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Chapter 1

General introduction

Part of this chapter is based on: Nieuwenhuis& Sgpma, M. (2010). Investigating the role of the
noradrenergic system in human cognition. In T. RafbM. Delgado, & E. Phelps (EdsDecision
making. Attention & Performance, Vol. XXIIDxford: Oxford University Press.



The locus coeruleus-norepinephrine system

As their name suggests, neuromodulators such asmop, acetylcholine and
norepinephrine modify the effects of neurotransenitt—the molecules that enable communication
between neurons. Neuromodulatory systems are iadadlvalmost every mental function,
including attention, learning and emotion (Robbit#97), and they are disturbed in many
neurological and psychiatric disorders, such anatn-deficit/hyperactivity disorder (ADHD),
post-traumatic stress disorder, and schizophr@ihi@. thesis focuses specifically on the role of the
noradrenergic system in human cognition and bramctfon.

The locus coeruleus (LC) is the brainstem neuror@bolty nucleus responsible for most of
the norepinephrine (NE) released in the brain. D@das widespread projections throughout the
neocortex, thalamus, midbrain, cerebellum and $pmra (Aston-Jones, Foote, & Bloom, 1984;
Berridge & Waterhouse, 2003). The LC-mediated n@aergic innervation increases the
responsivity of efferent target neurons (Berridg&&terhouse, 2003), which can be modeled as a
change in the gain (steepness) of the neuronadictn function (Servan-Schreiber, Printz, &
Cohen, 1990). Although cell recordings in non-hurmpeamates have yielded a wealth of
information regarding the dynamics of the noradrgicesystem, to date there has been very little
empirical research on the activation dynamics amdtfon of this system in humans. This is not so
surprising since the study of the noradrenergitesysn humans poses considerable
methodological challenges. For example, it is ro@sible to directly measure the
neurophysiological effects of NE in the human brdine study of these effects requires the
development of indirect measures, or the measureafi@hanges in behavior and brain activity
brought about by pharmacological manipulationshefrioradrenergic system.

The adaptive gain theory of LC-NE function

For a long time researchers have associated theEGystem with basic, nonspecific
functions such as regulating arousal and the slesq® cycle (Aston-Jones et al., 1984; Jouvet,
1969). But recent research has shown that neurolatodsi have more specific functions in the
control of behavior (e.g., Aston-Jones & Cohen,2®hara, 2009). According to an influential
recent theory, the adaptive gain theory (Aston-d@&€ohen, 2005), the LC-NE system has a
critical role in the optimization of behavioral pmmance—nby facilitating responses to
motivationally significant stimuli and regulatiniget tradeoff between exploitative and exploratory
behaviors. The adaptive gain theory is largely Baseneurophysiological observations in behaving
animals, which will be described in the followingctions.

The function of the phasic LC response
When an animal is actively engaged in performitgs&, LC neurons exhibit a rapid, phasic
increase in discharge rate to task-relevant anehaibe motivationally salient stimuli. For example,
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suchLC phasic responseme observed for target stimuli in a simple tadgtiection task in which
monkeys are required to respond to rare targetufitpresented at random intervals embedded in a
train of distractor stimuli. Provided that the aains engaged in the task, these target stimubeau
a phasic increase in LC firing rate that peaks @xprately 100-150 ms post-target and
approximately 200 ms prior to the response (e.gto-Jones, Rajkowski, Kubiak, & Alexinsky,
1994; Clayton, Rajkowski, Cohen, & Aston-Jones,H00mportantly, the LC does not exhibit this
type of phasic response to distractor stimuli,indhe phasic response associated with any other
task-related events once training is complete (réwalivery, fixation point, response movements,
etc.). However, similar phasic responses are etidily unexpected, intense, threatening, or
otherwise salient stimuli that demand effectivegessing and action (Aston-Jones, Rajkowski, &
Cohen, 1999). The ensuing release of NE in coriceds temporarily increases the responsivity of
these areas to their afferent input (Berridge & &aduse, 2003). When applied in a temporally
strategic manner (e.g., when driven by the ideaifon and evaluation of motivationally relevant
stimuli), increases in responsivity produce anease in the signal-to-noise ratio of subsequent
processing and a concomitant improvement in theieffcy and reliability of behavioral responses
(Servan-Schreiber et al., 1990). Accordingly, i baen found that LC phasic activation reliably
precedes and is temporally linked to behaviorgl@ases to task-relevant stimuli (Bouret & Sara,
2004; Clayton et al., 2004). In addition, studiasdreported a direct relation between the strength
of LC activity and response accuracy in choicetieadime tasks (Rajkowski, Majczynski,
Clayton, & Aston-Jones, 2004). Together, theseiffigel suggest that phasic noradrenergic signals
play an important role in optimizing responses tatiwationally significant stimuli.

