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HIGHLIGHTS

® We examine evidence implicating midbrain dopamine in sensation-seeking (SS) trait.

® Both high tonic dopamine and exaggerated responses to rewards may be involved.

® Evidence from humans and animals suggests a particular role for D2-type dopamine receptors.
® This may relate to increased risk for substance and gambling addictions in high SS.

® But a possible protective factor for high SS in stress-related psychopathologies.

ARTICLE INFO ABSTRACT
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several psychopathologies associated with high social cost. Here, we first review ways of measuring SS
behaviour in both humans and animals. We then present convergent evidence that implicates dopami-
nergic neurotransmission (particularly via D2-type receptors) in individual differences in SS trait. Both
high tonic dopamine levels and hyper-reactive midbrain dopaminergic responses to signals of forth-

Is(g‘;iirg:l:-seeking coming reward are evident in higher sensations-seekers. We propose that differences in the efficacy
Dopamine of striatal dopaminergic transmission may result in differential expression of approach-avoidance reac-
Substance use disorder tions to same intensity stimuli. This constitutes a quantitative trait of intensity preference for sensory
Pathological gambling stimulation that may underlie core features of the SS personality. We review the evidence that high
Approach-avoidance trait SS is a vulnerability factor for psychopathologies related to changes in brain dopamine function, in
Impulsivity particular substance and gambling addictions. Conversely, we consider the possibility that increased

tolerance of high intensity stimulation may represent a protective mechanism against the develop-
ment of trauma-related psychopathologies (e.g. post-traumatic stress disorder) in high sensation-seeking
individuals.

Further understanding of the brain mechanisms underlying SS trait might not only to shed light on the
aetiology of these disorders, but also aid in developing individualised therapies and prevention strategies
for psychopathologies.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Is there a hedonic drive to seek out ‘sensations’, above and
beyond more traditionally conceived rewards? For example, what
is it that motivates some people to devote large amounts of time,
money, and effort in search of such - often fleeting — experiences
as sky-diving, a rollercoaster ride, the thrill of fast driving or really
spicy food?

Sensation-seeking (SS) has been described as “a trait defined
by the need for varied, novel, complex and intense sensations and
experiences, and willingness to take physical and social risks for
the sake of such experiences” [1,2]. Tendency to engage in these
kind of behaviours has been found not to be modality-specific, but
rather to cluster across the senses, various kinds of social behaviour,
and other classes of risky activity [3]. Indeed, it has been shown
that degree of engagement in various SS activities (particularly
licit and illicit recreational drug consumption, risky driving or sex-
ual behaviours) covaries in both adults and adolescents [4-8]. The
study of this intriguing individual difference can be traced back
from mid-century homeostatic theories regarding optimal levels
of sensory stimulation [9] through to the rise of personality psy-
chology in the 1970s [1,2]. Recently, it has been greatly advanced
via the use of cognitive neuroscience techniques in both humans
and animal models.

As well as describing an interesting dimension of behaviour
in and of itself, SS trait has been shown to be significantly
related to health outcomes across a variety of domains, and
has been identified as a relevant individual difference for sev-
eral psychopathologies with high social cost [10]. Specifically,
high trait SS is considered to be both a vulnerability factor
and predictor of poorer prognosis in substance and gambling
addictions (e.g. [11-13]). Conversely, a putative role in stress-
resiliency may explain preliminary findings of higher SS status
being a protective factor against psychopathologies resulting from
exposure to high-intensity stressors, e.g. post-traumatic stress
disorder [14-16].

The brain basis of this personality trait therefore has high
relevance for understanding both healthy human behaviour and
several prevalent disease states. This review first discusses insights
into differences in neurobiology underlying differences in SS
behaviour derived from studies in both humans and animal models,
particularly with respect to midbrain dopamine systems. Evidence
for how these differences might relate to differential risk for addic-
tive and gambling disorders is then considered, as well as the role
high SS may play in more functionally adaptive behaviour involving
exploration and stress resiliency. Finally, we briefly touch upon the
importance of considering individual differences such as SS in per-
sonalising both treatment and targeted intervention programmes
for relevant psychopathologies.

2. Measuring sensation-seeking in humans and animals
2.1. Self-report measures of SS in humans

SS personality has to date been measured in humans via self-
report questionnaires. The most commonly used instrument is the
Sensation-Seeking Scale form V (the SSS-V), originally developed
in the 1970s by Zuckerman and colleagues [1,2]. The SSS-V has four
subscales [2]:

1. Thrill and adventure-seeking: desire to participate in physically
risky activities that involve novel sensations and experiences.

2. Experience-seeking: search for new experiences.

3. Disinhibition: interest in socially and sexually disinhibited activ-
ities.

4, Boredom susceptibility: intolerance of routines and repetitive-
ness.

These four subscales have been shown to exhibit high internal
reliability across a large number of samples [17], including from
non-English-speaking cultures [2]. Recently, a slightly updated ver-
sion of this measure has been produced using factor analysis, which
has increased contemporary internal validity via exclusion of sev-
eral more dated-sounding items (referring to ‘queers’, ‘swingers’,
etc.)[18]. Other less frequently used measures include Zuckerman’s
Impulsive Sensation Seeking (a subscale of the Zuckerman-Kulman
Personality Questionnaire, [19]), and the Arnett Index of Sensation-
Seeking [20]; scales which both deliberately omit reference to any
specific sensation-seeking activities.

Evidence from self-report measures supports the assertion that
SS trait is a robust and valid individual difference in humans.
SS scores have moderate to high heritability estimates (40-80%;
[21-24]), and rank order differences in scores are highly stable over
time [25]. Moreover, SS scores from a variety of instruments have
repeatedly been shown to predict propensity to engage in real-life
‘sensation-seeking behaviours’ including licit and illicit substance
use, participation in high impact sports, and risky driving and sex-
ual behaviours [2,10,26] (see Section 4). This is apparent even when
the measure used (unlike the SSS-V) deliberately omits any refer-
ence to such behaviours [20,27]. Self-reported SS scores have also
been linked to a variety of markers of individual difference in brain
function (particularly in the dopamine system, see Section 3.1).

