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Abstract

Emotionally arousing events are typically better remembered than mundane ones, in part
because emotionally relevant aspects of our environment are prioritized in attention. Such biased
attentional tuning is itself the result of associative processes through which we learn affective
and motivational relevance of cues. While such affective biases in cognition can be highly
adaptive, extreme biases to specific categories of aversive or rewarding stimuli can be
symptomatic of psychopathology. That raises the question which factors contribute to individual
differences in development of affective biases via emotional learning processes and how
emotional associations come to be represented in the brain.

More specifically, the present thesis aimed to investigate the role of individual
differences in the norepinephrine and stress system in emotional learning processes. In Study 1, 1
demonstrated that a common genetic variation putatively influencing norepinephrine availability
is associated with subjective perception of ambiguous stimuli as more rewarding. Moreover,
change in affective bias was mediated by acute stress. Thus, in the first study | established that
individual differences in the locus coeruleus-norepinephrine (LC-NE) and stress system play a
role in affective perception and the flexibility of the underlying subjective biases. In Study Il and
I11, I found that acute stress affects both classical and operant conditioning and that the direction
of those effects depends on the timing of the stressor relative to the learning experience. Study
IV aimed to investigate the neural representation of the development of novel affective
associations using functional magnetic resonance imaging (fMRI). By means of representational
similarity analysis (RSA) - a multivariate approach to analyzing neuroimaging data - the study

revealed that conditioned stimuli reactivate the representational pattern elicited by the



unconditioned stimuli. | further observed that it is specifically the hedonic response to the
unconditioned stimulus that is being reproduced by the conditioned stimulus.

Together these studies demonstrate a role for the norepinephrine and stress system in
reward-based learning as well as providing new information of neural mechanisms underlying
emotional learning. This research provides insight into individual differences in emotional

learning processes that can underlie formation of affective biases.



Lay Summary

We typically pay more attention to emotionally relevant aspects of our environment.
Those affective biases are themselves the result of emotional learning processes, raising the
question of which factors promote associative learning processes and what the underlying neural
mechanisms are. My research revealed that flexibility of affective biases is influenced by genetic
differences in our arousal system. Moreover, | demonstrated that both perception of affective
information as well as learning which stimuli or actions are associated with a positive outcome is
affected by exposure to acute stress. In addition, | was able to show that developing those novel
associations, especially our emotional response to them, is represented in brain regions important
for emotional processing. Overall my research suggests that individual differences in our stress
and arousal system influence learning of positive associations. In the brain, cues that predict
positive or negative outcomes reproduce the feeling that we experienced in response to those

emotional stimuli.
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Chapter 1: Introduction

1.1 Introduction

It is well established that emotional salience - that is the degree to which information
stands out due to its positive or negative or arousing qualities - modulates both learning and
memory. For example, we typically remember emotionally arousing events better than mundane
ones, reliving the birth of a child or a teenage humiliation with a high degree of vividness
decades later (Cahill & McGaugh, 1998; Kensinger & Corkin, 2003; LaBar & Cabeza, 2006).
We remember these events better in part because we pay heightened attention to emotionally
relevant aspects of our environment that signal potential punishment and reward (Markovic,
Anderson, & Todd, 2014; Pourtois, Schettino, & Vuilleumier, 2013). In turn, such patterns of
heightened attention are themselves the result of emotional learning processes that tune our
perceptual systems to prioritize such affectively and motivationally relevant cues [e.g. (Chelazzi
etal., 2014; Lim, Padmala, & Pessoa, 2008, 2009)]. Visual selective attention, or attentional
prioritization, is the process by which we tune ourselves to the world so that, of the millions of
bits per second transmitted by the retina (Koch et al., 2006), the information that is most
important, or salient to us, reaches awareness and guides action. Affect-biased attentional
prioritization (Todd, Cunningham, Anderson, & Thompson, 2012), or selective prioritization of
what is emotionally or motivationally relevant, can be highly adaptive, as emotional arousal
signals events that are important to attend and remember in the interest of survival. Yet at the
extreme ends of the spectrum, affect-biased attentional prioritization of specific categories of
stimulus, which are often unconscious and automatic, are symptomatic of psychopathology. For
example, implicit biases toward stimuli associated with threat characterize anxiety disorders

(Bar-Haim, Lamy, Pergamin, Bakermans-Kranenburg, & van, 2007), and biases to attend



trauma-related cues characterize post-traumatic stress disorder (PTSD) (Todd, MacDonald, et al.,
2015). According to popular models of PTSD, such trauma-related biases are themselves the
result of Pavlovian associative learning processes (Mahan & Ressler, 2012). Moreover, altered
biases in attention to reward-related cues are linked to both depression (B. A. Anderson, Leal,
Hall, Yassa, & Yantis, 2014; Peckham, McHugh, & Otto, 2010) and addictive behaviours (B. A.
Anderson, 2016b; B. A. Anderson, Faulkner, Rilee, Yantis, & Marvel, 2013; Waters, Heishman,
Lerman, & Pickworth, 2007). In addiction as well, biases to addictive cues are thought to result
from learning associations between the cue predicting reward and the actual reward (B. A.
Anderson, 2016b).

