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IV. Abstract

The organism’s response to stress is an adaptive mechanism for keeping up the homeostasis in
the moment of stress as well as for preparing the organism for similar situations reoccurring in
the future. The stress response thus exerts influence on attentional and memory encoding
processes from the onset of the stressful situation and in its aftermath when consolidation
processes come into play. As a result, memory for aspects and objects of a stressful episode
has been found to be enhanced in comparison to a non-stressful experience. This was shown
to be particularly pronounced for central, in some way meaningful, aspects of the stressful
situation. The underlying mechanism which has been made responsible for this is co-
activation of the sympathetic nervous system and hypothalamus-pituitary-adrenal axis,
resulting in increased cortisol release. These neuroendocrine influences act on brain areas
involved in memory processes. It is yet unclear whether stress also modifies fixation and
hereby attentional processes which, in concert with the psychophysiological effects, lead to
memory enhancement. Experiment 1 therefore aimed at investigating fixation behaviour
under stress by means of a mobile eye tracking device. While participants randomly took part
in the Trier Social Stress Test (TSST), holding a free speech in front of an evaluation
committee, or the friendly control condition (f-TSST), both including 20 office items, their
fixations were recorded with the eye tracker. The committee used 10 of the items whereby
these became central. One day later, the participants’ memory for the items was tested with
free recall and object recognition tasks. It was shown that stressed participants exhibit more
and longer fixations on the central items and also show better memory for these. However,
memory and fixation measures did not correlate, nor did fixation behaviour mediate memory
outcome in the stress group. Fixation on the faces of the committee members was reversed,
with participants from the control group fixating the faces longer and more often than
participants stressed. Experiment 1 demonstrates that stress influences fixation behaviour
towards longer and more fixations on objects related to the stressful episode. Nevertheless, no
direct translation of fixation into memory measures could be shown.

Olfactory stimuli have been shown to play a special role in emotional memory processes.
Due to the connection of the olfactory system with amygdaloidal structures, odours are prone
to be related to affective and personal memories. Stress is thus likely to even enhance the
strong emotional component of an olfactory experience leading to a solid memory trace. Since
stress leads to increased vigilance, the responsivity to intense stimuli in any sensory modality
gets more pronounced. The human auditory startle eye-blink response, evoked by a loud and

instant white noise, has been shown to get potentiated by emotionally laden stimuli (in any
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modality), but has not yet been investigated in combination with stress induction via the
TSST. Experiment 2 was thus designed to assess the impact of stress, inducing increased
vigilance, on startle responsivity 24 hours later, with special focus on odour memory.
Therefore, an unknown and neutral odour was dispersed in the room where the TSST/f-TSST
took place which one day later was re-experienced during an auditory startle session via
olfactometer. It was shown that stressed participants exhibit generally enhanced startle
responsivity, whereas specificity in response to the odour ambient in the TSST room on the
previous day was found to be decreased. Increased vigilance under stress might lead to a shift
in amygdaloidal functioning towards enhanced responsivity at the expense of a differential
response. Moreover, explicit memory for the odour was poor and did not differ between stress
and control group. Participants of the stress group however rated the odour more negative
than control participants, at a trend level. Experiment 2 was the first to demonstrate a stress-
induced increase in auditory startle responsivity 24 hours after psychosocial stress exposure.

Since memory enhancement for aspects of a stressful episode has mainly been investigated
in terms of long-term effects, at least one day after stress exposure, experiment 3 aimed at
expanding the findings to a short delay between stress and memory assessment. Additionally,
the effects of acutely enhanced vigilance on startle responsivity and response specificity
combined with olfactory memory were assessed to expand the findings of experiment 2. With
the same methods as in the previous experiments, participants were randomly exposed to
psychosocial stress. Office items and an ambient odour were present in the testing room, and
recognition and free recall were tested after a startle block featuring the odour experienced
during stress as well as distractor odours. Results of the experiment could show that the stress
effects on memory are present already in immediate aftermath of the stressor and thus do not
mainly rely on consolidation processes. The increased vigilance was shown to enhance the
startle responsivity. At a trend level also startle specificity in response to the ambient odour
was found to be more pronounced in stressed participants. Whereas memory for the odour
tended to be better in the stress group, the odour ratings did not differ between stress and
control group, in contrast to experiment 2. Experiment 3 showed acute stress effects on
memory enhancement and increased startle responsivity.

