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Nicotine Acutely Enhances
Reinforcement from Non-Drug
Rewards in Humans

Kenneth A. Perkins*, Joshua L. Karelitz and Margaret C. Boldry

Western Psychiatric Institute and Clinic, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA

Preclinical research documents that, aside from the primary and secondary reinforcing
effects of nicotine intake itself, nicotine also acutely enhances the reinforcing efficacy
of non-drug reinforcers (“rewards”). Study of these effects in humans has largely been
overlooked, but very recent findings suggest they may have clinical implications for more
fully understanding the persistence of tobacco dependence. This overview first outlines
the topic and notes some recent human studies indirectly addressing nicotine effects on
related responses (e.g., subjective ratings), explaining why those findings do not directly
confirm enhancement of behavioral reinforcement per se due to nicotine. Then, the
methodology used in the subsequently presented studies is described, demonstrating
how those studies specifically did demonstrate enhancement of reinforced responding
for non-drug rewards. The main section focuses on the limited controlled research to
date directly assessing nicotine’s acute reinforcement-enhancing effects in humans,
particularly as it relates to reinforced behavioral responding for non-drug rewards in
non-human animal models. After detailing those few existing human studies, we address
potential consequences of these effects for dependence and tobacco cessation efforts
and then suggest directions for future research. This research indicates that nicotine
per se increases responding in humans that is reinforced by some rewards (auditory
stimuli via music, visual stimuli via video), but perhaps not by others (e.g., money). These
reinforcement-enhancing effects in smokers are not due to dependence or withdrawal
relief and can be restored by a small amount of nicotine (similar to a smoking lapse),
including from e-cigarettes, a non-tobacco nicotine product. Future clinical research
should examine factors determining which types of rewards are (or are not) enhanced
by nicotine, consequences of the loss of these nicotine effects after quitting smoking,
potential individual differences in these effects, and the possibility that nicotine via nico-
tine replacement therapy and non-nicotine quit medications may attenuate loss of these
effects upon quitting. Further study with humans of nicotine’s reinforcement-enhancing
effects may provide a more complete understanding of smoking persistence and added
mechanisms of cessation medication efficacy.

Keywords: nicotine, reinforcement enhancement, reward, smoking, abstinence consequences

INTRODUCTION

The notion that nicotine intake critically reinforces tobacco smoking behavior was not widely
accepted until the 1980s (1). In subsequent research, nicotine was recognized as having clear
primary reinforcing effects, in that non-humans (2-4), and later, humans (5, 6) were shown to self-
administer nicotine per se. Nicotine also has been found to have secondary reinforcing effects, as
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environmental stimuli commonly associated with nicotine intake
(e.g., discriminative stimuli for nicotine, or “cues”) come to
reliably increase behavior (7, 8). These primary and secondary
reinforcing effects of nicotine have been the focus of the vast
majority of research on nicotine’s acute influences on reinforced
behavior (9-11).

However, more recent research, conducted almost solely in
non-human animal models, has documented a third reinforc-
ing effect of nicotine on behavior that of enhancing reinforce-
ment from some rewards not directly associated at all with
nicotine intake (12-16). Here, “reward” will be used to refer
to stimuli made available contingent on a behavioral response
that increase the subsequent rate of that responding [and thus
are apparently reinforcing (17)]. This preclinical research has
clearly shown that nicotine per se increases behavioral respond-
ing that is reinforced by a variety of non-drug stimuli already
determined to be rewards (e.g., lights and tones), independent
of nicotine’s simple psychomotor stimulant effects. As compre-
hensively reviewed by Caggiula et al. (18) and Rupprecht et al.
(19), nicotine administered acutely or continuously, whether in
contingent (i.e., self-administered) or non-contingent fashion,
produces reinforcement-enhancing effects. Showing these effects
in initially nicotine-naive animals rules out nicotine dependence
as a prerequisite. Furthermore, this immediate onset of nicotine’s
reinforcement-enhancing effects and their generalizability across
different methods of drug administration both sharply contrast
with factors necessary for nicotine’s primary reinforcing effects,
such as the critical importance of repeated self-administration
training sessions involving contingent responding that produces
acute drug exposure (18). Somewhat similarly, other research
points to different neuropharmacological mechanisms that may
be responsible for the reinforcement enhancing, versus primary
reinforcing, effects of nicotine (20, 21).

Contrary to this rapidly growing interest in preclinical
research on reinforcement-enhancing effects of nicotine
(and other drugs) over the past 15 years, these effects in humans
have been largely ignored. Because of the influence nicotine’s
reinforcement-enhancing effects could have on a fuller under-
standing of the persistence of tobacco smoking behavior, and
perhaps on use of other nicotine products, this near absence of
human research attention is surprising. To our knowledge, only
several published studies from our lab have directly demonstrated
the acute reinforcement-enhancing effects of nicotine intake per se
in humans in a manner closely related to the preclinical findings,
via controlled tests of behavioral responding that is immediately
reinforced by non-drug rewards. (In studies briefly noted in the
next section, other types of measures with humans may possibly
be relevant, such as self-reported pleasure from non-drug activi-
ties being increased by acute nicotine or decreased after acute
abstinence. However, those studies will not be described in detail
because most failed to assess behavioral responding reinforced
by a non-drug reward, rendering them only indirectly related to
nicotine’s reinforcement-enhancing effects.)

Therefore, in an effort to increase awareness of this additional
reinforcing effect of nicotine in humans, the goals of this overview
are to (1) describe the only controlled research to date specifically
designed to assess nicotine’s acute reinforcement-enhancing

effects in humans and (2) outline potential clinical implications
these effects may have on the persistence of dependence and on
efforts to quit tobacco smoking. After briefly commenting on
other recent human studies that may be supportive, we summa-
rize the methodology and procedures used in the subsequently
presented studies intended to directly test the notion that nicotine
acutely enhances behavior reinforced by non-drug rewards. We
then describe the results from each of those four studies with
that procedure programmatically examining some conditions
under which these reinforcement-enhancing effects occur in
humans. We also address possible ameliorating effects of cessa-
tion medications and other drugs in attenuating loss of nicotine’s
reinforcement-enhancing actions when quitting smoking, which
may identify additional mechanisms by which these treatments
could help maintain tobacco abstinence. Extensive discussion
of the preclinical findings, including mechanisms of nicotine
that may be responsible, is beyond the scope of this paper and
has been provided elsewhere (18, 19, 21). Finally, directions for
future research into characterizing and understanding nicotine’s
reinforcement-enhancing effects in humans are suggested, often
drawing on the potentially relevant preclinical results. The intent
of this article is to provide the first review of the limited controlled
research to date demonstrating nicotine’s acute reinforcement-
enhancing effects in humans and to encourage further study of
this overlooked phenomenon to determine its potential clinical
implications for explaining tobacco use persistence.

Prior Human Studies of Nicotine Effects

on Non-Drug Reward-Related Responses
As noted above, very few studies have directly examined nico-
tine’s reinforcement-enhancing effects in humans, although other
research has assessed various types of responding due to recent
nicotine exposure that may relate to those effects. We describe
some of that research here, to better define what is intended by the
term “reinforcement enhancement” as addressed in the detailed
studies comprising the main section of this review. (Those studies
follow the description of methodology used in those studies to
document such enhancement in humans.) For examples, acute
nicotine via smoking increased subjective ratings of the attrac-
tiveness of pictorial faces (22) or of positive mood during a mood
induction procedure in depression-prone smokers (23), and
nicotine via patch increased correct responding on a challenging
signal detection task reinforced by money in non-smokers (24).
Further, nicotine via lozenge improved performance on a card-
sorting task where speed of responding was reinforced by money;,
but it did so only in heavy and not light smokers (25), suggesting
that nicotine-dependent participants were necessary. Comparable
research found no effect of acute nicotine via “inhaler” on pat-
terns of gambling behavior for monetary reinforcement (26).
Because of their indirect or insensitive measures of behavioral
reinforcement of non-drug rewards, these and related studies may
be quite limited in what they can inform us about the existence
of reinforcement-enhancing effects of acute nicotine intake in
humans as demonstrated in the preclinical research. These studies
also typically failed to assess responding for non-reward stimuli
to verify specificity of nicotine’s effects on reinforced behavior
per se rather than on non-specific responding (17).
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Still other research has examined changes in similar types of
responses as a function of smoking abstinence, instead of assess-
ing acute effects of nicotine intake. This work generally proposes
a disruption in incentive motivation or reward responsiveness
due to nicotine abstinence in dependent smokers (27), rather
than enhancement of reinforced behavior for non-drug rewards
by acute nicotine administration. In one such study, overnight
abstinence decreased self-reported pleasure from viewing posi-
tively valenced movie clips, relative to non-abstinent smokers and
independent of withdrawal (28). On the other hand, smoking
abstinence for one or more weeks in those attempting to quit
permanently increased, rather than decreased, self-reported
enjoyment of various “rewarding events” (29), opposite of that
expected by the loss of nicotine’s reinforcement-enhancing
effects. Thus, some of this research may relate more closely to
withdrawal and anhedonic effects of recent abstinence (30, 31) or
could reflect broader and more gradual improvements in overall
well-being with successful abstinence (32), rather than loss of
nicotine’s acute enhancement of responding reinforced by non-
drug rewards.