Phasic versus tonic LC firing mode and correspogdiontrol states

Besides the phasic increases in activity followmgtivationally significant stimuli, there are
also tonic (baseline) changes in LC activity @anges happening over the course of multiple
seconds or minutes). Levels of LC tonic activityywaystematically in relation to measures of task
performance (Figure 1). Aston-Jones and colleaglL@34) recorded LC activity in monkeys during
performance of a target-detection task. Periodstefmediate tonic LC activity were accompanied
by large LC phasic responses to target stimuli,raped and accurate responding. In contrast,
periods of elevated tonic LC activity were consisieaccompanied by relatively poor task
performance, and distractible, restless behaviach$hases were also consistently associated with
a diminuition or absence of the target-evoked L@gnhresponses observed during periods of good
performance. These findings have led to the prdgbaain the waking state there are two
distinguishable modes of LC activity (Aston-Joneale 1999; Figure 1): In thehasic modge
bursts of LC activity are observed in associatiattwthe outcome of task-related decision
processes, and are closely associated with goattdat behavior. In thienic mode LC baseline
activity is elevated but phasic bursts of actidtg absent and behavior is more distractible.

According to the adaptive gain theory (Aston-Jo&&3ohen, 2005; Cohen, Aston-Jones, &
Gilzenrat, 2004), the different modes of LC acyi\serve to regulate a fundamental tradeoff
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between two control states: exploitation and exgtion. The LC phasic mode promotes
exploitative behavior by facilitating processingtask-relevant information (via the phasic
response), while filtering out irrelevant stimuhiough low tonic responsivity). By increasing the
phasic character of LC firing, the cognitive systerbetter able to engage in the task at hand, and
maximize rewards harvested from this task. In @stithe LC tonic mode promotes behavioral
disengagement by producing a more enduring andllsseminative increase in responsivity.
Although this degrades performance within the aurtask, it facilitates the disengagement of
attention from this task, thus allowing potentialgw and more rewarding behaviors to be emitted.
Thus, the transition between the two LC modes eavesto optimize the trade-off between
exploitation and exploration of opportunities feimard, and thereby maximizes overall utility.
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Figure 1. Inverted-U relationship between tonic LC activéiyd performance in tasks that require focusedtaiten
Moderate LC tonic activity is associated with omirperformance and prominent phasic LC activatalo¥ing
task-relevant stimuli (phasic LC mode). High leveigonic LC activity are associated with poor jpeniance and the
absence of phasic LC activity (tonic LC mode). Acling to Aston-Jones and Cohen (2005), shifts atbeg
continuum between the phasic and tonic LC mode®ddrresponding changes in the exploitation-exgtion
tradeoff. Figure adapted from Aston-Jones and C¢pea5s).

The adaptive gain theory further holds that theditton between phasic and tonic LC firing
modes and the corresponding control states arerdhy online assessments of utility by the frontal
structures that provide a major input to the L@, dnterior cingulate and the orbitofrontal cortex.
According to the theory, the utility signals in sieebrain areas are integrated over different
timescales and then used to regulate LC mode (Aktoes & Cohen, 2005). Brief lapses in
performance, in the context of otherwise high ytilaugment the LC phasic mode, resulting in
improved task performance. In contrast, endurirggeteses in utility drive transitions to the LC
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tonic mode, promoting disengagement from the cttesk and facilitating exploration of
behavioral alternatives.

Most of the evidence for the hypothesized link lesavutility, LC firing mode and exploitative
vs. exploratory behavior comes from animal studiesgeven that evidence is sparse. Importantly,
crucial empirical tests of the theory in humansehbgen lacking. To fill this gap, we have used
noninvasive methods to test the main assumptiottsechdaptive gain theory in human participants
(Chapters 2 and 3).

