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Research over the last two decades has widely demonstrated that impulsivity, in its various forms, is antecedent to the
development of drug addiction and an important behavioural trait underlying the inability of addicts to refrain from
continued drug use. Impulsivity describes a variety of rapidly and prematurely expressed behaviours that span several domains
from impaired response inhibition to an intolerance of delayed rewards, and is a core symptom of attention deficit
hyperactivity disorder (ADHD) and other brain disorders. Various theories have been advanced to explain how impulsivity
interacts with addiction both causally and as a consequence of chronic drug abuse; these acknowledge the strong overlaps in
neural circuitry and mechanisms between impulsivity and addiction and the seemingly paradoxical treatment of ADHD with
stimulant drugs with high abuse potential. Recent years have witnessed unprecedented progress in the elucidation of
pharmacological mechanisms underpinning impulsivity. Collectively, this work has significantly improved the prospect for new
therapies in ADHD as well as our understanding of the neural mechanisms underlying the shift from recreational drug use to
addiction. In this review, we consider the extent to which pharmacological interventions that target impulsive behaviour are
also effective in animal models of addiction. We highlight several promising examples of convergence based on empirical
findings in rodent-based studies.

LINKED ARTICLES
This article is part of a themed section on Animal Models in Psychiatry Research. To view the other articles in this section visit
http://dx.doi.org/10.1111/bph.2014.171.issue-20

Abbreviations
5-CSRTT, five choice serial reaction time task; ADHD, attention deficit hyperactivity disorder; DD, delayed discounting;
DRL, differential reinforcement of lower rates; FR, fixed ratio; HI, highly impulsive; ILC, infralimbic cortex; NAc,
nucleus accumbens; NARI, noradrenaline re-uptake inhibitor; OFC, orbitofrontal cortex; PFC, prefrontal cortex; PR,
progressive ratio; SSRI, selective 5-HT re-uptake inhibitor; SSRTT, stop-signal reaction time task; STN, subthalamic
nucleus; vHC, ventral hippocampus; VTA, ventral tegmental area

BJP British Journal of
Pharmacology

DOI:10.1111/bph.12787
www.brjpharmacol.org

British Journal of Pharmacology (2014) 171 4729–4766 4729© 2014 The British Pharmacological Society

mailto:jwd20@cam.ac.uk
http://dx.doi.org/10.1111/bph.2014.171.issue-20


Table of Links

TARGETS LIGANDS

α1-adrenoceptor Dopamine

α2-adrenoceptor 5-HT

β1-adrenoceptor SB242084

β2-adrenoceptor WAY163909

D1 receptor Ketanserin

D2 receptor Desipramine

D3 receptor Yohimbine

5-HT1 receptor MK-801 (dizocilpine)

5-HT2 receptor GABA

5-HT3 receptor SR141716A (rimonabant)

5-HT6 receptor Neuropeptide Y

GluN2B receptor Methamphetamine

mGlu1 receptor Cocaine

mGlu2 receptor Ethanol

mGlu5 receptor Atomoxetine

mGlu7 receptor Amphetamine

GABAA receptor

GABAB receptor

μ-opioid receptor

δ-opioid receptor

CB1 receptor

Nicotinic α4β2 receptor

M1 receptor

M4 receptor

NK1 receptor

Y2 receptor

H3 receptor

A1 receptor

This Table lists key protein targets and ligands in this document, which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a, Alexander et al., 2013b).

Introduction
Drug addiction is a chronic, relapsing brain disorder for
which surprisingly few effective therapies have been devel-
oped (O’Brien, 2008; Jupp and Lawrence, 2010; van den
Brink, 2012; Pierce et al., 2012). Although the precise brain
mechanisms of addiction are unknown, this disorder is
widely believed to engage individual biological risk factors
that interact individually and collectively with drug-, stress-
and other externally influenced brain plasticity mechanisms
(Nestler, 2005; Uhl, 2006; Koob, 2008; Kalivas and Volkow,
2011). Consistent with this interpretation, personality traits
such as novelty/sensation-seeking and impulsivity are widely
recognized to predispose to addiction and modify disease
progression (Chakroun et al., 2004; Nigg et al., 2006;
Verdejo-Garcia et al., 2008; Ersche et al., 2010). Such traits

share strong overlaps with structural and functional markers
of addiction (Jupp and Dalley, 2014) and may, as a result,
inform the neurobiological and pharmacological mecha-
nisms of this disorder, thereby raising the possibility that
modulating impulsivity may provide an approach through
which risk for addiction and/or the addiction process may be
remediated. Notably, in this regard, stimulant drugs such as
d-amphetamine, which calm behaviour and reduce hyperac-
tivity and impulsivity in attention deficit hyperactivity dis-
order (ADHD; Solanto, 1984; Fone and Nutt, 2005) are also
prominent drugs of abuse. As a consequence, it has become
an important open question whether treating ADHD with
stimulant drugs accelerates, or conversely, offers protection
against, the development of addiction (e.g. Barkley et al.,
2003). This paper reviews the evidence for convergent
pharmacological mechanisms in impulsivity and addiction,
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and additionally considers whether stimulant- and non-
stimulant-based medications in ADHD may modify an indi-
vidual’s risk for addiction.

Defining impulsivity

Impulsivity describes an individual’s tendency for premature,
excessively risky, poorly conceived and inappropriate actions
without due regard for future consequences (Daruma and
Barnes, 1993). A range of behavioural processes are generally
considered to contribute to this trait including urgency,
risk-taking, sensation-seeking, behavioural disinhibition,
impaired planning, lack of premeditation and insensitivity to
punishment (Barratt, 1985; Evenden, 1999a; Monterosso and
Ainslie, 1999; Moeller et al., 2001; Whiteside and Lynam,
2003; Robbins et al., 2012; Fineberg et al., 2014). While
impulsiveness is an important aspect of normal human
behaviour, facilitating extraversion, sociability and appropri-
ate risk-taking, the maladaptive expression of this trait has
been associated with a number of neuropsychiatric mor-
bidities including personality (Perry and Korner, 2011) and
mood disorders (Lombardo et al., 2012), suicide (Dougherty
et al., 2004), ADHD (Avila et al., 2004), problem gambling
(Verdejo-Garcia et al., 2008) and drug addiction (Ersche et al.,
2010).

Impulsivity is a multifactorial trait often segregated
according to motor disinhibition (‘impulsive action’) and
impulsive decision making (‘impulsive choice’) (Winstanley
et al., 2006). In humans, it is generally assessed by self-report
scales; for example, the Barratt Impulsivity Scale (BIS-11)
(Barratt, 1985), the Urgency, Premeditation, Perseverance,
Sensation-Seeking (UPSS) Impulsive Behaviour Scale
(Whiteside and Lynam, 2003) and Dickman’s Impulsivity
Inventory (DII) (Dickman, 1990). Psychometric laboratory-
based tasks can also be used to assess impulsivity; these over-
come many of the limitations associated with self-report (e.g.
see Wilson and Dunn, 2004) by providing more objective
behavioural measures (Kertzman et al., 2006; Chamberlain
and Sahakian, 2007). In experimental animals, impulsive
choice is frequently measured by operant-based delay-
discounting tasks (Reynolds et al., 2002; Cardinal, 2006).
While several variants of this task are used, the general pro-
cedure involves a choice between a small immediate reward
and a larger, but delayed reward. Impulsive choice is indexed
by steeper reward discounting such that with increasing delay
the perceived ‘value’ of reward diminishes and preference
switches to small, immediate rewards. Action impulsivity can
be assessed using a variety of operant paradigms; for example
go/no-go visual and spatial discrimination tasks (Harrison
et al., 1999), which require inhibition of incorrect responses;
the stop-signal reaction time task (SSRTT) where already ini-
tiated actions must be rapidly cancelled following presenta-
tion of an auditory or visual ‘stop signal’ stimulus (Eagle and
Robbins, 2003). Impulsivity is assessed in these tasks by the
number of inappropriate responses made. These include pre-
mature responses to a food-predictive cue on the five choice
serial reaction time task (5-CSRTT) (Robbins, 2002), analo-
gous to the differential responding for differential reinforce-
ment of lower rate (DRL) task where responses made before a

time interval has elapsed are punished (Evenden and Ryan,
1996; Evenden, 1999a).

Impulsivity and addiction

Impulsivity is widely regarded to contribute to the develop-
ment of addiction, predicting initial drug use (Zernicke et al.,
2010), risk for addiction (Ersche et al., 2010), rates of relapse
(Muller et al., 2008) and treatment retention (Moeller et al.,
2001). However, drugs of abuse can in turn affect levels of
impulsivity (Jentsch and Taylor, 1999; Garavan et al., 2008;
de Wit, 2009) making it unclear whether co-expressed impul-
sivity in addicts (e.g. Petry, 2001; Moreno-Lopez et al., 2012)
is a cause or consequence of chronic drug use (Rogers and
Robbins, 2001). In contrast, animal models of impulsivity
help disambiguate causal relationships between impulsivity
and addiction by enabling assessment prior to, and following,
chronic drug exposure (Winstanley et al., 2010a; Jupp et al.,
2013a). Collectively, these studies demonstrate that impulsiv-
ity affects different measures of addiction-related behaviour
depending on drug class, baseline levels of impulsivity and
specific impulsivity subtypes; they further demonstrate that
drug use can, in turn, affect levels of impulsivity. For
example, action impulsivity in rats precedes enhanced self-
administration of a range of drugs, including stimulants
(Dalley et al., 2007; Belin et al., 2008; Marusich and Bardo,
2009), alcohol (Radwanska and Kaczmarek, 2012) and nico-
tine (Diergaarde et al., 2008), and predicts increased rates of
relapse to cocaine-seeking (Economidou et al., 2009). Simi-
larly, choice impulsivity predicts increased alcohol (Poulos
et al., 1995; Oberlin and Grahame, 2009) and nicotine
(Diergaarde et al., 2008; Kayir et al., 2014) consumption in
rats, as well as resistance to extinction and enhanced relapse
propensity to both nicotine (Diergaarde et al., 2008) and
cocaine (Broos et al., 2012a). However, the relationship
between choice impulsivity and drug reinforcement is not
always clear (Broos et al., 2012a; Schippers et al., 2012), and
this may reflect direct modulatory effects of cocaine and
heroin on this particular measure of impulsivity (Mendez
et al., 2010; Schippers et al., 2012).

Intriguingly, the effect of certain drugs on impulsivity
often depends on baseline levels of impulsivity. For example,
cocaine (Paine et al., 2003; Roesch et al., 2007; Winstanley
et al., 2009; Mendez et al., 2010; Caprioli et al., 2013) and
nicotine (Kayir et al., 2014) are reported to increase impulsiv-
ity in non-impulsive rats, but have the opposite effect in
impulsive animals (Dalley et al., 2007; Caprioli et al., 2013;
Kayir et al., 2014; Kolokotroni et al., 2014). It follows there-
fore that enhanced drug intake in impulsive animals may
represent a form of ‘self-medication’ (Khantzian, 1985) analo-
gous to the treatment of ADHD with stimulant drugs. Fur-
thermore, the close interrelationship between impulsivity
and addiction implies that they may share similar psychobio-
logical mechanisms (e.g. an intolerance of delayed rewards)
and that interventions that reduce impulsivity would have
clinical benefits in addiction. In this review, we consider the
strength of evidence implicating shared pharmacological
mechanisms in impulsivity and rodent models of addiction-
like behaviours and thus the feasibility of treating impulsivity
to remediate addiction.
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Animal models of addiction-like
behaviour

While many rodent paradigms are available to model
addiction-related processes, including reinforcement mecha-
nisms (Sanchis-Segura and Spanagel, 2006), we have limited
our discussion to studies involving drug self-administration
and reinstatement procedures in rodents. These behavioural
paradigms typically involve operant responding for i.v., or in
the case of alcohol, oral drug reward, often in the presence of
contingent and non-contingent cues and/or contexts, and
typically either fixed ratio (FR – where a fixed number of
responses result in reward) or progressive ratio (PR – where an
incremental number of responses result in reward) reinforce-
ment schedules. Relapse-like behaviour can be assessed in a
number of ways, either following extinction of the learned
association between contingent cues and contexts in the
absence of drug availability, or after a period of forced absti-
nence. Relapse is triggered by exposing subjects to cues or
contexts previously associated with drug availability (cue/
context induced), a physical or chemical stressor (e.g. foot-
shock, yohimbine) or following the administration of a
priming dose of drug (i.e. drug-primed). It should be noted
that these addiction-related behaviours only model aspects of
the addiction construct and fail to recapitulate for example,
the patterns of compulsive drug-seeking and intake associ-
ated with addiction. It has been suggested that the generally
poor translation of preclinical and laboratory findings to
positive clinical outcomes may be related to the limitations of
these models to more fully encompass real world human
addiction (Haney and Spealman, 2008). While such animal
behavioural models have been developed (e.g.
Deroche-Gamonet et al., 2004; Vanderschuren and Everitt,
2004; Belin et al., 2008) only a few studies to date have
assessed the ability of specific pharmacological agents to
disrupt these behaviours (Pelloux et al., 2012). Importantly,
in terms of the clinical applicability of the current review, the
subtypes of impulsivity discussed have been demonstrated to
predict vulnerability to addiction as assessed by these con-
temporary rodent models (e.g. Belin et al., 2008).

Pharmacological mechanisms of
impulsivity: convergent mechanisms
with addiction

Dopaminergic agents
Dysfunction of the midbrain dopaminergic systems has been
implicated in several forms of impulsive behaviour (Pattij and
Vanderschuren, 2008; Dalley and Roiser, 2012) and widely in
the development and persistence of addiction (Volkow et al.,
2004; Thomas et al., 2008; Sulzer, 2011; George et al., 2012)
not least as all drugs of abuse exert effects on the mesocorti-
colimbic dopamine neurons (Di Chiara and Imperato, 1988).
However, the modulation of impulsivity and addiction-
related behaviours by dopamine is complex and in the case of
impulsivity often variable depending on the precise measure
of impulsivity (Tables 1 and 2).

In keeping with the efficacy of stimulant medications in
ADHD, acute administration of cocaine, amphetamine and

methylphenidate generally decreases impulsive choice in
rats, increasing tolerance for delayed rewards in various dis-
counting paradigms (Richards et al., 1999; Wade et al., 2000;
Isles et al., 2003; Winstanley et al., 2003a; van Gaalen et al.,
2006a; Adriani et al., 2007; Barbelivien et al., 2008; Floresco
et al., 2008; Perry et al., 2008; Krebs and Anderson, 2012).
However, there have been notable exceptions (Evenden and
Ryan, 1996; Cardinal et al., 2000; Helms et al., 2006; Stanis
et al., 2008a; Wooters and Bardo, 2011), which may reflect
strain differences and paradigm-related effects. For example,
methylphenidate reduces delay-discounting impulsivity in
Wistar Kyoto rats, but has no effect in spontaneously hyper-
tensive rats (Wooters and Bardo, 2011). Moreover, the pres-
ence of cues to signal delays can modulate the effects of
stimulants in this task. Thus, amphetamine increases toler-
ance to cued delays (decreases impulsivity), but decreases
tolerance to non-cued delays (Cardinal et al., 2000). Stimu-
lant medications also acutely increase impulsivity on tasks
that assess action impulsivity; for example, the 5-CSRTT
(Cole and Robbins, 1987; van Gaalen et al., 2006b; Blondeau
and Dellu-Hagedorn, 2007), but generally decrease impulsiv-
ity on the SSRTT (Feola et al., 2000; Eagle and Robbins, 2003;
Eagle et al., 2007; 2009). These divergent effects lend support
to the recently proposed dichotomy of ‘waiting’ versus ‘stop-
ping’ forms of action impulsivity, which are differentially
assayed by these two tasks (Dalley et al., 2011).

Although stimulant drugs probably modulate impulsivity
by enhancing dopaminergic tone, their effects are not always
mirrored by drugs that act selectively through this mecha-
nism, notably, dopamine re-uptake inhibitors (Table 1). Fur-
thermore, the effect of amphetamine to reduce choice
impulsivity is reduced in rats depleted of 5-HT (Winstanley
et al., 2003a). While these findings implicate additional neu-
rotransmitters and mechanisms underlying the effects of
indirect dopamine receptor agonists on impulsivity (includ-
ing stimulants), the ability of directly acting D1 and D2-like
receptor antagonists to oppose the effect of stimulants on
impulsivity (e.g. van Gaalen et al., 2006a,b) support a dopa-
minergic mechanism of action. Work over several years has
localized these effects to specific corticostriatal sites (Table 2)
with receptor subtype and region-specific effects. For example
while oppositional effects of D2-like receptor antagonism is
observed between the nucleus accumbens (NAc) core and
shell, decreasing and increasing impulsivity respectively in
the 5-CSRTT (Besson et al., 2010), a similar subregion-
dependent distinction has not been reported for D1 receptors
(Pattij et al., 2007a). It is unclear whether a similar divergence
in dopaminergic modulation exists between the core and
shell of the NAc with respect to impulsive choice; however,
the effects of selective lesions of these subregions would
appear to support this assertion (Ghods-Sharifi and Floresco,
2010). Further region-specific differentiation between D1- and
D2-like receptor subtypes has been observed within the
orbitofrontal cortex (OFC), with administration of a D2/D3,
but not a D1 receptor agonist found to reduce premature
responding in highly impulsive (HI) animals (Winstanley
et al., 2010b). Similarly, administration of the D2/D3 receptor
antagonist raclopride in the OFC increased impulsive choice,
while a D1 receptor antagonist had no effect (Pardey et al.,
2013). The significance of opponent interactions between
NAc subregion and dopamine receptor subtype is unclear;
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Table 1
Selected examples of the effects of acute systemic administration of dopaminergic compounds on measures of impulsivity and addiction-like
behaviour in rodent models

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT DD

Dopamine
re-uptake
inhibitor/releaser

Amphetamine ↑ (Harrison et al.,
1997; van Gaalen
et al., 2006b)

↓ (Eagle et al.,
2009)

↑ (Evenden and
Ryan, 1996;
Cardinal et al.,
2000)

↓ (Wade et al.,
2000; van Gaalen
et al., 2006a)

↑ ethanol (Pfeffer
and Samson,
1985)

↑ FR cocaine
(Barrett et al.,
2004; Xi et al.,
2009)

↓ PR for cocaine (Xi
et al., 2009)

↑ cocaine (De Vries
et al., 1998a)

Cocaine ↑ (van Gaalen
et al., 2006b)

↑ cocaine (De Vries
et al., 1998a)

Methylphenidate ↑ (Navarra et al.,
2008b; Milstein
et al., 2010; Pattij
et al., 2012)

=§ (Fernando et al.,
2012)

↓§ (Eagle et al.,
2007)

↓ (van Gaalen
et al., 2006a)

↑ FR cocaine
(Hiranita et al.,
2011)

↑ FR nicotine
(Wooters et al.,
2008)

↑ drug-primed
cocaine (Schenk
and Partridge,
1999; Broos
et al., 2012a)

= cue-induced
cocaine
(Economidou
et al., 2011)

GBR12909 ↑ (van Gaalen
et al., 2006b)

= (Bari et al., 2009) ↓ (van Gaalen
et al., 2006a)

↓ FR cocaine (Tella,
1995; Schenk,
2002)

↑ FR cocaine
(Barrett et al.,
2004)

↑ drug-primed
cocaine (Schenk,
2002)

D1 agonist

SKF-81297 = (Winstanley et al.,
2010b)

= (Koffarnus et al.,
2011)

↓ FR ethanol
(Cohen et al.,
1999)

↑ PR cocaine
(Rowlett et al.,
2007)

↓ drug-primed
cocaine (Self
et al., 1996)

SKF-82958 ↓ FR cocaine (Caine
et al., 1999)

D1 antagonist

SCH-23390 ↓ (Harrison et al.,
1997; Koskinen
and Sirvio, 2001;
van Gaalen et al.,
2006a,b)

= (Bari and
Robbins, 2013)

↑* (amphetamine)
(van Gaalen
et al., 2006a),

= (Wade et al.,
2000)

↓ PR cocaine
(Hubner and
Moreton, 1991;
Depoortere et al.,
1993)

↑ FR cocaine (Koob
et al., 1987)

↓ drug-primed
cocaine (Self
et al., 1996;
Schenk and
Gittings, 2003)

↓ context-induced
cocaine (Broos

et al., 2012a)
↓ drug-primed MA

(Carati and
Schenk, 2011)

↓ cue-induced
nicotine (Liu
et al., 2010)
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Table 1
Continued

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT DD

D2 agonist

Quinpirole ↓§ (Fernando et al.,
2012)

= (Koffarnus et al.,
2011)

↓ FR cocaine (Caine
and Koob, 1993)

↓ FR ethanol
(Cohen et al.,
1998)

= PR MA (Izzo
et al., 2001)

↑ drug-primed
cocaine (Self
et al., 1996),

↑ cocaine (De Vries
et al., 2002)

D2 antagonist

Eticlopride = (van Gaalen et al.,
2006b)

↓* (amphetamine,
cocaine, nicotine)
(van Gaalen
et al., 2006b)

= (van Gaalen et al.,
2006a)

↑* (amphetamine)
(van Gaalen
et al., 2006a)

↑ FR cocaine (Caine
and Koob, 1994)

↓ PR cocaine (Ward
et al., 1996)

↓ PR MA (Izzo
et al., 2001)

↓ drug-primed
cocaine (Schenk
and Gittings,
2003)

= drug-primed MA
(Carati and
Schenk, 2011)

↓ cue-induced
nicotine (Liu et al.,

2010)

L741626 = (van Gaalen et al.,
2009)

↓* (amphetamine)
(van Gaalen
et al., 2009)

= (Koffarnus et al.,
2011)

Aripiprazole ↓§ (Besson et al.,
2010)

↑ FR cocaine
(Roman et al.,
2013)

↓ PR MA (Wee
et al., 2007)

↓ cue-induced,
drug-primed
cocaine
(Feltenstein et al.,
2007)

Sulpiride = (Bari and
Robbins, 2013)

Haloperidol = (Evenden and
Ryan, 1996)

Raclopride ↑ (Wade et al.,
2000)

↑ FR cocaine
(Weissenborn
et al., 1996)

↓ drug-primed
cocaine
(Weissenborn
et al., 1996)

↓ context induced
cocaine
(Crombag et al.,
2002)

D1/D2 antagonist

Flupenthixol ↓* (DOI) (Koskinen
and Sirvio, 2001)

↑ (Cardinal et al.,
2000; Wade
et al., 2000)

↑ FR, ↓ PR cocaine
(Richardson et al.,
1994)

D3 agonist

7-OH-PIPAT = (Bari and
Robbins, 2013)

↓ FR, ↑ PR cocaine
(Caine and Koob,
1995)

= drug-primed
cocaine (Khroyan
et al., 2000)

D3 antagonist

Nafadotride =§ (Besson et al.,
2010)

= (Bari and
Robbins, 2013)

↓ cue-induced
cocaine (Weiss
et al., 2001)
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however, similar regional and neurochemical differentiation
has been reported in the NAc of naturally occurring HI
animals (Jupp et al., 2013b; Simon et al., 2013).