Due to the reliable preclinical findings on nicotine’s rein-
forcement-enhancing effects (18, 19, 21), and the lack of prior
human research directly examining these effects on reinforced
behavior under carefully controlled conditions, we developed a
procedure to assess the reinforcement-enhancing effects of acute
nicotine on responding for non-drug rewards in humans. Our
early piloting indicated a need for altering some methodological
details (33) to finalize a procedure that was sensitive to changes
in the reinforcing efficacy of some non-drug rewards after acute
nicotine intake. Because most aspects of that procedure are
common to the clinical studies to be described below, details of
that procedure will be presented next, followed by results from
the only published research examining factors moderating the
presence or magnitude of nicotine’s reinforcement-enhancing
effects in humans. (All are from our lab; we know of no other
controlled studies specifically designed to assess these acute
nicotine effects per se on reinforced responding for non-drug
rewards in humans.) Conclusions of the human research, poten-
tial clinical implications of these reinforcement-enhancing
effects for maintaining dependence and impeding success of
tobacco cessation, and suggested future research directions are
then addressed.

PROCEDURE TO ASSESS
REINFORCEMENT-ENHANCING
EFFECTS IN HUMANS

Procedure Rationale and Basic Study

Design

Our starting point was to develop and evaluate a testing procedure
that matched those from rodent studies as closely as possible. We
did so to minimize chances that failure to find reinforcement-
enhancing effects of nicotine was due to procedural differences
rather than lack of generalizability from non-human animals
to humans. For example, to carefully control nicotine admin-
istration to participants via tobacco, their smoking exposure

is determined by computerized instructions on the number,
timing, and duration of all puffing behavior, confirmed by puff
topography assessment after each administration. Second, our
primary dependent measure is responding on a simple button-
pressing task (to simulate lever pressing) that is reinforced by
immediate delivery of brief rewards under a progressive-ratio
(PR) schedule, which minimizes the odds of reward satiation.
As the label implies, PR schedules require a progressively greater
number of responses for each succeeding delivery of a reinforc-
ing stimulus (i.e., a “unit” of reward) within a session, and the
point at which such responding stops is taken as identifying
the maximal reinforcing efficacy of that reward (17). Although
occasionally used in human studies of reinforced responding for
rewards (34), PR schedules are far more common in non-human
animal studies (35, 36).

Also, to maximize statistical power (37) and assessment effi-
ciency, testing involves a fully within-subjects design, in which
drug condition (i.e., nicotine dose) is manipulated between
sessions and the immediate reward condition varies across trials
within sessions. Specifically, varying drug condition across three
sessions allows us to assess the independent effects of acute nico-
tine per se (e.g., nicotine versus denicotinized cigarette) and of
simply engaging in smoking behavior per se (denicotinized ciga-
rette versus no smoking). Each condition is provided in counter-
balanced order, and the order of reward condition is the same for
a given participant across sessions so that only the session’s drug
condition is different. (No order effects have been observed for
either the drug condition across sessions or the reward condition
within sessions.) All sessions start following overnight abstinence
(confirmed by expired-air carbon monoxide of CO < 10 ppm) so
that subsequent testing of nicotine effects is based on controlled
acute exposure due to study manipulations.

Reinforced Behavior Task

Reinforced responding for non-drug rewards using the PR
schedule of reinforcement is assessed with a modified version of
a simple computer task developed as a research tool for human
studies of reinforcement schedules [“Applepicker” (38)]. It was
previously used by us to assess acute reinforcement by access
to smoking (i.e., nicotine’s primary reinforcing effects), food
or money, or alcohol (39-41). To obtain rewards from using
this task, subjects move a keyboard’s cursor around a video
monitor to look for “apples” by pressing a button whenever the
cursor lands on one of the small filled circles displayed in a grid,
symbolizing an orchard of “trees.” The number of button presses
(responses) required to find an apple is controlled by the com-
puter’s programmed schedule of reinforcement. Participants
themselves determine the duration of their responding, dis-
continuing only when they decide the response requirement
for receiving the next unit of that reward exceeds what they
are willing to complete. Total responding within a trial up to
that point is used as the measure of that reward’s reinforcing
efficacy; because participants will often continue respond-
ing after earning one unit of reward but stop prior to earning
the next unit of reward, the “break point,” or final completed
response requirement, alone may not fully capture the efficacy
of that reward for a participant unless the additional responding
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is also counted. (This schedule was a PR30% in our first study,
increased to PR50% in all subsequent studies, meaning each
successive reward delivery requires 50% more responses on
the task than did the preceding response requirement; e.g., 10
responses to earn reward the first time, then 15, 22, 33, 50, 75,
and so on. The PR50% ensures a point of maximum efficacy for
that reward is reached before the end of each 15 min trial.) A
separate “no reward” trial, in which responding does not result
in delivery of any stimulus, is routinely included in our testing
sessions to allow assessment of non-specific responding and
rule out nicotine’s general psychomotor stimulant effects on
behavior. Moreover, responding on the “no reward” trial gauges
whatever reward value is provided to the participant by simply
engaging in the task [similar to the inactive lever in preclinical
research (18)]. The monitor’s graphics are kept rudimentary to
avoid the possibility that task responding might provide its own
entertainment value in the absence of an available designated
reward (i.e., serve independently as a reinforcing stimulus).
Also, so that subjects do not simply continue responding on the
task simply out of boredom, intentionally routine reading mate-
rial (that would not be a competing reinforcer) is freely available
until the trial’s end.

Reward Delivery

Findingan apple (i.e., completing a response requirement) earns
an immediate reward delivery, or one unit of the designated
reinforcer, as with onset of reward stimuli in the preclinical
research (18). Each reward is available singly on separate test
trials, which are presented in counter-balanced order within
sessions across subjects. Thus far, the types of rewards enhanced
by nicotine in preclinical studies appear qualitatively distinct
(42) but may be characterized as stimuli that are “sensory”
in nature [such as visual lights, auditory tones, olfactory, or
gustatory tastes (19)]. Therefore, rewards in our human studies
now usually include music (auditory), video (visual), and, for
comparison, one that is not sensory (money) along with the no
reward trial to gauge non-specific responding. Typically, units
of reward for completing each reinforced response requirement
are 30 s of preferred music or video (positive sensory reinforce-
ment), $0.10 for money (positive non-sensory reinforcement),
or no stimulus (no reward control). These music, video, and
money positive reward units were selected based on piloting
that demonstrated equal reinforcing efficacy between each
under controlled conditions. Auditory stimuli are presented
through headphones, video is shown in a separate viewing por-
tion of the monitor, and money earned is displayed on a counter
shown on the monitor.

Critically, the specific preferred music and video rewards
are identified separately by participants during an introductory
session by listening to their own supplied musical tracks, or by
viewing identified video clips (via electronic means), and rating
each on a 0-100 visual-analog “liking” scale, with those rated
>75 considered “highly preferred” This procedure of personal-
izing the music and video rewards ensures each will be clearly
reinforcing for that individual, rather than assuming fixed
music and video rewards will be comparably reinforcing for all
participants (43).

ASSESSMENT OF NICOTINE’S
REINFORCEMENT-ENHANCING
EFFECTS IN HUMANS

Results of the total nicotine-induced responding reinforced
by non-drug rewards or no reward, after controlling for non-
nicotine testing factors, are displayed in Figure 1, separately by
each of four studies to be described below. As far as we are aware,
these are the only published studies in humans designed to assess
in a priori fashion the effects of nicotine per se on enhancement
of reinforcement from non-drug rewards, while controlling for
the non-nicotine effects of testing (i.e., smoking behavior per se)
as well as addressing possible non-specific effects on responding.

Enhanced Reinforcement in Dependent

and Non-Dependent Smokers

We first used this procedure to examine the influence of nicotine
(versus denicotinized) cigarettes on enhancing positive reinforc-
ing effects of the sensory and non-sensory rewards of music
and money, respectively, in 52 smokers (44). To further explore
generalizability, we also assessed responding for the negative
reinforcing effect of avoiding intermittent aversive white noise
(for 30 s per reward unit) as well as for the no reward control
of non-specific behavior. As noted above in the description of
basic design procedures common across studies, participants
were administered three different smoking conditions on three
separate experimental sessions, each following overnight absti-
nence, to compare responses due to no smoking with those due to
administration of 0.05 or 0.6 mg nicotine Quest brand cigarettes
under blind conditions. Six puffs on either cigarette over 3 min
preceded each trial on the two smoking sessions. Finally, our first
study also confirmed that these effects do not require the pres-
ence of nicotine dependence or withdrawal, as in the preclinical
research (18). To do so, we compared reinforced responding
for non-drug reward due to nicotine in 25 dependent versus 27
non-dependent smokers, who averaged 14.3 versus 1.5 cigs/day,
respectively.