Other recent theories on the role of the LC-NE sysim in cognition

Since the publication of the adaptive gain theoggearchers have proposed several new
accounts of the role of the LC-NE system in cogrifunction. Yu and Dayan (2005), for example,
proposed that tonic NE activity signaisexpected uncertaingrising from unanticipated changes
in the nature of a task or behavioral context. Adow to Yu and Dayan, this elevated tonic NE
activity in turn promotes bottom-up relative to 4dpwn processing which facilitates learning about
the external environment. As a complementary extensf this idea, Dayan and Yu (2006)
proposed that phasic increases in LC/NE activityoele unexpected uncertainty arising from
unexpected events or state changgiin a task, and serve to interrupt ongoing cognitive
processing associated with the default task dtat similar vein, Bouret and Sara (2005)
conceptualized the phasic LC response as a “netresek” signal that allows rapid stimulus-
induced cognitive shifts and behavioral adaptatigfacilitating the reorganization of target neural
networks.

Whereas the adaptive gain theory mainly focuseh@megulation of attention and
performance, these other accounts address thefrtle LC-NE system in learning-related
processes, and hence can be seen as complementagyaidaptive gain theory. The functions of
the LC-NE system proposed by these accounts aegllyroonsistent with the adaptive gain theory.
The adaptive gain theory’s assumption that thedrictmode promotes an exploratory control
state, for example, implicitly suggests that thil facilitate learning about the external
environment, consistent with Yu and Dayan'’s (20@é&gount

The role of the LC-NE system in neuropsychiatric dsorders

Given the important role of the LC-NE system inmitign and behavior (e.g., Sara, 2009),
it is not surprising that dysfunctions of this gyathave been associated with several
neuropsychiatric disorders (e.qg., Siever & Dav#85). Aston-Jones, Iba, Clayton, Rajkowski, and
Cohen (2007) have proposed that dysregulationeofdhic and phasic components of LC activity
may give rise to a variety of psychiatric condisofror example, they hypothesized that a
“hypertonic” LC mode may underlie some symptomatténtion-deficit/hyperactivity disorder
(ADHD), post-traumatic stress disorder, and mamprdssive disorder. These disorders are
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associated with concentration problems, sleeplessared impulsivityl symptoms that resemble
the distractible behaviors of monkeys in the tdr@cmode. Conversely, a chronically “hypotonic”
LC mode may give rise to the limited emotionalibhddlat affect that are common symptoms in
depressed patients. The idea that LC dysfunctionpsicated in depression is supported by
findings of LC cell loss and depleted NE levelsha brains of suicide victims (e.g., Arango,
Underwood, & Mann, 1996; Ordway, Schenk, Stockmevy, & Klimek, 2003). In addition,
Aston-Jones et al. (2007) speculated that a “hyyzeip” LC mode may be responsible for the
extremely focused attentive state and impairedtgivd shift attention to new stimuli that are
observed in autistic patients (Mann & Walker, 2008)s important to note that these ideas aré stil
very speculative. Thus, although there is substhetiidence that the noradrenergic system is
involved in various neuropsychiatric conditiong #xact etiology underlying the relationship
between LC/NE dysfunction and neuropsychiatric iiscs remains to be determined.

Chapter 4 of this thesis focuses on a very speas# of noradrenergic dysfunction:
dopamineB-hydroxylase ([PH) deficiency. [BH deficiency is a rare genetic disorder charactelriz
by a complete lack of NE in both the peripheral eedtral nervous system. Thus, patients with
DBH deficiency may be seen as having a selectivecanmplete lesion of the noradrenergic system.
Informal clinical observations suggest thgtHddeficient patients do not have obvious cognitive
impairments, which is remarkable given the impdrtate of the LC-NE system in normal
cognitive function and in neuropsychiatric disoslérhis suggests tha3Bl-deficient patients may
have subtle neurocognitive deficits that have reeghiunnoticed in informal observations. We
tested five [BH-deficient patients and a healthy control grouppaomprehensive neurocognitive
test battery to provide a systematic evaluationeafrocognitive function in BH deficiency
(Chapter 4).

