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Abstract

Nadia Chaudhri worked with us as a graduate student in the Center for Neuroscience at the University of Pittsburgh from
1999 until she earned her PhD in 2005, a time that coincided with the discovery in our lab of the dual reinforcing actions
of nicotine, a concept that she played an important role in shaping. The research that was described in her doctoral thesis is
among the foundational pillars of the now well-accepted notion that nicotine acts as both a primary reinforcer and an ampli-
fier of other reinforcer stimuli. This reinforcement-enhancing action of nicotine is robust and likely to be a powerful driver
of nicotine use. Below, we discuss the evidence that these two actions of nicotine — primary reinforcement and reinforce-
ment enhancement — are distinct and dissociable, a finding that Nadia was closely associated with. We go on to address
two other topics that greatly interested Nadia during that time, the generalizability of the reinforcement-enhancing action
of nicotine to multiple classes of reinforcing stimuli and potential sex differences in the dual reinforcing actions of nicotine.
The research has greatly expanded since Nadia’s involvement, but the core ideas that she helped to develop remain central
to the concept of the dual reinforcing actions of nicotine and its importance for understanding the drivers of nicotine use.
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Introduction

We had the privilege of working with Nadia Chaudhri when she
was a graduate student in the Center for Neuroscience at the Uni-
versity of Pittsburgh, from 1999 until she earned her PhD in 2005.
At the time Nadia joined our laboratory, it was becoming apparent
that in studies of intravenous nicotine self-administration in rats,
in which nicotine was delivered with accompanying visual cues,
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nicotine seemed to increase the reinforcing value of the cues, and
this drove much of the self-administration behavior. Indeed, among
the first studies that she was involved in, it was demonstrated that
in rats responding for a visual cue that was typically used in nico-
tine self-administration studies (cue light on for 1 s and chamber
light off for 60 s; VS), non-contingent administration of nicotine
promoted high levels of responding, comparable to those produced
by contingent (i.e., self-administered) nicotine (Donny et al. 2003).
Nadia’s subsequent work with us, much of which comprised her
doctoral thesis (Chaudhri 2005), went on to show that this rein-
forcement-enhancing action of nicotine is observed across a range
of nicotine doses and is dependent upon the strength of the non-
nicotine reinforcer, with greater enhancement of more reinforcing
stimuli. These remarkable findings remain foundational pillars of
the dual reinforcement model of nicotine action, which is central
to current thought regarding the rewarding properties of nicotine
and nicotine dependence.

Below, we discuss the dual reinforcing actions of nic-
otine, focusing on the reinforcement-enhancing effect. In
particular, we address the evidence that these are distinct,
dissociable actions of nicotine, a topic that was a great inter-
est to Nadia. Furthermore, we explore the relevance of this
to pharmacotherapies used to treat nicotine dependence. In
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addition, we discuss two other topics that greatly interested
Nadia during her time working with us, the generalizability
of the reinforcement-enhancing action of nicotine across
multiple classes of reinforcing stimuli and potential sex dif-
ferences in the dual reinforcing actions of nicotine.

Dual reinforcement actions of nicotine

It is now widely accepted that nicotine acts as both a pri-
mary reinforcer and an enhancer for other reinforcing
stimuli (Caggiula et al. 2009; Chaudhri et al. 2006a, b;
Rupprecht et al. 2015). Although the bulk of the evidence
for this comes from studies in rodents, similar effects have
been demonstrated in people (Perkins et al. 2017). In self-
administration experiments in rats, it is clear that whereas
nicotine is a relatively weak primary reinforcer, the rein-
forcement-enhancing effect of nicotine can be quite robust.
It should be noted that the reinforcement-enhancing effect
of nicotine can be demonstrated with a variety of experi-
mental approaches, including some that do not strictly rely
on enhancement of primary reinforcement, and thus might
better be referred to as ‘incentive amplification’ (Palma-
tier et al. 2014). Nonetheless, we will use the terminology
of reinforcement enhancement, as it remains dominant in
the literature. These two actions of nicotine, primary rein-
forcer and reinforcer enhancer, undoubtably relate to the
high incidence of nicotine use disorder and they must also
be taken into account when considering smoking cessation
pharmacology.

Approaches to study the reinforcement
actions of nicotine in experimental animals

Self-administration

Self-administration of a drug is the gold standard for
measuring its reinforcing actions, and this is often viewed
as measuring the primary reinforcing actions of the drug.
However, that would be the case if the self-administration
of the drug was clearly isolated from any other action of
the drug, such as enhancing the response elicited by a
concurrently available reinforcing stimulus. As drug self-
administration procedures typically involve other envi-
ronmental stimuli (e.g., a cue light) that might be mildly
reinforcing or become so through repeated pairing with
the reinforcing drug, it is possible that the drug may inter-
act with these other stimuli and that the resulting self-
administration behavior is the product of this complex
interaction. As will be detailed below, the importance of
this complex interaction between drug and other stimuli
is particularly critical for nicotine.
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Most nicotine self-administration is a complex mixture
of the primary reinforcing action of nicotine, which tends to
be weak, and the reinforcement-enhancing action of nico-
tine, which tends to be more robust (Caggiula et al. 2009;
Chaudhri et al. 2006a, b; Rupprecht et al. 2015). In most
nicotine self-administration studies, these two actions of
nicotine occur together but are often interpreted as if they
reflect the primary reinforcing action of nicotine, despite
observations suggesting that much of the reinforced behavior
is driven by the reinforcement-enhancement action (Caggiula
et al. 2009; Chaudhri et al. 2006a, b; Rupprecht et al. 2015).
Several different approaches can be taken to tease apart these
two actions of nicotine.

