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SUMMARY

Monoamines are essential neurotransmitters in the functioning of the central nervous system,
and monoaminergic agents are widely used in clinical psychopharmacology. They have been
linked by previous research to processes including decision making under uncertainty and in
social environments, and affective inferences directed at the self and others, all of which show
characteristic alterations in psychiatric conditions. However, important gaps remain in
understanding the underlying neurocognitive mechanisms that elicit these effects, which if
bridged may offer greater insight into the roles of monoamines in both the healthy human brain

and in its dysfunction.

This body of work investigates serotonergic links within three overlapping themes of inference
on internal, probabilistic and social information, using a combination of pharmacological
challenge, behavioural testing, magnetic resonance imaging and measures of cardiac activity.
Citalopram, a selective serotonin reuptake inhibitor, was used to manipulate serotonin levels,
while the noradrenergic reuptake inhibitor atomoxetine was used to alter levels of noradrenaline
and prefrontal dopamine. Using healthy volunteers in double-blind placebo-controlled designs,
we carried out a series of behavioural experiments with citalopram and atomoxetine, and

neuroimaging experiments with citalopram.

We determined that citalopram but not atomoxetine affected cardiac interoceptive awareness
and decisions to sample information prior to making a choice. Pharmacological challenge on both
drugs differentially affected paired social interactions depending on whether participants were
in the same pharmacologically-induced state or not. We also showed changes in activation of
brain regions implicated in interoceptive and emotional processing while carrying out related
tasks, with some pharmacological effects, and which showed common areas between the two.
This thesis therefore extends the understanding of monoaminergic contributions to essential
inferential processes, as well as providing further evidence for shared neural substrates of

emotion and interoception.
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1 THEORETICAL OVERVIEW

1.1 INTRODUCTION

The human brain is constantly engaged in assessing information from various
modalities, which provide critical input allowing us to maintain homeostasis and navigate
an uncertain environment. The central nervous system has evolved an array of
neurotransmitters to relay this information and trigger action or further deliberation.
Dysfunction in neurotransmitter activity has been repeatedly linked with various
psychopathological conditions, with evidence coming from genetics, analysis of endogenous

pharmacological substrates and external pharmacological challenge.

This work focusses on the serotonin system, which has been linked to an array of
key functions including maintenance of homeostasis (Ray et al., 2011), emotion (Cools et al.,
2008; Catherine ]. Harmer, 2008), decision making and learning from reward and
punishment (Cools et al, 2011; Daw et al., 2002), and social cognition (Canli & Lesch, 2007;
Crockett & Fehr, 2014). While distinct, these functions show considerable overlap aside
from common neurochemistry, with somatic and affective influences in decision making
(Bechara & Damasio, 2005), common neural substrates of social and monetary reward
(Levy & Glimcher, 2012), and close links between emotions and basic physiological signals

(Craig, 2009; Seth, 2013).

Our aims in this research were to probe serotonergic roles in neural processes based
on internal, social and probabilistic information, while also drawing comparisons with
contributions of other monoamine systems. To do this, we conducted a series of double-
blind, placebo-controlled studies using two drugs - the selective serotonin reuptake
inhibitor (SSRI) citalopram and the selective noradrenaline reuptake inhibitor (SNRI)

atomoxetine. This approach allowed us to make direct causal inferences, and where both



drugs were used, gave the ability to examine the specificity of serotonergic effects by
contrasting with those of noradrenaline and prefrontal dopamine which are atomoxetine’s
main targets. Our studies were in healthy populations, but in using drugs with well-
researched clinical effects as well as types of task that have shown altered behaviour in
clinical samples, we hoped to gain insight into conditions associated with serotonergic

dysfunction.

1.2 OVERVIEW OF CENTRAL SEROTONIN SYSTEM

Figure 1: diagram of serotonergic system in the human brain (from Cools, Roberts, & Robbins,
2008). Abbreviations: CRN, caudal raphé nuclei; RRN, rostral raphé nuclei; C, cerebellum; Th,
thalamus; A, amygdala; TL, temporal lobe; ST, striatum; PFC, prefrontal cortex; OC, occipital
cortex

Serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter with a long

evolutionary history, and is present in nervous systems across the animal kingdom



(Turlejski, 1996). It is synthesised by the body from the amino acid tryptophan, both
centrally and peripherally, with the main source of serotonin release in the brain taking

place in the raphe nuclei (Kandel, 2013, p.1040).

In humans, serotonin receptors are situated in high densities across cortical,
subcortical and brainstem areas (Pazos et al.,, 1987a, 1987b). There are at least 17 distinct
types of serotonin receptor (Cools et al, 2008), with both inhibitory and excitatory
modulatory effects mediated by other neurotransmitters such as dopamine (Alex & Pehek,
2007; Di Matteo et al.,, 2008), glutamate and GABA (Ciranna, 2006). Figure 1 shows the
major serotonin pathways in the human brain. Serotonergic neurons in dorsal and median
raphe nuclei in the midbrain project to areas throughout the cortex and basal ganglia. High
receptor densities are found in areas related to emotion and valenced learning, including
the amygdala, nucleus accumbens and putamen. There are also descending pathways to
raphe nuclei from various cortical and subcortical regions (Peyron et al,, 1997) including
the medial prefrontal cortex (Celada et al., 2001) which exert both excitatory and inhibitory
control over the serotonergic system. This may indicate a connection between abnormal
prefrontal activity and serotonin dysregulation in depression (Celada et al., 2002): this link
has been causally tested with optogenetic activation in rat to induce depressive-like

behaviours (Warden et al., 2012).



1.3 REVIEW OF SEROTONERGIC ROLES IN COGNITION,

BEHAVIOUR AND EMOTION

1.3.1 Serotonin, emotion and mood disorders

Serotonin’s role in emotion and its dysfunction has been researched for over 50
years (Coppen, 1967). Key findings (reviewed in Owens & Nemeroff, 1994) of reduced
serotonin metabolites in depressed patients, and the widespread use of serotonin-
enhancing SSRIs as first-line treatments for depression and anxiety, formed the basis of the
serotonin hypothesis of depression. More evidence came from rapid relapse of remitted
depressives in response to acute tryptophan depletion (ATD; for further meta-analysis of
ATD in current and remitted depressives see Booij et al, 2002). ATD is a technique to
temporarily lower serotonin levels through depletion of the amino acid precursor
tryptophan (e.g. Young, Smith, Pihl, & Ervin, 1985) which lowers central serotonergic
activity (Crockett et al,, 2012). It has however been suggested that lowered tonic activity
may increase the dynamic range of phasic activity and give rise to more phasic effects (Cools

etal., 2008), with the two modes potentially signalling different valences (Daw et al., 2002).

In mood disorders, serotonergic modulation of patterns of activity across the human
brain have been shown. PET studies have shown reduced 5-HT1A receptor binding
compared with healthy controls in the raphe nuclei (Drevets et al, 1999) and insula of
depressives (Ling Wang et al,, 2016), and in raphe nuclei, insula, amygdala and anterior
cingulate cortex of social anxiety patients (Lanzenberger et al., 2007). Dutta et al. (2019)
showed alterations to resting-state network connectivity in major depressive disorder
(MDD) patients compared with controls, which were restored to patterns seen in controls
by a single dose of citalopram. Cheng et al. (2017) showed similar changes in MDD patients

following 4 weeks of citalopram treatment.



Genetic research on genes affecting serotonergic action, most notably the SERT
transporter gene SLC6A4, has provided insight into the link. The S-allele of the 5-HTTLPR
polymorphic region, associated with reduced expression of the transporter and lowered
serotonergic functioning (Reist et al, 2001; Williams et al.,, 2001), has been linked in
candidate gene studies to depressive symptoms in response to life stress (Caspi et al., 2003)
and trait anxiety (Lesch et al., 1996; though possibly only certain subtypes - meta-analysis
in Sen, Burmeister, & Ghosh, 2004). A caveat to this is the failure to replicate effects of 5-
HTTLPR genotype on depression in two large-scale studies (Border et al., 2019;
Culverhouse et al., 2018), indicating that the genetic link with SERT polymorphisms remains
controversial and potentially unreliable2. Zhang, Liu, Li, Song, & Liu (2015) showed that
compared with L-allele carriers, S-allele homozygote males (but not females) showed
weaker amygdala-insula resting-state functional connectivity, greater anxiety, and a
mediation of 5-HTTLPR effect on anxiety through amygdala-insula connectivity. Social
anxiety disorder patients carrying the S-allele showed less activity in amygdala and anterior
insula in response to seeing aversive images compared to those homozygous in L-allele, and
those with a greater insula response also showed greater intolerance of uncertainty. Recent
work in marmoset monkeys showed that individuals homozygous in the low expressing
AC/C/G haplotype of the SERT gene showed reduced 5-HT2A receptor binding and lower
associated RNA expression in right posterior insula, and higher anxious traits (Santangelo

etal.,, 2019).

While genetic studies and research on individuals with mood disorders offer
valuable insight into the importance of serotonergic processes, these should be understood

in the context of long-term alterations with concomitant changes in receptor and

2 These studies are in line with critiques of many candidate gene and candidate gene-environment
studies (i.e. studies looking at the effects of specific genetic variants rather than the genome as a whole)
as being underpowered and showing publication bias, thus having unfeasibly large effect sizes and
inflated false discovery rates (Border et al., 2019; Dick et al., 2015). While the replication failures
specifically apply to depression, caution should be taken in the interpretation of results from studies
using this approach, which includes all genetic research presented in this chapter.



transporter expression in both serotonin and other neurotransmitter systems, as well as
psychological changes induced by long-term changes in neurotransmitter activity. Other
evidence illustrates a complex relationship between serotonin, mood and mood disorders
that cannot be captured by a purely serotonergic account. Some widely used drugs in the
treatment of depression predominantly affect catecholamines with only weak or negligible
effects on serotonin, including bupropion and desipramine (Richelson, 1994). Additionally,
studies on acute serotonergic manipulation in healthy individuals show somewhat different
characteristic patterns to clinical populations3. Studies using ATD have shown varying
results: Young, Smith, Pihl, & Ervin (1985) showed a general lowering of mood in a male
sample, but Benkelfat, Ellenbogen, Dean, Palmour, & Young (1994) in a male sample showed
differential effects, with individuals with a multigenerational family history of mood
disorders experiencing a negative mood response but not those without. Ellenbogen, Young,
Dean, Palmour, & Benkelfat (1996) showed a negative mood effect on a female sample
without family history of mood disorder. A review (Van der Does, 2001) concluded that
while current and remitted depressives broadly show increase negative mood under ATD,
similar findings for healthy individuals with vulnerability were more robust than for those
without. In various single dose SSRI studies, no effect on mood was seen despite changes in
neural activity (Arce et al., 2008; Del-Ben et al., 2005; Matthews et al., 2010; S. E. Murphy,
Norbury, et al.,, 2009). However, acute studies have also shown various effects on cognition
and processing of stimuli, often with direct relevance to characteristic patterns seen in

mood disorders. These are reviewed in the following sections.
1.3.2 Serotonin, decision making and learning

With emotion an integral driver of decision making (Lerner et al, 2015), a clear

serotonergic link to decision making can be made. In probabilistic decision-making, Murphy

3 All human psychopharmacology studies reviewed in this chapter used randomized double-blind
placebo control (RDBPC) crossover designs with healthy participants of both genders, unless stated
otherwise in the text.



et al. (2009) showed that 14 days of tryptophan supplementation reduced loss aversion,
which they saw as in keeping with previous research showing serotonergic enhancement
reducing sensitivity to negatively-valenced information (Catherine ]J. Harmer et al., 2004; S.
E. Murphy et al,, 2006). Crockett, Clark, Smillie, & Robbins (2012) examined the effects of
ATD on decisions to sample information, finding that participants increased costly (but not
free) sampling as a result, which they posited was due to attenuation of serotonergic

avoidance of sampling costs.

The links between serotonin and probabilistic learning have been observed in
multiple studies. Chamberlain et al. (2006) and Skandali et al. (2018) showed probabilistic
reversal learning deficits with acute citalopram and escitalopram administration
respectively, in both cases with an increased tendency to respond to misleading feedback
by altering behaviour. Both papers suggest that transiently lowered serotonergic activity
may be responsible. Den Ouden et al. (2013) in a large-scale genetic study looking at
(amongst others) allelic variations of 5-HTTLPR on the SERT gene showed that individuals
homozygous in the L-allele displayed increased lose-shift behaviour in response to
punishment. They posited that their findings were compatible with a serotonergic role in
attenuating response to punishment, due to L-homozygotes showing increased SERT
binding (Willeit & Praschak-Rieder, 2010) and therefore potentially decreased extracellular
serotonin levels. This interpretation however conflicts with findings of higher CSF levels of
serotonin metabolites in L-carriers compared with S-homozygotes (Williams et al., 2001),
where serotonin metabolite levels provide an indirect measure of serotonin function. Evers
et al. (2005) showed that ATD was associated with significantly higher activation in
dorsomedial prefrontal cortex in male participants during reversal switch errors relative to

correct baseline responses.

Research showing low serotonergic activity in impulsivity disorders (reviewed in
Dalley & Roiser, 2012), linked with deficits in behavioural inhibition and aversive

processing, motivated theories of serotonergic contributions to both (Cools et al,, 2011;



Dayan & Huys, 2008). However, perhaps paradoxically, depression is linked to increased
aversive processing and reduced behavioural vigour. Dayan & Huys (2008) address this by
casting serotonergic action as a mechanism of arresting thoughts and actions that are
predicted to lead to aversive outcomes, and that the failure of this system leads to
unsignalled (and therefore unpredictable and uncontrollable) negative outcomes from poor
decisions leading to a learned helplessness state. Other authors have proposed an opponent
process between serotonin and dopamine, with tonic serotonin signalling long-run average
reward and phasic serotonin prediction error for future punishment (Daw et al, 2002;

Nakamura, 2013).

A complicating factor in understanding decision-making is the widely-shown biases
that individuals exhibit when faced with uncertain rewards or punishments. Instead of
maximising average reward, most people show a degree of risk aversion (Arrow, 1971;
Dohmen et al,, 2011; Holt & Laury, 2002) - a sure reward is valued more highly than a
probabilistic reward with equal expected value (so receiving a definite £1 will generally be
favoured over a 50% chance of £2 vs nothing). Much of the previous literature son
information sampling problems has not modelled this, either implicitly assuming risk
neutrality or observing probabilities of decisions without modelling the value of their
outcome. Importantly, assessing the effectiveness of a decision should be seen in the context
of the decider’s preferred outcome to gain a normative understanding of whether decision
making is impaired under pharmacological challenge - for example, the finding of Crockett
et al. (2012) that sampling is increased under ATD cannot alone determine whether this
increase would be better or worse for the decider. Increased sampling could be variously
consistent with an attenuated serotonergic drive to avoid the costs of sampling (as they
posit), or a greater drive for certainty due to either a fear of losing or a deficit in the decider’s
ability to accurately process the probabilistic information available to them. Disambiguating

these possible explanations would necessitate a further measure of the individual’s



preferred level of risk, and calculation of the consequent value of the outcomes they receive

on that basis.
1.3.3 Serotonin, social perception and social decision-making

Processing of social information is altered in major depression, with negative biases
in perception of others’ emotions (Bourke et al., 2010; Weightman et al., 2014) and deficits
in theory of mind (Weightman et al,, 2014), along with altered patterns of neural activity
(Cusi et al, 2012). Depression is also widely characterised by impairments in social
functioning (Hirschfeld et al., 2000) which may persist even after remission (Kennedy et al.,

2007).

Considerable research has looked at serotonergic contributions to social behaviour
(for review see Kiser, Steemers, Branchi, & Homberg, 2012). Several studies found
serotonergic effects on social cue processing. Lower serotonin levels induced by ATD in a
study was shown to reduce appraisals of both attractiveness of positively-valenced faces
and intensity of threatening faces compared with placebo (Beacher et al., 2011), suggesting
lower sensitivity to social cues, while ATD decreased fear recognition in female but not male
participants in a between-subjects study (Harmer, Rogers, Tunbridge, Cowen, & Goodwin,
2003). Acute administration of citalopram increased sensitivity and lowered response
latency to expressions of fear and happiness (Harmer, Bhagwagar, et al., 2003) and fear but
not happiness (M. Browning et al,, 2007) in two between-subjects studies. Simonsen et al.
(2014) found in females that acute citalopram made participants rate faces as less
trustworthy and adjust their ratings more to the negative judgements of others, suggesting

serotonergic effects on both social cues themselves and on conformity to others’ opinions.

Selvaraj et al. (2018) looked at the neural correlates of processing fearful
expressions under a single-blind acute citalopram challenge in males, using fMRI and PET.
They found increased bilateral amygdala activation in response to fearful vs neutral faces

under citalopram vs placebo, and a significant correlation between left amygdala BOLD
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response to both fearful and happy faces (vs neutral) and 5-HT1A receptor availability in
the dorsal raphe nucleus (DRN). They interpret the latter finding in the context of
presynaptic 5-HT1A autoreceptors in the DRN inhibiting 5-HT release and neural firing
(Barnes & Sharp, 1999; Bosker et al., 1996; Sprouse & Aghajanian, 1987). By contrast,
Murphy, Norbury, O’Sullivan, Cowen, & Harmer (2009) showed reduced right amygdala
activity to fearful faces in a between-groups study. Cools et al. (2005) showed a comparable
effect of fearful faces on bilateral amygdala activation during ATD on male participants as a
function of threat sensitivity as measured with the Behavioural Inhibition Scale, and Hariri
et al. (2002) showed that fearful faces generated higher right amygdala activity in 5-
HTTLPR S-carriers compared to L-homozygotes. Klumpp et al. (2014) found that social
anxiety disorder patients homozygous in 5-HTTLPR S-allele displayed greater insula

activation to fearful faces than those homozygous in the L-allele.

In social decision-making behaviour, increased punishment of social conspecifics in
response to unfair or provocative choice behaviour was shown from ATD in two studies (
Crockett, Clark, Tabibnia, Lieberman, & Robbins, 2008; Marsh, Dougherty, Moeller, Swann,
& Spiga, 2002), with the latter study also showing the opposite effect from acute tryptophan
augmentation. Two studies using tryptophan augmentation administered over 15 and 12
day periods showed decreased quarrelsome behaviour, the first in individuals selected for
high trait quarrelsomeness, although in the latter study only in participants administered
the placebo condition first (aan het Rot et al., 2006; Moskowitz et al., 2001). Citalopram was
seen to decrease the acceptability of hypothetical outcomes where the participant would
cause harm to others, as well as decreasing rejection of unfair offers in an ultimatum game
(UG) (Crockett, Clark, Hauser, & Robbins, 2010). The latter finding evidences an opposite
effect from Crockett et al’s earlier ATD study (Crockett et al, 2008), consistent with
serotonergic enhancement. Similarly, Tse & Bond (2002) showed increased cooperative
behaviour and communication following two weeks of citalopram administration. Wood,

Rilling, Sanfey, Bhagwagar, & Rogers (2006) showed that ATD reduced decisions to
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cooperate, although only for the treatment order where participants received ATD

treatment in the first session.

While offering useful insights, previous serotonergic work on social decision-
making largely used confederate designs with a set response pattern of the other party.
While this approach is widely used to avoid confounds of stimuli differing between
conditions, it has limited generalisability to most real social decision-making problems
where interaction is a dynamic process characterised by reciprocal effects of interactors on
one another’s behaviour. This is particularly pertinent due to specific psychosocial
dysfunction in depression that occurs independently of cognitive and mood effects (Knight

& Baune, 2019).

1.4 INTEROCEPTIVE PROCESSES AND POSSIBLE

SEROTONERGIC LINKS

1.4.1 Interoceptive processes, emotion and dysfunction

Interoception is the perception of internal bodily states. A large and growing body
of literature has assessed its importance in a variety of cognitive and affective processes,
and mapped out characteristic biases that are shown in psychopathology. Considerable
theoretical work has also been done to place a central role for interoception in affective

disorders.

Key drive states to maintain homeostasis, and therefore continued survival of the
organism, are conveyed by interoceptive information. The primary path of these signals is
through afferent cranial nerves, most notably the vagus nerve. These convey motivationally-
relevant information including hunger, thirst, temperature and dyspnoea (Burki & Lee,

2010; Critchley & Harrison, 2013; Székely, 2000; Zimmerman et al., 2019) from organs such
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as the heart and gastrointestinal tract to the brain, with outputs in the nucleus of the solitary
tract, parabrachial nucleus, periaqueductal gray matter and ventromedial posterior
thalamus. The latter region relays information to amygdala and insula, and viscerotopic
organisation of both thalamus and insula has been shown (Aleksandrov & Aleksandrova,
2015; Cechetto & Saper, 1987). Within the insula, primary interoceptive representations
are localised in posterior regions, and are then re-represented and integrated across
modalities in the anterior insula to give rise to subjective interoceptive sensations (Craig,

2009).

Converging evidence places interoceptive processes at the heart of emotion (Craig,
2009; Garfinkel & Critchley, 2013; Quadt et al, 2018; Seth, 2013). The theoretical
framework of predictive processing posits hierarchical organisation of cognitive functions
where the brain generates top-down inferential models (priors) of the causes of current
states which are then tested against sensory evidence, with their corresponding precisions
(inverse variance) determining how priors and evidence are weighted in the resulting
percept. Integrating interoception within this framework, some theories place interoceptive
inference as the basis of selfhood (Seth, 2013; Seth Anil K. & Friston Karl J.,, 2016) with

emotions as arising from predictive models of the causes of interoceptive signals.

In keeping with this link, disorders of emotion would be expected to show altered
interoception. This has been shown in a variety of mood disorders including depression
and anxiety (reviewed in Paulus & Stein, 2010), panic disorder (Ehlers, 1993) and eating
disorders (B. Herbert & Pollatos, 2019; Klabunde et al., 2013). Depressive symptoms have
been shown to blunten interoceptive sensitivity (Furman et al., 2013; Pollatos et al., 2009)
and anxiety symptoms to heighten it (Pollatos et al., 2009), with a possible interaction
(Dunn, Stefanovitch, et al, 2010). In panic disorder patients compared to controls,
pharmacological challenges including yohimbine (a2-adrenoreceptor antagonist; Gurguis,
Vitton, & Uhde, 1997), isoproterenol (3-adrenoreceptor agonist; Pohl et al., 1988), caffeine

(adenosine receptor antagonist; Charney, Heninger, & Jatlow, 1985), and carbon dioxide
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(Rassovsky & Kushner, 2003) have been shown to increase the intensity of interoceptive
sensations and cause panic responses. Drawing on this evidence, Paulus and colleagues
(Paulus et al., 2019; Paulus & Stein, 2010) cast disorders such as anxiety and depression as
a disorder of interoception. In this theory, anxiety is characterised by excessive weights
placed on interoceptive over exteroceptive signals (such as tachycardia in response to an
ambiguous stimulus). Coupled with hyper-precise priors excessively weighting a negative
model of the world (e.g. expecting a threat rather than an innocuous outcome) and context
rigidity which generalises negative models to new contexts, the result is exaggerated threat
responses in a variety of situations which do not adapt sufficiently when the ambiguity is
resolved in favour of an unthreatening outcome. With persistence of these states, learned
helplessness and depression result. Importantly, this framework distinguishes between the
effects of transient physiological states or changes in interoceptive processing, and long-
term effects, with the former leading to dysfunction only with repeated exposure or if biased

interpretation has been established through other means (e.g. genetic predisposition).

In the human brain, interoceptive processes have been closely linked to activation
in the insula. An fMRI meta-analysis by Schulz (2016) showed overall significance in
bilateral clusters in the insula for interoceptive focussed tasks, and 8 of the 9 component
studies also identified this area. The insula has also been implicated in affective states from
emotional stimuli (Phillips et al., 2003) and emotional recall (Phan et al., 2002; Reiman et
al., 1997), while depressed individuals show both altered insula activity (Drevets et al,,
1999; Hamilton et al, 2012) and decreased grey matter volume (H. Zhang et al,, 2016).
Interaction between interoceptive and emotional experience in the insula has been shown

(Terasawa, Shibata, et al., 2013; Terasawa et al., 2014).

Serotonin receptors are reduced in brain regions including the insula in depressives
(meta-analysis in Wang et al,, 2016) and social anxiety patients (Lanzenberger et al., 2007),
while individuals carrying genes associated with lower serotonergic function also show

weaker insula connectivity (L. Zhang et al., 2015). Moreover, previous research located
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specific effects of SSRI challenge on the insula during emotional processing related to the
self and others (Arce et al., 2008; Matthews et al., 2010). There are therefore good reasons
to suspect that interoceptive processes in the brain may be modulated by serotonergic
activity, though this has not yet been tested. With the links shown between emotional and
interoceptive processes, an understanding of serotonergic influence may help to develop a

fuller picture of how these are mediated by neural systems.
1.4.2 Interoceptive processes and probabilistic decisions

Research has linked interoceptive processes to the domain of risk-related (i.e.
probabilistic) decisions. Bechara & Damasio (2005) review evidence that decision making
is guided by ‘somatic markers’, or changes in bodily (somatic) states that are associated with
emotion. They posit a mechanism by which primary inducers (innate or learned stimuli with
valenced association) trigger somatic states via the amygdala, which cause signals in areas
such as insula that correspond to the subjective feeling of the state. Subsequently, secondary
inducers are formed from these feelings, which are memories or hypothetical mental
imagery that then may also trigger the corresponding somatic state when recalled or
imaged. Hence according to the theory, interoceptive processes that detect and utilise the
somatic markers are crucially involved in this appraisal process and in consequent decision

making.

In line with this, Werner, Jung, Duschek, & Schandry (2009) found that higher
interoceptive ability predicted better success in a gambling task. Dunn, Galton, et al. (2010)
found that interoceptive ability could be associated with positive or negative effects on
decision making depending on whether bodily responses were in line with better or worse
decisions, with the latter potentially varying as a function of pre-existing biases. Kandasamy
et al. (2016) found that for investment traders (whose occupations involved continual
probabilistic decision making, potentially allowing negation of unhelpful biases through

experience), interoceptive ability was positively related to profitability and career success.
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Clark, Studer, Bruss, Tranel, & Bechara (2014) found that damage to insula, an area with
strong links to interoception (Schulz, 2016), attenuated cognitive distortions in gambling
tasks showed by healthy controls. Thus some evidence, viewed through a scope of
interoception, suggests differential contributions of bodily signals based on existing biases.
The interoceptive reappraisal would then lend weight to (potentially unconscious) signals
predicting a valenced outcome, but the results of this process may be dependent on
established contingencies, accurate or otherwise. Hence, as with the Paulus et al. (2019)
theoretical framework discussed in the previous section, transient changes in interoceptive
processes may not manifest in changes to decision making. Any changes may instead be
contingent on a longer-term change in learned biases, potentially as a function of

experience.
1.4.3 Interoceptive processes and social cognition

Understanding others’ behaviours has been shown to have interoceptive correlates.
Direct links were shown between interoceptive sensitivity and recognition of emotion on
faces (Terasawa et al.,, 2014), and cognitive and affective empathy for the pain of others
(Grynberg & Pollatos, 2015). Shah, Catmur, & Bird (2017) found that cardiac interoceptive
ability was positively correlated with empathetic (but not cognitive) theory of mind, while
Bernhardt & Singer (2012) review evidence that these processes recruit a set of common

brain areas including anterior insula and dorsal anterior to mid-cingulate cortex.

In social decision-making, Piech et al. (2017) showed that higher interoceptive
sensitivity was associated with more altruistic behaviour, while Lenggenhager, Azevedo,
Mancini, & Aglioti (2013) showed that exposing participants to sounds from their own heart
(rather than from another’s heart or footsteps) biased offers in an Ultimatum Game towards

greater self-centredness.

Autistic spectrum individuals experience characteristic difficulties in social

cognition. Garfinkel et al. (2016) showed that individuals with high functioning Autistic
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Spectrum Disorder exhibited a dissociation between objective and subjective measures of
interoception, with poorer interoceptive accuracy but high subjective ratings of
interoceptive sensation, though later work implicated specific alexithymic traits rather than

the general autism construct (Mul et al., 2018; Shah et al., 2016).
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1.5 PHARMACOLOGICAL MANIPULATION OF

NEUROTRANSMITTER SYSTEMS

In this section, I outline the characteristics of the two psychoactive drugs used in
this research - citalopram and atomoxetine. Specific details of the studies conducted, the

hypotheses and rationale behind using each of these drugs are given in the next section.

1.5.1 Citalopram — selective serotonin reuptake inhibitor

1.5.1.1 Pharmacology and mechanism of action

Citalopram is the racemic mixture of 50% (R)-(-)-citalopram and 50% (S)-(+)-
citalopram. The S-enantiomer is considered to be the active component (Hyttel et al., 1992),
with the R-enantiomer inhibiting the S-enantiomer’s effect (Sdnchez et al,, 2004). It is a
highly selective serotonin reuptake inhibitor, which binds to the serotonin transporter
(SERT) with 3,870 times the affinity than to the norepinephrine transporter and 10,300
times the affinity than to the dopamine transporter (Michael ] Owens et al., 2001). It is used
clinically to treat a range of mood disorders including depression and anxiety (Kupfer et al.,

2012; Nutt, 2005).

Plasma serum concentrations of citalopram reach peak levels at between 2 and 4
hours after oral administration (Lundberg et al., 2007; Milne & Goa, 1991). Figure 2 shows
the hypothesised mechanism of action (Hjorth et al.,, 2000; Ohno, 2010). In summary, under
normal functioning, synaptic release of serotonin after presynaptic neuronal firing allows
serotonin to bind to postsynaptic receptors and trigger firing of the postsynaptic neuron,
but presynaptic transporters then remove (reuptake) the neurotransmitter to limit further
activity. When citalopram is introduced, it occupies SERT in the presynaptic neuron axon

terminals and reduces reuptake of 5-HT, leaving more in the synapse to continue activation
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of the postsynaptic neuron. In parallel, SERT occupancy in the somatic dendrites of the
presynaptic neuron allows more binding of 5-HT to 5-HT1A autoreceptors which inhibits
5-HT synaptic release, reducing the effect of the drug. In chronic administration,
autoreceptors desensitise, removing the inhibitory effect and leading to a net increase in

postsynaptic neural activation.

Figure 2: theoretical mechanism of action of citalopram (adapted from Ohno, 2010). Note that
relative levels of post-synaptic neuronal activation in the acute phase are debated, and that
desensitization of the 5-HT1A receptor can be caused by decreased 5-HT1A receptor density
(as shown) or by functional desensitization (reduced signal transduction, not shown).
Autoreceptors on the presynaptic axon may also play a more limited role (Hjorth et al., 2000)
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Using PET with the [11C]MADAM radioligand in males, acutely administered
citalopram has been shown to rapidly bind to the 5-HT transporter (Lundberg et al., 2007),
occupying 66-78% of sites after 6 hours depending on brain region, comparable with the
~80% after 4 weeks of administration (Meyer et al,, 2004). Nonetheless, as illustrated in
Figure 2, citalopram also acts on autoreceptors of the presynaptic neuron to inhibit further
serotonin release. Studies in rats showed decreased firing of serotonergic dorsal raphe
neurons after short-term administration (Chaput et al., 1986; El Mansari et al., 2005),
although in doses much higher than those clinically used in humans. There is evidence that
5-HT1A autoreceptor blockade through co-administration of SSRIs with 5-HT1A antagonist
UH-301 (Hjorth, 1993) and 5HT1A/S-adrenoreceptor antagonist pindolol (Romero et al,,
1996) increases extracellular 5-HT concentrations in rats, with pindolol also showing
acceleration of SSRI clinical effectiveness in humans (Ballesteros & Callado, 2004).
However, evidence for delayed clinical effectiveness of SSRIs alone is mixed, with large-
scale meta-analyses showing improvement after one week of sustained dosage (Taylor et
al.,, 2006), although less than at 6 weeks. The literature on single-dose administration also
shows evidence consistent with either reduced or increased serotonergic function (see

section 1.3).

1.5.1.2 Dosages and side effects

Citalopram in clinical treatment for depression is often started at a daily dose of 20-
40mg (Milne & Goa, 1991), though modern clinical guidelines recommend 20mg (NICE,
2019b). Research in healthy volunteers using orally-delivered acute citalopram has
frequently used 20mg (M. Browning et al.,, 2007; Grillon et al., 2007; S. E. Murphy, Norbury,
et al.,, 2009), although dosages of 30mg have also been used (Chamberlain et al., 2006;
Crockettetal.,2010; Nandam et al,, 2011). Due to a need to balance experimentally-relevant
effects with adverse side effects, as well as ethical requirements, we used 20mg for all

citalopram studies.
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Citalopram is generally considered to be well-tolerated, but with some common side
effects including nausea, headache and dizziness (Ekselius et al., 1997). The former is in

keeping with peripheral changes in serotonin activity (Anderson, 2004).
1.5.2 Atomoxetine — selective noradrenaline reuptake inhibitor

1.5.2.1 Pharmacology and mechanism of action

Atomoxetine is an SNRI. It binds to the norepinephrine transporter (NET) with 15.4
times greater affinity than the serotonin transporter and 290 times greater than the
dopamine transporter, and in rat models it did not show an effect on extracellular serotonin
levels (Bymaster et al,, 2002; Koda et al., 2010). It is used as a treatment for attention deficit

hyperactivity disorder (ADHD).