2.2. Relationship to other constructs: impulsivity and
novelty-seeking

SS has previously been described as a component of impulsive
behaviour [28]. However, analysis of both cross-sectional and lon-
gitudinal samples has demonstrated that the two constructs are
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somewhat distinct, as self-report scores exhibit divergent devel-
opmental trajectories [29-31]. In addition, there are only modest
or non-significant correlations between SS and (other) impulsi-
vity scores in adults [30,32,33]. For example, on the factor-analysis
derived UPPS measure of impulsivity (which indexes urgency,
premeditation, perseverance and sensation seeking), SS subscale
scores do not correlate well with other impulsivity subscores in
either healthy volunteer or patient samples [28,32,34]. Thus, trait
SS possesses the potential to provide separate explanatory capacity
from other forms of impulsivity, e.g. with regard to propensity to
develop psychopathological symptoms.

Novelty-seeking has been described as a key component of
SS personality [35,36]—a fact often reflected in the structure of
self-report SS measures (e.g. [20]). Thus, scores on questionnaire
measures of novelty-seeking (e.g. the novelty-seeking subscale of
Cloninger’s Tridimensional Personality Questionnaire, [37]) and
SS have been shown to be significantly correlated [38], and, on
self-report instruments at least, the degree of overlap between con-
structs may be significant. However, the two traits are somewhat
conceptually distinct. In theory, high SS individuals may be moti-
vated to continue to sample a particular high intensity sensory
stimulus across repeated episodes of exposure, whereas in high
novelty-seeking individuals this tendency may habituate over time
(for relevant examples from the animal literature see [39,40]). This
distinction may be relevant to different behavioural models of SS
in the animal literature (see Section 2.2), and is one reason why
analogous behavioural paradigms are needed in order to dissect
out different aspects of sensation-seeking personality in humans.

2.3. Operational measures of SS

In animal models, sensation-seeking trait has mainly been
operationalized in terms of extent and vigour of interaction with
novel objects or environments. For example, on one of the oldest
measures, the hole-board test, the animal is placed in a novel envi-
ronment, on a board with several viewing apertures or holes. The
frequency of ‘head-dip’ responses below the surface of the board
is then interpreted as an index of exploratory tendency or novelty-
seeking [41,42]. It should be noted that in the animal literature,
the terms novelty and sensation-seeking are often used somewhat
interchangeably, although as noted in the previous section there
are at least subtle distinctions between the two behaviours. An
important distinction can also be drawn between paradigms pro-
bing individual differences in reaction to free-choice versus forced
novelty exposure (see Section 2.2.2): as inescapable novelty may
represent a stressful rather than positive incentive value experi-
ence, particularly in rodents [43].

Three of the most commonly-used approaches to operational-
ising SS trait in animals (primarily in rodent models) are outlined
below and in Fig. 1A.

2.4. Locomotor reactivity to novelty (LRN)

Perhaps the most established animal model of SS is ‘locomotor
reactivity to novelty’ (LRN), i.e. general exploratory motor activity
exhibited when an animal is placed in a novel environment [44,45].
This has been proposed as a model of SS as rodents classed as having
‘high reactivity to novelty’ (HR animals, usually classified as such on
the basis of median split of group scores) show several similarities
to human high sensation-seekers (for a review see [36]). Specifi-
cally, they demonstrate increased sensitivity to the activating and
rewarding effects of psychostimulants drugs, which might relate to
common factors involving the dopamine D2 system function (see
Section 3.2).

However, it is debatable how well this measure maps onto
human trait SS, at least in terms of face validity. In particular,

although part of the original definition of the phenotype, it is often
not empirically demonstrated in studies utilising the LRN model
that increased ‘locomotor reactivity’ is specific to novel contexts.
Thus, it is somewhat unclear in these studies the extent to which
HR grouping may be driven by general locomotor activity levels.
A further concern is that LRN can also be viewed to some extent
as simply the inverse of rodent models of ‘anxiety’. The latter is
commonly indexed as time spent exploring exposed (‘potentially
threatening’) areas on the open field test or elevated plus maze
(environments to which the animal is often naive). Thus, it is not
surprising that HR rats show lower ‘anxiety-like’ behaviour on a
variety of tests [45,46].

2.5. Novelty preference (NP)

SS trait has also been operationalized in rodents in terms
of measures of novelty-preference (NP). Most commonly this is
indexed by novel object preference (relative time spent exploring
a novel object in preference to a familiar one), and various forms
of novelty-related environment preference (usually simple rela-
tive preference for a novel over a familiarised space [43,47-49]). It
has been argued that choice-based measures of response to novelty
may represent better models of SS than simple locomotor activity
in an (unescapably) novel environment, on the basis that nov-
elty is viewed in the rodent literature as activating contradictory
approach-avoidance motivational systems (see Section 3.3) [43].
Thus, active approach of the novel option may constitute a better
rodent model of the higher risk or intensity-preference exhibited by
human higher sensation-seekers than simple locomotor response
to a novel environment [50].

2.6. Operant sensation-seeking (0SS)

A range of animals have been observed to work to receive
purely sensory rewards-in the absence of association (or history
of association) with any other primary reinforcer [51-54]. In the
‘operant sensation-seeking’ (OSS) paradigm [54], animals are pre-
sented with a choice between two operant levers: one, termed
the ‘active’ lever, which results in the display of sensory stimuli
(often a simple light onset, but sometimes a more complex audio-
visual stimulus), and one which has no consequences (the ‘inactive’
lever). The key dependent variable is the animal’s relative prefer-
ence for the stimulus-producing lever (i.e. ratio of active:inactive
lever presses; although sometimes the somewhat less valid mea-
sure of total active lever presses is reported).

0SS behaviour has been shown, at least in some hands, to be
fairly robust, persisting over extended sessions, in extinction (when
the sensory reward is no longer presented) and on demanding
schedules where a progressively increasing number of responses
are required to gain a single presentation of the sensory stimu-
lus [54]. Thus, despite evidence that response rate on the active
lever is positively related to variation in (or novelty content of)
the sensory stimulus [40], it is unlikely that behaviour on this task
can be explained purely by appetitive responses to ‘novelty’ alone.
Although currently less extensively explored, this paradigm may
have the most face validity with respect to the human trait of SS.