Reinforced responding for music, but not money or avoidance
ofaversive noise (or noreward control), was significantly increased
by the 0.6 versus 0.05 mg nicotine cigarette (see Figure 1A),
confirming reinforcement-enhancing effects of nicotine intake
per se on a positive sensory reward in humans. No differences
in responding between smoking the 0.05 mg cigarette versus the
no smoking condition indicated no effects of simple smoking
behavior per se (without much nicotine) on any rewards. These
findings due to nicotine were consistent between the dependent
and non-dependent smokers, as no between-group differences
in reinforced responding were found. Similarly, responding due
to this smoking was unaffected by withdrawal relief, as elevated
withdrawal at baseline in dependent smokers declined post-
nicotine to that of non-dependent smokers, whose withdrawal
score was low at baseline and remained low throughout sessions
(44). Thus, there was no difference in reinforcement-enhancing
effects of nicotine as a function of being a dependent or non-
dependent smoker or due to nicotine’s actions in withdrawal
relief. We believe this was the first direct demonstration of the
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FIGURE 1 | Nicotine-induced increases in behavioral responding that was reinforced by immediate delivery of non-drug rewards or no reward,
separately, for each of four within-subject studies. Displayed are mean (SEM) total responses due to acute nicotine administration per se from tobacco
smoking [studies 1-3 (A-C)] or e-cigarette [study 4 (D)], after controlling for responding due to denicotinized smoking or placebo e-cigarette (***p < 0.001;

**p <0.01; *p < 0.05 for significance of nicotine-induced responding for reward). Responses on the no smoking (studies 1-3) or no e-cigarette (study 4) sessions
are not shown, as no effects were ever observed between use of the denicotinized or placebo products versus no use. See text for details of each study.
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reinforcement-enhancing effects of acute nicotine administration
in humans.

Magnitudes of Nicotine Exposure and of

Reinforcer Efficacy Needed for Effects

The next step was to examine whether nicotine’s acute effects on
enhancing reinforcement from music may vary due to the amount
of acute smoke intake (i.e., nicotine dose), and the available rein-
forcer’s magnitude of efficacy (45, 46). Using a within-subjects
design and procedures similar to our first study, 23 dependent
smokers in study 2 completed 3 experimental sessions after over-
night abstinence (47). The three sessions were virtually identical,
differing only in the modest number of puffs from their preferred
nicotine cigarette brand (i.e., unblinded) prior to testing: (1) eight
pufs pretesting and then two puffs per trial, (2) two puffs per trial
only, or (3) no smoking exposure at all. Each session involved
separate trials of responding for reinforcement from high (rated
>75 on 0-100 scale), moderate (rated 40-60), or low (rated 0-20)
preference music rewards (or no reward control). As in study
1, rewards were personalized and identified separately by each
participant during an introductory session, given individual dif-
ferences in music preferences (43).

As expected based on their identified preferences, overall
responding for reinforcement was influenced by the self-reported
preference level of music reward. More importantly, responding
for the high preference music trial, but not the moderate or low
preference music or no reward trials, was increased after smok-
ing eight puffs pretesting plus two per trial, compared to the
two per trial only or no smoking sessions, which did not differ

(Figure 1B). Again, withdrawal did not differ between the two
smoking sessions, ruling out withdrawal relief due to nicotine as
an explanation for the different responses for the high preference
music reinforcement. These results confirmed that just over eight
puffs from one cigarette after abstinence (as in a “lapse”) may be
enough nicotine to obtain its reinforcement-enhancing effects,
while very minimal smoking of just a few puffs is not. Findings
of study 2 further showed the specificity of nicotine’s effects by its
enhancement of responding for music reward that was high pref-
erence but not music of lesser preference (i.e., lower magnitudes
of reinforcing efficacy) or for the no reward control (47).

Generalizability of Nicotine’s Enhancing
Effects to Other Sensory Rewards

Although the reinforcement-enhancing effect of nicotine on
music reward in humans in study 1 was replicated in study 2, it
was important to document its generalizability to other common
sensory rewards in a smoker’s environment, in addition to music.
Given preclinical research finding nicotine’s enhancement of
responding for visual rewards (18), we chose to examine whether
a visual reward would be enhanced by nicotine in humans similar
to that observed with the auditory reward of music. Thus, in
study 3 (48), we assessed acute effects of nicotine via smoking
on responding for music and for video rewards, along with the
same monetary reward or no reward control comparison condi-
tions as in study 1. Preferred video rewards were identified for
each individual in the same way as preferred music, as described
previously. Also similar to study 1, a fully within-subjects design
was used in study 3, in which 20 dependent smokers participated
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in three experimental sessions following overnight abstinence,
differing only in the smoking conditions of six puffs on a 0.6 or
0.05 mg nicotine cigarette under blind conditions, or no smoking,
prior to each task trial.

As hypothesized, reinforced responding for music and video
rewards, but not for money (or no reward), was greater due to
smoking the 0.6 versus 0.05 mg cigarette (Figure 1C), showing
effects of nicotine per se (48). Lack of differences between the
0.05 mg cigarette and no smoking showed no effects of smoking
behavior per se on reinforcement from music or video reward.
Once again, effects were not influenced by withdrawal relief
from either cigarette. Study 3’s results, extending nicotines
reinforcement-enhancing effects from an auditory (music) to a
visual (video) reward, were generally consistent with those from
the preclinical research briefly noted earlier (19). They confirmed
that acute nicotine intake per se enhances the reinforcing value of
multiple sensory rewards (42).

Non-Smoked (e-Cigarette) Nicotine

Effects on Enhancing Reinforcement

An important factor needed to more closely link the human
research to preclinical findings was to demonstrate that
nicotine via a non-smoked manner of intake would also have
reinforcement-enhancing effects. Studies 1 and 3 had manipu-
lated nicotine exposure by administering cigarettes differing in
nicotine delivery under blind conditions, so that all the non-nic-
otine factors accompanying nicotine intake would be controlled.
To examine nicotine effects in the absence of tobacco smoke, we
repeated the fully within-subjects design and procedures from
study 3 (48), described above, but using electronic (e-) cigarettes
differing in nicotine content (under blind conditions), rather
than tobacco cigarettes. Thus, on three sessions after overnight
abstinence, 28 dependent smokers in study 4 were administered
an e-cigarette with vapor containing nicotine (36 mg/ml), one
containing no nicotine, or no e-cigarette at all, prior to each trial
in which they responded for the music or video sensory rewards,
monetary reward, or no reward (49). Comparable to dosing
in the smoking studies above, use of e-cigarettes was carefully
controlled by precise instructions on timing and duration of 10
puffs over 5 min, a procedure shown to deliver rapid rises in
blood nicotine (50).

Mostly similar to our prior studies of nicotine via tobacco
smoking, reinforced responding for the video reward, but not
for the other rewards (including music), was greater after the
nicotine versus placebo e-cigarette (Figure 1D), confirming some
reinforcement-enhancing effects of nicotine per se administered
in a non-smoked formulation (49). Also as in study 3, no differ-
ences were seen due to behavioral effects of e-cigarette use per se
without nicotine (i.e., responding due to the placebo e-cigarette in
comparison with the no e-cigarette session). Replication of study
4 is needed to verify that music reward may not be enhanced by
this amount and manner of nicotine intake from e-cigarette use
despite very reliable music reward enhancement from nicotine
via tobacco smoking (see studies 1-3 in Figures 1A-C), a result
not easily explained. Aside from partly confirming that acute
nicotine from a non-tobacco product has some reinforcement-
enhancing effects in humans, as with tobacco cigarette smoking,

these results could help explain the growing prevalence of nico-
tine e-cigarette use in the wider population (51).

Summary of Human Studies

Although much more research is needed, the clinical studies
described here confirm the essential preclinical finding that
nicotine enhances reinforcing effects of some non-drug rewards
unrelated to nicotine. Study 1 indicated that nicotine per se
acutely increases reinforced responding for music reward but
not for money or the negative reinforcer of terminating aversive
noise and that these effects occur with non-dependent as well as
dependent smokers, as in the non-human research (18). Study 2
showed that nicotine from barely one cigarette acutely enhances
responding reinforced by high preference music, but not by
lesser preference music or from minimal cigarette smoking.
Generalizability of reinforcement-enhancing effects of nicotine
across types of sensory rewards, from music to video, in study
3 showed consistency with findings on reinforcing auditory
and visual stimuli as rewards in preclinical studies. In study 4,
some reinforcement-enhancing effects of nicotine from a non-
tobacco, non-smoked method of administration (e-cigarette) was
demonstrated for video reward, confirming effects in humans are
not specific to nicotine via tobacco smoking. In all studies, the
behavior of simply puffing on a tobacco or electronic cigarette
alone did not alter reinforced responding, and withdrawal relief
was unrelated to nicotine’s reinforcement-enhancing effects.

POTENTIAL CLINICAL IMPLICATIONS

Smoking Cessation Effects

Given how commonly available many sensory rewards are in
everyday life (52), including while smoking in environments
where it is not restricted (53), an overlooked factor contributing
to smoking’s persistence may be nicotine’s ability to enhance the
reinforcing efficacy of these rewards. Recent U.S. population
surveys indicate engaging in “leisure” activities containing such
rewards may comprise about 5 h/day, or nearly one-third of wak-
ing hours (http://www.bls.gov/TUS/CHARTS/LEISURE.HTM).
Therefore, an attempt to quit smoking also could lead to a loss
of nicotine’s acute reinforcement-enhancing effects when quitters
are engaged in non-drug activities providing sensory rewards, as
clearly suggested by preclinical research on abrupt discontinua-
tion of nicotine infusions (54).

