Interestingly, these effects were delay-
dependent and are reported below according to each delay block.

Delay Block 10 s: The ANOVA revealed significant main effects of Treatment (F1,16 = 5.3,
p < 0.05) and Trait Impulsivity (F1,16 = 22.8, p < 0.0001), but no Treatment × Trait
Impulsivity interaction. Nicotine exposure tended to decrease the percentage of choices for
the delayed large reward in HI but not LI rats compared with the respective saline-treated
groups (Fig 2a).

Delay Block 20 s: The ANOVA revealed significant main effects of Treatment (F1,16 = 5.4,
p < 0.05) and Trait Impulsivity (F1,16 = 49.2, p < 0.0001,) but no Treatment × Trait
Impulsivity interaction. Nicotine tended to decrease the percentage of choices for the delayed
large reward in HI rats but not LI rats throughout chronic nicotine exposure compared with
the respective saline-treated control groups (Fig 2b).

Delay Block 40 s: No significant differences were found between HI and LI rats in their
response to nicotine (Fig 2c). The ANOVA revealed a significant main effect of Trait
Impulsivity (F1,16 = 37.4, p < 0.0001) but no effect of Treatment or Day of exposure and no
interactions.

Delay Block 60 s: The ANOVA revealed significant main effects of Treatment (F1,16 = 5.3,
p < 0.05) and Trait Impulsivity (F1,16 = 73.2, p < 0.0001), but no Treatment × Trait
Impulsivity interaction. Nicotine tended to decrease the percentage of choices for the large
delayed reward in LI rats on days 8 – 11 but had no effect on choice behavior in HI rats (Fig
2d).

Omission errors during chronic nicotine exposure did not differ between treatment groups as
indicated lack of significant effects of the factors of Trait Impulsivity, Treatment or Day of
exposure and no interactions in the ANOVAs (data not shown).

3.5. Nicotine withdrawal
The ANOVAs revealed no effect of spontaneous nicotine withdrawal on choice behavior in
the general rat population (Table 1) or in rats with high and low levels of trait impulsivity
(Fig 2). The AUC was calculated for HI and LI rats during nicotine withdrawal (Fig 3a).
The ANOVAs on AUC data revealed a significant main effect of Treatment (F1,16 = 4.3, p <
0.05), but no effect of Trait Impulsivity (F1,16 = 15.4, p < 0.001) and no Treatment × Trait
Impulsivity interaction. Separate 2-way ANOVAs on the LI and HI groups’ data showed no
significant main or interaction effects.

Further, we analyzed indifference delay points in HI and LI rats (Fig 3b). ANOVAs on
indifference points data revealed significant main effects of Treatment (F1,16 = 4.4, p <
0.05) and Trait Impulsivity (F1,16 = 35.8, p < 0.001), but no Treatment × Trait Impulsivity
interaction. A separate 2-way ANOVA on the LI group data showed a significant main
effect of Trait Impulsivity (F1,16 = 37.4, p < 0.0001), but no effect of Treatment or
Treatment × Days interaction. No significant effects were detected in HI rats.

Importantly, however, delay- and impulsivity-dependent changes in choice behavior were
detected during nicotine withdrawal in HI and LI rats, and these effects are described in
detail below.

Delay Block 10 s: The percentage of choices for large delayed rewards did not differ
between HI and LI rats during nicotine withdrawal (Fig 2a). The ANOVA revealed a
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significant main effect of Trait Impulsivity (F1,16 = 10.7, p < 0.01), but no effect of
Treatment or Withdrawal hours and no interactions.

Delay Block 20 s: The percentage of choices for large delayed rewards was decreased in
both HI and LI rats during nicotine withdrawal (Fig 2b). An ANOVA revealed significant
main effects of Treatment (F1,16 = 4.7, p < 0.05) and Trait Impulsivity (F1,16 = 44.5, p <
0.0001), but no Treatment × Trait Impulsivity interaction.

Delay Block 40 s: The percentage of choices for large delayed rewards did not differ
between HI and LI rats during nicotine withdrawal (Fig 2c). The ANOVA revealed a
significant main effect of Trait Impulsivity (F1,16 = 19.8, p < 0.0001), but no effect of
Treatment or Withdrawal hours and no interactions.