In keeping with an implicit role of enhanced dopaminer-
gic neurotransmission in mediating drug reward and
reinforcement, pharmacological agents affecting the dopa-
minergic systems have a range of effects on addiction-like
behaviours in rodents. Systemic administration of D1- and
D2-like receptor antagonists result in compensatory increases
in responding for stimulant drugs under a FR schedule of
reinforcement (e.g. Corrigall and Coen, 1991a; Barrett et al.,
2004), but decrease break points and thus motivation to work
for drug under a PR schedule (e.g. Hubner and Moreton, 1991;
Richardson et al., 1994; Izzo et al., 2001). By contrast, dopa-
mine receptor agonists reduce responding for stimulant drugs
under FR schedules, with D2-like receptor agonists decreasing
the rate of drug self-administration and D1 receptor agonists
increasing the latency to initiate this behaviour (Caine et al.,
1999); this distinction may reflect distinct roles of D2 and D1

receptors in drug reward and satiety (Suto and Wise, 2011).
However, the effects of dopaminergic agents on opiate,

alcohol and nicotine self-administration are less clear with
conflicting effects of pharmacological blockade in some cases
(e.g. Dyr et al., 1993; David et al., 2006; Rowlett et al., 2007).
Nevertheless, dopamine receptor antagonists, given either
systemically or directly in the NAc generally inhibit reinstate-
ment of drug-seeking for all major drug classes (reviewed in
Self, 2010) . However, systemic D1 receptor agonists fail to
induce drug-seeking (Self et al., 1996) and actually reduce
both drug- and cue-induced relapse when given systemically
(De Vries et al., 1999). Thus, enhanced mesolimbic dopamine
appears to trigger relapse through D2 receptor mechanisms
with D2-like receptor agonists potentiating drug-seeking
behaviour (Self et al., 1996; Edwards et al., 2007) Importantly,
however, the effects of D1 and D2 receptor agonists, such as for
impulsivity, appear again to be region-dependent, with D1

receptor agonists in the NAc core and shell sufficient to stimu-
late drug relapse (Bachtell et al., 2005), whereas D2 receptor
agonists increase relapse only when given in the NAc shell
(Schmidt et al., 2006). Similarly, while relapse/reinstatement
can be blocked by the administration of D1 receptor antago-
nists in the NAc shell (Bachtell et al., 2005) and core

Table 1
Continued

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT DD

SB277011 = (van Gaalen et al.,
2009)

= * (amphetamine)
(van Gaalen
et al., 2009)

↓ FR, PR cocaine
(Song et al.,
2012)

↓ PR MA (Higley
et al., 2011)

↓ PR nicotine (Ross
et al., 2007)

= FR nicotine
(Kameda et al.,
2000)

= FR ethanol
(Heidbreder
et al., 2007)

↓ drug-primed MA
(Higley et al.,
2011)

↓ drug-primed
ethanol
(Heidbreder
et al., 2007)

Pramipexole = (Koffarnus et al.,
2011)

PG01037 = (Koffarnus et al.,
2011)

D4 agonist

PD168077 = (Bari and
Robbins, 2013)

D4 antagonist

L745870 ↓* (methylphenidate)
(Milstein et al.,
2010)

= (Bari and
Robbins, 2013)

= (Koffarnus et al.,
2011)

ABT724 ↑ (Koffarnus et al.,
2011)

*Denotes significant effect on pharmacologically increased (5-CSRTT)/decreased levels of impulsivity, agent in parentheses.
§Denotes effect in selected high-impulsive rats.
↑, increased; ↓, decreased; =, no effect; DD, delay discounting; DOI, (+/-)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropan hydrochloride;
MA, methamphetamine.
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Table 2
Selected studies of region-specific dopaminergic interventions in impulsivity and addiction-related behaviour in rodent models

Agent Region

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT DD

Dopamine
re-uptake
inhibitor/
releaser

Amphetamine NAc ↑ (Cole and
Robbins, 1987)

↑ FR ethanol
(Samson et al.,
1993; 1999)

Methylphenidate NAc core ↑ (Economidou
et al., 2012)

NAc shell = (Economidou
et al., 2012)

D1 agonist

SKF-38393 NAc ↑ (Pezze et al.,
2007)

NAc core ↑ cocaine (Bachtell
et al., 2005)

NAc shell = FR cocaine
(Bachtell et al.,
2005)

↑ cocaine (Bachtell
et al., 2005)

OFC =§ (Winstanley
et al., 2010b)

D1 antagonist

SCH-23390 NAc core ↓ (Pattij et al.,
2007a)

= (Eagle et al.,
2011)

↓ PR cocaine (Bari
and Pierce, 2005)

↓ context-induced
ethanol
(Chaudhri et al.,
2009)

NAc shell ↓ (Pattij et al.,
2007a)

↓ PR cocaine (Bari
and Pierce, 2005)

↑ FR cocaine
(Maldonado
et al., 1993)

↓ drug-primed
cocaine (Bachtell
et al., 2005)

DS ↓ (Agnoli and Carli,
2011)

↓ (Eagle et al.,
2011)

↑ FR cocaine (Caine
and Koob, 1995;
Caine et al.,
1995)

PFC ↑ (Loos et al., 2010;
Pardey et al.,
2013)

↓ PR cocaine (Olsen
and Duvauchelle,
2006)

↓ stress-induced
cocaine (Capriles
et al., 2003)

= drug-primed
cocaine (Capriles
et al., 2003)

↓drug-primed
cocaine (Sun and
Rebec, 2005)

OFC ↓§ (Winstanley
et al., 2010b)

= (Pardey et al.,
2013)

↓ context-induced
cocaine (Lasseter
et al., 2014)

↓ stress-induced
cocaine (Capriles
et al., 2003)

vHC = (Abela and
Chudasama,
2014)
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Table 2
Continued

Agent Region

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT DD

D2 agonist

7-OH-DPAT NAc = FR cocaine
(Bachtell et al.,
2005)

Quinpirole ↑ (Pezze et al.,
2007)

↑ FR ethanol
(Samson and
Chappell, 2003)

↑ cocaine (shell)
(Schmidt et al.,
2006)

OFC ↓§ (Winstanley
et al., 2010b)

D2 antagonist

Raclopride OFC ↑ (Pardey et al.,
2013)

= stress,
context-induced
cocaine (Capriles
et al., 2003)

Sulpiride DS ↑ (Eagle et al.,
2011)

Eticlopride NAc core =* (amphetamine)
(Pattij et al.,
2007a)

= FR cocaine
(Bachtell et al.,
2005)

Aripiprazole =§ (Besson et al.,
2010)

Sulpiride = (Eagle et al.,
2011)

= drug-primed
cocaine
(Anderson et al.,
2006)

NAc = (Pezze et al.,
2007)

↑ FR ethanol (Levy
et al., 1991)

↑ FR cocaine,
(Phillips et al.,
1994)

NAc shell ↓ drug-primed
cocaine
(Anderson et al.,
2006)

Aripiprazole = § (Besson et al.,
2010)

Eticlopride =* (amphetamine)
(Pattij et al.,
2007a)

↓ PR cocaine (Bari
and Pierce, 2005)

↑ FR cocaine
(Bachtell et al.,
2005)

↓ drug-primed
cocaine (Bachtell
et al., 2005)

D3 antagonist

Nafadotride NAc core ↓§ (Besson et al.,
2010)

NAc shell ↑§ (Besson et al.,
2010)

SB-277011A NAc ↓ stress-induced
cocaine (Xi et al.,
2004)

*Denotes effect on pharmacologically increased/decreased levels of impulsivity, agent in parentheses.
§Denotes an effect in selected high-impulsive rats.
↑, increased; ↓, decreased; =, no effect; DS, dorsal striatum; MA, methamphetamine; vHC, ventral hippocampus.
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(Chaudhri et al., 2009) the effects of D2 receptor antagonists
are limited to the NAc shell (Anderson et al., 2006).

The findings reviewed earlier, especially in relation to
psychostimulants, are consistent with the effects of acute
systemically administered dopaminergic agents on impulsive
action (e.g. as measured in the 5-CSRTT), but not impulsive
choice. Specifically, dopamine compounds that reduce or
increase impulsive action also, in general, reduce or increase
measures of drug reward and relapse (Table 1), with conver-
gence in terms of both regional and dopamine receptor
subtype specificity (Table 2). However, although systemically
administered D1 and D2 receptor agonists enhance reward
and at least in the case of D2 receptors, stimulate relapse,
dopamine receptor agonists either have no effect (D1-like;
Winstanley et al., 2010b) or decrease premature responding
in the 5-CSRTT (D2-like; Besson et al., 2010). Moreover,
D2-like receptor blockade in the NAc shell reduces drug
reward and reinstatement (Anderson et al., 2006), but
increases premature responding in the 5-CSRTT (Besson et al.,
2010). Thus, manipulations that acutely alter dopamine
receptor function appear unlikely to collectively suppress
impulsivity and addiction-like behaviours.

5-Hydroxytryptaminergic agents
There is widespread support for a significant role of 5-HT in
modulating impulsivity and addiction-related processes
(Kranz et al., 2010; Hayes and Greenshaw, 2011; Kirby et al.,
2011; Dalley and Roiser, 2012; Miyazaki et al., 2012), through
interactions with dopamine (Kapur and Remington, 1996; Di
Matteo et al., 2008) and other neurotransmitter systems (Fink
and Gothert, 2007). A summary of the involvement of differ-
ent 5-HT receptor subtypes in impulsivity and their putative
loci of action is given in Tables 3 and 4. Near-complete deple-
tion of 5-HT in the brain increases impulsivity in the 5-CSRTT
(Harrison et al., 1997; Winstanley et al., 2004), the Go/No-go
task (Harrison et al., 1999) and the SSRTT (Eagle et al., 2009).
However, 5-HT depletion has variable effects on delay-
discounting impulsivity, which may be due to differing experi-
mental protocols (for discussion, see Winstanley et al. 2006).
Similarly, enhancing 5-HT levels via systemically administered
5-HT re-uptake inhibitors reduces impulsivity in the 5-CSRTT
(Baarendse and Vanderschuren, 2012; Humpston et al., 2013),
but has no effect on SSRTT performance (Bari et al., 2009) or
delay discounting (Evenden and Ryan, 1996; Baarendse and
Vanderschuren, 2012). Studies of receptor selective ligands
have predominantly implicated 5-HT2 receptors in mediating
these effects. 5-HT2C receptor antagonists such as SB242084
increase premature responding in the 5-CSRTT (Winstanley
et al., 2004; Fletcher et al., 2007) while the 5-HT2C receptor
agonist WAY163909 reduces impulsivity on this task (Navarra
et al., 2008a). Interestingly, the mixed 5-HT2A/2C receptor
antagonist ketanserin reduced (Passetti et al., 2003; Talpos
et al., 2006; Fletcher et al., 2007), while the 5-HT2A/2C receptor
agonist DOI ((+/-)-1-(2,5-dimethoxy-4-iodophenyl)-2-
aminopropan hydrochloride) increased premature respond-
ing in the 5-CSRTT (Koskinen et al., 2000). Consistent with
these results the selective 5-HT2A receptor antagonist M100907
decreased premature responding (Winstanley et al., 2003b;
Fletcher et al., 2007), similar to the effect of the mixed 5-HT2B/C

receptor agonist Ro60-175 (Fletcher et al., 2007). It is unclear
whether delay discounting is also bi-directionally modulated

by 5-HT2A and 5-HT2C receptors, but both ketanserin and the
5-HT2C receptor antagonist SB242084 decrease this measure of
impulsivity (Hadamitzky and Koch, 2009; Hadamitzky et al.,
2009; Paterson et al., 2012). Finally, 5-HT1 receptors have been
implicated in several variants of impulsivity, but the results
have been quite mixed. Thus, activation of 5-HT1A receptors
increases impulsivity on the delay-discounting task
(Winstanley et al., 2005b; van den Bergh et al., 2006; Stanis
et al., 2008b; Blasio et al., 2012) and either increases (Carli and
Samanin, 2000), decreases (Blokland et al., 2005) or has no
effect (Winstanley et al., 2003b; Carli et al., 2006) on prema-
ture responding in the 5-CSRTT.

Wide-ranging evidence also implicates a role for 5-HT in
reward and addiction (reviewed Filip et al., 2010; Hayes and
Greenshaw, 2011; Kirby et al., 2011). However, owing to the
complexity of this neurotransmitter system and its influence
on dopamine and other neurotransmitter systems, the precise
role of 5-HT in addiction-related processes is not always clear.
Globally depleting 5-HT in the brain tends to potentiate drug
reward, increasing stimulant drug self-administration under
both FR and PR schedules (e.g. Lyness et al., 1980; Roberts
et al., 1994) and drug-primed relapse (Tran-Nguyen et al.,
2001). Conversely, selective 5-HT re-uptake inhibitors gener-
ally decrease drug self-administration and relapse (Glatz et al.,
2002; Simon O’Brien et al., 2011).

A survey of specific 5-HT receptor subtypes reveals that
5-HT1A receptor activation enhances the rewarding effects of
drugs by decreasing drug self-administration under FR sched-
ules while increasing PR responding for cocaine (Peltier and
Schenk, 1993; Parsons et al., 1998) and alcohol (Wilson et al.,
1996) reinforcement. Tonic activity at 5-HT1A receptors
appears important for the rewarding effects of stimulant
drugs, demonstrated by the inhibition of drug-primed rein-
statement of cocaine-seeking by the selective 5-HT1A receptor
antagonist WAY100635 (Schenk, 2000; Burmeister et al.,
2004). Conversely, activation of 5-HT1B receptors attenuates
drug reward, increasing FR and decreasing PR responding for
cocaine (Parsons et al., 1998). Again, tonic activity at this
receptor subtype appears important for cocaine-motivated
behaviours, including reinstatement (David et al., 2004;
Przegalinski et al., 2008).

However, the role of 5-HT2 receptors in addiction-like
behaviour is more nuanced. Thus, while systemically admin-
istered 5-HT2A receptor antagonists appear to have no effect
on the self-administration of cocaine or nicotine (Fletcher
et al., 2002; 2012; Nic Dhonnchadha et al., 2009) they do
reduce responding for alcohol when infused into the ventral
tegmental area (Ding et al., 2009). Selective 5-HT2A receptor
antagonists also inhibit drug- and cue-primed nicotine- and
cocaine-seeking (Nic Dhonnchadha et al., 2009; Fletcher
et al., 2012). The differential effect of these compounds on
self-administration and relapse has been suggested to relate to
the inhibition of dopamine release in the dorsal striatum, but
not the NAc by these agents following drug administration
(Murnane et al., 2013). By contrast, selective 5-HT2C receptor
antagonists tend to increase rates of cocaine (Fletcher et al.,
2002) and alcohol (Tomkins et al., 2002) self-administration,
and drug-primed relapse (Burmeister et al., 2004). Consistent
with these findings, selective 5-HT2C receptor agonists reduce
self-administration and cue-induced cocaine (Cunningham
et al., 2011) and nicotine (Higgins et al., 2012) reinstatement,
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Table 3
Selected studies employing 5-hydroxytryptaminergic interventions in models of impulsivity and addiction-related behaviour in rodent models

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT DD

5-HT re-uptake
inhibitor/
releaser

Citalopram ↓ (Baarendse and
Vanderschuren,
2012; Humpston
et al., 2013)

= (Bari et al.,
2009)

= (Evenden and Ryan,
1996; Baarendse
and Vanderschuren,
2012)

= FR cocaine (Hiranita
et al., 2009)

↓ drug-primed
cocaine
(Ruedi-Bettschen
et al., 2010)

Fluvoxamine = (Tsutsui-Kimura
et al., 2009)

↓ FR ethanol (Lamb
and Jarbe, 2001)

Fluoxetine ↓ (Humpston et al.,
2013)

↓ FR ethanol (Simon
O’Brien et al.,
2011)

↓ FR cocaine (Glatz
et al., 2002)

↓ stress- induced
ethanol (Simon
O’Brien et al.,
2011)

Paroxetine ↓ (Humpston et al.,
2013)

5-HT depletion

5,7-
dihydroxytrypt-
amine

↑ (Harrison et al.,
1997; Winstanley
et al., 2004)

↑ ( (Wogar et al.,
1993; Bizot et al.,
1999; Mobini et al.,
2000)

= (Winstanley et al.,
2003a; 2004)

↑ FR MA (Fletcher
et al., 1999)

↑ PR cocaine (Roberts
et al., 1994)

↓ cue-induced
cocaine
(Tran-Nguyen et al.,
2001)

↑ drug-primed
cocaine
(Tran-Nguyen et al.,
2001)

5-HT1A agonist

8-OH-DPAT ↑ (Carli and Samanin,
2000)

= (Winstanley et al.,
2003b)

↓ (Blokland et al.,
2005)

↑ (Winstanley et al.,
2005b; Stanis et al.,
2008a; Blasio et al.,
2012)

↓ FR cocaine (Peltier
and Schenk, 1993)

↓ PR cocaine (Parsons
et al., 1998)

↓ FR ethanol (Wilson
et al., 1996)

Flesinoxan ↑ (van den Bergh
et al., 2006)

5-HT1A antagonist

WAY100635 =/= *
(methylphenidate)
(Milstein et al.,
2010)

↓ drug-primed
cocaine (Schenk,
2000; Burmeister
et al., 2004)

m-MPPI ↓ PR cocaine (Parsons
et al., 1998)

5-HT1B antagonist

GR55562 =/= *
(methylphenidate)
(Milstein et al.,
2010)

GR127935 = (van den Bergh
et al., 2006)

↓ drug-primed
cocaine
(Przegalinski et al.,
2008), ↓
cue-induced
cocaine
(Przegalinski et al.,
2008)
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Table 3
Continued

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT DD

5-HT1A/1B agonist

Eltoprazine ↓ (van den Bergh
et al., 2006)

RU24969 = (Evenden, 1999b) ↓ FR, ↑ PR cocaine
(Parsons et al.,
1998)

↓ drug-primed
cocaine (Acosta
et al., 2005)

↓ cue-induced
cocaine (Acosta
et al., 2005)

5-HT2A antagonist

M100907 ↓ (Winstanley et al.,
2003b; Fletcher
et al., 2007)

↓* (dizocilpine)
(Higgins et al.,
2003)

↓*
(5,7-dihydroxytryptamine)
(Winstanley et al.,
2004)

= FR cocaine (Nic
Dhonnchadha
et al., 2009)

= PR cocaine (Fletcher
et al., 2002)

= FR, PR nicotine
(Fletcher et al.,
2012)

↓ cue-induced
cocaine (Nic
Dhonnchadha
et al., 2009)

↓ drug- primed
nicotine,
cue-induced
nicotine (Fletcher
et al., 2012)

5-HT2A/C agonist

DOI ↑ (Koskinen et al.,
2000; Blokland
et al., 2005)

↑ (Hadamitzky and
Koch, 2009;
Hadamitzky et al.,
2009; Blasio et al.,
2012)

↓ FR ethanol (Maurel
et al., 1999)

5-HT2A/C antagonist

Ketanserin ↓ (Passetti et al.,
2003; Talpos et al.,
2006; Fletcher
et al., 2007)

↓* (DOI) (Koskinen
et al., 2000)

↓* (DOI) (Hadamitzky
and Koch, 2009;
Hadamitzky et al.,
2009)

= (Paterson et al.,
2012 22094071)

↓ FR nicotine (Levin
et al., 2008)

↓ cue-induced
cocaine (Burmeister
et al., 2004)

Ritanserin ↓* (DOI) (Koskinen
et al., 2000)

= FR MA (Fletcher,
1998)

= cocaine (Schenk,
2000)

5-HT2C agonist

WAY163909 ↓ (Navarra et al.,
2008a)

↓ FR cocaine
(Cunningham
et al., 2011)

↓ cue-induced
cocaine
(Cunningham
et al., 2011)

Lorcaserin ↓ FR nicotine (Higgins
et al., 2012)

↓ nicotine,
cue-induced
nicotine (Higgins
et al., 2012)

5-HT2C antagonist

SB242084 ↑ (Winstanley et al.,
2004; Fletcher
et al., 2007)

↓ (Paterson et al.,
2012)

↑ FR, PR cocaine
(Fletcher et al.,
2002)

↑ FR ethanol
(Tomkins et al.,
2002)

= cue-induced MA
(Graves and Napier,
2012)

↑ drug-primed
cocaine,
(Burmeister et al.,
2004)
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an effect that appears to be mediated by the prefrontal cortex
(PFC; Pentkowski et al., 2010). Selective 5-HT2B receptor
antagonism enhances drug reward, reducing responding for
cocaine under a FR schedule, while increasing responding
under a PR schedule and augmenting drug-primed relapse
behaviour (Fletcher et al., 2002). However, mixed 5-HT2B/C

receptor antagonists have no effect on drug self-
administration or drug-seeking behaviour (Filip, 2005; Graves
and Napier, 2012), although mixed 5-HT2B/C receptor agonists
decreased these behaviours (Fletcher et al., 2004; 2008; 2012).
Finally, 5-HT3 receptor antagonism generally reduces
responding for ethanol and cocaine (Tomkins et al., 1995;

Table 3
Continued

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT DD

5-HT2B/C agonist

Ro60-0175 ↓ (Fletcher et al.,
2007)

↓ FR, PR cocaine
(Fletcher et al.,
2004)

↓ FR, PR nicotine
(Fletcher et al.,
2012)

↓ cue-induced
nicotine (Fletcher
et al., 2012)

↓ stress- induced
cocaine (Fletcher
et al., 2008)

↓ context- induced
cocaine (Fletcher
et al., 2008)

5-HT2B/C antagonist

SER-082 = (Talpos et al., 2006) ↓ (Talpos et al., 2006) = FR cocaine (Filip,
2005)

= cue-induced MA
(Graves and Napier,
2012)

= drug-primed
cocaine (Filip,
2005)

= cue-induced
cocaine (Filip,
2005)

5-HT2B antagonist

SB215505 = (Fletcher et al.,
2007)

↓ FR, ↑PR cocaine
(Fletcher et al.,
2002)

↑ cue-induced
cocaine (Fletcher
et al., 2002)

5-HT3 antagonist

MDL72222 ↓ (Evenden, 1999a) ↓ FR ethanol
(McKinzie et al.,
2000)

= FR nicotine
(Corrigall and
Coen, 1994)

= PR cocaine (Lacosta
and Roberts, 1993)

Ondansetron = FR cocaine (Lane
et al., 1992)

↓ PR cocaine
(Davidson et al.,
2002)

↓ stress- induced
ethanol (Le et al.,
2006)

5-HT6 antagonist

SB270146A = (Talpos et al., 2006) = (Talpos et al., 2006)

CMP42 = (de Bruin et al.,
2013)

↓ FR nicotine (de
Bruin et al., 2013)

↓ cue- induced
nicotine (de Bruin
et al., 2013)

↓ cue- induced
ethanol (de Bruin
et al., 2013)

*Denotes effect on pharmacologically increased/decreased levels of impulsivity, agent in parenthees.
↑, increased; ↓, decreased; =, no effect; DOI, (+/-)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropan hydrochloride; MA, methamphetamine.
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McKinzie et al., 2000; Davidson et al., 2002), similar to the
effects of 5-HT6 receptor antagonists, which decrease nicotine
self-administration as well as both cue- and drug-primed
relapse (de Bruin et al., 2013).

The findings reviewed earlier indicate a significant
overlap in 5-hydroxytryptaminergic mechanisms affecting
impulsivity and addiction-like behaviours in rodents
(Table 3). Again, similar to the effect at other transmitter
systems, pharmacological agents that reduce impulsive
action (rather than impulsive choice) also reduce drug self-
administration and drug-seeking, whereas agents that
enhance impulsive action also potentiate addiction-like
behaviours. However, despite an involvement of 5-HT1A,
5-HT1B and 5-HT6 receptors in reward and addiction-like
behaviour (reviewed earlier), there is no convincing evidence
they play a major role in impulsive action.