Observing those maladaptive attentional pattern in some individuals but not others raises
the question which factors create individual differences in attentional or perceptual biases, as
well the associative learning processes that give rise to them. The locus coeruleus-
norepinephrine (LC-NE) and stress system have long been known to play a role in the inception
and development of addictive behaviours, by elevating drug use and promoting relapse (Piazza &
Le Moal, 1998; Sinha, 2008) and in the etiology of depression (Yang et al., 2015). However,
much less is known about how the LC/stress system affects appetitive learning processes that
might underlie the development of psychopathological conditions such as addiction or
depression (Ehlers & Todd, 2017b). In addition, while the basic neural circuits underlying
associative learning processes are relatively well mapped out, there is a lack of understanding of
how emotional associations develop in the brain. More specifically, it is unclear what meaning
becomes attached to a stimulus that now represents something good or bad. Thus, this
dissertation will focus on the role of the norepinephrine and stress system in associative learning

processes and the neural mechanisms underlying it.



1.2 Genotype-dependent differences in affective biases

One approach to investigating the role of individual differences in the norepinephrine
system is to employ genotyping. ADRA2b is a common [~50% of population (Li, Weerda,
Guenzel, Wolf, & Thiel, 2013; Todd et al., 2014; Todd, Schmitz, Susskind, & Anderson, 2013)]
deletion variant of the ADRA2b gene, which codes for the alpha2b adrenoceptor (Small, Brown,
Forbes, & Liggett, 2001). This genetic variation has been related to differences in blood pressure
(Zhang et al., 2005) and vasoconstriction (Muszkat et al., 2005) acting on noradrenergic
receptors in the periphery. Genetically modified mice carrying the deletion variant have been
shown to have increased plasma NE levels (Makaritsis, Johns, Gavras, & Gavras, 2000). In
addition, genetically-based differences in cortisol secretion have been observed between trauma
victims and matched controls (Fridman, van 1IJzendoorn, Sagi-Schwartz, & Bakermans-
Kranenburg, 2012). Results of behavioural studies in humans suggested that the deletion variant
is associated with effects that are similar to those of an alpha2b receptor antagonist (de Quervain
et al., 2007), suggesting increased NE availability. While the mechanisms underlying the effects
of ADRA2b on emotional processing are not fully understood, a recent meta-analysis supports the
robustness of genetically-based differences in emotion and cognition (Xie, Cappiello, Meng,
Rosenthal, & Zhang, 2018), which are further discussed in the following paragraph.

Previous research has demonstrated more pronounced affective biases in deletion carriers
relative to non-carriers in both memory and attention: In a seminal paper, de Quervain et al.
(2007) showed greater emotional memory enhancement for deletion carriers. We subsequently
found the deletion variant to be associated with enhanced attentional biases towards (Todd,
Muller, et al., 2013b) and more vivid perception of (Todd, Ehlers, et al., 2015) emotionally

salient stimuli, indicating it plays a role in prioritized encoding of emotional information. An



outstanding question concerns whether more pronounced affective biases in deletion carriers
result from the influence of NE on learning. A hypothesized role for alpha2b noradrenergic
receptors in emotional learning is supported by rodent studies showing reduced emotional
learning upon full development of inhibitory alpha2b receptors (Moriceau & Sullivan 2004).
Moreover, human studies investigating ADRA2b have suggested that deletion carriers show
greater cognitive-affective flexibility relative to non-carriers (Mammarella et al., 2016).
Combining an emotional working memory task with a task requiring action to switch from
negative to positive affective intonation, the authors found that deletion carriers remembered
more positive words. In addition, despite the fact that deletion carriers were less willing to switch
the intonation from negative to positive, they remembered more positive information suggesting
higher flexibility than non-carriers. In summary, a number of studies have shown genotype-
dependent differences in affective biases, and some investigations have suggested differences in
flexibility. What remained to be investigated was how ADRA2b genotype influences flexibility in
shifting pre-existing biases. Thus, in Chapter 2, | address the question of whether putative
differences in NE availability influence flexibility in shifting biases based on experience and,
more broadly speaking, whether individual differences in the NE system influence affective bias

manifestation.

1.3 Attentional bias as product of emotional learning

Implicit biases in attentional prioritization not only influence what we encode and
remember, they are themselves the product of learning and memory. Research in my lab has
found that in “real life” the categories of stimulus for which attentional selection is biased are

strongly shaped by traumatic experiences. Through these experiences, neutral stimuli are linked



to high emotional arousal through associative learning processes (Lee, Todd, Gardhouse, Levine,
& Anderson, 2013; Todd, MacDonald, et al., 2015). Moreover, the degree of this bias predicts
PTSD diagnosis, and is highly correlated with anxiety symptoms. Such examples of high-arousal
associative learning experiences mirror effects found in controlled laboratory experiments using
fear conditioning, and complement a wide literature linking fear conditioning to anxiety
disorders (Lissek et al., 2008; Lissek et al., 2005; Lissek et al., 2009; Wilker, Elbert, & Kolassa,
2014). On the other end of the valence spectrum, attentional biases for substance-related stimuli,
or cues, which predict craving in addiction can also be created through classical conditioning
processes (B. A. Anderson, 2016a; Field & Cox, 2008). Thus, considerable evidence suggests
that attentional biases towards specific categories of salient stimuli develop through associative
learning processes, and they do so at time scales that can range from minutes to decades.
Moreover, evidence in humans and non-human animals suggests that the NE/stress
system also plays a role in such associative learning processes raising the question whether
individual differences in exposure to stress can facilitate or impair the development of novel
affective associations which in turn lead to observable differences in affective biases, potentially
contributing to pathological disorders. In the following section | will review the basic

mechanisms and current state of the literature on different associative learning processes.