After oral administration, plasma levels of atomoxetine reach their peak in 1-2 hours
(Sauer et al., 2005). As a reuptake inhibitor, atomoxetine blocks NET to prevent its reuptake
action. However, unlike SERT, NET also transports dopamine (Horn, 1973; Raiteri et al,,
1977). NET shows high concentrations in the prefrontal cortex, and is the main mechanism
for dopamine clearance there (Moroén et al,, 2002). Atomoxetine has been shown to raise
prefrontal dopamine as well as noradrenaline levels in mouse (Bymaster et al., 2002) and
rat (Koda et al.,, 2010; Swanson et al.,, 2006), and greater dopamine and noradrenaline-
related neural firing in the region in an inverted U-shape dose-response curve in monkey
(Gamo etal., 2010). As with citalopram, autoreceptor effects attenuate the effect of the drug,
but the net change in neurotransmitter levels of prefrontal regions remains positive
(Swanson et al,, 2006). Unlike dopaminergic agents however, it does not increase dopamine
levels in limbic areas such as striatum and nucleus accumbens (Bymaster et al.,, 2002) due
to sparse NET in those regions. The prefrontal effects of atomoxetine are thought to be
behind its clinical mechanism, redressing characteristic deficits in behavioural inhibition

and attentional regulation that are present in ADHD (Arnsten, 2009).
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1.5.2.2 Dosages and side effects

For the treatment of ADHD, current guidelines for dosage of atomoxetine is 40mg
daily (NICE, 2019a). Single-dose research on healthy volunteers has frequently used either
40mg (Chamberlain et al., 2009; Warren et al,, 2017) or 60mg (Chamberlain et al., 2006;
Marquand et al.,, 2011; Nandam et al., 2011). Similarly to citalopram, the side effect profile
of atomoxetine includes nausea and dizziness (Caballero & Nahata, 2003; Michelson et al.,
2003). There is evidence associating atomoxetine with increases in heart rate and blood
pressure (Wernicke et al., 2003). Due to a need to balance associated risks, we used 40mg

in studies involving this drug.

1.5.2.3 Utility as a high-level control

As another monoaminergic reuptake inhibitor, atomoxetine has useful properties to
facilitate comparisons with citalopram for specific serotonergic effects against
catecholaminergic effects and non-specific drug effects. The citalopram-atomoxetine
comparison has been used to infer differential effects in several previous studies

(Chamberlain et al.,, 2006; Nandam et al., 2011, 2014; Ye et al., 2016).
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1.6 OVERVIEW OF THIS RESEARCH

1.6.1 Aims of this research

Figure 3: overview of the research themes
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inferential processes, we identified several areas in which important gaps remain in
understanding the underlying neurocognitive mechanisms that elicit these effects, which if
bridged may offer greater insight into the roles of serotonin in both the healthy human brain

and in its dysfunction. Specifically, we found that:

1. Previous research into decisions to sample probabilistic information under
serotonergic challenge had not been able to quantify normative effects through
modelling characteristic decision patterns under risk. This gave limited explanatory
power to understand whether alterations in patterns of information sampling could

also change the effectiveness of decisions in terms of value to the decision maker.

2. Despite indications of important links between serotonergic systems and social
decision-making, prior research did not incorporate dynamic modelling of

interaction — where interacting individuals’ choices affect one another’s behaviour,
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and thus repeated interaction leads to changes in incentives to cooperate and
compete. This gave them limited generalisability to actual decisions in a social

environment.

3. The neurochemical mechanisms behind interoception had not been identified
despite its pivotal importance to affective processes and clinical disorders. There
are strong reasons to suspect serotonergic involvement, but to date no studies have
tested this hypothesis. Additionally, while research showed that interoceptive
decisions (like decisions in other perceptual modalities) demonstrate dissociations
between first-order and metacognitive levels, neurotransmitter contributions at
different levels had not been examined, nor had their interactions with

metacognitive processes in other domains.

4. Despite the relevance of self- and other-related affective processing to mood
disorders that present serotonergic dysfunction and are linked to interoceptive
processes, their neural correlates and overlap with interoceptive processes in the

brain had not been mapped out under serotonergic challenge.

This body of work aimed to address each of these points with a series of experiments
using psychopharmacological challenge in healthy volunteers. The central aim was to
examine the effect of serotonergic manipulation with citalopram on these processes, but
research using atomoxetine is also presented here. It was used with the same experimental
tasks as citalopram, as a high-level control or to provide a contrast between serotonergic
action and that of other monoamines. Where this was drug was used (in chapters 2 and 3),

the individual chapters give details of its hypothesised effects in each context.
1.6.2 Overview of empirical work

Testing of participants was conducted in three periods. The first was a behavioural

study using citalopram, tested in the period February and March 2017. The second, a
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behavioural study using atomoxetine with an identical set of tasks to the first study, was
tested in September 2017. The third consisted of behavioural and neuroimaging
components, and was tested in the period June to November 2018. Chapters 2 and 3 are
based on data from the first two testing periods. Chapter 4 is based from data from the
second and third testing periods. Chapters 5 and 6 are based on data from the third testing

period.

This thesis has five experimental chapters. Throughout, we used a double-blind
placebo crossover design, where participants were tested in two sessions. Assignment to
treatment order was randomised and counterbalanced for gender by a researcher with no
contact with the participants, while all researchers, medical personnel and participants
involved in testing had no knowledge of treatment order. However, participants were aware

of which drug was being tested during that testing period.

1.6.3 Overview of studies

This section provides an overview of the experimental chapters and their main
findings. For further discussion see the individual chapters and the general discussion in

chapter 7.

Chapter 2 is titled ‘Acute citalopram administration results in impaired
information sampling’. It focusses on the links between serotonergic activity and
decisions to sample information, contrasting the citalopram manipulation with
atomoxetine. We adapted an existing task, the Information Sampling Task (Clark, Robbins,
Ersche, & Sahakian, 2006), with a new analysis which furthered Bayesian approaches by
taking account of their prior updating as the task progressed. We also tested participants
on a separate task to measure risk preferences, using the results of this to parameterise
individual utility functions. We modelled changes in their behaviour as assessed by both an
existing measure - their probability of giving the correct response given the information

available - and the computed utility of their decisions. We found that citalopram reduced
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both the utility of choices and the probability of being correct, indicating a failure to reduce
or increase information seeking in response to collected evidence. It did not change the

overall information gathered. Atomoxetine did not influence any IST measure.

Chapter 3 is ‘Monoaminergic challenge in strategic decision making’. This
chapter looks at the effects of citalopram and atomoxetine in a strategic decision-making
task. Participants were tested in pairs in an actual repeated interaction (without
confederate or pre-determined responses) through a task in which their rewards depended
on both of their actions. The task was designed to have conflicting incentives to compete
and cooperate, with a bonus trial structure to manipulate the relative levels of these
incentives. We found that neither drug significantly affected behaviour when examined on
an individual basis, but a post-hoc analysis based on whether the pair members were in the
same drug condition or not (i.e. the drug of the testing period, or placebo) found that scores
were higher (indicative of more cooperative outcomes) when they were in the same than
different conditions. This was the case for both drugs, and was a better predictor of scores
than individual drug condition or whether the participants were of the same gender (tested
to eliminate possibilities of same vs different gender changing levels of cooperation).
Additionally, we developed a learning model that generalised reinforcement learning to also
reinforce the other pair member’s reward. We found that this model fit better than either
basic reinforcement learning, the Experience-Weighted Attraction model from previous
game theory literature, or anull model based on static probabilities. Analysis on parameters
of this model showed specific effects on the weighting of the other’s reward, which was
more positive when pairs were in the same condition, while other parameters did not

significantly differ.

Chapter 4, ‘Serotonergic effects on interoception and interoceptive
metacognition’, tests a serotonergic theory of interoception. Testing participants on two
widely-validated interoception tasks, the heartbeat discrimination and tracking tasks, we

looked at effects of citalopram on measures of three levels of interoception - accuracy,
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sensibility (mean confidence) and awareness (trial-by-trial correspondence of the two). We
found that citalopram enhanced interoceptive awareness as measured by the
discrimination task, and interoceptive accuracy measured by the tracking task. We thus

found evidence for selective serotonergic effects on interoception.

Chapter 5 is titled ‘Neural correlates of serotonergic effects on interoception’.
In this study, we carried out functional neuroimaging with a citalopram challenge, using a
task that contrasted interoceptive focus in two modalities (heart- and stomach-focus) with
exteroceptive visual focus on a target. We replicated findings from the literature during
interoceptive focus in several brain regions: precentral, postcentral, superior temporal,
middle temporal and lingual gyri, precuneus and cuneus. We also found an effect of
citalopram increasing activity during heart and stomach focus in lateral orbitofrontal
cortex, and during stomach focus alone in superior frontal gyrus, inferior parietal lobule and
posterior cingulate. These findings partially overlapped with the default mode network
(DMN), which has a variety of self-related processing roles, and showed a parallel with
previous research showing hypoactivation of lateral orbitofrontal cortex during

interoception in depressives.

Chapter 6, ‘Emotional self- and other-directed appraisal: neural substrates and
effects of citalopram challenge’, is based on a second neuroimaging task. Participants
were displayed pictures of neutral and fearful faces, and directed to focus on either their
own feelings or on the feelings of the person displayed in the picture. We found recruitment
of several areas differentially increased during self- compared to other-focus, including
DMN structures in anterior cingulate/medial prefrontal cortex and temporoparietal
junction, and the insula. Connectivity analysis revealed citalopram effects on connectivity
between superior frontal gyrus and parahippocampal gyrus that were higher in other- than
self-focus. We also identified several clusters in the conjunction between activations in self-

focus and interoceptive-focus data from the previous chapter, again mostly in DMN areas,
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that provided further evidence for common substrates of emotional appraisal and

interoceptive focus.
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2 ACUTE CITALOPRAM ADMINISTRATION
RESULTS IN IMPAIRED INFORMATION
SAMPLING

2.1 ABSTRACT

Background

Gathering and evaluating information leads to better decisions, but often at cost. The
balance between information seeking and exploitation (i.e. making a choice) features in in
neurodevelopmental, mood, psychotic and substance-related disorders. Serotonin’s role
has been shown through experimental reduction of its precursor, tryptophan. We tested
the boundaries and applicability of these effects by asking whether they would be observed
with modern analysis, after controlling for specific decision factors, and with clinically-

relevant serotonergic and catecholaminergic treatments.
Methods

Behaviour on an established Information Sampling Task (IST) showed that that normal
sampling was consistent with a degree of risk aversion, suggesting that risk preferences
should be incorporated into IST analysis. Next, we tested two groups of healthy volunteers
on the IST using a modified task and a within-subject, double-blind, placebo-controlled
design. One group was tested on/off 20mg of citalopram and the other on/off 40mg of
atomoxetine, both orally administered. They were also tested for risk preference in a
separate task. We introduce a new analysis method that also incorporates possible learning
of likely states of sampling spaces across trials on the IST, and modelled their responses
both with an existing measure of probability of correctness and with a expected utility
approach to look at the normative effectiveness of information gathering choices accounting

for their risk preferences.



29

Results

Citalopram reduced the utility of choices and the probability of being correct, indicating a
failure to reduce or increase information seeking in response to collected evidence. It did
not change the overall information gathered. Atomoxetine did not influence any IST

measure.

Conclusions

Clinically-relevant shifts of serotonin impair the use of acquired information for choices to

sample again.

2.2 INTRODUCTION

How does one decide they have enough information to form a belief and make a
choice? Efficient sampling and evaluation of environments will enhance the accuracy,
efficiency and net benefit of choices, though this can come at the cost of energy, forgone

opportunity and, though more apparent in other species, exposure to harm and predation.

Problems from sampling too little or too much information occur in a variety of
psychopathologies. Examples include jumping to conclusions’ with insufficient information
in psychosis (Dudley et al,, 2016), and sampling less information in depression (Tavares et
al.,, 2007), Parkinson’s patients (Djamshidian et al.,, 2013), substance use disorders (Clark et
al., 2006) and binge drinking (Banca et al, 2016). Increased information gathering is
observed in patients with obsessive-compulsive disorder and people high on the
compulsivity spectrum (Hauser, Moutoussis, Dayan, et al., 2017; Hauser, Moutoussis,
Iannaccone, et al,, 2017). Formal experimental models of such biases provide specific
insight into decision processes associated with these disorders and new targets for their

treatment.

Information sampling relates to the psychological construct of ‘reflection

impulsivity’, the tendency to make decisions without gathering and effectively evaluating
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information. Reflection impulsivity is dissociable from motor and temporal impulsivity
forms (Caswell et al., 2015). In recent decades it has been studied with the Information
Sampling Task (IST; Clark et al, 2006) and urn tasks (FitzGerald et al., 2015). In each,
participants choose a quantity of information to sample, at a defined cost, before making a
decision that will lead to a reward or penalty. These relate to the explore-exploit learning
theory framework, as an individual explores the information available, before committing
to a choice by exploiting this information (Averbeck, 2015). More samples detract from the
potential reward (in the ‘Decreasing Win’ condition of the IST), but increase the likelihood

of a correct decision. The two competing accounts must strike an optimal balance.

Serotonin has received attention for its links to various closely related concepts:
impulsivity in general (Dalley & Roiser, 2012), avoidance of aversive outcomes (Cools et al.,
2011), and risk preferences (S. E. Murphy, Longhitano, et al., 2009). Murphy et al. showed
tryptophan supplementation reduced loss aversion in probabilistic decision making, while
acute tryptophan depletion (ATD) manipulations have been shown to have effects on risk
preferences in rats (Koot et al, 2012) and macaques (Long et al, 2009). Crockett, Clark,
Smillie, et al. (2012) examined the effects of ATD on IST behaviour. Participants increased
costly sampling when tryptophan (serotonin’s precursor) was depleted, while sampling
without cost was unaffected. It was posited that serotonin may reduce avoidance of local
costs, relative to the prospect of a future global loss. Similarly, in other contexts, ATD has
been shown to increase the deferral of complex decisions to make purchases (Lichters et al.,

2016).

Comparable studies using clinical doses of serotonergic medication have not yet
been reported. Citalopram is a highly selective SSRI (Michael ] Owens et al,, 2001) widely
used in the treatment of depression and various anxiety disorders. Chamberlain et al.
(2006) explored the effects of acute citalopram, a commonly prescribed selective serotonin
reuptake inhibitor, on probabilistic reversal learning. The research showed that a single

30mg dose of citalopram could impair learning about a changing reward environment. This
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led to our hypothesis that serotonin, by way of a clinical dose of citalopram, may also change
learning in information sampling contexts. To contrast serotonergic effects with those of
other monoamines and to employ an active control with similar side effect profile, we also
tested a group with atomoxetine. Atomoxetine is a specific noradrenaline reuptake inhibitor
that increases prefrontal noradrenaline and dopamine levels (Bymaster et al., 2002; Koda
et al, 2010; Swanson et al,, 2006) and is associated with improved inhibitory control
(Chamberlain et al., 2009; Rae et al., 2016). It has been linked to lowered impulsivity, but
crucially in other subtypes of motor and temporal impulsivity (Bizot et al, 2011;
Chamberlain et al., 2006) rather than the reflection sub-type. The Chamberlain et al. study
that showed the effect of citalopram on reversal learning also showed no effect of
atomoxetine. Furthermore, tests of acute atomoxetine (40mg oral dose) on a task that
modelled both random and directed exploration showed effects on random but not directed
exploration (Warren et al., 2017). As sampling is a directed strategy, i.e. a strategy seeking
information that can be used to obtain future reward (Wilson et al., 2014), we predicted a

null effect on this task.

Recent advances in the field have reformulated behavioural models of information
sampling and resulting decisions. From the point of view of the decider, the probability of a
decision being correct on the IST, based on information available, can be formalised as a
Bayesian inference problem (Bennett et al., 2016; FitzGerald et al,, 2015). Through this, a
normative set of choices (an ‘ideal observer’) can be formulated as an upper bound on
individuals’ ability to effectively predict outcomes from gathered information. As real-life
decision making is often suboptimal, this allows quantification of how an individual or
group may differ from the ideal - a measurement of how effectively they can use
information. While Bayesian approaches have been used to analyse decisions on this task
(Axelsen et al., 2018; Bennett et al., 2016), existing models have not incorporated updating

of the prior with repeated trials.
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We developed a variant of the IST designed to assess the effects of pharmacological
challenge on information sampling decision. Our approach sought to disentangle possible
confounds that we identified in earlier work. The first of these lies in individual risk
preferences. A simple approach could assume that decision makers should seek to maximise
the average likely reward (expected value), accounting for the costs of sampling, in their
choice to sample information. However, considerable evidence shows that most decision
makers exhibit a degree of risk aversion (Arrow, 1971; Dohmen et al., 2011; Holt & Laury,
2002) - we tend to prefer a higher degree of certainty even if that reduces our average
payoff. Expected utility, unlike expected value, incorporates this (Von Neumann &
Morgenstern, 1944). Thus to model biases in models of reflection impulsivity, a normative
conceptual framework should target expected utilities of rewards rather than expected
value (absolute payoffs), to distinguish between manipulations that affect ability to
effectively use available information (i.e. departures from the ideal observer due to effects
on the ability to quickly learn from the information set) from those that may affect risk or

loss aversion.

On the IST, risk aversion would lead to more samples than needed to maximise
expected value. To determine whether this is shown in previous research, we performed
Monte Carlo simulations determining the optimal numbers of samples for different risk
preferences, to compare these with actual choices. For this study, we separately tested
participants on their risk preference in a different decision task, and then our variant of the
IST. In the analysis we used their elicited risk preference to parameterise individual utility
functions, and determine whether their decisions would differ in utility under the two
pharmacological challenges compared with placebo. Our version of the IST used purely
positive or zero payoffs to remove the possible confound of loss aversion, taking the trial as
a whole as opposed to the cost of each sample as the unit of analysis (a reasonable approach
considering the short duration of the trial and the fact that sampling is integral to an

informed decision). We also employed a fixed interval between the sampling and decision
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periods to negate temporal discounting effects (i.e. the tendency to sample less through

impatience for receiving reward).

We hypothesised our simulation would show that sampling behaviour in previous
studies would evidence risk aversion. Acute citalopram was predicted to reduce the efficacy
of using the information presented, as in the Chamberlain et al. (2006) finding. We predicted
that atomoxetine would not affect outcome measures, in line with its lack of effect on

directed exploration (Warren et al,, 2017).

2.3 METHODS AND MATERIALS

The IST is designed to provide an index of information sampling with negligible
demands on visual processing and working memory and an intuitive interface (Clark et al,
2006). Subjects are presented with a grid of 25 grey boxes, which conceal underlying
squares in one of two colours, and told to open as many as they wish before deciding which
of the two was in the majority. In the Decreasing Win condition which is in the scope of this
chapter, each sample taken has a fixed cost, with a positive payoff for a correct decision and
no payoff for an incorrect one. Ten trials are presented, with no instruction to the subject as

to the underlying distribution of the numbers or locations of squares.
2.3.1 Simulation of original IST

We first generated a Monte Carlo simulation of the number of points that
participants would be expected to receive if they chose a given number of samples on
average on this task, using a simple choice algorithm. This was used to compare with
previous research and understand whether participants showed behaviour consistent with
maximising total points received or a degree of risk aversion. Payoffs in points were then
mapped to utilities using a utility function parameterised with r determining the curvature
of the function, as shown in Figure 4. r is a risk aversion parameter, with positive values

implying risk aversion (higher being more risk averse), zero implying risk neutrality, and
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negative values implying risk seeking. Outcomes were transformed with the addition of a
constant to make them strictly positive, then scaled from zero to one such that a wrong
decision had utility of zero and the highest possible value had utility of one.

(outcome + ¢)1™"

U' = 1—7
log(outcome + ¢)ifr =1

ifr+1

E(U’) = p(correct) x U'(outcome)

Full details are shown in Supplemental Methods.

Figure 4. example utility functions at r=-1, 0 and 1, mapping points scored in each trial to utility
experienced by the participant
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For the simulation, we assumed that losses are treated equivalently to gains. While
theories such as Prospect Theory (Kahneman & Tversky, 1979) incorporating loss aversion

suggest that the two are treated differently, there is evidence that loss aversion is absent or



35

reversed in experiments with small absolute outcomes (Harinck et al., 2007; Mukherjee et

al,, 2017). Additionally, this approach has the advantage of a single free parameter, r.
2.3.2 Behavioural study

2.3.2.1 Participants

Ethical permission was granted by University of Sussex Sciences & Technology C-
REC (ER/JL332/6, ER/JL332/7). Potential subjects were screened with a health
questionnaire (see Supplemental) and the Mini-International Neuropsychiatric Interview
(Sheehan et al., 1998). Exclusion criteria included: age under 18 or over 35 years; history of
psychiatric disorder (including anxiety disorder, depression, eating disorder, psychosis and
substance abuse disorder); presence of significant ongoing medical condition (including
migraine, diabetes, epilepsy, glaucoma and hypertension); pregnancy or breastfeeding;
currently taking any medication (excluding contraceptive pill); first-degree family history
of bipolar disorder; Mini International Neuropsychiatric Interview (MINI) indication of:
major depressive episode, manic episode, panic disorder, social phobia, OCD, PTSD, alcohol
dependence, substance dependence, mood disorder with psychotic features, psychotic
disorder, anorexia nervosa, bulimia nervosa, generalised anxiety disorder, or antisocial
personality disorder. They were also instructed to abstain from alcohol or caffeine in the

preceding 12 hours before the start of test sessions.

53 healthy subjects aged 18-35 were recruited for this study, 28 for the citalopram
group and 25 for the atomoxetine group. Of those, 1 from the citalopram and 2 from the
atomoxetine group did not complete the study due to adverse side effects, and the data of 1
participant from the atomoxetine group were excluded as they took no samples in all but
one of the trials. This left 49, 27 for the citalopram group (11 males, age M=23.4 SD=4.70)
and 22 for the atomoxetine group (10 males, age M=23.1 SD=2.93). The groups (citalopram
and atomoxetine) were tested consecutively, and participants were aware in advance which

group they were being recruited into. The groups were matched for age and gender.
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Subjects were tested on two sessions at least 7 days apart (days between sessions M=9.60,
S$SD=4.26). Assignment to treatment order was double-blind and counterbalanced, with the

drug treatment administered in one session and the placebo in another.

2.3.2.2 Procedure

Doses in the drug treatment conditions consisted of 20mg citalopram and 40mg
atomoxetine. These doses have been shown to elicit cognitive changes in previous studies
(M. Browning et al., 2007; Chamberlain et al., 2009; Grillon et al., 2007; Warren et al.,, 2017),

and were chosen to balance active drug effects of interest against unwanted side effects.

Drug and placebo doses were delivered in gelatine capsules, indistinguishable from
one another, with the capsule filled with microcrystalline cellulose (in addition to the active
drug in the drug conditions). Drug and placebo doses were all manufactured according to

good manufacturing practice (GMP) guidelines.

During the first session, following drug administration they were given the risk
preference elicitation task immediately after the first dose, but before the treatment was
absorbed. They were also given visual analogue scales at three timepoints - immediately
following the dose, preceding the start of tasks, and following the end of tasks. Scales (from
0-100) were given to assess three somatic effects (nausea, headache and dizziness) and five
emotion/arousal related effects (pairs of antonyms: alert-drowsy, stimulated-sedated,
restless—peaceful, irritable-good-humoured, anxious-calm) to measure whether the drug
was affecting these measures. To allow for drug levels to reach peak absorption (Milne &
Goa, 1991; Sauer et al,, 2005), the citalopram group commenced behavioural testing after 3
hours from the drug/placebo dose, and the atomoxetine group after 1.5 hours. They then
carried out a set of tasks including the Modified Information Sampling Task. Following the
end of behavioural testing and the final scales, participants in the atomoxetine group were

monitored for a further 1.5 hours, resulting in the same length of testing session for each

group.
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Risk preference elicitation (RPE) task

This task was used to elicit the risk preferences of participants and calculate values
of r (degree of risk aversion) for each participant according to Equation 2, which were then
used in the computation of decision utility for each participant during IST performance. The
task was adapted from Eckel & Grossman (2002, 2008), using a simple choice of gambles.
Participants were told to select their preferred gamble and informed that at the end of the
session, a fair coin would be flipped to determine whether they received the low or high
payoff. The amount won was added to their participation fee. The gambles are shown in
Table 1, and were structured to put bounds on a range of parameter r for the utility
functions of each participant. Further details of these calculations are in Supplemental

Methods.

Table 1. gamble choices in Risk Preference Elicitation task

high r value
gamble low payoff  payoff rrange interpolated/extrapolated
1 £1.15 £1.15 r>4.28 5.78
2 £1.00 £1.50 2<r<4.28 2.97
3 £0.90 £1.80 .861<r<2 1.32
4 £0.80 £2.00 .382<r<.861 0.61
5 £0.30 £2.90 -317<r<.382 0.06
6 £0.05 £3.00 r<-317 -0.74
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Modified Information Sampling Task

Figure 5: time course of task

SAMPLING DECISION FEEDBACK
15s 5s 7s

Win: £2.00 Choose:

We designed a modified version of the Information Sampling Task (Clark et al.,
2006). To make the decision dependent nature of task winnings more salient, potential
winnings in monetary form (starting from £3.00 and decrementing by £0.10 for each sample
taken) were displayed to subjects during their sampling decisions. These operated solely in
the gain domain (i.e. an incorrect decision resulted in no change, and a correct decision
resulted in a positive payoff) to understand whether serotonergic effects were present
where loss aversion was not a factor. The sampling time was also fixed at 15 seconds with

a decision required at that time regardless of how many samples were taken, to minimise
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possible temporal discounting for reward delay. The true generative probability was a
discrete uniform distribution of the majority colour occupying between 13 and 16 squares.
Participants were informed in advance that the winnings from one of the trials selected at

random would be paid to them at the end of the study.

2.3.3 Measures

We computed a set of measures to index behaviour in the task, based on and
extending Bayesian models of the probability of making a correct choice based on
information available — a measure termed p(correct) in the literature. Previous models for
behaviour on the IST were formulated by Axelsen, Jepsen, & Bak (2018) and Bennett et al.
(2016). As there were relatively few trials and a distribution was not specified to subjects
in advance, there is little experience to build up an accurate prior, and the discrete structure
has few possible outcomes, so it is feasible for participants to keep approximate track of the
outcomes whether deliberately or otherwise. We sought a principled approach that did not
require a complex inference and made minimal assumptions. This was the categorical
distribution, where observed frequencies of outcomes added to the probability mass for the
prior of the next decision. To avoid the problem of the unknown personal prior (i.e. the
participant’s personal a priori interpretation of the probability structure of the task) for the
first trial in which no experience had been gained of the board, data from the first trial were
excluded from analysis, so no information or distributional assumptions beyond the
feedback presented and the current trial’s information set was required. This is referred to
as the learned prior model. Full details of the three models are given in supplemental

methods.

The expected values of decisions were calculated by multiplying probabilities from
each model with the potential winnings available after the cost of the samples taken had

been subtracted. Next, expected utilities were calculated with Equation 2. We tested both
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fixed utility functions across the entire dataset, and individual utility functions computed

from the results of the RE task.

To test whether somatic effects of the drugs were potentially a source of changing
performance, we compared the visual analogue scale measures. Details of this comparison

are given in the Supplemental section.

2.4 RESULTS

2.4.1 Simulation of original IST

Figure 6: utilities on simulated data from the original IST at two values of r. If participants were
risk neutral on average, utilities would be maximised by taking a mean of 4 samples. Using the
actual mean of 8.8 samples, the risk aversion parameter that maximises utilities is 0.57.
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Table 2: results of previous studies using the original IST task

Reference Group size Sample number mean (SD)
(Clark et al., 2006) 26 7.5(2.8)
(Tavares et al., 2007) 25 9.5(3.7)
(Chamberlain et al., 2007) 20 7.5(3.0)
(Clark, Roiser, Robbins, & Sahakian, 2009) 19 8.9 (2.5)
(Delazer et al., 2011) 58 9.6 (4.3)

Monte Carlo simulations of the expected value of decisions made by binomial choice
algorithms showed a maximum expected value with a parameter P=0.16, corresponding to

a mean of 4 samples taken.

We searched the literature for data using the IST on healthy participants, excluding
those using either an adolescent or older-aged subject population, or where the standard
deviation of sampling decisions was unavailable. Five studies were located including the
original paper that introduced the task, which are shown in Table 2. The weighted mean
sample number was 8.84. Solving the inverse problem of what utility function would be
required on average for this number to maximise expected utility using Equation 2, we
found that expected utility was maximised with r=0.57. Figure 7 shows utilities of decisions
with r=0.57 against expected values (no risk aversion), demonstrating the degree of risk

aversion that is shown by prior participants performing the original IST.
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Figure 7: utilities from possible payoffs from the modelled utility function r=0.57 indicate a degree
of risk aversion compared to risk-neutral utility
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2.4.2 Experimental results

Risk preference elicitation task

Table 3: numbers of participants choosing each gamble in the RPE

gamble number of choices

1 5
2 15
3 5
4 9
5 5
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The results of the RPE show that 34 of 48 participants show a degree of risk aversion
(choosing gambles 1-4), while 5 are approximately risk neutral (gamble 5) and 9 are risk

seeking (gamble 6).

Information Sampling task

The mean baseline (placebo) sample number across the dataset was 8.37 (3.89).
Testing against the mean behaviour of the previous literature, there was no significant
difference between the two (¢(48)= 0.837, p=.40) - behaviour on our task variant was not

significantly different from the original.

We transformed each participant’s decision utilities using Equation 2, with the
individual implied utility function parameters computed from the RPE task used as the
participant’s r parameter. These were computed separately using the three probability
models: binomial prior, flat prior, and learned prior. Neither treatment order nor gender

showed significance when tested as a between-subjects factor for any group comparisons.



Table 4: results of within-subject comparisons of drug and placebo conditions for each drug
group, and between-subject comparisons of drug-placebo differences (where negative numbers
indicate atomoxetine has higher values). P < .05 bold, p < .1 italic.

CITALOPRAM GROUP (n=27)

model EU(o) individual r EU(o) group r p(correct)
Placebo Drug Placebo Drug Placebo Drug
mean (SD) 0.672 0.633 0.639 0.608 0.758 0.723
(0.133) (0.149) (0.047) (0.043) (0.069) (0.074)
learned t-stat 2.88 271 2.37
prior
p .008 .012 .025
Cohen’s d 0.55 0.52 0.46
mean (SD) 0.737 0.701 0.702 0.675 0.829 0.8
(0.142) (0.157) (0.068) (0.061) (0.052) (0.067)
flat prior t-stat 2.49 1.96 2.33
p .019 .061 .028
Cohen’s d 0.48 0.38 0.45
mean (SD) 0.648 0.619 0.615 0.595 0.731 0.709
) ) (0.13) (0.14) (0.038) (0.032) (0.061) (0.074)
binomial ot 2.59 234 1.87
prior
p .015 .027 .073
Cohen’s d 0.50 0.45 0.36
ATOMOXETINE GROUP (n=21)
EU(o) individual r EU(o) group r p(correct)
Placebo Drug Placebo Drug Placebo Drug
mean (SD) 0.606 0.614 0.615 0.617 0.718 0.735
(0.118) (0.166) (0.032) (0.053) (0.051) (0.076)
learned t-stat -0.23 -0.04 -1.07
prior
p 0.82 0.97 0.3
Cohen’s d -0.05 -0.01 -0.23
mean (SD) 0.69 0.683 0.702 0.69 0.815 0.817
(0.127) (0.167) (0.057) (0.065) (0.035) (0.063)
flat prior t-stat 0.4 0.91 -0.28
p .70 37 78
Cohen’s d 0.09 0.20 -0.06
mean (SD) 0.597 0.6 0.607 0.605 0.708 0.721
o (0.112) (0.149) (0.03) (0.042) (0.041) (0.072)
binomial t-stat -0.26 0.04 1.2
prior
p .80 .97 .25
Cohen’s d -0.06 0.01 -0.26
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Figure 8: expected utilities under each probability model
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The three expected utility derivations were highly correlated
(corr(EUearnea, EUpiar) = 0.950, corr (EUearned EUpinomiar) = 0-980,
corr(EUﬂat,Emeomial) = 0.970, all p<.001). Comparing within-subjects means of each
score by drug treatment, pairwise t-tests showed significant differences between placebo
and citalopram for all three measures (Table 4). In each case, the expected utilities of
decisions made under citalopram were lower than those made under placebo. By contrast,

those between placebo and atomoxetine were non-significant.