Noradrenergic agents
A role for noradrenaline in impulsivity is substantiated by the
clinical efficacy of amphetamine and methylphenidate in
ADHD, which act to enhance noradrenaline as well as dopa-
mine transmission in the brain [reviewed in Del Campo et al.
(2011)] and more specifically by the effectiveness of the
selective noradrenaline re-uptake inhibitor (NARI) atomox-
etine in ADHD (Simpson and Plosker, 2004; Faraone et al.,
2005) and animal models of impulsivity (Blondeau and
Dellu-Hagedorn, 2007; Navarra et al., 2008b; Robinson et al.,
2008b; Tsutsui-Kimura et al., 2009; Fernando et al., 2012; see
Table 5). In addition, mixed 5-HT/noradrenaline re-uptake
inhibitors such as desipramine (van Gaalen et al., 2006b;
Paine et al., 2007), milnacipran (Tsutsui-Kimura et al., 2009)
and venlafaxine (Humpston et al., 2013) are effective in

Table 4
Selected studies of region-specific 5-hydroxytryptaminergic interventions in rodent models of impulsivity

Intervention

Region Impulsive action Impulsive choice

5-CSRTT DD

5-HT depletion

5,7-dihydroxytryptamime PFC = (Fletcher et al., 2009)

NAc = (Fletcher et al., 2009)

5-HT1A agonist

8-OH-DPAT PFC = (Winstanley et al., 2003b)
=* (m-CPP) (Carli et al., 2006)

5-HT2A antagonist

M100907 PFC ↓ (Winstanley et al., 2003b)
= (Robinson et al., 2008a)
↓* (m-CPP) (Carli et al., 2006)

DS ↓* (m-CPP) (Agnoli and Carli, 2012)

NAc ↓ (Robinson et al., 2008a)

5-HT2C antagonist

SB242084 NAc ↑ (Robinson et al., 2008a)

PFC = (Robinson et al., 2008a)

5-HT2A/C agonist

DOI NAc Core = (Koskinen and Sirvio, 2001)

NAc Shell = (Koskinen and Sirvio, 2001)

OFC = (Hadamitzky and Koch, 2009) ↑ (Wischhof et al., 2011)

BLA = (Hadamitzky and Koch, 2009)

OFC + BLA ↑ (Hadamitzky and Koch, 2009)

5-HT2A/C antagonist

Ketanserin PFC ↓ (Passetti et al., 2003)

OFC = (Hadamitzky and Koch, 2009)

BLA = (Hadamitzky and Koch, 2009)

OFC + BLA = (Hadamitzky and Koch, 2009)

5-HT2B/C agonist

Ro60-0175 DS ↓* (m-CPP) (Agnoli and Carli, 2012)

*Denotes effect on pharmacologically increased/decreased levels of impulsivity, agent in parentheses.
↑, increased; ↓decreased; =, no effect; BLA, basolateral amygdala; m-CPP, meta-chloropiprazine; DOI, (+/-)-1-(2,5-dimethoxy-4-iodophenyl)-
2-aminopropan hydrochloride; DS, dorsal striatum.
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Table 5
Selected studies of systemically administered (unless otherwise stated) noradrenergic interventions in rodent models of impulsivity and addiction-
like behaviour

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT DD

NA re-uptake
inhibitor

Atomoxetine ↓§ (Blondeau and
Dellu-Hagedorn,
2007; Fernando
et al., 2012)

↓ (Navarra et al.,
2008b; Robinson
et al., 2008b;
Tsutsui-Kimura
et al., 2009)

↓ (Robinson et al.,
2008b; Bari et al.,
2009)

↓ (Robinson et al.,
2008b)

= (Baarendse and
Vanderschuren,
2012)

↑ (Broos et al.,
2012b)

↓ cue-induced
cocaine
(Economidou et al.,
2009; 2011)

Reboxetine ↓ (Liu et al., 2009) ↓ FR nicotine (Rauhut
et al., 2002)

NA/DA re-uptake
inhibitor

Buproprion = (Humpston et al.,
2013)

↓ FR MA (Reichel
et al., 2009)

↓ FR nicotine (Liu
et al., 2008)

= PR nicotine
(Bruijnzeel and
Markou, 2003)

↑ cue-induced
nicotine (Liu et al.,
2008)

NA/5-HT re-uptake
inhibitor

Desipramine ↓ (van Gaalen et al.,
2006b; Paine et al.,
2007; Pattij et al.,
2012)

= (van Gaalen et al.,
2006a)

= FR cocaine (Tella,
1995)

↓ cue-induced
ethanol (Simon
O’Brien et al.,
2011)

Milnacipran ↓ (Tsutsui-Kimura
et al., 2009)

↓ cue-induced
ethanol (Simon
O’Brien et al.,
2011)

Subutramine = (Humpston et al.,
2013)

Venlafaxine ↓ (Humpston et al.,
2013)

α1 agonist

Phenylephrine = (van Gaalen et al.,
2006a)

α1 antagonist

Prazosin ↓ (Liu et al., 2009)
↓* (DOI) (Koskinen

et al., 2003)

= FR cocaine (Ecke
et al., 2012)

↓ FR nicotine (Forget
et al., 2010)

↓ stress- induced
ethanol (Le et al.,
2011)

↓ drug- primed
cocaine (Zhang and
Kosten, 2005)

↓ drug-primed, cue-
induced nicotine
(Forget et al., 2010)
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Table 5
Continued

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT DD

α2 agonist

Guanfacine ↓§ (Fernando et al.,
2012)

↓ (Milstein et al.,
2007)

↓ vHC (Abela and
Chudasama, 2014)

↓ stress-induced
cocaine (Buffalari
et al., 2012)

↓ stress- induced
ethanol (Le et al.,
2011)

↓ cue-induced
cocaine (Smith and
Aston-Jones, 2011)

Clonidine ↑ (van Gaalen et al.,
2006a)

↓ stress- induced
cocaine (Erb et al.,
2000)

= drug primed
cocaine (Erb et al.,
2000)

↓ stress- induced
nicotine (Zislis et al.,

2007)

Lofexidine ↓ FR ethanol (Le et al.,
2005)

↓ stress- induced
ethanol (Le et al.,

2005)

Imidazoline ↓ cue- induced
cocaine (Smith and
Aston-Jones, 2011)

α2 antagonist

Yohimbine ↑ (Sun et al., 2010;
Torregrossa et al.,
2012)

↑ FR ethanol (Le et al.,
2005)

↑FR, PR nicotine (Li
et al., 2012)

↑ cocaine (Feltenstein
and See, 2006)

↑ MA (Shepard et al.,
2004)

↑ ethanol (Le et al.,
2005)

↑ nicotine (Feltenstein
et al., 2012)

↑ cue- induced
cocaine (Feltenstein
et al., 2011;
Buffalari et al.,
2012)

Atipamezole ↑ (Koskinen et al.,
2003)

Idazoxan = (Humpston et al.,
2013)

β2 agonist

Clenbuterol ↓ (Pattij et al., 2012)

β antagonist

Propranolol ↓* (methylphenidate)
(Milstein et al.,
2010)

↓ FR, PR ethanol (Gilpin
and Koob, 2010)

↓ FR cocaine (Harris
et al., 1996)

↓ cue- induced
nicotine
(Chiamulera et al.,
2010)

*Denotes effect on pharmacologically increased/decreased levels of impulsivity, agent in parentheses.
§Denotes an effect in selected high-impulsive rats.
↑, increased; ↓ decreased; = no effect; MA, methamphetamine; vHC, ventral hippocampus.
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reducing action impulsivity. These findings contrast with the
mixed dopamine/noradrenaline re-uptake inhibitor buprop-
rion, which has no effect on impulsive action (Humpston
et al., 2013) presumably as a result of opponent effects of
dopamine on this task (Dalley et al., 2011). The effects of
noradrenaline on impulsive action appear to be mediated by
α1-, α2- and β2-adrenoceptors. Thus, systemic administration
of α1 receptor antagonists (Milstein et al., 2007; Liu et al.,
2009) and α2-adrenoceptor agonists (Milstein et al., 2007;
Fernando et al., 2012) reduce, whereas α2-adrenoceptor
antagonists, increase action impulsivity (Koskinen et al.,
2003; Sun et al., 2010; Torregrossa et al., 2012). An action at
β-adrenoceptors has also been implicated in this form of
impulsivity, with a recent study demonstrating an effect of
the β2-adrenoceptor selective agonist clenbuterol to reduce
impulsivity, as measured by the 5-CSRTT (Pattij et al., 2012).
This appears somewhat at odds with data demonstrating an
effect of the non-selective β-adrenoceptor antagonist pro-
pranolol to reduce premature responding induced by meth-
ylphenidate (Milstein et al., 2010). Clearly further studies are
required to delineate the relative contributions of β1- and
β2-adrenoceptors to this behaviour.

While there is conflicting evidence for a role of NARIs in
impulsive choice (van Gaalen et al., 2006a; Robinson et al.,
2008b; Baarendse and Vanderschuren, 2012; Broos et al.,
2012b), systemic administration of the α2-adrenoceptor
agonist clonidine appears to increase this form of impulsivity
(van Gaalen et al., 2006a), but curiously has the opposite
effect when infused directly in the hippocampus (Abela and
Chudasama, 2014). Consistent with region-specific effects of
noradrenaline transmission on distinct impulsivity subtypes
a recent study found that atomoxetine reduces impulsivity in
the 5-CSRTT when administered in the NAc shell, but not the
NAc core or the PFC (Economidou et al., 2012).

Noradrenaline is thought to contribute to drug reward
and addiction through dopamine-dependent and dopamine-
independent processes (reviewed in Weinshenker and
Schroeder, 2007). Pharmacological manipulation of this
system affects several measures of addiction-related behav-
iours in rodents (Table 5). While these generally have little
effect on psychostimulant self-administration (reviewed in
Sofuoglu and Sewell, 2009) there is mounting evidence that
noradrenergic mechanisms modulate ethanol, nicotine and
opiate self-administration, specifically via α1- (Rasmussen
et al., 2009; Forget et al., 2010), but not α2- (Le et al., 2005;
Marinelli et al., 2007; Li et al., 2014) adrenoceptors. Thus,
α1-adrenoceptor antagonists such as prazosin attenuate drug-
primed reinstatement (Zhang and Kosten, 2005), putatively
by decreasing dopamine release in the NAc (Lane et al., 1988).

Previous research indicates that noradrenaline plays a
critical role in cue- and stress-induced drug relapse. Atomox-
etine has been found to inhibit cue-induced cocaine rein-
statement (Economidou et al., 2009; 2011), while the mixed
5-HT/noradrenaline re-uptake inhibitors desipramine and
milnacipran reduce cue-induced ethanol reinstatement
(Simon O’Brien et al., 2011). Conversely, the mixed
noradrenaline/dopamine re-uptake inhibitor buproprion
enhances nicotine cue-induced reinstatement (Liu et al., 2008)
presumably as a consequence of increased tonic activity at
dopamine receptors. In terms of specific receptor subtypes
α1-adrenoceptor antagonists (e.g. Forget et al., 2010; Le et al.,

2011) and α2-adrenceptor agonists (e.g. Erb et al., 2000; Le
et al., 2005; Zislis et al., 2007; Smith and Aston-Jones, 2011)
reduce reinstatement to drug-associated cues and various
stressors. By contrast, the α2-adrenoceptor antagonist yohim-
bine facilitates reinstatement to all major classes of abused
drugs (psychostimulants, alcohol, opiates, nicotine) (Shepard
et al., 2004; Le et al., 2005; Feltenstein and See, 2006; Banna
et al., 2010; Feltenstein et al., 2012). Yohimbine also potenti-
ates the effects of cue-exposure on cocaine-seeking
(Feltenstein et al., 2011). In addition, β-adrenoceptors con-
tribute to cue- and stress-induced reinstatement (e.g. Leri
et al., 2002; Chiamulera et al., 2010).

In keeping with the findings reviewed to date, there is
considerable overlap in noradrenergic manipulations of
impulsive action and addiction-like behaviour. Thus, drugs
that decrease action impulsivity also act to reduce drug self-
administration and/or inhibit relapse and vice versa. However,
there is little overlap of these behaviours with impulsive
choice (Table 5).

Glutamatergic agents
As shown in Table 6, systemic administration of non-
competitive glutamatergic NMDA receptor antagonists pre-
dominantly have the effect of increasing impulsive action
(Amitai et al., 2007; Paine et al., 2007; Oliver et al., 2009;
Fletcher et al., 2011) and impulsive choice (Floresco et al.,
2008; Cottone et al., 2013). At least in the case of impulsive
action this effect appears to be mediated by GluN2B-
containing receptors (for nomenclature see Alexander et al.,
2013b). Thus, the selective GluN2B NMDA receptor antago-
nist Ro63-1908 decreased impulsivity in the 5-CSRTT
(Higgins et al., 2005; Burton and Fletcher, 2012). Qualita-
tively similar effects are reported for metabotropic glutamate
receptor (mGlu) antagonists (for nomenclature see Alexander
et al., 2013a), specifically acting at the mGlu5 subtype on the
5-CSRTT (Semenova and Markou, 2007). Interestingly, mGlu1

receptor antagonism decreased impulsive choice on a delay-
discounting task (Sukhotina et al., 2008).

While there is an abundance of evidence implicating
NMDA, AMPA, kainic acid receptors, metabotropic receptors
[e.g. mGlu7 (Li et al., 2010)] and excitatory amino acid trans-
porters in addiction-related behaviours (for a comprehensive
review, see Gass and Olive, 2008), we have limited our dis-
cussion to only those glutamatergic agents evaluated in
rodent models of impulsivity. NMDA receptor antagonists
generally attenuate drug self-administration and measures of
drug reward including conditioned-place preference (e.g.
Hyytia et al., 1999; Glick et al., 2001; Blokhina et al., 2005;
Yonghui et al., 2006; Sabino et al., 2013). One notable
exception, however, is MK-801, which increases cocaine self-
administration (Allen et al., 2005) and augments relapse to
cocaine (De Vries et al., 1998b). Curiously, MK-801 also inhib-
its cue-induced relapse to ethanol (von der Goltz et al., 2009),
an effect resembling the actions of selective GluN2B NMDA
receptor antagonists to reduce drug- and cue-induced rein-
statement of ethanol (Vengeliene et al., 2005; Wang et al.,
2010) and nicotine seeking (Gipson et al., 2013). Systemically
administered GluN2B receptor antagonists also reduce the
self-administration of ethanol in rats (Wang et al., 2010).
Other studies have shown that mGlu1, mGlu2/3 and mGlu5

receptor antagonists reduce self-administration of, and
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Table 6
Selected studies of systemically administered (unless otherwise stated) interventions of glutamatergic, GABAergic, opioidergic, cholinergic and
cannabinoid neurotransmission in rodent models of impulsivity and addiction-like behaviour

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT/Go/No-go DD

Glutamate

Non-competitive
NMDA
antagonist

MK-801 ↑ (Paine et al.,
2007)

↓FR, ↑PR cocaine
(Allen et al.,
2005)

↓ cue-induced
ethanol (von der
Goltz et al.,
2009)

Ketamine ↑ (Oliver et al.,
2009)

= (Nemeth et al.,
2010)

↑ (Cottone et al.,
2013)

↑ (Floresco et al.,
2008)

↓ FR ethanol
(Sabino et al.,
2013)

Memantine ↑ (Cottone et al.,
2013)

= (Oberlin et al.,
2010)

↓ FR ethanol
(Sabino et al.,
2013)

↓FR, PR cocaine
(Hyytia et al.,
1999)

PCP ↑ (Amitai et al.,
2007)

↓FR ethanol
(Shelton and
Balster, 1997)

Selective
glutamate
receptor
antagonist

Ro63-1908
(NMDA 2B)

↑ (Higgins et al.,
2005; Burton and
Fletcher, 2012)

Ifenprodil
(NMDA 2B)

↓ drug-primed
ethanol
(Vengeliene et al.,
2005)

↓ cue-induced
nicotine (Gipson
et al., 2013)

EMQMCM
(mGlu1)

↓ (Sukhotina et al.,
2008)

↓ cue-induced
nicotine, drug-
primed nicotine
(Dravolina et al.,
2007)

JNJ16259685
(mGlu1)

↓ context- induced
cocaine (Xie
et al., 2012b)

LY341495
(mGlu2/3)

= (Semenova and
Markou, 2007)

↓FR, ↓PR cocaine
(Allen et al.,
2005)

↓ FR ethanol
(Backstrom and
Hyytia, 2005)

↓ cue-induced
ethanol
(Backstrom and
Hyytia, 2005)

↓ cue-induced
cocaine (Baptista
et al., 2004)
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Table 6
Continued

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT/Go/No-go DD

MPEP (mGlu5) ↓ (Semenova and
Markou, 2007)

↓ FR ethanol
(Schroeder et al.,
2005)

↓FR, ↓PR nicotine
(Paterson and
Markou, 2005)

↓FR, PR cocaine
(Paterson and
Markou, 2005)

↓ cue-induced
cocaine
(Backstrom and
Hyytia, 2006)

↓cue-induced
nicotine
(Palmatier et al.,
2008)

↓ drug-primed
nicotine (Tessari
et al., 2004)

GABA

GABA-mimetic

Ethanol ↑ (Oliver et al., 2009) ↑ (Olmstead et al.,
2006)

↓ FR ethanol
(Shelton and
Balster, 1997)

Vigabatrin ↓ FR cocaine (Filip
et al., 2007)

↓ drug-primed
cocaine (Filip
et al., 2007)

GABAA agonist

Diazepam ↑ (Oliver et al., 2009)
= § (Molander et al.,

2011)

↑ (Thiebot et al.,
1985)

↓ FR cocaine
(Augier et al.,
2012)

Chlordiazepoxide ↑ (Cardinal et al.,
2000)

GABAB agonist

Baclofen ↑ ILC (Murphy et al.,
2012)

↑ MRN (Le et al.,
2008)

↓ STN (Baunez and
Robbins, 1999)

↑ OFC (Zeeb et al.,
2010)

↑ vHC (Abela and
Chudasama,
2014)

↑ NAc Core
(Ghods-Sharifi
and Floresco,
2010)

= NAc Shell
(Ghods-Sharifi
and Floresco,
2010)

↓ STN (Winstanley
et al., 2005a)

↓ FR, PR cocaine
(Brebner et al.,
2000)

↓ FR nicotine
(Fattore et al.,
2002)

↓ drug-primed
nicotine (Fattore
et al., 2009)

Opioid

Non-selective
antagonist

Naloxone = (Pattij et al., 2009;
Wiskerke et al.,
2011b)

= * (nicotine)
(Wiskerke et al.,
2012)

↓* (amphetamine,
GBR12909)
(Wiskerke et al.,
2011b)

= (Pattij et al.,
2009)

= (Pattij et al.,
2009)

=/= *
(amphetamine)
(Wiskerke et al.,
2011b)

↓ FR cocaine
(Kiyatkin and
Brown, 2003)

↓ FR nicotine
(Ismayilova and
Shoaib, 2010)

↓ drug-primed
cannabinoid
(Spano et al.,
2004)
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Table 6
Continued

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT/Go/No-go DD

μ agonist

Morphine ↑ (Pattij et al.,
2009)

= (Pattij et al.,
2009)

↑ (Pattij et al.,
2009)

δ antagonist

Naltrindol =/= *
(amphetamine)
(Wiskerke et al.,
2011b)

=/= *
(amphetamine)
(Wiskerke et al.,
2011b)

= FR nicotine
(Ismayilova and
Shoaib, 2010)

= FR cocaine (de
Vries et al., 1995)

↓ cue-induced
ethanol
(Ciccocioppo
et al., 2002;
Marinelli et al.,
2009)

κ agonist

Salvinorin A = (Nemeth et al.,
2010)

U50 488 ↑ (Walker and
Kissler, 2013)

= (Walker and
Kissler, 2013)

↓FR nicotine
(Ismayilova and
Shoaib, 2010)

↓FR cocaine (Glick
et al., 1995)

U69593 ↓ drug-primed
cocaine (Schenk
et al., 2000)

κ antagonist

Nor-BNI =/= *
(amphetamine,
nicotine)
(Wiskerke et al.,
2011b; 2012)

= (Walker and
Kissler, 2013)

=/= *
(amphetamine)
(Wiskerke et al.,
2011b)

= FR cocaine (Glick
et al., 1995)

↓ PR cocaine (Wee
et al., 2009)

↓ FR ethanol
(Walker et al.,
2011)

↓ stress- induced
cocaine (Redila
and Chavkin,
2008)

Cannabinoid

CB1 agonist

WIN 55212-2 = (Pattij et al.,
2007b)

= (Pattij et al.,
2007b)

↑ FR nicotine
(Gamaleddin
et al., 2012)

↑ drug-primed,
cue- induced
nicotine
(Gamaleddin
et al., 2012)

↑ drug-primed
ethanol (Alen
et al., 2008)

CB1 antagonist

SR141716A =/= *
(GBR12909)/↓*
(nicotine)
(Wiskerke et al.,
2012)

↓* (amphetamine)
(Wiskerke et al.,
2011a)

↓ (Pattij et al.,
2007b)

= (Pattij et al.,
2007b)

↑* (amphetamine)
(Wiskerke et al.,
2011a)

↓FR, PR ethanol
(Economidou
et al., 2006)

= FR cocaine (De
Vries et al., 2001)

↓ cue-induced
ethanol
(Economidou
et al., 2006)

↓ cue-induced
cocaine (De Vries
et al., 2001)
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Table 6
Continued

Agent

Impulsive action Impulsive choice

Self-administration Reinstatement5-CSRTT SSRTT/Go/No-go DD

SLV330 ↓ (de Bruin et al.,
2011)

↓FR ethanol,
nicotine (de
Bruin et al.,
2011)

↓ cue-induced
ethanol, nicotine
(de Bruin et al.,
2011)

O-2050 ↓/↓*
(amphetamine)
(Wiskerke et al.,
2011a)

↑* (amphetamine)
(Wiskerke et al.,
2011a)

Cholinergic

nACh agonist

Nicotine ↑ (Blondel et al.,
2000)

↑ (Kolokotroni
et al., 2011)

↑ (Dallery and
Locey, 2005;
Kolokotroni et al.,
2011)

nACh antagonist

Mecamylamine
(α4β2)

↓ (Ruotsalainen
et al., 2000;
Tsutsui-Kimura
et al., 2010)

↓* (nicotine)
(Kolokotroni
et al., 2011)

= (Mendez et al.,
2012)

↓* (nicotine)
(Kolokotroni
et al., 2011)

↓ FR cocaine (Levin
et al., 2000)

↓ FR ethanol
(Kuzmin et al.,
2009)

↓ FR nicotine
(Watkins et al.,
1999)

↓ cue-induced
nicotine (Liu
et al., 2007)

Methyllycaconitine
(α7)

= (Tsutsui-Kimura
et al., 2010)

= FR ethanol (Le
et al., 2000)

= cue-induced
nicotine (Liu,
2014)

= drug-primed
ethanol (Kuzmin
et al., 2009)

Non-selective
mACh
agonist

Oxotremorine = (Mirza and
Stolerman, 2000)

= (Mendez et al.,
2012)

↓ FR cocaine
(Rasmussen et al.,
2000; Thomsen
et al., 2010)

Non-selective
mACh
antagonist

Scopolamine = (Ruotsalainen
et al., 2000)

↑ (Shannon and
Eberle, 2006)

↓ (Mirza and
Stolerman, 2000)

↑ (Mendez et al.,
2012)

↓ ethanol (Rezvani
et al., 1991)

↓ drug-primed
cocaine (Yee
et al., 2011)

Atropine ↑ (Mendez et al.,
2012)

↓ FR amphetamine
(Davis and Smith,
1975)

*Denotes effect on pharmacologically increased levels of impulsivity, agent in parentheses.
§Denotes effect in selected high-impulsive rats.
↑, increased; ↓, decreased; =, no effect; BLA, basolateral amygdala; ILC, infralimbic cortex; MA, methamphetamine; mACh, muscarinic ACh
receptor; MRN, median raphe nucleus; nACh, nicotinic ACh receptor; PCP, phencyclidine; STN, subthalamic nucleus; vHC, ventral
hippocampus.
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relapse to, many classes of abused drugs (e.g. Backstrom and
Hyytia, 2005; Dravolina et al., 2007; Xie et al., 2010; 2012b).

In view of the predominantly consistent effect of antago-
nism at NMDA and mGlu receptors to enhance measures of
action impulsivity, but reduce self-administration and relapse-
like behaviour, it is unlikely that the link between action
impulsivity and addiction is driven via activity in the gluta-
matergic system. There is the possibility, however, that action
at mGlu1 receptors may link addiction-related behaviours and
impulsive choice given that antagonism at this receptor
subtype commonly reduces both behavioural categories (e.g.
Dravolina et al., 2007; Sukhotina et al., 2008).

GABAergic agents
While few studies have investigated the role of GABA in
impulsivity (Hayes et al., 2014), GABAA and GABAB agonists
have generally been found to increase measures of impulsive
action (Oliver et al., 2009) and impulsive choice (Thiebot
et al., 1985; Cardinal et al., 2000; Olmstead et al., 2006;
Table 6). However, enhancing GABAergic activity tends to
decrease drug self-administration (Augier et al., 2012) and
relapse to drug-seeking (Filip et al., 2007; Fattore et al., 2009).
Nevertheless, intracerebral infusions of GABA agonists have
been shown to reduce impulsivity (e.g. Baunez and Robbins,
1999) suggesting that activity in local GABAergic microcir-
cuits may bear a closer correspondence with impulsivity and
addiction-related behaviours.