1.4 Associative learning in humans and non-human animals

Associative learning is used as an umbrella term to refer to forms of learning that are
characterized by the development of conscious or unconscious associations between a certain cue
or action and the occurrence of a specific stimulus (Skinner, 1938). For example, in an aversive

classical conditioning paradigm, an animal learns to associate an initially neutral conditioned



stimulus (CS+) with an aversive unconditioned stimulus (US) or event that elicits an innate
response (Rescorla, 1968). After learning, the presentation of the CS+ alone leads to the aversive
response. In operant conditioning or reinforcement learning, an animal learns that performing a
certain action (e.g. pressing a lever) is followed by a specific outcome (e.g. delivery of food

reward). Similar paradigms have been developed to study associative learning in humans.

1.4.1  Aversive conditioning

Aversive classical conditioning, or Pavlovian conditioning, is any type of conditioning
wherein an animal or human rapidly (often unconsciously) learns to associate an initially neutral
stimulus (CS+) with an aversive stimulus or event (US) (Pavlov, 2010). Fear conditioning
paradigms in which after learning, the presentation of the CS+ alone leads to a fear response, are
the most prevalent form of aversive conditioning in the literature [for reviews see (Delgado,
Olsson, & Phelps, 2006; J. E. LeDoux, 2000; Maren, 2001)]. Because of its reliability and
simplicity, as well as the high degree of control the experimenter has over all aspects of the
learning process, fear conditioning has been used as a tool to understand general mechanisms of
associative learning (J. E. LeDoux, 2000).

A wide range of possible CS and US can be chosen from when studying aversive
conditioning in humans (Sehlmeyer et al., 2009). While auditory or even olfactory CS can be
found in the literature, visual conditioned stimuli are by far the most common type. Many
researchers employ photographs of human faces or geometrical figures. Similarly, US differ in
stimulus modality as well as in salience and unpleasantness. Among the most common US are

electric shocks, air blasts, auditory cues or painful stimuli. Behaviourally, successful



conditioning can be assessed by physiological measures such as skin conductance response

(SCR) or changes in heart rate as well as subjective stimulus ratings (LaBar & Cabeza, 2006).

1.4.2  Appetitive conditioning
Appetitive conditioning is an associative learning process by which initially neutral
stimuli or events become associated with a reward and hence gain motivational salience. In
appetitive classical conditioning the presentation of a cue (CS+) becomes passively associated
with a reward (US). Reward learning is more often studied in the form of appetitive operant
conditioning or reinforcement learning. In the following section, | will review what is known
about the role of the norepinephrine and stress system and which open question my research

program addressed.

1.5 The stress and norepinephrine system
1.5.1 Acute stress: the two systems

Stress, defined as a state of real or perceived threat to an organism’s homeostasis (S. M.
Smith & Vale, 2006), has long been known to effect cognition [for reviews see (Lupien, Maheu,
Tu, Fiocco, & Schramek, 2007; Sandi, 2013)]. In the current dissertation, acute stress is
identified as one source of individual differences in appetitive learning processes underlying the
development of affective biases.

When an organism is challenged by an acute stressor, it responds with a range of
physiological and behavioural changes in order to maintain or restore homeostasis. The
biological stress response is mediated by the activation of two different systems: The immediate

reaction of the autonomic nervous system (ANS) and the slower response of the hypothalamic-



pituitary-adrenal (HPA) axis. Activation of the fast-acting stress system leads to a release of
mostly catecholamines such as norepinephrine (NE) and dopamine (DA) in the brain (Arnsten,
2009; Joels, Pu, Wiegert, Oitzl, & Krugers, 2006; Shansky & Lipps, 2013). Through activation
of the sympathetic-adrenal-medullary (SAM) axis central (e.g. amygdala, hippocampus and
prefrontal cortex) and peripheral release of adrenaline and noradrenaline is initiated enabling the
organism to fight, flight or freeze [for review see (Roelofs, 2017)]. The fast autonomic response
is followed by the slower-acting stress response, the activation of the HPA axis. Secretion of
corticotrophin releasing factor (CRF) from the hypothalamus leads to a release of
adrenocorticotrophic hormone (ACTH) from the pituitary, which in turn stimulates
glucocorticoid (cortisol in humans) secretion from the adrenal glands [for review see (Schwabe,
Wolf, & Oitzl, 2010)]. The activation of these two different stress systems has been known for
decades to influence cognitive functions such as learning and memory (de Kloet, Oitzl, & Joels,
1999; McGaugh, 1966). However, the influence of the two stress systems on appetitive learning
processes has been mostly neglected (Ehlers & Todd, 2017b; Weinshenker & Schroeder, 2007).

A detailed review of the current literature on this topic will follow in the next section.

1.5.2 The role of glucocorticoids and stress in appetitive learning
Most research on the role of glucocorticoids in appetitive learning processes conducted to
date has been centered on habit formation. Habit formation involves a shift from goal-directed to
habitual behaviour in operant learning: Early in the learning process, animal behaviour is
predominantly goal-directed; the animal performs the action leading to a reward (e.g. drug
taking), and the action-outcome association is developed (Balleine & Dickinson, 1998). Later

behaviour becomes much more habitual or even compulsive: It is no longer the reinforcing



property of the reward (e.g. a drug) that leads to action completion but the action is performed
irrespective of the actual outcome and even despite negative consequences (Everitt & Robbins,
2016).