Next, to relax the assumption that the risk preferences determined by the RPE task
would be the same as those utilised in this task, due to domain specificity of risk preferences
and the possibility that pharmacological challenge may alter risk preferences, we assumed
fixed risk preferences across the participant set. The mean baseline (placebo) sample

number across the dataset was 8.37 (SD=3.89). Using the same method as the previous
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section, we determined that utilities were maximised at r = 0.68, compared with r = 0.58
on the simulation of the original task. Transforming these utilities with this parameter,
pairwise t-tests showed significant differences between placebo and citalopram for learned
and binomial priors, while the model with the flat prior approached significance at the .05

level. No significant differences were shown under atomoxetine.

Figure 9: probabilities of correct choices at decision time under each probability model
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To compare findings with previous research and understand the causes of utility
shifts demonstrated, we tested mean probabilities at decision time between drug and
placebo for each model (p(correct); Clark et al., 2006s). Pairwise t-tests showed significant
differences between placebo and citalopram for learned and flat prior models -
probabilities of correct decisions were lower under citalopram than placebo. The binomial
prior model showed the same trend, although not reaching significance at the .05 level. It
should be noted however that the assumptions of the binomial prior model are not fully met

in this variant of the information sampling task, as the true underlying distribution of
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probabilities for each trial follow a truncated uniform distribution as shown in Methods and
Materials. Once again, for atomoxetine there were no significant differences, while the trend

differences were in the opposite direction from citalopram.

Finally, we looked at the numbers of samples chosen and erroneous decisions, the
latter defined as decisions choosing either the minority colour or where the numbers of
both colours were equal (as in this situation taking an extra sample would increase expected

utility). There were no significant effects from either drug, shown in Table 5.

Table 5: results of sample number and erroneous decisions

CITALOPRAM GROUP ATOMOXETINE GROUP

n placebo drug t-stat p n placebo drug tstat p

8.71 8.73 7.91 8.42
sample no 27 0.036 .97 23 1.03 .32
(3.52) (3.45) (2.98) (3.82)
erroneous 0.062 0.074 0.053 0.074
27 0.65 .52 23 1.07 .29
decisions (0.077) (0.093) (0.067) (0.081)

2.5 DISCUSSION

Acute serotonin reuptake inhibition was shown to cause reductions in the utility of
choices made and probability of correct decisions in an information sampling context.
Models showed similar effect sizes regardless of choice of prior, and the effect on expected
utility and probabilities were also of similar magnitude. This effect was not observed
following similar inhibition of the noradrenaline transporter, despite a similar side effect

profile of the treatments.

We first used simulation to show that behaviour on both the original and our
modified version of the IST is consistent with a moderate degree of risk aversion. Despite
our task version operating solely in the gain domain and with a stronger control of temporal
discounting, the numbers of samples taken and the risk aversion parameter implied by

control data was similar to the 5 sampled studies in the literature, suggesting that, in
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general, that loss aversion is not a prerequisite for observed task performance and

validating the single-parameter expected utility approach in modelling task behaviour.

With our revised paradigm and a clinical dose of citalopram we extend the findings
of Crockett et al. (2012) and significantly develop our understanding of serotonin’s role in
reflection impulsivity in the context of information sampling. As effects on decision
probability and expected utility occurred without a shift in sample number, and as utility
falls under various utility functions, the change does not appear to be related to shifts in risk
preference, instead indicating that citalopram reduces the effective use of sampled
information: in other words, using all the information available from the environment to
guide decisions, improve the likelihood of an optimal outcome and determine if more or less

information sampling should take place.

The effect may be presynaptic or postsynaptic influences on serotonin at the
synapse. Acute citalopram blockade of the serotonin transporter increases postsynaptic
serotonin levels (David et al., 2003; Moret & Briley, 1996), but also increases serotonin
availability at presynaptic autoreceptors which inhibit further release (Chaput et al., 1986;
El Mansari et al.,, 2005; Nord et al.,, 2013). A clear consensus of net effect has not been
established. In our results, the effect of citalopram on decision probability were consistent
with and in the opposite direction to that ATD, as demonstrated by Crockett et al. By this,
the effect may be expected to be postsynaptic enhancement of serotonin’s influence -

increasing participant tolerance to the short term (i.e. local) costs of information sampling.

There are also alternative explanations, supporting a presynaptic account. Research
by Chamberlain et al. (2006) and Skandali et al. (2018) showed probabilistic learning
deficits from acute citalopram and escitalopram, where misleading feedback (i.e. feedback
not in line with current contingencies, such as a loss when contingencies give rewards with
80% probability) was more likely to cause a shift of action than would be optimal. They

posit that presynaptic serotonin autoreceptor activity may be responsible. Complementing
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this interpretation, Lottem et al. (2018) showed that activation of serotonergic neurons
during foraging in mice promote exploitation of a rewarding patch rather than exploration
of an alternative action. From a perspective of task switching and information gathering,
our results are consistent with this presynaptic interpretation. While the prepotent
behaviour is to exploit in these studies and explore in the present, one (speculative)
explanation may lie in covariation of serotonin activity and the amount of information
required to switch behaviour (to explore and exploit, respectively). ATD studies of loss
chasing behaviour are also consistent with this, where ATD lowered the threshold to switch
to a loss-making decision rather than gamble further and risk further losses (Campbell-
Meiklejohn et al., 2011). To probe this further and understand ATD effects on decision

utility, a follow-up study using ATD with our methodology would be necessary.

The Chamberlain et al. (2006) study with a comparable citalopram effect on
probabilistic learning also showed a null effect on that task with the SNRI atomoxetine,
consistent with our findings. They showed that atomoxetine reduces motor impulsivity
(failure to inhibit unwanted or premature motor actions), in line with noradrenergic and
prefrontal dopamine influences on brain areas responsible for inhibitory signalling. Other
research showed that atomoxetine similarly reduces temporal impulsivity or delay
discounting (choice of a smaller immediate reward over a larger delayed reward) (Bizot et
al., 2011). Both are distinct impulsivity subtypes dissociable from reflection impulsivity
(Caswell et al., 2015). By contrast, directed exploratory decisions in this task to seek out
information for future gain are more deliberative, and the temporal aspect of reward delay
was removed by design. While care must be taken in interpreting the null results for

atomoxetine, they are in line with this dissociation.

While this study used a healthy population, these findings raise important
implications for SSRI pharmacotherapy. Our findings of impairment in decision making

based on optimal understanding of the environment adds to understanding of early stage
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treatment effects that clinicians should take into account when balancing treatment needs

with adverse cognitive effects.

These findings suggest that serotonin may play an important role in the shift from
seeking information to making a choice. While this has clear implications for our knowledge
of decision-making in associated disorders, and SSRI effects, it also hints at the role of
serotonin for determining thresholds of ‘sufficient knowledge’ for the generation of beliefs.
In a world of ever-growing sources of information and persuasion, research on this
mechanism may play and increasingly important role for predicting the choices and

navigation of an individual’s life.

2.6 SUPPLEMENTAL METHODS

2.6.1 Bayesian inference on available information

Formalised as an inference problem, decision making requires a combination of
displayed information (numbers of each colour) and, optimally, an inference on the
likelihood of various proportions occurring. This is because the true range of proportions is
not equiprobable across the potential proportions, but is constrained by an upper bound
(proportions higher than a given level do not occur). The choice of prior results in quite
different probabilities inferred from the available information, as shown in Axelsen et al.
(2018). This underscores the importance of being prior-agnostic in modelling, as evidence

from our data indicates that participants vary in their choice of priors.
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Figure 10: probability of correct decision for each sample number, where solid lines show the
underlying generative probabilities in our IST variant, dashed lines are probabilities inferred from
a binomial prior, and dotted lines are inferred from a flat prior
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To link the model of inference on information to optimality of decision making, the
cost of sampling should be factored in, with the simplest model looking at the expected value
of making decisions with the chosen information set - the probability of a correct answer
multiplied by the winnings available based on the number of samples, minus possible losses.

This method is used in the simulation approach of Averbeck (2015).

EViecision =P | info x winnings — (1 — plinfo) x loss (1)
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2.6.2 Monte Carlo simulation approach

We conducted Monte Carlo simulations of three types of choice algorithms choosing
samples for 10 trials, iterated 100,000 times. With sufficient samples, mean winnings w in
this simulation converged with true expected values (Brooks et al., 2011). The proportion
of squares of the majority and minority colours was generated from a binomial distribution
truncated so that proportions above 20:5 were not included, as specified in Axelsen et al.
(2018), with samples from this distribution chosen using a Knuth shuffle algorithm (Knuth,
1969) to assign equal probability to each permutation. The algorithm drew samples based
on a binomial distribution with fixed parameters P, corresponding to the probability of

choosing each of the 25 squares:

n;~Binomial(25, P)
The mean number of samples was therefore 25P, and values of P in intervals of 0.01

from 0 to 1 were simulated. The algorithm chose whichever colour was in the sample

majority, or a random colour if there were equal numbers of both.
2.6.3 Transforming points into utility

Payoffs o were transformed into utilities using a utility function with constant
relative risk aversion (CRRA; e.g. Chiappori & Paiella, 2011). As the equation required
strictly positive inputs, a constant ¢ was also added prior to transformation, based on the
minimum payoff 0,,;,, in the game design (i.e. the outcome for an incorrect decision) and
the cost of a sample s, which is taken as the smallest unit of outcome. The resulting utilities
were then normalised so that the utilities of the maximum and minimum outcomes (250
and -100 respectively for the original IST, 3 and 0 for the modified version) were set to 1

and 0, allowing them to be compared with one another.

(outcome+c)~"

U = - ifr+1
log(outcome +c)if r=1

(2)
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E(U') = p(correct) x U'(outcome)

2.6.4 Risk Preference Elicitation task

The rationale behind this task is based on the principle that if the participant is
assumed to have a CRRA utility function as in Equation 2, a value of r can be calculated at
the indifference point between two gambles a and b (with probability 0.5 of a high outcome

given by subscript H and a low outcome by subscript L) as follows:

T os® T s s
1—-r T 1-r “1-7r

ay
1—r

0.5

If the gamble chosen is 2-5, the gamble can be considered as chosen over the
gambles on either side, so the indifference points mark the upper and lower bounds of r.
With 1 and 6, only a lower and upper bound respectively are specified. To produce a point
estimate of r for calculation of utilities, as the ranges implied were non-linear, we used
Matlab’s (R2017b, The MathWorks, Inc., Natick, Massachusetts, United States) PCHIP
algorithm (Piecewise Cubic Hermite Interpolating Polynomial) to interpolate and

extrapolate values within the ranges specified, as shown in Figure 11.
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Figure 11: point r values for each gamble number (green diamonds), generated by interpolating
(values 2-5) and extrapolating (values 1 & 6) from the bounds implied by the gamble chosen (red
squares)

2.6.5 Bayesian computations of decision probabilities

likelihood X prior

posterior = -
model evidence

Bayes’ theorem provides the method of using available information to compute the
probability of an outcome. All three models use the hypergeometric distribution as
likelihood (inference on current information), being the discrete probability distribution
that describes the probability of a given number of outcomes when a fixed number of draws
are made without replacement from a finite population. The models differ in their choice of
priors or information that comes from before the current trial, such as previous experience

from other trials.
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Flat prior model (Bennett et al, 2016): this assumes that each combination of possible
proportions of the majority to minority colour from 25:0 to 13:12 are equally likely, and

that this assumption is maintained throughout the trials.

(2) (5
% () (5)

P(8Iny,n,) =

Binomial prior model (reformulated by Axelsen et al. (2018), equal to the original
P(correct) measure in Clark et al.,, 2006): this assumes a personal prior on the underlying
generative process of p=0.5, i.e. that on average each colour is equally likely, resulting in a
binomial distribution on the two colours. Notably, this means that extreme values of
proportions are considered much less likely than values where the majority and minority

colours have similar numbers.

(e
(DG

P(9|n1;n2) =

Learned prior model, developed in this paper: this assumes that on trial T, information
about true proportions given in the feedback for trials 1 to T-1 are incorporated in the form
of a categorical distribution, where observed numbers of proportions are assigned a
probability according to the number of times they were observed, and unobserved

proportions are assigned a zero probability. Only trials T>2 are considered for analysis.

T—1 .
1if6 =M

C =Z I, wh I

M t=1 ¢ where t{O otherwise
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() (%5 2(TCIz i)

P(8|ny,ny) = - -
25—-n 25— 5
Zf:n12 (7{1) ( nzj) Zé:o P(anl'nz)

where T > 2

All models then compute the probability of a correct decision by summing
probabilities that the proportion of the chosen colour is 13 or higher, i.e. that the chosen

colour is in the majority.

25
P(correct) = P(68 = 13|ny,n,) = Z P(6 = M|nqy,ny)
M=13

2.7 SUPPLEMENTAL RESULTS

2.7.1 Comparing probability measures to actual outcomes

To empirically confirm the validity and unbiasedness of the probability measures,
which as Bayesian approaches should converge to true probabilities of winning the given
amount, we first calculated mean winnings across all decisions in the dataset and compared
them with the expected values from each method. Mean winnings were £1.56 (1.00), while
the expected value from the learned prior model was £1.55 (0.354) and the binomial prior
model was £1.53 (0.350) - the lower standard deviations being from the comparison of
actual outcomes with expected values. By contrast, the flat prior expected value was £1.76

(0.482), as the model systematically overestimated probability of decision success.
2.7.2 Testing VAS differences

There was a small but significant difference in the nausea scale between drug and

placebo conditions for atomoxetine and a marginally significant difference for citalopram,
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corresponding to a change of 3.9 (CIT) / 6.6 (ATX) on a 100-point scale. There were no

significant differences between the two drugs in drug-placebo differences.

Table 6: VAS score comparisons at test time, with scores on a 100-point scale. On antonym
pairs higher numbers are closer to the second term. P - placebo condition, D — drug condition, *

p <.05

CITALOPRAM GROUP ATOMOXETINE GROUP BGE;E')VUEIES
scale P D (;-fs:::;) P b (zl-fit:;) (;-fs::;)
nausea (g:gg) (iz;) -2.06 .050 é';i) &fé) 231 o3 079 43
headache (igzg) (1116.286) -0.18 .86 (2'_23) (1'26:2) -1.49 15 -0.85 .40
dizziness (1‘22.3) :3579) -1.01 32 é:ég) (2'15;) 200 058 105 30
Gowy 7o) (e M5 B0y ey T o e
stlsn;:ftt:; - (11131;;) (‘;43% 091 37 (ﬁj} (izz) -0.367 72 0.27 .79
r:::fes:uI (igig) (123:;) 080 43 (ii:g) (i(;::) s s
m;?::_ (ig.z) (ii-g) 076 45 (ig'g) (ig'g) e i o
humoured ’ ' ' '
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3 MONOAMINERGIC CHALLENGE IN
STRATEGIC DECISION MAKING

3.1 ABSTRACT

Achieving cooperation in repeated interaction is a necessary challenge in humans
and other social species. Previous research found roles of monoaminergic systems in related
cognitive processes such as learning and social cognition, but is limited in its modelling of
the dynamical nature of true interaction. This study bridged the gap by testing pairs of
participants in an interactive task with separable competitive and cooperative incentives,
using the selective serotonin reuptake inhibitor citalopram and selective noradrenaline
reuptake inhibitor atomoxetine as pharmacological challenge in a double-blind placebo
crossover design. We found for both drugs that better outcomes were achieved when both
participants were in the same condition, whether drug or placebo, than when they were in
different conditions. Learning models on behaviour indicated that when in the same
condition, participant actions were reinforced more when they benefited the other party as
well. The results suggest that coordination is more easily achieved when pair members are
in the same pharmacologically-induced state, with important implications for how real-life

interactions achieve coordinated outcomes.

3.2 INTRODUCTION

Humans and other social species must make decisions where interacting
conspecifics have both individual and shared incentives, often requiring coordination to
achieve both ends. Keeping track of reciprocal interactions and each other’s intentions is a
necessary step for coordination to succeed. Research to date has shown many instances of
reciprocity in game theoretic tasks - tasks that classical decision theoretic models suggest

should elicit purely self-interested behaviour (Fehr et al., 2002). A variety of decision tasks,
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including ultimatum, trust and Prisoner’s Dilemma games, have been used to understand
the extent to which separable motives of self-interest and sociality interact (Fehr & Krajbich,
2014), with the additional consideration that in repeated interactions, reputation for

cooperation may lead to improved outcomes for oneself (C. F. Camerer & Hare, 2014).

Psychopharmacology studies have revealed the contributions of various
neurotransmitters to social behaviour and learning. Of particular interest are the effects of
serotonin, which has been linked to social cognition by both genetic at
psychopharmacological work (Canli & Lesch, 2007; Siegel & Crockett, 2013}, and prefrontal
dopamine, linked with adaptation to complex contingency changes (Frank et al., 2007; Puig

& Miller, 2012) but also with behaviour towards social conspecifics (Saez et al., 2015).

Studies manipulating serotonin have generally found a positive association between
serotonergic activity and cooperativeness. Three studies used variants of the Prisoner’s
Dilemma (PD) game. The PD game involves individuals simultaneously choosing to
cooperate or defect. Individual ‘defection’ (choosing an option that does not achieve the best
group outcome) always leads to better outcomes for the individual regardless of the other
person’s action, but mutual defection has lower outcomes for both parties than mutual
cooperation. Tse & Bond (2002) used the selective serotonin reuptake inhibitor (SSRI)
citalopram in 2 week repeated administration, with a modified repeated PD game played
with a confederate. Citalopram increased cooperative behaviour on the task. Lowering
serotonin levels through acute tryptophan depletion (ATD) decreased cooperation with a
confederate in repeated PD (Wood et al.,, 2006). Two studies using the Ultimatum Game
(UG), a task in which participants are offered a varying share of a pot of money by another
individual in which acceptance means both are rewarded and rejection results in no
rewards to either party, showed serotoninergic effects on responses to unequal treatment
independently of mood (Crockett et al., 2008, 2010). ATD increased rejection of unfair
offers, while acute citalopram decreased rejection. In learning, recent research in mice

showed that optogenetic activation of serotonergic neurons in the dorsal raphe nucleus
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increased learning rates (ligaya et al., 2018). Serotonin transporter polymorphisms show
differential effects, with individuals homozygous in the L-allele of the 5-HTTLPR region
choosing to shift strategies more following a loss than S/L and S/S carriers (den Ouden et
al, 2013). Acute citalopram administration caused an increased rate of errors in a

probabilistic reversal learning task compared with placebo (Chamberlain et al., 2006).

Studies using manipulation of prefrontal dopamine have taken two approaches:
direct manipulation of prefrontal dopamine using catechol-O-methyltransferase (COMT)
inhibition (where COMT degrades catecholamines such as dopamine, and its inhibition
increases prefrontal dopamine levels; Tammimaki, Aonurm-Helm, Kaenmaki, & Mannisto,
2016; Tunbridge, Bannerman, Sharp, & Harrison, 2004), and inhibition of noradrenaline
reuptake. Selective noradrenaline reuptake inhibitors (SNRIs) atomoxetine and reboxetine
target the norepinephrine transporter (NET), which also transports dopamine (Horn, 1973;
Raiteri et al.,, 1977). NET shows high concentrations in the prefrontal cortex and acts as the
main mechanism for dopamine clearance there (Morén et al.,, 2002). Animal models have
shown atomoxetine to raise prefrontal dopamine as well as noradrenaline levels in mouse
(Bymaster et al., 2002) and rat (Koda et al,, 2010; Swanson et al., 2006), and reboxetine to
increase prefrontal dopamine (Linnér et al., 2001) and noradrenaline (Sacchetti et al., 1999)
levels in rat. Neither drug are specific, and thus inferences on them may also reflect changes
in noradrenergic activity, but both appear to show robust effects on prefrontal dopamine
levels. Crockett et al.'s (2010) study, which showed serotonergic mediation of rejection
rates in UG, showed no effect of atomoxetine on the same social measures, though an
increase in measures of executive function. Tse & Bond (2003) showed that reboxetine left
behaviour on a PD game unchanged, but increased cooperativeness as reported by
participants’ flatmates. Sdez and colleagues (2015) used the COMT inhibitor tolcapone to
increase prefrontal dopamine levels and tested participants on a Dictator Game task, a
variant of the UG in which no rejection can take place (so providing a purer measure of

concern for another individual’s rewards in the absence of strategic considerations). They
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found that tolcapone increased inequity aversion compared to placebo. In models of
learning, Chamberlain et al's (2006) study showed no effect of atomoxetine in contrast with
the detrimental effect of acute citalopram. Within the area of strategic interaction, Set et al.
(2014) showed that the COMT gene modulated degree of anticipatory learning of the actions

of others across participants.

Learning models have distinct advantages over traditional statistical analysis,
providing simple, plausible and testable algorithms to model evolving decision behaviour
across the course of an experiment. They have demonstrated strong correspondence with
measures of brain activity (reviewed in Daw & Tobler, 2014). However, little
psychopharmacology research has used this technique to understand problems of learning
during pairwise interaction. Another important gap in previous research is the lack of truly
interactive studies in this area. Schilbach et al. (2013) note the distinction between studying
detached individuals in a socially-posed problem and an interactive approach, the latter
being formalised as a dynamic, self-organised and emergent process (Dale et al., 2013).
Previous studies with confederates do not incorporate mutual adaptation to one another’s
behaviour and therefore cannot capture the effect of pharmacological challenge on dynamic

social processes.

We sought to bridge this gap by testing healthy participants on a strategic
interaction task designed with both competitive and cooperative incentives. We used a
varying pattern of available rewards with both unpredictable and predictable bonuses, in
order to separately elicit competitive and cooperative approaches respectively. This used a
larger strategy space than provided by the PD game to provide greater ability for learning
models to characterise the type of learning approach used (e.g. based on simple
reinforcement, or beliefs on other's actions; Salmon, 2001). We used the drugs citalopram
and atomoxetine to understand the contributions of monoamine systems on this behaviour.
With the two drugs showing similar side effect profiles, they also act as high-level controls

for one another to control for generalised drug effects (such as somatic symptoms) that are
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not specific to each drug’s mechanism of action. Previous research showed that COMT gene
polymorphisms associated with higher prefrontal dopamine was linked to greater learning
from the actions of others (Set et al., 2014), while heightened prefrontal dopamine through
tolcapone administration was associated with more egalitarian behaviour (Sdez et al,,
2015). However, previous SNRI studies showed neither effects on social behaviour nor
social learning. Coordination (requiring an understanding of the other’s behaviour) and
cooperation (requiring concern for the other’s outcomes) was designed in this task to lead
to higher outcomes. We thus hypothesised that atomoxetine would either show a small

increase in cooperative behaviour and higher outcomes, or no effect.

3.3 METHODS AND MATERIALS

3.3.1 Participants

Ethical permission was granted by University of Sussex Sciences & Technology C-
REC (ER/JL332/6, ER/]JL332/7). Potential participants were screened with a health
questionnaire (see supplemental appendix) and the Mini-International Neuropsychiatric
Interview (Sheehan et al., 1998). Exclusion criteria included: age under 18 or over 35 years;
history of psychiatric disorder (including anxiety disorder, depression, eating disorder,
psychosis and substance abuse disorder); presence of significant ongoing medical condition
(including migraine, diabetes, epilepsy, glaucoma and hypertension); pregnancy or
breastfeeding; currently taking any medication (excluding contraceptive pill); first-degree
family history of bipolar disorder; Mini International Neuropsychiatric Interview (MINI)
indication of: major depressive episode, manic episode, panic disorder, social phobia, OCD,
PTSD, alcohol dependence, substance dependence, mood disorder with psychotic features,

psychotic disorder, anorexia nervosa, bulimia nervosa, generalised anxiety disorder, or
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antisocial personality disorder. They were also instructed to abstain from alcohol or

caffeine in the preceding 12 hours before the start of test sessions.

53 healthy participants aged 18-35 were recruited for this study, 28 for the
citalopram group and 25 for the atomoxetine group. Of those, 1 from the citalopram and 2
from the atomoxetine group did not complete the study due to adverse side effects. This left
50, 27 for the citalopram group (11 males, age M=23.4 SD=4.70) and 23 for the atomoxetine
group (11 males, age M=23.1 SD=2.87). Data from two sessions in the citalopram group and
three sessions in the atomoxetine group could not be used as participants were paired with
individuals who were not used in the study, so only the unaffected session was analysed
from each of those participants, and they were excluded from pairwise analysis. The groups
(citalopram and atomoxetine) were tested at separate times, so pairs of participants were
always in the same group but varied separately as to whether each participant was in drug
or placebo condition, and participants were aware in advance which group they were being
recruited into. Participants were tested on two sessions at least 7 days apart (days between
sessions M=9.31, SD=4.41). Assignment to treatment order was double-blind and
counterbalanced, with the drug treatment administered in one session and the placebo in

another.

3.3.2 Procedure

Doses in the drug treatment conditions consisted of 20mg citalopram and 40mg
atomoxetine. These doses have been shown to elicit cognitive changes in previous studies
(M. Browning et al,, 2007; Chamberlain et al., 2009; Grillon et al., 2007; Warren et al., 2017),

and were chosen to balance active drug effects of interest against unwanted side effects.

Drug and placebo doses were delivered in gelatine capsules, indistinguishable from
one another, with the capsule filled with microcrystalline cellulose (in addition to the active
drug in the drug conditions). Drug and placebo doses were all manufactured according to

good manufacturing practice (GMP) guidelines. Participants were instructed not to discuss
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any aspect of the study including their subjective effects or the tasks, and were monitored

at all times to ensure that this did not take place.

Participants were also given eight visual analogue scales at three timepoints -
immediately following the dose, preceding the start of tasks, and following the end of tasks.
Visual analogue scales (from 0-100) were given to assess three somatic effects (nausea,
headache and dizziness) and five emotion/arousal related effects (pairs of antonyms:
alert-drowsy,  stimulated-sedated, restless—peaceful, irritable-good-humoured,
anxious—calm) to measure whether the drug was affecting these measures. To allow for
drug levels to reach peak absorption (Milne & Goa, 1991; Sauer et al,, 2005), the citalopram
group commenced behavioural testing after 3 hours from the drug/placebo dose, and the
atomoxetine group after 1.5 hours. They then carried out a set of tasks including the task
for this study. For this task, participants were tested in pairs which were randomly assigned,
and the pair assignment differed between sessions such that no participant was paired with
the same other participant on both sessions. During the course of the task, pairs were seated
alongside one another. The task was displayed on a single screen, with a divider placed
between pair members so that they could not see the other member nor their display.
Participants wore ear defenders rated for 37dB standard noise reduction to prevent any

aural cues from the other pair member.

Following the end of behavioural testing and the final scales, participants in the
atomoxetine group were monitored for a further 1.5 hours, resulting in the same length of

testing session for each group.
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3.3.3 Task design

Figure 12: order of stimulus presentation on the two types of trial
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This task was programmed in Matlab (version 2017a, Mathworks, Natick, MA, USA)
using Psychtoolbox-3 (Kleiner et al, 2007) and two standard keyboards to collect
responses. We developed a strategic interaction game broadly based on the Patent Race
game (Rapoport & Amaldoss, 2000; Lusha Zhu et al,, 2012) but with key differences in the
payoff structure. Each trial, participants were shown a pot of tokens that they could win,
which varied depending on the type of trial and between participants. They then
simultaneously chose to play a number of tokens between zero and four, without any
information about what the other participant’s choice was at that stage. if one participant
played more than the other, they would receive their pot of tokens plus any tokens that they
had not played in that trial. If both played the same amount then neither won the pot. At the

end of the trial, their outcome was displayed along with the other participant’s choice.
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We varied the incentive structure over the course of the experiment to elicit
different degrees of competitive and cooperative behaviour, by using a bonus structure.
Bonuses applied to one participant, both participants or neither participant in a trial.
Participants were informed at the start of each trial if it was a bonus trial for them, and at
the end of the trial if it had been a bonus trial for the other participant. The pot available for
a participant was set at 8 tokens for a non-bonus trial and 16 tokens for a bonus trial. Table
7 shows the game’s payoff matrix. These rules were explained in advance to participants,
who also were shown a demonstration of the task before the experimental trials, and were

questioned to ensure comprehension. No deception was employed.

Table 7: payoff matrix for participant given other participant's choice, with bonus trial payoffs
given in square brackets where different from non-bonus trials. Units are tokens allocated/won

Other participant’s choice

0 1 2 3 4

o] 4 4 4 4 4

o o1f1apg 3 3 3 3

Participant’s | 145118] 10[18] 2 2 2
choice

3lop71 onz1 9p7; 1 1

al8[6] 8[16] 8[16] 8[16] O

To manipulate incentives to compete and cooperate across the course of the
experiment, the presentation of bonus trials was determined by block, with different blocks
for coordinated and predictable bonus trials, and random and unpredictable ones. There
were three blocks always presented in order: no bonus, unstructured bonus and structured
bonus. The control (C) block had no bonus trials for either participant. In the unstructured
bonus (U) block, bonus trials were randomised and therefore could occur either
simultaneously or separately for each participant. In the structured bonus (S) block, bonus
trials cycled in a repeating pattern of P1 bonus = P2 bonus = no bonus, such that bonus
trials for the two participants were always on different trials. Participants were not
informed about the block structure in advance, nor were informed during play when a new

block started. They played 60 trials of each of 3 block types, for a total of 180 trials lasting
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approximately 25 minutes. Every 20 trials, the game paused for 12 seconds to allow

participants to rest.

Participants were informed that they would be paid £1 for each 1000 tokens they
won, plus a split of £5 based on their share of the total number of tokens won by both
participants. This was also designed to provide incentives for both competitive and

cooperative behaviour.

The design allows for various approaches to action choice in the repeated game.
Participants could choose actions randomly or solely based on the experienced reward for
each action. Alternatively, they could take account of the other’s action, either to maximise
the joint reward or try and score more than the other. The addition of bonus trials allowed
for coordination, where participants could play lower choices for non-bonus than bonus
trials in the U and S blocks, allowing the other to win these trials and producing a higher
combined score. Alternatively, a competitive approach would mean playing higher choices
on these trials in order to prevent the other from winning their own bonuses, although this
allowed for reciprocal punishment by the other participant. The predictable structure of the
S block made strategic options particularly salient, although coordination on bonus trials

were an option in either. Our analysis was designed to disentangle these strategies.
3.3.4 Analyses

3.3.4.1 Game theoretic approach

Formally, this game constitutes a game of imperfect and incomplete information
(Harsanyi, 1967) as neither the other participant’s action nor their potential rewards (due
to the bonus structure) are known in advance. A simple one-stage mixed strategy Nash
equilibrium model provides a null model without learning or coordination to which more

complex models can be compared.
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As the C block has no bonus trials for either participant, which is salient during play
although not informed in advance, the C block trials can be approximated by a mixed
strategy Nash equilibrium of complete information and symmetric payoffs (Dutta, 1999
p.104). U and S blocks have incomplete information (Dutta, 1999 p.316), requiring an
additional consideration of the unknown probability of each trial being a bonus trial for the
other participant. The frequency of these (which is 1 in 3 trials) can be approximated from
the feedback of a few trials. With the assumption that this frequency is learned quickly,
probabilities approximate the true frequency of payoffs. If the trial structure in S block is
learned, the game is once again one of complete information, as the bonus trial status of the
other participant can be deduced with certainty. Probabilities of choices are summarised in
Table 8. For learning models, these choices were used as null models for comparison,
referred to as mixed strategy NL for the model in which the bonus structure was not
learned, and mixed strategy L where it was learned. Importantly, with both participants
using the same strategy, mean scores are 4 regardless of the block or bonus trial status, and
regardless of whether S block probabilities are learned. This provides an important

benchmark by which performance can be measured.

Table 8: probabilities of making each choice according to one-stage mixed strategy Nash
equilibria. 1 where bonus structure of S block is learned

probability of choice
block 0 1 2 3 4

C, S other non-bonust+ 1/8 1/8 1/8 1/8 1/2
u 3/32 3/32 3/32 3/32 5/8

S, no learning 3/32 3/32 3/32 3/32 5/8

S, other bonus t 1/16 1/16 1/16 1/16 3/4

3.3.4.2 ANOVA models

We conducted paired ANOVAs for each drug group on score, with drug condition as
a repeated-measures factor and order (order of drug and placebo conditions for each

participant) as a between-subjects factor.
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3.3.4.3 Mixed models

All models were fitted in the Ime4 package (Bates, Machler, Bolker, & Walker, 2015)
in R (R Core Team, 2019) and computing statistics for parameter estimates using ImerTest
(Kuznetsova et al.,, 2017). For the specification of random effects we followed a backward-
selection heuristic throughout (Matuschek et al, 2017), using the criteria of model
convergence and improvement of model fit, while constraining models for each outcome

variable to the same random effects structure to allow for comparison between models.

We estimated a series of mixed models on two measures - participant choices and
scores on each trial. First, to test the validity of the bonus trial structure against the null of
choices being independent of whether bonus were available, as well as the hypothesis that
choices would be lower for non-bonus trials and higher for bonus trials in blocks U and S,
we modelled choices on factor variables for block type and bonus. These were also admitted
as random effects slopes with participant id as the random effect grouping variable. As
models on mean choice have limited ability to capture the interactive nature of the task due
to coordination being possible outside of the bonus structure (for example, alternating high
and low choices), further analysis of choice was carried out using the learning model

approach detailed in the following section.