Opioidergic agents
Systemic administration of the non-selective μ-opioid recep-
tor agonist morphine has been found to increase impulsivity
in both delay discounting and the 5-CSRTT (Pattij et al.,
2009). At least for impulsive action, phasic activation at
δ-opioid receptors has also been implicated in enhancing
impulsivity (Befort et al., 2011). Interestingly, antagonism at
μ-opioid receptors has been shown to attenuate the effects of
amphetamine and the dopamine re-uptake inhibitor
GBR12909 to increase impulsivity in this task (Wiskerke et al.,
2011b), suggesting again that dopamine transmission is
subject to modulation by a myriad of neurotransmitters,
putatively at the level of the mesolimbic dopamine system
(Diergaarde et al., 2008). There is little evidence, however, for
tonic activity at opioid receptors in mediating impulsive
action or choice (e.g. Pattij et al., 2009; Wiskerke et al., 2011b;
2012).

Available evidence suggests some overlap between opioi-
dergic mechanisms capable of affecting both impulsivity and
addiction-related behaviours (Table 6). In general, μ- and
δ-opioid receptor agonists are capable of enhancing drug self-
administration (e.g. Sabino et al., 2007) and relapse-like
behaviour (e.g. Simmons and Self, 2009), although it should
be noted that there was regional specificity in these effects
(reviewed in Le Merrer et al., 2009). Unlike the null findings
for impulsivity, however, μ- and δ-opioid receptor antagonists
generally reduce these behaviours [(e.g. Corrigall and Coen,
1991b; Ciccocioppo et al., 2002; Kiyatkin and Brown, 2003;
Spano et al., 2004); for review, see van Ree et al., 1999]. It
remains to be seen whether such antagonists are capable
of reducing impulsivity in animals with endogenously
enhanced levels of this trait.

Cannabinoids
Despite a relative paucity of studies, the cannabinoid system
offers potential scope for pharmacological intervention in
both impulsivity and addiction. For example, tonic activity at
cannabinoid type 1 receptors has been found to modulate
nicotine-induced increases in impulsive responding on the
5-CSRTT (Wiskerke et al., 2012). Furthermore, selective CB1

receptor antagonists are capable of reducing baseline impul-
sivity as measured on this task (Pattij et al., 2007b; de Bruin
et al., 2011); however, they have been found to have no effect
on delay-discounting performance (Pattij et al., 2007b). Sys-
temic administration of CB1 receptor antagonist SR141716A
(rimonabant) in rats has been found to suppresses the self-
administration of many drugs of abuse (reviewed in
Maldonado et al., 2006), including ethanol (e.g. Cippitelli
et al., 2005; Economidou et al., 2006) and nicotine (e.g.
Cohen et al., 2002); however, findings for cocaine are variable
(e.g. De Vries et al., 2001; Soria et al., 2005). The same com-
pound also inhibits cue-induced cocaine, nicotine and
ethanol reinstatement (e.g. De Vries et al., 2001; 2005;
Economidou et al., 2006).

Cholinergic agents
A role for cholinergic mechanisms in impulsivity is supported
by the common effect of nicotine to increase impulsive
action (Blondel et al., 2000; Kolokotroni et al., 2011) and
impulsive choice (Dallery and Locey, 2005; Kolokotroni et al.,
2011). Recent studies indicate that these effects may be medi-
ated by nicotinic α4β2 receptors (Tsutsui-Kimura et al., 2010;
Xie et al., 2012a). Interestingly, nicotininc α4β2 receptor
antagonists also attenuate self-administration and relapse-
like behaviour to nicotine and alcohol (Watkins et al., 1999;
Liu et al., 2007; Kuzmin et al., 2009). Additionally, activity at
muscarinic cholinoceptors has been found to modulate both
measures of impulsivity and addiction-related behaviours.
Although phasic muscarinic receptor activation appears to
have no effect on impulsivity (Mirza and Stolerman, 2000;
Mendez et al., 2012), administration of non-selective mus-
carinic antagonists are reported to enhance delay discounting
(Mendez et al., 2012). However their effect on impulsive
action is less clear with evidence for both increased (Shannon
and Eberle, 2006) and decreased (Mirza and Stolerman, 2000)
impulsivity on the 5-CSRTT. It is possible that variability of
these findings may occur as a result of competing effects on
attention (e.g. Ruotsalainen et al., 2000). Other measures of
behavioural inhibition such as DRL-72 and reaction time
tasks, however, are generally impaired with reports of
increased impulsivity (Blokland et al., 2001; Jayarajan et al.,
2013). Interestingly, muscarinic M1 receptor knock-out mice
exhibit enhanced impulsivity on the 5-CSRTT independent
of any effect on attention (Bartko et al., 2011). There have
also been discrepancies with the effect of muscarinic agents
on drug reward and reinforcement. Non-selective muscarinic
receptor agonists have been shown to reduce cocaine self-
administration (Rasmussen et al., 2000; Thomsen et al.,
2010), putatively mediated by M1/M4 receptors (Dencker
et al., 2012; Thomsen et al., 2014). Interestingly, non-
selective antagonism at muscarinic receptors has also been
shown to reduce self-administration of methamphetamine
(Davis and Smith, 1975) suggesting there may be drug and/or
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receptor subtype-specific contributions of muscarinic signal-
ling to drug reward and reinforcement.

Other neurotransmitter systems
Beyond those reviewed earlier, there is evidence for a role of
other neurotransmitter systems in impulsivity and addiction-
like behaviours. Despite being widely implicated in addiction
(reviewed in Boutrel, 2008; Schank et al., 2012), the contri-
bution of stress-related neuropeptides to impulsive behaviour
has been less well investigated. There is evidence that neuro-
kinin 1 (NK1) receptor antagonists reduce delay discounting
(Loiseau et al., 2005) as well as reduce stress-induced rein-
statement of cocaine (Schank et al., 2014) and alcohol
(Schank et al., 2011; 2014) seeking. Interestingly, however,
antagonism at this receptor had no effect on cocaine
(Placenza et al., 2006) or alcohol reinforcement (Schank et al.,
2014). Neuropeptide Y, via an action at Y2 receptors, has been
reported to regulate impulsivity. Thus, Y2 receptor knock-out
mice were found to show increased impulsivity on the
5-CSRTT compared with wild-type littermates (Greco and
Carli, 2006). To date, however, no studies have specifically
investigated the effect of pharmacological manipulation of
this system on measures of impulsivity in rodents. However,
antagonism at Y2 receptors has been shown to reduce
responding for alcohol (Thorsell et al., 2002; Rimondini et al.,
2005) although there are conflicting reports regarding this
effect (Cippitelli et al., 2011). Despite evidence for a role of
corticotrophin releasing factor (CRF) signalling in addiction-
related behaviours (reviewed in Logrip et al., 2011) there is no
evidence to suggest that CRF regulates impulsivity (Ohmura
et al., 2009).

Several other neurotransmitter systems that putatively
interact with corticostriatal neurotransmission have also
been implicated in both impulsivity and addiction. In this
context, histamine H3 receptors have been shown to form
functional hetrodimers with both D1 and D2 receptors
(reviewed in Ellenbroek and Ghiabi, 2014). Antagonism
at histamine H3 receptors has been reported to reduce
premature responding on the 5-CSRTT (Day et al., 2007)
and alcohol self-administration (Lintunen et al., 2001;
Nuutinen et al., 2011), but enhance methamphetamine self-
administration (Munzar et al., 2004). Similarly, adenosine A1

receptors form heteromeric complexes within the striatum to
affect neurotransmission in this region (e.g. Ciruela et al.,
2006). Activation of this receptor subtype has been shown to
reduce impulsive responding as measured on the DRL task
(Marek, 2012). Additionally, activation of this receptor inhib-
its dopamine-induced relapse to cocaine-seeking (Hobson
et al., 2013), although its effects on other drug classes has yet
to be investigated.

Clinical implications

Our analysis has revealed several promising pharmacological
mechanisms that bisect impulsivity and addiction-related
behaviours. As drug use in impulsive individuals may repre-
sent a form of self-mediation (Khantzian, 1985) treating
co-morbid impulsive symptoms may help to curb continuing

drug use in addicts. While no studies to date have specifically
investigated this hypothesis insights can perhaps be drawn
from studies in ADHD.

With this in mind, a recent prospective study in adoles-
cents diagnosed with ADHD and treated with methylpheni-
date found that rates of tobacco use were reduced when
compared with a historical sample of smoking rates in a
comparable, non-medicated population of individuals with
ADHD (Hammerness et al., 2013). However, a multi-site trial
of the effect of methylphenidate treatment on rates of absti-
nence in individuals with ADHD and co-morbid tobacco
dependence found no effect despite a reduction in ADHD
symptoms (Covey et al., 2011). These results plausibly suggest
that treating impulsivity, at least with stimulant-based medi-
cations, may delay the development of addiction rather than
remediating the active disease state once established. In
keeping with this interpretation, meta-analyses suggest that
stimulants protect against the development of later substance
use disorders in individuals with ADHD (Wilens et al., 2003),
and that onset of treatment strongly predicts clinical
outcome, with early initiation of treatment reducing the rate
of dependence (Dalsgaard et al., 2014). Clearly, much further
research is needed to investigate the generality of these find-
ings to all classes of abused drugs and whether NARIs (e.g.
atomoxetine and roboxetine) offer similar protection against
the development of addiction. In this regard, however, recent
studies have found limited evidence for the efficacy of these
drugs to enhance rates of abstinence in cocaine-dependent
individuals with (Levin et al., 2009) and without ADHD
(Szerman et al., 2005; Walsh et al., 2013).

In light of enhanced rates of addiction, even in medicated
ADHD patients (Hammerness et al., 2013), there is naturally
some concern whether exposing children and young adults
to stimulant-based medications for ADHD might speed the
development of later addiction. Preclinical studies have gen-
erally found that chronic pre-exposure to stimulant drugs
increase subsequent levels of drug self-administration, at least
in animals showing increased basal levels of impulsivity [i.e.
spontaneous hypertensive rats, (Harvey et al., 2011;
Somkuwar et al., 2013), but see Martelle et al. (2013); Gill
et al. (2012); Thanos et al. (2007)]. However, more research is
needed to understand the precise relationship between pre-
and post-drug levels of impulsivity and whether in young
animals stimulant exposure facilitates the development of
compulsive drug self-administration, as previously described
and modelled in rats (Vanderschuren and Everitt, 2004; Belin
et al., 2008; Pelloux et al., 2012). In this regard, the reported
action of atomoxetine to arrest the emergence of at least one
form of compulsive behaviour in naturally impulsive rats
(Ansquer et al., 2014) strongly encourages further research in
this area.

Conclusions

A review of the current literature highlights a number of
convergent pharmacological mechanisms, which putatively
mediate the reported link between impulsivity and addiction
(see Table 7 for a summary). Interestingly, the available
evidence suggests that while drugs capable of reducing
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impulsive action often also decrease measures of addiction-
related behaviours there is little convergence and often
opposing effects with impulsive choice. The close alignment
of pharmacological mechanisms in impulsive action and
various animal addiction models suggests that they may tap
into a common underlying process. Speculatively, this may
involve modulatory effects on the invigoration of behaviour
affecting the output of responses conditioned to food (impul-
sivity tasks) and drug (addiction tasks) rewards. This notion
might then suggest a common involvement of mesolimbic
dopamine projections, for example, to the ventral striatum,
including the NAc, which are widely implicated in impulsiv-
ity (Basar et al., 2010; Dalley et al., 2011) and drug reinforce-
ment (Willuhn et al., 2010). Such interactions could operate
at several levels including an enhancement or attenuation of
appetitive approach behaviour to primary as well as condi-
tioned reinforcing stimuli (Everitt and Robbins, 2005). Thus,
the mesoaccumbens dopamine system may form the final
common pathway through which other transmitter systems
(for example those illustrated in Table 7) operate to modulate
action impulsivity and certain drug-motivated behaviours
(for reviews, see Feltenstein and See, 2013; Schmidt and
Weinshenker, 2014). Conceivably, this mechanism may
encompass dopamine-mediated gating of cortico-accumbens
projections from the PFC, amygdala, and hippocampus (Goto
and Grace, 2008), and thereby the expression of drug craving
and relapse (Kalivas and Volkow, 2011). Interestingly, while
our analysis has revealed a close relationship between
motoric forms of impulsivity and addiction-related behav-
iours, there is little evidence for a similar association with
impulsive choice, with the exception of nicotinic α4β2 recep-
tor antagonists, which decrease both action- and choice-
related forms of impulsivity and drug-seeking responses. The
apparently weak association between choice impulsivity and

addiction-related behaviours suggest they may involve dis-
tinct pharmacological substrates. Nevertheless, there is some
evidence that NARIs may be efficacious in several forms
of impulsivity, including delay-discounting impulsivity;
however, larger-scale prospective studies are needed to inves-
tigate whether early intervention in ADHD (e.g. with NARIs)
significantly moderates the risk of addiction in adulthood.
Finally, research is needed to explore emerging neurotrans-
mitter substrates and mechanisms (e.g. GABA, glutamate,
cannabinoids and ACh) as a strategy to develop more effec-
tive therapies in addiction and impulsivity disorders.

Acknowledgements

This work was supported by the Medical Research Council
(MRC G0701500) and by a joint award from the MRC and
Wellcome Trust in support of the Behavioural and Clinical
Neuroscience Institute at Cambridge University. The authors
also acknowledge funding from the MRC Imperial College-
Cambridge University-Manchester (ICCAM) strategic addic-
tion cluster. BJ is supported by grants from the AXA Research
Fund and the Australian National Health and Medical
Research Council (1016313).

Author contributions

B. J. developed the review concept, wrote and edited the
paper J. W. D. edited the paper, provided feedback during the
drafting process and assisted in developing the review
concept.

Table 7
Pharmacological interventions that reduce both impulsivity and addiction-like behaviour in rodent models

Neurotransmitter system Impulsive action Impulsive choice

Dopaminergic D1 antagonist

5-hydroxytryptaminergic SSRI

5-HT2A antagonist*

5-HT2A/C antagonist

5-HT2C agonist

5-HT 2B/C agonist

5-HT3 antagonist

Adrenergic NARI

NSRI*

α1 antagonist

β antagonist

Glutamate mGlu1 antagonist

Cannabinoid CB1 antagonist

Cholinergic Nicotinic α4β2 antagonist Nicotinic α4β2 antagonist

*Evidence to suggest effect in relapse-like behaviour, but not self-administration, despite the apparent relationship of both to impulsivity.
NSRI, noradrenaline 5-HT re-uptake inhibitor; SSRI, selective 5-HT re-uptake inhibitor.

BJP B Jupp and J W Dalley

4752 British Journal of Pharmacology (2014) 171 4729–4766



Conflict of interest

None.

References
Abela AR, Chudasama Y (2014). Noradrenergic alpha2A-receptor
stimulation in the ventral hippocampus reduces impulsive
decision-making. Psychopharmacology (Berl) 231: 521–531.

Acosta JI, Boynton FA, Kirschner KF, Neisewander JL (2005).
Stimulation of 5-HT1B receptors decreases cocaine- and
sucrose-seeking behavior. Pharmacol Biochem Behav 80: 297–307.

Adriani W, Canese R, Podo F, Laviola G (2007). 1H MRS-detectable
metabolic brain changes and reduced impulsive behavior in adult
rats exposed to methylphenidate during adolescence. Neurotoxicol
Teratol 29: 116–125.

Agnoli L, Carli M (2011). Synergistic interaction of dopamine D(1)
and glutamate N-methyl-D-aspartate receptors in the rat dorsal
striatum controls attention. Neuroscience 185: 39–49.

Agnoli L, Carli M (2012). Dorsal-striatal 5-HT(2)A and 5-HT(2)C
receptors control impulsivity and perseverative responding in the
5-choice serial reaction time task. Psychopharmacology (Berl) 219:
633–645.

Alen F, Moreno-Sanz G, Isabel de Tena A, Brooks RD, Lopez-Jimenez
A, Navarro M et al. (2008). Pharmacological activation of CB1 and
D2 receptors in rats: predominant role of CB1 in the increase of
alcohol relapse. Eur J Neurosci 27: 3292–3298.

Alexander SPH, Benson HE, Faccenda E, Pawson AJ, Sharman JL,
Spedding M et al.; CGTP Collaborators (2013a). The Concise Guide
to PHARMACOLOGY 2013/14: G protein-coupled receptors. Br J
Pharmacol 170: 1459–1562.

Alexander SPH, Benson HE, Faccenda E, Pawson AJ, Sharman JL,
Spedding M et al.; CGTP Collaborators (2013b). The Concise Guide
to PHARMACOLOGY 2013/14: Ligand-gated ion channels. Br J
Pharmacol 170: 1582–1603.

Allen RM, Carelli RM, Dykstra LA, Suchey TL, Everett CV (2005).
Effects of the competitive N-methyl-D-aspartate receptor antagonist,
LY235959 [(-)-6-phosphonomethyl-deca-hydroisoquinoline-3-
carboxylic acid], on responding for cocaine under both fixed and
progressive ratio schedules of reinforcement. J Pharmacol Exp Ther
315: 449–457.

Amitai N, Semenova S, Markou A (2007). Cognitive-disruptive
effects of the psychotomimetic phencyclidine and attenuation by
atypical antipsychotic medications in rats. Psychopharmacology
(Berl) 193: 521–537.

Anderson SM, Schmidt HD, Pierce RC (2006). Administration of the
D2 dopamine receptor antagonist sulpiride into the shell, but not
the core, of the nucleus accumbens attenuates cocaine
priming-induced reinstatement of drug seeking.
Neuropsychopharmacology 31: 1452–1461.

Ansquer S, Belin-Rauscent A, Dugast E, Duran T, Benatru I, Mar AC
et al. (2014). Atomoxetine decreases vulnerability to develop
compulsivity in high impulsive rats. Biol Psychiatry 75: 825–832.

Augier E, Vouillac C, Ahmed SH (2012). Diazepam promotes choice
of abstinence in cocaine self-administering rats. Addict Biol 17:
378–391.

Avila C, Cuenca I, Felix V, Parcet MA, Miranda A (2004). Measuring
impulsivity in school-aged boys and examining its relationship
with ADHD and ODD ratings. J Abnorm Child Psychol 32:
295–304.

Baarendse PJ, Vanderschuren LJ (2012). Dissociable effects of
monoamine reuptake inhibitors on distinct forms of impulsive
behavior in rats. Psychopharmacology (Berl) 219: 313–326.

Bachtell RK, Whisler K, Karanian D, Self DW (2005). Effects of
intra-nucleus accumbens shell administration of dopamine agonists
and antagonists on cocaine-taking and cocaine-seeking behaviors in
the rat. Psychopharmacology (Berl) 183: 41–53.

Backstrom P, Hyytia P (2005). Suppression of alcohol
self-administration and cue-induced reinstatement of alcohol
seeking by the mGlu2/3 receptor agonist LY379268 and the mGlu8
receptor agonist (S)-3,4-DCPG. Eur J Pharmacol 528: 110–118.

Backstrom P, Hyytia P (2006). Ionotropic and metabotropic
glutamate receptor antagonism attenuates cue-induced cocaine
seeking. Neuropsychopharmacology 31: 778–786.

Banna KM, Back SE, Do P, See RE (2010). Yohimbine stress
potentiates conditioned cue-induced reinstatement of
heroin-seeking in rats. Behav Brain Res 208: 144–148.

Baptista MA, Martin-Fardon R, Weiss F (2004). Preferential effects of
the metabotropic glutamate 2/3 receptor agonist LY379268 on
conditioned reinstatement versus primary reinforcement:
comparison between cocaine and a potent conventional reinforcer.
J Neurosci 24: 4723–4727.

Barbelivien A, Billy E, Lazarus C, Kelche C, Majchrzak M (2008).
Rats with different profiles of impulsive choice behavior exhibit
differences in responses to caffeine and D-amphetamine and in
medial prefrontal cortex 5-HT utilization. Behav Brain Res 187:
273–283.

Bari A, Robbins TW (2013). Noradrenergic versus dopaminergic
modulation of impulsivity, attention and monitoring behaviour in
rats performing the stop-signal task: possible relevance to ADHD.
Psychopharmacology (Berl) 230: 89–111.

Bari A, Eagle DM, Mar AC, Robinson ES, Robbins TW (2009).
Dissociable effects of noradrenaline, dopamine, and serotonin
uptake blockade on stop task performance in rats.
Psychopharmacology (Berl) 205: 273–283.

Bari AA, Pierce RC (2005). D1-like and D2 dopamine receptor
antagonists administered into the shell subregion of the rat nucleus
accumbens decrease cocaine, but not food, reinforcement.
Neuroscience 135: 959–968.

Barkley RA, Fischer M, Smallish L, Fletcher K (2003). Does the
treatment of attention-deficit/hyperactivity disorder with stimulants
contribute to drug use/abuse? A 13-year prospective study.
Pediatrics 111: 97–109.

Barratt ES (1985) Impulsiveness subtraits, arousal and information
processing. In: Spence JT, Itard CT (eds). Motivation, Emotion and
Personality. Elsevier Science.: North Holland, pp. 137–146.

Barrett AC, Miller JR, Dohrmann JM, Caine SB (2004). Effects of
dopamine indirect agonists and selective D1-like and D2-like
agonists and antagonists on cocaine self-administration and food
maintained responding in rats. Neuropharmacology 47 (Suppl. 1):
256–273.

Bartko SJ, Romberg C, White B, Wess J, Bussey TJ, Saksida LM
(2011). Intact attentional processing but abnormal responding in
M1 muscarinic receptor-deficient mice using an automated
touchscreen method. Neuropharmacology 61: 1366–1378.

BJPPharmacology of impulsivity and addiction

British Journal of Pharmacology (2014) 171 4729–4766 4753



Basar K, Sesia T, Groenewegen H, Steinbusch HW,
Visser-Vandewalle V, Temel Y (2010). Nucleus accumbens and
impulsivity. Prog Neurobiol 92: 533–557.

Baunez C, Robbins TW (1999). Effects of transient inactivation of
the subthalamic nucleus by local muscimol and APV infusions on
performance on the five-choice serial reaction time task in rats.
Psychopharmacology (Berl) 141: 57–65.

Befort K, Mahoney MK, Chow C, Hayton SJ, Kieffer BL, Olmstead
MC (2011). Effects of delta opioid receptors activation on a
response inhibition task in rats. Psychopharmacology (Berl) 214:
967–976.

Belin D, Mar AC, Dalley JW, Robbins TW, Everitt BJ (2008). High
impulsivity predicts the switch to compulsive cocaine-taking.
Science 320: 1352–1355.

van den Bergh FS, Bloemarts E, Groenink L, Olivier B, Oosting RS
(2006). Delay aversion: effects of 7-OH-DPAT, 5-HT1A/1B-receptor
stimulation and D-cycloserine. Pharmacol Biochem Behav 85:
736–743.

Besson M, Belin D, McNamara R, Theobald DE, Castel A, Beckett VL
et al. (2010). Dissociable control of impulsivity in rats by dopamine
d2/3 receptors in the core and shell subregions of the nucleus
accumbens. Neuropsychopharmacology 35: 560–569.

Bizot J, Le Bihan C, Puech AJ, Hamon M, Thiebot M (1999).
Serotonin and tolerance to delay of reward in rats.
Psychopharmacology (Berl) 146: 400–412.

Blasio A, Narayan AR, Kaminski BJ, Steardo L, Sabino V, Cottone P
(2012). A modified adjusting delay task to assess impulsive choice
between isocaloric reinforcers in non-deprived male rats: effects of
5-HT(2)A/C and 5-HT(1)A receptor agonists. Psychopharmacology
(Berl) 219: 377–386.

Blokhina EA, Kashkin VA, Zvartau EE, Danysz W, Bespalov AY
(2005). Effects of nicotinic and NMDA receptor channel blockers on
intravenous cocaine and nicotine self-administration in mice. Eur
Neuropsychopharmacol 15: 219–225.

Blokland A, Scholtissen B, Vermeeren A, Ramaekers J (2001).
Dissociable effects of histamine H1 antagonists on reaction-time
performance in rats. Pharmacol Biochem Behav 70: 427–436.

Blokland A, Sik A, Lieben C (2005). Evaluation of DOI, 8-OH-DPAT,
eticlopride and amphetamine on impulsive responding in a
reaction time task in rats. Behav Pharmacol 16: 93–100.

