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Abstract

Impulsive acts and decisions are a part of everyday normal behavior. However, in its pathological forms, impulsivity can be a debilitating
disorder often associated with a number of neuropsychiatric disorders, including attention-deficit hyperactivity disorder (ADHD). This article
reviews recent progress in our understanding of the neurobiology of impulsivity using examples from recent investigations in experimental
animals. Evidence is reviewed from several well-established paradigms with putative utility in assessing distinct forms of impulsive behavior in
rodents, including the 5-choice serial reaction time (5CSRT) task and the delay discounting paradigm. We discuss, in particular, recent
psychopharmacological and in-vivo neurochemical data in task-performing rats showing functional heterogeneity of the forebrain dopamine (DA),
noradrenaline (NA), serotonin (5-HT) and acetylcholine (ACh) systems and identify how these systems normally function to facilitate flexible
goal-directed behavior in situations that tax basic attentional functions and inhibitory response control mechanisms. We also discuss future
research needs in terms of understanding the functional diversity of different sub-regions of prefrontal cortex (PFC) and how these systems
normally interact with the striatum and main nuclei of origin of DA and NA neurons. Finally, we argue in line with others that animal paradigms
are unlikely to model all aspects of complex psychiatric conditions such as ADHD but components of such syndromes may be amenable to
investigation using sophisticated animal models based on highly-defined psychiatric endophenotypes.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Pathological forms of impulsive behavior are prevalent
disorders of probable developmental origin which share high
co-morbidity with a number of neuropsychiatric disorders in-
cluding most notably attention-deficit hyperactivity disorder
(ADHD) (Solanto, 2002). Understanding the relationship of
impulsivity to complex brain disorders such as ADHD presents
a major challenge for future research not least because ADHD is
a heterogeneous disorder comprising at least three diagnostic
symptoms; impulsivity, inattentiveness and hyperactivity, some
or all of which may be present in varying degrees of severity
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(DSM-IV-TR, American Psychiatric Association, Newcorn
et al., 2001; Solanto, 2002).

The precise cause of ADHD is unknown but there is
considerable evidence that this brain disorder involves dysfunc-
tional modulation of cortico–limbic–striatal circuitry by the
brain neurotransmitters dopamine (DA), noradrenaline (NA)
and serotonin (5-HT) (Arnsten and Li, 2005; Castellanos et al.,
1996; Fone and Nutt, 2005; Krause et al., 2003; Solanto, 2002;
Stein et al., 1993). Consistent with this view the first line of
treatment for ADHD has for many years been psychostimulant
drugs such as amphetamine and methylphenidate which act by
increasing NA and DA activity in the brain (Elia et al., 1999;
Kutcher et al., 2004; Solanto, 2002; McKittrick and Abercrom-
bie, 2007). Amphetamine also increases 5-HT release in the
brain unlike methylphenidate (Kuczenski and Segal, 1997).

More recently the selective NA reuptake inhibitor (SNRI)
atomoxetine has been introduced as the first non-stimulant
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based medication with proven efficacy in ADHD (Caballero
and Nahata, 2003; Thomason and Michelson, 2004). Indeed,
atomoxetine also improves response inhibition in normal
healthy human volunteers (Chamberlain et al., 2006). The con-
cept that drugs with predominately NA-ergic activity may be an
effective alternative to stimulant drugs in ADHD is bolstered by
the clinical efficacy of guanfacine in this disorder which, like
atomoxetine, significantly improves impulsivity and hyperac-
tivity as well as inattentiveness in children with ADHD (Scahill
et al., 2001; Caballero and Nahata, 2003). Guanfacine is a
selective alpha-2 adrenergic agonist which is longer acting and
less sedating than clonidine (Sorkin and Heel, 1986) and which
has beneficial effects on prefrontal cortex (PFC) functioning in
non-human primates (Avery et al., 2000).

Notwithstanding the fact that several therapeutic options are
available in ADHD it is clear the continued development of
novel therapeutic interventions in ADHD requires ever more
sophisticated animal models and an increased understanding of
the neurobiological and psychological distinction between
different forms of impulsivity. The present review surveys the
various tasks and procedural strategies that are currently used
to investigate different forms of impulsivity in experimental
animals. We focus, in particular, on the underlying neurobiol-
ogy of distinct classes of impulsive behavior and the application
and utility of in-vivo microdialysis in task-performing animals
to resolving the likely neurochemical substrates of different
forms of impulsive behavior.

2. Operant tests of impulsivity in rodents

There have been several excellent reviews on the taxonomy of
impulsivity where recent conceptualizations have highlighted its
multifaceted nature (Evenden, 1999; Winstanley et al., 2006a).
Typically, definitions of impulsivity broadly include a lack of
behavioral inhibition, including actions that are premature, mis-
timed, or difficult to suppress or control, and impulsive choice
where actions are initiated without due deliberation of other
possible options or outcomes.