Non-contingent nicotine along with operant
responding for another reinforcer

One way to isolate the reinforcement-enhancing effects of nic-
otine from its primary reinforcing actions is via experimenter
administered nicotine in animals responding for a non-nicotine
stimulus. This has typically involved rats that are responding
for a tone and/or light stimulus after receiving systemic injec-
tion of nicotine (Barret and Bevins 2013; Barrett et al. 2017,
2018; Constantin and Clarke 2018; Guy et al. 2014; Guy and
Fletcher 2013; Satanove et al. 2021; Swalve et al. 2015). Most
studies of this sort have used subcutaneous injection of nico-
tine administered just prior to the operant session and, as dis-
cussed below, this has provided a wealth of data regarding
the reinforcement-enhancing action of nicotine. However, the
use of subcutaneous injection of nicotine makes it difficult to
compare doses of nicotine required for the primary reinforc-
ing action of nicotine, since those studies rely on intravenous
self-administration of the drug. Ways around this issue have
included experimental designs in which rats receive intrave-
nous injections of nicotine based on self-administration dos-
ing either using average data from nicotine self-administration
experiments or a stricter yoked design (Chaudhri et al. 2006a,
b; Chaudhri et al. 2007; Liu et al. 2007). Another approach,
which has distinct advantages, is a dual operant procedure in
which rats respond on one operant to receive intravenous infu-
sions of nicotine and a different operant to receive a different
non-nicotine stimulus (Palmatier et al. 2006, 2007).

Self-administration of nicotine and other
reinforcing stimulus via a separate and concurrently
available operant responses

The approach of using two distinct operant responses to
concurrently assess the primary and reinforcement-enhanc-
ing actions of nicotine is particularly powerful. In this
approach, for example, the rat might respond on one lever
to earn VS presentations and a different lever to receive
intravenous infusions of nicotine (Palmatier et al. 2006,
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2007). This allows for the study of how self-administered
doses of nicotine interact with responding for reinforcing
stimuli presented independent of nicotine. Interestingly,
when rats are permitted to respond separately for nicotine
and a non-nicotine stimulus such as VS presentations, rats
choose to take less nicotine and more of the non-nicotine
stimulus than they would if nicotine and VS were tied
together with the same operant response, at least at certain
doses of nicotine (Palmatier et al. 2007) (Fig. 1). Using
this approach and comparing it with rats responding only
for intravenous infusions of nicotine or only for the non-
nicotine stimulus, it is possible to address whether nicotine
self-administration can enhance responding for the non-nic-
otine stimulus and also whether the non-nicotine stimulus
can influence the responding for nicotine. Results from such
studies are clear; nicotine enhances responding for concur-
rently available reinforcing stimuli, whereas responding for
the other reinforcer generally does not influence nicotine

self-administration, though this has been investigated in
only a limited manner.

Effects of non-contingent nicotine using other
approaches to address reward

Another approach that has been used to study the rein-
forcement-enhancing action of nicotine is the impact of
nicotine on responding for intracranial self-stimulation
(ICSS). Numerous reports have shown that nicotine low-
ers the threshold for ICSS, indicating an enhancement of
the reinforcing properties of ICSS (Harris et al. 2018; Har-
rison et al. 2002; Kenny and Markou 2006; LeSage et al.
2016; Negus and Miller 2014; Paterson et al. 2008). Place
preference can be conditioned to rewarding stimuli (condi-
tioned place preference, CPP) and subcutaneous injection
of nicotine prior to a test session can increase the strength
of a conditioned place preference (Buffalari et al. 2014).
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Fig.1 Responding for concurrently available nicotine and non-
pharmacological stimulus. Four groups of male rats were allowed to
respond on two levers during 1-h self-administration sessions. For the
four groups (n=8/group), the two levers, schematized at the left por-
tion of the figure, were nicotine (NIC, 60 ug/kg/infusion) plus VS
(1-s illumination of a white cue light located directly above the lever,
followed by 1-min deactivation of the camber light) and inactive; nic-
otine on one lever and VS on the other, nicotine on one lever and the
other inactive; VS on one lever and inactive on the other. For details
of the methods, see Palmatier et al. (Palmatier et al. 2007). What is
available on each of the levers in each of the groups is schematized on

S

Lever Presses

the left side of the figure. The bar graph shows the average of the last
3 days of responding on an FR2 schedule, representing days 20-22
of the experiment; the data are adapted from Palmatier et al. (Palma-
tier et al. 2007). Responding for NIC+ VS was significantly higher
than responding for NIC in other groups, p <0.05. Responding for VS
alone was significantly lower than responding when VS was accom-
panied by nicotine, and responding for VS when it was separately but
concurrently available with nicotine was significantly higher than if it
were coupled with nicotine on the same lever, p <0.05. # represents
responding on the inactive lever, which was low and similar in all
groups (Palmatier et al. 2007)
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Thus, CPP is another approach that has been used to exam-
ine the reinforcement enhancement action of nicotine.