To begin to understand the loss of nicotine’s reinforcement-
enhancing effects that smokers may experience when initially
attempting to quit smoking, we recently assessed responding
reinforced by these sensory rewards during typical ad lib smoking
compared to abstinence, in a two-session within-subjects design
(55). Prior to the two sessions, 48 dependent smokers (non-
treatment seeking) either abstained overnight (CO < 10 ppm) or
smoked their own preferred brand in completely ad lib fashion
(i.e., to capture typical nicotine satiation while smoking). During
each session, they responded on the same task used in the above
studies in three separate trials reinforced by the music or video
sensory rewards, or for the no reward control. Relative to the ad
lib smoking session, overnight abstinence significantly reduced
reinforced responding for both sensory rewards but not for the
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no reward control condition (55), verifying sharp loss of these
nicotine effects early in a quit attempt, similar to preclinical
findings (54). As with our controlled studies of acute smoking
after overnight abstinence, above, differences between sessions in
withdrawal, which were substantial as expected, were not related
to the differences between sessions in reinforced responding.

Consequently, quitting smoking may lessen overall rein-
forcement from these non-drug related rewards, separate and
independent of withdrawal symptoms and other consequences
of cessation. Although of uncertain impact without more direct
clinical study of these changes, a decline in the rewarding effects of
these activities could possibly contribute to a greater risk of lapse
(and relapse) in an effort to restore this loss in reinforcement.
Perhaps consistent, recent clinical research suggests early lapses
after starting a quit attempt are common during leisure activi-
ties, including while concurrently enjoying “T'V/music” (56). In
short, aside from nicotine’s primary and secondary reinforcing
effects, tobacco smoking may be particularly difficult to quit for
long partly because acute nicotine makes engaging in so many of
these typical daily activities more pleasurable. Therefore, a sud-
den lessening of this degree of pleasure from familiar rewarding
activities after abstaining from smoking may help prompt a lapse,
which then could foster complete relapse (57).

Medications May Limit Loss of
Reinforcement-Enhancing Effects after
Quitting
In addition to moderating craving and other withdrawal
symptoms of abstinence, as well as blunting nicotine’s primary
reinforcing effects, medications to aid smoking cessation could
partly act by attenuating loss of nicotine’s reinforcement-
enhancing effects after quitting tobacco use. No clinical research
has formally addressed this notion, but some human studies are
suggestive. For example, our findings above in study 4 showed
potential for nicotine via e-cigarettes to prevent some of the
loss of reinforcement-enhancing effects of nicotine via tobacco
smoking after abstinence [although e-cigarette use has not been
clearly demonstrated to aid smoking cessation (58)]. Other
non-smoked nicotine products, especially the various U.S. FDA-
approved nicotine replacement therapy (NRT) medications
intended to help smokers quit (e.g., patch, lozenge, and gum,
inhaler), may also enhance reinforced responding for sensory
rewards. If confirmed in clinical research, these actions could
further help explain why NRT reduces lapse risk and can pre-
vent smoking lapses from turning into complete relapses (59).
Moreover, non-nicotine medications for cessation may also
aid quitting partly by attenuating the drop in reinforcement from
sensory rewards due to loss of nicotine intake after abstinence.
Because of preclinical research showing that reinforced respond-
ing for rewarding stimuli was enhanced by bupropion (60), we
conducted a small pilot study of this notion with bupropion in
smokers recruited due to their high interest in making a perma-
nent quit attempt. All were tested on three separate sessions, first
after ad lib smoking and then during a crossover comparison of
bupropion versus placebo, each after initiating a brief “practice”
quit attempt period. In those meeting 24-h abstinence criteria
during both medication conditions (CO < 5 ppm), reinforced

responding for the high preference music reward decreased
significantly, by almost half, when they quit while on placebo,
while their responding after quitting on bupropion was similar to
that during the ad lib smoking session (61).

Based on these modest findings, formal testing of NRT and
of bupropion in attenuating loss of nicotine’s reinforcement-
enhancing effects among quitting smokers may be obvious clini-
cal research to conduct. Another may be to similarly test effects of
varenicline, a partial agonist of nicotine that is FDA approved for
cessation, on enhancement of reinforced responding. In rodents,
moderate-dose varenicline enhances reinforcement from visual
stimuli (62, 63), but other research indicates varenicline’s effects
are less robust than those of nicotine, perhaps consistent with
varenicline’s partial agonist actions (64).

Other Clinical Research Directions

Also needed are studies to more fully characterize nicotine’s
reinforcement-enhancing effects in humans. These include
determining other types of rewards that are enhanced by nico-
tine, potential individual differences in these enhancing effects by
nicotine, and the possibility that nicotine may enhance a reward
by attenuating habituation to its reinforcing efficacy, all of which
will be addressed next. In addition, identifying what other drugs
may have reinforcement-enhancing effects in humans could help
determine pharmacological mechanisms contributing to these
effects, as well as broadening the focus of enhanced reinforce-
ment from non-drug rewards to other substance abuse problems.
Preclinical research provides several directions to guide this
human research.

Identifying Other Rewards Enhanced by Nicotine
Aside from audio and visual stimuli from the music and video
rewards enhanced by nicotine in our studies, nicotine may
also enhance the reinforcing effects of olfactory/taste stimuli
(42, 65, 66) and perhaps social rewards (67). Some of these olfac-
tory/taste stimuli could be sensory rewards unrelated to smoking
(68) that are enhanced by nicotine intake, as with music and video.
However, other specific sensory stimuli become conditioned rein-
forcers (cues) from repeated association with nicotine’s primary
reinforcing effects via tobacco smoking [e.g., taste and smell of
smoke inhalation (69, 70)]. Those stimuli could become even more
rewarding due to nicotine’s acute reinforcement-enhancing effects,
beyond the conditioned reinforcing effects of these stimuli (66).
Research confirming similar effects in humans could help explain
why the taste and smell of cigarette smoke are such potently reward-
ing components of the tobacco smoking experience (8, 39, 71),
factors that could also influence e-cigarette use and enjoyment
(72, 73). Comparable human research examining nicotine’s
potential reinforcement-enhancing effects of social rewards may
contribute to an understanding of how smoking behavior so typi-
cally becomes an activity often done with other smokers (74-76).
Rather than rewards enhanced by nicotine being those “sen-
sory” in nature, a behavioral economic examination may help
clarify characteristics of rewards that are or are not likely to be
enhanced by nicotine intake. A common behavioral economic
approach is to relate how other reinforcers may acutely increase
or decrease subsequent drug consumption, in this case tobacco
smoking behavior. For example, reinforcers (i.e., rewards) in
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which increasing their availability is associated with an increase
in smoking are labeled “complements” By comparison, those rein-
forcers associated with a decrease in smoking are “substitutes,” and
those unrelated to smoking are “independent” (77, 78). However,
the reverse relationship may also be very relevant, as nicotine
intake from smoking can increase consumption of some non-drug
rewards (e.g., the musicand video rewards from our studies above),
and so smoking could complement those rewards. Rewards not
affected by nicotine (e.g., money) may be independent, and any in
which consumption is decreased by nicotine may be substitutes.
It is conceivable, therefore, that rewarding activities and smoking
behavior may have mutually reinforcing relationships, as certain
activities make smoking more reinforcing and intake of nicotine
from smoking makes certain activities more enjoyable. Thus,
these activities and smoking may be complementary influences
on each other. Perhaps similarly, recent clinical research indicates
smoking cessation may be more successful in those who decrease
participation in complementary rewarding activities (79), which
presumably would lessen ex-smokers exposure to loss of
reinforcement-enhancing effects due to abstinence from nicotine.

Potential for Individual Differences in Nicotine’s
Reinforcement-Enhancing Effects

Also relevant is the possibility of individual differences in the mag-
nitude of reinforcement-enhancing effects of nicotine (80), includ-
ing as a function of the smoker’s typical frequency and pattern of
smoking (81). Development of these effects during initiation of
smoking behavior in adolescents could inform factors influencing
escalation to greater tobacco use and dependence (82). Individual
difference characteristics of smokers themselves also could affect
the degree or impact of nicotine’s reinforcement-enhancing effects,
possibly contributing to differences in the prevalence and persis-
tence of smoking status in those with the characteristics. For exam-
ple, the majority of adults in the U.S. with any mental illness have a
lifetime history of smoking, and they have much lower quit success
and are two to four times more likely to be a heavy smoker than
those without mental illness (83). Conceivably, then, compared to
adults without mental illness, those with mental illness could tend
to experience even greater magnitude of reinforcement-enhancing
effects from consuming nicotine (e.g., greater subjective pleasure
from the non-drug rewarding stimuli). Alternatively, perhaps,
these enhancing effects the mentally ill experience from smoking
may have more of a mood-regulating benefit for them relative to
other smokers, even if the absolute magnitude of enhanced sen-
sory reinforcement via nicotine exposure is comparable between
these subgroups. Also warranting further study is examination of
how these reinforcement-enhancing effects of nicotine may be
moderated by the specific testing conditions employed (46), as
concurrent environmental situations and experiences by partici-
pants (e.g., subjective distress) could further increase, or attenuate,
such enhancement by nicotine of responding that is reinforced by
non-drug rewards (84, 85).