To analyse the determinants of task performance, we next estimated models on trial
score, removing trials where both participants had bonus trials simultaneously (~3.9% of
trials) to facilitate comparison between blocks, as these trials could only occur in the U
block. The base models used the same predictors as for choice (block type and bonus). Next,
models were estimated with other variables of interest added individually to the base
models as fixed factors, estimating main effects and interactions with block type and bonus.
These were (all dummy coded): drug indicating whether the participant was in drug or
placebo condition, order to indicate the session order of drug and placebo conditions, pair

condition indicating whether both participants were in the same condition (drug or placebo)
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as each other or not, and same gender indicating whether the participants were of the same
gender or not. We used model comparison with Akaike Information Criteria (AIC) weights
to determine which models provided the most accurate account of task performance - see

section 3.3.4.5 for details.

3.3.4.4 Learning models

We estimated a series of learning models on the choices of token allocation, using
models from the existing literature, as well as formulating a new model which we term the
Own-Other Reward model. Models were estimated separately for each participant session by
minimising negative log-likelihood, then compared by computing AIC. We fitted two models
from the existing literature - a basic Rescorla-Wagner reinforcement learning model (e.g.
Daw & Tobler, 2014) and Experience Weighted Attraction (C. Camerer & Ho, 1999). Full

details are available in Supplemental Methods.

We also designed a new model which we term Own-Other Reward Learning. This is
a generalisation of reinforcement learning allowing rewards of both the participant
themselves and of the other pair member to reinforce actions. Equation 3 shows the
updating equation, specifying the value of an action V(A) at each time step, where R refers
to the participant’s own reward and O is the reward of the other pair member. This has two
free parameters: a for the learning rate, bounded between 0 and 1; and y as the weight on
the other’s reward, bounded between -1 and 1, with positive and negative values
respectively increasing and decreasing reinforcement of an action with a higher reward to
the other. Reinforcement learning from own reward alone is thus a special case of this model

withy = 0.

Vi(A) + a[R; + YO, — V;(A)] if action A is chosen
Ver1(A) = (3)
Vi (A) otherwise

Probabilities of making actions were computed from action values for all learning

models through a softmax function, which added an additional free parameter (see
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Supplemental Methods). Null models were also estimated, corresponding to the empirical
distribution of responses across the participant set and a uniform probability of playing
each action. Model comparisons were carried out using AIC weights (shown in the next
subsection). Following model comparison, we carried out non-parametric comparisons of

parameters from the winning model.
3.3.4.5 Model comparison

AIC provides a useful metric for model comparison, penalising extra parameters to
prevent overfitting (Burnham & Anderson, 2002). To quantify the degree of evidence in
favour of winning models (AICy.s, i-e. the model with lowest AIC), AIC weights were
computed across the candidate model set through application of Equations 4 and 5
(Burnham & Anderson, 2002), which are interpretable as the probability of the model being
the best given the dataset and the other candidate models (Wagenmakers & Farrell, 2004).

AAIC,, = AIC,, — AlCp,s; (4)

e—0.50AICH,

P(m) = wAlICy, = ————— meM (5)

T Y aeme05bAICn

3.4 RESULTS

3.4.1 Demographics

Table 9: demographic statistics for each group

CITALOPRAM GROUP ATOMOXETINE GROUP
N 27 23
age 23.4 (4.7) 23.2(2.9)
gender 16 females, 11 males 12 females, 11 males

Table 9 shows the demographic statistics of each group. Groups did not significantly
differ on age (t(48) = 0.246,p = .81) or gender (y?(1, N = 50) = 0.25,p = .62). Tests on

VAS scores showed small but significant differences between drug and placebo conditions
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on nausea, but no difference between the two drug groups in drug-placebo differences (see

Supplemental for details).

3.4.2 ANOVAs

Table 10: mean scores by drug condition

CITALOPRAM GROUP ATOMOXETINE GROUP

n placebo drug n placebo drug

score 27 4.40(1.69) 4.74(1.74) 23 4.84(2.22) 4.38(1.64)

ANOVAs on score showed no significant effects of drug condition for either
citalopram group (F(1,23) = 0.336,p = .57) or atomoxetine group (F(1,18) = 0.631,p =

44). There were no order interactions for either drug group.
3.4.3 Mixed models

Following the model selection procedure in 3.3.4.3, the mixed models all included

bonus as a random effect and participant id as a random effect grouping variable.



3.4.3.1 Choice model

Table 11: parameter estimates for choice model, where units are in tokens allocated. Note that
as bonus trials are only in U and S blocks, block type * bonus interactions are only estimated for
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U block and coefficients represent contrasts with S block scores. *** p < .001

group parameter fixed effect [95% CI] t-stat p
(intercept) 2.61[2.44,2.78] 29.463 <.001***
block type U:-0.184[-0.241,-0.127] -6.292 <.001***

ALL §:-0.173[-0.23,-0.115]  -5.905 <.001***
bonus 0.986 [0.809,1.163] 10.92  <.001***
block type * bonus  U:0.022 [-0.087,0.131] 0.393 .69
(intercept) 2.65 [2.46,2.85] 26.486 <.001***
block type U:-0.145 [-0.222,-0.069] -3.723  <.001***
CITALOPRAM $:-0.229[-0.305,-0.152] -5.867 <.001***
bonus 1.04 [0.796,1.28] 8.439  <.001%**
block type * bonus U: -0.065 [-0.21,0.08] -0.884 .38
(intercept) 2.56 [2.26,2.86] 16.826 <.001***
block type U:-0.231 [-0.318,-0.145] -5.232 <.001***
ATOMOXETINE $:-0.105[-0.192,-0.018] -2.377 <.001***
bonus 0.924 [0.663,1.185] 6.938 <.001***
block type * bonus  U: 0.127 [-0.037,0.292] 1.519 13

The model for choice against block type and bonus showed that participants made
lower choices for non-bonus trials in blocks including bonuses compared with the control
block, while they made higher choices in bonus trials (Table 11). The interaction was not
significant in any model. Order was tested as a main effect and in interactions with other

variables, but did not significantly enter any model.
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3.4.3.2 Score models

Table 12: AIC values for each model and probability of model being better fitting than all other
models for the group specified (where best fitting model AIC,, = AIC,,;,). Bold indicates best
fitting model

ALL CITALOPRAM GROUP ATOMOXETINE GROUP
model df AAIC, P(m) AAIC,, P(M) AAIC,, P(m)
(base) 9 261 <.001 120 <.001 147 <.001
order 13 257 <.001 119 <.001 144 <.001
drug 261 81 111

13 <.001 <.001 <.001

pair condition 13 0 >.999 0 >.999 0 >.999
same gender 13 266 <.001 64 <.001 32 <.001

Table 12 shows the model fits for models on score. Although the drug model was not
the best fitting, to test hypotheses of drug effects, we examined the parameter estimates of
this model. The main effect of drug was not significant in any model (ALL: t(16370) =-0.855,

p = 0.39; CIT: £(8969) = 0.485, p =.63; ATX: t(7400) = -1.80, p = .072).

Pair condition models for across both groups and for each drug group provided the
best fit. Table 13 shows the summary statistics split by pair condition. Parameters from

these models were analysed further.
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Table 13: summary statistics of score in each block split by pair condition and bonus trial,
excluding trials where both participants had bonus trials simultaneously (see section 3.3.4.3)

score
C block U block S block

group pair conditions (no bonus) (nobonus) (bonus) (nobonus) (bonus)

all 4.15 3.73 8.48 3.45 7.90

ALL same 4.28 4.08 9.13 3.80 8.63
different 3.92 3.14 7.40 2.87 6.70

all 4.03 3.59 8.22 3.43 8.49

(o]} same 4.28 4.08 9.15 3.80 9.28
different 3.72 2.97 7.04 2.96 7.49

all 4.28 3.89 8.79 3.47 7.19

ATX same 4.29 4.09 9.11 3.79 8.02

different 4.27 3.42 8.05 2.73 5.30
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Table 14: parameter estimates for score models, where units are in tokens won. Note that as
bonus trials are only in U and S blocks, block type * bonus interactions are only estimated for U
block and coefficients represent contrasts with S block scores. * p < .05, ** p < .01, *** p < .001

group parameter block fixed effect [95% ClI] df t-stat p
(intercept) 3.833 [3.51,4.16] 116 23.2 <.001***
U -0.770 [-1.06,-0.482] 16334 -5.24  <.001***
block type
S -1.06 [-1.35,-0.769] 16334 7.2 <.001***
bonus 3.04 [2.32,3.76] 81 8.28 <.001***
ALL pair condition 0.539 [0.250,0.808] 4767 3.72 <.001***
block type * bonus 0.291 [-0.084,0.666] 16337 1.52 13
block type * pair U 0.562 [0.203,0.921] 16334  3.07 .002**
condition 0.575 [0.216,0.934] 16334 3.14 .002
bonus * pair condition 2.34 [1.82,2.85] 2376 8.96 <.001***
(intercept) 3.75[3.38,4.12] 70 19.9  <.001***
U -0.761 [-1.12,-0.398] 8943  -4.11  <.001***
block type
-0.750 [-1.11,-0.386] 8943  -4.05 <.001%**
bonus 3.97 [3.17,4.78] 44 9.65 <.001***
CIT pair condition 0.550 [0.188,0.912] 2116 2.98 .003**
block type * bonus (V) -0.400 [-0.910,0.109] 8945 -1.54 12
block type * pair 0.575 [0.098,1.05] 8943 2.36 .018*
condition ) 0.263 [-0.214,0.739] 8943 1.08 .28
bonus * pair condition 2.11[1.45,2.76] 884 6.32 <.001***
(intercept) 3.95 [3.39,4.52] 52 13.8  <.001%***
(V) -0.730 [-1.20,-0.257] 7390 -3.02  <.001***
block type
-1.66 [-2.13,-1.18] 7390 -6.86 .003**
bonus 1.92[0.735,3.11] 41 3.17 .003***
ATX pair condition 0.487 [0.049,0.924] 2521 2.18 .030%*
block type * bonus 1.13 [0.576,1.68] 7391 4.00 <.001**
block type * pair 0.477 [-0.082,1.04] 7390 1.67 .094
condition S 1.20[0.644,1.76] 7390 4.22 <.001**
bonus * pair condition 2.56 [1.76,3.36] 1215 6.26 <.001**

Table 14 shows parameter estimates for the pair condition models. All models
showed similar positive and significant coefficients on the main effect of pair condition,
corresponding to an increased score on non-bonus trials for participants paired with

another participant in the same condition, as well as bonus. Coefficients on the bonus main
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effect bonus * pair condition interaction were also positive and significant, corresponding to

an increase in bonus trials for participants paired in the same condition, which was larger

for the atomoxetine than citalopram group. The main effect of block type was significant

and negative for all groups, while there was a positive interaction of block U * pair condition

for all except the atomoxetine group, and block S * pair condition for all except the

citalopram group. The atomoxetine group also showed a significant block U * bonus

interaction.

3.4.4 Learning models

Figure 13: model fits of each learning model across the relevant data sets
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Figure 13 shows the fits of each learning model. The Own-Other Reward Learning

model provided better fits than all others for both citalopram and atomoxetine, with

probability > 0.999 of being the best model (see Supplemental Results for details).
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Table 15: comparisons of parameter estimates for Own-Other Reward Learning model by
same/different condition, Mann-Whitney U-tests. ** p < .01

same condition mean diff condition mean N N w-
BTolp  param (SD) (SD) same  diff stat P
a 0.094 (0.183) 0.192 (0.249) 1258 .135
ALL 6 2.48 (2.63) 3.18 (3.33) 59 36 1167 .43
y 0.263 (0.616) -0.164 (0.645) 661  .002**
o 0.121 (0.691) -0.223 (0.588) 391 .29
(o]} 6 2.71(2.99) 3.97 (3.80) 29 23 407 .18
y 0.287 (0.691) -0.223 (0.588) 178  .004**
o 0.068 (0.120) 0.144 (0.199) 223 .47
ATX 6 2.27 (2.25) 1.79 (1.63) 30 13 169 .51
v 0.240 (0.544) -0.058 (0.750) 151 24

Figure 14: plots of y parameter estimates, with points showing individual session estimates,
area showing kernel density estimates and box plots showing medians and interquartile ranges

CIT same condition ATX same condition

Y Y
CIT different condition ATX different condition
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We performed parameter analysis on the split of sessions for pair condition, as this was shown
in the mixed models on score to provide the best predictor of outcome. As inspection of the
distributions of parameter estimates showed multimodality in some conditions, we analysed
parameters using Mann-Whitney U tests, summarised in Table 15. The y parameter was
significantly different for pair condition sessions, with higher y when participants were in the
same condition than in different conditions.

Figure 14 illustrates these parameter estimates. Additionally, as with the score
models, we tested parameter estimates split by drug. None were significantly different

between drug and placebo (see supplementary Table18).

3.5 DISCUSSION

The choice model showed evidence of participant choices being interdependent
overall, as choices were lower for non-bonus trials in blocks where bonus trials were
present compared to the control block when they were absent, which is consistent with
turn-taking based on bonuses - playing lower on non-bonus trials and higher on bonus
trials. As this game is repeated, a strategy to try and win all trials would be open to
reciprocal punishment, so restricting higher choices to trials with a higher potential
outcome is potentially a social strategy that also solves the coordination problem. The lack
of significant interaction between block type and bonus shows however that mean choices
were not largely affected by the bonus structure. This suggests that the structured bonuses
of S block were not generally learned in the limited numbers of trials available, so
participants had limited ability to react to the other person’s bonus trials (as opposed to
coordination on the basis of their own trial incentives), and hence did not show adaptation
of behaviour to the bonus structure either to enhance coordination or cooperation
compared with U block. However, as noted, this is not a prerequisite for coordination to

occur based on the knowledge of own bonus availability.

Models on scores show that being in the same condition as the other pair member
was a better predictor of scores than any other factors considered. The task setup was

designed to eliminate any cues from the other pair member aside from their behaviour on
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the task, so other perceived similarities such as gender should not play a strong role. The
pair condition factor showed a significantly positive main effect in all drug group models (all
participants, citalopram and atomoxetine groups), as shown in Table 13. This demonstrates
an effect independent of the bonus trial structure, with higher scores when participants

were in the same condition as one another.

The effect of bonus trials was positive and strongly significant in all three. Notably
this is not an artefact of the bonus trial structure alone, as shown in section 3.3.4.1 - playing
at the one-stage mixed strategy Nash equilibrium would result in mean scores of 4
regardless of the type of trial. Thus, as with choice models, behaviour evidences a turn-
taking rather than competitive approach overall. The interaction between bonus and pair
condition was also strongly positive and strongly significant in all models, suggesting that
turn-taking was more apparent when participants were in the same condition. As a
corollary, main effects of both U and S blocks were negative - lower scores resulted when it
was not the participant’s ‘turn’ to win, in keeping with the choice model’s finding of lower
choices overall in U and S against C block. Interactions show higher scores in pair condition
in both U and S blocks overall, in U block for the citalopram group and S block for the
atomoxetine group, although the non-significant block type * pair condition interactions also
trend in the same direction. These can be interpreted in the light of coordination in the same
condition taking time to evolve and so being more apparent in the later blocks, while the
presence of the bonus * pair condition interaction may also model some of the variance of

the block effect due to bonus trials only being present in U and S conditions.

Learning models on choices showed that the Own-Other Reward Learning was the
best fitting. The only parameter of this model showing significant differences between pair
condition levels was y or the weight and valence on the other’s reward. For participants in
the same condition, this was significantly higher in the full set and the citalopram group,
while trending in the same direction for the atomoxetine group. Notably, mean y values

were positive when participants were in the same condition and negative when in different
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conditions. Thus, when participants were in the same condition, choices that lead to greater
reward for the other pair member were on average more positively reinforcing, suggestive
of more cooperative behaviour, with the opposite effect when they were in different

conditions.

These findings suggest that coordination was more easily achieved when individuals
were in the same state induced by pharmacological challenge than when in different states.
As reciprocity is a factor in repeated interactions due to ‘greedy’ behaviour being
susceptible to punishment, reinforcement of the other’s reward may be entirely self-
interested; nonetheless, successful coordination requires an accurate assessment of the
other individual’s pattern of behaviour which may be facilitated by being in a similar state.
While it is possible that response to the bonus trial structure may be to some extent in line
with a framing effect, where non-bonus trials in U and S blocks have comparatively lower
reward to that available in bonus trials and so prompt lower choices, there is no clear reason
why this would differentially change by pair condition. Additionally, the main effect of pair
condition on score, and the fact that scores already tended to be higher in the control block
prior to any bonus trials for same condition pairs, suggests that coordination provides a

better picture of observed effects.

Research on pharmacological effects of learning in paired interactions has been
limited, and previous studies (Tse & Bond, 2002, 2003; Wood et al., 2006) all used a
confederate design with only the participant on the drug. This study (to our knowledge)
provides the first comparison of interactions between participant pairs in same vs different
treatment conditions, so the finding of markedly different outcomes and learning patterns
between the two in the absence of significant effects of the drugs individually is an intriguing

result.

Parallels lie in models of communication as mutual prediction and joint action

(Friston & Frith, 2015; Garrod & Pickering, 2009). Friston & Frith (2015) build a theory of
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communication based on convergence of generative models of behaviour between
interactors to minimise mutual prediction error. Cast in this light, our finding suggests that
both pair members may be better able to predict one another’s behaviour when in the same

pharmacological state, with more coordinated play as the result.

The learning model developed here did not explicitly model prediction. However,
since outcomes are dependent on both parties’ actions, and the learning model is based on
the outcomes of previous actions rather than a forecast of unknown future behaviour,
accurate inferences on the reward to the other from taking an action are dependent on their
behaviour being stable and thus predictable. Otherwise, an apparently cooperative action
(for example, playing zero to allow the other person to take the reward from a trial because
it was ‘their turn’ to win) may lead to a suboptimal outcome for both sides (if the other
person then plays zero themselves) and thus not be reinforced. Hence our finding on the y
parameter is consistent with enhanced mutual prediction under the same pharmacological

state.

Notably and not in line with our hypotheses, drug condition did not show any
significant differences in mixed models on score or in learning models on choices. The
discrepancy from previous research may lie in the interactive method that we used. While
this may have increased the noise of the drug comparisons and thus inflated the type Il error
risk of not finding a true effect (and for atomoxetine there was a trend effect on drug for
score as well as the a parameter of the learning model), it may also speak to limitations of
previous research that did not incorporate an interactive approach. As real-life interactions
are dynamic in nature, with the actions of both interactors contributing to the outcome
rather than one party showing static behaviour, we believe that this study gives a more

realistic picture of interaction under pharmacological challenge.

3.5.1 Limitations of this study
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The study was designed to look at the contrast between behaviours under
pharmacological challenge against placebo, with the findings on pair condition being post
hoc. Assignment to the factor was incidental, so in all groups (particularly the atomoxetine
group) numbers assigned to same vs different condition pairs were different, and the more
powerful repeated-measures approach was not used for this factor. As a result, the
atomoxetine comparisons on pair condition were underpowered, potentially explaining the
lack of significant effects in the contrast of learning model parameters. However, as shown
in Supplemental Table 16, proportions of order, gender and same gender did not
significantly differ between levels of pair condition. As models were also estimated for each
of these factors but were all significantly worse fitting than the pair condition model, the
inference that pair condition plays a stronger role than any other factor considered remains

sound.

3.6 SUPPLEMENTAL METHODS

3.6.1 Learning models

Action values in all learning models were initialised to zero, then were fitted for the
179 trials of each participant session (excluding the first trial), thus estimating a set of
parameters separately for each participant’s drug and placebo condition. As the highest
number of free parameters in any model was 4, the ratio of sample size to free parameters
was always at least 44.75, so AIC is considered a reliable approach to quantifying fit

corrected for number of free parameters (Burnham & Anderson, 2002).
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3.6.1.1 Q-learning

We fitted a standard reinforcement learning model, in which only the participant’s
own reward R is reinforced on each trial. This has a single free parameter a € [0,1] for the

learning rate.

Vi (A) + a[R; — V;(A)] if action A is chosen
Vi1 (A) =
Vi (A) otherwise

3.6.1.2 Experience-Weighted Attraction

The Experience-Weighted Attraction (EWA) model is a learning model featuring
both reinforcement learning and fictitious play, the latter being reinforcement of unchosen
strategies based on rewards they would have yielded given the other player’s action. It is
governed by two updating equations - the first determining the strength of prior beliefs,
and the second updating values. There are four free parameters: ¢ € [0,1] decaying
previously learned values, & € [0,1] weighting hypothetical rewards of unchosen actions,
6 € [0,1] decaying prior weighting, and p € [0,1] the discount rate for the strength of past

experience controlling the influence of prior beliefs.

Ne= pNe—y + 1

(PNtVt(A) + T[1 [A;,Ai]

if action A is chosen

otherwise

(
|

Vi1 (A) = 4 (PNtVt(A) + 81‘[1 [A;, Al
\ Ne

3.6.1.3 Own-Other Reward Learning

The Own-Other Reward Learning model (discussed in detail in section 3.3.4.4)
reinforces chosen actions based on both rewards gained by the participant, and the reward
O; received by the other participant in the same trial. This has two free parameters, a €

[0,1] for the learning rate, and y € [—1,1] for the weight on the other’s reward.
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Vi (A) + «[R; + YO, — V;(A)] if action A is chosen
Vier(A) =
Vi (A) otherwise

3.6.1.4 Computing probabilities

For all learning models, probabilities of making each action were computed from
values of the five available choices j using a softmax function (e.g. Sutton & Barto, 1998).

This required estimation of an additional free parameter of decision temperature .

Ve (Ax)

Pt(Ax): XEJ

Ve(45)’
Zje]e T

These probabilities were used to compute log-likelihoods based on actual

participant choices at each trial, summed across all trials T.

LLB,S)= ) logP(Ar)
te{2,3...}

3.6.1.5 Null models

To check that the learning models chosen provided a better fit than static

probabilities, we also fitted two null models based on probabilities in Table 8.
3.6.1.6 Model fitting

Learning models were fitted using Matlab’s built-in fmincon function with
Sequential Quadratic Programming algorithm (Nocedal & Wright, 2006) to find maximum

likelihood parameters.
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3.7 SUPPLEMENTAL RESULTS

3.7.1 Frequencies of factors within groups

Table 16: frequencies of factors across pair condition levels

no of participant sessions

order gender same gender

group pairconditions 1 2 F M N Y
same 12 17 18 11 12 17

CT
different 13 10 13 10 10 13
same 15 15 14 15 20 10

ATX
different 7 6 8 5 8 5

As the same drug factor considered in the analysis was a post hoc categorisation that
had not been controlled by design, we tested proportions of participant sessions to ensure
there were no imbalances that could bias inferences. We computed Fisher’s exact test
statistics on each of the 2 X 2 contingency tables, pair condition against each other factor in

Table 16. There were no significant differences in proportions of any other factor (all p>.4).
3.7.2 Learning model comparison

Table 17: AAIC,, for each candidate model (where best fitting model AIC,, = AIC,,;)

CITALOPRAM GROUP ATOMOXETINE GROUP

Free
AAIC,, P(m) AAIC,, P(m)
parameters
Own-Other Reward Learning 3 0 >.999 0 >.999
Reinforcement Learning 2 857 <.001 630 <.001
Experience Weighted
4 935 <.001 372 <.001
Attraction
Mixed strategy NL 0 4026 <.001 3790 <.001
Mixed strategy L 0 4080 <.001 3817 <.001

Uniform p=0.2 0 7413 <.001 7147 <.001
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Table 17 shows AAIC,, for each candidate model. Through the comparison
procedure in section 3.3.4.5, no other model had a probability higher than 0.001 of fitting

better than the full Own-Other Reward Learning model.
3.7.3 Learning model parameter tests by drug

Table18: comparisons of parameter estimates for Own-Other Reward Learning model by drug
condition, paired Wilcoxon signed-rank tests

placebo condition drug condition

group parameter N  W-stat p
mean (SD) mean (SD)
a 0.130 (0.206) 0.139 (0.235) 556 .67
ALL 6 2.72 (2.93) 2.79 (3.06) 45 525 .94
Y 0.114 (0.650) 0.072 (0.668) 512 .85
o 0.148 (0.245) 0.185 (0.272) 135 47
(o]} 6 3.10(3.53) 3.40 (3.46) 25 152 .79
Y 0.062 (0.698) 0.031 (0.716) 152 .97
a 0.106 (0.144) 0.082 (0.169) 153  .076
ATX 8 2.24 (1.92) 2.03 (2.34) 20 120 .60
v 0.177 (0.596) 0.124 (0.618) 115 73

No significant differences were found between any parameter estimates in drug vs

placebo conditions.
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There were small but significant differences in the nausea scale between drug and

placebo conditions for atomoxetine and a marginally significant difference for citalopram,

corresponding to a change of 3.9 (CIT) / 6.1 (ATX) on a 100-point scale. There were no

significant differences between the two drugs in drug-placebo differences.

Table19: VAS score comparisons at test time, with scores on a 100-point scale. On antonym
pairs higher numbers are closer to the second term. P - placebo condition, D — drug condition, *

p<.05
CITALOPRAM GROUP ATOMOXETINE GROUP 'ZE;(‘;VUE::'

scale P D (;}s::;) P D (;—;t:;) t-stat p
nausea (gjg) (?12.2) 206  .050 (::Z;) (2';:) 223 .036* -0.668 .51
headache (122) (111é.2865) -0.18 .86 (233) (1232) -1.07 .30 -0.59 .56
dizziness (1‘22‘3) (8;79) 101 .32 (gzg;) (2'11;) 192 .068 094 .35
jlgas'y (iszg) (iéé) 115 .26 (ﬁg) (i:é) 0534 .60 0337 .74
St':;:ftt:: B (g:;) (ﬁ:i) 091 .37 (ﬁ:g) (ﬁ:i) 0569 .58  0.125 .90
r::;fes:uI (i;:) (ig) 0.80 .43 (i;i) (ig:i) 133 .20 021 .84

irritable -
hui)cc::;ed (ig:Z) (2222) 076 .45 (gi) (igzg) 188  .073 189 '36
a":;?;s B (Igzi) (iié) 0.63 53 (igzg) (ij'j) 0969 .34 009 .93
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4 SEROTONERGIC EFFECTS ON
INTEROCEPTION AND INTEROCEPTIVE
METACOGNITION

4.1 ABSTRACT

Interoception is perception and interpretation of internal physiological states. It
steers decisions, emotions, learning and experience of ‘self. Computational theories
describe top-down weighting of interoception in cognition, emotion and behaviour
according to the experienced precision of the interoceptive sensation. This process depends
on accurate assessment of the interoceptive experience, shown to be disrupted in certain
psychiatric disorders. Many of these same disorders respond to serotonergic treatment. A
within-participant placebo-controlled test of forty-eight healthy adults demonstrated that
acute serotonin reuptake inhibition increases awareness of interoceptive precision, without
parallel effects in an exteroceptive domain. This motivates a theory of serotoninergic effects
on cognition though shifts of assessment of interoceptive sensation, tying serotonergic
function, disorders and treatments to allostatic responses to perceived changes of

homeostasis.

4.2 INTRODUCTION

Interoception is the perception and interpretation of internal physiological states.
Allostasis is the cognitive and behavioural response to interoceptive sensations to restore
homeostasis, a system of self-guided survival. Since the 19th century visceral states have
been shown to be accessed by human cognition and linked to human decisions, attention,
arousal, memory and emotion (Craig, 2009; Cameron, 2002). They are closely related to the

corporeal and psychological sense of ‘self, such as the anticipation of how one will
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experience and respond to future events (H.-D. Park & Tallon-Baudry, 2014; Seth, 2013;
Tsakiris, 2017). Problems arise when interoceptive signals are too strong, weak, or
misinterpreted. Correspondingly, interoceptive changes occur in psychiatric disorders
(DuBois, Ameis, Lai, Casanova, & Desarkar, 2016; Ehlers, 1993; B. Herbert & Pollatos, 2019;
Klabunde, Acheson, Boutelle, Matthews, & Kaye, 2013; Paulus & Stein, 2010). Advances in
computational psychiatry provide new routes for understanding of these deficits, positing
interoception as our most intimate measure of danger, arousal and reward in ourselves to
which other information is compared, unless otherwise proven unreliable (Allen & Tsakiris,
2018; Seth, 2013). If one cannot assess the reliability of interoceptive cues, they are relied
on too much, or too little. For example, inaccurate inappropriate fear-related interoceptive
responses can potentiate further anxiety (Khalsa & Feinstein, 2019; Paulus & Stein, 2010).
Inappropriate interpretation of hunger cues may be instrumental in eating disorders (B.
Herbert & Pollatos, 2019). A key advancement for understanding interoceptive deficits has
been the discovery of independent variance of different interoceptive processes (Garfinkel
etal.,, 2015). Three component processes are considered: interoceptive accuracy (detection
of interoceptive signals), sensibility (subjective assessment of one’s ability to detect them),
and awareness (the correspondence of subjective assessment to reality; Garfinkel et al.,

2015).

Many disorders currently licensed for effective treatment with serotonin reuptake
inhibitors (SSRIs), which include depression, panic disorder, social anxiety, generalised
anxiety disorder and bulimia nervosa, are associated with changes of interoceptive
experience (Ehlers, 1993; B. Herbert & Pollatos, 2019; Paulus & Stein, 2010). With
depression and social anxiety, reduced 5-HT1areceptor activity is present in anterior insula
cortex (Drevets et al,, 1999; Lanzenberger et al., 2007), a region consistently identified as a
neural mediator of interoception (Craig, 2009; Schulz, 2016). There is also evidence of
serotonin changes altering the coupling between certain neural cardiac measures (Mueller

et al, 2012). However, no causal link between serotonin and interoception has been
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established and therefore a unifying theory of serotonin effects by moderation of
interoceptive processes could not be founded. Serotonin is historically associated with
mood, aggression, impulsivity, and adaptive decision-making (Cools et al., 2011), but
findings are often inconsistent using current interpretations, demonstrating the potential
for an underlying effect that may help to explain individual differences and, for instance, the
delay of effect on mood (Harmer & Cowen, 2013). The recalibration between cognition and

interoceptive cues may be that common thread.

Metacognitive sensitivity in decision making refers to the ability of an individual to
have insight into their own performance of an ‘object-level’ task (Fleming & Dolan, 2012),
where an object-level stimulus is one at the sensory level or a memory. Consistent findings
in exteroceptive tasks have demonstrated a dissociation with object-level performance
(Fleming et al, 2010; Rouault et al., 2018; Song et al., 2011), and a dissociation between
domains of exteroceptive metacognition and metamemory (Fleming et al., 2014). The same
framework has been laid out in the interoceptive domain, with a similar dissociation
between object- and meta-level performance (Garfinkel et al,, 2015; 2016), with the latter
study showing correspondence between interoceptive metacognition of cardiac and
respiratory signals but a dissociation from tactile sensory metacognition. However, it
remains unknown whether visual metacognitive performance is associated with
interoceptive metacognition or if separate neural systems underlie the two. Prior
psychopharmacological research has demonstrated that noradrenergic blockade using the
B-adrenoreceptor antagonist propranolol (but not dopaminergic blockade using
amisulpride) can improve perceptual metacognitive efficiency without affecting object-
level performance (Hauser, Allen, Purg, etal.,, 2017). No comparable experiments have been

carried out with serotonergic agents.

In the present study, we contrasted serotonergic effects on interoception with
placebo, as well as an alternative pharmacological manipulation. Participants were tested

using citalopram, employing a double-blind placebo crossover design. Citalopram is a highly
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selective SSRI, binding to the serotonin transporter with 3,800 times the affinity to the
norepinephrine transporter and 10,000 times the affinity to the dopamine transporter
(Michael ] Owens et al, 2001). This gives a high degree of confidence around the

serotonergic nature of the manipulation.

We tested participants on two well-validated procedures to measure interoception
- the heartbeat discrimination and tracking tasks (Garfinkel et al., 2015; Katkin et al., 1982;
Schandry, 1981). Each assessed three dissociable measures of performance: interoceptive
accuracy, awareness and sensibility. There is some evidence that the two tasks measure
different underlying processes (Garfinkel, Manassei Miranda F., et al., 2016), so using both

allowed for wider comparison with previous literature.