Lessons learned using the two operant
approach and other approaches

The dose response curves for the primary
and reinforcement enhancement actions of nicotine
may differ

Nicotine acts on a family of nicotinic cholinergic recep-
tors comprised of five protein subunits with the specific
subunit composition impacting the properties of the
receptor (Dani and Bertrand 2007;Gotti and Clementi
2004). If the receptor subtype(s) involved in mediating
these two reinforcing actions of nicotine differ, then the
two actions might have different sensitivity to nicotine
and different dose—response curves. This would require
that the reinforcement enhancement effect is studied using
doses and routes of nicotine that are self-administered,
such as intravenous injections of nicotine, as that is
the only way to study the primary reinforcing action in
direct comparison to the reinforcement-enhancing action.
Chaudhri et al. (Chaudhri et al. 2007) were the first to
take this approach by directly comparing lever pressing
in male rats that were self-administering nicotine alone
(just primary reinforcement) or along with a compound
visual stimulus (cue light one for 1 s, chamber light off
for 60 s; VS) (primary reinforcement of nicotine plus pri-
mary reinforcement of VS plus reinforcement enhance-
ment) or were responding for just VS with their nicotine
injections yoked to the rats self-administering nicotine.
Two key observations from that study were (1) across
a range of nicotine doses (10 pg/kg/inf- 90 pg/kg/inf;
doses expressed as nicotine free base), responding on the
active lever that delivered VS was the same whether or
not the nicotine was also contingent upon responding on
that lever or was yoked to other rats and (2) without the
VS, responding was not observed at the lower doses. This
was noted using both FR and PR schedules of reinforce-
ment. These were among the first data to suggest that the
primary reinforcing, and reinforcement-enhancing actions
of nicotine might be pharmacologically distinct, since the
reinforcement-enhancing action seemed to be more sensi-
tive to nicotine dose than the primary reinforcing action.
However, this difference in nicotine dose supporting the
two actions of nicotine is not robustly supported by the
literature. Liu et al. (Liu et al. 2007) tested a range of
intravenous nicotine doses delivered in a manner similar
to rats self-administering nicotine on responding for a vis-
val stimulus, and observed that the threshold for the rein-
forcement enhancing effect was between 7.5 and 15 pg/
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kg/infusion (total dose ~0.1 mg/kg), which is roughly
similar to what is noted in self-administration studies
conducted without an intrinsically-reinforcing cue (e.g.,
Schassburger et al. 2016; Smith et al. 2013)). However,
these studies are not directly comparable, since they used
Sprague—Dawley rats from different suppliers, used dif-
ferent operant responses (levers versus nose poke holes),
and the nicotine self-administration used a cue light that
was not intrinsically reinforcing but which might have
become mildly reinforcing through repeated pairing with
nicotine, emphasizing the difficulty of truly dissociating
these two actions of nicotine. Still, it might be that the
threshold dose of nicotine required for the reinforcement-
enhancing action of nicotine is less than that required
for primary reinforcement. Using the approach of having
rats respond on different operants for nicotine and a non-
nicotine stimulus would be the ideal way to address this
issue, but unfortunately those detailed studies have not
been done. And, for doses of nicotine below the thresh-
old for self-administration, the reinforcement enhancing
effect would need to be tested by non-contingent nicotine
administration. Palmatier et al. (Palmatier et al. 2007) did
compare a few doses of nicotine in such a paradigm, but
doses low enough to determine threshold were not tested;
at the lowest dose tested in that study, 30 ug/kg/inf, both
actions were observed.

Both the primary reinforcement effect

and the reinforcement-enhancing effect of nicotine
require nicotinic receptors, but possibly different
subtypes

If nicotinic receptors with different subunit compositions
mediate the primary reinforcing and reinforcement enhance-
ment actions of nicotine, then these two actions may be dif-
ferentially sensitive to different nicotinic receptor antago-
nists. Again, the approach of having rats respond on separate
levers for nicotine and VS (or other non-nicotine reinforcer)
along with systemic injection of selective nicotinic receptor
antagonists would be an ideal way to study this. However,
this has only been examined using mecamylamine (MEC),
a non-subtype selective nicotinic antagonist (Palmatier
et al. 2007). Interestingly, acute MEC (or saline substitu-
tion for nicotine) blocked nicotine-enhanced responding for
VS, whereas it took several days of treatment with MEC
(or saline substitution) to reduce responding on the nico-
tine lever. While this does not address the receptor subtypes
involved in these responses, it does highlight that these two
responses can be dissociated. One interpretation of this find-
ing is that the impact of MEC on responding for nicotine
requires learning (i.e., extinction) whereas a similar, experi-
ence-dependent process is not required to change responding
for the VS.
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Other studies have examined nicotinic receptor antag-
onists with more subtype selectivity, but none with the
goal of trying to distinguish between nicotine’s primary
reinforcing action versus its reinforcement-enhancing
action. Dihydro-f-erythroidine (DHBE), an antagonist
of receptor subtypes with high affinity for nicotine (pri-
marily a4p2 and a4p4), effectively blocks reinforcement
enhancement (Barrett et al. 2018; Guy and Fletcher 2013;
Liu et al. 2007). DHPE also blocked the effect of nicotine
to lower ICSS threshold (Kenny and Markou 2006). In
contrast, an a7-selective antagonist, methyllycaconitine
(MLA), had no effect in these tests of the reinforcement-
enhancing action of nicotine (Barrett et al. 2018; Guy
and Fletcher 2013; Liu et al. 2007) or on nicotine self-
administration (Grottick et al. 2000), though conflicting
data exist (Markou and Paterson 2001). Mice in which
the f2 subunit has been genetically knocked out fail to
develop nicotine self-administration (Orejarena et al.
2012; Picciotto et al. 1998; Pons et al. 2008), though
it is unclear to what extent reinforcement enhancement
was involved in these effects on self-administration. 2
knockout mice also fail to develop nicotine-induced con-
ditioned responses to food (Brunzell et al. 2006), con-
sistent with reinforcement-enhancing action of nicotine
requiring the f2 subunit.