A number of behavioral paradigms are used to assess im-
pulsive behavior in rodents. The 5-choice serial reaction time
(5CSRT) task was developed originally as an analogue of the
continuous performance test in humans and assesses visuo–
spatial attention and impulsivity in a specially-adapted operant
chamber (Robbins, 2002). In the 5CSRT task a large number of
discrete consecutive trials are presented in which subjects are
required to wait during a fixed or variable inter-trial interval
(ITI) while scanning a horizontal array of five apertures, and to
nose poke in the spatial location of a brief visual stimulus in
order to earn food reinforcement. Nose pokes occurring within
the ITI, prior to the presentation of the visual stimulus, are
classified as premature responses. Elevations in the probability
of premature responses are commonly thought to reflect higher
levels of impulsivity (Harrison et al., 1997; Muir et al., 1996).
One important strength of the 5CSRT task is that it provides
several relatively independent measures of attentional perfor-
mance, including visual discrimination, response speed and
response inhibition (Robbins, 2002), the latter fulfilling the
basic requirement of an inhibition task by subjects needing to
deliberately suppress a response in order to achieve a later goal
(in this case food reward). A further important strength of the
5CSRT task is that it recruits many of the same frontal neural
systems implicated in ADHD (see below), including the PFC,
orbitofrontal cortex (OFC), striatum, and the ascending mono-
aminergic neurotransmitter systems (Dalley et al., 2004;
Robbins, 2002).

Analogous forms of premature responses are measured on
other behavioral tests of impulsivity, including a differential
reinforcement of low rate of responding (DRL) and a fixed
consecutive number (FCN) schedule. On a DRL schedule of
reinforcement, the subject is required to space operant re-
sponses by a specified time interval to obtain reinforcement
(O'Donnell and Seiden, 1982). On a FCN schedule, the subject is
required to perform a minimum number of responses on one
operandum before a response on a second operandumwill deliver
reinforcement. A reduction in the number of consecutive
responses made on the first operandum before responding on
the second is typically interpreted as increased impulsivity. On a
variant of this task – the paced FCN – the two levers are with-
drawn from the chamber each time the rat responds (Evenden,
1998). The paced FCN schedule helps to control for the potential
confounding effects of alterations in general levels of activity. A
key methodological distinction between the 5CSRT task and
standard DRL and FCN schedules is that in the 5CSRT task the
end of the waiting period (i.e., the time after which an operant
response will be reinforced) is explicitly signaled.

Other operant-based paradigms, such as the go/no-go and
stop signal reaction time (SSRT) tasks, similarly index im-
pulsivity in terms of the ability of a subject to withhold or inhibit
a pre-potent response. However, in these paradigms an explicit
signal (i.e., auditory, visual or olfactory) is used to indicate trials
requiring inhibition (or stop trials), and the absence of an operant
response earns reinforcement. By contrast, in the 5CSRT task the
absence of a response results in a loss of food delivery and a short
darkened time-out period. In the go/no-go task, subjects are
presented with a series of trials and learn to make a response in
the context of certain stimuli, or withhold that response in the
context of different stimuli, in order to receive reinforcement. A
similar set-up is employed in the SSRT task where subjects must
inhibit an already triggered motor response (Eagle et al., 2007).
In both the go/no-go and SSRT tasks increased operant re-
sponding (i.e. a failure to withhold or inhibit) on so-called stop
trials is inferred as increased impulsivity. However, the focus of
the SSRT task is an inferred latency to ‘stop’ responding. By
contrast, the focus of go/no-go tasks is on selection of ‘go’ versus
‘no-go’ responses, rather than a reaction time measure.

A final category of procedures used to assess impulsivity
relates to decision-making or impulsive choice. Impulsive
choice is typically measured in the delay discounting paradigm
where impulsivity is defined by a greater tendency to value or
choose smaller, more immediate reinforcers over larger, more
delayed reinforcers — even where it is economically advanta-
geous to value or choose the latter (Cardinal et al., 2001;
Evenden, 1999). This tendency to devalue delayed reinforc-
ers appears highly consistent across species, exemplified by
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characteristic hyperbolic discounting curves for reinforcer as a
function of increasing delay (Ainslie, 1975; Cardinal et al.,
2004). While this obviously implies that delay discounting has
adaptive value in natural environments, it is also clear that when
the tendency to show preference for immediate reinforcers over
more lucrative delayed reinforcers is exaggerated, it may lead to
maladaptive behavior.

3. Neural substrates of impulsivity

The core pathology of ADHD is widely hypothesized to
include a network involving the PFC and basal ganglia (Arnsten
and Li, 2005; Castellanos et al., 1996; Faraone and Biederman,
1998). Brain imaging studies have shown subnormal activation
and volume of the PFC and distinct regions of the basal ganglia
in ADHD patients, as well as dysfunction of the frontal-striatal
system, especially in the right hemisphere (Casey et al., 1997;
Castellanos et al., 1996; Rubia et al., 1999; Vaidya et al., 1998).
Results of a PET study in unmedicated ADHD patients show
diminished uptake of the DA precursor [18F]-L-dopa in the PFC
(Ernst et al., 1998). Furthermore, an involvement of the striatal
dopamine transporter (DAT) has been implicated in ADHDwith
increased DAT availability reported in adult ADHD patients
(Dougherty et al., 1999; Krause et al., 2000; Spencer et al.,
2007), an abnormality that is reversed by methylphenidate
treatment (Krause et al., 2000). Such findings, overall, highlight
the complexity of ADHD with diverse deficits in the fronto-
striatal DA systems, some or all of which may be secondary to a
primary sub-cortical deficit (Ernst et al., 1998; Krause et al.,
2000).