Enhancing Reward by Attenuating Habituation

to Its Reinforcing Efficacy

The acute effectiveness of a non-satiating (i.e., not biologi-
cally necessary) reward in maintaining responding decreases
incrementally with each presentation of the reward, a process

termed “habituation.” So, nicotine may also enhance duration of
reinforced responding by maintaining the effectiveness of the
same reward across repeated presentations during one period
of access, countering the systematic decline in responding typi-
cally attributed to habituation of a reinforcer’s effectiveness (86).
Preclinical research shows that nicotine (and methamphetamine)
slows habituation of the reinforcing effectiveness of a visual
reward (87). Such an effect may be more pronounced for rewards
that are intermediate in reinforcing efficacy between those
extremely desired versus minimally desired, which may produce
very slow versus very fast habituation, respectively (88). In short,
nicotine’s ability to delay habituation of a reinforcer’s effectiveness
in preclinical studies may partly help explain how it enhances
overall responding for that reward, and this possibility warrants
clinical research attention in humans.

Other Drugs May Enhance Reinforcement in Humans
Finally, other research with human participants also could explore
the degree to which preclinical findings on the reinforcement-
enhancing effects of other drugs show cross-species generaliza-
tion, within practical and ethical limitations. For example, several
“stimulant” drugs have also been shown to increase reinforced
responding for non-drug rewards in animal models, such as caf-
feine (89), methamphetamine (90), cocaine (91), phencyclidine
(92), and other stimulants (93). These findings may support
the notion that specific dopaminergic receptor activity is key
to eliciting reinforcement-enhancing effects (21). Additional
research in humans may be able to confirm generalizability of
neuropharmacological underpinnings of these drug actions, as
identified by preclinical research (21, 94). Our procedures in
the human studies described above may also be applicable to
conducting research on what may be reinforcement-enhancing
effects of other drugs in humans (95).

CONCLUSION

Despite only sparse clinical research with humans, these findings
appear largely consistent with preclinical studies on the reinforce-
ment-enhancing effects of nicotine. Rewards that are enhanced
by nicotine may be characterized as positively reinforcing stimuli
that are sensory in nature (96), and specificity is strongly indicated
in that nicotine intake never enhanced reinforced responding for
the non-sensory reward of money in any study. We also found
no effect of nicotine on enhancing responding for a no reward
control condition, or in one study for a negatively reinforcing
stimulus (terminating aversive noise). However, viewing these
enhanced rewards as “complements” of smoking behavior, in
behavioral economic terms, may characterize them in a way
that more broadly informs future research into other potential
rewards that could be enhanced by nicotine. Importantly, and
consistent with the preclinical research, we found no evidence
that withdrawal relief or presence of nicotine dependence are
necessary to explain nicotine’s reinforcement-enhancing effects.

Further clinical research on the implications of these effects
for smoking persistence and cessation is justified by this initial
work in humans, combined with the more extensive preclinical
research findings. Confirming that a decrease in the reinforc-
ing value of non-drug sensory rewards occurs after making a
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permanent attempt to stop smoking would be important, given
frequent exposure of smokers to these types of rewards over
the course of typical daily living. A rapid decline in enjoyment
of these common rewards, as we observed (61), may contribute
to lapsing soon after a quit attempt, as modest nicotine intake
can be sufficient to restore the reinforcement-enhancing effects.
Yet, whether or not a decrease in these effects may interfere with
subsequent success in maintaining abstinence remains to be
determined. Further demonstration that non-smoked nicotine
can also restore these effects may help explain an additional
beneficial action of NRT medication for cessation of tobacco.
Because bupropion appears to show similar effects, and pre-
clinical findings with varenicline are suggestive, research on the
reinforcement-enhancing effects of all cessation medications is
likely warranted. Such additional clinical research may provide

REFERENCES

1. US Dept of Health and Human Services. The Health Consequences of Smoking:
Nicotine Addiction (A Report of the Surgeon General). Atlanta, GA: USDHHS
(1988). Available from: https://profiles.nlm.nih.gov/ps/accesss/NNBBZD.pdf

2. Corrigall WA, Coen KM. Nicotine maintains robust self-administration in
rats on a limited-access schedule. Psychopharmacology (Berl) (1989) 99:473-8.
doi:10.1007/BF00589894

3. Donny EC, Caggiula AR, Mielke MM, Booth S, Gharib MA, Hoffman A,
et al. Nicotine self-administration in rats on a progressive ratio schedule of
reinforcement. Psychopharmacology (Berl) (1999) 147:135-42. doi:10.1007/
5002130051153

4. LeFoll B, Wertheim C, Goldberg SR. High reinforcing efficacy of nicotine
in non-human primates. PLoS One (2007) 2:e230. doi:10.1371/journal.
pone.0000230

5. Duke AN, Johson MW, Reissig CJ, Griffiths RR. Nicotine reinforcement in
never-smokers. Psychopharmacology (Berl) (2015) 232:4243-52. doi:10.1007/
s00213-015-4053-4

6. Harvey DM, Yasar S, Heishman SJ, Panlilio LV, Henningfield JE, Goldberg SR.
Nicotine serves as an effective reinforcer of intravenous drug-taking behavior
in human cigarette smokers. Psychopharmacology (Berl) (2004) 175:134-42.
doi:10.1007/500213-004-1818-6

7. Caggiula AR, Donny EC, White AR, Chaudhri N, Booth S, Gharib MA,
et al. Environmental stimuli promote the acquisition of nicotine self-admin-
istration in rats. Psychopharmacology (Berl) (2002) 163:230-7. doi:10.1007/
$00213-002-1156-5

8. Rose]E, Salley A, Behm FM, Bates JE, Westman EC. Reinforcing effects of nic-
otine and non-nicotine components of cigarette smoke. Psychopharmacology
(Berl) (2010) 210:1-12. doi:10.1007/s00213-010-1810-2

9. Fowler CD, Kenny PJ. Intravenous nicotine self-administration and cue-
induced reinstatement in mice: effects of nicotine dose, rate of drug infusion,
and prior instrumental training. Neuropharmacology (2011) 61:687-98.
doi:10.1016/j.neuropharm.2011.05.012

10. LeFoll B, Goldberg SR. Nicotine as a typical drug of abuse in experimental
animals and humans. Psychopharmacology (Berl) (2006) 184:367-81.
doi:10.1007/500213-005-0155-8

11. Stolerman IP. Inter-species consistency in the behavioural pharmacology
of nicotine dependence. Behav Pharmacol (1999) 10:559-80. doi:10.1097/
00008877-199911000-00002

12. Chaudhri N, Caggiula AR, Donny EC, Palmatier ML, Liu X, Sved AF. Complex
interactions between nicotine and nonpharmacological stimuli reveal mul-
tiple roles for nicotine in reinforcement. Psychopharmacology (Berl) (2006)
184:353-66. d0i:10.1007/500213-005-0178-1

13. Donny EC, Chaudhri N, Caggiula AR, Evans-Martin FE, Booth §,
Gharib MA, etal. Operant responding for a visual reinforcer in rats is enhanced
by noncontingent nicotine: implications for nicotine self-administration and
reinforcement. Psychopharmacology (Berl) (2003) 169:68-76. doi:10.1007/
$00213-003-1473-3

a more comprehensive understanding of nicotine’s actions on
human behavior and suggest how to address loss of these actions
during attempts to quit smoking.

AUTHOR CONTRIBUTIONS

All listed authors made substantial, direct, and intellectual contri-
butions to this work, and agree to be accountable for all aspects of
the research. All have reviewed and approved submission of this
article for publication.

FUNDING

Preparation of this publication was supported by Grant DA035774
(KP) from the U.S. National Institutes of Health.

14. Olausson P, Jentsch JD, Taylor JR. Nicotine enhances responding with
conditioned reinforcement. Psychopharmacology (Berl) (2004) 171:173-8.
doi:10.1007/s00213-003-1575-y

15. Palmatier MI, Evans-Martin FF, Hoffman A, Caggiula AR, Chaudhri N,
Donny EC, et al. Dissociating the primary reinforcing and reinforcement-
enhancing effects of nicotine using a rat self-administration paradigm with
concurrently available drug and environmental reinforcers. Psychopharma-
cology (Berl) (2006) 184:391-400. doi:10.1007/s00213-005-0183-4

16. Raiff BR, Dallery J. The generality of nicotine as a reinforcer enhancer in rats:
effects on responding maintained by primary and conditioned reinforcers
and resistance to extinction. Psychopharmacology (Berl) (2008) 201:305-14.
doi:10.1007/500213-008-1282-9

17. Honig WK, Staddon JER. Handbook of Operant Behavior. Englewood Cliffs,
NJ: Prentice-Hall (1977).

18. Caggiula AR, Donny EC, Palmatier M, Liu X, Chaudhri N, Sved A. The
role of nicotine in smoking: a dual-reinforcement model. In: Bevins RA,
Caggiula AR, editors. The Motivational Impact of Nicotine and its Role in
Tobacco Use, Nebraska Symposium on Motivation. (Vol. 55), New York, NY:
Springer-Verlag (2009). p. 91-109.

19. Rupprecht LE, Smith T'T, Schassburger RL, Buffalari DM, Sved AE, Donny EC.
Behavioral mechanisms underlying nicotine reinforcement. In: Balfour DJK,
Munafo MR, editors. The Neuropharmacology of Nicotine Dependence, Current
Topics in Behavioral Neurosciences. Basel, Switzerland: Springer International
Publishing (2015). p. 19-53.