This shift has been shown to be facilitated by glucorticoid action (Schwabe, Tegenthoff,
Hoffken, & Wolf, 2012). That is under the influence of glucocorticoids behaviour shifts from
flexible, goal-directed behaviour to more rigid, habitual control of behaviour. It is no longer the
rewarding outcome driving ones behaviour but simple stimulus-response mechanisms that have
been established (Schwabe & Wolf, 2011). This has been further demonstrated by additional
studies (Schwabe & Wolf, 2009, 2010b) in which participants were exposed to acute
psychophysiological stress or a control condition either before or after operant training tasks.
Participants in the stress group showed a more persistent habitual performance - that is, the
performed operant action even in the absence of reward both when stress was induced before and
after contingencies were learned. Thus, those studies suggest that glucocorticoids can act in at
least two different ways to promote habitual behaviours: the initial learning stage and the
extinction period in which habitual behaviours become apparent. What remains to be
investigated however is how early stages of habit formation, that is simple associative learning
processes, are affected by glucorticoid action.

Another recent human study (Pool, Brosch, Delplanque, & Sander, 2015) investigating
Pavlovian-Instrumental Transfer (PIT) - a learning process under motivational not habitual
control - showed that stress induced cortisol release increased the craving for a rewarding
outcome without affecting the pleasure of consuming it. The 3-stage PIT task employed (Talmi,
Seymour, Dayan, & Dolan, 2008) involves three distinct processes. In the operant conditioning

phase, the association between an action and reward is established via operant conditioning



(Balleine, 2011; Skinner, 1938). In the second, Pavlovian learning phase, a passive association is
made between a stimulus and reward. Finally, during the subsequent extinction phase, transfer
behaviour is measured by strength and persistence of instrumental action in response to the
Pavlovian stimulus in the absence of reward. Here the group exposed to higher cortisol levels
mobilized more effort in response to the now-unrewarded Pavlovian stimulus than the control
group, which was interpreted as increased cue-triggered ‘wanting’ (Pool et al., 2015). Critically,
in the described study participants were exposed to an acute stress or a no-stress control
condition after the learning phase in order to investigate effects on habitual transfer. Again the
question arises how initial learning in operant and Pavlovian conditioning is affected if stress is
induced before learning.

Increased wanting of rewards has also been demonstrated in rodents, who have been
injected with corticotropin-releasing factor, which mediates the release of glucocorticoids (see
section 1.4.1) (Pecina, Schulkin, & Berridge, 2006). In an effort to compare the effects of
glucocorticoids on aversive and appetitive conditioning, in an animal study, rats were trained in
two Pavlovian conditioning paradigms followed by an immediate injection with a glucocorticoid
agonist (Zorawski & Killcross, 2002). The highest dose of agonist significantly enhanced
learning suggesting that glucocorticoids may facilitate appetitive and aversive associative
learning over several sessions. In a follow up study the authors demonstrated again that post
learning glucocorticoid action can facilitate appetitive conditioning but furthermore that the
development of associations with specific outcomes was disrupted (Zorawski & Killcross, 2003).
Another study reported that repeated low- and high-dose injections of a glucocorticoid receptor

agonist after training sessions did not affect Pavlovian conditioning, while instrumental learning
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was impaired by high doses (Pielock, Braun, & Hauber, 2013). Most critically, Pavlovian to
instrumental transfer was reduced in both experimental groups.

In summary, previous investigations on glucocorticoids effects on appetitive learning
show a range of results. Human studies seems to suggest that glucocorticoids promote habitual
behaviours while results from animal studies are more equivocal. What becomes apparent,
however, is that knowledge gaps remain in the area of simple associative learning processes that
are not overlearned or habitual. In Chapter 3 | will address this question by demonstrating a
series of studies investigating the effects of the delayed stress response or glucocorticoid action

on both classical and operant conditioning tasks in humans.

1.5.3  The role of norepinephrine and stress in appetitive learning

The shift from goal-directed to habitual behaviour does not only rely on glucocorticoid
action. In fact, only the simultaneous release of norepinephrine and glucocorticoids, i.e. the full
spectrum of stress hormones, leads to the described shift (Schwabe et al., 2012). In addition,
increasing evidence suggests that the locus coeruleus-norepinephrine (LC-NE) system —a major
mediator of the immediate stress response - is not only important for aversive conditioning [for
example (LaLumiere, Buen, & McGaugh, 2003; McGaugh, 2004; Tully & Bolshakov, 2010)],
but also plays a role in reward learning. Decades of research have established that dopamine
(DA) is essential for the reinforcing effects of various rewards such as drugs (K. C. Berridge,
2007; Flagel et al., 2011; Pessiglione, Seymour, Flandin, Dolan, & Frith, 2006). A selective role
of DA in reward learning has been shown to be that of a mediator of incentive salience that is the
motivational properties that a stimulus develops through conditioning (K. C. Berridge &

Robinson, 1998; Flagel et al., 2011). In other words, DA has been shown to be essential for the
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‘wanting’ of a reward, but not for the associated pleasure, or ‘liking,” or for the associative
learning process. Furthermore, DA has been shown to be key for the coding of reward prediction
errors, operationalized as the difference between anticipated and actual reward (Schultz, 2002).
However, it has been argued that DA cannot account for effects of all addictive substances (Nultt,
Lingford-Hughes, Erritzoe, & Stokes, 2015). Critically, the contribution of NE has been
relatively neglected (Weinshenker & Schroeder, 2007) despite its abundance throughout the
brain and its central role in arousal, attention, cognitive flexibility, and adaptation (Aston-Jones
& Cohen, 2005; Sara, 2009). However, recent investigations have linked activation of the
noradrenergic system to motivation as well. NE has been shown to be important for morphine-
associated conditioned place preference (CPP) (Zarrindast, Bahreini, & Adl, 2002) as well as the
rewarding effects of the drug (Drouin et al., 2002): Decreasing noradrenergic activity (by
stimulating alpha2-adrenergic autoreceptors) inhibits the development of CPP, while enhancing
NE availability (by receptor inhibition) facilitates conditioning for actual reward learning
processes.