The main neural loci implicated in different forms of impul-
sivity in rodents, including SSRT performance, have recently
been reviewed (Cardinal, 2006; Winstanley et al., 2006a; Aron
et al., 2007). The following section considers the main dis-
tinctions between putative cortical and sub-cortical substrates
of impulsivity measured on the delay discounting paradigm
and 5CSRT task, the main purpose of which is to clarify our
rationale for targeting certain key brain regions in subsequent
in-vivo microdialysis studies in task-performing rats.

It has been known for many years that the PFC plays an
important role in the inhibitory control over behavior. For ex-
ample, selective lesions of the rat medial PFC impair simple
measures of behavioral inhibition, including novelty and
stimulant-induced locomotor activity (Dalley et al., 1999; Jaskiw
et al., 1990; Whishaw et al., 1992), as well as responding in
extinction (Morgan et al., 1993; Quirk et al., 2006). However,
more complex forms of inhibition, especially those involving
delays to reinforcement, appear remarkably insensitive to lesions
of the medial PFC, including selective lesions of the anterior
cingulate cortex (Cgl) (Cardinal et al., 2001). By contrast, im-
pulsivity on the 5CSRT task is generally increased by PFC
lesions, most especially lesions involving Cgl (Muir et al., 1996)
and infralimbic cortex (IL) (Chudasama et al., 2003), and lesions
that disconnect medial PFC from the anterior medial striatum
(Christakou et al., 2001).

Based on recent studies the cortical loci of impulse control
on the 5CSRT task has been refined. Whereas focal lesions of
anterior Cgl impair visual discriminative accuracy they appear
to have little effect on impulsivity on this task (Chudasama
et al., 2003; Passetti et al., 2002), consistentwith analogous tasks
involving a ‘wait to respond’ period (Broersen andUylings, 1999;
Risterucci et al., 2003). By contrast, lesions of postgenual Cgl
(Muir et al., 1996) and IL (Chudasama et al., 2003) increase
impulsivity, an effect also observed following local NMDA
receptor antagonism in the IL (Murphy et al., 2005). Notably, the
OFC appears to play no significant role in the control of im-
pulsivity on the 5CSRT task (Chudasama et al., 2003).

The striatum, with its high connectivity with the PFC, not
surprisingly contributes to several forms of impulsive behavior.
Bilateral excitotoxic lesions of the nucleus accumbens (NAcb)
core (NAcbC), but not shell (NAcbS), increase impulsive choice
for small immediate rewards (Cardinal et al., 2001; Pothuizen
et al., 2005), whereas combined NAcbC/NAcbS lesions
reportedly increase preference for larger delayed rewards (or
decrease impulsivity) (Acheson et al., 2006). These differing
effects may be due to procedural discrepancies, the most pro-
minent being the manner in which delays are actually presented.
It has been argued, for example, that NAcb lesions disrupt the
ability of animals to predict the timing of delayed reward when
the delay to reward is changed frequently, suggestive of an
adaptive role of this structure in delay discounting (Acheson
et al., 2006). This idea is consistent with other findings that
NAcbC lesions mainly affect impulsivity on the 5CSRT task
when the ITI (or ‘waiting period’) is unexpectedly altered
(Murphy ER et al., unpublished data; Christakou et al., 2004).
Finally, prominent roles of medial and lateral striatum in 5CSRT
task performance have been shown with lesions of the medial
striatum, in particular, resembling those targetingmedial cortical
structures (Christakou et al., 2001; Rogers et al., 2001).

As discussed above, lesions of the anterior Cgl do not ap-
pear to impair choice for delayed, large magnitude, rewards
(Cardinal et al., 2001; Rudebeck et al., 2006). However, su-
pragenual Cgl lesions do reduce choice for a larger reward
alternative which requires higher effort versus a smaller reward/
lower effort option (Rudebeck et al., 2006; Walton et al., 2003,
2002). Selective lesions of the OFC, which have minimal effect
on impulsive responding on the 5CSRT task, have been shown
to disrupt choice behavior in delay discounting paradigms.
However, the effects have been rather inconsistent. Thus, in two
studies, rats with bilateral OFC lesions showed increased pre-
ference for choosing a smaller, immediate reward over a larger,
delayed reward (Mobini et al., 2002; Rudebeck et al., 2006).
However, in a third study, OFC-lesioned rats actually showed
decreased impulsive choice (i.e. increased preference for the
large delayed reward) (Winstanley et al., 2004b). The cause of
this anomaly is unknown but again potentially involves the
precise way in which delay discounting procedures such as
these are empirically defined and carried out. Thus, although the
weight of evidence supports a role of OFC in choice for de-
layed rewards, its specific role in this process requires further
clarification. The important point overall is that OFC is ap-
parently sensitive to delays to reinforcement whereas Cg1 is
sensitive to required effort, regardless of delay (Rudebeck et al.,
2006).
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4. Behavioral pharmacological studies