Nicotinic receptors in the ventral tegmental area
(VTA) are necessary for intravenous nicotine self-admin-
istration when paired with cues, as this is blocked by
infusion of DHPE directly into the VTA in rats (Corrigall
et al. 1994). Furthermore, in f2 subunit knockout mice,
the absence of intravenous nicotine self-administration is
restored by selectively re-expressing this subunit in the
VTA (Orejarena et al. 2012); similar findings were noted
with intra-VTA nicotine self-administration (Maskos
et al. 2005). Importantly, rats and mice will respond to
self-administer nicotine directly into VTA (Besson et al.
2006; Ikemoto et al. 2006) and, like with intravenous
nicotine self-administration, much of this responding
is accounted for by reinforcement enhancement (Farqu-
har et al. 2012), suggesting that f2 subunits in the VTA
are critical for the reinforcement-enhancing action of
nicotine.

The likelihood that the a4 subunit combined with f2
subunits (i.e., a4p2) are critical for one or both of the
reinforcing actions of nicotine is supported by a lack of
intracerebral nicotine self-administration in a4 knockout
mice (Exley et al. 2011). However, there are also con-
flicting data showing that a4 subunits are not critical
for nicotine self-administration (Cahir et al. 2011); a4
knockout mice displayed nicotine CPP and intravenous
nicotine self-administration, similar to wild-type lit-
termates. Using the a4-S248F mutant mouse model, in
which a4 subunit containing receptors are refractory to

MEC (Teper et al. 2007), Madsen et al. (2015) showed
that nicotine self-administration was not blocked by MEC
in the mutant mice, in contrast to wildtype mice, suggest-
ing the important involvement of a4 subunit-containing
nAChR. These mutant a4 subunit-containing receptors
are also more sensitive to nicotine and the a4-S248F
mice display nicotine CPP and self-administration at
lower doses than wildtype littermate (Cahir et al. 2011;
Tapper et al. 2004). On the other hand, potential involve-
ment of a6 subunit-containing nAChR is supported by
ab-selective antagonists blocking nicotine self-adminis-
tration (Beckmann et al. 2015; Madsen, et al. 2015; Neu-
gebauer et al. 2006; Wooters et al. 2011). Furthermore,
infusion of an a6p2-selective conotoxin into the VTA
(Gotti et al. 2010) or nucleus accumbens (Brunzell et al.
2010) blocks nicotine self-administration. However, a6
knockout mice did develop nicotine self-administration
(Exley, et al. 2011), in contrast to what was observed in
a4 knockout mice. One interpretation of these data is
that nAChR containing both a4 and a6 units in addition
to B2 are required for the reinforcing actions of nicotine,
though the issue of how these receptor subtypes may be
involved in primary reinforcement versus reinforcement
enhancement remains unaddressed.

AT-1001, largely selective for a3p4-containing recep-
tors, blocks nicotine + VS self-administration (Cippitelli
et al. 2015; Toll et al. 2012), but with the design of these
experiments, it is not clear whether AT-1001 blocked the
primary reinforcing action of nicotine, the reinforcement-
enhancing action, or both. Given that in vitro, AT-1001
may also have agonist properties at a3p4 and antago-
nist properties at a4p2 at higher concentrations, it may
be that these actions contribute to the observed effect
on nicotine self-administration. Even so, another drug
that is a relatively selective a3p4 antagonist, 18-meth-
oxycoronaridine, decreased nicotine self-administration
(Glick et al. 2002); although the methods for this study
do not mention if cues were provided along with nicotine
delivery, the relatively high number of nicotine infusions
earned by the rats suggests that nicotine delivery was
paired with cues. Studies in which rats have access to
nicotine and a different reinforcer (e.g., VS) delivered by
separate operant responses and then treated with an a3p4
antagonist would be very useful in determining whether
such drugs inhibit nicotine’s primary reinforcing action,
reinforcement-enhancing action, or both.