This dissertation demonstrates that stress effects on memory occur immediately, reflected
in fixation differences during encoding as well as in shortly delayed memory enhancement, in
addition to better memory performance after one day. Furthermore, increased vigilance was
found to enhance the human startle response and interestingly do so even 24 hours after the

one-time stress experience.
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1. General introduction

Research has contributed a lot to understanding of how stress can be beneficial for memory.
Light has been shed on the interaction of brain regions such as amygdala, hippocampus, and
prefrontal cortex and the involvement of hormones and neurotransmitters during the stress
response. Knowledge about the importance of timing in between stressor, encoding of to be
learned material or acquisition, retrieval, and extinction could be applied to therapy of fear
related diseases and illnesses such as Post-Traumatic Stress Disorder (PTSD). However, the
aforementioned processes only work as good as our senses perceiving stimuli and noticing
threat which is the initiation of a cascade of reactions our organism has in store to cope with
the situation at hand. Threat to the organism’s homeostasis may be noticed by our olfactory
system, for instance by perceiving the smell of fire. Our auditory system may also be the first
to send out a warning to our finely tuned response network after having heard a loud noise
such as an explosion. Often, our visual sense is the dominating source of information about a
potential danger. Most of the time, though, it is an interplay of the perception all our senses
provide us with in combined force to react to any kind of threat as quickly and adequately as
possible. As described here, threat to our organism may come as a sudden danger. For the
majority of us it is a continuous process that disequilibrates our balance, most of the time by
constant job stress and the difficulty to maintain a work-life balance in the modern
meritocracy. For keeping up our balance, it is useful to understand the influence of stress on
our perception and attentional processes as well as on our higher cognitive functions such as
memory. As our senses altogether contribute to providing our brain with information which is
the initial point of dealing with a stressful situation, I with this dissertation aim at establishing
a link between stress, visual and olfactory perception, and memory outcome. The main
questions of the studies forming the groundwork to this dissertation are: Does stress exert an
influence on fixation behaviour, hereby accounting for enhanced memory performance? Can a
past stressful experience be assessed pre-attentively by applying an auditory startle paradigm
24 hours later? May re-exposure to an olfactory stimulus experienced during a stressful
episode trigger a fear-potentiated startle response 24 hours later? Is there a difference between
a delayed and an immediate assessment during the acute stress response? Can a one-time
stress exposure involving an ambient odour lead to a more aversive rating of this odour in the

immediate or distant aftermath and enhance its recognition?



1.1. Stress

Despite being a term with mainly negative associations, stress is a well-coordinated response
of our organism to any kind of threat to its homeostasis. Hence, it is an adaptive coping
strategy, making maximum use of the sources available (McEwen, 1998) — a process termed
“allostasis” (Sterling & Eyer, 1988).

The stress response proceeds via two main pathways responsible for maintenance of the
homeostasis. The first one is a fast acting response chain initiated by activation of the main

division of the autonomous nervous system, the sympathetic nervous system (SNS; Figure
1.1.a).
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Figure 1.1. Stress response a) in the sympathetic nervous system (SNS) b) on the
hypothalamus-pituitary adrenal (HPA) axis

Release of the hormone and neurotransmitter noradrenaline, a catecholamine produced in the
locus coeruleus (Fuxe et al., 1970), from sympathetic nerve terminals, and adrenalin release
from the adrenal medulla initiate a quick “fight-or-flight” reaction (Cannon, 1913; Goldstein,
2003). The typical physiological symptoms evoked by this include increased heart rate and
blood pressure, pupil dilation, and overall enhanced vigilance and alertness, promoting
focussed attention and energy mobilisation (de Kloet, Jo€ls, & Holsboer, 2005). Since release
of the enzyme salivary a-amylase (sAA; a-1,4-a-D-glucan 4-glucanohydrolase; EC 3.2.1.1) is