Interoceptive ability was measured using the heartbeat discrimination task
(Whitehead et al.,, 1977). It measures an individual’s ability to identify whether auditory
tones presented were in or out of sync with the participant’s heartbeat. Accuracy, sensibility
(i.e. confidence in accuracy judgements) and awareness measures were taken. By current
standards, this provides most precise definition of interoceptive processes at different
levels (Garfinkel et al, 2015). Participants also performed a heartbeat tracking task
counting perceived beats over an interval of time (Garfinkel et al., 2015; Schandry, 1981).
The latter task has known confounds related to heart rate changes (Zamariola et al., 2018),
so analysis of this task used cardiac measures to statistically control for these effects. We
hypothesised that citalopram would lead to enhanced interoception, in line with its
antidepressant effect countering the bluntened interoceptive sensitivity seen in depression
(Furman et al., 2013; Pollatos et al., 2009). We assessed visual metacognitive ability on a
separate control task (from Fleming et al.,, 2014), on which we had no hypothesised effect
of citalopram. We predicted that drug effects on interoception would be independent of
changes to visual metacognition, in line with earlier research showing dissociations of

metacognition across modalities (Garfinkel, Manassei Miranda F., et al,, 2016).



93

4.3 METHODS AND MATERIALS

4.3.1 Experimental Design

This study used a double-blind placebo repeated-measures design, with 20mg
citalopram delivered orally. This dosage has been shown to elicit cognitive effects in
previous research (M. Browning et al, 2007; Grillon et al, 2007), and were chosen to
balance active drug effects of interest against unwanted side effects. Participants underwent
two test sessions under medical supervision, ingesting the active drug dose in one session
and a placebo (an identical capsule containing cellulose) in the other session, with a
randomised counterbalanced order of presentation. No-one who had contact with
participants was aware of the treatment order, which was pseudo-randomised, balanced

for gender, and coded by a researcher who was not present during testing.
4.3.2 Participants

Fifty-one participants were recruited. Citalopram group testing was conducted in
two separate testing periods and locations, as one set was also included in a neuroimaging
study with scanning carried out after the tasks in this study were completed; only
behavioural results are presented in this paper. On a separate occasion prior to testing,
prospective participants undertook a screening session with a health questionnaire, heart
rate and blood pressure monitoring by a medical doctor, and a structured interview to
determine any undiagnosed psychiatric conditions (Mini International Neuropsychiatric

Interview; MINI, Lecrubier et al, 1997).

Exclusion criteria included: age under 18 or over 35 years; history of psychiatric
disorder (including anxiety disorder, depression, eating disorder, psychosis and substance
abuse disorder); presence of significant ongoing medical condition (including migraine,

diabetes, epilepsy, glaucoma and hypertension); pregnancy or breastfeeding; currently
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taking any medication (excluding contraceptive pill); first-degree family history of bipolar
disorder; Mini International Neuropsychiatric Interview (MINI) indication of: major
depressive episode, manic episode, panic disorder, social phobia, OCD, PTSD, alcohol
dependence, substance dependence, mood disorder with psychotic features, psychotic
disorder, anorexia nervosa, bulimia nervosa, generalised anxiety disorder, or antisocial
personality disorder. They were also instructed to abstain from alcohol or caffeine in the

preceding 12 hours before the start of test sessions.

This study received ethical approval from the University of Sussex Sciences &

Technology Cross-Schools Research Ethics Committee (ER/JL332/3, ER/JL332/9).

4.3.3 Procedure

Each participant performed a battery of tests including the interoception tasks at
the estimated peak absorbency of each drug (Milne & Goa, 1991; Sauer et al., 2005):
between 3 and 5 hours after administration for citalopram. Citalopram can exhibit side
effects (usually mild at the dose used here) including nausea, headache and dizziness
(Ekselius et al.,, 1997). Visual analogue scales (VAS; from 0-100) were given to assess for the
presence of these three somatic effects. Additionally, five emotion/arousal related effects
were also assessed with pairs of antonyms: alert-drowsy, stimulated-sedated,
restless—peaceful, irritable-good-humoured, anxious—calm. Sets of measures were taken
three times each, immediately following dosing and at the start and end of behavioural
testing. Mean scores for the two testing times were used in analyses, with paired t-tests to

analyse whether significant differences occurred between drug and placebo conditions.


https://direct.sussex.ac.uk/page.php?page=ethical_review&trail=ethical_review_list&er_app_seq=46033&rel=OWNER
https://direct.sussex.ac.uk/page.php?page=ethical_review&trail=ethical_review_list&er_app_seq=46033&rel=OWNER
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4.3.4 Tasks

For both tasks, participants were connected to a fingertip pulse oximeter (Xpod with
8000SM sensor, Nonin Medical Inc., Minnesota, USA) and undertook the two tasks run in
Matlab (version 2018a, Mathworks) using a variant of the tasks originally developed in Hart,

McGowan, Minati, & Critchley (2013), while their heart rate was monitored.

Heartbeat discrimination task

The discrimination task (Garfinkel et al., 2015; Katkin et al., 1982) is a two-
alternative forced choice task. Participants were instructed beforehand that the computer
would play a set of tones that would be either in or out of sync with their heartbeat. During
each trial, their heartbeat was measured in real-time, while a computer played a set of ten
tones at either the beginning of the rising edge of the pressure wave at the pulse oximeter
(~250ms after R-wave; Payne, Symeonides, Webb, & Maxwell, 2006), or an interval of
300ms later. These correspond respectively to judgements of maximum and minimum
simultaneity between stimulus presentation and heartbeat (Wiens & Palmer, 2001).
Following each trial, the participant was directed to respond whether the tones were in or
out of sync with their heart, and how confident they were in that answer using a Likert scale
ranging from ‘total guess’ to ‘complete confidence’. Synchronous and asynchronous trials

were presented in pseudorandomised order. Twenty trials were carried out in each session.

Heartbeat tracking task

The tracking task involved trials of varying intervals (25-50 seconds), in which the
participant was directed to count the number of heart beats that they felt within the interval
and report this to the experimenter. As with the discrimination task, they then reported how
confident they were in that answer using a Likert scale. Participants were not aware of the
length of each interval in advance of each trial, and were directed when to begin and end

counting by a voice recording. Six trials were carried out in each session.
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Participants were not permitted to use any external cues such as monitoring their
pulse using a finger. After the second session, the participants were asked whether they had
been able to feel their pulse in the finger attached to the probe. Three participants’ data

were excluded due to the presence of these sensations.

Technical errors prevented a full set of trials being completed for two participants
on the tracking task and one participant on the discrimination task. This left 47 participants
considered in the discrimination task analysis (16 males, age M=23.3, SD=4.0) and 46 in the

tracking task (15 males, age M=23.2, S$D=3.9).
Visual metacognition task
Figure 15: order of stimulus presentation for visual metacognition task

time

»

Which has more dots?
[Left] ? [Right]

The visual metacognition task was taken from Fleming et al. (2014). Participants
were shown circles containing dots and instructed to indicate which contained more.
Following each trial, they were asked to indicate their confidence in the previous response
on a Likert scale. 200 trials were conducted in 8 blocks, with a self-timed rest every 25 trials.
The difficulty was staircased over the course of the trial, with the difference in numbers of
dots continually adjusted to so that the mean rate of correct answers was 70%, in order to

prevent ceiling effects.
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For the heartbeat discrimination task, discrimination accuracy scores were
calculated by taking the mean number of correct responses for the session and dividing by
the number of trials. Discrimination awareness was calculated through receiver operating
characteristic (ROC) curve analysis (Green & Swets, 1966; Hajian-Tilaki, 2013), measuring
the correspondence of trial-by-trial relative changes in confidence to accuracy independent
of individual differences in overall level of confidence, fitted using Matlab. Heart rate (HR)
in each interval was calculated, as well as heart rate variability (the standard deviation of
HR across intervals). Tracking accuracy scores across the six trials in each session were

computed as Knoll & Hodapp (1992):

1 |beat5real - beatsreportedl
accuracy =1 — 3

beats,eq;

Sensibility scores were computed as the mean of the trial-wise confidence VAS measure in
each task, coded 0-10. For the visual metacognition task, visual metacognitive efficiency
(VME) measures were calculated as the ratio of meta-d’ to d’ (Fleming & Lau, 2014; Green

& Swets, 1966) were calculated in Matlab.

We then used GLMs to model within-subject differences between each drug and its
placebo, including treatment order and gender as effect-coded covariates to both model
potential effects of these confounds and determine the significance of main effects

decorrelated from confounds.
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Figure 16: potential mediation pathways
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To test if significant interoceptive changes were mediated by changes in heart rate,
visual metacognitive efficiency or subjective report measures, we additionally modelled
mediation using the Judd, Kenny, & McClelland (2001) approach. This was carried out for
all potential mediators showing either significant differences in the mediating variable
between drug and placebo (AM;,c4iator, i-€- Showing an effect through path B in Figure 16),
or significant correlations between their drug-placebo differences and those of task
variables (AM,qsr, an effect through path C). Additionally, to test the hypothesis of a drug
effect mediated by general metacognitive processes, we carried out mediation analyses on

this for all significant interoceptive effects.

Mediation analyses were carried out by first regressing AM;,,c4iqror With order and
gender confounds to determine the drug effect on the mediator (path B). Next, a GLM was
carried out on the task measure including both mediator and confounds, where the beta
values on AM;,g, and AMy,qiqt0r determined effects on paths A and C respectively. The
indirect effect was calculated as the product of the two AM,cqiqtor betas (path D). This
allowed us to statistically separate out the direct (unmediated) effect of the drug from the
indirect (mediated) effect which the drug might influence through somatic or psychological

changes.
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4.4 RESULTS

4.4.1 Drug effect on task performance

Table 20: results of all task measures for model with order and gender as covariates. * p < .05,
*%
p <.01.

condition
measure placebo drug F-stat p

discrimination
accuracy

discrimination
awareness

discrimination
sensibility

visual

metacognitive 0.789 (0.367) 0.766 (0.334) 0.004 .95

efficiency

0.562 (0.131) 0.583(0.155) 0.09 .76
0.503 (0.181) 0.575(0.165) 6.58 .014*

5.03 (1.84) 5.47 (1.48) 2.48 12

Table 20 shows the results for the interoception discrimination and visual
metacognitive task. GLMs with drug condition as a within-subject factor and order and
gender as covariates confirmed a significant difference between placebo and citalopram for
measures of awareness on the discrimination task. Interoceptive awareness was higher on
drug than placebo (Figure 17). Interactions with order and gender showed small and non-
significant effects (order: p = .56, gender: p = .65). There was no effect of citalopram on
interoceptive accuracy or confidence on the discrimination task, only their correspondence.
Tests on a restricted set with very low changes in somatic effects still resulted in the

observed effect on interoceptive awareness (see Supplemental).

As the tracking task effect showed a trend correlation with changes in heart rate

(r(47) =-.261, p =.080), we restricted analysis on this task to mediation analysis.
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Figure 17: Effect of citalopram on cardiac interceptive awareness. (1) Mean interoceptive
awareness in each condition. Error bars are within subject 95% CI. (2) Change of interoceptive
awareness for each participant.
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While the tracking task offers only 6 trials to generate an interoceptive awareness
measure, and so would be underpowered to draw a strong inference on its own, the effect
of citalopram on this measure correlated between the two tasks, across subjects (after
controlling for changes in heart rate, partial r(42) = .29, p =.027 one-tailed). This indicated

generalisability of the SSRI effect on interoceptive awareness.

Significant interactions were seen with order for tracking accuracy (p = .049) and

metacognitive efficiency (p =.019).
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4.4.2 Drug effects on mediators and mediation analysis

Table 21: results of mediation analyses on discrimination task interoceptive awareness. HR —
heart rate, VME — visual metacognitive efficiency, 1 in units of awareness scores, ¥ in units of
the mediator, * p < .05, ** p < .01

mediator
HR nausea VME
direct drug effect on interoceptive 0.0844 0.0746 0.0769
awareness (path A)
t-stat 2.33 2.31 2.61
p .025* .026* .013*
effect of drug on mediator 4,05 3.91 0.0041
(path B)
t-stat -3.76 2.30 0.06
p  <.001%* .026* .95
effect of mediator on measure 0.0012 0.00018 0.0973
(path C) *
t-stat 0.271 0.06 1.46
p .79 .95 .15
indirect effect through mediator -0.0051 0.00071 0.00040
(path D) #

No changes in mediation variables between drug and placebo showed significant or
trend correlations with change in interoceptive awareness (see supplemental results) -
notably, cardiac variables showed almost zero correlation (heart rate: r(47) =-.005, p = .98;
heart rate variability: r(47) = -.004. p = .98). However, there was a significant reduction in
heart rate (measured in beats per minute: F(1,44) = 14.1, p <.001, AM = -4.05, 95% CI [-
6.22,-1.88]) and increase in nausea under citalopram (on 100-point scale: F(1,44) =5.31, p
=.0259, AM =3.91, 95% CI [0.491, 7.33]) compared with placebo, so both these and visual
metacognitive efficiency were tested with mediation analysis. This revealed no significant
effects of mediators on interoceptive measure, while the direct effect remained significant
throughout. Indirect effects were all negligible compared to the direct effect, with the largest

indirect effect for HR at ~6% of the size of the direct effect and in the opposite direction.
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Table 22: results of mediation analyses on tracking task interoceptive accuracy. HR — heart
rate, HRV — heart rate variability, VME — visual metacognitive efficiency, 1 in units of awareness
scores, 1 in units of the mediator, *p <.05, **p <.01

mediator
HR HRV nausea VME
direct drug effect on interoceptive 0.0510 0.0581 0.0549 0.0671
accuracy (path A)
t-stat 2.08 2.71 2.45 3.30
p .044* .010* .019* .002%*
effect of drug on mediator
(path B) # -4.05 -0.72 3.91 0.0041
t-stat -3.76 -1.55 2.30 0.06
p <.001** 13 .026* .95
effect of mediator on measure -0.004 -0.009 0.003 0.0818
(path C) *
t-stat -1.21 -1.40 1.32 1.80
p .23 17 .19 .079
indirect effect through mediator 0.015 0.0068 0.011 0.00034
(path D) *

For the tracking task, changes in both heart rate and heart rate variability showed
trend correlations with changes in tracking accuracy. These and the mediators shown
significantly different between drug and placebo were all tested in mediation analyses.
Results are shown in Table 22. Once again, indirect effects were considerably smaller than
the direct effect, and no mediators showed a significant effect on tracking accuracy. There
was no significant effect of drug on visual metacognitive efficiency, and a near zero effect
compared to mean metacognitive efficiency (M = 0.778, SD=0.264). The effect of changes in
metacognitive efficiency on interoceptive measures was larger but non-significant, and the
indirect effects were considerably smaller than the direct effect of drug on interoceptive

measures.
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4.5 DISCUSSION

The central finding of this study demonstrates the serotonergic modulation of
afferent interoceptive signal processing within the central nervous system. Serotonin
changes can cause a change of interoceptive awareness in the absence of changes to visual
metacognition and independent of changes in objective cardiac measures or subjective
effects. This is the first demonstration of a controlled pharmacological manipulation of the
brain’s access to and metacognition of cardiac interoceptive cues, consistent with modern

computational theory and interoceptive deficits in serotonin-related disorders.

Serotonin has previously been linked to measures of cardiac-neural coupling, where
tryptophan depletion reduced evocation of an EEG potential linked with cardiac changes in
response to feedback (Mueller et al., 2012), as well as other aspects of homeostatic function
(Ray et al, 2011). Depression and impulsivity, both linked with serotonergic dysfunction
(Dalley & Roiser, 2012; M. J. Owens & Nemeroff, 1994) are associated with lowered
interoceptive ability (Herman et al., 2019; Pollatos et al., 2009). In our study, we found that
serotonergic manipulation resulted in greater levels of accuracy about and awareness of
interoceptive function, suggesting a strengthening of neural-cardiac links. This therefore
showed opposing effects to those characteristically seen in conditions associated with
lowered serotonin levels, although in the same direction as those seen in anxiety-related
disorders (Ehlers, 1993; Koteles & Doering, 2016; Pollatos et al., 2009). This is in line with
findings of SSRI treatment resulting in relatively early improvement in depressive
symptoms (Taylor, Freemantle, Geddes, & Bhagwagar, 2006) but anxiogenic effects (Nutt,
2005). Notably, while sensibility (or overall confidence in responses) trended in the same
direction, it did not show significant increases on either task, showing limited ability to

adapt to these changing signals.

Prominent computational theories of anxiety and depression characterise them as

excessive weighting of bodily evidence leading to inability to adapt expectations when the
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external environment changes. Coupled with overly precise expectations of negative
outcomes through a negative model of the world, the result is persistent miscalculation of
the likelihood of negative events occurring (Paulus et al., 2019). In the long run these can
become entrained into depressive biases, with frequent comorbidity. This makes altered
interoception as potentially key to the aetiology of these disorders. Our finding reveals that
serotonergic pathways influence interpretation of interoceptive signals, and that
serotonergic manipulation could therefore increase the weight of internal over external
signals. Notably however, we did not find significant increases in anxiety through subject
state report, consistent with earlier observations of acute citalopram influences on
behaviour (M. Browning et al., 2007; S. E. Murphy, Norbury, et al, 2009), as our healthy
population would not have the characteristic biases needed to bias interpretation of the
upweighted signals as threatening. The lack of state anxiety change in our healthy
participants may relate to the finding that consistent evidence connecting interoception
with anxiety is limited to clinical cohorts (Domschke et al., 2010) and is predicted by mood
disorder in a first degree relative (Harada et al., 2014). A direct link between serotonin and
interoception may help to explain how anxiety symptoms accompany the initiation of
selective serotonin reuptake inhibitor (SSRI) treatment, but wane with the later onset of
therapeutic effects (M. Browning et al., 2007; Harada et al., 2014; Kent et al,, 1998). The
vulnerability could be psychologically (as well as biologically) determined: a negative-bias
in the processing of somatic information is more prevalent in clinical presentations of mood
disorders (Paulus & Stein, 2010). Specifically, vulnerable individuals may be more likely to
interpret serotonin-mediated increased interoceptive precision of cardiac sensations as a
signature of threat as in Paulus et al. (2019), while updating of internal models towards a
low threat external environment requires repeated exposure and therefore a delay. This
research therefore may inform how serotonergic treatments work, differ between
individuals, are delayed in their clinical effectiveness (Frazer & Benmansour, 2002) due to

relearning of interoceptive processing, and have cognitive, affective and at times
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paradoxical anxiogenic effects in the short term (Harmer & Cowen, 2013) due to new access
or interpretation of interoceptive events. The benefit of such a theory is that it is a closer to
basic biological processes than current cognitive measures, making findings more

accessible to general theories of serotonin function in the brain (Dayan & Huys, 2009).

While previous pharmacological research has provided direct evidence for the link
between noradrenergic-modulated sympathetic arousal and anxiety in panic disorder
(Gurguis et al., 1997; Pohl et al,, 1988), and the $-adrenoreceptor antagonist propranolol is
used as a treatment for anxiety (Steenen et al., 2016), our findings are (to our knowledge)
the first identified pharmacological effect directly linked to interoceptive processing itself
rather than modulation of bodily information. Accumulating evidence shows that
interoceptive therapies improve patient outcomes in symptoms including anxiety and
depression (Khoury et al, 2018). Thus understanding interoception’s neural substrates
provides a leap forward in our understanding of mood disorders including depressive,
anxiety, eating, dissociative and somatoform disorders which affect at least 322 million

people worldwide (WHO, 2017).

We also offer important insight into the differing roles of interoceptive processing
at different cognitive levels. A large body of literature in perceptual decision making
revealed dissociable processes of perception and metacognitive oversight (Fleming &
Dolan, 2012). Focal metacognitive deficits have been shown from psychiatric (Hauser, Allen,
Rees, et al., 2017; Rouault et al., 2018) and neurological (Fleming et al., 2014) conditions,
and metacognitive processes are central to consciousness and selfhood in Higher-Order
Thought theory (Lau & Rosenthal, 2011). By contrast, despite a similar dissociation being
mapped out and experimentally verified in interoception (Garfinkel et al., 2015; Garfinkel,
Manassei Miranda F., et al, 2016), we provide the first insight into pharmacological
pathways of interoceptive metacognition. Notably, previous work has linked bodily self-
awareness (Blanke et al., 2002; Guterstam et al., 2015; lonta et al,, 2011) and specific cardiac

mediation of self-related thoughts (Babo-Rebelo, Richter, et al., 2016) to the brain’s default
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mode network (DMN). These areas have been repeatedly linked to self-related processing
(Qin & Northoff, 2011) and show altered patterns of activity in depression that are restored
with SSRI treatment (Cheng et al,, 2017; A. Dutta et al,, 2019). Our finding motivates future
work to determine whether serotonergic effects on interoceptive metacognition may be
mediated by common structures with other aspects of self-related processing (see next
chapter). It also lays the groundwork for future clinical work targeting these higher-order

processes for treatment of psychiatric conditions related to interoception.

The impact of serotonin on interoception was pronounced. This does not preclude
the involvement of other neurotransmitters changing access to cortical representations of
internal state. For example, the concentrations of the inhibitory neurotransmitter GABA
within insular cortex (measured using magnetic resonance spectroscopy; MRS) correlates
with interoceptive experience (Wiebking et al., 2014). Serotonin modulates specific aspects
of GABA activity (Ciranna, 2006) and correspondingly a subset of the therapeutic effects of
SSRIs is suggested to be GABA-mediated (Luscher et al., 2011). Further research would be

needed to disentangle these effects.

The findings on interoceptive accuracy in the citalopram group were partially
mediated by heart rate changes, so may be partially related to underlying vascular changes.
Nonetheless, the connection between shifts in vascular activity and interoceptive processes
does not negate their potential contribution to behaviour - if altered interoceptive signals
can affect emotional states, this effect may be present regardless of whether neurally or
physiologically mediated. Further research is needed to see how any of these effects persist
with chronic changes in serotonin, and if so the extent to which they can affect emotion and

other processes that are linked with interoception.

We demonstrated that cardiac interoceptive processing is causally affected by
pharmacological manipulation of serotonin. This finding advances the neurochemical

understanding of the central experience of the body and self, and provides important new
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implications for understanding the mechanism of effect of serotonin on emotion, decision-

making, interoception-related disorders and their treatment.

46 SUPPLEMENTAL RESULTS

4.6.1 Somatic and psychological effects

Table 23: VAS scales, mean score at test time. t full sample, T restricted sample, * p < .05, * p
<.01

t-stat (df=467

scale placebo citalopram / 374)

nausea 4.47 (7.29) 9.18 (11.8) -2.93 .005**
headache 12.3(17.3) 12.2 (17.6) 0.05 .96
o dizziness 9.44 (13.0)  11.02 (12.1) -1.22 23
2 alert — drowsy 44.0(18.2)  47.8(19.5) -1.27 21
A stimulated — sedated 46.4 (15.6) 47.7 (14.9) -0.54 .59
é restless — peaceful 64.3 (18.6) 61.2 (18.7) 1.02 31
irritable - good-humoured 63.9 (17.7) 64.8 (16.1) -0.49 .62
anxious — calm 71.9 (15.9) 67.6 (15.7) 1.75 .086
nausea 4.74 (7.71) 5.1 (6.45) -0.46 .65
o headache 12.5(18.3)  10.2(16.9) 1.46 .15
5 dizziness 9.35(11.4)  10.1(12.1) -0.63 .53
a alert — drowsy 43.3(17.8)  46.6(19.2) -1.11 27
E stimulated — sedated 46.6 (15.2) 47.4 (15.0) -0.31 .76
,°__‘ restless — peaceful 62.7 (19.2) 64.0 (17.8) -0.44 .66
E irritable - good-humoured 63.5(17.8) 66.11 (16.1) -1.4 17
anxious — calm 70.7 (16.9) 70.0 (15.6) 0.27 .79

Table 23 shows the difference between scores in drug and placebo conditions on
subjective ratings at test times. There were small but significant differences in the sample
on the subjective nausea rating, corresponding to a mean 4.7 difference on a 100 point scale.
To determine whether this could affect inferences on the drug effect (for example, increased
nausea causing participants to become more aware of their bodily sensations), we
conducted a second analysis restricted to participants with less than a 10-point change in
nausea (38 participants). The citalopram effect on interoceptive awareness was similarly

significant in this sample (F(1,35) = 5.62, p =.023).
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4.6.2 Correlations

Table 24: correlations between drug-placebo changes in cardiac/self-report variables and
interoception measures

discrimination awareness tracking accuracy

r(47) ¢] r(46) p
heart rate -.0036 .98 -.261 .080
heart rate variability -.0037 .98 -.269 .071
nausea -.1367 .36 .0992 .51
headache -.0041 .98 -.103 .50
dizziness .0343 .82 -.123 A1
alert-drowsy .0175 91 -.127 40
stimulated — sedated -.0823 .58 -.0062 .97
restless — peaceful .0098 .95 -.0610 .69
irritable - good-humoured -.0112 .94 -.0591 .70
anxious — calm .0216 .89 .0312 .84

No changes in cardiac or self-report variables between drug and placebo showed

significant correlation with discrimination awareness or tracking accuracy changes.
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5 NEURAL CORRELATES OF
SEROTONERGIC EFFECTS ON
INTEROCEPTION

5.1 ABSTRACT

Interoception, or processes directed at internal physiological states, is altered in
anxiety and depression which show serotonergic dysfunction. We found previously that
acute challenge with the selective serotonin reuptake inhibitor citalopram could enhance
measures of interoceptive ability. We sought to test whether the same manipulation would
show changes in neural activity in areas previously linked to interoception and self-
processing. We tested 22 healthy volunteers using 20mg citalopram in a double-blind
placebo crossover design. We used an interoceptive task with conditions of both heart and
stomach focus, along with a visual control task. We found increases in activity during
interoceptive over exteroceptive focus, in nodes of the default mode network including
posterior cingulate and inferior parietal lobule, as well as lateral orbitofrontal cortex and
superior frontal gyrus. There was considerable overlap between interoceptive focus in
heart and stomach modalities, with the latter showing more areas differentially recruited
under citalopram. Our findings are suggestive of an early mechanism by which serotonergic
treatment can affect interoception, with important implications for disorders presenting

with interoceptive dysfunction.

5.2 INTRODUCTION

Interoceptive processes (processes directed at internal physiological states) are
strongly linked to experience of bodily selfhood and emotion (Craig, 2009; Critchley &
Garfinkel, 2017; Seth, 2013; Strigo & Craig, 2016). They are altered in various

psychopathological conditions that are associated with serotoninergic dysfunction (Ehlers,
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1993; Furman et al., 2013; Paulus & Stein, 2010; Pollatos et al., 2009). We have presented
evidence in the preceding chapter that a single dose of citalopram enhanced interoceptive
awareness. This motivated the current study to understand whether interoceptive
processes showed altered neural signatures under serotonergic challenge, and compare

these effects with patterns shown in disorders of serotonergic function.

The neural correlates of interoceptive processes have been studied in healthy
populations (for an fMRI meta-analysis of 9 studies see Schulz, 2016). Brain regions
correlated with interoceptive processing versus exteroceptive control tasks include the
insula (8 of 9 studies analysed in Schulz 2016 plus overall significance in 3 clusters of the
meta-analysis), in particular the posterior subdivision (all 3 significant insula clusters, 2 in
right hemisphere) corresponding to Brodmann area (BA) 13. Other significant areas in the
meta-analysis included precentral gyrus and medial frontal gyrus. Areas not significantly
activated in the meta-analysis but found active during interoceptive focus in multiple
previous studies include postcentral gyrus (Caseras et al, 2013; Critchley et al., 2004;
Simmons et al,, 2013; Wiebking & Northoff, 2015), superior temporal gyrus (STG; Caseras
et al., 2013; Critchley et al., 2004; Wiebking & Northoff, 2015), inferior parietal lobule (IPL;
Critchley et al., 2004; Pollatos, Schandry, Auer, & Kaufmann, 2007; Wiebking & Northoff,
2015) and cingulate gyrus (Critchley et al., 2004; Wiebking & Northoff, 2015; Zaki et al.,
2012). Schulz noted that the meta-analysis combined tasks involving heartbeat counting
(Caseras et al,, 2013; Pollatos et al., 2007; Wiebking et al., 2010; Wiebking & Northoff, 2015;
Zaki et al, 2012), tone synchrony judgements (Critchley et al, 2004) and non-specific
attention to the heart (Avery et al, 2014; Kuehn et al,, 2016; Simmons et al., 2013), with
potentially different patterns of activity, which could explain why some areas did not show
significance on the meta-analysis as a whole (which included tasks of both types) despite
activation in multiple studies. We used significant areas in the meta-analysis for our

hypothesised areas of serotonergic effect under acute citalopram.
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Other evidence, from researched focussed on bodily awareness and selfhood, have
linked these processes to default mode network (DMN) activity (Tsakiris & Critchley, 2016).
The DMN is comprised of the interconnected regions of the brain that show activity
increases during rest and decreases during externally-oriented attention. Studies using out-
of-body illusions implicated the DMN nodes of IPL and posterior cingulate cortex (PCC) in
locating the body in spatial surroundings (Blanke, Ortigue, Landis, & Seeck, 2002;
Guterstam, Bjornsdotter, Gentile, & Ehrsson, 2015; [onta et al., 2011). Furthermore, specific
DMN responses to cardiac activity have been shown to affect conscious visual perception
(Hyeong-Dong Park et al, 2014) and encode selthood in spontaneous thoughts (Babo-
Rebelo, Richter, et al.,, 2016). This has led to proposals that both DMN and insula participate
in connecting bodily awareness and selfhood through monitoring of visceral information
(Babo-Rebelo, Wolpert, et al., 2016). With DMN showing altered connectivity in depression
that is restored with SSRI treatment (Cheng et al.,, 2017; A. Dutta et al., 2019), this raises the
possibility of serotonergic modulation of interoceptive processes through DMN node

activity.

Studies in populations with disorders compared to healthy controls have found
altered activation patterns, in keeping with the findings of behavioural studies. In a
population with major depressive disorder, Avery et al. (2014) found decreased activity
bilaterally in the dorsal mid insula during interoceptive focussing, as well as decreased
activity in bilateral orbital frontal cortex, right caudate, right amygdala and left superior
parietal lobule. Wiebking et al. (2015) found a similar decrease in right dorsal and ventral
anterior insula and bilateral posterior insula. Kerr et al. (2016) contrasted anorexic females
in remission with healthy controls, showing dissociations between insula regions and
modalities of interoceptive focus (heart, stomach and bladder) with distinct differences
between patients and controls - left dorsal mid-insula showing significant differences in
stomach but not heart nor bladder, with higher activity in healthy controls, and right

anterior insula showing less activity in heart but not stomach or bladder in healthy controls.
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Interestingly, their findings on healthy controls showed lower BOLD signal in anterior
insula in all interoceptive conditions compared with exteroceptive. While this appears to
contradict the results of studies showing increased insula activity during heart focus (8 of 9
studies in meta-analysis by Schulz, 2016), there were important differences in the control
trials. Previous studies used either counting (e.g. counting the number of appearances of a
target within an interval; Avery et al., 2014; Pollatos, Schandry, Auer, & Kaufmann, 2007;
Simmons et al., 2013; Wiebking et al., 2015; Wiebking & Northoff, 2015), oddball/target
detection in auditory tones (Caseras et al., 2013; Critchley et al., 2004), or non-specific tone
monitoring (Kuehn et al, 2016; Zaki et al., 2012). Conversely, Kerr et al's control trials
involved monitoring of target intensity, which shifted from black to shades of grey at a rate
approximating normal heart rate. This was chosen to provide a closer match to the
interoceptive task, which was also intensity focussed. As the anterior insula is a component
within the salience network mediating stimulus-driven attentional control (Uddin, 2015),
the monitoring and reporting of varied visual stimuli intensity may have particularly

recruited this area. In this study, we used a modified version of the Kerr et al. task.

While interoception in healthy and disordered populations has been studied in
previous literature, little research has focussed on the neurochemical underpinnings of
interoceptive processes. Wiebking et al. (2014) used magnetic resonance spectroscopy
(MRS) to examine the relationship with GABA, showing that concentration of the inhibitory
neurotransmitter GABA in left insula was correlated with neural response to interoceptive
stimuli as contrasted with exteroceptive, proposing that insula inhibition during
interoceptive awareness inhibits attention to external events in order to enhance internal
focus. To our knowledge however, no previous research has used pharmacological

challenge to causally link changes in brain activity with interoceptive processes.

Notably, both depression and anxiety are linked with serotonergic dysfunction
(Akimova et al, 2009; M. ]. Owens & Nemeroff, 1994), and serotonergic drugs such as

selective serotonin reuptake inhibitors (SSRIs) are widely used in the treatment of both
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(Kupfer et al,, 2012; Nutt, 2005). This is particularly relevant as there is a lack of consensus
around the neurocognitive changes seen in acute SSRI challenge, with both positive and
negative biases in emotional processing shown (M. Browning et al., 2007; C. ]J. Harmer,
Bhagwagar, et al., 2003), as well as anxiogenic effects in early treatment (Harada et al., 2014;

Kent et al., 1998).