The three behavioural measures discussed above have been
inconsistently inter-related. Specifically, LRN may be associated
with total lever responses on OSS paradigm (i.e. general levels of
responding), but not with specific responses for the active (sensory-
associated) lever [54-56]. While some studies have found that
HR rats show greater preference for a novel environment [45,57],
others find no relationship between LRN and indices of novel
object preference (e.g. [43,47]). This suggests that these different
behavioural operationalisations of SS trait may depend upon at
least partially different neurobiological systems. Furthermore, this
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Fig. 1. Behavioural measures of sensation-seeking in rodents and humans. (A) Three commonly used behavioural measures of ‘sensation-seeking’ in rodents. (1) Locomotor
response to novelty (LRN): general exploratory motor activity exhibited when an animal is placed in a novel environment for a set period of time. (2) Novelty preference
(NP): commonly used choice measures of novelty preference include novel object preference (relative time spent exploring a novel object in preference to a familiar one), and
novelty-induced place preference (relative preference for a novel over a previously familiarised environment). (3) The operant sensation-seeking (OSS) paradigm: animals
are presented with two operant levers: an ‘active’ lever, which results in the display of sensory stimuli (e.g. a light onset), and an ‘inactive’ lever, which has no consequences.
The ratio of active:inactive lever presses measures the animal’s relative preference for the sensory stimulus. N=Novel; F=familiarised. (B) Operant ‘sensation-seeking’
paradigm developed for use in humans. In this task, participants first learn points values associated with different abstract choice stimuli or CSs (collected points are later
converted into monetary winnings). Half the choice stimuli then become associated with the chance of receiving a mild electrical stimulation to the hand (become CS+s),
whilst the others have no additional sensory consequences (become CS-s). Observing how the opportunity to receive this additional intense tactile stimulation affects
participants’ choice (previously based on economic value alone of the various CSs) allows derivation of the value individuals assign to opportunity to receive the extra sensory
stimulation. A leftward shift in choice function (increased choice of CS+) is observed in higher sensation-seeking (HSS) individuals; whilst a rightward shift is observed in
lower sensation-seeking (LSS) individuals.

might be reflected in differential relationship of these indices to
different aspects of drug-related behaviour (see Section 4.1).

In addition to evidence from the behavioural assays described
above, a further line of research has focused on characterisa-
tion of inbred rodent strains demonstrating SS-like traits. This
approach enables the demonstration of significant heritability of
the behaviours of interest, whilst decreasing genetic variability in
the test population [58]. For example, selectively bred HR and LR
animals have been extensively studied with respect to propensity
for substance addiction [36] (see Section 5.1). Also of note from the
animal literature are the Roman ‘high avoidance’ (RHA) and ‘low
avoidance’ (RLA) rat lines.

These animals have been selectively bred over several decades
from populations exhibiting high and low rates of avoidance condi-
tioning on the shuttlebox paradigm (avoidance or escape responses
observed when a conditioned light stimulus predictive of electri-
fication of one area of the cage floor appears [59]). RHA rats have
been described as ‘high sensation-seeking’ on the basis of obser-
vations of large differences from RLA animals in both avoidance of

aversive stimuli and responsiveness for rewarding ones—including
drugs of abuse (for reviews see [60,61]). RHA animals have fur-
ther been shown to exhibit both increased locomotor responsivity
in novel contexts and greater tendency to explore novel objects
[62,63]|—suggesting these constellation of behaviours may be under
common genetic influence [58].

2.7. An operational measure of trait SS in humans?

Recently, we developed a behavioural task designed to be
directly comparable to those used in animal studies (Fig. 1B). In this
paradigm, human participants may choose to self-administer an
additional ‘intense’ sensory stimulus (mild electrical stimulation)
during performance of an economic decision-making task [64].
Across several samples, we found that some individuals choose to
administer an above-chance proportion of stimuli associated with
receiving this intense tactile stimulus—even when this involves
the sacrifice of economic gain. This preference correlates with
self-reported SS trait, but not other impulsivity scores, or other
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Fig. 2. (A) Time-course of the effects of d-amphetamine on visual analogue scale (VAS) ratings of ‘feel drug’ (top row) and ‘like drug’ (bottom row), for low and high
self-reported sensation seekers. Error bars represent £1SEM. Reprinted with kind permission from Springer Science and Business Media [76]. (B) Correlations between d-
amphetamine-induced increases in extracellular dopamine levels (measured via change in binding potential, BP, of the dopamine D2/D3 receptor ligand ['' C]raclopride)
and the scores on the Tridimensional Personality Questionnaire novelty-seeking subscale, “exploratory-excitability” (which has significant conceptual overlap with SS trait).
Top panel; ['!CJraclopride BP values extracted from a manually drawn region of interest in the ventral; bottom panel the statistically generated parametric t-map across the
whole brain.Reprinted by permission from Macmillan Publishers Ltd: Neuropsychopharmacology (27:6), copyright 2002 [83].

psychological concepts such as trait anxiety and hedonic tone. Fur-
ther study of behaviour on this paradigm may therefore provide a
means to dissect out with greater precision in the lab neurobiolog-
ical mechanisms underlying human SS behaviour.

3. Role of dopamine in individual differences in trait SS
3.1. Evidence from studies in humans

Previously research has identified a relatively strong relation-
ship between polymorphisms at dopamine D4 receptor loci and
individual differences in self-reported novelty-seeking personality
(for a metaanalysis see [65]). Similarly, almost all data relat-
ing SS trait to neurotransmitter systems in humans concerns the
dopamine system. Specifically, evidence from genetic and PET
radioligand displacement studies suggests that individuals higher
in SS personality may exhibit both higher endogenous dopamine
(DA) levels and greater dopaminergic responses to cues of upcom-
ing reward in striatal regions [66-70].

Higher sensation-seekers have been reported to show lower
platelet levels and carry lower activity isoforms of monoamine
oxidase (MAO), an enzyme responsible for the breakdown of DA
[66,71,72]. They also exhibit relatively higher activity of dopa
decarboxylase (DDC, a rate-limiting enzyme for DA synthesis) in
the striatum, both via variation in the DDC gene itself [69] and
the Taqla polymorphism [73-75]. Thus, it might be expected that
higher SSindividuals have greater overall DAergic tone, particularly
in striatal regions.