Delay block 60 s: No differences were found between HI and LI rats in their response to
nicotine withdrawal (Fig 2d). The ANOVA revealed a significant main effect of Trait
Impulsivity (F1,16 = 92.7, p < 0.0001), but no effect of Treatment or Withdrawal hours and
no interactions.

Omission errors during nicotine withdrawal did not differ between treatment groups as
indicated by lack of significant effects of the factors Trait Impulsivity, Treatment or Day of
exposure and no interactions in the ANOVAs (data not shown).

4. Discussion
The present study demonstrated that neither chronic nicotine exposure nor nicotine
withdrawal had any effect on impulsive choice in Wistar rats from the general population.
When rats were divided based on levels of baseline impulsivity, chronic nicotine and
nicotine withdrawal increased impulsive choice in a delay- and impulsivity-dependent
manner. Specifically, LI rats showed decreased preference for the large reward during
chronic nicotine exposure and nicotine withdrawal as reflected in the analyses of
indifference points, AUC data, and raw data values at each delay. In HI rats, nicotine
exposure had no effect on preference for the large reward, although there was a tendency for
increased impulsive choice at the shorter delay blocks (10 and 20 s), but not at the longer
delays. These findings are consistent with recent reports showing that the noncompetitive N-
methyl-D-aspartate receptor antagonist ketamine selectively increased impulsivity in LI, but
not HI, rats (Cottone et al., 2013). Exposure to chronic nicotine or nicotine withdrawal had
no effect on the number of omissions made in either LI or HI rats.

Previous studies that investigated the effects of chronic nicotine exposure on impulsive
choice in experimental animals have provided contradictory findings. Consistent with our
findings, impulsive choice was dose-dependently increased in Long-Evans rats after nicotine
injections [0.35 mg/kg once a day for 65 days (Dallery and Locey, 2005); 0.8 mg/kg twice a
day for 6 days (Kelsey and Niraula, 2013)]. In contrast, in another study, chronic daily
nicotine injections (1 mg/kg for 30 days) had no effects on delayed reward choices in either
Lewis or Fisher 344 rats, although Lewis and Fisher rats emitted different baseline
impulsive choice responses and exhibited differential sensitivity to the effects of acute
nicotine on impulsive choice (Anderson and Diller, 2010). Importantly, the increases in
impulsive choice were evident when nicotine was administered chronically either via bolus
injections (Dallery and Locey, 2005, Kelsey and Niraula, 2013) or at a high dose with a
constant rate of delivery via minipumps (the present study). Furthermore, increases in
impulsivity after chronic nicotine exposure were detected in the delayed reward task with
predefined delays (present study) and an adjusting-delay task in which the delays to obtain
the larger reinforcer were adjusted based on the subject’s choice until an equilibrium was
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reached, at which point the subject was indifferent between the two alternatives (Dallery and
Locey, 2005, Kelsey and Niraula, 2013). Thus, independent of rat strains or procedural task
differences, nicotine dose and treatment duration appear to be important factors that affect
nicotine-induced increases in impulsive choice behavior.

The observed nicotine-induced increases in impulsivity were transient and dissipated by day
13 of nicotine exposure in both HI and LI rats, possibly reflecting the development of
tolerance to nicotine. Consistent with our findings, increased impulsive choice induced by
acute nicotine (0.1-1 mg/kg) dissipated after chronic daily nicotine injections in both Lewis
and Fisher rats (Anderson and Diller, 2010). Furthermore, our previous work demonstrated
that chronic nicotine exposure transiently increased motor impulsivity (i.e., impulsive
action), reflected by premature responses in the 5-choice serial reaction time task (Amitai
and Markou, 2009, Semenova et al., 2007).