Pre-clinical research into the neurochemistry of impulsive
behavior has focused almost exclusively on the brain DA and 5-
HT systems (for review see Winstanley et al., 2006a). However,
in light of the growing interest and acceptance of an important
role of NA in the aetiology and treatment of ADHD it is clear
that earlier studies may need to be re-evaluated and perhaps
repeated to clarify the precise mode of action of stimulant drugs
like amphetamine which discriminate poorly between the NA,
DA and 5-HT systems (Kuczenski and Segal, 1997). Indeed,
even supposedly selective compounds like atomoxetine in-
crease both NA and DA levels in the medial PFC (Bymaster
et al., 2002). Added to this complexity the cortical versus sub-
cortical loci of drug effects in ADHD remain poorly understood.

Nevertheless, it is instructive that a recent study reports
decreased impulsivity on the SSRT, delay discounting and
5CSRT tasks in rats treated systemically with atomoxetine
(Robinson et al., 2007a). This is the first report of convergence
across broadly different measures of impulsivity involving
delay aversion and response inhibition and implies that a com-
mon brain mechanism may be involved. Stimulants, by contrast,
generally increase impulsivity on the 5CSRT task, go/no-go
and DRL paradigms (Blackburn and Hevenor, 1996; Robbins,
2002; Wiley et al., 2000) but decrease impulsive behavior in the
delay discounting and SSRT tasks (Winstanley et al., 2006a).
Such divergent effects are perhaps best explained by the fact
that unlike stimulant drugs, atomoxetine has no effect on DA
release in the striatum (Bymaster et al., 2002; Kuczenski and
Segal, 1997) and thus has negligible effects on behavioral
invigorating mechanisms mediated by NAcb DA (Robbins and
Everitt, 2007). Thus, stimulant and non-stimulant drugs may
both exert their beneficial effects in ADHD via the fronto-
cortical NA and DA systems, an idea clearly compatible with
recent speculations (e.g., see Arnsten and Li, 2005). It is also
consistent with reports that increased impulsivity on the 5CSRT
task following acute amphetamine treatment in rats can be
reversed by selective NAcb DA depletion (Cole and Robbins,
1989) and intra-NAcb infusions of DA receptor antagonists
(Pattij et al., 2007).

However, there are some obvious caveats to this notion, not
least the role of 5-HT itself which has for many years been
implicated in the brain mechanisms underlying inhibitory re-
sponse control (Soubrié, 1986). Indeed, 5HT2a and 5-HT2c

receptors, in particular, appear to be promising targets for ther-
apeutic drug action in disorders of impulse control (Robinson
et al., 2007b; Carli et al., 2006; Higgins et al., 2003; Koskinen
et al., 2000; Passetti et al., 2003; Winstanley et al., 2003a;
Fletcher et al., 2007). Nevertheless, many of the effects of
selective 5-HT manipulations on impulsivity; for example,
produced by depleting brain 5-HT through intracerebroven-
tricular infusions of the serotonergic neurotoxin 5,7-DHT or the
administration of selective 5-HT receptor antagonists, appear to
involve interactions with the brain DA systems (Harrison et al.,
1997; Lucki and Harvey, 1979; McMahon et al., 2001; Segal,
1976). Indeed, there is direct support for the notion that 5-HT/
DA interactions may contribute to the expression of certain
impulsive behaviors (e.g., delay aversion on a delay discounting
paradigm — Winstanley et al., 2003b). Challenges for future
research will be (1) to establish the cortical versus sub-cortical
loci of this interaction (see Robinson et al., 2007b) and (2) to
determine the significance of 5-HT/DA interactions to the
aetiology and treatment of ADHD (e.g., see Oades, 2002).

5. In-vivo neurochemical studies

In general elucidating the causal involvement of individual
chemical neuromodulatory systems in cognitive functions
mediated by the PFC and striatum requires direct neural inter-
vention. However, targeted manipulations such as these can be
problematic — for example, in leading to non-specific neu-
roadaptive or compensatory changes, which may in turn affect
function locally as well as more globally at a network-wide
level. An alternate, yet complementary, approach to infer the
involvement or otherwise of an individual neurotransmitter
system in motivated behavior is to measure directly its release
or presence in the extracellular fluid of the brain during task
performance. Applying this principle to rats trained on either the
5CSRT task or the delay discounting paradigm, we have carried
out a number of studies using the technique of in-vivo micro-
dialysis to measure levels of different neurochemicals in both
the medial PFC and OFC of task-performing rats (Dalley et al.,
2001, 2002a,b; McGaughy et al., 2002; Passetti et al., 2000;
Winstanley et al., 2006b). By measuring several neurotrans-
mitters on the same task and allowing changes in brain release
to be determined by the animals' own performance we were
able to determine the functional specificity of neurochemical
inputs to the PFC and OFC, as well as the general nature of
processes underlying the activation of discrete neurotransmitter
systems. These studies were conducted with the working
hypothesis that different neurotransmitter systems likely
modulate distinct psychological and behavioral processes that
are themselves determined and constrained by the different
cortical areas to which they project (Everitt and Robbins, 1997).