Individuals higher in SS trait also show increased physiologi-
cal and subjective responses to dopaminergic stimulants such as
amphetamine [76-78] (Fig. 2A). This also holds for drugs which may
not directly target the DA system, such as oxycodone, diazepam
and alcohol [76,79-81]. However, this may be the result of a final

common pathway for these substances which results in increased
DA levels in the ventral striatum [82]. Further, self-reported SS
score correlates positively with both amphetamine-induced DA
release in the striatum [67,83] (Fig. 2B), and the magnitude of dopa-
minergic response to cues of forthcoming rewards [70] (nb the
former relationship has thus far only been observed in men).

SS trait has also been linked to variation in function in the D2
class of dopamine receptors (D2, D3, and D4 receptors) [74,84,85].
Gjedde and colleagues have recently argued on the basis of the
above findings and PET evidence (Fig. 3) that higher sensation-
seekers have both lower D2/D3 receptor density and higher
endogenous DA levels than their high SS counterparts. Thus, the
‘gain’ (reactivity to the presence of dopamine) of the D2 system in
the striatum might be inversely related to SS score [68].

Specifically, this hypothesis would predict greater amplifica-
tion of the postsynaptic signalling cascade following DA binding
in higher gain lower sensation-seekers, and a lower sensitivity
post-binding cascade (due to higher tonic levels of synaptic DA)
in lower gain higher sensation-seekers. In support of this, we pre-
viously found that the D2/D3 receptor agonist cabergoline has
greater effects on performance on a probabilistic risky choice task
in lower sensation-seekers [86], consistent with greater sensitivity
of DAergic transmission in these individuals (Fig. 4A). Conversely,
we recently found greater effects of a silent D2 receptor antagonist
haloperidol in behaviourally defined higher sensation-seekers [64],
suggesting a greater effect of disrupting signalling by endogenous
ligand in these individuals (Fig. 4B).

3.2. Evidence from animal models

Data from the animal literature also supports the involve-
ment of both a hyper-responsive striatal DA system and variation
in D2-type receptor function in individual differences in SS-like
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behaviour. Performance on all three animal models of SS described
in Section 2 above are sensitive to manipulation of brain DA func-
tion.

For example, rodents with higher than average locomotor reac-
tivity to novelty (HR animals) have been shown to exhibit increased
DA levels in the ventral striatum and a higher overall basal firing
rate of midbrain DA neurones, in addition to decreased concentra-
tions of D2 receptors overall in the striatum [36]. Selectively bred
HR animals also have lower nucleus accumbens D2 mRNA levels
than selectively bred low responders, and show a greater frequency
of spontaneous dopaminergic transient currents in this brain region
[87].

A different line of research has revealed that disruption of the
dopamine transporter (DAT) Dat1 gene attenuates novelty-related
behaviour in mice [88]. High novelty-preferring rats may have
reduced DAT affinity for DA [57], and therefore increased synaptic
DA levels, due to decreased efficiency of synaptic clearance of DA

[89]. In male minipigs, higher novel object exploration has been
associated with greater dopaminergic response to amphetamine in
the striatum, as measured using [!!C]raclopride PET [90]. Further,
the D2 receptor antagonist haloperidol produces a dose-dependent
attenuation of novelty-preference in free choice tests in rats [91].
D4 receptor knock-out mice exhibit reduced exploration of novel
objects [92], and the association between individual differences
in novelty-seeking and D4 receptor polymorphisms previously
observed in humans has recently been replicated in non-human
primates [93].

On the OSS paradigm, amphetamine injections to the ven-
tral striatum increase relative responses on the active (sensory
stimulus-associated) lever in a dose-dependent manner, an effect
reduced by pre-application of the D2/D3 receptor antagonist
sulpiride [94]. Mutant mice with disrupted function in particu-
lar dopamine D1 receptor-containing neurones fail to develop a
preference for the active lever when it is associated with sensory
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Fig. 4. (A) Data are depicted from a probabilistic gambling task where individuals chose between gambles that varied in the probability of winning (high vs low), amongst
other dimensions. The D2/D3 agonist cabergoline was found to exert greater effects on risky choice within lower sensation-seeking (low SS) than high sensation-seeking
(high SS) individuals, who varied their choice more accordingly to the gamble’s probability of winning on drug vs placebo. Adapted from [86].*p < 0.05, drug vs placebo. (B) The
D2 antagonist haloperidol was found to reduce the economic value assigned to the opportunity to receive intense tactile stimulation (mild electric stimulation, or MES) in
individuals who showed speeding of responses (approach reactions) towards MES-associated stimuli under normal conditions (‘high SSs’), but had no effect on this measure
in individuals who showed slowed responses (avoidance reactions) to MES-associated stimuli (‘low SSs’). Adapted from [64]. **p<0.01, drug vs placebo.
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Fig. 5. Schematic of how differential activation of approach-avoidance tendencies in lower and higher sensation-seekers (SSs) may result in opposite behavioural reactions
to the same intensity sensory stimulus. For example; a stimulus of an intensity that excites peak approach reactions in a lower sensation-seeker may be insufficient to elicit
such a reaction in a higher sensation-seeker; whereas a stimulus of an intensity that elicits peak approach behaviour in higher SSs may be aversive and evoke an avoidance
response in lower SSs. Higher SS trait is associated with differences in striatal dopamine (DA) function (orange text). Behavioural measures of SS preference are also affected by
drugs which affect synaptic dopamine levels (e.g. amphetamine) or that target D2-type (D2/D3/D4) dopamine receptors (e.g. sulpiride), which are prevalent in the striatum
(blue text). D2Rs = D2-type dopamine receptors (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.).

reward, but with ability to develop preference for a food reward
intact [54]. By contrast, mice receiving low systemic doses of the DA
antagonist flupenthixol (a mixed D1 and D2-type receptor antag-
onist) show increased responding on the active lever, an effect the
authors argue is consistent with decreased sensory reward efficacy
under these conditions [54].

Similar to human high sensation-seekers, RHA animals show
increased midbrain dopaminergic responses to psychostimulants
and other classes of drug (e.g. alcohol, morphine [61,95]), as well as
increased amphetamine-induced striatal DA release [96]. There is
some evidence of baseline differences in striatal DA function in RHA
versus RLA animals, although the literature is rather inconsistent
(see [97]). Recently, one study made use of a combination of PET
and other techniques to suggest that RHA rats show both decreased
availability of D2 receptors and hyper-DAergic tone in the striatum:
a phenotype strikingly similar to that of human high sensation-
seekers [96] (although see [98]).