mainly stimulated by the neurotransmitters noradrenaline and epinephrine, it can serve as a



biomarker for activation of the SNS (Nater & Rohleder, 2009). The stress response of the
SNS is terminated by activation of the parasympathetic nervous system after the threat is over
(Ulrich-Lai & Herman, 2009). The second autonomic response cascade to stress-induced
emotional arousal proceeds via the hypothalamus-pituitary-adrenal (HPA) axis and is slower
acting (Ulrich-Lai & Herman, 2009; Figure 1.1.b). By activation of this pathway, neurons of
the paraventricular nucleus of the hypothalamus secrete corticotropin-releasing hormone and
arginine vasopressin, promoting adrenocorticotropic hormone release from the anterior
pituitary. This leads to secretion of glucocorticoids, which in humans is the hormone cortisol,
by the adrenal cortex. Glucocorticoids initiate a negative feedback-loop to mark the
termination of the stress response (Ulrich-Lai & Herman, 2009). They bind to glucocorticoid
(GR) as well as mineralocorticoid receptors (MR), both in numerous expressions in
hippocampus (Herman, Patel, Akil, & Watson, 1989; van Steensel et al., 1996). In other brain
regions GRs are considerably predominant and widespread (de Kloet, Oitzl, & Joéls, 1999).
The affinity of GRs for corticosterone and cortisol is much lower than the case for the MRs,
having a 10-fold higher affinity, such that they are occupied even under non-stressful
conditions (Reul & de Kloet, 1985). Full activation of GRs is achieved through high levels of
cortisol. Thus, MR activation causes utterly different response patterns than co-activation of
both receptor types (de Kloet et al., 1999) — an attribute determining the characteristics of the
stress response. A high density of MR and GR receptors in prefrontal cortex is further
responsible for a quick and flexible response to the specific stressful situation at hand. Top-
down control based goal-directed behaviour relying mainly on prefrontal areas is impaired,
whereas rather habitual striatum based behaviour is promoted (Schwabe & Wolf, 2010).
These processes elicit instant habitual responding based on experience rather than time

inefficient top-down problem solving behaviour.

1.1.1. Measuring stress by salivary cortisol

For assessing the stress response in terms of HPA axis activation in experiments, cortisol is a
convenient candidate. Above all, sampling can be done collecting saliva, which is a simple
and minimally invasive method (Hellhammer, Wiist, & Kudielka, 2009; Kirschbaum &
Hellhammer, 1989). Additionally, cortisol can also be extracted from blood, urine or hair
samples. When taking full consideration of its characteristics, salivary cortisol is a reliable
tool to assess the stress response. Therefore, cortisol’s circadian rhythm (Debono et al., 2009;
Kirschbaum & Hellhammer, 1989) has to be taken into account - a strong cortisol awakening

response in the morning with a steady decline within the course of the day (Fries, Dettenborn,
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& Kirschbaum, 2009), causing baseline variation dependant on the time of day. Further
factors that lead to a generally lower cortisol level are intake of hormonal contraceptives
(Nielsen, Segal, Worden, Yim, & Cahill, 2013) as well as excessive sports, whereas higher
cortisol release is caused by obesity (Bjorntorp & Rosmond, 2000), aging, and consumption
of alcohol (Badrick et al., 2008), nicotine (Kirschbaum, Wiist, & Strasburger, 1992) and other
forms of medication operating via components of the HPA axis (Hellhammer et al., 2009;
Kudielka, Hellhammer, & Wiist, 2009). When testing female participants it has to be
considered that cortisol release varies with menstrual cycle phases; whereas during the luteal
phase the cortisol response in women is comparable to that in men (Schoofs & Wolf, 2009),
women show a blunted response during follicular phase and menses and when taking
hormonal contraceptives (Kirschbaum, Kudielka, Gaab, Schommer, & Hellhammer, 1999). In
addition, women’s cortisol response to certain stressors has sometimes been shown to be

generally less pronounced than men’s (Kirschbaum et al., 1999).