In human studies, current smokers were more impulsive when they were allowed to smoke
regularly (Baker, Johnson, 2003, Heyman and Gibb, 2006, MacKillop, Amlung, 2011,
Ohmura et al., 2005). However, in a study that followed a cohort (n = 947) of subjects from
age 15 to 21 and measured smoking and delay discounting rates every year during this
period, the results showed that delayed discounting did not change across time (Audrain-
McGovern et al., 2009). Thus, baseline delay discounting appears to promote smoking
initiation, but smoking does not significantly alter delay discounting. Similarly, in the
present study, nicotine transiently increased impulsive choice responses.

The increased impulsive choice for cigarettes only, but not other reinforcers, was reported in
human smokers during early withdrawal. Specifically, at 24 h of nicotine withdrawal,
subjects chose the immediate reward when the immediate reward was a cigarette instead of a
delayed monetary reward (Mitchell, 2004). Interestingly, however, when small or large
reward alternatives were monetary rewards, abstinent smokers chose the delayed large
money reward, indicating no effect of nicotine withdrawal on impulsive choice (Mitchell,
2004). In another study, smokers made more impulsive choices for both monetary and
cigarette rewards after 13 h of withdrawal (Field et al., 2006). In the present study,
impulsive choice continued to be increased during spontaneous nicotine withdrawal in LI,
but not HI, rats with the largest effect at the 6–12 h withdrawal time points (Fig. 3). These
findings are consistent with our previous work showing the short-lasting effect of nicotine
withdrawal on the affective and somatic aspects of spontaneous nicotine withdrawal
(Epping-Jordan et al., 1998, Harrison et al., 2001, Liechti and Markou, 2007, Semenova and
Markou, 2003, Skjei and Markou, 2003). In contrast, increased impulsive choice behavior
during nicotine withdrawal in Long-Evans rats on day 14 post-nicotine (Dallery and Locey,
2005) and Lewis rats on day 10 post-nicotine but not in Fisher 344 rats (Anderson and
Diller, 2010). The long-lasting effects observed in these studies may be related to the
conditioned effects of nicotine rather than the direct effects of nicotine withdrawal on
impulsivity. Exposure to cues or contexts associated with nicotine contributes to the
maintenance of tobacco smoking in humans and increased nicotine-seeking behavior in
animals (Balfour et al., 2000, Caggiula et al., 2001, Chaudhri et al., 2006, Chiamulera, 2005,
Rose et al., 1993). Therefore, exposure to the chamber previously associated with nicotine
injections, but not nicotine withdrawal, may have elicited increased impulsive responding
(Anderson and Diller, 2010, Dallery and Locey, 2005).

Upregulation of high-affinity nicotinic acetylcholine receptors (nAChRs) is observed after
chronic cigarette smoking in humans (Benwell et al., 1988, Breese et al., 1997, Perry et al.,
1999) and after chronic nicotine exposure in experimental animals (Collins et al., 1990,
Marks et al., 1983, Rowell and Li, 1997, Sanderson et al., 1993, Ulrich, Hargreaves, 1997).
Decreases in nAChR function also occur with chronic nicotine exposure (Dani and
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Heinemann, 1996, Gentry and Lukas, 2002, Gentry et al., 2003, Marks et al., 1993, Marks et
al., 2004, Wonnacott, 1990, Zambrano et al., 2012), which may compensate for nAChR
upregulation. Furthermore, decreased nAChR-mediated dopamine release in the striatum
was observed after termination of chronic nicotine exposure (Jacobs et al., 2002, Marks,
Grady, 1993), indicating decreases in nAChR function.

Impulsivity, including impulsive choice, is partly mediated by the mesocorticolimbic
dopamine system, among other systems (Pattij and Vanderschuren, 2008). The role of
mesocorticolimbic dopamine in impulsive choice is suggested by data showing decreased
impulsive choice behavior after manipulations that increase dopamine transmission
(Fernando et al., 2012, van Gaalen, van Koten, 2006), and data demonstrating increased
impulsive choice behavior after lesions of the dopamine-rich nucleus accumbens (NAc) core
(Cardinal et al., 2001). Dopamine release in the medial prefrontal cortex and NAc core and
shell subregions was significantly reduced in HI rats compared with LI rats selected in the
delayed reward task (Diergaarde et al., 2008). Thus, increased baseline impulsive choice
responses appear to be associated with reduced dopamine activity in the shell and core
regions of the NAc and the medial prefrontal cortex.