The evidence presented above suggests that there may be at
least partially shared neural pathways regulating behaviour across
these three paradigms. In support of this interpretation, a mouse
model with targeted inactivation of excitatory glutamate receptors
in DA receptor-expressing neurones showed reduced instrumental
responses on the OSS paradigm, reduced locomotor activity when
placed in a novel environment, and decreased interaction with
a novel object compared to control animals [99]. Importantly,
there were no detectable behavioural deficits or abnormal learning
abilities, suggesting these effects were not due to some generalised
deficit.

3.3. Do individual differences in dopaminergic
approach-avoidance tendencies contribute to individual
differences in trait SS?

One influential theoretical account proposes that the core basis
for individual differences in trait SS reflects the differential acti-
vation of approach versus withdrawal mechanisms in response to
novel and intense stimuli [100,101] (Fig. 5). A candidate neural
mechanism for this difference is variation in efficacy of striatal DA
transmission, a pathway thought to be involved in the vigour of
approach-type behaviours [102-105].

In favour of this hypothesis, there is some evidence to suggest
that high sensation-seekers may show both increased appetitive
responses and reduced defensive reactions to intense sensory

stimuli [106-108]. For example, human high sensation-seekers
have a greater response to intense auditory stimuli on EEG meas-
ures [109] and prefer both positive and negative affective stimuli
to neutral ones, regardless of valence [110]. Conversely, low SS
individuals exhibit greater affective startle potentiation, including
during anticipation of aversive stimuli [108,111]. In the animal lit-
erature, rats selectively bred over many generations for low versus
high expression of avoidance behaviour (RHA and RLA strains) also
express marked differences in sensation-seeking-like behaviours
(including novelty-preference and reactivity to drug rewards; see
Section 2.2.3).

As outlined in the previous section, evidence from a variety
of sources implicates individual variation in striatal dopamine
function (particularly at D2-type receptors) in differences in SS per-
sonality in both humans and animals. Inconsequential, non-novel,
but ‘intense’ or otherwise physically salient sensory stimuli have
been shown to evoke robust responses in midbrain DA neurons in a
variety of animal models [112-114].Indeed, it has been argued that
dopaminergic transmission in the ventral striatum may govern the
vigour of approach-type behaviours in response to salient stimuli
[103,104]. Individual differences in the efficacy of dopaminergic
neurotransmission in this pathway might therefore contribute to
interindividual variation in responsivity to these kinds of salient
stimuli, constituting a quantitative trait of novelty or intensity pref-
erence.

Recently, direct evidence for involvement of DA-regulated
approach-avoidance tendencies in human operant sensation-
seeking-like behaviour has been presented [64]. Specifically, it was
found that approach reactions to stimuli associated with intense
tactile stimulation in higher sensation-seekers were selectively
abolished under influence of the D2 receptor antagonist haloperidol
(Fig. 4B).

Using this conceptual framework, it can be proposed that inap-
propriately high activation of approach tendencies towards intense
stimuli may result in adverse outcomes, particularly where the
‘intensity’ of such experiences is inextricably bound up with or
indeed derived from a risk of physical danger or damage to health.
Conversely, inappropriately high activation of avoidance tendencies
may hamper the ability to engage with potentially advantageous
novel environments or experiences, and result in over-expression
of anxiety-like responses to such stimuli. In the next section we
consider the relationship of individual differences in trait SS to
health and psychopathology.
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4. Role of SS trait in general health outcomes and
psychopathology

Links have been established in healthy individuals between
high trait SS and increased engagement in various ‘health risk’
behaviours that may endanger the self or others [10,20,2,115-117].
Specifically, SS score exhibits medium effect sizes for predict-
ing alcohol consumption and high effect sizes for illicit substance
use, across many studies (for reviews and meta-analyses see
[10,26,118,119]), including in non-Western cultures (e.g. [120]).

Higher SS score is also associated with greater likelihood of reg-
ular smoking [33,121], and increased rates of non-medical use of
prescription stimulants [122]. Further, self-reported SS has been
associated with increased frequency of risky driving and sex-
ual practices [20,116,117,123], as well as increases in antisocial
behaviour, shop-lifting, and truancy during adolescence [24]. How-
ever, it should be noted high SS score is also associated with
increased incidence of ‘pro-social’ risk-taking among groups such
as fire fighters, police, and bomb disposal experts, e.g. [124] (see
Section 4.3). Finally, high trait SS has been also been specifically
identified as a vulnerability factor for a variety of psychopatholo-
gies that have been associated with changes in brain DA function,
in particular substance and gambling addictions.

4.1. High SS and substance use disorders

High SS scores have consistently been identified in people with
substance use disorders (individuals with compulsive drug use,
persisting in the face of recurrent adverse consequences [125]),
across several classes of drug—including alcohol, psychostimulants,
and opiates [12,33,32,126,127]. In particular, convincing data from
longitudinal studies has shown that high trait SS in adolescence
predicts substance use disorders later in life, especially for alcohol
and tobacco [11,128].

Although there has been some debate about the primacy of
SS in risk for pathological substance use [33] (e.g. heightened SS
scores also occur in non-addicted recreational drug users [129]),
it is likely that SS trait has at least moderate clinical relevance for
drug-addicted populations. Among individuals with a diagnosis of
substance use disorder, higher SS score is associated with earlier
age of onset, increased polysubstance use, more severe functional
impairment, poorer overall treatment outcome, and more greatly
impaired decision-making [12,130-134]. Similarly, high SS trait
may relate to increased risk for substance misuse problems comor-
bid in other psychopathological populations [135]. For example,
amongst individuals with a diagnosis of unipolar or bipolar depres-
sion, high sensation seekers are more likely to be poorly compliant
to prescribed medications or become demanding for drugs with
perceived mood-elevating properties [136-138].