On a practical level there are a number of factors that can
affect the quality of data obtained using this approach. It is
undesirable for example to use general anesthetic agents that
have a slow offset of action (e.g., barbiturates). The best anes-
thetic agent in our hands is a ketamine/xylazine mix given by
the intra-muscular route of administration. Inhalational agents
such as isoflurane and methoxyflurane are also very suitable for
this work allowing animals to be tested within 48 h of surgery. It
is also important that animals are well-habituated to the in-vivo
microdialysis system and that behavioral performance is not
unduly affected by the tethering arrangement, especially on the
5CSRT task where animals shuttle continuously between the
front and the back of the box to collect food reward on correct
trials. This is best achieved by ensuring that response latencies,
omissions and other behavioral measures are no different to pre-
surgical performance levels. Significant discrepancies in
behavior may require minor modifications to the testing
apparatus — for example, by removing the front panel from
the food magazine to facilitate head entry or adjusting the length
and counterbalancing of the tether. Finally, since the 5CSRT
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task requires a nose-poke operant the probe assembly on the
skull should ideally be kept as small as possible.

The main results of this approach are summarized in Table 1.
The first series of studies measured levels of ACh and NA in
the medial PFC of rats performing the 5CSRT task over a
60 min period (Dalley et al., 2001; McGaughy et al., 2002;
Passetti et al., 2000). In all studies, large and sustained increases
in ACh efflux were found in animals actively performing the
task, similar to findings in a related sustained attention task
(Himmelheber et al., 2000). To ensure that such changes de-
pended on active responding and not food reward we used a
yoked design procedure whereby previously trained rats
received food reward that was contingent on the performance
of a second ‘master’ rat (Dalley et al., 2001). Although ACh
efflux increased in yoked rats this was significantly attenuated
compared with master rats thus indicating that reward
contingent responding was an important component of the
cholinergic response in the PFC. Importantly, these neurochem-
ical data accord with a large number of studies implicating the
basal forebrain cholinergic system in sustained attention (Everitt
and Robbins, 1997; Sarter and Bruno, 1997). A further im-
portant finding was that in well-trained rats there was no marked
increase in NA efflux — consistent with previous reports of a
lack of effect of forebrain NA depletion on baseline perfor-
mance (Carli et al., 1983; Cole and Robbins, 1992). NA efflux
was, however, increased in yoked animals when food was no
longer contingent on performance (Dalley et al., 2001). Such
effects were dissociable from ACh efflux and consistent with a
special involvement of the coeruleo-cortical NA system in
novel settings, presumably related to a shift in attention (fo-
cused or scanning, e.g., (Usher et al., 1999) and the facilitation
of more adaptive behavioral strategies. We return to this point
later.
Table 1
Dissociable changes in extracellular levels of the primary neuromodulatory
input systems of the medial PFC during stable performance on the 5CSRT and
delay discounting tasks, as measured by in-vivo microdialysis

5-choice serial RT Delay-discounting

ACh ↑ Sustained a § –
5-HT X b – ↑ Sustained e

NA ↑ Transient c § –
DA ↑ Sustained d ↑ Sustained
DOPAC ↑ Sustained d ↑ Sustained

An indication of whether changes were transient (i.e., less than 20 min) or
sustained (up to 60 min) is shown. § denotes not measured; ↑ increase; X no
change.
a (Passetti et al., 2000); (Dalley et al., 2001); (McGaughy et al., 2002).
b (Dalley et al., 2002a). 5-HT levels were unaffected during performance of a

simple choice reaction time procedure. However, 5-HT levels were related
positively to levels of premature responding on this task.
c (Dalley et al., 2001). Sustained increases in NA levels were, however,

found when the predictive relationship between instrumental responding and
food reinforcement was extinguished.
d (Dalley et al., 2002a). Sustained elevations in DA and DOPAC levels were

found during performance of a one-hole variant of the 5CSRT task.
e (Winstanley et al., 2006b). No change in 5-HT efflux was observed in OFC

under similar test conditions.
Serotonin efflux has also been measured in the medial PFC
of rats during continuous performance of a simplified one-hole
variant of the 5CSRT task (Dalley et al., 2002a). This version of
task assesses impulsivity in the same way as the 5CSRT task
and is as sensitive as the 5CSRT task in detecting changes in
impulsive responding caused, for example, by the selective
depletion of brain 5-HT (Winstanley et al., 2004a). At baseline,
5-HT efflux was remarkably unaffected in the majority of
animals during 60 min of sustained task performance. However,
in a small subset of subjects, 5-HT levels were found to cor-
relate positively with levels of premature responding on this
task. Though seemingly at odds with the prevailing dogma of
reduced 5-HT in impulsivity this finding is nevertheless con-
sistent with an earlier report of increased 5-HT utilization in
right frontal cortex of impulsive rats on this task (Puumala and
Sirvio, 1998). Further support was provided in a later follow up
study where reduced impulsivity was found in isolation-reared
rats treated systemically with amphetamine which was linked to
decreased 5-HT efflux in PFC (Dalley et al., 2002b). These
findings thus imply that inadequate or excessive stimulation of
5-HT receptors in the PFC can interfere with inhibitory response
control (see also Passetti et al., 2003).