A series of single-cell recording studies conducted in monkeys by Bouret and colleagues
further supports the involvement of the LC-NE system in reward learning. Recordings from LC
neurons during a task with both Pavlovian and operant components revealed that LC neurons are
activated during conditioned responses and their response is modulated by goal-directed
processes (Bouret & Richmond, 2009). Directly comparing activity of noradrenergic LC and
dopaminergic substantia nigra pars compacta neurons suggests that these neurotransmitters play
slightly different roles, with DA responding to rewarded actions - possibly related to value -
while NE neurons fire in response to unrewarded action, potentially suggesting it signals the cost

associated with an action (Bouret, Ravel, & Richmond, 2012). More recent research further
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suggests that the LC plays a role in reward processing by integrating motivationally relevant
information such as cue information and reward size (Bouret & Richmond, 2015). The authors
extend their interpretation of the results to conclude that the LC is necessary to trigger actions
requiring a high amount of energy because the incentive salience is low. This idea is supported
by their findings showing that noradrenergic neurons increase their firing rate with increased
effort in an effort-based decision making task (Varazzani, San-Galli, Gilardeau, & Bouret, 2015).
That is, LC activation is necessary to produce behavioural energy in such a task after a cost-
benefit analysis, while dopaminergic activity codes information about the costs and benefits
involved.

As summarized in a recent theoretical paper, empirical evidence also supports the idea
that the LC-NE system works as an uncertainty signal driving behaviour to adapt to
environmental changes (Sadacca, Wikenheiser, & Schoenbaum, 2016). In turn, the activation of
the LC-NE system in situations of uncertainty with respect to reward expectations might
facilitate attentional biases for reward-related cues. Such biases might then allow for more
efficient and eventually habitual tracking (B. A. Anderson, 2016a) of cue-outcome relations.
Failures of reward evaluations may give rise to the excessive attentional biases for reward-
related cues that have been found to characterize addiction (B. A. Anderson, 2016a).

Putative neuronal mechanisms underlying the role of the LC-NE system in attentional
mechanisms related to reward have been further elucidated in a recent study suggesting a major
role of the LC-NE system in modulating neural gain (Eldar, Cohen, & Niv, 2013). Under some
circumstances, increased gain, which is associated with greater NE availability, narrows attention
to those categories of stimulus that individuals are already predisposed to attend to and

strengthens only the strongest neural connections. As a result, behaviour can become more rigid,
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flexibility can be impaired and habitual behaviours are favored (Eldar et al., 2013). This model is
in line with an existing theory relating the LC-NE system to neural gain (Aston-Jones & Cohen,
2005) as well as with empirical evidence showing that pupil diameter as an index of LC activity
predicts exploration vs exploitation between individuals as well as across trials (Jepma &
Nieuwenhuis, 2011). The model has important implications for reward learning as it can explain
the observed shift from goal-directed to habitual behaviour in operant learning described earlier.
Research has shown the shift to not only be facilitated by glucocorticoid but also by
noradrenergic action (Schwabe et al., 2012; Schwabe & Wolf, 2011) and it is prevented when
noradrenergic activity is blocked (Schwabe, Hoffken, Tegenthoff, & Wolf, 2011). That is under
conditions of high gain or high NE levels, behaviour shifts from flexible, goal-directed behaviour
to more rigid, habitual control of behaviour.

Taken together, previous research suggests that both glucocorticoid and noradrenergic
action are critical for the development of habitual behaviours. Moreover, as discussed above the
LC-NE system has further been suggested to be critical for cost-benefit analysis and action
initiation. It has also been associated with uncertainty in decision-making and neural gain. Thus,
while the stress response as a whole seems to support some processes related to reward learning,
findings specific to the noradrenergic system and the nature of the two-part stress response
suggest that the immediate and delayed stress response must have distinct effects on learning
processes. A compelling theory (Joels et al., 2006) proposed that the immediate NE-driven stress
response facilitates learning and memory processes while glucocorticoids raise the processing
threshold for incoming information leading to learning and memory impairments. In Chapter 4, |
aim to directly test this theory in the context of appetitive learning in order to better understand

the role of the immediate and delayed stress response in human appetitive conditioning.
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1.6 Neural circuits underlying conditioning

After establishing the unique roles of the immediate and delayed stress response on
behavioural indices of associative learning, | will next review neural circuitry underlying both
aversive and appetitive conditioning. As discussed in the following sections, previous research
has thoroughly mapped the neural systems recruited for the development of novel associations.
However, little is known about how conditioned associations are represented in different brain
regions, i.e. what quality of a positive or negative stimulus becomes attached to the initially

neutral stimulus — the hedonic response or sensory sensation.