Interestingly, attempts to tease out the role of trait SS in addic-
tion using animal models have revealed different relationships to
aspects of substance addiction psychopathology, depending on the
particular model of SS employed. Specifically, recent studies in
rodents report that heightened novelty preference is associated
with increased motivation to work for stimulant drug infusions,
increased likelihood of progression to ‘compulsive’ drug use, and
severity of ‘addiction-like’ behaviour (operationalized DSM-IV
criteria for substance addiction, over several different measures),
but not initial acquisition of drug self-administration behaviour
[48,139,140].

Conversely, increased locomotor reactivity to a novel environ-
ment is associated with increased initial sensitivity to drugs — both
ease of initiation of self-administration and range of dose sup-
porting self-administered [36,44]) - but not with progression to
an addiction-like state [141]. Thus, LRN has been linked to ini-
tial propensity to try out drugs of abuse, but not predisposition

to ‘addiction’ per se, and vice versa for choice measures of
novelty-preference [49]. Further confirmation for this dissociation
comes from Meyer and colleagues who investigated novelty and
drug-related behaviour across twelve different inbred rat strains
(increasing genetic variability compared to previous studies carried
out in single outbred strains). Across all strains, novelty pref-
erence, but not LRN, was associated with willingness to work
for amphetamine injections on higher progressive ratio sched-
ules (where many responses are required per drug infusion) [142].
Interestingly, it has recently been reported that preference for an
environment established via pairing with cocaine administration
(cocaine-induced conditioned place preference), which is subse-
quently allowed to extinguish in the absence of drug, is selectively
reinstated after a priming dose of cocaine in high novelty-preferring
mice [143]—possibly representing an increased risk of relapse in
these animals.

The operant sensation-seeking (OSS) model has thus far been
less well studied with respect to addiction vulnerability. Manip-
ulations that fairly selectively affect OSS behaviour also affect
drug self-administration, whilst leaving intact measures of learn-
ing and performance on operant tasks where food is the rewarding
outcome. These findings, some have argued, suggest a common
neural substrate of sensory and drug rewards [54,99,144]. In one
recent study, mice with targeted inactivation of metabolic glu-
tamate (mGIuR5) receptors on D1 receptor-expressing neurons
showed normal anxiety-like behaviour and learning abilities, but
decreased SS-like behaviour on OSS, LRN and NP indices. Unlike
control animals, these low SS mice did not escalate alcohol intake
after enforced absence, perhaps indicating decreased risk of relapse
upon drug re-exposure [99].

Evidence from the selectively bred Roman high/low avoidance
animals also supports a role for SS-like traits in both initial sensitiv-
ity to the effects of drugs of abuse and maintenance of problematic
use (including increased vulnerability to relapse). Specifically, RHA
animals exhibit increased locomotor reactivity to stimulant drugs,
prolonged responding for cocaine in extinction, and more robust
drug-induced reinstatement of drug-seeking behaviour compared
with LHA animals [61,145].

What underlies these findings? As described above, both human
self-report and animal models of SS have been linked to variation in
D2 receptor function. In particular high trait SS has often been asso-
ciated with low striatal D2 receptor ‘availability’—due to increased
endogenous DA levels, low receptor density, or a combination of
both these factors. In healthy humans, both high trait SS and low
striatal D2 receptor availability have been linked to greater ‘liking’
of stimulant drug effects [76,146] (e.g. Fig. 3A). This may therefore
relate to increased likelihood of initial drug use or experimenta-
tion in high sensation-seekers, as paralleled by increased ease of
acquisition of drug self-administration in by HR animals on the LRN
model of SS.

Low striatal D2 receptor availability has consistently also been
found in both individuals with pathological or compulsive sub-
stance use (including in withdrawal) [68,147,148], and in animals
who exhibit elevated cocaine self-administration [149,150], and
thus has been proposed as a vulnerability marker for progression
to addiction. In human studies, it is usually unclear due to method-
ological limitations how much this is a cause and how much itis an
effect of drug use [151]. Indeed, it is likely a combination of both
[152-154].

Regarding evidence implicating high SS trait in severity of psy-
chopathology in people with substance use disorders, one possible
explanation is that these findings are all a legacy of earlier onset
of drug use [155], i.e. during a period of heightened sensitiv-
ity to direct effects of substances of abuse on brain chemistry
[156]. For example, it has been found that rates of adult alcohol
dependence can be reduced by 10% for each year that drinking
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is delayed in adolescence [157]. Intriguingly, a recent study in
mice found that binge-like cocaine administration during adoles-
cence induced a higher sensitivity to rewarding effects of both
cocaine and MDMA (ecstasy) selectively in high novelty-seeking
animals [158]. This suggests the existence of some kind of inter-
active effect between the sensitive period of adolescence and trait
novelty and/or sensation-seeking. However, there may also be a
role for heightened trait SS in increased susceptibility to progres-
sion from initial experimentation to compulsive substance use. In
support of this, the animal evidence discussed above suggests a
role of high SS trait (modelled as novelty preference across several
different behavioural paradigms) in progression from sporadic use
to an addiction-like phenotype. Furthermore, as we have seen, evi-
dence from NP, 0SS, and RHA models of SS also implicates a possible
role of high trait SS in susceptibility to relapse—an integral feature
of addiction psychopathology.

Thus, it is likely that individual differences in SS play a signifi-
cant role in disease progression [159], although further work needs
to be conducted to extract out exactly which components are the
best predictors of different aspects of disease progression. As drug
addiction is a multi-stage and multi-faceted disease, associated
with numerous distinct behavioural traits, it will be important for
future research to identify which dimensions of sensation and/or
novelty-seeking in humans are modelled in rodent paradigms that
embody vulnerability markers for progression to and maintenance
of the addicted state [50]. This will be aided by development of sim-
ilar operationalized paradigms for humans, which would be more
directly comparable to animal findings than existing self-report
measures.

4.2. High SS and pathological gambling

High SS is often cited as a risk factor for pathological gambling
(PG; e.g.[10]), however, there are surprisingly inconsistent findings
regarding the role of heightened SS in pathologically disordered
gambling behaviour [160]. Laboratory studies have found medium
to high effect sizes for SS scores on gambling and risky decision-
making in healthy individuals, particularly when studied in more
naturalistic settings such as mock or real casinos [10,161,162]. High
SS individuals may also be more likely to engage in gambling activ-
ities in the real world [163]. Several studies report significantly
higher SS scores in samples of pathological gamblers compared
with controls [13,32,164,165]; however, others have found either a
non-specific relationship [166] or no difference in SS score between
problem gamblers and healthy controls [167-169]. This inconsis-
tency may be due to heterogeneity within PG populations. Indeed
there is some evidence that the role of heightened SS in PG may
depend on the particular form of gambling engaged with [170],
with high SS trait evident only in a subset of individuals with PG
behaviour [171].