Blondeau C, Dellu-Hagedorn F (2007). Dimensional analysis of
ADHD subtypes in rats. Biol Psychiatry 61: 1340–1350.

Blondel A, Sanger DJ, Moser PC (2000). Characterisation of the
effects of nicotine in the five-choice serial reaction time task in rats:
antagonist studies. Psychopharmacology (Berl) 149: 293–305.

Boutrel B (2008). A neuropeptide-centric view of psychostimulant
addiction. Br J Pharmacol 154: 343–357.

Brebner K, Phelan R, Roberts DC (2000). Effect of baclofen on
cocaine self-administration in rats reinforced under fixed-ratio 1
and progressive-ratio schedules. Psychopharmacology (Berl) 148:
314–321.

van den Brink W (2012). Evidence-based pharmacological
treatment of substance use disorders and pathological gambling.
Curr Drug Abuse Rev 5: 3–31.

Broos N, Diergaarde L, Schoffelmeer AN, Pattij T, De Vries TJ
(2012a). Trait impulsive choice predicts resistance to extinction and
propensity to relapse to cocaine seeking: a bidirectional
investigation. Neuropsychopharmacology 37: 1377–1386.

Broos N, Schmaal L, Wiskerke J, Kostelijk L, Lam T, Stoop N et al.
(2012b). The relationship between impulsive choice and impulsive
action: a cross-species translational study. PLoS ONE 7: e36781.

Bruijnzeel AW, Markou A (2003). Characterization of the effects of
bupropion on the reinforcing properties of nicotine and food in
rats. Synapse 50: 20–28.

de Bruin NM, Lange JH, Kruse CG, Herremans AH, Schoffelmeer
AN, van Drimmelen M et al. (2011). SLV330, a cannabinoid CB(1)
receptor antagonist, attenuates ethanol and nicotine seeking and
improves inhibitory response control in rats. Behav Brain Res 217:
408–415.

de Bruin NM, McCreary AC, van Loevezijn A, de Vries TJ, Venhorst
J, van Drimmelen M et al. (2013). A novel highly selective 5-HT6
receptor antagonist attenuates ethanol and nicotine seeking but
does not affect inhibitory response control in Wistar rats. Behav
Brain Res 236: 157–165.

Buffalari DM, Baldwin CK, See RE (2012). Treatment of cocaine
withdrawal anxiety with guanfacine: relationships to cocaine intake
and reinstatement of cocaine seeking in rats. Psychopharmacology
(Berl) 223: 179–190.

Burmeister JJ, Lungren EM, Kirschner KF, Neisewander JL (2004).
Differential roles of 5-HT receptor subtypes in cue and cocaine
reinstatement of cocaine-seeking behavior in rats.
Neuropsychopharmacology 29: 660–668.

Burton CL, Fletcher PJ (2012). Age and sex differences in impulsive
action in rats: the role of dopamine and glutamate. Behav Brain Res
230: 21–33.

Caine SB, Koob GF (1993). Modulation of cocaine
self-administration in the rat through D-3 dopamine receptors.
Science 260: 1814–1816.

Caine SB, Koob GF (1994). Effects of dopamine D-1 and D-2
antagonists on cocaine self-administration under different
schedules of reinforcement in the rat. J Pharmacol Exp Ther 270:
209–218.

Caine SB, Koob GF (1995). Pretreatment with the dopamine agonist
7-OH-DPAT shifts the cocaine self-administration dose-effect
function to the left under different schedules in the rat. Behav
Pharmacol 6: 333–347.

Caine SB, Heinrichs SC, Coffin VL, Koob GF (1995). Effects of the
dopamine D-1 antagonist SCH 23390 microinjected into the
accumbens, amygdala or striatum on cocaine self-administration in
the rat. Brain Res 692: 47–56.

Caine SB, Negus SS, Mello NK, Bergman J (1999). Effects of
dopamine D(1-like) and D(2-like) agonists in rats that
self-administer cocaine. J Pharmacol Exp Ther 291: 353–360.

Capriles N, Rodaros D, Sorge RE, Stewart J (2003). A role for the
prefrontal cortex in stress- and cocaine-induced reinstatement of
cocaine seeking in rats. Psychopharmacology (Berl) 168: 66–74.

Caprioli D, Hong YT, Sawiak SJ, Ferrari V, Williamson DJ, Jupp B
et al. (2013). Baseline-dependent effects of cocaine pre-exposure on
impulsivity and D2/3 receptor availability in the rat striatum:
possible relevance to the attention-deficit hyperactivity syndrome.
Neuropsychopharmacology 38: 1460–1471.

Carati C, Schenk S (2011). Role of dopamine D1- and D2-like
receptor mechanisms in drug-seeking following methamphetamine
self-administration in rats. Pharmacol Biochem Behav 98: 449–454.

Cardinal RN (2006). Neural systems implicated in delayed and
probabilistic reinforcement. Neural Netw 19: 1277–1301.

Cardinal RN, Robbins TW, Everitt BJ (2000). The effects of
d-amphetamine, chlordiazepoxide, alpha-flupenthixol and

BJP B Jupp and J W Dalley

4754 British Journal of Pharmacology (2014) 171 4729–4766



behavioural manipulations on choice of signalled and unsignalled
delayed reinforcement in rats. Psychopharmacology (Berl) 152:
362–375.

Carli M, Samanin R (2000). The 5-HT(1A) receptor agonist
8-OH-DPAT reduces rats’ accuracy of attentional performance and
enhances impulsive responding in a five-choice serial reaction time
task: role of presynaptic 5-HT(1A) receptors. Psychopharmacology
(Berl) 149: 259–268.

Carli M, Baviera M, Invernizzi RW, Balducci C (2006). Dissociable
contribution of 5-HT1A and 5-HT2A receptors in the medial
prefrontal cortex to different aspects of executive control such as
impulsivity and compulsive perseveration in rats.
Neuropsychopharmacology 31: 757–767.

Chakroun N, Doron J, Swendsen J (2004). Substance use, affective
problems and personality traits: test of two association models].
Encephale 30: 564–569.

Chamberlain SR, Sahakian BJ (2007). The neuropsychiatry of
impulsivity. Curr Opin Psychiatry 20: 255–261.

Chaudhri N, Sahuque LL, Janak PH (2009). Ethanol seeking
triggered by environmental context is attenuated by blocking
dopamine D1 receptors in the nucleus accumbens core and shell in
rats. Psychopharmacology (Berl) 207: 303–314.

Chiamulera C, Tedesco V, Zangrandi L, Giuliano C, Fumagalli G
(2010). Propranolol transiently inhibits reinstatement of
nicotine-seeking behaviour in rats. J Psychopharmacol 24: 389–395.

Ciccocioppo R, Martin-Fardon R, Weiss F (2002). Effect of selective
blockade of mu(1) or delta opioid receptors on reinstatement of
alcohol-seeking behavior by drug-associated stimuli in rats.
Neuropsychopharmacology 27: 391–399.

Cippitelli A, Bilbao A, Hansson AC, del Arco I, Sommer W, Heilig
M et al. (2005). Cannabinoid CB1 receptor antagonism reduces
conditioned reinstatement of ethanol-seeking behavior in rats. Eur J
Neurosci 21: 2243–2251.

Cippitelli A, Rezvani AH, Robinson JE, Eisenberg L, Levin ED,
Bonaventure P et al. (2011). The novel, selective, brain-penetrant
neuropeptide Y Y2 receptor antagonist, JNJ-31020028, tested in
animal models of alcohol consumption, relapse, and anxiety.
Alcohol 45: 567–576.

Ciruela F, Casado V, Rodrigues RJ, Lujan R, Burgueno J, Canals M
et al. (2006). Presynaptic control of striatal glutamatergic
neurotransmission by adenosine A1-A2A receptor heteromers.
J Neurosci 26: 2080–2087.

Cohen C, Perrault G, Sanger DJ (1998). Preferential involvement of
D3 versus D2 dopamine receptors in the effects of dopamine
receptor ligands on oral ethanol self-administration in rats.
Psychopharmacology (Berl) 140: 478–485.

Cohen C, Perrault G, Sanger DJ (1999). Effects of D1 dopamine
receptor agonists on oral ethanol self-administration in rats:
comparison with their efficacy to produce grooming and
hyperactivity. Psychopharmacology (Berl) 142: 102–110.

Cohen C, Perrault G, Voltz C, Steinberg R, Soubrie P (2002).
SR141716, a central cannabinoid (CB(1) ) receptor antagonist,
blocks the motivational and dopamine-releasing effects of nicotine
in rats. Behav Pharmacol 13: 451–463.

Cole BJ, Robbins TW (1987). Amphetamine impairs the
discriminative performance of rats with dorsal noradrenergic
bundle lesions on a 5-choice serial reaction time task: new evidence
for central dopaminergic-noradrenergic interactions.
Psychopharmacology (Berl) 91: 458–466.

Corrigall WA, Coen KM (1991a). Cocaine self-administration is
increased by both D1 and D2 dopamine antagonists. Pharmacol
Biochem Behav 39: 799–802.

Corrigall WA, Coen KM (1991b). Opiate antagonists reduce cocaine
but not nicotine self-administration. Psychopharmacology (Berl)
104: 167–170.

Corrigall WA, Coen KM (1994). Nicotine self-administration and
locomotor activity are not modified by the 5-HT3 antagonists ICS
205-930 and MDL 72222. Pharmacol Biochem Behav 49: 67–71.

Cottone P, Iemolo A, Narayan AR, Kwak J, Momaney D, Sabino V
(2013). The uncompetitive NMDA receptor antagonists ketamine
and memantine preferentially increase the choice for a small,
immediate reward in low-impulsive rats. Psychopharmacology (Berl)
226: 127–138.

Covey LS, Hu MC, Green CA, Brigham G, Hurt RD, Adler L et al.
(2011). An exploration of site effects in a multisite trial of
OROS-methylphenidate for smokers with attention
deficit/hyperactivity disorder. Am J Drug Alcohol Abuse 37:
392–399.

Crombag HS, Grimm JW, Shaham Y (2002). Effect of dopamine
receptor antagonists on renewal of cocaine seeking by reexposure
to drug-associated contextual cues. Neuropsychopharmacology 27:
1006–1015.

Cunningham KA, Fox RG, Anastasio NC, Bubar MJ, Stutz SJ,
Moeller FG et al. (2011). Selective serotonin 5-HT(2C) receptor
activation suppresses the reinforcing efficacy of cocaine and sucrose
but differentially affects the incentive-salience value of cocaine- vs.
sucrose-associated cues. Neuropharmacology 61: 513–523.

Dallery J, Locey ML (2005). Effects of acute and chronic nicotine on
impulsive choice in rats. Behav Pharmacol 16: 15–23.

Dalley JW, Roiser JP (2012). Dopamine, serotonin and impulsivity.
Neuroscience 215: 42–58.

Dalley JW, Fryer TD, Brichard L, Robinson ES, Theobald DE, Laane
K et al. (2007). Nucleus accumbens D2/3 receptors predict trait
impulsivity and cocaine reinforcement. Science 315: 1267–1270.

Dalley JW, Everitt BJ, Robbins TW (2011). Impulsivity,
compulsivity, and top-down cognitive control. Neuron 69: 680–694.

Dalsgaard S, Mortensen PB, Frydenberg M, Thomsen PH (2014).
ADHD, stimulant treatment in childhood and subsequent substance
abuse in adulthood – a naturalistic long-term follow-up study.
Addict Behav 39: 325–328.

Daruma J, Barnes P (1993) A neurodevelopmental view of
impulsivity and its relationship to the superfactors of personality.
In: McCown W, Johnson J, Shure M (eds). The Impulsive Client:
Theory, Research and Treatment. American Psychological
Association: Washington DC, p. 23.

David V, Segu L, Buhot MC, Ichaye M, Cazala P (2004). Rewarding
effects elicited by cocaine microinjections into the ventral
tegmental area of C57BL/6 mice: involvement of dopamine D1 and
serotonin1B receptors. Psychopharmacology (Berl) 174: 367–375.

David V, Besson M, Changeux JP, Granon S, Cazala P (2006).
Reinforcing effects of nicotine microinjections into the ventral
tegmental area of mice: dependence on cholinergic nicotinic and
dopaminergic D1 receptors. Neuropharmacology 50: 1030–1040.

Davidson C, Lee TH, Xiong Z, Ellinwood EH (2002). Ondansetron
given in the acute withdrawal from a repeated cocaine sensitization
dosing regimen reverses the expression of sensitization and inhibits
self-administration. Neuropsychopharmacology 27: 542–553.

Davis WM, Smith SG (1975). Central cholinergic influence on
self-administration of morphine and amphetamine. Life Sci 16:
237–246.

BJPPharmacology of impulsivity and addiction

British Journal of Pharmacology (2014) 171 4729–4766 4755



Day M, Pan JB, Buckley MJ, Cronin E, Hollingsworth PR, Hirst WD
et al. (2007). Differential effects of ciproxifan and nicotine on
impulsivity and attention measures in the 5-choice serial reaction
time test. Biochem Pharmacol 73: 1123–1134.

De Vries TJ, Schoffelmeer AN, Binnekade R, Mulder AH,
Vanderschuren LJ (1998a). Drug-induced reinstatement of heroin-
and cocaine-seeking behaviour following long-term extinction is
associated with expression of behavioural sensitization. Eur J
Neurosci 10: 3565–3571.

De Vries TJ, Schoffelmeer AN, Binnekade R, Mulder AH,
Vanderschuren LJ (1998b). MK-801 reinstates drug-seeking
behaviour in cocaine-trained rats. Neuroreport 9: 637–640.

De Vries TJ, Schoffelmeer AN, Binnekade R, Vanderschuren LJ
(1999). Dopaminergic mechanisms mediating the incentive to seek
cocaine and heroin following long-term withdrawal of IV drug
self-administration. Psychopharmacology (Berl) 143: 254–260.

De Vries TJ, Shaham Y, Homberg JR, Crombag H, Schuurman K,
Dieben J et al. (2001). A cannabinoid mechanism in relapse to
cocaine seeking. Nat Med 7: 1151–1154.

De Vries TJ, Schoffelmeer AN, Binnekade R, Raaso H,
Vanderschuren LJ (2002). Relapse to cocaine- and heroin-seeking
behavior mediated by dopamine D2 receptors is time-dependent
and associated with behavioral sensitization.
Neuropsychopharmacology 26: 18–26.

De Vries TJ, de Vries W, Janssen MC, Schoffelmeer AN (2005).
Suppression of conditioned nicotine and sucrose seeking by the
cannabinoid-1 receptor antagonist SR141716A. Behav Brain Res
161: 164–168.

Del Campo N, Chamberlain SR, Sahakian BJ, Robbins TW (2011).
The roles of dopamine and noradrenaline in the pathophysiology
and treatment of attention-deficit/hyperactivity disorder. Biol
Psychiatry 69: e145–e157.

Dencker D, Weikop P, Sorensen G, Woldbye DP, Wortwein G, Wess
J et al. (2012). An allosteric enhancer of M(4) muscarinic
acetylcholine receptor function inhibits behavioral and
neurochemical effects of cocaine. Psychopharmacology (Berl) 224:
277–287.

Depoortere RY, Li DH, Lane JD, Emmett-Oglesby MW (1993).
Parameters of self-administration of cocaine in rats under a
progressive-ratio schedule. Pharmacol Biochem Behav 45: 539–548.

Deroche-Gamonet V, Belin D, Piazza PV (2004). Evidence for
addiction-like behavior in the rat. Science 305: 1014–1017.

Di Chiara G, Imperato A (1988). Drugs abused by humans
preferentially increase synaptic dopamine concentrations in the
mesolimbic system of freely moving rats. Proc Natl Acad Sci U S A
85: 5274–5278.

Di Matteo V, Di Giovanni G, Pierucci M, Esposito E (2008).
Serotonin control of central dopaminergic function: focus on in
vivo microdialysis studies. Prog Brain Res 172: 7–44.

Dickman SJ (1990). Functional and dysfunctional impulsivity:
personality and cognitive correlates. J Pers Soc Psychol 58: 95–102.

Diergaarde L, Pattij T, Poortvliet I, Hogenboom F, de Vries W,
Schoffelmeer AN et al. (2008). Impulsive choice and impulsive
action predict vulnerability to distinct stages of nicotine seeking in
rats. Biol Psychiatry 63: 301–308.

Ding ZM, Toalston JE, Oster SM, McBride WJ, Rodd ZA (2009).
Involvement of local serotonin-2A but not serotonin-1B receptors
in the reinforcing effects of ethanol within the posterior ventral
tegmental area of female Wistar rats. Psychopharmacology (Berl)
204: 381–390.

Dougherty DM, Mathias CW, Marsh DM, Papageorgiou TD, Swann
AC, Moeller FG (2004). Laboratory measured behavioral impulsivity
relates to suicide attempt history. Suicide Life Threat Behav 34:
374–385.

Dravolina OA, Zakharova ES, Shekunova EV, Zvartau EE, Danysz W,
Bespalov AY (2007). mGlu1 receptor blockade attenuates cue- and
nicotine-induced reinstatement of extinguished nicotine
self-administration behavior in rats. Neuropharmacology 52:
263–269.

Dyr W, McBride WJ, Lumeng L, Li TK, Murphy JM (1993). Effects of
D1 and D2 dopamine receptor agents on ethanol consumption in
the high-alcohol-drinking (HAD) line of rats. Alcohol 10: 207–212.

Eagle DM, Robbins TW (2003). Lesions of the medial prefrontal
cortex or nucleus accumbens core do not impair inhibitory control
in rats performing a stop-signal reaction time task. Behav Brain Res
146: 131–144.

Eagle DM, Tufft MR, Goodchild HL, Robbins TW (2007).
Differential effects of modafinil and methylphenidate on
stop-signal reaction time task performance in the rat, and
interactions with the dopamine receptor antagonist
cis-flupenthixol. Psychopharmacology (Berl) 192: 193–206.

Eagle DM, Lehmann O, Theobald DE, Pena Y, Zakaria R, Ghosh R
et al. (2009). Serotonin depletion impairs waiting but not
stop-signal reaction time in rats: implications for theories of the
role of 5-HT in behavioral inhibition. Neuropsychopharmacology
34: 1311–1321.

Eagle DM, Wong JC, Allan ME, Mar AC, Theobald DE, Robbins TW
(2011). Contrasting roles for dopamine D1 and D2 receptor
subtypes in the dorsomedial striatum but not the nucleus
accumbens core during behavioral inhibition in the stop-signal task
in rats. J Neurosci 31: 7349–7356.

Ecke LE, Elmer GI, Suto N (2012). Cocaine self-administration is
not dependent upon mesocortical alpha1 noradrenergic signaling.
Neuroreport 23: 325–330.

Economidou D, Mattioli L, Cifani C, Perfumi M, Massi M, Cuomo
V et al. (2006). Effect of the cannabinoid CB1 receptor antagonist
SR-141716A on ethanol self-administration and ethanol-seeking
behaviour in rats. Psychopharmacology (Berl) 183: 394–403.

Economidou D, Pelloux Y, Robbins TW, Dalley JW, Everitt BJ
(2009). High impulsivity predicts relapse to cocaine-seeking after
punishment-induced abstinence. Biol Psychiatry 65: 851–856.

Economidou D, Dalley JW, Everitt BJ (2011). Selective
norepinephrine reuptake inhibition by atomoxetine prevents
cue-induced heroin and cocaine seeking. Biol Psychiatry 69:
266–274.

Economidou D, Theobald DE, Robbins TW, Everitt BJ, Dalley JW
(2012). Norepinephrine and dopamine modulate impulsivity on the
five-choice serial reaction time task through opponent actions in
the shell and core sub-regions of the nucleus accumbens.
Neuropsychopharmacology 37: 2057–2066.

Edwards S, Whisler KN, Fuller DC, Orsulak PJ, Self DW (2007).
Addiction-related alterations in D1 and D2 dopamine receptor
behavioral responses following chronic cocaine self-administration.
Neuropsychopharmacology 32: 354–366.

Ellenbroek BA, Ghiabi B (2014). The other side of the histamine H3
receptor. Trends Neurosci 37: 191–199.

Erb S, Hitchcott PK, Rajabi H, Mueller D, Shaham Y, Stewart J
(2000). Alpha-2 adrenergic receptor agonists block stress-induced
reinstatement of cocaine seeking. Neuropsychopharmacology 23:
138–150.

BJP B Jupp and J W Dalley

4756 British Journal of Pharmacology (2014) 171 4729–4766



Ersche KD, Turton AJ, Pradhan S, Bullmore ET, Robbins TW (2010).
Drug addiction endophenotypes: impulsive versus sensation-seeking
personality traits. Biol Psychiatry 68: 770–773.

Evenden JL (1999a). Varieties of impulsivity. Psychopharmacology
(Berl) 146: 348–361.

Evenden JL (1999b). The pharmacology of impulsive behaviour in
rats VII: the effects of serotonergic agonists and antagonists on
responding under a discrimination task using unreliable visual
stimuli. Psychopharmacology (Berl) 146: 422–431.

Evenden JL, Ryan CN (1996). The pharmacology of impulsive
behaviour in rats: the effects of drugs on response choice with
varying delays of reinforcement. Psychopharmacology (Berl) 128:
161–170.

Everitt BJ, Robbins TW (2005). Neural systems of reinforcement for
drug addiction: from actions to habits to compulsion. Nat Neurosci
8: 1481–1489.

Faraone SV, Biederman J, Spencer T, Michelson D, Adler L,
Reimherr F et al. (2005). Efficacy of atomoxetine in adult
attention-deficit/hyperactivity disorder: a drug-placebo response
curve analysis. Behav Brain Funct 1: 16.

Fattore L, Cossu G, Martellotta MC, Fratta W (2002). Baclofen
antagonizes intravenous self-administration of nicotine in mice and
rats. Alcohol Alcohol 37: 495–498.

Fattore L, Spano MS, Cossu G, Scherma M, Fratta W, Fadda P
(2009). Baclofen prevents drug-induced reinstatement of
extinguished nicotine-seeking behaviour and nicotine place
preference in rodents. Eur Neuropsychopharmacol 19: 487–498.

Feltenstein MW, See RE (2006). Potentiation of cue-induced
reinstatement of cocaine-seeking in rats by the anxiogenic drug
yohimbine. Behav Brain Res 174: 1–8.

Feltenstein MW, See RE (2013). Systems level neuroplasticity in
drug addiction. Cold Spring Harb Perspect Med 3: a011916.

Feltenstein MW, Altar CA, See RE (2007). Aripiprazole blocks
reinstatement of cocaine seeking in an animal model of relapse.
Biol Psychiatry 61: 582–590.

Feltenstein MW, Henderson AR, See RE (2011). Enhancement of
cue-induced reinstatement of cocaine-seeking in rats by yohimbine:
sex differences and the role of the estrous cycle.
Psychopharmacology (Berl) 216: 53–62.

Feltenstein MW, Ghee SM, See RE (2012). Nicotine
self-administration and reinstatement of nicotine-seeking in male
and female rats. Drug Alcohol Depend 121: 240–246.

Feola TW, de Wit H, Richards JB (2000). Effects of d-amphetamine
and alcohol on a measure of behavioral inhibition in rats. Behav
Neurosci 114: 838–848.

Fernando AB, Economidou D, Theobald DE, Zou MF, Newman AH,
Spoelder M et al. (2012). Modulation of high impulsivity and
attentional performance in rats by selective direct and indirect
dopaminergic and noradrenergic receptor agonists.
Psychopharmacology (Berl) 219: 341–352.

Filip M (2005). Role of serotonin (5-HT)2 receptors in cocaine
self-administration and seeking behavior in rats. Pharmacol Rep 57:
35–46.

Filip M, Frankowska M, Zaniewska M, Golda A, Przegalinski E,
Vetulani J (2007). Diverse effects of GABA-mimetic drugs on
cocaine-evoked self-administration and discriminative stimulus
effects in rats. Psychopharmacology (Berl) 192: 17–26.

Filip M, Alenina N, Bader M, Przegalinski E (2010). Behavioral
evidence for the significance of serotoninergic (5-HT) receptors in
cocaine addiction. Addict Biol 15: 227–249.