In summary, while it is clear that nicotinic receptors are
necessary for both the primary reinforcing and reinforce-
ment-enhancing actions of nicotine, the specific subtypes
of receptors necessary for these responses is unclear. None-
theless, the temporal difference in MEC blocking the two
actions of nicotine provides evidence that the actions are
dissociable.
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The primary reinforcing and reinforcement
enhancement actions of nicotine can be
pharmacologically distinguished using drugs
that target different neural systems

There are a number of studies addressing the neurophar-
macology of nicotine’s reinforcement enhancement effect
(e.g., (Guy, et al. 2014; Guy and Fletcher 2014;Satanove
etal. 2021)), but few studies have been designed to directly
compare the pharmacological profiles of nicotine’s primary
reinforcing effect and the reinforcement enhancement
effect. Still, the limited data available document that these
two effects of nicotine can be pharmacologically dissoci-
ated. The approach of using separate operant responses
for nicotine and a non-nicotine reinforcer (e.g., VS) is a
powerful way to study this.

One particularly compelling example is the effect of
antagonists of the metabotropic glutamate receptor 5
(mGluRY) (Palmatier et al. 2008). This class of drugs
had been reported to reduce nicotine self-administra-
tion (Liechti and Markou 2007; Paterson and Markou
2005; Paterson et al. 2003; Tessari et al. 2004; Tronci
et al. 2010). Antagonists of mGluRS5 also block nico-
tine enhancement of ICSS (Harrison et al. 2002). When
mGluRS5 antagonists were administered to rats that were
responding for intravenous nicotine plus VS, responding
was markedly decreased. If rats were allowed to respond
on separate levers for nicotine and VS, responses on
both levers were decreased by mGluRS5 antagonists, but
because the rats were self-administering so little nicotine
it was unclear whether responding for the VS was blocked
or it was simply reduced because nicotine was not being
administered. To address this issue, a separate group of
rats was allowed to respond for VS while being given
infusions of nicotine to mimic the amount of nicotine
that would be self-administered (Palmatier et al. 2008).
In those animals, responding for the VS was enhanced
and not attenuated by mGluRS5 antagonists. However,
there is also a report that an mGluRS5 antagonist does
interfere with enhancement of responding for a VS-like
stimulus by subcutaneous injection of nicotine (Tronci
et al. 2010); the reason underlying the difference between
these results and those of Palmatier et al. (Palmatier et al.
2008) is unclear, but may relate to differences in nicotine
dose or route of administration. Still, based on the data of
Palmatier et al. (Palmatier et al. 2008), mGluRS antago-
nists may selectively reduce the primary reinforcing effect
of nicotine without interfering with the reinforcement-
enhancing action of nicotine.

Varenicline is another interesting example. This drug,
used as a smoking cessation aid, is generally accepted
as a partial agonist of a4p2 receptors (Coe et al. 2005;
Rollema et al. 2007) though with a more complicated
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pharmacology (Grady et al. 2010; Ortiz et al. 2012).
Varenicline has been shown to mimic the reinforcement-
enhancing action of nicotine (Barrett et al. 2018; Levin
etal. 2012) and it is self-administered when coupled with
other reinforcing stimuli (e.g., cue lights) (Rollema et al.
2007; Schassburger et al. 2015). However, when tested
using separate levers to administer varenicline and VS, it
fails to show a primary reinforcing action (Schassburger
et al. 2015). Thus, varenicline mimics the reinforcement-
enhancing action of nicotine while failing to support pri-
mary reinforcement. (This might also be taken as evidence
that the receptor subtypes mediating these two actions of
nicotine are different.) Garcia-Rivas et al. (Garcia-Rivas
et al. 2019) also suggested that varenicline targets rein-
forcement enhancement as opposed to the primary rein-
forcing effects of nicotine. Thus, the available data sug-
gest that varenicline mimics the reinforcement-enhancing
action of nicotine while lacking activity related to the
primary reinforcing action of nicotine.

Since varenicline appears to selectively target the rein-
forcement enhancement action of nicotine, does bupro-
pion, another major smoking cessation pharmacotherapy,
have a similar profile? Bupropion increases responding for
VS (Barrett et al. 2017; Coddington et al. 2010; Palmatier
et al. 2009) and conditioned stimuli (Guy et al. 2014) and
decreases ICSS threshold (Cryan et al. 2003), indicating
that bupropion, like nicotine, has a reinforcement-enhanc-
ing action. However, the effects of bupropion on intrave-
nous nicotine self-administration are inconsistent across
studies, likely having to do with differences in doses of
nicotine and bupropion, schedules of reinforcement, and
additional stimuli (Bruijnzeel and Markou 2003; Glick
et al. 2002; Liu et al. 2008; Rauhut et al. 2003; Shoaib
et al. 2003; Stairs and Dworkin 2008). In an experiment
in which rats responded on different levers for concur-
rently available nicotine and VS, subcutaneous injection
of bupropion increased responding for VS without alter-
ing nicotine responding Coddington et al. 2010). Taken
together, these results suggest that bupropion may be an
effective smoking cessation therapy at least in part by sub-
stituting for the reinforcement-enhancing action of nico-
tine, though the behavioral and pharmacological actions of
bupropion related to nicotine are quite complex (Paterson
2009).