While there are links between brain systems associated with
trait SS, risky decision-making, and PG - again, with transmis-
sion via D2-type dopamine receptors being commonly implicated
[86,172] - it is currently unclear exactly what the nature of this
relationship is. For example, a recent study found that rats more
prone to an ‘irrational’ choice bias when choosing between risky
reward options had lower striatal D2/D3 receptor density [173].
However, no evidence has so far been found for differences in stri-
atal D2 receptor density in samples of human pathological gamblers
compared to controls [ 168,174 ]. Some authors have argued that the
high comorbidity between substance use disorders and PG [175],in
addition to evidence for common genetic factors [176], implies that
the two disorders have overlapping aetiologies [177]. It is possible
that the role of trait SS in PG may be less clear than that observed
in substance addiction due to a lack of involvement of substances

of abuse that actively target brain systems, including dopaminergic
ones, that are associated with SS trait [178].

The relationship between high trait SS and vulnerability to
develop behavioural addictions may be more evident in disor-
ders where prodopaminergic (predominantly D2 agonist) therapies
have been linked to development of de novo compulsive behaviours.
These are most commonly PG but also include compulsive
shopping, hypersexual behaviour, and addiction to dopaminergic
medication; collectively known as impulsive control disorders or
ICDs [125]. This has been observed clinically in a variety of disor-
ders treated with DA agonists (e.g. prolactinoma and restless legs
syndrome), but has been most well studied in individuals with
Parkinson’s disease (PD), a disorder involving progressive loss of
dopaminergic neurones [179-183].

PD patients have previously been reported to show relatively
low self-reported SS scores [184,185]. Some researchers have
developed this finding into the notion of the ‘pre-Parkinsonian per-
sonality’: a prodromal period of altered brain DA function, prior to
the onset of signature motor symptoms, where individuals exhibit
lowered sensation-seeking personality [ 184]. However, PD patients
with ICDs may exhibit heightened impulsivity and novelty-seeking
questionnaire scores, compared with non-ICD PD controls [186].
Although to date almost all studies of this relationship have been
cross-sectional in design, one intriguing longitudinal study has
shown evidence for decreased novelty-seeking in de novo PD, with
increased novelty-seeking relative to healthy controls observed
post commencement of pro-dopaminergic medication [187].

These findings may relate to increased reactivity of striatal DA
observed in PD patients with ICDs. For example, greater radioligand
displacement (interpreted as greater endogenous DA release) has
been reported during gambling in PD patients with a diagnosis of
PG [188]. Further, self-reported SS score has been found to be sig-
nificantly positively correlated with striatal DA release to reward
cues in PD patients with ICDs [70]. Similar to high SS healthy indi-
viduals, there is evidence of reduced D2/D3 receptor tracer binding
in the ventral striatum of PD patients with a diagnosis of PG com-
pared to PD controls [188] (although see [70]). This may be due
to greater endogenous striatal DA levels in PD patients who go
on to develop PG because these individuals exhibit both reduced
binding of DA transporter ligands in the ventral striatum [189,190]
and reduced concentration of midbrain dopamine autoreceptors
[191].

These studies have recently been interpreted as providing
converging evidence that both heightened striatal DA tone and
increased DAergic response to reward cues is the underlying vul-
nerability in PD patients who develop ICDs such as PG after
undergoing dopamine agonist treatment [177]. Strikingly, this is
the same neurobiological signature that has been reported across
several studies associated with high SS personality in the normal
population.

4.3. Is high SS always a bad thing? Stress resiliency and the role of
environment

Although so far we have presented evidence that high trait SS
may be associated with increased levels of dysfunctional behaviour,
there is also preliminary evidence that, under certain circum-
stances, high SS may be functionally useful.

From a developmental perspective, a general increase in SS in
all individuals with onset of puberty [29,30] has been hypothesized
to underpin an enhanced capacity to approach high-arousal, novel,
or uncertain situations. Thus, would promote general exploration
and learning of other ‘independence-building’ behaviours, in addi-
tion to underlying increases in potentially dangerous behavioural
choices [192,193]. Thus, it has been suggested that one possi-
ble adaptive function for higher trait SS in both adolescence and
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adulthood is to serve as a ‘stress-buffer’, allowing individuals to
explore challenging and unpredictable environments laden with
unknown risks [14].

In support of this hypothesis, higher SS status has been associ-
ated in humans with a general decrease in the tendency to view the
world as ‘threatening’ [2]. There is a negative correlation between
both participants’ estimated probabilities of negative outcomes and
their ratings of various real-world activities as being either risky
or dangerous [194], and higher sensation-seekers show height-
ened thresholds for threat detection when viewing faces morphed
between neutral and angry expressions [195]. Further, threatening
images evoke potentiation of startle responses in low- but not high-
SS individuals [108], and high sensation seekers display relatively
decreased fear-potentiated startle to predictable aversive stimuli
[111].

Animals inbred for low locomotor response to novelty also dis-
play enhanced anxiety-like behaviour on various measures [196]
(although see Section 2.21 for a discussion of why this is perhaps
somewhat unsurprising). Similarly, inbred Roman low avoidance
animals show increased ‘anxiety’ on the same tests, compared
to high avoidance strains [60]. When exposed to novel environ-
ment stress, RLA animals also show more pronounced ‘emotional’
responses such as more defecation and immobility, whereas RHA
rats are more likely to exhibit exploratory behaviours. This has
been interpreted by some researchers as evidence of a more ‘active’
coping style in RHA animals [197].