To date, it has been difficult to dissociate changes in extra-
cellular levels of DA in PFC from those of ACh. During task
performance DA efflux generally increases by about 2-fold in
line with similar increases in the DA metabolite 3,4-dihydroxy-
phenyacetic acid (DOPAC) (Dalley et al., 2002a). These
changes presumably relate, to some extent, to reinforcement
mechanisms as DA and DOPAC efflux increase even when
‘free’ food is provided non-contingently upon behavior under a
yoked schedule (Winstanley et al., 2006b).

However, based on a recent study where in-vivo micro-
dialysis was coupled to performance of rats on a delay dis-
counting procedure extracellular levels of DOPAC were found
to increase selectivity in the OFC, effects that could not be
attributed to instrumental responding or reward delivery
(Winstanley et al., 2006b). The precise origin of increased
DOPAC in this study is unknown but potentially could arise
from NA afferents in this region (see Nisenbaum et al., 1991). A
further original finding of this study was that 5-HT efflux
increased in medial PFC but not OFC. This effect was clearly
related to task demand, not reward density or the level of
instrumental responding, and was further dissociable from the
lack of effects on 5-HT efflux during performance of a fixed ITI
simple reaction time task (Dalley et al., 2002a). This may imply
an involvement of PFC 5-HT in aspects of temporal discrim-
ination, consistent with earlier reports (e.g., see Dietrich and
Allen, 1998).

6. Individual differences in impulsivity

An important consideration in relating research into
inhibitory response mechanisms to clinical psychopathology
is the relative contribution of genetic and environmental
determinants to underlying neurobiological mechanisms,
which presumably largely account for inter-individual varia-
bility in behavior. Recently, we and others have taken advantage



Fig. 1. Temporal profile of premature responding on the 5CSRT task as a
function of training. It can be seen that rats destined to be impulsive on the
5CSRT task (‘high impulsive’, n=6) show a delayed elevation in premature
responding compared with low-impulsive rats (n=6). The separation of future
high- and low-impulsive rats is most obvious after approximately 30 days of
training (6 daily sessions/week) during the post-acquisition stage when the
visual target stimuli are 0.5 s in duration (a). Screening for high impulsivity is
carried out in trained animals by measuring their level of premature responding
during three challenge sessions (sessions 43, 48 and 53) when the inter-trial
interval (ITI) is increased from 5 s to 7 s (b). High impulsivity is defined by
levels of premature responding greater than 50 on each of the three challenge
sessions. ANOVA results (a): session: F40,400 = 7.8; pb0.001; group:
F1,10=16.9; p=0.002; session x group: F40,400= l.64; p=0.01 (b): session:
F13,130=51.2; pb0.001; group: F1,10=20.48; p=0.001; session x group:
F13,130=8.69; pb0.00l.

Fig. 2. Significant negative correlation between impulsivity on the 5CSRT task
and attentional accuracy (n=28). Data shown are the mean number of premature
responses and attentional accuracy (%) averaged across the three long-ITI
challenge sessions. Challenge sessions were presented at weekly intervals and
consisted of 100 discrete trials, each of a fixed long ITI of 7 s.
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of the fact that high impulsivity on the 5CSRT task is a naturally
occurring phenotype present in a low but stable frequency,
typically 10% or less in its extreme form (Blondeau and Dellu-
Hagedorn, 2006; Dalley et al., 2007; Diergaarde et al., 2007;
Puumala et al., 1996). The phenotype itself is remarkably
selective in behavioral terms with errors of omission, response
latencies and food latencies generally no different compared
with non-impulsive rats (Dalley et al., 2007). High impulsive
(HI) rats are also not hyperactive in most test settings (Blondeau
and Dellu-Hagedorn, 2006); indeed they actually show reduced
levels of locomotor activity when placed in a novel environment
(Dalley et al., 2007). They also show no obvious impairment in
the acquisition of the 5-CSRT task and they exhibit no obvious
learning deficits.