These 3 drugs provide an interesting perspective regard-
ing smoking cessation pharmacotherapy. Two drugs that
show some efficacy in helping smokers quit, varenicline
and bupropion, appear to target the reinforcement-enhancing
action of nicotine. In stark contrast, a class of drugs that
appears to selectively target the primary reinforcing action
of nicotine, mGIluRS5 antagonists, have not been shown to
have efficacy as smoking cessation aids (Barnes et al. 2018;
Chiamulera et al. 2017).



Psychopharmacology (2023) 240:417-430

423

Other drugs may also selectively impact these two
actions of nicotine

Antagonists of D1 dopamine receptors block nicotine self-
administration (Corrigall and Coen 1991a, b; DiPalma
et al. 2019; Hall et al. 2015; Stairs et al. 2010) and also the
reinforcement-enhancing action of nicotine when it is stud-
ied in isolation (Barrett et al. 2017; Guy and Fletcher 2014;
Palmatier et al. 2014; Satanove et al. 2021). Unfortunately,
no studies to date have examined these drugs in a paradigm
that is selective for the primary reinforcing effects of nico-
tine, and this class of drugs has not yet been tested in rats
responding concurrently on different operants for nicotine
and a non-nicotine stimulus. Nonetheless, given the well-
documented role of dopamine in reinforcement and reward,
we would hypothesize that D1 receptors are necessary for
both the primary reinforcing and reinforcement enhancing
actions of nicotine.

Opioid antagonists, such as naloxone and naltrexone, have
been shown to block or attenuate the reinforcement-enhanc-
ing action of nicotine (Guy et al. 2014; Kirshenbaum et al.
2016; Satanove et al. 2021). On the other hand, these opi-
ate antagonists, or other mu-selective antagonists, have been
reported to either block intravenous nicotine self-administra-
tion (Ismayilova and Shoaib 2010; Liu and Jernigan 2011) or
have minimal effect (Corrigall and Coen 1991a, b;DeNoble
and Mele 2006;Liu et al. 2009), though the reason for these
difference remain unclear. Again, testing these drugs in a
paradigm with concurrently available responses for nicotine
and a non-nicotine stimulus would provide a clear indication
of whether these drugs truly selectively target the reinforce-
ment-enhancing action of nicotine; the existing evidence cited
above suggests that this might be the case. Interestingly, these
drugs have been suggested to be useful smoking cessation
aids (Byars et al. 2005; Epstein and King 2004; Fridberg
et al. 2014; King et al. 2013, 2006, 2012; Krishnan-Sarin
et al. 2003), which is consistent with other smoking cessa-
tion pharmacotherapies targeting the reinforcement-enhancing
action of nicotine. However, data on long-term smoking quit
rates remains unconvincing (David et al. 2014; Norman and
D'Souza 2017).

How well does the reinforcement-enhancing
action of nicotine generalize to classes
of non-nicotine stimuli?

In her doctoral thesis, Nadia highlighted two areas for future
research to extend her work on the dual reinforcing actions
of nicotine (Chaudhri 2005). One was: “how well does the
reinforcement-enhancing action of nicotine generalize to
classes of non-nicotine stimuli?”” In the years since Nadia

defended her thesis, this question has received considerable
attention, and the answer is that in rats it appears to gener-
alize to a wide variety of reinforcing non-nicotine stimuli.
As already noted, nicotine enhances ICSS, and as described
in greater detail below, nicotine enhances CPP driven by
a variety of rewards (including sucrose, social interaction,
reinforcing drugs) and operant responding for many differ-
ent reinforcing stimuli (including drugs, flavored solutions,
and neutral stimuli that have become reinforcing through
repeated association with reinforcing stimuli). However,
before we discuss those topics, we want to address another
important generalization: generalization to humans.

The reinforcement-enhancement action of nicotine has
been documented in human subjects. In a series of stud-
ies, Perkins and colleagues have documented that nicotine
enhances the reinforcing properties of other stimuli (Per-
kins and Karelitz 2013a, b; Perkins and Karelitz 2013a,
b; Perkins and Karelitz 2014; Perkins et al. 2017, 2019,
2015). For example, Perkins and Karelitz (Perkins and
Karelitz 2013a, b) observed that smoking approximately 8
puffs of a cigarette increased responding for a subject’s pre-
ferred music; a smaller number of cigarette puffs or a sub-
jects non-preferred music failed to produce enhancement
of responding. In another interesting study, Kirshenbaum
and Hughes (Kirshenbaum and Hughes 2021) observed that
nicotine delivered via e-cigarettes increased PR respond-
ing for video gaming, as well as enjoyment of the video
game, in young adults. Also, in a clever adaptation of the
rodent CPP paradigm to humans using virtual reality, nico-
tine has been shown to increase the development of a CPP
to a rewarding stimulus (chocolate treats) (Palmisano and
Astur 2020).