We adapted the task from Kerr et al. (2016), using two interoceptive focus
conditions of heart- and stomach-focus, together with the control condition involving
monitoring the intensity of a target changing between shades of grey, and used a double-
blind placebo crossover design contrasting 20mg citalopram with placebo. Our specific
hypotheses were that we would replicate findings on previously identified areas involved
in interoceptive over exteroceptive focus, including medial frontal gyrus and precentral
gyrus which were identified in the Schulz meta-analysis. As the Kerr et al. study showed
reduced insula activity in the interoceptive-exteroceptive contrast, but other studies
showed increased activity, we remained agnostic about the overall direction of effect.
However, we predicted that the drug condition would show enhanced activity in insular and
other interoceptive areas during interoception compared with placebo, in line with our
previous behavioural findings of enhanced interoceptive processing under citalopram. We
also predicted that changes might be seen in the activity of areas within the DMN, due to
prior research connecting DMN activity with bodily selfhood and cardiac function.
Participants tested on this task also formed part of the sample tested with interoceptive
behavioural tasks discussed in the previous chapter. We hypothesised that changes in
neural activity under citalopram would correlate with changes in interoceptive awareness
on the heartbeat discrimination task, testing this hypothesis with a group-level covariate in

a separate analysis.
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5.3 METHODS AND MATERIALS

5.3.1 Participants

Ethical permission was granted by University of Sussex Sciences & Technology C-
REC (ER/JL332/9). Potential participants were screened with a health questionnaire (see
appendix) and the Mini-International Neuropsychiatric Interview (Sheehan et al., 1998).
Exclusion criteria included: age under 18 or over 35 years; history of psychiatric disorder
(including anxiety disorder, depression, eating disorder, psychosis and substance abuse
disorder); presence of significant ongoing medical condition (including migraine, diabetes,
epilepsy, glaucoma and hypertension); pregnancy or breastfeeding; currently taking any
medication (excluding contraceptive pill); first-degree family history of bipolar disorder;
Mini International Neuropsychiatric Interview (MINI) indication of: major depressive
episode, manic episode, panic disorder, social phobia, OCD, PTSD, alcohol dependence,
substance dependence, mood disorder with psychotic features, psychotic disorder, anorexia
nervosa, bulimia nervosa, generalised anxiety disorder, or antisocial personality disorder;
or scanner contraindications (e.g. metallic implants). They were also instructed to abstain

from alcohol or caffeine in the preceding 12 hours before the start of test sessions.

24 healthy participants aged 18-35 were recruited for this study. Neuroimaging data
from two participants were excluded due to excessive motion (>6% of volumes identified
as motion outliers for either session scan; see section 5.3.4.3 for details), leaving 22

participants (7 males, age M = 24.0, SD = 3.29).
5.3.2 Study procedure

We used a repeated-measures design with separate drug and placebo sessions. held
at least 7 days apart (days between sessions M = 10.3, SD = 6.87). Assignment to
treatment order was double-blind and counterbalanced, with the drug treatment

administered in one session and the placebo in another. Doses in the drug treatment
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conditions consisted of 20mg citalopram. Drug and placebo doses were delivered in gelatine
capsules, indistinguishable from one another, with the capsule filled with microcrystalline
cellulose (in addition to the active drug in the drug conditions). Drug and placebo doses

were all manufactured according to good manufacturing practice (GMP) guidelines.

Participants were also given eight visual analogue scales at four timepoints -
immediately following the dose, preceding the start of the scan, following the end of the
scan, and at the end of the test session. Scales (from 0-100) were given to assess three
somatic effects (nausea, headache and dizziness) and five emotion/arousal related effects
(pairs of antonyms: alert-drowsy, stimulated-sedated, restless—peaceful, irritable-good-

humoured, anxious—calm) to measure whether the drug was affecting these measures.

Following the dose but prior to testing, participants were given instructions and
practice on the task. To allow for drug levels to reach peak absorption (Milne & Goa, 1991;
Sauer et al., 2005), participants commenced behavioural testing (not listed in this chapter)
3 hours after drug/placebo administration, with neuroimaging starting approximately 45
minutes later. The neuroimaging tasks included the interoceptive focus task described in
the following section, and an emotional appraisal task, the full results of which are given in

the next chapter.
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5.3.3 Task design

Figure 18: Interoception scanner task, in (A & B) interoceptive conditions focussing on heart and
stomach respectively and (C) exteroceptive baseline condition. Each condition was presented
15 times, and the ratings phase was presented 8 times for each of conditions A & B and 7 times
for condition C.

2s 10s <ds time
A
HEART
HEART
GET READY

How intense were the

sensations?
B not at all very

1 2 3 4
STOMACH
STOMACH
GET READY
TARGET How intense was the
TARGET change in colour?
GET READY
not at all very
1 2 3 4

f-o009s

The scanner task was based on the heart, stomach and target conditions of Kerr et
al. (2016). Prior to the experimental trials, participants were given the following
instructions: ‘While the word '"HEART' or 'STOMACH' is shown on the screen, focus attention
on the intensity of the sensations experienced from the area of your heart or stomach. When
the word 'TARGET' is shown on the screen, it will sometimes change to from black to different

shades of grey. Focus attention on the amount that the colour changes. When a CROSS is shown
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on the screen, you can rest. Please keep your eyes open and try not to think of anything in
particular. You will sometimes be asked to rate how intense the sensations or the colour
changes were, using the buttons shown. Please make sure that you breathe evenly throughout

the task. You must NOT hold your breath at any time.’

Figure 18 shows the task design. The Heart and Stomach cue blocks corresponded
to interoceptive conditions, and the Target blocks to an exteroceptive baseline condition. In
the Target condition, after a short interval the target started changing from black to grey
(0.15-0.85 between black and white) and continued cycling between shades for a
pseudorandomly varied length of time between 0.7s and 1.1s, designed to mimic the
approximate frequency of normal heart rate. On half of the trials, participants were asked
to rate the intensity of the sensations from the area of focus (interoceptive trials) or the
intensity of the change in colour (exteroceptive trials). This was done in order to maintain
participant attention on the task. Rating trial presentation, condition order and shades of
grey for the TARGET blocks were pseudorandomly varied. There were 15 trials in each

condition, for a total duration of approximately 15 minutes.
5.3.4 Neuroimaging

5.3.4.1 Neuroimaging procedure

Testing took place at the Clinical Imaging Sciences Centre (CISC), Brighton and
Sussex Medical School. MRI data were acquired using a Siemens Magnetom Prisma 3T
scanner (Siemens Healthcare GmbH, Erlangen, Germany) and a 32 channel head coil. Stimuli
were displayed using NNL’s (NordicNeuroLab, Bergen, Norway) MRI-safe 40-inch monitor
(1920x1080 resolution) at the head of the bore and a mirrored headset. Responses for
participants on behavioural measures were recorded using two NNL MRI-safe 2 button

response boxes affixed together, operated with their right hand.
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5.3.4.2 Image acquisition

Functional images were acquired using T2*-weighted echo-planar imaging
(multiband factor 4, echo time 37ms, repetition time 1500ms, voxel size 2.2 X 2.2 X 2mm,
104 x 104 voxels per slice, 72 slices, FOV 205 X 205mm?, flip angle 52°), with a varying
number of volumes according to the speed of task completion (M = 580, SD = 36.8). Prior to
the task fMRI sequence, pairs of phase-encode reversed images were acquired for distortion
correction (FOV 228 x 228mm? 104 X 104 voxels per slice, echo spacing 0.54ms). On one
session, a structural T1-weighted magnetization-prepared rapid acquisition gradient echo
(MPRAGE) image was acquired (echo time 2.2ms, repetition time 2400ms, 0.8mm isotropic

voxels, 300 x 320 voxels per slice, 208 slices, FOV 256 X 256mm?, flip angle 8°).

To test for changes in resting perfusion which may accompany the pharmacological
challenge and confound task-related changes in BOLD signal (Detre et al., 2012; D. ].]. Wang
et al, 2011), pulsed arterial spin labelling (ASL) images were acquired using a FAIR-QII
sequence (4 label-control image pairs, echo time 16ms, repetition time 4600ms, voxel size
1.5x 1.5 x 3mm, 126 X 128 voxels per slice, 40 slices, interleaved slices, FOV 192 X

192mm?, flip angle 180°, inversion time 1990ms, bolus duration 700ms).
5.3.4.3 Pre-processing

Functional MRI images were pre-processed with a standard FSL pipeline including
motion correction using the middle volume of the timeseries as reference volume,
identification of motion outlying volumes using FSL Motion Outliers (root mean squared
intensity difference of adjacent volumes method), distortion correction using phase-encode
reversed image pairs, high-pass filtering at 80 seconds, brain extraction and co-registration
to subject structural images. Structural images were co-registered to standard space
(Montreal Neurological Institute MNI-152 stereotactic template). Independent Component
Analysis (ICA) decomposition was carried out using FSL-MELODIC (Beckmann & Smith,

2004) on unsmoothed data, and denoising was carried out manually, with noise
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components identified and removed using criteria laid out in Griffanti et al. (2017).
Following spatial smoothing with 5mm full-width at half maximum (FWHM) Gaussian
kernel, a second denoising step was carried out to remove residual noise. ASL images were
processed using Bayesian Inference for Arterial Spin Labelling (BASIL) to produce

perfusion-weighted images.

5.3.4.4 Analyses

Functional images were all analysed using FSL FEAT v6.0.0 (Woolrich et al., 2001,
2004). We employed a three-level generalised linear model (GLM), with the first level as
individual sessions using events corresponding to trial condition (Heart, Stomach and
Target), along with regressors of no interest for parametrically modulated change in target
intensity, fixation cross, ratings periods, button presses and outlying motion volumes.
Second level models were within-subjects contrasts between drug and placebo sessions for
participants, and third level was the group-wise analysis across participant session
contrasts using FMRIB's Local Analysis of Mixed Effects (FLAME) 1 & 2. In a separate
analysis, we also used data from the previous chapter of drug-placebo differences in

interoceptive awareness as a group-level covariate.

First-level contrasts were employed on Heart vs Target and Stomach vs Target. Z
(Gaussianised T/F) statistic images were thresholded non-parametrically using clusters
determined by Z > 3, chosen to maintain Type-I error rates below the .05 level (Eklund et
al,, 2016), and a (family-wise error rate corrected) cluster significance threshold of p < .05.
Group level analyses contrasted drug effects, employing covariates for order and gender.
Following this, we performed a conjunction analysis (Nichols et al., 2005) on significant
clusters from each contrast to determine the extent to which significant clusters overlapped
between the interoceptive conditions. Additionally, 2 two-level GLMs were performed
separately on the task contrasts in drug and placebo conditions, to compare the extent of

significant activity.
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Perfusion-weighted images were analysed at the group level in a paired t-test of
drug and placebo sessions wusing Statistical Parametric Mapping (SPM12;
https://www.filion.ucl.ac.uk/spm/software/spm12), with cluster-wise family-wise error
rate of p < .05, and with an additional exploratory threshold of p < .001 with extent > 50

voxels per cluster.

Behavioural analysis of drug-placebo differences on self-reported intensity and VAS

scales was carried out using paired t-tests.

5.4 RESULTS

5.4.1 Behavioural results

Paired t-tests showed no significant differences between drug and placebo
conditions on intensity measures (Table 25) nor on VAS self-reported measures (see

Supplemental).

Table 25: results of self-reported intensity (normalised from 0 to 1)

condition placebo citalopram t-stat (df=21) p

heart 0.58 (0.13) 0.54(0.13) 1.326 .20

stomach 0.46(0.13) 0.44(0.16) 0.765 .45

target 0.61 (0.11) 0.58(0.08) 1.182 .25
5.4.2 ASL

The analysis of ASL image pairs showed no significant clusters at the familywise
error rate, suggesting that citalopram compared to placebo did not affect cerebral blood
flow in general, and that any effects on BOLD responses were not mediated by general
effects on blood flow. For the uncorrected threshold, a single significant cluster was shown

in the occipital cortex (peak voxel MNI coordinate: (18, -96, 14), Puncorrectea = -001,

prwe = -10).
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5.4.3 Task fMRI results: main effects and interaction

Table 26-Table 27 and Figure 19-Figure 21 show the main effects of Heart vs Target
and Stomach vs Target contrasts and their interaction with drug condition: (Heart/Stomach
> Target) x (Citalopram > Placebo). There were no significant clusters in the inverse

interaction.
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Table 26: significant clusters in contrasts of Heart vs Target condition: mean across citalopram
and placebo treatments, and drug interaction. STG — Superior Temporal Gyrus, SFG — Superior
Frontal Gyrus, SPL — Superior Parietal Lobule, preSMA — pre-Supplementary Motor Area

MNI
s coordinates
Z score (at max 2)
Contrast Hemis. Region BA  #voxels (max) X y z
Heart > R Precuneus 7 5347 6.69 20 -46 62
Target L STG 40 3644 6.27 -62 24 14
R Cuneus 18 2909 7.18 10 -94 26
R Precentral Gyrus 44 2814 7.23 56 8 4
L SFG 9 1543 5.54 -8 64 30
L Middle Temporal Gyrus 39 617 5.59 -46  -74 28
L Parahippocampal Gyrus 36 352 4.61 -22  -18 -18
L Postcentral Gyrus 3 259 5.75 -48 -14 50
L STG 38 231 4.4 -48 14 -32
R Parahippocampal Gyrus 36 222 6.05 18 -14 -22
R Lingual Gyrus 18 196 5.06 10 -72 0
R STG 38 149 4.19 46 10 -28
L Cerebellum - 135 4.07 -26 -60 -58
Target > L Fusiform Gyrus 19 5983 7.12 -40 -76 -18
Heart R Middle Frontal Gyrus 6 4853 6.13 34 6 60
R SPL 7 3849 9.33 40 -52 54
R Fusiform Gyrus 19 3570 6.8 46 -70 -16
L Intraparietal Sulcus 40 1263 7.11 46  -42 42
R preSMA 8 845 5.37 6 26 52
R Caudate 48 419 4.69 12 2 16
R Cerebellum - 202 4.38 2 50 -34
L Middle Frontal Gyrus 10 179 4.86 -38 48 0
L Cerebellum - 166 4.71 -18  -34  -42
L Cerebellum - 165 4.23 -40 -44 -40
R Insula 13 161 5.16 36 20 -2
R Cerebellum - 127 5.97 26 -38 -44
(Heart >
Target) x Lateral Orbitofrontal
L 10 102 3.94 24 50 -2
(Citalopram Cortex

> Placebo)
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Table 27: significant clusters in contrasts of Stomach vs Target condition: mean across
citalopram and placebo treatments, and drug interaction. STG — Superior Temporal Gyrus, SFG
— Superior Frontal Gyrus, SPL — Superior Parietal Lobule, IPL — Inferior Parietal Lobule

4 MNI coordinates
score (at max z)

Contrast Hemis. Region BA  #voxels (max) X y z
Stomach > L STG 42 3862 6.67 -60 -36 20
Target R Medial Frontal Gyrus 6 3643 7.72 4 -10 62
L Cuneus 18 3608 8.00 -8 -94 26

R IPL 40 2864 6.02 54 -28 32

L Medial Frontal Gyrus 10 2327 6.26 0 56 0
L Parahippocampal Gyrus 36 743 513 -14 -10 -22

L Middle Temporal Gyrus 39 716 6.16 -42 -74 36
R Parahippocampal Gyrus 36 535 6.15 18 -14  -20
L Inferior Frontal Gyrus 47 270 5.27 -38 32 -20
R STG 38 260 4.95 46 20 -34

R Lingual Gyrus 19 143 4.06 30 -68 6
Target > L Fusiform Gyrus 37 11738 8.32 -50 -68 -12
Stomach R SFG 9 9164 7.46 44 40 28
R Intraparietal Sulcus 40 4372 11.5 42 -50 44

L SPL 7 2142 588 -26 -74 54

R Caudate - 1318 5.79 10 -2 14

L Middle Frontal Gyrus 9 545 5.88  -48 10 36
L Cerebellum - 543 6.07 -24 -32 -42
R Substantia Nigra / VTA - 476 5.03 4 -16  -20

L Caudate - 440 4.59 -8 6 12

L Middle Frontal Gyrus 46 419 555 -40 44 0
R Cerebellum - 172 5.09 22 -34  -40

L SFG 9 777 4.67 -4 48 48

(Stomach >
Lateral Orbitofrontal
Target) x L 10 432 448 -18 56 -6
Cortex
(Citalopram >

L IPL 40 161 444 50 -52 32

Placebo)
L Posterior Cingulate 30 130 4.42 0 -48 24
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Figure 19: results of Heart vs Target contrast. Heart > Target — red-yellow, Target > Heart —
dark blue-light blue
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Figure 20: results of Stomach vs Target contrast. Stomach > Target — red-yellow, Target >
Stomach — dark blue-light blue
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Figure 21: interaction of drug treatment condition with contrasts. Heart > Target — red, Stomach
> Target — green, overlap — yellow (all clusters Z>3, prwe-corrected <0.05, not shaded by Z value —
see tables 26 & 27 for values)

Figure 22 shows percentage changes in BOLD signals of the contrast-drug treatment
interactions in the significant clusters from Figure 21. Activation in interoceptive conditions
tended to show reduction under placebo compared to citalopram, and the opposite pattern
was shown in the exteroceptive condition. Charts exclude one participant with signal

change exceeding £2.5 SD from mean.
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Figure 22: BOLD signal change in lateral orbitofrontal cortex cluster for each parameter
estimate in interaction (Heart > Target) x (Citalopram > Placebo). Error bars are within-subjects
95% ClI
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Figure 23: BOLD signal change in clusters for each parameter estimate in interaction (Stomach
> Target) x (Citalopram > Placebo). PCC — Posterior Cingulate Cortex, IPL — Inferior Parietal
Lobule, IOFC — lateral orbitofrontal cortex, SFG — Superior Frontal Gyrus. Error bars are within-
subjects 95% ClI
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Table 28 shows the conjunction of Heart vs Target and Stomach vs Target contrasts, showing
largely overlapping areas between the two sets of contrasts. The interactions with drug

treatment did not show significant clusters in the conjunction.

Table 28: significant clusters in conjunction of Heart vs Target and Stomach vs Target condition,
mean across citalopram and placebo treatments. STG — Superior Temporal Gyrus, SFG —
Superior Frontal Gyrus, SPL — Superior Parietal Lobule

4 MNI coordinates
score (at max z)

Contrast Hemis. Region BA #voxels (max) x y z
(Heart > R Postcentral Gyrus 3 3157 4.58 44  -20 58
Target) N L Precentral Gyrus 6 2716 5.16  -58 2 10
(Stomach > R Cuneus 18 2485 4.77 18 -86 22
Target) R Precentral Gyrus 44 2067 5.24 50 2 6
L SFG 9 1443 5.54 -8 64 30

L Middle Temporal Gyrus 39 504 4.8 -44  -74 28
L Parahippocampal Gyrus 36 343 433 -16 -8 -18
L STG 38 218 4.02 -44 14 -30
R Parahippocampal Gyrus 36 208 5.88 18 -14  -20
R Superior Temporal Gyrus 38 143 4.05 42 18 -38
(Target > L Cerebellum - 5510 5.85 -10 -80 -34
Heart) N R Middle Frontal Gyrus 6 4763 5.62 34 6 60
(Target > R SPL 40 3709 8.08 42 -52 54
Stomach) R Inferior Temporal Gyrus 20 3299 5.67 60 -48 -14
L Intraparietal Sulcus 40 1194 519 -46 -42 44

R SFG 8 841 5.33 4 24 52

R Caudate 36 396 4.26 10 6 16
R Cerebellum - 197 4.38 2 -50 -34

L Middle Frontal Gyrus 36 178 398 -38 48 0
L Cerebellum - 166 471 -18 -34 -42
L Cerebellum 36 162 4.23 -40 -44  -40

R Insula - 161 5.16 36 20 -2
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Table 29 shows the number of significant voxels in GLM contrasts carried out on
citalopram and placebo conditions separately. Figure 24 shows this contrast for Heart >
Target. A far greater extent of significant voxels was shown under citalopram than placebo
for interoceptive conditions, and for placebo than citalopram for the exteroceptive control

condition.

Table 29: total number of significant non-overlapping voxels comprising suprathreshold clusters
in separate GLM analyses of drug and placebo condition for given contrasts

Contrast Placebo condition Citalopram condition
Heart > Target 46051 202294
Target > Heart 230279 92978

Stomach > Target 57520 165333
Target > Stomach 343056 93516

Figure 24: comparison of Heart > Target contrast, separate GLMs of citalopram and placebo
conditions. Blue — citalopram, green — placebo, cyan — overlap
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The group-level analysis using drug-placebo changes in interoceptive awareness

showed no significant clusters.

5.5 DISCUSSION

We first sought to confirm and contrast our results with previous studies. We found
several areas across the cortex which were differentially recruited during interoceptive
focus, many of which were in common with those found in previous literature. This gave us
confidence that our task was successfully measuring interoceptive focus. There was
considerable overlap between Heart and Stomach conditions. This provides further
evidence of common regions in the brain processing information across interoceptive
modalities (Avery et al, 2015), where both have important roles in maintaining
homeostasis and both receive input from afferent vagus nerve fibres (K. N. Browning et al.,
2017; Koizumi et al., 1985). Additionally, citalopram differentially shifted the relation of
neural correlates between interoceptive and exteroceptive focus. However, there was no

observed neural effect of citalopram specific to interoceptive processing on its own.

Areas showing significant clusters in the average of citalopram and placebo
conditions for both Heart > Target and Stomach > Target included superior and middle
temporal gyri, cuneus, parahippocampal gyrus and lingual gyrus. Specific to the area of
focus, heart-focussed interoception showed clusters in precuneus, precentral and
postcentral gyri, superior frontal gyrus and cerebellum, while stomach focus showed
activations in medial and inferior frontal gyri and inferior parietal lobule. The peak voxel of
the cluster in precentral gyrus was within 6.5mm of the peak of a similar cluster identified
in the Schulz (2016) meta-analysis and of two component studies (Critchley et al,, 2004;
Wiebking & Northoff, 2015), while three other studies also found recruitment of this area
(Caseras et al., 2013; Kuehn et al., 2016; Simmons et al., 2013). Other areas in common with

previous studies included, from Heart contrast: postcentral gyrus (Caseras et al., 2013;
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Critchley et al,, 2004; Simmons et al., 2013; Wiebking & Northoff, 2015), superior temporal
gyrus (STG; Caseras et al,, 2013; Critchley et al,, 2004; Wiebking & Northoff, 2015), middle
temporal gyrus (Pollatos et al, 2007), lingual gyrus (Terasawa, Shibata, et al., 2013),
precuneus and cuneus (Simmons et al., 2013). From the Stomach contrast, we additionally
found commonalities with heart-focussed areas of previous research in inferior parietal
lobule (Critchley et al.,, 2004; Pollatos et al., 2007; Wiebking & Northoff, 2015), inferior
frontal gyrus (Critchley et al., 2004; Zaki et al., 2012) and medial frontal gyrus (Caseras et

al,, 2013; Pollatos et al., 2007; Wiebking & Northoff, 2015).

For the interaction of drug treatment and focus condition, both interoceptive
conditions (against target) showed a positive interaction with citalopram (against placebo)
in lateral orbitofrontal cortex (IOFC), with stomach focus additionally showing positive
interactions in superior frontal gyrus (SFG), inferior parietal lobule (IPL) and posterior
cingulate (PCC). These were seen in the absence of any significant changes on resting
cerebral blood flow as measured by ASL, with the only trend cluster distant to the significant
BOLD interactions. Inspection of signal change for each condition revealed that for all
clusters, citalopram was associated with higher BOLD signals than placebo, with the reverse
for Target condition. This demonstrates a citalopram effect driven by both higher activity
in interoceptive focus and lower activity in exteroceptive focus compared with placebo. All
clusters were in areas shown to have involvement with interoceptive focus (Critchley et al.,
2004; Pollatos et al.,, 2007; Simmons et al.,, 2013; Wiebking & Northoff, 2015; Zaki et al,,
2012) or self-related processing (Henseler et al., 2011; Ruby & Decety, 2003) in previous
literature. Three clusters were in areas previously associated with default mode activity:
PCC (Greicius, Krasnow, Reiss, & Menon, 2003; Meindl et al., 2010; Spreng & Grady, 2009),
SFG (Scheibner, Bogler, Gleich, Haynes, & Bermpohl, 2017; Yan et al., 2009) and IPL (Passow
et al., 2015; Ryan, Sheu, & Gianaros, 2011; Vatansever, Menon, Manktelow, Sahakian, &
Stamatakis, 2015). As noted in the introduction, both PCC and IPL have been associated with

bodily aspects of selfthood, with the latter also specifically showing cardiac modulation in
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conscious experience. Thus the finding that they are more active during interoceptive focus
under citalopram suggests serotonergic contributions to awareness of the self, which are
dysfunctional in serotonergic disorders that show deficits of interoception and emotional

self-awareness (B. M. Herbert et al., 2011; Paulus & Stein, 2010).

The 10FC change during heart focus, with increased activity under citalopram,
shows an intriguing parallel with the Avery et al. (2014) study. They reported higher
bilateral IOFC activity in healthy compared to depressed populations during heart-focussed
interoceptive vs exteroceptive attention. Our findings suggest that manipulation with a
serotonergic antidepressant similarly alters activity in this region in healthy populations.
Acute citalopram has been shown to increase processing of positive stimuli without
concomitant changes in mood (M. Browning et al,, 2007; C. ]. Harmer, Bhagwagar, et al,,
2003), so this finding is in keeping with early changes in processing that reflect its longer-
term antidepressant effect. Both Browning et al. and Harmer et al. also showed increases in
response to fearful stimuli, with the former also showing potentiation of the startle
response. Anxiogenesis in early-stage SSRI treatment is a common side effect (Harada et al,,
2014; Kent et al., 1998), which we postulated in the previous chapter may be linked to
enhanced access to interoceptive signals prior to longer-term attenuating of biases that
interpret these signals as threatening. Our findings point to potential neural correlates of
this enhanced access. Contrary to our predictions, we did not find evidence of changes in
insula activity under citalopram, nor in precentral or medial frontal gyri. However as
previously noted, multiple areas support interoceptive focus, and our findings were in
keeping with previous research indicating interaction between 10FC activity in

interoception and serotonergic dysfunction.

It should be noted that overall, changes in BOLD signal were larger for the target
condition than those of the interoceptive conditions. We did not have any specific
hypotheses relating to changes in processing of visual stimuli under citalopram. However,

there are parallels from findings of deactivation of DMN nodes during task performance
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(Fornito et al., 2012), which is impaired in depression (Anticevic et al,, 2012). Moreover in
healthy participants, specific effects of serotonergic function in reducing both DMN
connectivity during rest (Ven et al., 2013) and activity during task performance (Scharinger
et al., 2014) have been shown. Thus, the effect of serotonergic challenge on areas known to
be involved with self-referential processing appears to shift neural responses in different
directions, reducing it when task demands are external and increasing it when internal

focus is required.

As well as the clusters identified that showed significant differences between drug
and placebo for each contrast, there were marked differences in the cluster extent between
conditions. The drug condition showed a far greater extent of voxels meeting cluster
significance thresholds for both interoceptive conditions than target condition, with the
reverse pattern seen under placebo. While this should be seen as indicative, it suggests that
citalopram is associated with a shift of activation patterns towards greater recruitment for
internally-directed processes. Order effects were only seen in two clusters on the (Stomach

> Target) x (Citalopram > Placebo) interaction (see Supplemental for details).

We did not see significant clusters in the group analysis using changes in
interoceptive awareness as a covariate. Our task was designed to measures effects of
interoceptive focus. Previous authors (Garfinkel et al.,, 2015; Schulz, 2016) have noted that
different processes may be elicited by judgements requiring accuracy (heartbeat counting
or synchrony judgements), awareness judgements of own interoceptive ability, and general
interoceptive focus without these requirements. We also did not see significant shifts in self-
reported intensity. While caution should be taken in interpreting these null results, they are
in line with dissociation of interoceptive processes seen behaviourally at different levels
(accuracy, awareness and self-reported confidence; Garfinkel et al, 2016, 2015). This
suggests that SSRI effects seen here may have different substrates from those of processes

involving higher-order awareness of interoception.
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Areas responding more to target than interoceptive focus included areas related to
visual attention such as fusiform gyrus and intraparietal sulcus (Bédard et al., 2011; Mukai
et al, 2007; Sestieri et al,, 2006), and frontal areas associated with externally-orientated
task attention and cognitive control (Cole & Schneider, 2007; Liang Wang et al,, 2010), as
well as cerebellum. Additionally, a cluster in right anterior insula showed higher activation
in target than heart focus. As noted in the introduction, this replicates Kerr et al's (2016)
finding in healthy controls. This may be in line with anterior insula’s role within the salience
network mediating stimulus-driven attentional control (Uddin, 2015), with the salient
changes in target intensity combined with instructions to monitor these changes rendering
the insula more active than during the unchanging stimulus cueing interoceptive focus.
Another potential explanation is that, as target phase was designed to mimic heart rate
(though uncorrelated to the actual participant’s heart), participants may have inferred or
attempted to infer that the target phase reflected their heart rate, recruiting insula for this

cross-modal comparison.

This study has shown that a single dose of citalopram increases activity in brain
areas linked with selfhood and interoceptive processes, adding to a serotonergic theory of
interoception. We showed changes in line with serotonergic enhancement of activity in
brain areas previously shown be attenuated in depression during interoceptive focus and
at rest. This shows parallels in acute neural and behavioural changes seen in other studies
of SSRI effects in healthy volunteers. Future work would be needed to determine whether
these changes correlate with clinical outcomes in patients receiving SSRI treatment, to gain
an understanding of whether altered serotonergic function and interoceptive deficits are

linked in mood disorders.

5.5.1 Limitations

While Target condition showed lower activation under citalopram in clusters shown

in the interaction, post hoc testing on the parametrically modulated target response
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revealed changes in the opposite direction - where the shift between shades was greater,
activity under citalopram was also greater (figures in Supplemental). This potentially
confounds inferences on exteroceptive conditions, although these did not form part of the
hypothesised effects. Speculatively, a lower intensity shift (and hence less contrast between
black and grey shades of target) may have prompted more attention on the target because
shifts became more difficult to detect. Further research using another control target
manipulation without changing intensity could provide further insight into why these

changes would be seen under serotonergic influences.

5.6 SUPPLEMENTAL RESULTS

Table 30: results of behavioural VAS

scale Placebo  Citalopram t-stat (df=21) p
hausea 3.50 (5.36) 7.85 (9.43) -1.79 .089
headache 12.8 (16.3) 11.2 (14.7) 0.627 54
dizziness 9.71(10.5) 12.1(12.8) -1.01 .33
alert - drowsy 50.3 (15.6) 54.6(17.2) -0.916 37
stimulated - sedated 49.6 (15.9) 51.6(14.9) -0.456 .65
restless — peaceful 60.6 (23.3) 60.6 (18.7) 0.003 1.0
irritable — good-humoured 64.7 (18.8) 64.7 (15.8) -0.012 99
anxious - calm 71.3(20.6) 66.3(17.5) 1.53 .14
Table 31: order effects
MNI
coordinates
Z score (at max 2)
Contrast Hemis. Region BA  #voxels (max) X y z
(Stomach >
Target) x L Superior Temporal Gyrus 41 206 4.06 44  -32 10
(Citalopram
> Placebo) x R Auditory Cortex 41 141 414 40 20 10

Order
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Figure 25: BOLD signal change in lateral orbitofrontal cortex cluster for parametric variable of
target intensity from interaction (Heart > Target) x (Citalopram > Placebo). Error bars are within-
subjects 95% ClI
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Figure 26: BOLD signal change in clusters for parametric variable of target intensity in
interaction (Stomach > Target) x (Citalopram > Placebo). SFG — Superior Frontal Gyrus, IOFC —
lateral orbitofrontal cortex, IPL — Inferior Parietal Lobule, PCC — Posterior Cingulate Cortex.
Error bars are within-subjects 95% CI
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6 EMOTIONAL SELF- AND OTHER-
DIRECTED APPRAISAL: NEURAL
SUBSTRATES AND EFFECTS OF
CITALOPRAM CHALLENGE

6.1 ABSTRACT

Understanding one’s own emotions and the emotions of others is important for
healthy functioning, and deficits are seen in disorders that present with serotonin
dysfunction. Previous research also links this functioning to interoceptive processes, or
processes directed at internal physiological states. In previous chapters we demonstrated
serotonergic effects on interoception and its neural correlates. Here we examine the effect
of acute citalopram on the neural correlates of emotional appraisal directed at the self and
others. We used a double-blind placebo crossover design with 22 healthy participants on a
task that elicited focus on either the participant’s emotional state, or that of a face with a
neutral or fearful expression. Across both drug conditions, we showed differential activity
when focussed on the self in several areas associated with default mode function including
anterior cingulate/medial prefrontal cortex and temporoparietal junction, as well as other
frontal and temporal regions including superior frontal gyrus. In the conjunction of self-
focus and interoceptive focus, medial prefrontal cortex, insula, angular gyrus and cuneus
showed significant activation, in line with previous research. We also showed a drug effect
on connectivity between superior frontal gyrus and parahippocampal gyrus: connectivity
was reduced in self-focus under citalopram but increased in other-focus. This demonstrates
that serotonergic challenge can influence emotional appraisal, and points to another

potential avenue of serotonergic effect on perception of the social environment.
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6.2 INTRODUCTION

Forming an accurate understanding of the emotions of oneself and of others is
closely linked to healthy functioning, and ties into interoceptive processes. Deficits in
emotional self-recognition and empathic theory of mind are linked with depression and
anxiety (Berthoz et al.,, 1999; Hezel & McNally, 2014; Honkalampi et al.,, 2000; Marchesi et
al, 2000; Washburn et al, 2016; Weightman et al, 2014). Both are linked also to
interoceptive processes. Alexithymia (lack of understanding of one’s own emotional state)
is associated with interoceptive deficit (Brewer et al, 2016; B. M. Herbert et al., 2011;
Longarzo et al,, 2015; ]J. Murphy et al,, 2018), in line with putative connections between
emotional experience and bodily states (Craig, 2009; Seth, 2013). In the brain, alexithymia
manifests in attenuation of insula response to valenced stimuli (van der Velde et al.,, 2013),
an area repeatedly linked with interoceptive processes (Schulz, 2016). Social cognition and
interoceptive processes also share a set of neural substrates in orbitofrontal and inferior
frontal gyri, amygdala, and mid temporal lobe (Adolfi et al., 2017), as well as insula (Uddin
etal.,, 2017). With well-established links between the serotonin system and mood disorders
(Akimova et al., 2009; M. ]. Owens & Nemeroff, 1994; Schinka et al., 2004), and the links
between the serotonin system and interoception established in earlier chapters, an
understanding of the serotonergic contributions of affective appraisal of self and others and
their interplay with interoception’s neural substrates may offer insight into how these

processes become dysfunctional.