1.6.1  Neural circuits underlying aversive conditioning

An extensive body of literature based on research from several laboratories performed in
the 1980s provides us with a relatively clear picture of the neuroanatomy underlying fear
conditioning in rodents (Fanselow, 1994; J. E. LeDoux, Cicchetti, Xagoraris, & Romanski,
1990). The amygdala plays a central role in fear conditioning, as it integrates information about
the CS and US (J. E. LeDoux, 2000). In line with the animal literature, human research has
revealed that fear conditioning and fear responses depend on an intact amygdala and
hippocampus (LaBar, LeDoux, Spencer, & Phelps, 1995; Peper, Karcher, Wohlfarth,
Reinshagen, & LeDoux, 2001). While it is well established that the ventromedial prefrontal
cortex (vmPFC) is involved in extinction of learned fear association by suppressing amygdala
function through interneurons (Maren & Quirk, 2004; Sotres-Bayon, Bush, & LeDoux, 2004),
recent findings suggest that the prefrontal cortex (PFC) also modulates fear response in the
amygdala and is essential for fear expression (Sotres-Bayon & Quirk, 2010). A systematic

review revealed activation of the amygdala, insula as well as the anterior cingulate cortex (ACC)
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independent of design parameters such as the specific US used (Sehlmeyer et al., 2009). Thus,
while the exact role of the insula in aversive conditioning remains to be determined, convergent
evidence suggests an involvement of this region. The involvement of the anterior cingulate
cortex (ACC) in the processing of negative emotions in general and acquisition of fear or
aversive conditioning more specifically has been demonstrated by numerous studies [for review
see (Etkin, Egner, & Kalisch, 2011; Greco & Liberzon, 2016)].

In summary, the neural circuits underlying fear or aversive conditioning are well mapped
but it remains to be investigated what a CS is representing once it becomes associated with the
US. Given the role of the amygdala, vmPFC, insula and ACC in facilitating conditioning and
playing an important role in fear expression and internal evaluation of emotional stimuli, | expect

to see aspects of the US being represented by the CS in these regions.

1.6.2 Neural circuits underlying appetitive conditioning

Converging evidence from human and non-human studies suggests that the amygdala
plays a key role in appetitive conditioning. The amygdala has been shown to be critical for
outcome evaluation and cost estimation (Everitt, Cardinal, Parkinson, & Robbins, 2003; Wassum
& Izquierdo, 2015) as well as for the development of CS-US associations and attentional
modulation in reward processing (Martin-Soelch, Linthicum, & Ernst, 2007; Peck & Salzman,
2014a, 2014b). Due to its rich connections with the OFC and striatum, the basolateral amygdala
is also important for integration and relay of information allowing for flexible, goal-directed
behaviour (Everitt et al., 2003; Everitt & Robbins, 2005; Martin-Soelch et al., 2007). The OFC in
turn receives information from the amygdala and is central for reward evaluation and outcome
expectancies (O'Doherty, 2004). Besides the OFC, the anterior cingulate cortex (ACC) has been
shown to be an essential node of circuitry required for normal contingency learning (Jackson,
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Horst, Pears, Robbins, & Roberts, 2016) as well as for the discrimination of multiple conditioned
stimuli (Cardinal et al., 2003). The striatum has been suggested to play a general role in the
processing of stimulus salience (Zink, Pagnoni, Martin-Skurski, Chappelow, & Berns, 2004) and

is also of major importance for the formation of habits (Yin & Knowlton, 2006).

Taken together, much is known about the involvement of different brain regions in
aversive and appetitive conditioning. Though only few studies have ever combined those two
types of learning and if so the unconditioned stimuli have not been of similar nature (Andreatta
& Pauli, 2015) (Nasser & McNally, 2013; Segal, Disterhoft, & Olds, 1972). A central question in
conditioning that remained to be unsolved to date is how novel associations are represented in
the brain. More specifically, Chapter 5 aims to address the question what aspect of the US
becomes associated with the CS in appetitive and aversive conditioning or what is carried
forward in conditioning. Using representational similarity analysis (RSA) (Kriegeskorte, Mur, &
Bandettini, 2008) - a contemporary multivariate approach to analyzing functional magnetic
resonance imaging (fMRI) data - will allow me to determine the extent to which a CS reactivates
the representational pattern of brain activity initially elicited by the US and moreover to
investigate whether the CS takes on the sensory properties of the US or whether the CS merely

reproduces the hedonic response to the US.

1.7 Thesis objectives and overview
The overarching objective of this thesis is to investigate sources of individual differences
affecting the manifestation and development of affective biases through emotional learning

processes as well as the representation of conditioned associations in the underlying neural

17



circuits. Previous research has focused on how the norepinephrine and stress system influence
aversive or fear conditioning. In this thesis | examine the influence of genetic and environmental
differences in the stress and norepinephrine system on the manifestation of appetitive biases and
learning processes, which have been shown to be a critical factor in the vulnerability for
pathological disorders such as depression or addiction. Moreover, a central unresolved question
in the field of conditioning is how the development of novel associations is represented in the
brain. More specifically, to date, it remained unknown which aspect of the US a CS develops to
represent and carries forward in conditioning — is it the sensory stimulus properties of or the
hedonic response to the US.

Thus, in the first three experimental chapters, I will present evidence for the role of the
stress/norepinephrine system as one major individual difference factor in affective bias flexibility
and formation. In the last experimental chapter, | will present novel findings about what is
carried forward in associative learning processes.

The objective of Chapter 2 is to investigate how genetically based differences in NE
availability affect the flexibility of pre-existing affective biases and how that effect might be
modulated by acute stress induction. The primary hypothesis is that carriers of the deletion
variant of the ADAR2b polymorphism will display a greater change in pre-existing affective
biases. Thus, the overarching goal of Chapter 2 is to identify factors that lead to individual
differences in the manifestation of affective biases.