Nicotine increases dopamine release in the NAc through nAChRs located on dopaminergic
neurons in the ventral tegmental area in animal studies (Clarke, 1993, Fu et al., 2000,
Mameli-Engvall et al., 2006, Nisell et al., 1994, Pidoplichko et al., 1997). Similarly, brain
imaging studies in humans demonstrated that smoking increased dopamine release in the
ventral striatum in tobacco-dependent smokers (Brody, 2006). Interestingly, smokers with
genes associated with low resting dopamine tone had greater smoking-induced (phasic)
dopamine release than smokers with alternative genotypes (Brody et al., 2006). Based on
these findings, one may hypothesize that smokers with low resting dopamine tone may have
increased impulsivity, and smoking may attenuate increased impulsivity by increasing
dopamine levels. In contrast, in smokers with high resting dopamine tone, smoking may
further increase dopamine levels and directly or indirectly activate other pathways (e.g.,
adrenergic or serotonergic), leading to increased impulsivity. Several other neurotransmitter
systems, such as glutamate, γ-aminobutyric acid (GABA), norepinephrine, and serotonin,
contribute to impulsive choice (Dalley et al., 2008) and various effects of nicotine (D'Souza
and Markou, 2011). However, the impact of these systems on the effects of nicotine on
impulsivity in HI and LI subjects has not yet been determined.

5. Conclusions
The present study showed that baseline levels of impulsivity, assessed in the delayed reward
task, are important determinants of the effects of chronic nicotine and nicotine withdrawal
on impulsivity. Specifically, subjects that make few impulsive choices under baseline
conditions exhibit more pronounced nicotine- and nicotine withdrawal-induced increases in
impulsivity than subjects that make more impulsive choices under baseline conditions.
However, nicotine-induced increases in impulsivity in HI subjects may not be detectable in
the delayed reward procedure when the reinforcer is a non-drug reinforcer, as shown in
humans (Mitchell, 2004). In conclusion, increased impulsivity induced by chronic nicotine
exposure and withdrawal may contribute to compulsive drug use, manifested as a loss of
control over drug use, and strengthen the addictive properties of nicotine.
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Highlights

• Chronic nicotine exposure increased impulsive choice in low impulsive rats.

• Impulsive choice continued to be increased during nicotine withdrawal in low
impulsive rats.

• Chronic nicotine exposure or nicotine withdrawal had no effect on impulsive
choice in high impulsive rats or non-selected rats.
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Figure 1.
Baseline choice behavior in high impulsive (HI) and low impulsive (LI) rats before
assignment to saline and nicotine treatment groups. The data are expressed as mean ± SEM
of the last 5 baseline days before exposure to nicotine or saline. n = 5 per group, selected as
the highest and lowest 25% percentiles from the general population of rats. *p < 0.05,
statistically significant differences between LI and HI rats.
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Figure 2.
Time course of delayed reward choice (%) at delays of 10 s (A), 20 s (B), 40 s (C), and 60 s
(D) in high impulsive (HI) and low impulsive (LI) rats during chronic nicotine/saline
exposure and nicotine/saline withdrawal. The data are expressed as mean ± SEM. Baseline
values represent the 5-day average percentage of delayed reward choices before exposure to
nicotine/saline. Five rats in each treatment group were selected as the highest and lowest
25% percentiles from the general population of rats. Bsl, baseline. Statistically significant
effects of the factors Treatment (@, p < 0.05) and Trait Impulsivity (#, p < 0.05) were
indicated in the ANOVAs.
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Figure 3.
Area under the curve (AUC, A) and indifference points (B) for the preference of the large
reward in high impulsive (HI) and low impulsive (LI) rats during chronic nicotine/saline
exposure and nicotine/saline withdrawal. The data are expressed as mean ± SEM. *p < 0.05,
statistically significant differences between LI rats treated with saline and nicotine.
Statistically significant effects of the factors Treatment (@, p < 0.05) and Trait Impulsivity
(#, p < 0.05) were indicated in the ANOVAs.
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