Fineberg NA, Chamberlain SR, Goudriaan AE, Stein DJ,
Vanderschuren LJ, Gillan CM et al. (2014). New developments in
human neurocognition: clinical, genetic, and brain imaging
correlates of impulsivity and compulsivity. CNS Spectr 19: 69–89.

Fink KB, Gothert M (2007). 5-HT receptor regulation of
neurotransmitter release. Pharmacol Rev 59: 360–417.

Fletcher PJ (1998). A comparison of the effects of risperidone,
raclopride, and ritanserin on intravenous self-administration of
d-amphetamine. Pharmacol Biochem Behav 60: 55–60.

Fletcher PJ, Korth KM, Chambers JW (1999). Depletion of brain
serotonin following intra-raphe injections of
5,7-dihydroxytryptamine does not alter d-amphetamine
self-administration across different schedule and access conditions.
Psychopharmacology (Berl) 146: 185–193.

Fletcher PJ, Grottick AJ, Higgins GA (2002). Differential effects of
the 5-HT(2A) receptor antagonist M100907 and the 5-HT(2C)
receptor antagonist SB242084 on cocaine-induced locomotor
activity, cocaine self-administration and cocaine-induced
reinstatement of responding. Neuropsychopharmacology 27:
576–586.

Fletcher PJ, Chintoh AF, Sinyard J, Higgins GA (2004). Injection of
the 5-HT2C receptor agonist Ro60-0175 into the ventral tegmental
area reduces cocaine-induced locomotor activity and cocaine
self-administration. Neuropsychopharmacology 29: 308–318.

Fletcher PJ, Tampakeras M, Sinyard J, Higgins GA (2007). Opposing
effects of 5-HT(2A) and 5-HT(2C) receptor antagonists in the rat
and mouse on premature responding in the five-choice serial
reaction time test. Psychopharmacology (Berl) 195: 223–234.

Fletcher PJ, Rizos Z, Sinyard J, Tampakeras M, Higgins GA (2008).
The 5-HT2C receptor agonist Ro60-0175 reduces cocaine
self-administration and reinstatement induced by the stressor
yohimbine, and contextual cues. Neuropsychopharmacology 33:
1402–1412.

Fletcher PJ, Chambers JW, Rizos Z, Chintoh AF (2009). Effects of
5-HT depletion in the frontal cortex or nucleus accumbens on
response inhibition measured in the 5-choice serial reaction time
test and on a DRL schedule. Behav Brain Res 201: 88–98.

Fletcher PJ, Rizos Z, Noble K, Higgins GA (2011). Impulsive action
induced by amphetamine, cocaine and MK801 is reduced by
5-HT(2C) receptor stimulation and 5-HT(2A) receptor blockade.
Neuropharmacology 61: 468–477.

Fletcher PJ, Rizos Z, Noble K, Soko AD, Silenieks LB, Le AD et al.
(2012). Effects of the 5-HT2C receptor agonist Ro60-0175 and the
5-HT2A receptor antagonist M100907 on nicotine
self-administration and reinstatement. Neuropharmacology 62:
2288–2298.

Floresco SB, Tse MT, Ghods-Sharifi S (2008). Dopaminergic and
glutamatergic regulation of effort- and delay-based decision making.
Neuropsychopharmacology 33: 1966–1979.

Fone KC, Nutt DJ (2005). Stimulants: use and abuse in the
treatment of attention deficit hyperactivity disorder. Curr Opin
Pharmacol 5: 87–93.

Forget B, Wertheim C, Mascia P, Pushparaj A, Goldberg SR, Le Foll
B (2010). Noradrenergic alpha1 receptors as a novel target for the
treatment of nicotine addiction. Neuropsychopharmacology 35:
1751–1760.

van Gaalen MM, van Koten R, Schoffelmeer AN, Vanderschuren LJ
(2006a). Critical involvement of dopaminergic neurotransmission
in impulsive decision making. Biol Psychiatry 60: 66–73.

BJPPharmacology of impulsivity and addiction

British Journal of Pharmacology (2014) 171 4729–4766 4757



van Gaalen MM, Brueggeman RJ, Bronius PF, Schoffelmeer AN,
Vanderschuren LJ (2006b). Behavioral disinhibition requires
dopamine receptor activation. Psychopharmacology (Berl) 187:
73–85.

van Gaalen MM, Unger L, Jongen-Relo AL, Schoemaker H, Gross G
(2009). Amphetamine decreases behavioral inhibition by
stimulation of dopamine D2, but not D3, receptors. Behav
Pharmacol 20: 484–491.

Gamaleddin I, Wertheim C, Zhu AZ, Coen KM, Vemuri K,
Makryannis A et al. (2012). Cannabinoid receptor stimulation
increases motivation for nicotine and nicotine seeking. Addict Biol
17: 47–61.

Garavan H, Kaufman JN, Hester R (2008). Acute effects of cocaine
on the neurobiology of cognitive control. Philos Trans R Soc Lond
B Biol Sci 363: 3267–3276.

Gass JT, Olive MF (2008). Glutamatergic substrates of drug
addiction and alcoholism. Biochem Pharmacol 75: 218–265.

George O, Le Moal M, Koob GF (2012). Allostasis and addiction:
role of the dopamine and corticotropin-releasing factor systems.
Physiol Behav 106: 58–64.

Ghods-Sharifi S, Floresco SB (2010). Differential effects on effort
discounting induced by inactivations of the nucleus accumbens
core or shell. Behav Neurosci 124: 179–191.

Gill KE, Pierre PJ, Daunais J, Bennett AJ, Martelle S, Gage HD et al.
(2012). Chronic treatment with extended release methylphenidate
does not alter dopamine systems or increase vulnerability for
cocaine self-administration: a study in nonhuman primates.
Neuropsychopharmacology 37: 2555–2565.

Gilpin NW, Koob GF (2010). Effects of beta-adrenoceptor
antagonists on alcohol drinking by alcohol-dependent rats.
Psychopharmacology (Berl) 212: 431–439.

Gipson CD, Reissner KJ, Kupchik YM, Smith AC, Stankeviciute N,
Hensley-Simon ME et al. (2013). Reinstatement of nicotine seeking
is mediated by glutamatergic plasticity. Proc Natl Acad Sci U S A
110: 9124–9129.

Glatz AC, Ehrlich M, Bae RS, Clarke MJ, Quinlan PA, Brown EC
et al. (2002). Inhibition of cocaine self-administration by fluoxetine
or D-fenfluramine combined with phentermine. Pharmacol
Biochem Behav 71: 197–204.

Glick SD, Maisonneuve IM, Raucci J, Archer S (1995). Kappa opioid
inhibition of morphine and cocaine self-administration in rats.
Brain Res 681: 147–152.

Glick SD, Maisonneuve IM, Dickinson HA, Kitchen BA (2001).
Comparative effects of dextromethorphan and dextrorphan on
morphine, methamphetamine, and nicotine self-administration in
rats. Eur J Pharmacol 422: 87–90.

von der Goltz C, Vengeliene V, Bilbao A, Perreau-Lenz S, Pawlak
CR, Kiefer F et al. (2009). Cue-induced alcohol-seeking behaviour is
reduced by disrupting the reconsolidation of alcohol-related
memories. Psychopharmacology (Berl) 205: 389–397.

Goto Y, Grace AA (2008). Limbic and cortical information
processing in the nucleus accumbens. Trends Neurosci 31: 552–558.

Graves SM, Napier TC (2012). SB 206553, a putative 5-HT2C inverse
agonist, attenuates methamphetamine-seeking in rats. BMC
Neurosci 13: 65.

Greco B, Carli M (2006). Reduced attention and increased
impulsivity in mice lacking NPY Y2 receptors: relation to
anxiolytic-like phenotype. Behav Brain Res 169: 325–334.

Hadamitzky M, Koch M (2009). Effects of acute intra-cerebral
administration of the 5-HT(2A/C) receptor ligands DOI and
ketanserin on impulse control in rats. Behav Brain Res 204: 88–92.

Hadamitzky M, Feja M, Becker T, Koch M (2009). Effects of acute
systemic administration of serotonin2A/C receptor ligands in a
delay-based decision-making task in rats. Behav Pharmacol 20:
415–423.

Hammerness P, Joshi G, Doyle R, Georgiopoulos A, Geller D,
Spencer T et al. (2013). Do stimulants reduce the risk for cigarette
smoking in youth with attention-deficit hyperactivity disorder? A
prospective, long-term, open-label study of extended-release
methylphenidate. J Pediatr 162: 22–27 e22.

Haney M, Spealman R (2008). Controversies in translational
research: drug self-administration. Psychopharmacology (Berl) 199:
403–419.

Harris GC, Hedaya MA, Pan WJ, Kalivas P (1996). beta-adrenergic
antagonism alters the behavioral and neurochemical responses to
cocaine. Neuropsychopharmacology 14: 195–204.

Harrison AA, Everitt BJ, Robbins TW (1997). Central 5-HT depletion
enhances impulsive responding without affecting the accuracy of
attentional performance: interactions with dopaminergic
mechanisms. Psychopharmacology (Berl) 133: 329–342.

Harrison AA, Everitt BJ, Robbins TW (1999). Central serotonin
depletion impairs both the acquisition and performance of a
symmetrically reinforced go/no-go conditional visual
discrimination. Behav Brain Res 100: 99–112.

Harvey RC, Sen S, Deaciuc A, Dwoskin LP, Kantak KM (2011).
Methylphenidate treatment in adolescent rats with an attention
deficit/hyperactivity disorder phenotype: cocaine addiction
vulnerability and dopamine transporter function.
Neuropsychopharmacology 36: 837–847.

Hayes DJ, Greenshaw AJ (2011). 5-HT receptors and reward-related
behaviour: a review. Neurosci Biobehav Rev 35: 1419–1449.

Hayes DJ, Jupp B, Sawiak SJ, Merlo E, Caprioli D, Dalley JW (2014).
Brain gamma-aminobutyric acid: a neglected role in impulsivity.
Eur J Neurosci 39: 1921–1932.

Heidbreder CA, Andreoli M, Marcon C, Hutcheson DM, Gardner
EL, Ashby CR Jr (2007). Evidence for the role of dopamine D3
receptors in oral operant alcohol self-administration and
reinstatement of alcohol-seeking behavior in mice. Addict Biol 12:
35–50.

Helms CM, Reeves JM, Mitchell SH (2006). Impact of strain and
D-amphetamine on impulsivity (delay discounting) in inbred mice.
Psychopharmacology (Berl) 188: 144–151.

Higgins GA, Enderlin M, Haman M, Fletcher PJ (2003). The 5-HT2A
receptor antagonist M100,907 attenuates motor and
‘impulsive-type’ behaviours produced by NMDA receptor
antagonism. Psychopharmacology (Berl) 170: 309–319.

Higgins GA, Ballard TM, Enderlin M, Haman M, Kemp JA (2005).
Evidence for improved performance in cognitive tasks following
selective NR2B NMDA receptor antagonist pre-treatment in the rat.
Psychopharmacology (Berl) 179: 85–98.

Higgins GA, Silenieks LB, Rossmann A, Rizos Z, Noble K, Soko AD
et al. (2012). The 5-HT2C receptor agonist lorcaserin reduces
nicotine self-administration, discrimination, and reinstatement:
relationship to feeding behavior and impulse control.
Neuropsychopharmacology 37: 1177–1191.

Higley AE, Kiefer SW, Li X, Gaal J, Xi ZX, Gardner EL (2011).
Dopamine D(3) receptor antagonist SB-277011A inhibits

BJP B Jupp and J W Dalley

4758 British Journal of Pharmacology (2014) 171 4729–4766



methamphetamine self-administration and
methamphetamine-induced reinstatement of drug-seeking in rats.
Eur J Pharmacol 659: 187–192.

Hiranita T, Soto PL, Newman AH, Katz JL (2009). Assessment of
reinforcing effects of benztropine analogs and their effects on
cocaine self-administration in rats: comparisons with monoamine
uptake inhibitors. J Pharmacol Exp Ther 329: 677–686.

Hiranita T, Soto PL, Kohut SJ, Kopajtic T, Cao J, Newman AH et al.
(2011). Decreases in cocaine self-administration with dual
inhibition of the dopamine transporter and sigma receptors.
J Pharmacol Exp Ther 339: 662–677.

Hobson BD, O’Neill CE, Levis SC, Monteggia LM, Neve RL, Self DW
et al. (2013). Adenosine A1 and dopamine d1 receptor regulation of
AMPA receptor phosphorylation and cocaine-seeking behavior.
Neuropsychopharmacology 38: 1974–1983.

Hubner CB, Moreton JE (1991). Effects of selective D1 and D2
dopamine antagonists on cocaine self-administration in the rat.
Psychopharmacology (Berl) 105: 151–156.

Humpston CS, Wood CM, Robinson ES (2013). Investigating the
roles of different monoamine transmitters and impulse control
using the 5-choice serial reaction time task. J Psychopharmacol 27:
213–221.

Hyytia P, Backstrom P, Liljequist S (1999). Site-specific NMDA
receptor antagonists produce differential effects on cocaine
self-administration in rats. Eur J Pharmacol 378: 9–16.

Isles AR, Humby T, Wilkinson LS (2003). Measuring impulsivity in
mice using a novel operant delayed reinforcement task: effects of
behavioural manipulations and d-amphetamine.
Psychopharmacology (Berl) 170: 376–382.

Ismayilova N, Shoaib M (2010). Alteration of intravenous nicotine
self-administration by opioid receptor agonist and antagonists in
rats. Psychopharmacology (Berl) 210: 211–220.

Izzo E, Orsini C, Koob GF, Pulvirenti L (2001). A dopamine partial
agonist and antagonist block amphetamine self-administration in a
progressive ratio schedule. Pharmacol Biochem Behav 68: 701–708.

Jayarajan P, Nirogi R, Shinde A (2013). Effect of olanzapine on
scopolamine induced deficits in differential reinforcement of low
rate 72s (DRL-72s) schedule in rats: involvement of the serotonergic
receptors in restoring the deficits. Eur J Pharmacol 720: 344–354.

Jentsch JD, Taylor JR (1999). Impulsivity resulting from
frontostriatal dysfunction in drug abuse: implications for the
control of behavior by reward-related stimuli. Psychopharmacology
(Berl) 146: 373–390.

Jupp B, Dalley JW (2014). Behavioral endophenotypes of drug
addiction: etiological insights from neuroimaging studies.
Neuropharmacology 76 (Pt B): 487–497.

Jupp B, Lawrence AJ (2010). New horizons for therapeutics in drug
and alcohol abuse. Pharmacol Ther 125: 138–168.

Jupp B, Caprioli D, Dalley JW (2013a). Highly impulsive rats:
modelling an endophenotype to determine the neurobiological,
genetic and environmental mechanisms of addiction. Dis Model
Mech 6: 302–311.

Jupp B, Caprioli D, Saigal N, Reverte I, Shrestha S, Cumming P et al.
(2013b). Dopaminergic and GABA-ergic markers of impulsivity in
rats: evidence for anatomical localisation in ventral striatum and
prefrontal cortex. Eur J Neurosci 37: 1519–1528.

Kalivas PW, Volkow ND (2011). New medications for drug
addiction hiding in glutamatergic neuroplasticity. Mol Psychiatry
16: 974–986.

Kameda G, Dadmarz M, Vogel WH (2000). Influence of various
drugs on the voluntary intake of nicotine by rats.
Neuropsychobiology 41: 205–209.

Kapur S, Remington G (1996). Serotonin-dopamine interaction and
its relevance to schizophrenia. Am J Psychiatry 153: 466–476.

Kayir H, Semenova S, Markou A (2014). Baseline impulsive choice
predicts the effects of nicotine and nicotine withdrawal on
impulsivity in rats. Prog Neuropsychopharmacol Biol Psychiatry 48:
6–13.

Kertzman S, Grinspan H, Birger M, Kotler M (2006). Computerized
neuropsychological examination of impulsiveness: a selective
review. Isr J Psychiatry Relat Sci 43: 74–80.

Khantzian EJ (1985). The self-medication hypothesis of addictive
disorders: focus on heroin and cocaine dependence. Am J
Psychiatry 142: 1259–1264.

Khroyan TV, Barrett-Larimore RL, Rowlett JK, Spealman RD (2000).
Dopamine D1- and D2-like receptor mechanisms in relapse to
cocaine-seeking behavior: effects of selective antagonists and
agonists. J Pharmacol Exp Ther 294: 680–687.

Kirby LG, Zeeb FD, Winstanley CA (2011). Contributions of
serotonin in addiction vulnerability. Neuropharmacology 61:
421–432.

Kiyatkin EA, Brown PL (2003). Naloxone depresses cocaine
self-administration and delays its initiation on the following day.
Neuroreport 14: 251–255.

Koffarnus MN, Newman AH, Grundt P, Rice KC, Woods JH (2011).
Effects of selective dopaminergic compounds on a
delay-discounting task. Behav Pharmacol 22: 300–311.

Kolokotroni KZ, Rodgers RJ, Harrison AA (2011). Acute nicotine
increases both impulsive choice and behavioural disinhibition in
rats. Psychopharmacology (Berl) 217: 455–473.

Kolokotroni KZ, Rodgers RJ, Harrison AA (2014). Trait differences in
response to chronic nicotine and nicotine withdrawal in rats.
Psychopharmacology (Berl) 231: 567–580.

Koob GF (2008). A role for brain stress systems in addiction.
Neuron 59: 11–34.

Koob GF, Le HT, Creese I (1987). The D1 dopamine receptor
antagonist SCH 23390 increases cocaine self-administration in the
rat. Neurosci Lett 79: 315–320.

Koskinen T, Sirvio J (2001). Studies on the involvement of the
dopaminergic system in the 5-HT2 agonist (DOI)-induced
premature responding in a five-choice serial reaction time task.
Brain Res Bull 54: 65–75.

Koskinen T, Ruotsalainen S, Puumala T, Lappalainen R, Koivisto E,
Mannisto PT et al. (2000). Activation of 5-HT2A receptors impairs
response control of rats in a five-choice serial reaction time task.
Neuropharmacology 39: 471–481.

Koskinen T, Haapalinna A, Sirvio J (2003).
Alpha-adrenoceptor-mediated modulation of 5-HT2 receptor agonist
induced impulsive responding in a 5-choice serial reaction time
task. Pharmacol Toxicol 92: 214–225.

Kranz GS, Kasper S, Lanzenberger R (2010). Reward and the
serotonergic system. Neuroscience 166: 1023–1035.

Krebs CA, Anderson KG (2012). Preference reversals and effects of
D-amphetamine on delay discounting in rats. Behav Pharmacol 23:
228–240.

Kuzmin A, Jerlhag E, Liljequist S, Engel J (2009). Effects of subunit
selective nACh receptors on operant ethanol self-administration
and relapse-like ethanol-drinking behavior. Psychopharmacology
(Berl) 203: 99–108.

BJPPharmacology of impulsivity and addiction

British Journal of Pharmacology (2014) 171 4729–4766 4759



Lacosta S, Roberts DC (1993). MDL 72222, ketanserin, and
methysergide pretreatments fail to alter breaking points on a
progressive ratio schedule reinforced by intravenous cocaine.
Pharmacol Biochem Behav 44: 161–165.

Lamb RJ, Jarbe TU (2001). Effects of fluvoxamine on
ethanol-reinforced behavior in the rat. J Pharmacol Exp Ther 297:
1001–1009.

Lane JD, Pickering CL, Hooper ML, Fagan K, Tyers MB,
Emmett-Oglesby MW (1992). Failure of ondansetron to block the
discriminative or reinforcing stimulus effects of cocaine in the rat.
Drug Alcohol Depend 30: 151–162.

Lane RF, Blaha CD, Rivet JM (1988). Selective inhibition of
mesolimbic dopamine release following chronic administration of
clozapine: involvement of alpha 1-noradrenergic receptors
demonstrated by in vivo voltammetry. Brain Res 460: 398–401.

Lasseter HC, Xie X, Arguello AA, Wells AM, Hodges MA, Fuchs RA
(2014). Contribution of a mesocorticolimbic subcircuit to drug
context-induced reinstatement of cocaine-seeking behavior in rats.
Neuropsychopharmacology 39: 660–669.

Le AD, Corrigall WA, Harding JW, Juzytsch W, Li TK (2000).
Involvement of nicotinic receptors in alcohol self-administration.
Alcohol Clin Exp Res 24: 155–163.

Le AD, Funk D, Harding S, Juzytsch W, Li Z, Fletcher PJ (2008).
Intra-median raphe nucleus (MRN) infusions of muscimol, a
GABA-A receptor agonist, reinstate alcohol seeking in rats: role of
impulsivity and reward. Psychopharmacology (Berl) 195: 605–615.

Le AD, Harding S, Juzytsch W, Funk D, Shaham Y (2005). Role of
alpha-2 adrenoceptors in stress-induced reinstatement of alcohol
seeking and alcohol self-administration in rats.
Psychopharmacology (Berl) 179: 366–373.

Le AD, Funk D, Harding S, Juzytsch W, Fletcher PJ, Shaham Y
(2006). Effects of dexfenfluramine and 5-HT3 receptor antagonists
on stress-induced reinstatement of alcohol seeking in rats.
Psychopharmacology (Berl) 186: 82–92.

Le AD, Funk D, Juzytsch W, Coen K, Navarre BM, Cifani C et al.
(2011). Effect of prazosin and guanfacine on stress-induced
reinstatement of alcohol and food seeking in rats.
Psychopharmacology (Berl) 218: 89–99.

Le Merrer J, Becker JA, Befort K, Kieffer BL (2009). Reward
processing by the opioid system in the brain. Physiol Rev 89:
1379–1412.

Leri F, Flores J, Rodaros D, Stewart J (2002). Blockade of
stress-induced but not cocaine-induced reinstatement by infusion
of noradrenergic antagonists into the bed nucleus of the stria
terminalis or the central nucleus of the amygdala. J Neurosci 22:
5713–5718.

Levin ED, Mead T, Rezvani AH, Rose JE, Gallivan C, Gross R (2000).
The nicotinic antagonist mecamylamine preferentially inhibits
cocaine vs. food self-administration in rats. Physiol Behav 71:
565–570.

Levin ED, Slade S, Johnson M, Petro A, Horton K, Williams P et al.
(2008). Ketanserin, a 5-HT2 receptor antagonist, decreases nicotine
self-administration in rats. Eur J Pharmacol 600: 93–97.

Levin FR, Mariani JJ, Secora A, Brooks D, Cheng WY, Bisaga A et al.
(2009). Atomoxetine treatment for cocaine abuse and adult
attention-deficit hyperactivity disorder (ADHD): a preliminary open
trial. J Dual Diagn 5: 41–56.

Levy AD, Murphy JM, McBride WJ, Lumeng L, Li TK (1991).
Microinjection of sulpiride into the nucleus accumbens increases
ethanol drinking in alcohol-preferring (P) rats. Alcohol Alcohol
Suppl 1: 417–420.

Li S, Zou S, Coen K, Funk D, Shram MJ, Le AD (2014). Sex
differences in yohimbine-induced increases in the reinforcing
efficacy of nicotine in adolescent rats. Addict Biol 19: 156–164.

Li X, Li J, Gardner EL, Xi ZX (2010). Activation of mGluR7s
inhibits cocaine-induced reinstatement of drug-seeking behavior by
a nucleus accumbens glutamate-mGluR2/3 mechanism in rats.
J Neurochem 114: 1368–1380.

Lintunen M, Hyytia P, Sallmen T, Karlstedt K, Tuomisto L, Leurs R
et al. (2001). Increased brain histamine in an alcohol-preferring rat
line and modulation of ethanol consumption by H(3) receptor
mechanisms. FASEB J 15: 1074–1076.

Liu X (2014). Effects of blockade of alpha4beta2 and alpha7
nicotinic acetylcholine receptors on cue-induced reinstatement of
nicotine-seeking behaviour in rats. Int J Neuropsychopharmacol 17:
105–116.

Liu X, Caggiula AR, Yee SK, Nobuta H, Sved AF, Pechnick RN et al.
(2007). Mecamylamine attenuates cue-induced reinstatement of
nicotine-seeking behavior in rats. Neuropsychopharmacology 32:
710–718.