Chapter 3 examines the effects of acute stress on both classical and operant conditioning
with the hypothesis that delayed acute stress or glucocorticoid action will impair the two

different forms of emotional learning.
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Chapter 4 aims to demonstrate how the immediate and delayed stress response
differentially modulate operant conditioning. My hypothesis is that the immediate stress response
would facilitate learning while the delayed stress response will impair or not affect associative
learning.

Chapter 5 examines the development of the neural representation of both aversive and
appetitive conditioned associations over the course of the learning period. The multivariate
analysis of fMRI data is guided by the question whether conditioned stimuli reproduce the
pattern of activation elicited by the unconditioned stimulus and more specifically, what aspect of
the US is carried forward in successful learning: Is it the sensory stimulus properties or the
hedonic response?

Chapter 6 presents a general discussion of the findings and implications drawn from this

research program.
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Chapter 2: The influence of the noradrenergic/stress system on perceptual

biases for reward

2.1 Introduction

Decades of research have supported the common observation that some people see the
world through rose coloured glasses, others through lenses tinted with grey [e.g., (Eysenck &
Eysenck, 1985)]. In general, we are all more likely to attend to and remember emotionally and
motivationally salient environmental cues (Markovic et al., 2014; Pourtois et al., 2013). Yet
when a cue is ambiguous in signaling reward or punishment, individuals differ in the habitual
tendency to interpret information as negative or positive (Derryberry & Reed, 1994).

The norepinephrine (NE)/stress system is a key factor in sensitivity to emotionally or
motivationally salient information as well as in the emotional/motivational learning processes
that give rise to such biases [for review see (Ehlers & Todd, 2017b)]. Previous research has
implicated ADRA2b, a common neurogenetic variation in the norepinephrine system, in affective
biases in attention and subjective perception (Todd, Ehlers, et al., 2015; Todd, Muller, et al.,
2013b). An outstanding question concerns whether more pronounced affective biases in carriers
of a deletion variant of the ADRA2b gene result from the influence of NE on learning.
Specifically, whether putative differences in NE availability influence flexibility in shifting
biases based on experience. Thus, a goal of the present study was to examine the role of ADRA2b
in bias flexibility.

Acute stress may also play a role in bias flexibility — either alone or in interaction with
differences in ADRA2b variant. Acute stress leads to the activation of two sequentially-linked
stress systems: Immediate activation of a fast-acting stress system leads to a release of mostly

catecholamines such as norepinephrine and dopamine (Schwabe, Wolf, et al., 2010). This early
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phase is followed by subsequent downstream activation of a glucocorticoid (cortisol in humans)
pathway, typically leading to an elevated processing threshold for incoming information
(Herman, McKlveen, Solomon, Carvalho-Netto, & Myers, 2012; Roozendaal, McEwen, &
Chattarji, 2009). My own work has demonstrated that delayed acute stress can impair reward
learning in healthy young adults (Ehlers & Todd, 2017a), which should reduce the initial
formation of an attentional bias. Whether acute stress influences the flexibility of pre-existing
affective biases remains to be investigated.

Thus, the overall goal of this pre-registered study (see Appendix A) was to examine the
role of the norepinephrine (NE)/stress system in bias flexibility. Specifically, | wished to
examine effects of naturally occurring differences in NE function and effects of acute stress on
the flexibility of emotional judgments.

In order to examine the role of the NE/stress system in affective bias flexibility, healthy
young adults were genotyped for the ADRA2b polymorphism and were exposed to a stress
induction procedure with a task that assessed bias flexibility by probing affective bias before and
after a training procedure (Penton-Voak et al., 2013). In the training procedure, | capitalized on
facial emotion adaptation effects by repeatedly exposing participants to unambiguously angry
faces. Bias flexibility was then assessed by the change in bias from the initial to the post-
adaptation bias probe. Stress was induced before the initial bias probe using the commonly
employed socially evaluated cold pressor test (SECPT) (Schwabe, Haddad, & Schachinger,
2008).

In this pre-registered study (see Appendix A), | predicted that the adaptation effect
pushing face judgments in a positive direction would be more pronounced in ADRA2b deletion

carriers compared to non-carriers following training, indexing greater flexibility linked to
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putatively greater NE availability. | further predicted that greater initial NE activity in deletion
carriers would be potentiated by stress induction leading to an enhanced adaptation effect in

deletion carriers.

2.2 Materials and Methods
2.2.1 Participants

266 participants (192 females, mean age: 21.0 £+ 3.9 years) took part in the experiment.
All participants indicated that they were either of European or East-Asian descent. All
participants were compensated for their participation with course credit. Sample size was based
on power analyses included in the pre-registration protocol (see Appendix A). Power analysis for
effects of ADRA2b was based on effect sizes found in previous studies comparing emotional
processing in ADRA2b carriers and non-carriers (np of .05) (Rasch et al., 2009; Todd, Muller, et
al., 2013Db). For sufficient power for a repeated-measures analysis of variance (ANOVA) with
ADRAZ2b and stress as between-subject factors we required a minimum sample size of 252. Data
collection was continued until the end of the academic term in which the minimum was reached.