Converging evidence shows common neural substrates of affective self-appraisal
and appraisal of the emotions of others. In particular, a set of regions known as ‘cortical
midline structures’ (CMS; Northoff & Bermpohl, 2004; Uddin, Iacoboni, Lange, & Keenan,
2007) have been implicated in both processes. These areas, including medial prefrontal
cortex (MPFC), anterior cingulate cortex (ACC) and precuneus, constitute parts of the

brain’s default-mode network (DMN) which are also active during periods of rest (Greicius
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et al., 2003; Gusnard & Raichle, 2001). Amodio & Frith's (2006) extensive review of medial
frontal areas examined evidence that anterior rostral regions of the MPFC have roles in both
affective self-monitoring (Gusnard et al, 2001; Lane et al, 1997) and mentalising
(representing another person’s perspective; Frith & Frith, 2003). Various authors (e.g.
Mahy, Moses, & Pfeifer, 2014; Mars et al., 2012) note that this overlap is consistent with a
view of theory of mind (TOM) as a simulation of another’s behaviour by imagining one’s
own response in their situation, i.e. simulation theory (Gallese & Goldman, 1998). Areas
such as the right temporoparietal junction (Saxe & Kanwisher, 2003) have been shown to
be involved in mentalising, perspective-taking and empathy, often act in concert with these

medial frontal areas (Aichhorn et al., 2006; Spengler et al., 2009; Vollm et al., 2006).

Nonetheless, distinctive levels and areas of activity between self and other-directed
tasks have been shown from comparisons of rest, self-directed and other-directed
inferences (meta-analysis in Wicker, Ruby, Royet, & Fonlupt, 2003). Greater MPFC activity
is shown in self- than other-directed tasks, with greatest activity at rest. Ochsner et al.
(2004) showed that affective judgements of self and other both increase activity in MPFC,
superior temporal gyrus (STG) and posterior cingulate/precuneus, but self-directed
judgements show greater activity in subdivisions of the MPFC and in the middle temporal
gyrus. Other-directed judgements in the same study were associated with greater activity

in inferior frontal gyrus and cuneus.

For both emotional experience and social cognition, overlapping subdivisions of the
insular cortex have been shown as important correlates (reviewed in Uddin, Nomi, Hebert-
Seropian, Ghaziri, & Boucher, 2017). Its central role in interoceptive processes give it a key
place in embodied theories of emotion (Seth, 2013), where visceral responses to external
stimuli are modelled as affective states, with the anterior portion in particular singled out
as essential for emotional inferences on somatic states (Craig, 2009; Garfinkel & Critchley,
2013). Within social processes, empathy in particular has been linked with the insula. A

meta-analysis by Fan, Duncan, de Greck, & Northoff (2011) showed common neural
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substrates across affective states of pain, fear, happiness, disgust, and anxiety, with left
insula activity recruited in both cognitive empathy (explicit appraisal of another’s feelings)
and affective empathy (automatic response to another’s feelings), right insula only in

affective empathy, and left anterior midcingulate cortex activity only in cognitive empathy.

Affective disorders present with biases in both self- and other-related processing,
and corresponding effects in regions identified as involved in those processes. Depression
is associated with abnormally high activity in cortical midline structures during self-
referential processing (reviewed in Nejad, Fossati, & Lemogne, 2013), where rumination
(repetitive thinking about negative mood states and their causes and consequences) is
posited to be a mediating factor. In social cognition, bias toward mood-congruent
interpretation of others’ emotions have been observed, as well as deficits in cognitive theory
of mind (Weightman et al., 2014), possibly mediated by executive function (Knight & Baune,
2019). In the brain, enhanced activity in emotion-related areas such as amygdala and
reduction of activity in frontal areas has been observed during social cognition (Cusi et al.,

2012).

The well-established serotonin hypothesis provides an important theoretical
background in depressive disorders (M. ]. Owens & Nemeroff, 1994); consequently
considerable psychopharmacological research has looked at links between serotonergic
challenge and emotional processing in a social context. Research using acute selective
serotonin reuptake inhibitor (SSRI) has shown effects in related areas, though a clear
pattern is yet to emerge, with some studies showing increased bilateral amygdala activity
under citalopram challenge to presentations of negative facial expressions (Bigos et al,,
2008; Selvaraj et al., 2018), and some showing attenuated activity in right amygdala (Del-
Ben et al, 2005; S. E. Murphy, Norbury, et al, 2009). In self- and other-directed trait
appraisal based on whether valenced adjectives applied to the participant or their best
friend, Matthews et al. (2010) found that chronic escitalopram treatment resulted in

attenuated posterior cingulate activity for self-appraisal. However, no previous research



142

has looked at self- and other-directed affective state appraisal under acute challenge, nor
compared this with serotonergic changes during interoceptive focus. With connections
established between emotional state and interoceptive processes, an understanding of the
serotonergic relationship with appraisal of own and others’ emotions may provide insight
into the aetiology and characteristic patterns of related disorders. Patterns of interoceptive
(Furman et al., 2013; Pollatos et al., 2009) and social cognitive (Knight & Baune, 2019)
deficits in depression, along with high comorbidity of alexithymia (Honkalampi et al., 2000)

are suggestive of a connection.

This study was designed to test this connection with pharmacological challenge
using the SSRI citalopram. We tested healthy volunteers in a double-blind placebo crossover
factorial design, with a task that involved focussing on own and others’ mental states while
viewing faces depicting neutral and fearful expressions. We then used conjunction analysis
to compare patterns of activity between this task and an interoception task (a full discussion

of the latter task is given in the previous chapter).

We hypothesised that CMS and parietal structures previously associated with self-
reflection and mentalising, such as MPFC, ACC, precuneus and TP] would be differentially
recruited for self vs other processing, to confirm earlier reports. We also hypothesized that
that self-related areas in particular would show overlapping substrates with interoception
(in areas shown as differentially recruited in interoceptive over exteroceptive focussing).
Finally, we hypothesised that citalopram would increase activity in the insula and CMS areas
during self-focus, and in areas such as the amygdala during presentation of fearful
compared with neutral facial expressions, in line with previous research (M. Browning et
al,, 2007; C. J. Harmer, Bhagwagar, et al., 2003). We hypothesised that connectivity patterns
would be enhanced under citalopram, although as the drug could affect both self- and other-
related processes we remained agnostic about which would show greater increases. Having
shown citalopram-related changes in interoceptive processing, with areas of increased

activity and greater extent of significant voxels during interoceptive focus under citalopram,



143

we also hypothesised that there would be overlapping areas of activity increase between

these areas and clusters showing drug-modulated increases during self-focus.

6.3 METHODS AND MATERIALS

6.3.1 Participants

Ethical permission was granted by University of Sussex Sciences & Technology C-
REC (ER/JL332/9). Potential participants were screened with a health questionnaire (see
appendix) and the Mini-International Neuropsychiatric Interview (Sheehan et al,, 1998).
Exclusion criteria included: age under 18 or over 35 years; history of psychiatric disorder
(including anxiety disorder, depression, eating disorder, psychosis and substance abuse
disorder); presence of significant ongoing medical condition (including migraine, diabetes,
epilepsy, glaucoma and hypertension); pregnancy or breastfeeding; currently taking any
medication (excluding contraceptive pill); first-degree family history of bipolar disorder;
Mini International Neuropsychiatric Interview (MINI) indication of: major depressive
episode, manic episode, panic disorder, social phobia, OCD, PTSD, alcohol dependence,
substance dependence, mood disorder with psychotic features, psychotic disorder, anorexia
nervosa, bulimia nervosa, generalised anxiety disorder, or antisocial personality disorder;
or scanner contraindications (e.g. metallic implants). They were also instructed to abstain

from alcohol or caffeine in the preceding 12 hours before the start of test sessions.

24 healthy participants aged 18-35 were recruited for this study. Neuroimaging data
from two participants were excluded due to excessive motion (>6% of volumes identified
as motion outliers for either session scan; see section 6.3.4.3 for details), leaving 22

participants (7 males, age M = 24.0,SD = 3.29).

6.3.2 Study procedure
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We used a repeated-measures design with separate drug and placebo sessions. held
at least 7 days apart (days between sessions M = 10.3, SD = 6.87). Assignment to
treatment order was double-blind and counterbalanced, with the drug treatment
administered in one session and the placebo in another. Doses in the drug treatment
conditions consisted of 20mg citalopram. Drug and placebo doses were delivered in gelatine
capsules, indistinguishable from one another, with the capsule filled with microcrystalline
cellulose (in addition to the active drug in the drug conditions). Drug and placebo doses

were all manufactured according to good manufacturing practice (GMP) guidelines.

Participants were also given eight visual analogue scales at four timepoints -
immediately following the dose, preceding the start of the scan, following the end of the
scan, and at the end of the test session. Scales (from 0-100) were given to assess three
somatic effects (nausea, headache and dizziness) and five emotion/arousal related effects
(pairs of antonyms: alert-drowsy, stimulated-sedated, restless—peaceful, irritable-good-

humoured, anxious—calm) to measure whether the drug was affecting these measures.

Following the dose but prior to testing, participants were given instructions and
practice on the task, and were shown every stimulus picture that would be used in the
scanner in that session. To allow for drug levels to reach peak absorption (Milne & Goa,
1991; Sauer et al,, 2005), participants commenced behavioural testing (not listed in this
chapter) after 3 hours after drug/placebo administration, with neuroimaging starting
approximately 45 minutes later. The neuroimaging tasks included the emotional appraisal
task described in the following section, and an interoception task, the full results of which

are given in the previous chapter.
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6.3.3 Task design

Figure 27: order of stimulus presentation

5 108 s <ds time
SELF FEEL How do YOU feel?
GET READY 3 "
negative positive
1 : - 4 Intensity of feeling?
B low intensity high intensity
1 2 3 4
OTHER FEEL
How does HE feel?
GET READY )
neuwe
1 2 3 4

Prior to the experimental trials, participants were given the following instructions:
'When you see the word 'SELF' focus your attention on how you feel. Maintain this focus as
long as the picture is shown. When you see the word 'OTHER', focus your attention on how the
person in the picture feels. Maintain this focus as long as the picture is shown. When a CROSS
is shown on the screen, you can rest. Please keep your eyes open and try not to think of anything
in particular. You will be asked to rate how either you or the person in the picture feels using
the buttons shown. Please make sure that you breathe evenly throughout the task. You must

NOT hold your breath at any time.’

Figure 18 shows the order of stimulus presentation. Stimuli were taken from the
Karolinska Directed Emotional Faces database (Calvo & Lundqvist, 2008), and the task was
programmed in Matlab (version 2018a, Mathworks, Natick, MA, USA) using Psychtoolbox-3
(Kleiner et al., 2007). 5 male and 5 female faces were used in each session, with two pictures
of each individual displaying a fearful and a neutral facial expression, and different
individuals used for each session. Each picture was displayed twice at different times in the
session for self-focus (Self) and other-focus (Other) conditions, for a total of 40 trials per
session. Order of presentation was pseudorandomly varied, with a fixation cross displayed

for a variable time (3-12s) between trials. After each trial, participants were asked to rate
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how they felt (for Self) or how the person in the picture felt (Other) from negative to positive
(valence rating), and then the intensity of the feeling from low to high intensity (intensity

rating), both on a scale of 1-4.
6.3.4 Neuroimaging

6.3.4.1 Neuroimaging procedure

Testing took place at the Clinical Imaging Sciences Centre (CISC), Brighton and
Sussex Medical School. MRI data were acquired using a Siemens Magnetom Prisma 3T
scanner (Siemens Healthcare GmbH, Erlangen, Germany) and a 32 channel head coil. Stimuli
were displayed using NNL’s (NordicNeuroLab, Bergen, Norway) MRI-safe 40-inch monitor
(1920x1080 resolution) at the head of the bore and a mirrored headset. Responses for
participants on behavioural measures were recorded using two NNL MRI-safe 2 button

response boxes affixed together, operated with their right hand.
6.3.4.2 Image acquisition

Functional images were acquired using T2*-weighted echo-planar imaging
(multiband factor 4, echo time 37ms, repetition time 1500ms, voxel size 2.2 X 2.2 X 2mm,
104 x 104 voxels per slice, 72 slices, FOV 205 x 205mm?, flip angle 52°), with a varying
number of volumes according to the speed of task completion (M = 580, SD = 36.8). Prior to
the task fMRI sequence, pairs of phase-encode reversed images were acquired for distortion
correction (FOV 228 x 228mm? 104 x 104 voxels per slice, echo spacing 0.54ms). On one
session, a structural T1-weighted magnetization-prepared rapid acquisition gradient echo
(MPRAGE) image was acquired (echo time 2.2ms, repetition time 2400ms, 0.8mm isotropic

voxels, 300 x 320 voxels per slice, 208 slices, FOV 256 x 256mm?, flip angle 8°).

To test for changes in resting perfusion which may accompany the pharmacological
challenge and confound task-related changes in BOLD signal (Detre et al,, 2012; D.].]. Wang

et al,, 2011), pulsed arterial spin labelling (ASL) images were acquired using a FAIR-QII
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sequence (4 label-control image pairs, echo time 16ms, repetition time 4600ms, voxel size
1.5x 1.5 X 3mm, 126 X 128 voxels per slice, 40 slices, interleaved slices, FOV 192 X

192mm?, flip angle 180°, inversion time 1990ms, bolus duration 700ms).
6.3.4.3 Pre-processing

Functional MRI images were pre-processed with a standard FSL pipeline including
motion correction using the middle volume of the timeseries as reference volume,
identification of motion outlying volumes using FSL. Motion Qutliers (root mean squared
intensity difference of adjacent volumes method), distortion correction using phase-encode
reversed image pairs, high-pass filtering at 80 seconds, brain extraction and co-registration
to subject structural images. Structural images were co-registered to standard space
(Montreal Neurological Institute (MNI) 152 stereotactic template). Independent
Component Analysis (ICA) decomposition was carried out using FSL-MELODIC (Beckmann
& Smith, 2004) on unsmoothed data, and denoising was carried out manually, with noise
components identified and removed using criteria laid out in Griffanti et al. (2017).
Following spatial smoothing with 5mm full-width at half maximum (FWHM) Gaussian
kernel, a second denoising step was carried out to remove residual noise. ASL images were
processed using Bayesian Inference for Arterial Spin Labelling (BASIL) to produce

perfusion-weighted images.
6.3.4.4 Analyses

Functional images were all analysed using FSL FEAT v6.0.0 (Woolrich et al., 2001,
2004). We employed a three-level generalised linear model (GLM), with the first level as
individual sessions using events corresponding to trial condition (self/other,
negative/neutral) along with regressors of no interest for fixation cross, button presses and
outlying motion volumes. Second level models were within-subjects contrasts between
drug and placebo sessions for participants, and third level was the group-wise analysis

across participant session contrasts using FMRIB's Local Analysis of Mixed Effects (FLAME)
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1 & 2. First-level contrasts were employed on Self-Other focus conditions and Negative-
Neutral stimuli valence, as well as their interaction. Z (Gaussianised T/F) statistic images
were thresholded non-parametrically using clusters determined by Z > 3, chosen to
maintain Type-I error rates below the .05 level (Eklund et al., 2016), and a (family-wise
error rate corrected) cluster significance threshold of p <.05. Group level analyses

contrasted drug effects, employing covariates for order and gender.

Following this, we performed a conjunction analysis on the Self > Other contrasts
from citalopram and placebo conditions (Nichols et al., 2005) to determine common brain
areas of activity across drug conditions. Cerebral clusters identified were then used as seed
regions in a set of psychophysiological interaction (PPI) analyses, to model functional
connectivity of these areas (O’'Reilly et al., 2012). Each of these analyses comprised an event
for Self > Other contrast, the timeseries of activity extracted from the relevant cluster (one
cluster per analysis), the interaction of contrast event and timeseries, plus the same
regressors of no interest as the main GLM. Significant clusters on this interaction would
mean that the time course of activity in these voxels is correlated with the seed region,

indicating functional connectivity.

Additionally, we performed conjunction analysis of the Self vs Other contrasts with
the Heart vs Target contrast from the interoception task described in the previous chapter,
using the mean effects across both drug conditions. We tested all combinations of these
contrasts (Heart > Target n Self > Other, Heart > Target n Other > Self, Target > Heart n Self
> Other and Target > Heart n Other > Self) to determine whether clusters identified in
conjunctions were specific to the hypothesised effect of overlapping substrates of

interoceptive and emotional self-focus.

Perfusion-weighted images were analysed at the group level in a paired t-test of
drug and placebo sessions using Statistical Parametric Mapping (SPM12;

https://www.filion.ucl.ac.uk/spm/software/spm12/), with cluster-wise family-wise error
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rate of p < .05, and with an additional exploratory threshold of p < .001 with extent > 50

voxels per cluster.

Behavioural analyses using ANOVAs were carried out on the valence and intensity
ratings to test the effects of the stimulus and drug manipulations, and drug-placebo

differences on VAS scales were analysed using paired t-tests.

6.4 RESULTS

6.4.1 Behavioural effects

The results from the 2 X 2 X 2 ANOVAs carried out on the subjective ratings of
valence and intensity against stimulus valence, self/other focus and drug condition are
shown in Table 32. The ANOVAs showed that the subjective ratings of both valence and
intensity were significantly affected by the valence of the picture displayed and by whether
participants were instructed to focus on themselves or the face in the stimulus. Valence
ratings were lower (more negative) for negatively valenced stimuli and lower for other than
self. Intensity ratings showed the opposite pattern, reflecting a relatively low-intensity and
valence-neutral state of participants (see Table 33). In addition, there were significant
interactions of stimulus valence and order on rated valence, stimulus valence and self/other
focus on intensity and valence, and self/other focus and drug condition on intensity. No
post-hoc comparisons (performed with Holm corrections for multiple comparisons)
showed any drug effect. There were no effects of drug on self-reported psychological or

somatic variables (see Supplemental).
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Table 32: ANOVAs of behavioural measures. stimV — valence of stimulus picture (negative or
neutral), S vs O — self vs other condition, C vs P — citalopram vs placebo treatment, SS — sum of
squares, MS — mean square

INTENSITY MEASURE VALENCE MEASURE
predictor df SS MS F p SS MS F p
stimV 1 355 355 1494 <.001 16.0 16.0 163.4 <.001

(stimV *order) 1 0.27 0.268 1.13 30 0489 0489 5.0 .037
resid. 20 475 0.237 1.958 0.098

SvsO 1 1214 12.1 347 <.001 290 290 215 <.001
(Svs O *order) 1 0.31 0.308 0.88 .36 0.004 0.004 0.027 .87
resid. 20 7.01 0.35 2.70 0.135

CvsP 1 0.002 0.002 0.021 .89 0.017 0.017 0.199 .66
(Cvs P *order) 1 0.77 0.765 6.437 .020 0.012 0.012 0.131 .72
resid. 20 238 0.119 1.76  0.088

(Svs O *stimv) 1 13.2 13.15 957 <.001 259 259 365 <.001

(Svs O *stimV
1 0.10 0.101 0.734 .40 0.065 0.065 0.914 .35
*order)

resid. 20 275 0.137 1415 0.071

(stimV *Cvs P) 1 0.07 0.065 1.07 31 0.004 0.004 0.08 .78

(stimV *Cvs P
1 0.0003 0.0003 0.005 .95 0.027 0.027 0.612 44
*order)

resid. 20 1.22 0.061 0.881 0.044

(SvsO *CvsP) 1 0.55 0.553  8.47 .009 0.07 007 121 .29

(SvsO *CvsP
1 0.14 0.14 2.14 .16 0.008 0.008 0.14 71

*order)

resid. 20 131 0.065 1.159 0.058
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Table 33: marginal means for Self vs Other within-subjects interactions on intensity measure

95% CI

Interaction Factor 1 Factor 2 Marginal Mean SE Lower Upper

(Svs O * stimV) Self Negative 1.94 0.090 1.76 2.12
Neutral 1.58 0.090 1.40 1.76

Other Negative 3.03 0.090 2.85 3.21

Neutral 1.56 0.090 1.38 1.74

(SvsO *Cvs P) Self Citalopram 1.70 0.084 1.53 1.87
Placebo 1.82 0.084 1.65 1.99

Other  Citalopram 2.35 0.084 2.18 2.52

Placebo 2.24 0.084 2.07 2.41

Figure 28: marginal means of (Self vs Other) x (Citalopram vs Placebo) intensity ratings
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6.4.2 ASL

The analysis of ASL image pairs showed no significant clusters at the familywise
error rate, suggesting that citalopram compared to placebo did not affect cerebral blood

flow in general, and that any effects on BOLD responses were not mediated by general
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effects on blood flow. For the uncorrected threshold, a single significant cluster was shown

in the occipital cortex (peak voxel MNI coordinate: (18, -96, 14), Puncorrectea = -001,

prwe = -10).

6.4.3 Task fMRI results: main effects and interaction

Table 34: significant clusters in contrasts of Self vs Other condition, mean across citalopram
and placebo conditions. IPL — Inferior Parietal Lobule, TPJ — temporoparietal junction, SMA —
supplementary motor area

MNI coordinates

(at max z)
Z score
Contrast Hemis. Region BA # voxels X y z
(max)
Self > L Cingulate Gyrus 24 3864 6.65 0 16 44
Other Anterior Cingulate /
L 10/32 2084 5.92 -2 50 2
MPFC
L IPL/TPJ 39/40 1610 6.97 -58 -46 34
Superior Frontal
L 9/10 1342 5.08 -26 50 28
Gyrus
L Cerebellum - 1159 5.29 -48  -64 -32
R Cerebellum - 768 4.95 40 -58 -42
R Insula 13 654 5.97 48 6 0
Supramarginal Gyrus
R 39/40 612 6.45 60 -46 28
/ TPJ
R SMA 6 563 5.27 14 10 70
R Middle Frontal Gyrus 9 556 6.15 30 50 32
L Cerebellum - 392 4.83 -2 -74 -12
L Insula - 364 5.23 -36 8 2
Middle Temporal
R 21/38 263 4.52 58 6 -28
Gyrus
Superior Temporal
R 22 229 5.02 54 -22 -6
Gyrus
L Middle Frontal Gyrus 6 220 5.1 -44 12 50
R Cerebellum - 194 4.36 26 -78 -34
Other >
L Caudate 48 124 3.92 -14 26 6

Self
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Table 34 shows significant clusters in the contrasts of Self vs Other conditions. Table
35 shows significant clusters in the contrasts of Negative vs Neutral conditions (where only
Negative > Neutral showed significant clusters) and the interaction between the two sets of
contrasts. There were no significantly different clusters in this analysis for the interaction
of drug and placebo with either contrast. A single cluster in superior parietal lobule showed

the interaction (Self > Other) x (Negative > Neutral) (Figure 29).

Table 35: significant clusters in contrast of Negative > Neutral condition, mean across
citalopram and placebo conditions (no significant clusters for Neutral > Negative)

MNI coordinates

(at max z)
Z score
Contrast Hemis. Region BA # voxels X y z
(max)
Negative > Middle Temporal
L 39 13933 6.33 -60 -62 14
Neutral Gyrus
Middle Temporal
R 39 1438 5.91 62 -56 14
Gyrus
R Inferior Frontal Gyrus 45 1132 6.29 40 30 0
R Fusiform Gyrus 19 215 4.61 24 -86 -14
L Cerebellum - 204 4.13 -36  -60 -52
R Cerebellum - 192 4.27 24 74  -44
R Cerebellum - 186 4.27 22 -56 -16
Temporal Lobe Sub-
L 21 165 4.52 -38  -10 -12
Gyral
L Precuneus 7 159 4.24 2 -50 52
R Cuneus 17 149 5.27 12 -82 12
R Medial Frontal Gyrus 9 146 4.33 24 36 26
(Self >
Other) x Superior Parietal
R Lobul 19 121 4.06 40 -74 48
(Negative Obule

> Neutral)
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Figure 29: BOLD signal change in superior parietal lobule cluster for each parameter estimate in
interaction
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6.4.4 Connectivity analysis

To test hypotheses of differential effects of citalopram vs placebo on functional
connectivity between regions during performance on the task, we first tried to identify
suitable seed regions. To do this, we carried out a conjunction analysis between the Self >
Other contrast under placebo and the same contrast under citalopram. Results are shown in
Table 37 and Figure 33. PPI analyses were carried out on all seeds from the cerebrum,
testing the mean across drug and placebo conditions for Self > Other, Other > Self, and the

interaction with drug treatment.
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Table 36: significant clusters in conjunction of citalopram and placebo treatments for contrasts
of Self > Other condition, (no significant clusters were found for the conjunction of Other > Self).
TPJ — Temporoparietal Junction

MNI coordinates

(at max 2)
Z score
Contrast Hemis. Region BA # voxels X y z
(max)
Self > L Angular Gyrus / TPJ 40 499 5.05 -56 -54 40
Other L Frontal Pole 9 408 4.59 -26 50 30
L Precuneus 31 242 4.22 -12 48 30
Superior Frontal
R 6 224 4.44 16 8 64
Gyrus
R Frontal Pole 9 207 4.15 32 52 28
L Cerebellum - 175 3.8 -30 -60 -50
L Anterior Cingulate 32 131 4.08 0 34 -4
Table 37: results of PPI analysis for Self > Other contrast
MNI coordinates
(at max z)
Cluster Hemis. Region BA #voxels Zscore(max) x y z
Precuneus R Inferior Frontal Gyrus 45 475 4.21 56 24 14
L Superior Frontal Gyrus 8 287 4.16 -2 22 52
L Cerebellum - 207 4.16 -10 -78 -28
L Cerebellum - 150 3.84 -36 -60 -30
R Cerebellum - 144 4.17 38 -62 -30
L Frontal Pole R Superior Frontal Gyrus - 112 4.15 -2 12 52
Angular Gyrus L Inferior Frontal Gyrus 45 700 4.11 -48 22 4
L Superior Frontal Gyrus 6 306 431 -2 12 52
R Middle Frontal Gyrus 9 124 4.05 56 22 30

R Cerebellum - 113 4.06 38 -68 -24
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Table 38: results of PPI analysis for Other > Self contrast

MNI coordinates

(at max 2)
Cluster Hemis. Region BA  #voxels Z score (max) X y z
Angular L Fusiform Gyrus 37 508 4.95 -26 -50 -8
Gyrus L Cuneus 18 496 4.09 0 -90 18
Middle Temporal
L 39 248 4.7 -40 -78 16
Gyrus
R Anterior Cingulate 32 139 3.87 4 40 -14
Parahippocampal
R 19 121 4.47 26 -56 -6
Superior Gyrus
Frontal R Posterior Cingulate 31 97 4.14 4 -66 20
Gyrus R Anterior Cingulate 32 679 4.17 12 40 16
R Posterior Cingulate 30 486 3.97 8 -56 8
L Fusiform Gyrus 37 450 4.59 -24 -52 -10
R Cingulate Gyrus 31 382 471 10 -38 38
Middle Temporal
R 20 280 4.24 64 -44 -12
Gyrus
L Fusiform Gyrus 37 255 4.32 -46 -64 -10
Parahippocampal
R - 115 4.05 30 -32 -10
Gyrus
L Cuneus 18 101 3.96 -28 -72 22
L Cingulate Gyrus 24 91 3.93 0 -2 30
Anterior Supramarginal
R 40 252 3.96 54 -50 20
Cingulate Gyrus
L Precuneus 31 174 3.76 -6 -50 40
L Cingulate Gyrus 31 98 3.65 -6 -24 42
Superior Temporal
R 21 77 3.84 56 -24 -8
Gyrus
Middle Temporal
R 21 75 4.11 54 4 -22

Gyrus
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Table 39: results of PPI analysis for interaction (Other > Self) x (Citalopram > Placebo)

MNI coordinates

(at max z)
Cluster Hemis. Region BA #voxels Zscore(max) x y z
Superior R Parahippocampal Gyrus 36 164 3.94 30 -34 -14
Frontal
R Parahippocampal Gyrus 18 147 412 12 -50 2
Gyrus

Figure 30: (1) connectivity change with superior frontal gyrus seed in each parahippocampal
gyrus (PG) cluster for each parameter estimate in interaction, (2) relationship between
interactions of subjective intensity rating and connectivity in PG 2 cluster, where scores are
(Self CIT-PLAC) — (Other CIT-PLAC)

1 other blaco m Self Citalopram
m Other Placebo Other Citalopram
0.3
§ 0.2
o0
6 0.1 ‘
o W]
c
‘v
2.0.1
£
x -0.2 | |
-0.3
PG 1 s
2 05
c : :
9 N |
g 0 | L
E : ORTILLLA :--
.E ----------------- . «
S --------------------- :: :
3 -05 - |
(o'} , . :
g
3 4
4 .
-1.5
i - 0 0.5

Intensity score interaction



158

Figure 31: results of PPI analyses, with seed regions shown in green, mean across citalopram
and placebo conditions. Self > Other contrast — red-yellow, Other > Self — dark blue-light blue.

Number shows z coordinate of slice in MNI space, render shows location of slices in relation to
the whole brain
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Figure 32: results of PPI analyses, with seed regions shown in green. Other > Self mean across
citalopram and placebo conditions — dark blue-light blue, Other > Self x Citalopram > Placebo —
dark gold-light gold. Number shows z coordinate of slice in MNI space, render shows location of
slices in relation to the whole brain

Superior Frontal Gyrus
left

PPI analyses showed significant connectivity between seed regions in precuneus,
angular gyrus / TP], superior frontal gyrus, anterior cingulate and left frontal pole (Table
37-39 and Figure 31-32). No significant clusters were seen in connectivity analyses of right

frontal pole.
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6.4.5 Conjunction of self- and interoceptive focus

Table 40: significant clusters in conjunction Self > Other n Heart > Target conditions, mean of
citalopram and placebo. MPFC — Medial Prefrontal Cortex

MNI coordinates

(at max z)
Hemis. Region BA  #voxels Zscore(max) X y z
R Cuneus 19 751 4.63 16 -84 40
L Posterior Cingulate 31 340 4.3 -12 -50 26
L MPFC 9 246 4.43 0 56 18
R Insula 13 243 4.26 44 10 -6
L Angular Gyrus 39 225 4.33 -44 -74 28

Figure 33: results of conjunction analysis of Self > Other and Heart > Target contrast, mean
across citalopram and placebo conditions. Number shows z coordinate of slice in MNI space,
render shows location of slices in relation to the whole brain

Significant clusters were seen for the conjunction of Self > Other and Heart > Target
conditions. There were no significant clusters for the three other combinations of these
contrasts (Target > Heart n Other > Self etc.) nor for any Citalopram - Placebo contrast

conjunctions.

No effects of gender were seen in any analysis, but some order effects were observed

(see supplemental for details).
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6.5 DISCUSSION

Behavioural results and fMRI findings from the main GLM analysis

Behavioural results showed that the manipulation worked as intended, with
participants perceiving the stimuli faces in the intended valence, but that their own emotion
states were relatively neutral. The drug manipulation did not show main effects, but an
order effect was evident in the effect of drug on perceived intensity, although post hoc
paired tests were not significant. The most notable interaction was between drug effect and
self vs other focus on the intensity rating. Ratings for intensity in self-focus were higher on
placebo than drug, but those for other focus were lower, suggesting that participants’ own
emotional intensity was attenuated by citalopram but perceptions of others’ intensity was

increased.