20. Farquhar MJ, Latimer MP, Winn P. Nicotine self-administered directly in the
VTA by rats is weakly reinforcing but has strong reinforcement enhancing
properties. Psychopharmacology (Berl) (2012) 220:43-54. doi:10.1007/
s00213-011-2452-8

21. Paterson NE. The neuropharmacological substrates of nicotine reward: rein-
forcing versus reinforcement-enhancing effects of nicotine. Behav Pharmacol
(2009) 20:211-25. doi:10.1097/FBP.0b013e32832c7083

22. Attwood AS, Penton-Voak IS, Munafo MR. Effects of acute nicotine admin-
istration on ratings of attractiveness of facial cues. Nicotine Tob Res (2009)
11:44-8. doi:10.1093/ntr/ntn006

23. Spring B, Cook JW, Appelhans B, Maloney A, Richmond M, Vaughn J,
et al. Nicotine effects on affective response in depression-prone smokers.
Psychopharmacology (Berl)(2008)196:461-71.d0i:10.1007/s00213-007-0977-7

24. Barr RS, Pizzagalli DA, Culhane MA, Goff DC, Evins AE. A single dose of
nicotine enhances reward responsiveness in nonsmokers: implications for
development of dependence. Biol Psychiatr (2008) 63:1061-5. doi:10.1016/j.
biopsych.2007.09.015

25. Dawkins L, Powell JH, West R, Powell ], Pickering A. A double-blind placebo
controlled experimental study of nicotine: I—effects on incentive motiva-
tion. Psychopharmacology (Berl) (2006) 189:355-67. doi:10.1007/s00213-
006-0588

26. McGrath DS, Barrett SP, Stewart SH, Schmid EA. The effects of acute doses of
nicotine on video lottery terminal gambling in daily smokers.
Psychopharmacology(Berl)(2012)220:155-61.d0i:10.1007/s00213-011-2465-3

Frontiers in Psychiatry | www.frontiersin.org

May 2017 | Volume 8 | Article 65


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive
https://profiles.nlm.nih.gov/ps/access/NNBBZD.pdf
https://doi.org/10.1007/BF00589894
https://doi.org/10.1007/s002130051153
https://doi.org/10.1007/s002130051153
https://doi.org/10.1371/journal.pone.0000230
https://doi.org/10.1371/journal.pone.0000230
https://doi.org/10.1007/s00213-015-4053-4
https://doi.org/10.1007/s00213-015-4053-4
https://doi.org/10.1007/s00213-004-1818-6
https://doi.org/10.1007/s00213-002-1156-5
https://doi.org/10.1007/s00213-002-1156-5
https://doi.org/10.1007/s00213-010-1810-2
https://doi.org/10.1016/j.neuropharm.2011.05.012
https://doi.org/10.1007/s00213-005-0155-8
https://doi.org/10.1097/00008877-199911000-00002
https://doi.org/10.1097/00008877-199911000-00002
https://doi.org/10.1007/s00213-005-0178-1
https://doi.org/10.1007/s00213-003-1473-3
https://doi.org/10.1007/s00213-003-1473-3
https://doi.org/10.1007/s00213-003-1575-y
https://doi.org/10.1007/s00213-005-0183-4
https://doi.org/10.1007/s00213-008-1282-9
https://doi.org/10.1007/s00213-011-2452-8
https://doi.org/10.1007/s00213-011-2452-8
https://doi.org/10.1097/FBP.0b013e32832c7083
https://doi.org/10.1093/ntr/ntn006
https://doi.org/10.1007/s00213-007-0977-7
https://doi.org/10.1016/j.biopsych.2007.09.015
https://doi.org/10.1016/j.biopsych.2007.09.015
https://doi.org/10.1007/s00213-
006-0588
https://doi.org/10.1007/s00213-
006-0588
https://doi.org/10.1007/s00213-011-2465-3

Perkins et al.

Nicotine-Enhanced Reinforcement from Non-Drug Rewards in Humans

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Pergadia ML, Der-Avakian A, D’Souza MS, Madden PAF, Heath AC,
Shiffman S, et al. Association between nicotine withdrawal and reward
responsiveness in humans and rats. JAMA Psychiatry (2014) 71:1238-45.
doi:10.1001/jamapsychiatry.2014.1016

Dawkins L, Acaster S, Powell JH. The effects of smoking and abstinence
on experience of happiness and sadness in response to positively valenced,
negatively valenced, and neutral film clips. Addict Behav (2007) 32:425-31.
doi:10.1016/j.addbeh.2006.05.010

Snuggs S, Hajek P. Responsiveness to reward following cessation of smoking.
Psychopharmacology (Berl)(2013)225:869-73.d0i:10.1007/s00213-012-2874-y
Hughes JR. Effects of abstinence from tobacco: etiology, animal models,
epidemiology, and significance: a subjective review. Nicotine Tob Res (2007)
9:329-39. doi:10.1080/14622200701188927

Leventhal AM, Munafo M, Tidey JW, Sussman S, Monterosso JR, Sun P,
et al. Anhedonia predicts altered processing of happy faces in abstinent cig-
arette smokers. Psychopharmacology (Berl) (2012) 222:343-51. doi:10.1007/
s00213-012-2649-5

Piper ME, Kenford S, Fiore MC, Baker TB. Smoking cessation and quality
of life: changes in life satisfaction over 3 years following a quit attempt. Ann
Behav Med (2012) 43:262-70. doi:10.1007/s12160-011-9329-2

Perkins KA, Grottenthaler A, Wilson AS. Lack of reinforcement-enhancing
effects of nicotine in non-dependent smokers. Psychopharmacology (Berl)
(2009) 205:635-45. doi:10.1007/500213-009-1574-8

Roane HS. On the applied use of progressive-ratio schedules of reinforcement.
J Appl Behav Anal (2008) 41:155-61. doi:10.1901/jaba.2008.41-155

Arnold JM, Roberts DCS. A critique of fixed and progressive ratio schedules
used to examine the neural substrates of drug reinforcement. Pharmacol
Biochem Behav (1997) 57:441-7. doi:10.1016/S0091-3057(96)00445-5
Stafford D, LeSage MG, Glowa JR. Progressive-ratio schedules of drug delivery
in the analysis of drug self-administration: a review. Psychopharmacology
(Berl) (1998) 139:169-84. doi:10.1007/5002130050702

Westfall ], Kenny DA, Judd CM. Statistical power and optimal design in
experiments in which samples of participants respond to samples of stimuli.
J Exp Psychol Gen (2014) 143:2020-45. doi:10.1037/xge0000014

Norman WD, Jongerius JL. Apple Picker: computer software for studying
human responding on concurrent and multiple schedules. Behav Res Methods
Instrum Comput (1985) 17:222-5. doi:10.3758/BF03214387

Perkins KA, Epstein LH, Grobe J, Fonte C. Tobacco abstinence, smoking
cues, and the reinforcing value of smoking. Pharmacol Biochem Behav (1994)
47:107-12. doi:10.1016/0091-3057(94)90118-X

Epstein LH, Bulik CM, Perkins KA, Caggiula AC, Rodefer ]. Behavioral
economic analysis of smoking: money and food as alternatives. Pharmacol
Biochem Behav (1991) 38:715-21. d0i:10.1016/0091-3057(91)90232-Q
Perkins KA, Fonte C, Grobe JE. Sex differences in the acute effects of ciga-
rette smoking on the reinforcing value of alcohol. Behav Pharmacol (2000)
11:63-70. doi:10.1097/00008877-200002000-00007

Barrett ST, Bevins RA. Nicotine enhances operant responding for qualitatively
distinct reinforcers under maintenance and extinction conditions. Pharmacol
Biochem Behav (2013) 11(4-115):9-15. doi:10.1016/j.pbb.2013.10.012
LeBlanc A, Sims WL, Silvola C, Obert M. Music style preferences of different
age listeners. ] Res Music Educ (1996) 44:49-59. doi:10.2307/3345413

Perkins KA, Karelitz JL. Reinforcement enhancing effects of nicotine via
smoking. Psychopharmacology (Berl) (2013) 223:479-86. d0i:10.1007/s00213-
013-3054-4

Palmatier MI, Matteson GL, Black JJ, Liu X, Caggiula AR, Craven L, et al. The
reinforcement enhancing effects of nicotine depend on the incentive value of
non-drug reinforcers and increase with repeated drug injections. Drug Alcohol
Depend (2007) 89:52-9. doi:10.1016/j.drugalcdep.2006.11.020

Palmatier MI, O’Brien LC, Hall MJ. The role of conditioning history and
reinforcer strength in the reinforcement enhancing effects of nicotine in rats.
Psychopharmacology (Berl)(2012)219:1119-31.d0i:10.1007/s00213-011-2439-5
Perkins KA, Karelitz JL. Influence of reinforcer magnitude and nicotine
amount on smoking’s acute reinforcement enhancing effects. Drug Alcohol
Depend (2013) 133:167-71. doi:10.1016/j.drugalcdep.2013.05.016

Perkins KA, Karelitz JL. Sensory reinforcement enhancing effects of nicotine via
smoking. Exp Clin Psychopharmacol (2014) 22:511-6. doi:10.1037/a0037823
Perkins KA, Karelitz JL, Michael VC. Reinforcement enhancing effects of acute
nicotine via electronic cigarettes. Drug Alcohol Depend (2015) 153:104-8.
doi:10.1016/j.drugalcdep.2015.05.041