Curiosity and exploration

As described above, the adaptive gain theory pegptsat the LC-mediated trade-off
between exploitative and exploratory behaviorgisgeth by assessments of task-related utility.
However, there are also many examples of explordtehaviors that are not directly related to task
utility but seem to be driven by the innate deBiréearn or experience something that is unknown.
This drive to know or experience new things is ¢y referred to as curiosity. In many
circumstances, both animals and humans have aah&gndency to explore novel, unexpected or
uncertainty-inducing stimuli (Berlyne, 1960; Daffn&lesulam, Scinto, Cohen, Kennedy, et
al.,1998; Ennaceur & Delacour, 1988; Hughes, 200iftmann, Daw, Seymour, & Dolan, 2008),
which suggests that the exploration of curiosityuaing stimuli is intrinsically rewarding. In the
reinforcement-learning literature, the bias towdtdsexploration of novel or uncertain options is
captured by the concept of an "exploration bonhat is assigned to novel or uncertain stimuli to
increase their expected value and promote theioexon (e.g., Kakade & Dayan, 2002; Sutton &
Barto, 1998).
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Pharmacological studies in rats have suggestedtinatsity-related exploratory behavior is
mediated by the LC-NE system (Devauges & Sara, ;198fa, Dyon-Laurent & Hervé, 1995;
Mansour, Babstock, Penney, Martin, McLean, et28l03). These studies found that drug-induced
enhancements of phasic LC/NE activity resultechareéased exploration of novel and unexpected
objects (i.e. specific exploration), but did natn@ase general exploratory activity (Devauges &
Sara, 1990; Mansour et al., 2003). In contrastfrphaological and environmental manipulations
that enhance tonic LC/NE activity have been foumcesult in increased spontaneous sampling of
random environmental stimuli, and in wider-rangamgl more varied movement patterns (i.e.
diversive exploration; Flicker & Geyer, 1982; Maoset al., 2003). These findings are consistent
with the assumptions of the adaptive gain theoay tihe phasic and tonic modes of LC activity
promote, respectively, focused and divided attentio

The distinction between specific and diversive ergtion resembles the distinction that has
been proposed between specific and diversive dtyjasferring to the desire for a particular piece
of information versus the more general stimulaseeking motive that is closely related to
boredom (Berlyne, 1960). A second, orthogonaljmtitibn has been made between perceptual
curiosity, which is evoked by novel, strange or ayjabus perceptual stimuli, and epistemic
curiosity, which refers to the desire for intellggt knowledge which applies mainly to humans
(Berlyne, 1954).

In the 1960’s and 70’s, curiosity was a topic déirse investigation among experimental
psychologists, resulting in an extensive theorefreenework for understanding curiosity and
related behaviors. According to a classic psycholdheory, curiosity evoked by ambiguous or
conflict-inducing stimuli produces increased lev@igrousal and is experienced as an aversive
state, due to lack of information (e.g., Berlyn868). The theory further proposes that termination
of this condition, through access to relevant infation, is rewarding and promotes learning.
Although curiosity is one of the most basic biotmjidrives in both animals and humans, and has
been identified as one of the key motives for leggand discovery, the topic has been largely
neglected in cognitive neuroscience; hence theaheugchanisms underlying curiosity are still
poorly understood. Chapter 5 of this thesis dessrdbstudy in which we investigated the neural
correlates of human perceptual curiosity.

Arousal, accessory stimuli and temporal uncertainty

Most of the topics discussed in this thesis areadiplinked to arousal, a fundamental
property of behavior. The concept of arousal isrgjty related to attention, anxiety, stress and
motivation, but has proven difficult to define. Th€-NE system is often associated with arousal,
based on classical findings that tonic LC actigityaries with stages of the sleep-wake cycle (e.qg.,
Aston-Jones & Bloom, 1981a; Hobson, McCarley, & \Mgki, 1975) and that LC neurons exhibit
strong phasic responses to salient and arousimglsie.g., Aston-Jones & Bloom, 1981b; Grant,
Aston-Jones, & Redmond, 1988). In addition, theerted-U relationship between tonic LC activity
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and performance (Figure 1) resembles the Yerkes@uocdelationship between arousal and
performance, one of the most important componerasausal theory (Duffy, 1957; Yerkes &
Dodson, 1908). Recent studies have corroborateddtien that the LC-NE system plays a crucial
role in the regulation of arousal (e.g., Gompf, Mat Fuller, Wood, Pedersen, et al., 2010; Carter,
Yizhar, Chikahisa, Nguyen, Adamantidis, et al., @01