One class of non-nicotine stimuli that has repeatedly
been shown to be enhanced by nicotine are sweet and fla-
vored solutions (Barret and Bevins 2013; Palmatier et al.
2013, 2020; Tannous et al. 2021). Palmatier et al. (Pal-
matier et al. 2012) showed that in rats responding for a
sucrose solution by pressing a lever, the magnitude of the
enhancement effect increased with increasing concentra-
tions, consistent with the notion that the reinforcement-
enhancing action of nicotine is systematically related to
the salience of the non-nicotine reinforcer. Non-contingent
nicotine also enhanced operant responding for flavored
solutions (Palmatier et al. 2013, 2020) and sucrose pellets
(Rupprecht et al. 2016). The relevance of these observa-
tions to the widespread use of flavored e-liquid solutions
that account for the vast majority of e-cigarette vaping can-
not be ignored (Palmatier et al. 2020; Patten and De Biasi
2020; Rupprecht et al. 2016).

Nicotine has been shown to increase social interaction
reward in rats (Achterberg and Vanderschuren 2020; Cheeta
et al. 2001; Thiel et al. 2009), in both CPP tests and oper-
ant responding for social interaction, at least under certain
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conditions. Similarly, as noted above, nicotine lowers the
threshold stimulation for ICSS, suggesting that this rein-
forcement-enhancing action of nicotine may generalize
broadly to reinforcing stimuli.

It is also important to note that nicotine enhances
responding for stimuli that are reinforcing as a result of
being previously paired with other reinforcing stimuli. Fur-
thermore, in Pavlovian conditioning paradigms, nicotine
increased approach to contexts (Thiel et al. 2009) and dis-
crete stimuli associated with rewards (Olausson et al. 2003).
This reinforcement enhancement action of nicotine might
be more appropriately referred to as “incentive amplifying”
(Palmatier et al. 2014).

Another class of non-nicotine stimuli that is enhanced
by nicotine are substances of abuse, and this is highly
relevant to the co-use of tobacco products and other drugs
of abuse. Nicotine increases alcohol self-administration
in rats (Barrett et al. 2020; Bito-Onon et al. 2011; Clark
et al. 2001; Hauser et al. 2014; Le et al. 2000, 2003;
Lopez-Moreno et al. 2004; Montanari et al. 2021), con-
sistent with nicotine also increasing alcohol consumption
(Blomguvist et al. 1996; Le, et al. 2000; Olausson et al.
2001; Potthoff et al. 1983; Smith et al. 1999), though this
has not been observed in all studies (Sharpe and Sam-
son 2002). Dr. Nadia Chaudhri’s lab contributed to this
research by showing that nicotine, by acting on nicotinic
cholinergic receptors, enhanced responding for alcohol-
paired cues (Maddux and Chaudhri 2017), a finding that
has been confirmed and extended (Loney et al. 2019).
Interestingly, Le et al. (Le et al. 2010) reported that when
rats were allowed to concurrently self-administer intra-
venous nicotine and oral ethanol, the amount of nicotine
or ethanol that was self-administered did not differ from
the amount of the substance rats would self-administer
if it was the only substance available. While this would
seem to conflict with the notion that nicotine enhances
ethanol intake, the observation that rats tended to take
almost all of the ethanol during the beginning of the self-
administration session whereas the majority of nicotine
was taken later; thus, the way the rats chose to take the
two substances would preclude the action of nicotine
to enhance ethanol self-administration. This issue was
addressed in a subsequent study (Le et al. 2014). In this
later study, Le et al. found that when available in 5 min
alternating periods, nicotine self-administration increased
alcohol self-administration, but not the converse. Overall,
the studies examining the effect of nicotine on alcohol
consumption provides evidence that nicotine increases
the reinforcing effects of alcohol. These preclinical find-
ings are consistent with the observations in humans that
exposure to nicotine via smoking or transdermal patch
can increase alcohol intake (Acheson et al. 2006; Barrett
et al. 2006).
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Nicotine has also been shown to promote cocaine self-
administration in rats (Bechtholt and Mark 2002) and con-
ditioned place preference in rats (Buffalari et al. 2014) and
mice (Levine et al. 2011), consistent with reported interac-
tions between cigarette smoking and cocaine use in peo-
ple (Brewer et al. 2013; Reid et al. 1998; Shoptaw et al.
1996). Manzardo et al. (Manzardo et al. 2002) examined the
self-administration of concurrently available nicotine and
cocaine in rats to assess the relative reinforcing strength of
the two drugs. While rats clearly preferred cocaine to nico-
tine, the data also showed that nicotine self-administration
did not enhance cocaine self-administration. While what
may account for the difference between this study and the
clear enhancement of cocaine self-administration by sub-
cutaneous injection of nicotine reported by Bechtholt et al.
(Bechtholt and Mark 2002) is unclear, it may relate differ-
ences in cocaine dose or schedule of reinforcement.

It has also been reported that nicotine enhances the self-
administration of the opiate agonists remifentanil and mor-
phine (Honeycutt et al. 2022; Loney et al. 2021). This is
consistent with increased use of opiates in cigarette smokers
(Rajabi et al. 2019; Romberg et al. 2019; Skurtveit et al.
2010; Zale et al. 2015).