In support of a role of higher SS in coping with extreme
stress in humans, several studies have reported that higher SS ex-
prisoners of war report fewer symptoms of post-traumatic stress
disorder (PTSD), and less severe psychiatric symptomatology in
general, than low SS individuals [15,16]. SS scores were also sig-
nificantly lower in those with compared to without PTSD in a
sample of individuals with substance use disorders [198] and,
under some circumstances, high SS status has been associated
with higher physiological pain tolerance [199]. Evidence from the
LRN model supports the idea that this may be due to increased
stress resilience in high SS individuals. For example, inbred low
response to novelty (bLR or ‘low SS’) adult rats who have under-
gone maternal separation stress when young show exaggerated
stress responses in adulthood, while inbred high responders (bHR
or ‘high SS’) animals are unaffected [200]. Exposure to chronic mild
stress has been shown to result in increases in ‘anhedonic’ and
anxiety-like behaviours in bLR animals, whereas stress-exposed
bHR rats resemble non-stressed control animals on these measures
[201].

This increase in stress tolerance may relate to differences in
midbrain dopamine and D2 receptor function in high SS individ-
uals [202]. Recent optogenetic studies have demonstrated a causal
role of phasic firing of midbrain DA neurones in resilient versus
susceptible phenotypes to repeated social defeat stress in mice
[203]. Further, D2 receptor function has been implicated in suc-
cessful resilience to chronic mild stress, in that changes in D2
receptor gene expression post stress-exposure have been shown to
differentiate between stress-resilient and stress-reactive animals
[204,205].

In some cases, it is possible that higher SS status itself may
represent an active adaptation to chronic stress exposure. Pos-
session of the Tagla A1l allele (associated with lower rates of DA
catabolism) plus a history of high intensity stress exposure (sexual
abuse or overly strict parental disciplinary style) has been found to
result in significantly higher sensation and novelty-seeking scores
in adulthood, including in a longitudinal study [206,207]. Simi-
larly, arecent longitudinal study found that an association between
childhood sexual abuse and higher self-reported sensation-seeking
score was moderated by DRD4 (dopamine D4 receptor) genotype
[208].

It is important to bear in mind that the environment plays a
significant role in determining the form that SS behaviours may
take. Families at higher socioeconomic levels may be able provide
socially acceptable outlets such as adventure sports, travel and
other stimulatory extra-curricular activities, whereas in many low
socioeconomic environments the only readily available means of
intense sensory experience may be higher risk, criminal or anti-
social [209]. Recently, it has been argued that the expression of
problematic behaviours associated with high trait SS is likely to
depend on a complex interplay between environmental constraints
(e.g. availability of satisfying behaviours), and other cognitive
factors, such as impulse control [160]. Indeed, in animal mod-
els home-cage environmental enrichment decreases both rate of
responding for unconditioned visual stimuli (0SS, [210]) and self-
administration of amphetamine [211,212], an effect which may
depend in part on changes to DAergic transmission [213].

Intriguingly, self-reported SS has been found to be somewhat
positively related to IQ in samples of high school and college stu-
dents [2]. Although the mechanism underlying this relationship
is unclear, it is possible that a positive correlation between SS
score and working memory performance during adolescence [214]
may be due to a common relationship with striatal DA function
[215]. It has also been reported in one longitudinal study that high
‘stimulation-seeking’ at age three predicts significantly higher 1Q
and school achievement atage 11 [216]. The authors argue that this
is the result of young stimulation-seekers creating enriched envi-
ronments for themselves that in turn stimulate further cognitive
development.

5. Concluding remarks

Sensation-seeking is an intriguing trait, which appears to vary
considerably across individuals in both humans and other animals.
A growing body of evidence, reviewed above, has allowed us to
start to understand some of the neurobiological differences under-
lying this variation. A combination of high dopaminergic tone and
a lower density of D2-type receptors in the striatum appear to be
potentially important contributors to higher SS trait—as reflected
in an increased tendency to exhibit approach reactions towards
intense and novel stimuli that may elicit aversive reactions in others
[36,57,64,66,68,69,94,100]. This kind of neurobiological signature
may constitute a vulnerability to the development of addictions
when ‘revealed’ by the addition of drugs which increase striatal DA
levels, both in the case of recreational substances (which tend to
have a final common pathway in increasing ventral striatal DA lev-
els) and prescription drugs that directly target D2-type receptors
(abundant in striatal regions). In other circumstances, the relative
under-activation of avoidance or withdrawal reactions towards
intense stimuli may serve a protective role, e.g. in coping with
situations of acute stress, which may have relevance for anxiety
disorders such as PTSD [15,16,200].

The exact contribution of trait SS to the aetiology of these
disorders is often difficult to parse out in human studies, and
will be aided by development of analogous paradigms to the ani-
mal literature-a strategy which has previously proved fruitful
with respect to increasing our understanding of other kinds of
impulsive behaviour [159,217]. It is important to note that the
psychopathologies mentioned here are heterogeneous and likely
multi-causal. Better phenotyping of individuals with a diagnosis of
these disorders, aided by a better understanding of neurobiolog-
ical mechanisms underlying this heterogeneity, may support the
development of more effective therapies tailored to specific indi-
viduals. For example, in the case of misuse of prescription drugs,
it has been shown that the perceived harmfulness of such drugs
lowers the likelihood of misuse in low, but not high SS individuals
[218].



A. Norbury, M. Husain / Behavioural Brain Research 288 (2015) 79-93 89

Such considerations are also highly relevant for targeted pre-
vention therapies. Recently, clinical trials in adolescents at high
risk for development of alcohol use disorders have found targeting
different psycho-educational and cognitive behavioural strategies
towards different ‘high risk’ personality types to be successful
[219,220]. Interestingly, these interventions were found to be most
effective in reducing risk in high SS individuals [219]. Furthermore,
preliminary evidence indicates that there may be clinical utility in
pre-emptively targeting interventions aimed at increasing stress
resilience in lower sensation-seeking individuals in populations at
increased risk of trauma-related psychopathology, e.g. military per-
sonnel and emergency service workers [15,16,200].

Itis clear that we are still at a relatively early stage of translating
knowledge about underlying neurobiology into the clinical arena.
Nevertheless, the body of work reviewed here, across both animal
models and humans, shows the potential power of using emerging
neuroscience techniques to probe the mechanisms underlying sen-
sation seeking. Further understanding of SS trait might not only to
shed light on the aetiology of various psychopathologies, but also
aid in developing individualised therapies and prevention strate-
gies for these disorders.
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