The main effect of the Self > Other contrast showed several clusters identified in
areas in common with previous research. Consistent with functional overlaps between
bodily states and processing of emotional aspects of the self and others, we found clusters
cingulate gyrus near to those found active in interoceptive aspects of selfhood (Helder F.
Araujo et al,, 2015), positively-valenced feedback directed at the self (Korn et al,, 2012),
emotional regulation in response to phobic images (Hermann et al, 2009), and with
empathy-related theory of mind (Kanske et al., 2015). The findings of stronger activation
during self-related processing is also consistent with previous findings of stronger activity
for self- over other-directed processes in areas with shared neural substrates (Ochsner et
al.,, 2004; Wicker et al., 2003). Similarly, strong links with self- and other-directed appraisals
have been shown in inferior parietal lobule / temporoparietal junction (reviewed in
Kestemont et al., 2015), anterior cingulate (meta-analysis: Helder Filipe Araujo, Kaplan, &
Damasio, 2013; review: Ochsner et al., 2005) and superior temporal gyrus (Modinos et al.,
2009). The latter two areas showed the same pattern of stronger activity in self vs other

processing. The cerebellum was activated significantly more in Self than Other condition, as
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well as showing increased connectivity with precuneus and angular gyrus. The largest
cluster overlapped with an area of the cerebellum associated with emotional processing in
a previous meta-analysis (Stoodley & Schmahmann, 2009; further review in Adamaszek et
al,, 2017). A single cluster in the caudate was more active in other than self-processing,

previously linked to learning from experience of both self- and other (Canessa et al.,, 2011).

Areas most strongly activated in the contrast of negative vs neutral faces included
bilateral middle temporal gyrus, linked to theory of mind processes (Kestemont et al., 2015;
Schlaffke et al,, 2015); fusiform gyrus, linked with an array of facial recognition processes
(Carré et al.,, 2014; Katanoda et al,, 2000) but also emotional self-appraisal (Terasawa,
Fukushima, et al,, 2013); inferior frontal gyrus, linked with recognition of emotion in faces
(Loughead et al, 2008) and in a location bordering the anterior insula. There were no
significant clusters in the inverse contrast. These differences may be interpreted in line with
negative faces providing a more salient emotional stimulus than those with a neutral

expression, leading to greater activity of areas involved in emotion recognition.

There was also an interaction with Self vs Other in a single cluster in the superior
parietal lobule, near an area previously associated with recognition of faces (Leveroni et al.,
2000). Further investigation showed increases only during Other Negative trials.
Potentially, this combination of focussing on the other and a negative facial expression made

these facial stimuli particularly salient.

Findings from the conjunction and connectivity analyses

The conjunction analysis between citalopram and placebo conditions for the Self >
Other contrast identified several clusters activated across both conditions. Among them
were nodes of the DMN: precuneus, bilateral frontal pole, angular gyrus and anterior
cingulate (Greicius et al.,, 2003; Gusnard et al., 2001; Seghier, 2013; Utevsky et al., 2014).
Additionally. a cluster in superior frontal gyrus was identified, previously seen involved in

emotional regulation (Silvers, Wager, et al.,, 2015)
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While there were no main effects of the drug manipulation, we did show effects in
the connectivity analysis. There was an interaction between drug treatment and Self vs
Other contrasts, with differential connectivity between the seed region in superior frontal
gyrus (SFG) and two clusters in parahippocampal gyrus. This area has been associated with
attribution of social motives and inferences on others’ decisions (Hartwright et al., 2015;
Lombardo et al., 2009; Shane et al., 2009; Vanderwal et al., 2008). Placebo was associated
with higher connectivity in Self compared with citalopram, and the reverse effect seen for
Other. Tellingly, this mirrors the behavioural interaction on self-reported intensity, raising
the possibility that connectivity in these areas is related to intensity of the emotional
appraisal and that citalopram differentially affects this, increasing response to perceived
emotional intensity of others. This interpretation is consistent with previous findings that
acute citalopram can increase aversion to harming others (Crockett et al, 2010) and
perception of others’ emotional expressions (M. Browning et al., 2007). The ASL finding of
no significant changes in perfusion (with the sole trending change being in a different area)
suggests that true changes in task-related activity rather than general drug-related
perfusion occurred in this area. Additionally, the seed region in superior frontal gyrus
showed increased connectivity in the Other > Self contrast in the mean across citalopram
and placebo sessions, with midline areas including parahippocampal gyrus, anterior and

posterior cingulate, and the fusiform gyrus.

The role of the precuneus in this study revealed interesting features, in line with its
functions in a variety of self-related processes. With the seed region in ventral precuneus
identified in the conjunction of drug and placebo sessions, several areas showed increased
functional connectivity under Self > Other but not the inverse contrast. Increased
connectivity was shown with a more dorsomedial subarea of the SFG (compared with the
SFG seed region). This shows parallels with patterns shown in resting state research (S.
Zhang & Li, 2012). The SFG has also previously been linked to emotional self- and self-

/other-appraisal (Silvers, Weber, et al., 2015; van der Heiden et al,, 2013), and Terasawa,
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Fukushima, & Umeda (2013) also showed a similarly increased coupling of precuneus and
medial frontal areas during evaluation of current emotional state. They identified this
coupling as relevant to the integration of interoceptive and self-related information in
emotional self-appraisal. Correspondingly, the precuneus seed region was ~4.5mm
(between peak voxels) from the cluster identified in the posterior cingulate in the
conjunction analysis of interoceptive and self-directed emotional focus (discussed in the
next subsection). The inferior frontal gyrus was the other cerebral area to show increased
precuneus connectivity, previously linked to self-related inferences (Doerig et al., 2014;
Morel et al., 2014; Wilson-Mendenhall et al., 2013). Interestingly, in the Other > Self contrast
we found increased connectivity between the anterior cingulate seed and a more dorsal
region of the precuneus. This parallels a finding by Atique, Erb, Gharabaghi, Grodd, & Anders
(2011) in an emotion mentalising task showing similar increases in this connectivity, and
speaks to the dual role of midline structures in mentalising and self-appraisal, with different

subregions specialised for each.

The identified seed region in angular gyrus / TP] showed commonalities with the
precuneus for self- vs other-appraisal, with both seeds showing increased connectivity
superior and inferior frontal gyri. The angular gyrus has also been shown to exhibit roles in
default mode (Gusnard & Raichle, 2001; Mazoyer et al,, 2001; Seghier, 2013; Yang et al,,
2010) and self-related processing (Hughes & Beer, 2012; Lei Zhu et al., 2013}, but also with
TOM processing (Schurz et al., 2015; van der Meer et al,, 2011). This seed was the only one
found to have increases of connectivity in both Self > Other and Other > Self, which is
consistent with research showing cross-modal connectivity across the region subtending
various processes within the social environment (Seghier, 2013). Notable among the
increased connectivity in the Other > Self contrast was with fusiform gyrus, which has been
linked previously to perception of others’ emotions (Jastorff et al, 2015; Meffert et al,,

2015).

Shared areas of self-appraisal and interoceptive focus
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The conjunction of Self > Other and Heart > Target contrasts showed areas involved
in self-related processing, including DMN structures in posterior cingulate, medial
prefrontal cortex and angular gyrus. The involvement of the insula has also been observed
in previous studies on self-appraisal (Qin & Northoff, 2011), in similar subareas.
Conjunction analysis of interoceptive and self-directed tasks showed right mid-insula
activity in both, consistent with shared substrates of interoceptive and emotional
processing. The cuneus also has previously been shown to have increased connectivity
during interoceptive focus (Kuehn et al., 2016) and higher activity in self-appraisal (Deming
et al.,, 2018). This provides further evidence of common neural substrates of affective self-
processing and interoceptive focus. No other tested combination of contrasts across the two
studies reached significance, indicating that these results do not appear to be an artefact of

general task demands.

Order effects

There were several effects of treatment order seen from the group-level order
covariate (see supplemental for details), including on drug-placebo contrasts that did not
show significance otherwise. Previous psychopharmacology research has highlighted the
impact of order effects in repeated-measures designs, including in serotonergic studies (S.
B. Park et al.,, 1994; Wood et al., 2006). The sample size of this study was too small to
perform reliable between-group analyses on individual sessions, which is a limitation of the
study design. The lack of drug effects on the main GLM or on PPI analyses with seeds other
than the superior frontal gyrus should be interpreted with caution in light of this. We also
did not replicate previous findings on amygdala activity in response to negatively valenced
facial expressions under citalopram. However, all of these studies used decision tasks based
on gender of face (Del-Ben et al., 2005; S. E. Murphy, Norbury, et al,, 2009; Selvaraj et al,,
2018) or matching the face to a target (Bigos et al., 2008). The emotion of the face was
designed to be incidental, whereas our task sought emotional appraisal. Previous work

showed that labelling the affective states of presented facial expressions diminished
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amygdala responses to them (Lieberman et al., 2007), suggesting that a similar process may
have occurred here. As our main hypotheses were around changes relating to emotional

appraisal, this did not affect our main findings.

Limitations

We did not include a control condition with display of facial expressions in the
absence of affective judgements. We showed overlap in areas differentially recruited by self-
focus and those with greater connectivity in both self and other focus, but this limited our
ability to disentangle self- and other-directed focus from facial stimulus processing without
emotional appraisal. Future work could include this as a control condition, in order to

differentiate serotonergic effects on affective appraisal with this control.

Conclusion

This study showed that self- and other-directed emotional appraisal caused
differential activity in CMS structures and lateral areas previously identified with
mentalising. Moreover, these showed several significant areas in common with
interoceptive focus, lending further weight to theories suggesting a strong functional
overlap in neural areas of interoceptive and emotional processing. We also showed a
citalopram effect on connectivity between superior frontal gyrus and parahippocampal
gyrus, reducing connectivity in self-focus under citalopram but increasing it in other-focus.
This demonstrates that serotonergic challenge can influence emotional appraisal, and
points to another potential avenue of serotonergic effect on perception of the social

environment.

6.6 SUPPLEMENTAL RESULTS



Table 41: results of behavioural VAS
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scale Placebo  Citalopram t-stat (df=21) p
nausea 3.50(5.36) 7.85(9.43) -1.79 .089
headache 12.8(16.3) 11.2(14.7) 0.627 .54
dizziness 9.71(10.5) 12.1(12.8) -1.01 .33

alert — drowsy 50.3(15.6) 54.6(17.2) -0.916 .37
stimulated - sedated 49.6 (15.9) 51.6(14.9) -0.456 .65
restless - peaceful 60.6 (23.3) 60.6 (18.7) 0.003 1.0
irritable - good-humoured 64.7 (18.8) 64.7 (15.8) -0.012 .99
anxious - calm 71.3(20.6) 66.3(17.5) 1.53 14
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7.1 SUMMARY OF FINDINGS - REVISITING THE MAIN AIMS

INFERENCE ON SOCIAL INFORMATION

Affective self-
and other-
appraisal

Dynamic
interaction

Interoception
and interoceptive
metacognition

INFERENCE ON INTERNAL
INFORMATION

This thesis aimed to address four key gaps in the research literature concerning

Information
sampling

INFERENCE ON PROBABILISTIC
INFORMATION

serotonergic effects on internal, social and probabilistic information. From the empirical

work detailed in chapters 2-4, [ will review our contributions to the understanding of each

in turn.

decision maker.

1. Previous research into decisions to sample probabilistic information under
serotonergic challenge had not been able to quantify normative effects through
modelling characteristic decision patterns under risk. This gave limited
explanatory power to understand whether alterations in patterns of information

sampling could also change the effectiveness of decisions in terms of value to the
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Chapter 2 showed that acute citalopram administration led to a fall in both
probabilities of correct decisions and of expected utility of these decisions given the
participant’s own risk preferences. By contrast, atomoxetine showed neither effect, despite
self-reported side effects being not significantly different between the drugs. This suggests
a degree of specificity to serotonergic activity rather than a non-specific effect of the drugs

used.

This could be interpreted in line with a postsynaptic increase in serotonergic
activity, as our findings were in the opposite direction from a study using acute tryptophan
depletion on a similar task (Crockett, Clark, Smillie, et al, 2012). Alternatively, as
serotonergic enhancement through optogenetics was shown to increase exploration in mice
(Lottem et al., 2018) whereas we found decreased exploration under citalopram, these
findings could be consistent with a presynaptic autoreceptor-mediated transient lowering
of serotonergic activity. Further research using acute tryptophan depletion with our task
variant and modelling technique could help to disentangle these explanations. Additionally,
a study with chronic SSRI administration could unpack the time course of changes in
decision making ability and determine whether these would persist following neural

adaptations in longer-term changes in serotonergic activity.

2. Despite indications of important links between serotonergic systems and social
decision-making, prior research did not incorporate dynamic modelling of
interaction — where interacting individuals’ choices affect one another’s behaviour,
and thus repeated interaction leads to changes in incentives to cooperate and
compete. This gave them limited generalisability to actual decisions in a social

environment.

Chapter 3 did not show specific effects of either citalopram or atomoxetine on
outcomes or learning models on choices in dynamic strategic interaction. However, we

showed that that better outcomes were achieved when both participants were in the same
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condition, whether drug or placebo, than when they were in different conditions. This
applied to both drugs. Learning models on behaviour indicated that when in the same
condition, participant actions were reinforced more when they benefited the other party as
well. The results suggest that coordination is more easily achieved when pair members are
in the same pharmacologically-induced state, with important implications for how real-life
interactions achieve coordinated outcomes. If coordinated action requires accurate mutual
prediction, resulting in the convergence of generative models of one another’s behaviour as
suggested by computational theories (Friston & Frith, 2015), then pharmacological

challenge to one pair member in isolation may disrupt this process.

Further research could probe whether these effects generalise to other
pharmacological treatments. A follow-up study could also redress the limitations of this
study by specifically assigning the participants pairs to the same or different conditions to
achieve more power through equal group sizes and testing, and test each participant in the
two pair conditions. Additionally, using chronic treatment of the two drugs, research could
understand whether this dynamic mismatch of states persists once adaptation to drug
effects has taken place. Another potential approach would be to look at different levels of
endogenous neurotransmitters and genotypes with effects on these levels. Serotonergic
approaches could look at levels of serotonin metabolites such as 5-HIAA as a proxy for
serotonergic activity (Williams et al., 2001) or polymorphisms of the SERT gene, while
prefrontal dopaminergic activity could be proxied by examining COMT genotype (Set et al,,
2014). In both cases we would hypothesise that similar neurotransmitter levels between
pairs, rather than levels of individual members, might predict higher outcomes. This would
have the advantage of greater generalisability. Finally, a fuller picture of underlying neural
correlates of this effect could be achieved using neuroimaging with hyperscanning:
simultaneous imaging of interactors. There is evidence of synchronised patterns of neural
activity during social interaction (reviewed in Koike, Tanabe, & Sadato, 2015). By

manipulating pairs of interactors with pharmacological challenge or placebo, this technique
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could determine whether neural synchronisation is better predicted by being in the same
treatment condition than by treatment condition of the individual, and where these effects
might be localised. We would hypothesise increased neural synchronisation in areas
involved in social cognition such as medial prefrontal cortex and temporoparietal junction
(Amodio & Frith, 2006), as well as areas linked with computation of value (social and non-

social) in ventromedial/orbitofrontal cortex (Knutson et al., 2005; Levy & Glimcher, 2012).

3. The neurochemical mechanisms behind interoception had not been identified
despite its pivotal importance to affective processes. There are strong reasons to
suspect serotonergic involvement, but to date no studies have tested this hypothesis.
Additionally, while research showed that interoceptive decisions (like decisions in
other perceptual modalities) demonstrate dissociations between first-order and
metacognitive levels, neurotransmitter contributions at different levels had not
been examined, nor had their interactions with metacognitive processes in other

domains.

Chapter 4 demonstrated that acute citalopram could enhance cardiac interoceptive
awareness on the discrimination task and accuracy on the tracking task, controlling for
underlying changes in cardiac measures. This is strongly suggestive of serotonergic
involvement with interoceptive processes in the central nervous system. Tests with a
separate visual metacognition task showed no drug effect nor mediation of the effect on
interoceptive awareness. This indicated that serotonergic effects on interoceptive

metacognition were independent of a general effect on metacognitive processes.

Chapter 5 showed that serotonergic effects on interoception, relative to
exteroceptive focus, were manifested in altered BOLD response in the absence of global
resting cerebral blood flow change. This effect came with the caveat that response was
driven in part by enhanced exteroceptive attention. This is consistent with an attenuation

of externally-focussed attention and heightening of internal focus. Notably, although there
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was no effect on subjective psychological reports, our findings on interoception suggest
opposite effects to bluntened interoception seen in depression both behaviourally and in
the brain (Avery et al., 2014; Ehlers, 1993; Furman et al., 2013; Pollatos et al.,, 2009). They
were in the same direction to heightened interoception seen in anxiety-related conditions
(Ehlers, 1993; Koteles & Doering, 2016; Pollatos et al.,, 2009). This is in line with findings of
SSRI treatment resulting in relatively early improvement in some depressive symptoms

(Taylor et al., 2006) but anxiogenic effects (Nutt, 2005).

Further work with clinical populations could explore how changes to interoceptive
processes may mediate recovery from mood disorders characterised by serotonin
dysfunction. Research with chronic treatment could determine the time course of neural
adaptation to these challenges in healthy and disordered populations. Additionally,
research using other methods of serotonergic manipulation such as tryptophan depletion
or enhancement could be undertaken to provide further tests of the hypothesis of

serotonergic involvement.

4. Despite the relevance of self- and other-related affective processing to mood
disorders that present serotonergic dysfunction and are linked to interoceptive

processes, their neural correlates and overlap with interoceptive processes in the

brain had not been mapped out under serotonergic challenge.

Chapter 6 showed a set of areas were commonly recruited in the conjunction of
emotional self-appraisal (against other-appraisal) and interoceptive focus (against
exteroceptive). These included nodes of the default mode network (DMN) in medial
prefrontal cortex, posterior cingulate and angular gyrus, plus insula and cuneus. These
areas have been previously shown to play roles in emotional and interoceptive processing
(Babo-Rebelo, Wolpert, et al., 2016; Gusnard et al,, 2001; Lane et al, 1997; Uddin et al,,
2017). Additionally, we found increased connectivity between seeds in precuneus, frontal

pole and angular gyrus with areas of the frontal gyrus during focus on one’s own emotions.
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During focus on another person’s emotions, seeds in angular gyrus, superior frontal gyrus
(SFG) and anterior cingulate showed increased connectivity with a set of cortical midline
structures including anterior and posterior cingulate and precuneus, as well as superior and
middle temporal gyrus, replicating previous findings on shared substrates of self-appraisal

and mentalising (Amodio & Frith, 2006; Mahy et al.,, 2014; Mars et al., 2012)

We found that citalopram altered connectivity between SFG and parahippocampal
gyrus. The drug effect lowered connectivity in self-focus but increased connectivity in other-
focus, in line with acute SSRI challenge increasing the salience of social information (M.
Browning et al,, 2007; C. ]. Harmer, Bhagwagar, et al., 2003). They also add to evidence of
shared substrates for appraisal of own emotion and interoceptive focus (Terasawa,
Fukushima, et al., 2013), with DMN and insula correlates. They highlight a common set of
areas involved in processing own emotions and the emotions of others (Kanske et al., 2015;
Mahy et al,, 2014; Mars et al,, 2012), with other-directed processing showing increased

connectivity to midline structures.

We did not include a control condition with display of facial expressions in the
absence of affective judgements. This limited our ability to disentangle self- and other-
directed focus from facial stimulus processing without emotional appraisal. Future work
could include this as a control condition in order to differentiate serotonergic effects on
affective appraisal and contrast each appraisal condition with this control. Additionally, as
with the other aims, research with chronic treatment could help to understand how changes
in salience of social information may alter following longer-term alterations in serotonergic

activity.

7.2 LINKING INTEROCEPTIVE PROCESSES TO DECISION

MAKING



174

As noted in the introduction, the somatic marker hypothesis (Bechara & Damasio,
2005) links decision making to somatic and affective states, and there is evidence that
interoceptive processes may mediate this link (Kandasamy et al., 2016; Werner et al., 2009).
However, the resulting impact on the effectiveness of decisions may be a function of existing
biases (Dunn, Galton, et al., 2010), so enhanced interoception may not necessarily lead to
improved decision making. As these biases may develop over the course of a lifetime and
have associated feedback mechanisms (e.g. better decisions leading to better life outcomes
and vice versa), it is difficult to disentangle these on the basis simply of innate interoceptive

ability.

Under serotonergic challenge, we demonstrated in chapter 2 that utility of decision-
making fell, whereas chapter 4 showed that interoceptive awareness increased. While this
is not a formal statistical test and these findings are based on (partially) different samples?,
it is indicative that serotonergic enhancement of interoception alone does not promote
better decision making. Neuroimaging findings in chapter 5 showed that citalopram
increased activity during interoceptive focus in clusters near (<6mm between peak voxels)
to those identified in previous work with key decision making attributes. These include
experienced value of monetary reward in OFC (Li et al,, 2015; Mullett & Tunney, 2013),
expected value of reward in PCC (Knutson et al,, 2005; Wright et al,, 2013), and cognitive
control in response to delayed reward in supramarginal gyrus (Hutcherson et al., 2012;
Massar et al,, 2015). While this is only suggestive, as we did not include decision making
tasks in neuroimaging, it is nonetheless telling that three of the four identified areas that
showed increased interoceptive activity under citalopram also showed these common
substrates. Further research would be needed (for example, with chronic serotonergic

treatment) to determine whether longitudinal changes in interoception would take place

4 See chapter 1 for details of the samples
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and would automatically translate into improved decision making, or if the influence of

decision making experience is a necessary condition for this to occur.

7.3 LEARNING FROM INFORMATION IN THE SOCIAL AND

NON-SOCIAL ENVIRONMENT

Both information sampling and strategic interaction tasks had learning elements. In
the IST, developing a model of the generative processes of the environment allowed for
more accurate inferences on the probabilities of outcomes. In the strategic interaction,
updating the values of actions based on the reward they obtain for both the participant and
the other pair member led to higher outcomes. However, there were important differences
in the decision problems. The environment in the IST was purely determined by existing
contingencies; contingencies neither changed over time nor in response to the actions of the
participant. By contrast, the other pair member in the strategic task could modify their
strategies over time and in reaction to the participant’s behaviour, leading to a more
dynamic environment on which to decide. Furthermore, the bonus structure meant a
continual changing of incentives. While absent of rapidly changing contingencies, the IST
had a potentially greater information space to process. Ideal inferences required monitoring
of both current information on the task board (with both revealed colours and an inference
on the unrevealed ones) and the history of previous feedback - which due to the static
contingencies remained relevant for the duration of the task. Also, the social nature of the
information from the strategic interaction task framed decision problems in a different
context, with additional considerations of inclination towards the other pair member’s

reward.

We saw different effects of citalopram on the two tasks, with citalopram appearing

to hinder sampling decisions without an accompanying effect on strategic interaction. Work
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in non-social domains revealed effects of serotonin-related genotype (den Ouden et al,,
2013) and citalopram (Chamberlain et al., 2006) on probabilistic reversal learning (i.e.
learning in a non-stationary contingency environment), which suggests that the social
framing of our strategic task may have led to differential effects of the drug manipulation.
However, we did not replicate existing findings on specific effects on cooperative behaviour
under serotonergic manipulation (Tse & Bond, 2002; Wood et al., 2006), with the caveat
that our task was designed to evoke a more natural dynamic environment of strategic

behaviour.

Our findings on the emotion appraisal task showed areas of parahippocampal gyrus
to exhibit more connectivity with superior frontal gyrus during other-directed focus on
citalopram compared to placebo. Both areas are linked with inference on social others
(Hartwright et al., 2015; Lombardo et al., 2009; Shane et al,, 2009; van der Heiden et al,,
2013; Vanderwal et al., 2008). Previous work has also shown that acute citalopram can
increase aversion to harming others (Crockett et al, 2010) and perception of others’
emotional expressions (M. Browning et al.,, 2007). This raises the possibility that in general,
the effect of acute citalopram may increase the salience of socially-mediated information,
but that dynamic effects may mitigate this in the acute phase, if more salience cannot lead
to better predictions because of a mismatch between the states of interactors. This idea
could be tested with neuroimaging work with the strategic interaction task, to determine
whether the patterns of connectivity changes from emotional appraisal are mirrored in
social decision making. As previous work cited above has shown effects in both affective
and cognitive inferences on others in these areas, this suggests that there may be

overlapping substrates.

7.4 DIRECTION OF SEROTONERGIC EFFECT
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As noted, citalopram has effects on both presynaptic and postsynaptic neurons, with
no clear consensus around the net effect in acute challenge. Research in animals has shown
dose dependency (David et al., 2003), with the caveat that dose response may be dependent
on the type of animal, and that animal studies have tended to use significantly larger dose
per kg body weight. Differential effects based on brain area have been observed, with
generally greater effects in dorsal raphe nucleus (DRN; Invernizzi, Belli, & Samanin, 1992)
and hippocampus (Invernizzi et al,, 1997) than prefrontal cortex. As the DRN is densely
innervated with serotonergic neurons projecting to cortical and subcortical regions,
concentrations there are associated with somatodendritic autoreceptor activation and
consequent inhibition of neural firing (Invernizzi et al, 1992; Ohno, 2010). A further
complication is from the descending serotonergic projections from prefrontal cortex which
exhibit both excitatory and inhibitory control on further DRN activity (Celada et al., 2002).
In humans, PET imaging of clinically-relevant doses of the active S-enantiomer escitalopram
showed a trend increase in raphe serotonin levels and trend decreases in serotonin levels
across the cortex, but which only reached significance in occipital and temporal cortex

(Nord et al., 2013).

Our studies cannot determine the net effect of the citalopram treatment on
serotonergic activity, nor whether differential serotonergic effects are seen in different
brain areas. Findings from the information sampling study could be interpreted in either
direction, while the interoception studies are in line with reduction of characteristic
interoceptive deficits in depression but enhanced interoception in anxiety disorders. Follow
up work using PET with a serotonin receptor radioligand could help to disentangle this. To
date only one study has used SSRI manipulation in this experimental setup (Nord et al,,
2013) using a relatively high dose of escitalopram (20mg, i.e. containing the same amount
of the active S-enantiomer as 40mg citalopram). No study thus far has examined the time

course of neural serotonin concentrations in chronic human treatment. Insight into this
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could help to determine whether early antidepressant and anxiogenic effects of SSRI

treatment are the results of differential changes in serotonin concentrations in brain areas.

7.5 CONCLUSION

In this work, we found a complex pattern of effects of serotonergic manipulation on
various cognitive, affective and metacognitive processes, with several parallels to
characteristic differences seen in disorders showing serotonergic dysfunction. These must
however be seen in the context of healthy volunteers showing quite different baseline
serotonergic function and cognitive measures than patients with these disorders. This
motivates future clinical work on clinical populations to understand if these changes are

manifested with altered baselines.

Limitations notwithstanding, we leveraged the advantages of using single-dose
administration of drugs with full experimental control. This allowed us to isolate
neurotransmitter effects from confounds of individual life history, which are particularly
pertinent in clinical research, and in some studies employ a dual-drug design to test
specificity of neurotransmitter contributions. Our designs used the power gained by within-
subjects, placebo-controlled designs while controlling for treatment order effects in
analysis. In neuroimaging we also tested for altered resting cerebral blood flow to rule out
drug-related, task-independent changes in perfusion. We also did not restrict studies to one
gender, while controlling for this factor as well, to increase generalisability of findings. We
determined that our manipulations exerted their effects in the absence of self-reported
changes in mood, furthering work on early mood-independent cognitive changes from
serotonergic challenge. We have therefore added to the literature on serotonergic function
in the human brain, and its contributions to decisions and inferences on internal, social and

probabilistic information.
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APPENDIX

Al: Health questionnaire for first and second testing periods

HR:

University of Sussex
Health Questionnaire
Fill this out with a medical doctor and ask questions if necessary

Participant ID:

Please initial

No Question Yes No

1 | have a history of a psychiatric disorder (including anxiety disorders, depression, eating
disorders, psychosis and substance abuse disorders)

5 | have a first-degree family member (mother, father, brother/sister) with a history of
bipolar disorder

3 I have diabetes

4 | have epilepsy or have had a seizure in my lifetime

5 | have respiratory problems, including asthma
| have had a problem with hypertension, heart disease, angina, irregular heartbeat,

6 channelopathies (disorders caused by the dysfunction of ion channels), cerebral aneurysm,
stroke or ANYTHING affected by high blood pressure or accelerated heartbeat.

7 | sometimes have an abnormal heartbeat or blood pressure

8 | have low levels of potassium or magnesium (hypokalaemia/hypomagnesaemia)

9 | get migraines

10 I have problems with my liver or kidneys

11 I have had a problem with the blood vessels in my brain (such as a stroke or aneurysm)

12 I could be pregnant or breastfeeding

13 | have used antihistamines or painkillers in the past week

14 I have used a psychoactive drug (a drug that affects the way | think or makes me hyper or
drowsy) in the last month

15 | have taken an MAO inhibitor in the last month

16 | have had an allergic reaction to medication before

17 | have a tumour on my adrenal gland

18 | have had mood swings lately, or abnormally hostile thoughts

19 | sometimes use tryptophan or St John’s Wort

20 | have another medical condition not covered by this sheet
Physician note:

| certify that all of the information above is to the best of my knowledge and belief true, correct and complete
Subject Signature Subject Name Date:

Physician Signature Physician Name Date:
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A2: Health questionnaire for third testing period

brighton and sussex
medical school

UNIVERSITY
OF SUSSEX

Health Questionnaire

Please read the following questions carefully. If you answer ‘yes’ to any of the questions, please give
details in the space at the end of the form. If you are unsure of any of your answers, please leave the

question blank and ask the researcher to explain further

Please initial

No Question Yes No

1 I have a history of a psychiatric disorder (including anxiety disorders, depression,

eating disorders, psychosis and substance abuse disorders)

2 | have a first-degree family member (mother, father, brother/sister) with a

history of bipolar disorder

3 | have migraines

4 | have diabetes

5 | have epilepsy or have had a seizure at some point in my life
6 | have glaucoma

7 | have hypertension

8 | have reduced kidney or liver function

9 | have heart abnormalities (e.g. arrhythmia)

10 | I have a bleeding disorder such as haemophilia

11 | I have low levels of potassium or magnesium (hypokalaemia/hypomagnesaemia)
12 | I have impaired kidney or liver function
13 | I have a low resting heart rate (bradycardia)

14 | | have salt depletion or another water balance problem

15 | | could be pregnant or breastfeeding
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| have taken medication, either prescription or over the counter (except for birth

1o control pills), in the last 30 days

17 | | have had an allergic reaction to medication before
18 | | have received electroconvulsive therapy

19

| have another medical condition not covered by this sheet

If you answered ‘yes’ to any of the questions above, please give details here:

Researcher notes:

| certify that all of the information above is to the best of my knowledge and belief true, correct and
complete

Participant Signature Participant Name Date

| have reviewed this form in the presence of the participant and given the opportunity for the

participant to ask any questions. | am satisfied based on the information available that this person
is able to take part in the study

Physician Signature Physician Name Date
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“***The MRI scanner uses a powerful magnetic field - we need to ensure that you are safe
to enter the scanning room and don't have metal attached to you that can cause artifacts or heating effects.****

Please remove ALL body piercings and loose metal objects BEFORE arriving for your scan
e.g.: mobile phones, watches, hairclips/extensions, and, if necessary, change into the clothes provided.
““Patients / participants with false limbs/callipers: please remove them before entering the scanning room.*
**Heavy eye make-up (particularly mascara) can distort images. Please do not wear; you may be asked to

remove it.**

Do you have / ever had any of the following? If yes please include details and dates:

Cardiac pacemaker/defibrillator?

No

Yes

Details / Dates

Heart surgery / valve replacement?

Stents in any blood vessels?

Head surgery including that to the eyes or ears
{e.g. clips / coils / shunts / cochlear implants)?

Surgery in the past 6 weeks? Please provide
details

Any other surgery (e.g. pins / plates / screws in
any bones / joint replacements)?

Meurological stimulator or any other implanted
electronic medical device (e.g. insulin pump)?

Implanted contraceptive IUS/IUD (e.g. Mirena or
copper coil)?
Please provide make / model

Epilepsy?

Skin patches? (e.g. HRT, nicotine, pain relief,
contraceptive)

Tattoos or permanent eye makeup? (If yes, where?
See overleaf)

Have you EVER had metal fragments in your eyes
or under your skin (e.g. from a car accident /
shrapnel injury / welding / grinding / metal sheet
worker)?

Have you had a previous MRI scan? If yes, please
indicate at CISC or elsewhere.

Do you have any orthodontic work and/or any metal
within your mouth?

Women of child-bearing age (12-65)
Is there any chance you could be pregnant?

| confirm that | have answered and understood the above questions/information and that the
information | have provided is correct to the best of my knowledge

Participant Name Participant Signature

Date
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