Obviously, the LC-NE system is not the only arousddted system. It is generally accepted
that arousal is a multifaceted construct which cosas a constellation of brain and somatic
systems that subserve distinct but often overlapfpinctions (Neiss, 1988; Pribram &
McGuinness, 1975; Robbins, 1997). One of thes@Bysis the peripheral sympathetic nervous
system. Motivationally significant stimuli or evertypically elicit both a phasic LC response and a
phasic response of the peripheral sympathetic msrggstem that is often referred to as the
orienting responséLynn, 1966; Pavlov, 1927; Sokolov, 1963). The iotileg response entails a
collection of physiological changes, including engrary dilation of the pupils, a rise in skin
conductance, and a momentary change in heartaradas typically accompanied by a shift of
attention toward the eliciting event. Anatomicahsilerations suggest that the parallel activation o
the peripheral sympathetic nervous system and @&lE system following motivationally
significant events reflects co-activation of these systems by a common afferent source in the
medulla (Aston-Jones, Ennis, Pieribone, NickellSRKipley, 1986; Nieuwenhuis, De Geus, &
Aston-Jones, 2011). Nieuwenhuis et al. (2011) Hypsized that the co-activation of the LC-NE
system and the peripheral sympathetic nervousmyallews efficient mobilization for action in
response to motivationally significant events: tl@eNE system facilitates the execution of
cognitive decisions concerning proper behavioth@face of urgent stimulus demand while, at the
same time, the peripheral sympathetic nervous syfeilitates physical execution of the chosen
behaviors.

As described above, the orienting response anghasic LC response are driven by
motivationally significant task-relevant stimulytoalso by novel or intense task-irrelevant stiguli
such as unexpected loud sounds. The automatictiogent attention towards salient task-irrelevant
stimuli generally disrupts performance on the conicant task (e.g., Parmentier, Elford, Escera,
Andrés, & San Miguel, 2008; Schroger and Wolff, 8Howeverthere are also instances where
the occurrence of a task-irrelevant sound leadiasier responses to a simultaneously presented
imperative stimulus in another modality (e.g., B#em, Clark, & Edelstein, 1969a,b; Hackley &
Valle-Inclan, 1998, 1999; Valls-Solé, Sole, Valldeta, Muiioz, Gonzalez, et al., 1995). This
phenomenon has been referred to astwessory-stimulus effeend is generally attributed to a
temporary increase in arousal. Besides their effeaeaction times, accessory stimuli have been
found to elicit an increase in response force @ijlFranz, & Ulrich, 1999; Stahl & Rammsayer,
2005). Pharmacological manipulations in cats hénosve that the availability of NE is critical for
accessory-stimulus induced increases in motoriagtat least in the case of reflexive responses
(Stafford & Jacobs, 1990). A possibility that remsato be explored is that an NE-mediated
temporary increase in neuronal responsivity (ongaiso underlies the accessory-stimulus induced
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speeding of reaction times. It is interesting ttena this regard that changes in gain are closely
related to, and under certain conditions can bévatgnt to, changes in decision threshold (Servan-
Schreiber, Printz, & Cohen, 1990). Thus, one pdssitechanism underlying the speeding of
responses by accessory stimuli is a temporary iog@f the decision threshold. Despite a
substantial empirical database, there is no geagraement among researchers regarding the
neurocognitive mechanisms underlying the facilitateffect of accessory stimuli. Chapter 6 of this
thesis describes two experiments that aimed to stoed light on the effects of accessory stimuli
on different components of information processing.

The effects of task-irrelevant accessory stimulirdarmation processing are exogenously-
driven (i.e. automatic). A possibly related endagesty-driven phenomenon is the speed-up of
reaction times to an imperative stimulus whenintsrtg is highly predictable. This phenomenon,
referred to as the warning effect or temporal-prafien effect, is typically investigated by means
of paradigms in which participants use temporabkdoeanticipate the onset of an imperative
stimulus. In contrast to the accessory-stimulusgiigm, the interval between the temporal cue and
the imperative stimulus is long enough to enablderte preparation. Like the accessory-stimulus
effect, temporal-preparation effects have beerbated to NE-mediated changes in alertness
(Coull, Nobre, & Frith, 2001; Fernandez-Duque & Rers 1997; Witte & Marrocco, 1997).
Furthermore, it has been found that the firing cdteC neurons increases during the interval
between the temporal cue and the imperative stisnfamamoto & Ozawa, 1989). This raises the
possibility that the temporal-preparation effead #ime accessory-stimulus effect may correspond to
endogenous and exogenous instances of the sameyimgiprocess: whereas accessory stimuli, by
virtue of their salience, may elicit an automatieé-hhediated increase in gain, temporal preparation
may allow controlled gain modulations resultinghe optimization of system parameters at the
expected onset of the imperative stimulus. Chaptarthis thesis describes two experiments in
which we investigated temporal-preparation effectsnformation processing.
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