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Vansickel AR, Eissenberg T. Electronic cigarettes: effective nicotine delivery
after acute administration. Nicotine Tob Res (2013) 15:267-70. do0i:10.1093/
ntr/ntr316

McMillen RC, Gottlieb MA, Schaefer RMW, Winickoff JP, Klein JD. Trends in
electronic cigarette use among U.S. adults: use is increasing in both smokers
and nonsmokers. Nicotine Tob Res (2015) 17:1195-202. doi:10.1093/ntr/ntu213
Fowler H. Implications of sensory reinforcement. In: Glaser R, editor. The
Nature of Reinforcement. New York, NY: Academic Press (1971). p. 151-95.
Van Gucht D, Van den Bergh O, Beckers T, Vansteenwagen D. Smoking behav-
ior in context: where and when do people smoke? ] Behav Ther Exp Psychiatry
(2010) 41:172-7. doi:10.1016/j.jbtep.2009.12.004

Weaver MT, Sweitzer M, Coddington S, Sheppard ], Verdecchia N,
Caggiula AR, et al. Precipitated withdrawal from nicotine reduces reinforc-
ing effects of a visual stimulus for rats. Nicotine Tob Res (2012) 14:824-32.
doi:10.1093/ntr/ntr293

Perkins KA, Karelitz JL. Potential sex differences in the pattern of sensory rein-
forcers enhanced by nicotine. Exp Clin Psychopharmacol (2016) 24:156-61.
doi:10.1037/pha0000073

Deiches JF, Baker TB, Lanza S, Piper ME. Early lapses in a cessation attempt:
lapse contexts, cessation success, and predictors of early lapse. Nicotine Tob Res
(2013) 15:1883-91. doi:10.1093/ntr/ntt074

Shadel WG, Martino SC, Setodji C, Cervone D, Witkiewitz K, Beckjord EG,
et al. Lapse-induced surges in craving influence relapse in adult smokers: an
experimental investigation. Health Psychol (2011) 30:588-96. doi:10.1037/
20023445

Brose LS, Hitchman SC, Brown ], West R, McNeill A. Is the use of electronic
cigarettes while smoking associated with smoking cessation attempts, cessa-
tion and reduced cigarette consumption? A survey with a 1-year follow-up.
Addiction (2015) 110:1160-8. doi:10.1111/add.12917

Ferguson SG, Gitchell JG, Shiffman S. Continuing to wear nicotine patches
after smoking lapses promotes recovery of abstinence. Addiction (2012)
107:1349-53. d0i:10.1111/j.1360-0443.2012.03801.x

Palmatier MI, Levin ME, Mays KL, Donny EC, Caggiula AR, Sved AF.
Bupropion and nicotine enhance responding for nondrug reinforcers via
dissociable pharmacological mechanisms. Psychopharmacology (Berl) (2009)
207:381-90. doi:10.1007/s00213-009-1666-5

Perkins KA, Karelitz JL, Jao NC, Stratton E. Possible reinforcement enhancing
effects of bupropion during initial smoking abstinence. Nicotine Tob Res
(2013) 15:1141-5. doi:10.1093/ntr/nts224

Levin ME, Weaver MT, Palmatier MI, Caggiula AR, Sved AF, Donny EC.
Varenicline dose dependently enhances responding for nonpharmacological
reinforcers and attenuates the reinforcement-enhancing effects of nicotine.
Nicotine Tob Res (2012) 14:299-305. d0i:10.1093/ntr/ntr213

Guy EG, Fisher DC, Higgins GA, Fletcher PJ. Examination of the effects of
varenicline, bupropion, lorcaserin, or naltrexone on responding for con-
ditioned reinforcement in nicotine-exposed rats. Behav Pharmacol (2014)
25:775-83. doi:10.1097/FBP.0000000000000092

Schassburger RL, Levin ME, Weaver MT, Palmatier MI, Caggiula AR,
Donny EC, et al. Differentiating the primary reinforcing and reinforce-
ment-enhancing effects of varenicline. Psychopharmacology (Berl) (2015)
232:975-83. doi:10.1007/s00213-014-3732-x

Donny EC, Caggiula AR, Weaver MT, Levin ME, Sved AF. The reinforce-
ment-enhancing effects of nicotine: implications for the relationship between
smoking, eating and weight. Physiol Behav (2011) 104:143-8. doi:10.1016/j.
physbeh.2011.04.043

Palmatier M1, Lantz JE, O’Brien LC, Metz SP. Effects of nicotine on olfacto-
gustatory incentives: preference, palatability, and operant choice tests. Nicotine
Tob Res (2013) 15:1545-54. doi:10.1093/ntr/ntt016

Thiel KJ, Sanabria F, Neiswander JL. Synergistic interaction between nicotine
and social rewards in adolescent male rats. Psychopharmacology (Berl) (2009)
204:391-402. doi:10.1007/s00213-009-1470-2

Fahmie TA, Iwata BA, Jann KE. Comparison of edible and leisure reinforcers.
J Appl Behav Anal (2015) 48:331-43. doi:10.1002/jaba.200

Carpenter CM, Wayne CE, Connolly GN. The role of sensory perception in the
development and targeting of tobacco products. Addiction (2007) 102:136-47.
doi:10.1111/j.1360-0443.2006.01649.x

Perkins KA, Gerlach D, Vender], Grobe]E, Meeker ], Hutchison S. Sexdifferences
in the subjective and reinforcing effects of visual and olfactory cigarette smoke
stimuli. Nicotine Tob Res (2001) 3:141-50. d0i:10.1080/14622200110043059

Frontiers in Psychiatry | www.frontiersin.org

May 2017 | Volume 8 | Article 65


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1001/jamapsychiatry.2014.1016
https://doi.org/10.1016/j.addbeh.2006.05.010
https://doi.org/10.1007/s00213-012-2874-y
https://doi.org/10.1080/14622200701188927
https://doi.org/10.1007/s00213-012-2649-5
https://doi.org/10.1007/s00213-012-2649-5
https://doi.org/10.1007/s12160-011-9329-2
https://doi.org/10.1007/s00213-009-1574-8
https://doi.org/10.1901/jaba.2008.41-155
https://doi.org/10.1016/S0091-3057(96)00445-5
https://doi.org/10.1007/s002130050702
https://doi.org/10.1037/xge0000014
https://doi.org/10.3758/BF03214387
https://doi.org/10.1016/0091-3057(94)90118-X
https://doi.org/10.1016/0091-3057(91)90232-Q
https://doi.org/10.1097/00008877-200002000-00007
https://doi.org/10.1016/j.pbb.2013.10.012
https://doi.org/10.2307/3345413
https://doi.org/10.1007/s00213-013-3054-4
https://doi.org/10.1007/s00213-013-3054-4
https://doi.org/10.1016/j.drugalcdep.2006.11.020
https://doi.org/10.1007/s00213-011-2439-5
https://doi.org/10.1016/j.drugalcdep.2013.05.016
https://doi.org/10.1037/a0037823
https://doi.org/10.1016/j.drugalcdep.2015.05.041
https://doi.org/10.1093/ntr/ntr316
https://doi.org/10.1093/ntr/ntr316
https://doi.org/10.1093/ntr/ntu213
https://doi.org/10.1016/j.jbtep.2009.12.004
https://doi.org/10.1093/ntr/ntr293
https://doi.org/10.1037/pha0000073
https://doi.org/10.1093/ntr/ntt074
https://doi.org/10.1037/a0023445
https://doi.org/10.1037/a0023445
https://doi.org/10.1111/add.12917
https://doi.org/10.1111/j.1360-0443.2012.03801.x
https://doi.org/10.1007/s00213-009-1666-5
https://doi.org/10.1093/ntr/nts224
https://doi.org/10.1093/ntr/ntr213
https://doi.org/10.1097/FBP.0000000000000092
https://doi.org/10.1007/s00213-014-3732-x
https://doi.org/10.1016/j.physbeh.2011.04.043
https://doi.org/10.1016/j.physbeh.2011.04.043
https://doi.org/10.1093/ntr/ntt016
https://doi.org/10.1007/s00213-009-1470-2
https://doi.org/10.1002/jaba.200
https://doi.org/10.1111/j.1360-0443.2006.01649.x
https://doi.org/10.1080/14622200110043059

Perkins et al.