However, one curious feature of HI rats is that the phenotype
emerges only at the latter stages of training when task demand is
high. Thus, the number of premature responses appears to
increase quite dramatically in HI rats when the stimulus dura-
tion is reduced to 0.6 s or less (see Fig. 1a). Moreover, once
identified, subjects displaying a high impulsive phenotype go
on to show persistent and stable elevations in premature re-
sponding on this task (Fig. 1b). We and others have also found
that high impulsivity on the 5CSRT task is inversely related to
attentional accuracy with low accuracy scores being associ-
ated with the high levels of premature responding (Fig. 2)
(Blondeau and Dellu-Hagedorn, 2006; Puumala et al., 1996;
Puumala and Sirvio, 1998). However, while it is feasible to
distinguish between a combined inattentive/impulsive cluster
and an attentive/non-impulsive cluster, equivalent to the
distinction of Blondeau and Dellu-Hagedorn (2006), the di-
vision between mildly inattentive/impulsive sub-groups is less
easily made in our hands. This appears to be due, in part, to the
generally higher performance of Lister hooded rats (present
study) compared with albino rat strains (Blondeau and Dellu-
Hagedorn, 2006; Puumala et al., 1996), making subsequent
hierarchical cluster analysis more difficult. Nevertheless, the
clear congruence between the different studies suggests that
impulsivity and inattentiveness are to some extent related be-
havioral variables.

Several studies have examined the neurobiological correlates
of high impulsivity on the 5CSRT task. The main deficits appear
localized to PFC, especially Cgl, with specific abnormalities in
metabolic activity, DA turnover and 5-HT release (Barbelivien
et al., 2001; Dalley et al., 2002a). Diffuse abnormalities in 5-HT
utilization in right frontal cortex have also been reported
(Puumala and Sirvio, 1998). More recently using PETwe found
reduced availability of D2/3 receptors in the NAcb and a sig-
nificant inverse relationship between D2/3 availability in NAcb
and impulsivity (Dalley et al., 2007). Therewas no accompanying



Fig. 3. Frontal cortical–ventral striatal systems underlying the control and
regulation of impulsive behavior in rodents. Descending pathways from the
anterior cingulate cortex (Cg1), orbitofrontal cortex (OFC) and inframbic cortex
(IL) terminate in the nucleus accumbens core (NAcbC) and shell (NAcbS) as
well as the main nuclei of origin of the brain noradrenergic and dopaminergic
systems (locus coeruleus ‘LC’ and ventral tegmental area, ‘VTA’, respectively).
The NAcbC and NAcbS receive inputs from the VTA but only the NAcbS
receives a significant innervation from the LC. Cortical inputs to the nucleus
accumbens are topographically organized with differential inputs from Cg1 and
IL to the NAcbC and NAcbS, respectively (Voorn et al., 2004). Rats showing
high levels of impulsivity on the 5CSRT task exhibit Cgl dysfunction and
putatively impaired gating of PFC control over striatal output via impaired Cgl–
NAcbC functioning and abnormal Cgl modulation of LC inputs to the NAcbS
and other functional nodes.
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change in DA release in the NAcbC implying that such receptor
changes likely reflected reduced D2/3 receptor number (or Bmax).
These changes appear consistent with the hypothesis that D2/3

receptors in this region mediate motivated behavior for distal
versus proximal rewards (Smith et al., 2005). It is also worth
pointing out that this form of impulsivity is attenuated by low
systemic doses of atomoxetine (Blondeau and Dellu-Hagedorn,
2006). These findings thus implicate a neural circuitry that
overlaps to some extent with the spontaneous hypertensive rat
model of ADHD (Russell et al., 1995) with disturbances in
dorsomedial PFC/Cgl and NAcb, and corresponding abnormal-
ities in NA, DA and 5-HT function.

7. Synthesis and implications for clinical psychopathology

There has been considerable convergence in recent years on
the neuroanatomical substrates of impulsivity in experimental
animals and clinical patient groups. Primary areas of interest
include the PFC, OFC and distinct sub-regions of the striatum and
there is evidence, as reviewed above, of functional specialization
in the neural systems mediating the two major sub-forms of
impulsivity — delay aversion and response inhibition.

Our research to date implicates an abnormal underlying
neuromodulation of Cgl and NAcb in the expression and per-
sistence of high impulsivity on the 5CSRT task. The notion that
such behavior is determined by Cgl–NAcb interactions and
attentional demand is supported by several lines of evidence, in
addition to recent neurobiological findings reviewed above.
Firstly, lengthening the duration of the visual stimulus from
0.25 s to 1 s significantly decreases premature responding on this
task (Blondeau and Dellu-Hagedorn, 2006), thereby suggesting
the core deficit to be unrelated to impaired timing and temporal
discrimination per se. Secondly, focal excitotoxic lesions of Cgl
selectively impair attentional accuracy (Chudasama et al., 2003;
Passetti et al., 2002), effects reminiscent of impaired accuracy of
HI rats tested at baseline (Blondeau and Dellu-Hagedorn, 2006;
Puumala et al., 1996). Thirdly, as discussed below, premature
responses increase after trials where errors are made in rats with
disconnection lesions of NAcbC and medial PFC that include
Cgl (Christakou et al., 2004).

The anterior cingulate cortex has been widely implicated in
processes of cognitive control, specifically in adjusting behav-
ior in demanding task situations involving response conflict,
errors in performance, and negative feedback (Barch et al.,
1997; Duncan and Owen, 2000; Kerns et al., 2004; Yeung et al.,
2005). The notion that HI rats on the 5CSRT task carry an
underlying abnormality in Cgl function is supported by at least
two behavioral observations. Firstly, it may explain the late
onset in impulsivity at a time when visual target stimuli are
more difficult to discriminate. Secondly, it may explain the
reported increase in premature responding after negative
feedback in PFC lesioned rats (Christakou et al., 2004).