Participants were asked not to eat, consume alcohol or caffeine and exercise two hours
before the experiment due to its known effects on the stress response (Kudielka, Hellhammer, &
Kirschbaum, 2007). Participants were randomly assigned to stress and control conditions (129
and 137 participants respectively). The study was approved by the Human Research Ethics

Board of the University of British Columbia.
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2.2.2 Materials
2.2.2.1  Stimulus presentation. The MATLAB (The MathWorks, Natick, Massachusetts, USA)
toolbox Cogent 2000 was used for all stimulus presentation.
2.2.2.2  Facial stimuli. Stimuli subtended a visual angle of approximately 15° x 19°. All
stimuli were emotional faces taken from the NimStim Face Stimulus Set (Tottenham et al.,
2009). Using morphing software (Abrosoft Fantamorph, Version 5.4.5), faces with happy and
angry expressions of two females (Caucasian and East Asian) were morphed into two 15-image
continua for the bias probe. Ten individual faces (5 females) from all ethnic face categories
(Asian, Caucasian, African) in the NimStim set, all displaying angry expressions, were used in
the adaptation phase.
2.2.2.3  Questionnaires. Participants were asked to complete a battery of questionnaires in
order to control for possible interactions between psychopathology, life experience, and
personality with task performance and stress response. In addition to a demographics
questionnaire, we administered the Childhood Trauma Questionnaire (CTQ) (Bernstein et al.,
1994), the State-Trait Anxiety Inventory (STAI) (Spielberger, Gorsuch, Lushene, Vagg, &
Jacobs, 1983), the Liebowitz Social Anxiety Scale (LSAS), Beck Depression Inventory (BDI)
(Beck, Ward, Mendelson, Mock, & Erbaugh, 1961), as well as the Positive and Negative Affect

Schedule (PANAS; Watson, Clark, & Tellegan, 1988).

2.2.3  Procedure
2.2.3.1  Overview. After obtaining written informed consent, initial saliva samples for baseline
measures of stress indicators were acquired (Figure 2.1). This was followed by the SECPT

(described in more detail below) in either a stress or control condition. The three-minute stress
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induction/control procedure was followed by a second saliva sample. Successful stress induction
was further assessed by the administration of the SECPT questionnaire — a three-item
questionnaire measuring the subjective stress response (Schwabe et al., 2008). Participants were
further asked to fill out a battery of questionnaires in order to control for individual differences
that could potentially influence stress responses or operant conditioning performance. In order to
capitalize on effects of cortisol (delayed stress response) on behaviour, the operant task started
20 minutes after the end of the SECPT (Schwabe et al., 2008). After participants finished the
task (about 60 minutes after the SECPT), the third and last saliva sample was taken. If
participants did not complete all questionnaires in the 20-minute period before the learning
phase, they finished them before the debriefing.

2.2.3.2  Stress procedure. In the stress condition, elevated stress levels were induced with the
SECPT (Schwabe et al., 2008). First, participants were informed that their faces would be
videotaped during the upcoming test for future evaluation of their facial expressions by
researchers. Participants were then asked to put their non-dominant hand in ice water (0 — 4 °C).
They were told to keep the hand in the water for as long as possible while looking straight into
the camera. The experimenter observed the participant at all times and recorded the time period
during which each participant’s hand remained in the water. After three minutes, participants
were instructed to remove their hands from the water if they had not done so before. In the
control condition the ice water was replaced with warm water (35 — 37 °C) and participants were
neither videotaped nor watched by the experimenter. They were also instructed to keep their
hand in the water while the experimenter was present in the room.

2.2.3.3  SECPT questionnaire. To obtain a measure of subjective, psychological stress

responses participants were asked to rate how stressful, painful and unpleasant the SECPT was
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using a ten-point scale ranging from 1 (“not at all”’) to 10 (“extremely”). The questionnaire was

administered immediately after stress induction.

2.2.3.4  Salivary cortisol analysis. Saliva was collected pre SECPT, immediately post SECPT
and post task (~60 min after stress induction) with a Salivette collection kit (Sarstedt AG & Co.,
Numbrecht, Germany) and stored at -20 °C until the biochemical analysis of salivary levels of
free cortisol. Analysis employed a luminescence immunoassay (IBL GmbH, Hamburg,
Germany) performed by the lab of Prof. Dr. C. Kirschbaum, Dresden, Germany. Inter- and intra-

assay variations were below 10 %.

Questionnaires Bias probe 2-back task Bias probe
a2
)
'
L N g A4 o < .\
— Happy or angry? Happy or angry?

Time
Figure 2.1. Overview of experimental procedure. Salivary cortisol samples were taken before and
after stress induction by means of the socially evaluated cold pressor test (SECPT). Participants
were given 20 minutes to complete several online questionnaires before starting the experimental
tasks. The initial bias probe was followed by a 2-back memory task. The second bias probe task
was completed before final stress measurements.

2.2.4 Bias probe
The Bias Probe task was adapted from Penton-Voak et al. (2013) . This task was

performed before and after the adaptation task as an assessment of individual baseline biases in
rating ambiguous faces as angry vs. happy, and the degree to which they changed with facial
adaptation (Figure 2.2). Each trial began with the randomly jittered (1500 — 2000 ms)
presentation of a fixation cross followed by the display of a face (1 of 15 frames taken from the

continuum of emotional faces ranging from unambiguously happy to unambiguously angry). A
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mask of visual noise was presented for 150 ms before participants were asked to judge whether
the face just seen was happy or angry. Each participant completed a total of 90 trials (Figure 2.2).
The two sets of emotional continua consisting of 15 frames were presented three times each in
randomized order. Bias Probe pre- and post-adaptation was the same task but stimuli were
presented in different random order. By randomizing face presentation and including many
subtl