Nicotine-Enhanced Reinforcement from Non-Drug Rewards in Humans

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Rees VW, Kreslake JM, Wayne GE O’Connor R], Cummings KM,
Connolly GN. Role of cigarette sensory cues in modifying puffing topo-
graph. Drug Alcohol Depend (2012) 124:1-10. doi:10.1016/j.drugalcdep.
2012.01.012

Etter J-E Throat hit in users of the electronic cigarette: an exploratory study.
Psychol Addict Behav (2016) 30:93-100. doi:10.1037/adb0000137

King AC, Smith LJ, Fridberg DJ, Matthews AK, McNamara PJ, Cao D.
Exposure to electronic nicotine delivery systems (ENDS) visual imagery
increases smoking urge and desire. Psychol Addict Behav (2016) 30:106-12.
doi:10.1037/adb0000123

Christakis NA, Fowler JH. The collective dynamics of smoking in a large social
network. N Engl ] Med (2008) 358:2249-58. doi:10.1056/NEJMsa070615
Conklin CA, Salkeld RP, Perkins KA, Robin N. Do people serve as cues to
smoke? Nicotine Tob Res (2013) 15:2081-7. doi:10.1093/ntr/ntt104
Hitchman SC, Fong GT, Zanna MP, Thrasher JE, Chung-Hall J, Siahpush M.
Socioeconomic status and smokers’ number of smoking friends: findings from
the International Tobacco Control (ITC) Four Country Survey. Drug Alcohol
Depend (2014) 243:158-66. doi:10.1016/j.drugalcdep.2014.07.019

Hursh SR. Behavioral economics. ] Exp Anal Behav (1984) 42:435-52.
doi:10.1901/jeab.1984.42-435

Perkins KA, Hickox ME, Grobe JE. Behavioral economics of tobacco smoking.
In: Bickel W, Vuchinich R, editors. Reframing Health Behavior Change with
Behavioral Economics. Mahwah, NJ: Erlbaum (2000). p. 265-92.

Goelz PM, Audrain-McGovern JE, Hitsman B, Leone FT, Veluz-Wilkins A,
Jepson C, et al. The association between changes in alternative reinforcers
and short-term smoking cessation. Drug Alcohol Depend (2014) 138:67-74.
doi:10.1016/j.drugalcdep.2014.02.007

Van Voorhees EE, Mitchell JT, McClernon FJ, Beckham JC, Kollins SH. Sex,
ADHD, and smoking outcomes: an integrative model. Med Hypoth (2012)
78:585-93. doi:10.1016/j.mehy.2012.01.034

Shiffman S, Paty J. Smoking patterns and dependence: contrasting chippers
and heavy smokers. ] Abnormal Psychol (2006) 115:509-23. doi:10.1037/
0021-843X.115.3.509

Brown AE, Carpenter MJ, Sutfin EL. Occasional smoking in college: who,
what, when and why? Addict Behav (2011) 36:1195-204. doi:10.1016/j.
addbeh.2011.07.024

Smith PH, Mazure CM, McKee SA. Smoking and mental illness in the U.S.
population. Tob Control (2014) 23:e147-53. doi:10.1136/tobaccocontrol-
2013-051466

Perkins KA, Giedgowd GE, Karelitz JL, Conklin CA, Lerman C. Smoking
in response to negative mood in men versus women as a function of
distress tolerance. Nicotine Tob Res (2012) 14:1418-25. doi:10.1093/ntr/
nts075

Wong M, Krajisnik A, Truong L, Lisha NE, Trujillo M, Greenberg JB, et al.
Anxiety sensitivity as a predictor of acute subjective effects of smoking.
Nicotine Tob Res (2013) 15:1084-90. doi:10.1093/ntr/nts208

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

McSweeney FK, Murphy ES. Sensitization and habituation regulate rein-
forcer effectiveness. Neurobiol Learn Mem (2009) 92:189-98. doi:10.1016/j.
nlm.2008.07.002

Lloyd DR, Hausknecht KA, Richards JB. Nicotine and methamphetamine
disrupt habituation of sensory reinforcer effectiveness in male rats. Exp Clin
Psychopharmacol (2014) 22:166-75. doi:10.1037/a0034741

Lloyd DR, Medina DJ, Hawk LW, Fosco WD, Richards JB. Habituation of
reinforcer effectiveness. Front Integr Neurosci (2014) 7:article107. doi:10.3389/
fnint.2013.00107

Sheppard AB, Gross SC, Pavelka SA, Hall MJ, Palmatier MI. Caffeine increases
the motivation to obtain non-drug reinforcers in rats. Drug Alcohol Depend
(2012) 124:216-22. doi:10.1016/j.drugalcdep.2012.01.008

Lloyd DR, Kausch MA, Gancarz AM, Beyley L], Richards JB. Effects of novelty
and methamphetamine on conditioned and sensory reinforcement. Behav
Brain Res (2012) 234:312-22. doi:10.1016/j.bbr.2012.07.012

Phillips AG, Fibiger HC. Role of reward and enhancement of conditioned
reward in persistence of responding for cocaine. Behav Pharmacol (1990)
1:269-82. d0i:10.1097/00008877-199000140-00002

Swalve N, Barrett ST, Bevins RA, Li M. Examining the reinforcement-enhancing
effects of phencyclidine and its interactions with nicotine on level-pressing for a
visual stimulus. Behav Brain Res (2015) 291:253-9. doi:10.1016/j.bbr.2015.05.043
Taylor JR, Jentsch JD. Repeated intermittent administration of psychomotor
stimulant drugs alters the acquisition of Pavlovian approach behavior in rats:
differential effects of cocaine, p-amphetamine and 3,4-methylenedioxymeth-
amphetamine (“Ecstasy”). Biol Psychiatry (2001) 20:137-43. doi:10.1016/
S0006-3223(01)01106-4

Jones J, Raiff BR, Dallery J. Nicotine’s enhancing effects on responding
maintained by conditioned reinforcers are reduced by pretreatment with
mecamylamine, but not hexamethonium, in rats. Exp Clin Psychopharmacol
(2010) 18:350-8. doi:10.1037/a0020601

Kaelen M, Barrett FS, Roseman L, Lorenz R, Family N, Bolstridge M, et al. LSD
enhances the emotional response to music. Psychopharmacology (Berl) (2015)
232:3607-14. doi:10.1007/500213-015-4014-y

Wise RA. Brain reward circuitry: insights from unsensed incentives. Neuron
(2002) 36:228-40. doi:10.1016/S0896-6273(02)00965-0

Conflict of Interest Statement: The authors declare that this research was
conducted in the absence of commercial or financial relationships that could be
construed as potential conflicts of interest.

Copyright © 2017 Perkins, Karelitz and Boldry. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org

11

May 2017 | Volume 8 | Article 65


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1016/j.drugalcdep.
2012.01.012
https://doi.org/10.1016/j.drugalcdep.
2012.01.012
https://doi.org/10.1037/adb0000137
https://doi.org/10.1037/adb0000123
https://doi.org/10.1056/NEJMsa070615
https://doi.org/10.1093/ntr/ntt104
https://doi.org/10.1016/j.drugalcdep.2014.07.019
https://doi.org/10.1901/jeab.1984.42-435
https://doi.org/10.1016/j.drugalcdep.2014.02.007
https://doi.org/10.1016/j.mehy.2012.01.034
https://doi.org/10.1037/0021-843X.115.3.509
https://doi.org/10.1037/0021-843X.115.3.509
https://doi.org/10.1016/j.addbeh.2011.07.024
https://doi.org/10.1016/j.addbeh.2011.07.024
https://doi.org/10.1136/tobaccocontrol-
2013-051466
https://doi.org/10.1136/tobaccocontrol-
2013-051466
https://doi.org/10.1093/ntr/
nts075
https://doi.org/10.1093/ntr/
nts075
https://doi.org/10.1093/ntr/nts208
https://doi.org/10.1016/j.nlm.2008.07.002
https://doi.org/10.1016/j.nlm.2008.07.002
https://doi.org/10.1037/a0034741
https://doi.org/10.3389/fnint.2013.00107
https://doi.org/10.3389/fnint.2013.00107
https://doi.org/10.1016/j.drugalcdep.2012.01.008
https://doi.org/10.1016/j.bbr.2012.07.012
https://doi.org/10.1097/00008877-199000140-00002
https://doi.org/10.1016/j.bbr.2015.05.043
https://doi.org/10.1016/S0006-3223(01)01106-4
https://doi.org/10.1016/S0006-3223(01)01106-4
https://doi.org/10.1037/a0020601
https://doi.org/10.1007/s00213-015-4014-y
https://doi.org/10.1016/S0896-6273(02)00965-0
http://creativecommons.org/licenses/by/4.0/

	Nicotine Acutely Enhances Reinforcement from Non-Drug Rewards in Humans
	Introduction
	Prior Human Studies of Nicotine Effects on Non-Drug Reward-Related Responses

	Procedure to Assess Reinforcement-Enhancing Effects in Humans
	Procedure Rationale and Basic Study Design
	Reinforced Behavior Task
	Reward Delivery

	Assessment of Nicotine’s Reinforcement-Enhancing Effects in Humans
	Enhanced Reinforcement in Dependent and Non-Dependent Smokers
	Magnitudes of Nicotine Exposure and of Reinforcer Efficacy Needed for Effects
	Generalizability of Nicotine’s Enhancing Effects to Other Sensory Rewards
	Non-Smoked (e-Cigarette) Nicotine Effects on Enhancing Reinforcement
	Summary of Human Studies

	Potential Clinical Implications
	Smoking Cessation Effects
	Medications May Limit Loss of Reinforcement-Enhancing Effects after Quitting
	Other Clinical Research Directions
	Identifying Other Rewards Enhanced by Nicotine
	Potential for Individual Differences in Nicotine’s Reinforcement-Enhancing Effects
	Enhancing Reward by Attenuating Habituation 
to Its Reinforcing Efficacy
	Other Drugs May Enhance Reinforcement in Humans


	Conclusion
	Author Contributions
	Funding
	References