Liu X, Caggiula AR, Palmatier MI, Donny EC, Sved AF (2008).
Cue-induced reinstatement of nicotine-seeking behavior in rats:
effect of bupropion, persistence over repeated tests, and its
dependence on training dose. Psychopharmacology (Berl) 196:
365–375.

Liu X, Jernigen C, Gharib M, Booth S, Caggiula AR, Sved AF (2010).
Effects of dopamine antagonists on drug cue-induced reinstatement
of nicotine-seeking behavior in rats. Behav Pharmacol 21: 153–160.

Liu YP, Lin YL, Chuang CH, Kao YC, Chang ST, Tung CS (2009).
Alpha adrenergic modulation on effects of norepinephrine
transporter inhibitor reboxetine in five-choice serial reaction time
task. J Biomed Sci 16: 72.

Logrip ML, Koob GF, Zorrilla EP (2011). Role of
corticotropin-releasing factor in drug addiction: potential for
pharmacological intervention. CNS Drugs 25: 271–287.

Loiseau F, Le Bihan C, Hamon M, Thiebot MH (2005).
Antidepressant-like effects of agomelatine, melatonin and the NK1
receptor antagonist GR205171 in impulsive-related behaviour in
rats. Psychopharmacology (Berl) 182: 24–32.

Lombardo LE, Bearden CE, Barrett J, Brumbaugh MS, Pittman B,
Frangou S et al. (2012). Trait impulsivity as an endophenotype for
bipolar I disorder. Bipolar Disord 14: 565–570.

Loos M, Pattij T, Janssen MC, Counotte DS, Schoffelmeer AN, Smit
AB et al. (2010). Dopamine receptor D1/D5 gene expression in the
medial prefrontal cortex predicts impulsive choice in rats. Cereb
Cortex 20: 1064–1070.

Lyness WH, Friedle NM, Moore KE (1980). Increased
self-administration of d-amphetamine after destruction of
5-hydroxytryptaminergic neurons. Pharmacol Biochem Behav 12:
937–941.

Maldonado R, Robledo P, Chover AJ, Caine SB, Koob GF (1993). D1
dopamine receptors in the nucleus accumbens modulate cocaine
self-administration in the rat. Pharmacol Biochem Behav 45:
239–242.

Maldonado R, Valverde O, Berrendero F (2006). Involvement of the
endocannabinoid system in drug addiction. Trends Neurosci 29:
225–232.

Marek GJ (2012). Activation of adenosine(1) receptors induces
antidepressant-like, anti-impulsive effects on differential
reinforcement of low-rate 72-s behavior in rats. J Pharmacol Exp
Ther 341: 564–570.

BJP B Jupp and J W Dalley

4760 British Journal of Pharmacology (2014) 171 4729–4766



Marinelli PW, Funk D, Juzytsch W, Harding S, Rice KC, Shaham Y
et al. (2007). The CRF1 receptor antagonist antalarmin attenuates
yohimbine-induced increases in operant alcohol self-administration
and reinstatement of alcohol seeking in rats. Psychopharmacology
(Berl) 195: 345–355.

Marinelli PW, Funk D, Harding S, Li Z, Juzytsch W, Le AD (2009).
Roles of opioid receptor subtypes in mediating alcohol-seeking
induced by discrete cues and context. Eur J Neurosci 30: 671–678.

Martelle SE, Porrino LJ, Nader MA (2013). Effects of chronic
methylphenidate in adolescence on later methylphenidate
self-administration in rhesus monkeys. Behav Pharmacol 24:
478–481.

Marusich JA, Bardo MT (2009). Differences in impulsivity on a
delay-discounting task predict self-administration of a low unit
dose of methylphenidate in rats. Behav Pharmacol 20: 447–454.

Maurel S, De Vry J, Schreiber R (1999). 5-HT receptor ligands
differentially affect operant oral self-administration of ethanol in
the rat. Eur J Pharmacol 370: 217–223.

McKinzie DL, McBride WJ, Murphy JM, Lumeng L, Li TK (2000).
Effects of MDL 72222, a serotonin3 antagonist, on operant
responding for ethanol by alcohol-preferring P rats. Alcohol Clin
Exp Res 24: 1500–1504.

Mendez IA, Simon NW, Hart N, Mitchell MR, Nation JR, Wellman
PJ et al. (2010). Self-administered cocaine causes long-lasting
increases in impulsive choice in a delay discounting task. Behav
Neurosci 124: 470–477.

Mendez IA, Gilbert RJ, Bizon JL, Setlow B (2012). Effects of acute
administration of nicotinic and muscarinic cholinergic agonists and
antagonists on performance in different cost–benefit decision
making tasks in rats. Psychopharmacology (Berl) 224: 489–499.

Milstein JA, Lehmann O, Theobald DE, Dalley JW, Robbins TW
(2007). Selective depletion of cortical noradrenaline by
anti-dopamine beta-hydroxylase-saporin impairs attentional
function and enhances the effects of guanfacine in the rat.
Psychopharmacology (Berl) 190: 51–63.

Milstein JA, Dalley JW, Robbins TW (2010).
Methylphenidate-induced impulsivity: pharmacological antagonism
by beta-adrenoreceptor blockade. J Psychopharmacol 24: 309–321.

Mirza NR, Stolerman IP (2000). The role of nicotinic and
muscarinic acetylcholine receptors in attention.
Psychopharmacology (Berl) 148: 243–250.

Miyazaki K, Miyazaki KW, Doya K (2012). The role of serotonin in
the regulation of patience and impulsivity. Mol Neurobiol 45:
213–224.

Mobini S, Chiang TJ, Ho MY, Bradshaw CM, Szabadi E (2000).
Effects of central 5-hydroxytryptamine depletion on sensitivity to
delayed and probabilistic reinforcement. Psychopharmacology (Berl)
152: 390–397.

Moeller FG, Barratt ES, Dougherty DM, Schmitz JM, Swann AC
(2001). Psychiatric aspects of impulsivity. Am J Psychiatry 158:
1783–1793.

Molander AC, Mar A, Norbury A, Steventon S, Moreno M, Caprioli
D et al. (2011). High impulsivity predicting vulnerability to cocaine
addiction in rats: some relationship with novelty preference but
not novelty reactivity, anxiety or stress. Psychopharmacology (Berl)
215: 721–731.

Monterosso J, Ainslie G (1999). Beyond discounting: possible
experimental models of impulse control. Psychopharmacology
(Berl) 146: 339–347.

Moreno-Lopez L, Catena A, Fernandez-Serrano MJ, Delgado-Rico E,
Stamatakis EA, Perez-Garcia M et al. (2012). Trait impulsivity and
prefrontal gray matter reductions in cocaine dependent individuals.
Drug Alcohol Depend 125: 208–214.

Muller SE, Weijers HG, Boning J, Wiesbeck GA (2008). Personality
traits predict treatment outcome in alcohol-dependent patients.
Neuropsychobiology 57: 159–164.

Munzar P, Tanda G, Justinova Z, Goldberg SR (2004). Histamine h3
receptor antagonists potentiate methamphetamine
self-administration and methamphetamine-induced accumbal
dopamine release. Neuropsychopharmacology 29: 705–717.

Murnane KS, Winschel J, Schmidt KT, Stewart LM, Rose SJ, Cheng
K et al. (2013). Serotonin 2A receptors differentially contribute to
abuse-related effects of cocaine and cocaine-induced nigrostriatal
and mesolimbic dopamine overflow in nonhuman primates.
J Neurosci 33: 13367–13374.

Murphy ER, Fernando AB, Urcelay GP, Robinson ES, Mar AC,
Theobald DE et al. (2012). Impulsive behaviour induced by both
NMDA receptor antagonism and GABAA receptor activation in rat
ventromedial prefrontal cortex. Psychopharmacology (Berl) 219:
401–410.

Navarra R, Comery TA, Graf R, Rosenzweig-Lipson S, Day M
(2008a). The 5-HT(2C) receptor agonist WAY-163909 decreases
impulsivity in the 5-choice serial reaction time test. Behav Brain
Res 188: 412–415.

Navarra R, Graf R, Huang Y, Logue S, Comery T, Hughes Z et al.
(2008b). Effects of atomoxetine and methylphenidate on attention
and impulsivity in the 5-choice serial reaction time test. Prog
Neuropsychopharmacol Biol Psychiatry 32: 34–41.

Nemeth CL, Paine TA, Rittiner JE, Beguin C, Carroll FI, Roth BL
et al. (2010). Role of kappa-opioid receptors in the effects of
salvinorin A and ketamine on attention in rats.
Psychopharmacology (Berl) 210: 263–274.

Nestler EJ (2005). The neurobiology of cocaine addiction. Sci Pract
Perspect 3: 4–10.

Nic Dhonnchadha BA, Fox RG, Stutz SJ, Rice KC, Cunningham KA
(2009). Blockade of the serotonin 5-HT2A receptor suppresses
cue-evoked reinstatement of cocaine-seeking behavior in a rat
self-administration model. Behav Neurosci 123: 382–396.

Nigg JT, Wong MM, Martel MM, Jester JM, Puttler LI, Glass JM et al.
(2006). Poor response inhibition as a predictor of problem drinking
and illicit drug use in adolescents at risk for alcoholism and other
substance use disorders. J Am Acad Child Adolesc Psychiatry 45:
468–475.

Nuutinen S, Lintunen M, Vanhanen J, Ojala T, Rozov S, Panula P
(2011). Evidence for the role of histamine H3 receptor in alcohol
consumption and alcohol reward in mice.
Neuropsychopharmacology 36: 2030–2040.

Oberlin BG, Grahame NJ (2009). High-alcohol preferring mice are
more impulsive than low-alcohol preferring mice as measured in
the delay discounting task. Alcohol Clin Exp Res 33: 1294–1303.

Oberlin BG, Bristow RE, Heighton ME, Grahame NJ (2010).
Pharmacologic dissociation between impulsivity and alcohol
drinking in high alcohol preferring mice. Alcohol Clin Exp Res 34:
1363–1375.

O’Brien CP (2008). Review. Evidence-based treatments of addiction.
Philos Trans R Soc Lond B Biol Sci 363: 3277–3286.

Ohmura Y, Yamaguchi T, Futami Y, Togashi H, Izumi T, Matsumoto
M et al. (2009). Corticotropin releasing factor enhances attentional

BJPPharmacology of impulsivity and addiction

British Journal of Pharmacology (2014) 171 4729–4766 4761



function as assessed by the five-choice serial reaction time task in
rats. Behav Brain Res 198: 429–433.

Oliver YP, Ripley TL, Stephens DN (2009). Ethanol effects on
impulsivity in two mouse strains: similarities to diazepam and
ketamine. Psychopharmacology (Berl) 204: 679–692.

Olmstead MC, Hellemans KG, Paine TA (2006). Alcohol-induced
impulsivity in rats: an effect of cue salience? Psychopharmacology
(Berl) 184: 221–228.

Olsen CM, Duvauchelle CL (2006). Prefrontal cortex D1
modulation of the reinforcing properties of cocaine. Brain Res
1075: 229–235.

Paine TA, Dringenberg HC, Olmstead MC (2003). Effects of chronic
cocaine on impulsivity: relation to cortical serotonin mechanisms.
Behav Brain Res 147: 135–147.

Paine TA, Tomasiewicz HC, Zhang K, Carlezon WA Jr (2007).
Sensitivity of the five-choice serial reaction time task to the effects
of various psychotropic drugs in Sprague-Dawley rats. Biol
Psychiatry 62: 687–693.

Palmatier MI, Liu X, Donny EC, Caggiula AR, Sved AF (2008).
Metabotropic glutamate 5 receptor (mGluR5) antagonists decrease
nicotine seeking, but do not affect the reinforcement enhancing
effects of nicotine. Neuropsychopharmacology 33: 2139–2147.

Pardey MC, Kumar NN, Goodchild AK, Cornish JL (2013).
Catecholamine receptors differentially mediate impulsive choice in
the medial prefrontal and orbitofrontal cortex. J Psychopharmacol
27: 203–212.

Parsons LH, Weiss F, Koob GF (1998). Serotonin1B receptor
stimulation enhances cocaine reinforcement. J Neurosci 18:
10078–10089.

Passetti F, Dalley JW, Robbins TW (2003). Double dissociation of
serotonergic and dopaminergic mechanisms on attentional
performance using a rodent five-choice reaction time task.
Psychopharmacology (Berl) 165: 136–145.

Paterson NE, Markou A (2005). The metabotropic glutamate
receptor 5 antagonist MPEP decreased break points for nicotine,
cocaine and food in rats. Psychopharmacology (Berl) 179: 255–261.

Paterson NE, Wetzler C, Hackett A, Hanania T (2012). Impulsive
action and impulsive choice are mediated by distinct
neuropharmacological substrates in rat. Int J
Neuropsychopharmacol 15: 1473–1487.

Pattij T, Vanderschuren LJ (2008). The neuropharmacology of
impulsive behaviour. Trends Pharmacol Sci 29: 192–199.

Pattij T, Janssen MC, Vanderschuren LJ, Schoffelmeer AN,
van Gaalen MM (2007a). Involvement of dopamine D1 and D2
receptors in the nucleus accumbens core and shell in inhibitory
response control. Psychopharmacology (Berl) 191: 587–598.

Pattij T, Janssen MC, Schepers I, Gonzalez-Cuevas G, de Vries TJ,
Schoffelmeer AN (2007b). Effects of the cannabinoid CB1 receptor
antagonist rimonabant on distinct measures of impulsive behavior
in rats. Psychopharmacology (Berl) 193: 85–96.

Pattij T, Schetters D, Janssen MC, Wiskerke J, Schoffelmeer AN
(2009). Acute effects of morphine on distinct forms of impulsive
behavior in rats. Psychopharmacology (Berl) 205: 489–502.

Pattij T, Schetters D, Schoffelmeer AN, van Gaalen MM (2012). On
the improvement of inhibitory response control and visuospatial
attention by indirect and direct adrenoceptor agonists.
Psychopharmacology (Berl) 219: 327–340.

Pawson AJ, Sharman JL, Benson HE, Faccenda E, Alexander SP,
Buneman OP et al.; NC-IUPHAR (2014). The IUPHAR/BPS Guide to

PHARMACOLOGY: an expert-driven knowledgebase of drug targets
and their ligands. Nucl. Acids Res 42 (Database Issue): D1098–106.

Pelloux Y, Dilleen R, Economidou D, Theobald D, Everitt BJ (2012).
Reduced forebrain serotonin transmission is causally involved in
the development of compulsive cocaine seeking in rats.
Neuropsychopharmacology 37: 2505–2514.

Peltier R, Schenk S (1993). Effects of serotonergic manipulations on
cocaine self-administration in rats. Psychopharmacology (Berl) 110:
390–394.

Pentkowski NS, Duke FD, Weber SM, Pockros LA, Teer AP, Hamilton
EC et al. (2010). Stimulation of medial prefrontal cortex serotonin
2C (5-HT(2C) ) receptors attenuates cocaine-seeking behavior.
Neuropsychopharmacology 35: 2037–2048.

Perry JC, Korner AC (2011). Impulsive phenomena, the impulsive
character (der Triebhafte Charakter) and DSM personality disorders.
J Pers Disord 25: 586–606.

Perry JL, Stairs DJ, Bardo MT (2008). Impulsive choice and
environmental enrichment: effects of d-amphetamine and
methylphenidate. Behav Brain Res 193: 48–54.

Petry NM (2001). Delay discounting of money and alcohol in
actively using alcoholics, currently abstinent alcoholics, and
controls. Psychopharmacology (Berl) 154: 243–250.

Pezze MA, Dalley JW, Robbins TW (2007). Differential roles of
dopamine D1 and D2 receptors in the nucleus accumbens in
attentional performance on the five-choice serial reaction time task.
Neuropsychopharmacology 32: 273–283.

Pfeffer AO, Samson HH (1985). Oral ethanol reinforcement in the
rat: effects of acute amphetamine. Alcohol 2: 693–697.

Phillips GD, Howes SR, Whitelaw RB, Robbins TW, Everitt BJ
(1994). Isolation rearing impairs the reinforcing efficacy of
intravenous cocaine or intra-accumbens d-amphetamine: impaired
response to intra-accumbens D1 and D2/D3 dopamine receptor
antagonists. Psychopharmacology (Berl) 115: 419–429.

Pierce RC, O’Brien CP, Kenny PJ, Vanderschuren LJ (2012). Rational
development of addiction pharmacotherapies: successes, failures,
and prospects. Cold Spring Harb Perspect Med 2: a012880.

Placenza FM, Fletcher PJ, Vaccarino FJ, Erb S (2006). Effects of
central neurokinin-1 receptor antagonism on cocaine- and
opiate-induced locomotor activity and self-administration
behaviour in rats. Pharmacol Biochem Behav 84: 94–101.

Poulos CX, Le AD, Parker JL (1995). Impulsivity predicts individual
susceptibility to high levels of alcohol self-administration. Behav
Pharmacol 6: 810–814.

Przegalinski E, Golda A, Filip M (2008). Effects of serotonin (5-HT)
(1B) receptor ligands on cocaine-seeking behavior in rats.
Pharmacol Rep 60: 798–810.

Radwanska K, Kaczmarek L (2012). Characterization of an alcohol
addiction-prone phenotype in mice. Addict Biol 17: 601–612.

Rasmussen DD, Alexander LL, Raskind MA, Froehlich JC (2009).
The alpha1-adrenergic receptor antagonist, prazosin, reduces
alcohol drinking in alcohol-preferring (P) rats. Alcohol Clin Exp Res
33: 264–272.

Rasmussen T, Sauerberg P, Nielsen EB, Swedberg MD, Thomsen C,
Sheardown MJ et al. (2000). Muscarinic receptor agonists decrease
cocaine self-administration rates in drug-naive mice. Eur J
Pharmacol 402: 241–246.

Rauhut AS, Mullins SN, Dwoskin LP, Bardo MT (2002). Reboxetine:
attenuation of intravenous nicotine self-administration in rats.
J Pharmacol Exp Ther 303: 664–672.

BJP B Jupp and J W Dalley

4762 British Journal of Pharmacology (2014) 171 4729–4766



Redila VA, Chavkin C (2008). Stress-induced reinstatement of
cocaine seeking is mediated by the kappa opioid system.
Psychopharmacology (Berl) 200: 59–70.

van Ree JM, Gerrits MA, Vanderschuren LJ (1999). Opioids, reward
and addiction: an encounter of biology, psychology, and medicine.
Pharmacol Rev 51: 341–396.

Reichel CM, Murray JE, Grant KM, Bevins RA (2009). Bupropion
attenuates methamphetamine self-administration in adult male
rats. Drug Alcohol Depend 100: 54–62.

Reynolds B, de Wit H, Richards J (2002). Delay of gratification and
delay discounting in rats. Behav Processes 59: 157.

Rezvani AH, Overstreet DH, Janowsky DS (1991). Drug-induced
reductions in ethanol intake in alcohol preferring and
Fawn-Hooded rats. Alcohol Alcohol Suppl 1: 433–437.

Richards JB, Zhang L, Mitchell SH, de Wit H (1999). Delay or
probability discounting in a model of impulsive behavior: effect of
alcohol. J Exp Anal Behav 71: 121–143.

Richardson NR, Smith AM, Roberts DC (1994). A single injection of
either flupenthixol decanoate or haloperidol decanoate produces
long-term changes in cocaine self-administration in rats. Drug
Alcohol Depend 36: 23–25.

Rimondini R, Thorsell A, Heilig M (2005). Suppression of ethanol
self-administration by the neuropeptide Y (NPY) Y2 receptor
antagonist BIIE0246: evidence for sensitization in rats with a
history of dependence. Neurosci Lett 375: 129–133.

Robbins TW (2002). The 5-choice serial reaction time task:
behavioural pharmacology and functional neurochemistry.
Psychopharmacology (Berl) 163: 362–380.

Robbins TW, Gillan CM, Smith DG, de Wit S, Ersche KD (2012).
Neurocognitive endophenotypes of impulsivity and compulsivity:
towards dimensional psychiatry. Trends Cogn Sci 16: 81–91.

Roberts DC, Loh EA, Baker GB, Vickers G (1994). Lesions of central
serotonin systems affect responding on a progressive ratio schedule
reinforced either by intravenous cocaine or by food. Pharmacol
Biochem Behav 49: 177–182.

Robinson ES, Dalley JW, Theobald DE, Glennon JC, Pezze MA,
Murphy ER et al. (2008a). Opposing roles for 5-HT2A and 5-HT2C
receptors in the nucleus accumbens on inhibitory response control
in the 5-choice serial reaction time task. Neuropsychopharmacology
33: 2398–2406.

Robinson ES, Eagle DM, Mar AC, Bari A, Banerjee G, Jiang X et al.
(2008b). Similar effects of the selective noradrenaline reuptake
inhibitor atomoxetine on three distinct forms of impulsivity in the
rat. Neuropsychopharmacology 33: 1028–1037.

Roesch MR, Takahashi Y, Gugsa N, Bissonette GB, Schoenbaum G
(2007). Previous cocaine exposure makes rats hypersensitive to both
delay and reward magnitude. J Neurosci 27: 245–250.

Rogers RD, Robbins TW (2001). Investigating the neurocognitive
deficits associated with chronic drug misuse. Curr Opin Neurobiol
11: 250–257.

Roman V, Gyertyan I, Saghy K, Kiss B, Szombathelyi Z (2013).
Cariprazine (RGH-188), a D(3)-preferring dopamine D(3)/D(2)
receptor partial agonist antipsychotic candidate demonstrates
anti-abuse potential in rats. Psychopharmacology (Berl) 226:
285–293.

Ross JT, Corrigall WA, Heidbreder CA, LeSage MG (2007). Effects of
the selective dopamine D3 receptor antagonist SB-277011A on the
reinforcing effects of nicotine as measured by a progressive-ratio
schedule in rats. Eur J Pharmacol 559: 173–179.

Rowlett JK, Platt DM, Yao WD, Spealman RD (2007). Modulation of
heroin and cocaine self-administration by dopamine D1- and
D2-like receptor agonists in rhesus monkeys. J Pharmacol Exp Ther
321: 1135–1143.

Ruedi-Bettschen D, Rowlett JK, Spealman RD, Platt DM (2010).
Attenuation of cocaine-induced reinstatement of drug seeking in
squirrel monkeys: kappa opioid and serotonergic mechanisms.
Psychopharmacology (Berl) 210: 169–177.

Ruotsalainen S, Miettinen R, MacDonald E, Koivisto E, Sirvio J
(2000). Blockade of muscarinic, rather than nicotinic, receptors
impairs attention, but does not interact with serotonin depletion.
Psychopharmacology (Berl) 148: 111–123.

Sabino V, Cottone P, Steardo L, Schmidhammer H, Zorrilla EP
(2007). 14-Methoxymetopon, a highly potent mu opioid agonist,
biphasically affects ethanol intake in Sardinian alcohol-preferring
rats. Psychopharmacology (Berl) 192: 537–546.

Sabino V, Narayan AR, Zeric T, Steardo L, Cottone P (2013). mTOR
activation is required for the anti-alcohol effect of ketamine, but
not memantine, in alcohol-preferring rats. Behav Brain Res 247:
9–16.

Samson HH, Chappell A (2003). Dopaminergic involvement in
medial prefrontal cortex and core of the nucleus accumbens in the
regulation of ethanol self-administration: a dual-site microinjection
study in the rat. Physiol Behav 79: 581–590.

Samson HH, Hodge CW, Tolliver GA, Haraguchi M (1993). Effect of
dopamine agonists and antagonists on ethanol-reinforced behavior:
the involvement of the nucleus accumbens. Brain Res Bull 30:
133–141.

Samson HH, Chappell A, Slawecki C, Hodge C (1999). The effects of
microinjection of d-amphetamine into the n. accumbens during
the late maintenance phase of an ethanol consumption bout.
Pharmacol Biochem Behav 63: 159–165.

Sanchis-Segura C, Spanagel R (2006). Behavioural assessment of
drug reinforcement and addictive features in rodents: an overview.
Addict Biol 11: 2–38.

Schank JR, Pickens CL, Rowe KE, Cheng K, Thorsell A, Rice KC et al.
(2011). Stress-induced reinstatement of alcohol-seeking in rats is
selectively suppressed by the neurokinin 1 (NK1) antagonist
L822429. Psychopharmacology (Berl) 218: 111–119.