How such a primary deficit in Cgl causally mediates im-
pulsivity on the 5CSRT task is poorly understood at present.
However, one hypothesis gaining prominence is that via strong
convergent excitatory projections to the locus coeruleus (LC)
noradrenergic system Cgl and OFC exert a powerful control
over the adaptive need to adjust behavior in situations that are
either novel, non-routine or difficult (Aston-Jones and Cohen,
2005; Tait et al., 2007). Such a concept is entirely compatible
with previous speculations on the role of the LC noradrenergic
system in ‘effortful’ processing (Cole and Robbins, 1992;
Dalley et al., 2004) and suggests the hypothesis that deficits in
Cgl–LC interactions may in part underlie impaired impulse
control on the 5CSRT task. This hypothesis is clearly testable by
the direct measurement of NA efflux in NA-rich brain areas of
high impulsive rats, including Cgl and the NAcbS during task
performance.

A schematic representation of the key frontal cortical–
ventral striatal systems implicated in impulsivity in experi-
mental animals is shown in Fig. 3. For clarity focus is placed on
the modulation of this circuitry by NA and DA. Clearly, though,
other neuromodulatory systems likely play an important role
as well, including 5-HT, glutamate and histamine (e.g., see Day
et al., 2007). The main frontal cortical systems implicated in
impulsivity include Cg1, OFC and IL. These project to the
NAcb in an heterogeneous manner with the NAcbC and NAcbS
receiving preferential inputs from the Cg1 and IL, respectively
(Voorn et al., 2004). Impulsive choice on delay discounting
procedures depends on the functional integrity of the OFC and
NAcbC (Winstanley et al., 2004b; Mobini et al., 2002; Cardinal
et al., 2001). Other forms of impulsivity, including impulsive
actions, depend on the medial PFC – especially Cg1 and IL – as
well as the nucleus accumbens and areas of the medial striatum
considered homologous to the caudate nucleus in humans
(Eagle and Robbins, 2003; Robbins, 2002; Rogers et al., 2001).

At the core of this model is the NAcb which receives a
heterogeneous distribution of catecholaminergic inputs from the
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VTA and LC. The NAcbC and NAcbS are both densely
innervated by DA terminals (Brog et al., 1993) but only the
NAcbS receives a prominent NA-ergic innervation (Berridge
et al., 1997; McKittrick and Abercrombie, 2007). The signifi-
cance of this heterogeneous innervation is that it potentially
connects two independent sources of inhibitory control over
NAcb output and behavior, namely a circuitry that includes Cg1
and NAcbC and a circuitry that includes IL and NAcbS. Thus,
optimal impulse control may require the recruitment of one or
more inhibitory control modules in a manner dependent on task
demand and the adaptive imperative to adjust or control behavior
in changing situations. Challenges for future research on brain
mechanism of impulsivity will be (1) to determine the functional
significance of NA and DA in the NAcbC, NAcbS and PFC and
(2) to elucidate how drugs with putatively selective actions on the
brain noradrenergic systems (i.e., atomoxetine and guanfacine)
act to alleviate different forms of impulsive behavior via
interactions with cortical and sub-cortical NA.

Finally, understanding the psychobiological mechanisms of
impulsivity has important implications for human drug abuse
and addiction. Several recent studies have examined how
chronic drug exposure affects different measures of impulsivity
in rats (Dalley et al., 2005; Jentsch and Taylor, 1999; Paine
et al., 2003). Although significant effects have been observed
(e.g., on delay discounting) it appears from recent findings that
impulsivity may be causally involved in drug abuse vulner-
ability rather than the other way around (Dalley et al., 2007;
Diergaarde et al., 2007; Perry et al., 2005). Thus, rats selected
for high impulsivity on both the delay discounting and 5CSRT
tasks maintain significantly higher levels of intravenous cocaine
and nicotine self-administration than non-impulsive control
rats. They also show significantly reduced levels of D2/3 re-
ceptors in the NAcb (Dalley et al., 2007), which extends earlier
findings in human drug addicts (Volkow et al., 2002) by
showing that such receptor changes may, in part, pre-date drug
use. Finally, our working hypothesis of Cgl hypofunction in HI
rats may be relevant to the finding that cocaine addicts show
reduced activity of the anterior cingulate cortex and impaired
inhibitory response control when task demand (i.e., working
memory load) is high (Hester and Garavan, 2004).

Summing up, this review emphasizes the tremendous
progress that has been made in defining the nature of neural
systems mediating distinct forms of impulsivity. Further
advances will be made by continuing to facilitate the already
considerable translation that exists between pre-clinical and
clinical models of impulsivity. Central to this aim should be a
greater refinement of animal models to define more precisely
distinct sub-forms of impulsivity (see Gottesman and Gould,
2003), and a more focused effort to understand the role and
functional significance of NA in the aetiology and treatment of
ADHD.
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