Recent studies have examined the impact of nicotine on
self-administration of THC and a synthetic cannabinoid
CB1 agonist, WIN55212-2 and found that subcutaneous
injection of nicotine prior to the self-administration session
increased responding for these cannabinoids (Stringfield
et al. 2022). Furthermore, in a double operant response par-
adigm, nicotine self-administration increased WIN55212-2
self-administration whereas nicotine self-administration was
not impacted by WIN55212-2. These data suggest that co-
use of nicotine and cannabinoids promotes cannabinoid use
in excess of what would be taken alone, and further highlight
the role that the reinforcement-enhancing action of nicotine
may have in promoting drug co-use.

In summary, nicotine appears to increase the reinforcing
properties of a wide variety of drugs of abuse, ranging from
alcohol to cocaine to opiates and cannabinoids. This likely
contributes to the high incidence of co-use of nicotine (e.g.,
tobacco products) and these other drugs. It is also likely that
this reinforcement enhancement action of nicotine must be
taken into account in the treatment of substance abuse.

Are there sex differences in the dual
reinforcing actions of nicotine?

A second unanswered question that Nadia highlighted
in her doctoral thesis as a future direction was poten-
tial sex differences in the dual reinforcing actions of
nicotine. This question, which Nadia began to study
(Chaudbhri et al. 2005) but did not include in her doctoral
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thesis (Chaudhri 2005), has continued to receive atten-
tion. Chaudhri et al. (Chaudhri et al. 2005) reported that
responding for nicotine + VS was higher in females than
males, at least at some doses (60 and 150 pg/kg/inf, but
not at 30 pg/kg/inf), and responding for the VS alone
was also greater in females than males. In a larger study
focused on the reinforcement enhancing action of nico-
tine, McNealy et al. (McNealy et al. 2022) tested a range
of sc nicotine doses on lever responding for a complex
VS, and observed no sex differences, with a threshold
dose of 0.1 mg/kg (with no greater effect at 0.3 mg/kg).
Flores et al. (Flores et al. 2019) conducted a meta-anal-
ysis of studies examining sex differences in intravenous
nicotine self-administration in rats and reported that
females self-administered nicotine more than males, and
cue was a contributing factor. Thus, at least in nicotine
self-administration studies, it appears that females may
respond more than males for nicotine plus reinforcing
cues, suggesting that cues and the reinforcement-enhanc-
ing action of nicotine may play a larger role in females.
Several studies by Barrett and Bevins and colleagues
(Barrett et al. 2017, 2018, 2020) examined the impact
of subcutaneous injections of nicotine on responding for
VS or ethanol in male and female rats across a range of
schedules. On a PR schedule of reinforcement, females
responded more than males for the VS or ethanol, and the
enhancement effect was significantly larger in females
than males, though the effective doses appeared similar
in males and females. However, using a wide range of FR
schedules of reinforcement to conduct a full reinforce-
ment demand analysis, sex differences were not appar-
ent in rats receiving either saline or nicotine, although
an enhancement effect of nicotine was observed as both
an increase in intensity of demand (Qo; how much of
the reinforcer the rat will consume when it is ‘free’) and
essential value, which reflects how sensitive consump-
tion is to increased cost. Thus, this issue of potential sex
differences in the dual reinforcing actions of nicotine,
and how they may interact, is still an unsettled issue and
deserves further study. Nonetheless, sex differences in
the use of other reinforcing drugs, such as cocaine, with
females more prone to substance abuse, (Becker and
Hu 2008; Carroll and Anker 2010; Lynch 2006) point
to the likelihood that sex differences in the reinforcing
actions of nicotine exist. Studies comparing males and
females using a dual operant current access approach may
be particularly enlightening in teasing apart sex differ-
ences in responding for nicotine, reinforcing cues, and
their interaction. The potentially complex interaction is
further highlighted by studies in human subjects showing
that sex differences in the reinforcement-enhancing action
of nicotine are dependent upon the reinforcing stimulus
being tested (Perkins and Karelitz 2016).

Summary and conclusions

Nadia Chaudhri began her research career as a doctoral stu-
dent examining the reinforcing actions of nicotine by study-
ing intravenous nicotine self-administration in rats. Her
observations contributed to the development of the notion
that nicotine is a primary reinforcer while also being a more
robust enhancer of other reinforcers. This dual reinforce-
ment model of nicotine action, first proposed by Donny et al.
in 2003 (Donny et al. 2003) and laid out in Nadia’s 2006
review (Chaudhri et al. 2006a, b) and in her doctoral thesis
(Chaudhri 2005), is now well established. While these two
actions of nicotine are often observed together and can be
difficult to disentangle in nicotine self-administration stud-
ies, they are distinct and dissociable. The reinforcement-
enhancing action of nicotine was initially demonstrated
using a visual stimulus often used in nicotine self-admin-
istration studies, but it generalizes to multiple classes of
reinforcers, including other reinforcing drugs. Interestingly,
these two reinforcing actions of nicotine can be pharma-
cologically dissociated and drugs that are useful smoking
cessation aids seem to target the reinforcement-enhancing
action of nicotine. The reinforcement-enhancing action of
nicotine is likely central to understanding vaping of flavored
nicotine solutions and the prevalence of co-use of tobacco
and other drugs of abuse. While much has been learned
about the dual reinforcing actions of nicotine since Nadia’s
early work on this topic, there is still much that awaits dis-
covery and clarification, including one of particular interest
to Nadia, potential sex differences in these two actions of
nicotine.
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