Schank JR, Ryabinin AE, Giardino WJ, Ciccocioppo R, Heilig M
(2012). Stress-related neuropeptides and addictive behaviors:
beyond the usual suspects. Neuron 76: 192–208.

Schank JR, King CE, Sun H, Cheng K, Rice KC, Heilig M et al.
(2014). The role of the neurokinin-1 receptor in stress-induced
reinstatement of alcohol and cocaine seeking.
Neuropsychopharmacology 39: 1093–1101.

Schenk S (2000). Effects of the serotonin 5-HT(2) antagonist,
ritanserin, and the serotonin 5-HT(1A) antagonist, WAY 100635, on
cocaine-seeking in rats. Pharmacol Biochem Behav 67: 363–369.

Schenk S (2002). Effects of GBR 12909, WIN 35,428 and indatraline
on cocaine self-administration and cocaine seeking in rats.
Psychopharmacology (Berl) 160: 263–270.

Schenk S, Gittings D (2003). Effects of SCH 23390 and eticlopride
on cocaine-seeking produced by cocaine and WIN 35,428 in rats.
Psychopharmacology (Berl) 168: 118–123.

Schenk S, Partridge B (1999). Cocaine-seeking produced by
experimenter-administered drug injections: dose–effect relationships
in rats. Psychopharmacology (Berl) 147: 285–290.

Schenk S, Partridge B, Shippenberg TS (2000). Reinstatement of
extinguished drug-taking behavior in rats: effect of the
kappa-opioid receptor agonist, U69593. Psychopharmacology (Berl)
151: 85–90.

BJPPharmacology of impulsivity and addiction

British Journal of Pharmacology (2014) 171 4729–4766 4763



Schippers MC, Binnekade R, Schoffelmeer AN, Pattij T, De Vries TJ
(2012). Unidirectional relationship between heroin
self-administration and impulsive decision-making in rats.
Psychopharmacology (Berl) 219: 443–452.

Schmidt HD, Anderson SM, Pierce RC (2006). Stimulation of
D1-like or D2 dopamine receptors in the shell, but not the core, of
the nucleus accumbens reinstates cocaine-seeking behaviour in the
rat. Eur J Neurosci 23: 219–228.

Schmidt KT, Weinshenker D (2014). Adrenaline rush: the role of
adrenergic receptors in stimulant-induced behaviors. Mol
Pharmacol 85: 640–650.

Schroeder JP, Overstreet DH, Hodge CW (2005). The mGluR5
antagonist MPEP decreases operant ethanol self-administration
during maintenance and after repeated alcohol deprivations in
alcohol-preferring (P) rats. Psychopharmacology (Berl) 179:
262–270.

Self D (2010) Dopamine receptor subtypes in reward and relapse.
In: Neve KA (ed.). The Dopamine Receptors. Humana Press: New
York, pp. 479–523.

Self DW, Barnhart WJ, Lehman DA, Nestler EJ (1996). Opposite
modulation of cocaine-seeking behavior by D1- and D2-like
dopamine receptor agonists. Science 271: 1586–1589.

Semenova S, Markou A (2007). The effects of the mGluR5
antagonist MPEP and the mGluR2/3 antagonist LY341495 on rats’
performance in the 5-choice serial reaction time task.
Neuropharmacology 52: 863–872.

Shannon HE, Eberle EL (2006). Effects of biasing the location of
stimulus presentation, and the muscarinic cholinergic receptor
antagonist scopolamine, on performance of a 5-choice serial
reaction time attention task in rats. Behav Pharmacol 17: 71–85.

Shelton KL, Balster RL (1997). Effects of gamma-aminobutyric acid
agonists and N-methyl-D-aspartate antagonists on a multiple
schedule of ethanol and saccharin self-administration in rats.
J Pharmacol Exp Ther 280: 1250–1260.

Shepard JD, Bossert JM, Liu SY, Shaham Y (2004). The anxiogenic
drug yohimbine reinstates methamphetamine seeking in a rat
model of drug relapse. Biol Psychiatry 55: 1082–1089.

Simmons D, Self DW (2009). Role of mu- and delta-opioid receptors
in the nucleus accumbens in cocaine-seeking behavior.
Neuropsychopharmacology 34: 1946–1957.

Simon NW, Beas BS, Montgomery KS, Haberman RP, Bizon JL,
Setlow B (2013). Prefrontal cortical-striatal dopamine receptor
mRNA expression predicts distinct forms of impulsivity. Eur J
Neurosci 37: 1779–1788.

Simon O’Brien E, Legastelois R, Houchi H, Vilpoux C, Alaux-Cantin
S, Pierrefiche O et al. (2011). Fluoxetine, desipramine, and the dual
antidepressant milnacipran reduce alcohol self-administration
and/or relapse in dependent rats. Neuropsychopharmacology 36:
1518–1530.

Simpson D, Plosker GL (2004). Atomoxetine: a review of its use in
adults with attention deficit hyperactivity disorder. Drugs 64:
205–222.

Smith RJ, Aston-Jones G (2011). alpha(2) Adrenergic and
imidazoline receptor agonists prevent cue-induced cocaine seeking.
Biol Psychiatry 70: 712–719.

Sofuoglu M, Sewell RA (2009). Norepinephrine and stimulant
addiction. Addict Biol 14: 119–129.

Solanto MV (1984). Neuropharmacological basis of stimulant drug
action in attention deficit disorder with hyperactivity: a review and
synthesis. Psychol Bull 95: 387–409.

Somkuwar SS, Jordan CJ, Kantak KM, Dwoskin LP (2013).
Adolescent atomoxetine treatment in a rodent model of ADHD:
effects on cocaine self-administration and dopamine transporters in
frontostriatal regions. Neuropsychopharmacology 38: 2588–2597.

Song R, Yang RF, Wu N, Su RB, Li J, Peng XQ et al. (2012). YQA14:
a novel dopamine D3 receptor antagonist that inhibits cocaine
self-administration in rats and mice, but not in D3
receptor-knockout mice. Addict Biol 17: 259–273.

Soria G, Mendizabal V, Tourino C, Robledo P, Ledent C, Parmentier
M et al. (2005). Lack of CB1 cannabinoid receptor impairs cocaine
self-administration. Neuropsychopharmacology 30: 1670–1680.

Spano MS, Fattore L, Cossu G, Deiana S, Fadda P, Fratta W (2004).
CB1 receptor agonist and heroin, but not cocaine, reinstate
cannabinoid-seeking behaviour in the rat. Br J Pharmacol 143:
343–350.

Stanis JJ, Marquez Avila H, White MD, Gulley JM (2008a).
Dissociation between long-lasting behavioral sensitization to
amphetamine and impulsive choice in rats performing a
delay-discounting task. Psychopharmacology (Berl) 199: 539–548.

Stanis JJ, Burns RM, Sherrill LK, Gulley JM (2008b). Disparate
cocaine-induced locomotion as a predictor of choice behavior in
rats trained in a delay-discounting task. Drug Alcohol Depend 98:
54–62.

Sukhotina IA, Dravolina OA, Novitskaya Y, Zvartau EE, Danysz W,
Bespalov AY (2008). Effects of mGlu1 receptor blockade on working
memory, time estimation, and impulsivity in rats.
Psychopharmacology (Berl) 196: 211–220.

Sulzer D (2011). How addictive drugs disrupt presynaptic dopamine
neurotransmission. Neuron 69: 628–649.

Sun H, Green TA, Theobald DE, Birnbaum SG, Graham DL, Zeeb FD
et al. (2010). Yohimbine increases impulsivity through activation of
cAMP response element binding in the orbitofrontal cortex. Biol
Psychiatry 67: 649–656.

Sun W, Rebec GV (2005). The role of prefrontal cortex D1-like and
D2-like receptors in cocaine-seeking behavior in rats.
Psychopharmacology (Berl) 177: 315–323.

Suto N, Wise RA (2011). Satiating effects of cocaine are controlled
by dopamine actions in the nucleus accumbens core. J Neurosci 31:
17917–17922.

Szerman N, Peris L, Mesias B, Colis P, Rosa J, Prieto A (2005).
Reboxetine for the treatment of patients with Cocaine Dependence
Disorder. Hum Psychopharmacol 20: 189–192.

Talpos JC, Wilkinson LS, Robbins TW (2006). A comparison of
multiple 5-HT receptors in two tasks measuring impulsivity.
J Psychopharmacol 20: 47–58.

Tella SR (1995). Effects of monoamine reuptake inhibitors on
cocaine self-administration in rats. Pharmacol Biochem Behav 51:
687–692.

Tessari M, Pilla M, Andreoli M, Hutcheson DM, Heidbreder CA
(2004). Antagonism at metabotropic glutamate 5 receptors inhibits
nicotine- and cocaine-taking behaviours and prevents
nicotine-triggered relapse to nicotine-seeking. Eur J Pharmacol 499:
121–133.

Thanos PK, Michaelides M, Benveniste H, Wang GJ, Volkow ND
(2007). Effects of chronic oral methylphenidate on cocaine
self-administration and striatal dopamine D2 receptors in rodents.
Pharmacol Biochem Behav 87: 426–433.

Thiebot MH, Le Bihan C, Soubrie P, Simon P (1985).
Benzodiazepines reduce the tolerance to reward delay in rats.
Psychopharmacology (Berl) 86: 147–152.

BJP B Jupp and J W Dalley

4764 British Journal of Pharmacology (2014) 171 4729–4766



Thomas MJ, Kalivas PW, Shaham Y (2008). Neuroplasticity in the
mesolimbic dopamine system and cocaine addiction. Br J
Pharmacol 154: 327–342.

Thomsen M, Conn PJ, Lindsley C, Wess J, Boon JY, Fulton BS et al.
(2010). Attenuation of cocaine’s reinforcing and discriminative
stimulus effects via muscarinic M1 acetylcholine receptor
stimulation. J Pharmacol Exp Ther 332: 959–969.

Thomsen M, Fulton BS, Caine SB (2014). Acute and chronic effects
of the M1/M 4-preferring muscarinic agonist xanomeline on
cocaine vs. food choice in rats. Psychopharmacology (Berl) 231:
469–479.

Thorsell A, Rimondini R, Heilig M (2002). Blockade of central
neuropeptide Y (NPY) Y2 receptors reduces ethanol
self-administration in rats. Neurosci Lett 332: 1–4.

Tomkins DM, Le AD, Sellers EM (1995). Effect of the 5-HT3
antagonist ondansetron on voluntary ethanol intake in rats and
mice maintained on a limited access procedure.
Psychopharmacology (Berl) 117: 479–485.

Tomkins DM, Joharchi N, Tampakeras M, Martin JR, Wichmann J,
Higgins GA (2002). An investigation of the role of 5-HT(2C)
receptors in modifying ethanol self-administration behaviour.
Pharmacol Biochem Behav 71: 735–744.

Torregrossa MM, Xie M, Taylor JR (2012). Chronic corticosterone
exposure during adolescence reduces impulsive action but increases
impulsive choice and sensitivity to yohimbine in male
Sprague-Dawley rats. Neuropsychopharmacology 37: 1656–1670.

Tran-Nguyen LT, Bellew JG, Grote KA, Neisewander JL (2001).
Serotonin depletion attenuates cocaine seeking but enhances
sucrose seeking and the effects of cocaine priming on reinstatement
of cocaine seeking in rats. Psychopharmacology (Berl) 157:
340–348.

Tsutsui-Kimura I, Ohmura Y, Izumi T, Yamaguchi T, Yoshida T,
Yoshioka M (2009). The effects of serotonin and/or noradrenaline
reuptake inhibitors on impulsive-like action assessed by the
three-choice serial reaction time task: a simple and valid model of
impulsive action using rats. Behav Pharmacol 20: 474–483.

Tsutsui-Kimura I, Ohmura Y, Izumi T, Yamaguchi T, Yoshida T,
Yoshioka M (2010). Endogenous acetylcholine modulates impulsive
action via alpha4beta2 nicotinic acetylcholine receptors in rats. Eur
J Pharmacol 641: 148–153.

Uhl GR (2006). Molecular genetics of addiction vulnerability.
NeuroRx 3: 295–301.

Vanderschuren LJ, Everitt BJ (2004). Drug seeking becomes
compulsive after prolonged cocaine self-administration. Science
305: 1017–1019.

Vengeliene V, Bachteler D, Danysz W, Spanagel R (2005). The role
of the NMDA receptor in alcohol relapse: a pharmacological
mapping study using the alcohol deprivation effect.
Neuropharmacology 48: 822–829.

Verdejo-Garcia A, Lawrence AJ, Clark L (2008). Impulsivity as a
vulnerability marker for substance-use disorders: review of findings
from high-risk research, problem gamblers and genetic association
studies. Neurosci Biobehav Rev 32: 777–810.

Volkow ND, Fowler JS, Wang GJ, Swanson JM (2004). Dopamine in
drug abuse and addiction: results from imaging studies and
treatment implications. Mol Psychiatry 9: 557–569.

de Vries TJ, Babovic-Vuksanovic D, Elmer G, Shippenberg TS (1995).
Lack of involvement of delta-opioid receptors in mediating the
rewarding effects of cocaine. Psychopharmacology (Berl) 120:
442–448.

Wade TR, de Wit H, Richards JB (2000). Effects of dopaminergic
drugs on delayed reward as a measure of impulsive behavior in rats.
Psychopharmacology (Berl) 150: 90–101.

Walker BM, Kissler JL (2013). Dissociable effects of kappa-opioid
receptor activation on impulsive phenotypes in wistar rats.
Neuropsychopharmacology 38: 2278–2285.

Walker BM, Zorrilla EP, Koob GF (2011). Systemic kappa-opioid
receptor antagonism by nor-binaltorphimine reduces
dependence-induced excessive alcohol self-administration in rats.
Addict Biol 16: 116–119.

Walsh SL, Middleton LS, Wong CJ, Nuzzo PA, Campbell CL, Rush
CR et al. (2013). Atomoxetine does not alter cocaine use in cocaine
dependent individuals: double blind randomized trial. Drug
Alcohol Depend 130: 150–157.

Wang J, Lanfranco MF, Gibb SL, Yowell QV, Carnicella S, Ron D
(2010). Long-lasting adaptations of the NR2B-containing NMDA
receptors in the dorsomedial striatum play a crucial role in alcohol
consumption and relapse. J Neurosci 30: 10187–10198.

Ward AS, Li DH, Luedtke RR, Emmett-Oglesby MW (1996).
Variations in cocaine self-administration by inbred rat strains under
a progressive-ratio schedule. Psychopharmacology (Berl) 127:
204–212.

Watkins SS, Epping-Jordan MP, Koob GF, Markou A (1999).
Blockade of nicotine self-administration with nicotinic antagonists
in rats. Pharmacol Biochem Behav 62: 743–751.

Wee S, Wang Z, Woolverton WL, Pulvirenti L, Koob GF (2007).
Effect of aripiprazole, a partial dopamine D2 receptor agonist, on
increased rate of methamphetamine self-administration in rats with
prolonged session duration. Neuropsychopharmacology 32:
2238–2247.

Wee S, Orio L, Ghirmai S, Cashman JR, Koob GF (2009). Inhibition
of kappa opioid receptors attenuated increased cocaine intake in
rats with extended access to cocaine. Psychopharmacology (Berl)
205: 565–575.

Weinshenker D, Schroeder JP (2007). There and back again: a tale
of norepinephrine and drug addiction. Neuropsychopharmacology
32: 1433–1451.

Weiss F, Martin-Fardon R, Ciccocioppo R, Kerr TM, Smith DL,
Ben-Shahar O (2001). Enduring resistance to extinction of
cocaine-seeking behavior induced by drug-related cues.
Neuropsychopharmacology 25: 361–372.

Weissenborn R, Deroche V, Koob GF, Weiss F (1996). Effects of
dopamine agonists and antagonists on cocaine-induced operant
responding for a cocaine-associated stimulus. Psychopharmacology
(Berl) 126: 311–322.

Whiteside SP, Lynam DR (2003). Understanding the role of
impulsivity and externalizing psychopathology in alcohol abuse:
application of the UPPS impulsive behavior scale. Exp Clin
Psychopharmacol 11: 210–217.

Wilens TE, Faraone SV, Biederman J, Gunawardene S (2003). Does
stimulant therapy of attention-deficit/hyperactivity disorder beget
later substance abuse? A meta-analytic review of the literature.
Pediatrics 111: 179–185.

Willuhn I, Wanat MJ, Clark JJ, Phillips PE (2010). Dopamine
signaling in the nucleus accumbens of animals self-administering
drugs of abuse. Curr Top Behav Neurosci 3: 29–71.

Wilson AW, Neill JC, Costall B (1996). The 5-HT1A receptor agonist
8-OH-DPAT reduces ethanol intake and maintained behavior in
female Sprague-Dawley rats. Alcohol 13: 407–413.

BJPPharmacology of impulsivity and addiction

British Journal of Pharmacology (2014) 171 4729–4766 4765



Wilson TD, Dunn EW (2004). Self-knowledge: its limits, value, and
potential for improvement. Annu Rev Psychol 55: 493–518.

Winstanley CA, Dalley JW, Theobald DE, Robbins TW (2003a).
Global 5-HT depletion attenuates the ability of amphetamine to
decrease impulsive choice on a delay-discounting task in rats.
Psychopharmacology (Berl) 170: 320–331.

Winstanley CA, Chudasama Y, Dalley JW, Theobald DE, Glennon
JC, Robbins TW (2003b). Intra-prefrontal 8-OH-DPAT and M100907
improve visuospatial attention and decrease impulsivity on the
five-choice serial reaction time task in rats. Psychopharmacology
(Berl) 167: 304–314.

Winstanley CA, Dalley JW, Theobald DE, Robbins TW (2004).
Fractionating impulsivity: contrasting effects of central 5-HT
depletion on different measures of impulsive behavior.
Neuropsychopharmacology 29: 1331–1343.

Winstanley CA, Baunez C, Theobald DE, Robbins TW (2005a).
Lesions to the subthalamic nucleus decrease impulsive choice but
impair autoshaping in rats: the importance of the basal ganglia in
Pavlovian conditioning and impulse control. Eur J Neurosci 21:
3107–3116.

Winstanley CA, Theobald DE, Dalley JW, Robbins TW (2005b).
Interactions between serotonin and dopamine in the control of
impulsive choice in rats: therapeutic implications for impulse
control disorders. Neuropsychopharmacology 30: 669–682.

Winstanley CA, Eagle DM, Robbins TW (2006). Behavioral models
of impulsivity in relation to ADHD: translation between clinical
and preclinical studies. Clin Psychol Rev 26: 379–395.

Winstanley CA, Bachtell RK, Theobald DE, Laali S, Green TA,
Kumar A et al. (2009). Increased impulsivity during withdrawal
from cocaine self-administration: role for DeltaFosB in the
orbitofrontal cortex. Cereb Cortex 19: 435–444.

Winstanley CA, Olausson P, Taylor JR, Jentsch JD (2010a). Insight
into the relationship between impulsivity and substance abuse from
studies using animal models. Alcohol Clin Exp Res 34: 1306–1318.

Winstanley CA, Zeeb FD, Bedard A, Fu K, Lai B, Steele C et al.
(2010b). Dopaminergic modulation of the orbitofrontal cortex
affects attention, motivation and impulsive responding in rats
performing the five-choice serial reaction time task. Behav Brain
Res 210: 263–272.

Wischhof L, Hollensteiner KJ, Koch M (2011). Impulsive behaviour
in rats induced by intracortical DOI infusions is antagonized by
co-administration of an mGlu2/3 receptor agonist. Behav
Pharmacol 22: 805–813.

Wiskerke J, Stoop N, Schetters D, Schoffelmeer AN, Pattij T (2011a).
Cannabinoid CB1 receptor activation mediates the opposing effects
of amphetamine on impulsive action and impulsive choice. PLoS
ONE 6: e25856.

Wiskerke J, Schetters D, van Es IE, van Mourik Y, den Hollander BR,
Schoffelmeer AN et al. (2011b). mu-Opioid receptors in the nucleus
accumbens shell region mediate the effects of amphetamine on
inhibitory control but not impulsive choice. J Neurosci 31:
262–272.

Wiskerke J, van Mourik Y, Schetters D, Schoffelmeer AN, Pattij T
(2012). On the role of cannabinoid CB1- and mu-opioid receptors
in motor impulsivity. Front Pharmacol 3: 108.

de Wit H (2009). Impulsivity as a determinant and consequence of
drug use: a review of underlying processes. Addict Biol 14: 22–31.

Wogar MA, Bradshaw CM, Szabadi E (1993). Effect of lesions of the
ascending 5-hydroxytryptaminergic pathways on choice between
delayed reinforcers. Psychopharmacology (Berl) 111: 239–243.

Wooters TE, Bardo MT (2011). Methylphenidate and fluphenazine,
but not amphetamine, differentially affect impulsive choice in
spontaneously hypertensive, Wistar-Kyoto and Sprague-Dawley rats.
Brain Res 1396: 45–53.

Wooters TE, Neugebauer NM, Rush CR, Bardo MT (2008).
Methylphenidate enhances the abuse-related behavioral effects of
nicotine in rats: intravenous self-administration, drug
discrimination, and locomotor cross-sensitization.
Neuropsychopharmacology 33: 1137–1148.

Xi ZX, Gilbert J, Campos AC, Kline N, Ashby CR Jr, Hagan JJ et al.
(2004). Blockade of mesolimbic dopamine D3 receptors inhibits
stress-induced reinstatement of cocaine-seeking in rats.
Psychopharmacology (Berl) 176: 57–65.

Xi ZX, Kleitz HK, Deng X, Ladenheim B, Peng XQ, Li X et al.
(2009). A single high dose of methamphetamine increases cocaine
self-administration by depletion of striatal dopamine in rats.
Neuroscience 161: 392–402.

Xie X, Ramirez DR, Lasseter HC, Fuchs RA (2010). Effects of
mGluR1 antagonism in the dorsal hippocampus on drug
context-induced reinstatement of cocaine-seeking behavior in rats.
Psychopharmacology (Berl) 208: 1–11.

Xie X, Arguello AA, Reittinger AM, Wells AM, Fuchs RA (2012a).
Role of nicotinic acetylcholine receptors in the effects of
cocaine-paired contextual stimuli on impulsive decision making in
rats. Psychopharmacology (Berl) 223: 271–279.

Xie X, Lasseter HC, Ramirez DR, Ponds KL, Wells AM, Fuchs RA
(2012b). Subregion-specific role of glutamate receptors in the
nucleus accumbens on drug context-induced reinstatement of
cocaine-seeking behavior in rats. Addict Biol 17: 287–299.

Yee J, Famous KR, Hopkins TJ, McMullen MC, Pierce RC, Schmidt
HD (2011). Muscarinic acetylcholine receptors in the nucleus
accumbens core and shell contribute to cocaine priming-induced
reinstatement of drug seeking. Eur J Pharmacol 650: 596–604.

Yonghui L, Xigeng Z, Yunjing B, Xiaoyan Y, Nan S (2006). Opposite
effects of MK-801 on the expression of food and morphine-induced
conditioned place preference in rats. J Psychopharmacol 20: 40–46.

Zeeb FD, Floresco SB, Winstanley CA (2010). Contributions of the
orbitofrontal cortex to impulsive choice: interactions with basal
levels of impulsivity, dopamine signalling, and reward-related cues.
Psychopharmacology (Berl) 211: 87–98.

Zernicke KA, Cantrell H, Finn PR, Lucas J (2010). The association
between earlier age of first drink, disinhibited personality, and
externalizing psychopathology in young adults. Addict Behav 35:
414–418.

Zhang XY, Kosten TA (2005). Prazosin, an alpha-1 adrenergic
antagonist, reduces cocaine-induced reinstatement of drug-seeking.
Biol Psychiatry 57: 1202–1204.

Zislis G, Desai TV, Prado M, Shah HP, Bruijnzeel AW (2007). Effects
of the CRF receptor antagonist D-Phe CRF(12-41) and the
alpha2-adrenergic receptor agonist clonidine on stress-induced
reinstatement of nicotine-seeking behavior in rats.
Neuropharmacology 53: 958–966.

BJP B Jupp and J W Dalley

4766 British Journal of Pharmacology (2014) 171 4729–4766