1.1.2. Laboratory stressors

Various forms of stressors have been used to induce a stress response in the laboratory. Since
physiological threat to the homeostasis also causes the organism to respond with stress, that is
autonomic activation (e. g. heart rate increase, pupil dilation) as well as cortisol elevation, it is
a very simple method to set the organism’s parameters out of balance, for instance by
affecting body temperature. The Cold Pressor Task (CPT) therefore is a very common
laboratory stressor, consisting of the sheer physiological response of resting a hand in ice cold
water. As psychosocial stress was found to elicit the strongest stress responses (Skoluda et al.,
2015), the CPT was modified adding a psychosocial component as Socially Evaluated CPT
(SECPT; Schwabe, Haddad, & Schachinger, 2008). Hereby, the described procedure is
videotaped by a reserved experimenter watching the participant and later reportedly analysing
their facial expressions. Even though the SECPT includes both physiological as well as
psychosocial components, the Trier Social Stress Test (TSST; Kirschbaum, Pirke, &
Hellhammer, 1993) was found to be the strongest laboratory stressor (Dickerson & Kemeny,
2004; Skoluda et al., 2015). It elicits a strong and reliable cortisol response typically
exhibiting a peak approximately 10 minutes after termination of the stressor (Kirschbaum et
al., 1993). In the paradigm, the participant is being led into a room with an evaluation
committee introduced as behavioural psychologists analysing the participants’ behaviour
during a free speech. The situation is videotaped and the speech is held in front of a

microphone, supposedly for further analysis of both video and audio parameters. The
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participant is instructed to imagine applying for a job while only referring to their personality
traits qualifying them for the respective job position. In the original version, participants are
allowed a five minutes preparation phase followed by another five minutes of speech, and an
arithmetic task of counting backwards from 2043 in steps of 17 for another 5 minutes. If
participants make a mistake in the arithmetic task, they have to start again. The features
contributing to the TSST being the strongest stressor are uncontrollability, external social
evaluation, and motivation to succeed (Dickerson & Kemeny, 2004; Skoluda et al., 2015).
Participants experience a situation of threat to their self-esteem which they cannot fully
influence. In the TSST, this is achieved by an evaluation committee wearing white laboratory
coats and not showing any reaction to the participants’ performance, such that the participant
lacks feedback, which is likely to evoke a feeling of failure. The two committee members
further take notes and direct gaze to the participant during their speech to elicit the feeling of
being socially evaluated. Since success in applying for a job is a common pursuit, participants
naturally are intrinsically motivated to perform well. By videotaping the situation such that
the participant can see themselves on a screen, the feeling of being socially evaluated is
increased, further enhancing stress. By instructing the participant to only refer to their
personal skills and character traits qualifying them for the respective job position, the speech
contents are restricted. If not a trained speaker, the participant thus usually talks for only a
few minutes about their personality before stopping or starting to refer to qualifications
achieved or curriculum vitae. It is then that the committee interrupts the participant and
reminds them to only refer to their personality and character traits. If not spoken for longer
than 20 seconds, the committee asks the participant to resume their speech by saying that
there is still time left. Participants are never told about how much time they have for their

speech. Questions are not answered by the committee members.

1.2.  Stress and memory
The function of the stress response is not restricted to an instant reaction to threat for keeping
up the homeostasis, but additionally has a future-oriented component. That is, to remember
the circumstances, but above all the most crucial stimuli of the stressful experience as
precisely as possible for similar situations occurring in the future (de Kloet et al., 2005).
Hence, the stress response exerts a pivotal influence on memory formation processes from the
moment of stress onset and still enduring in the aftermath of a stressful situation.

Memory formation is a continuous process, as we constantly need to keep things in mind
across short time spans while we are working and during all other different forms of
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behaviour. In our working memory, part of the short-term memory (see for review: Baddeley,
2003), memory contents are still accessible and can be manipulated, making it an extreme
form of short-term memory which describes temporary storage of information (see for review:
Baddeley, 2012). However, to store the temporary information needed in a particular situation
for an endless amount of time would not be efficient and cognitively economic. Thus, only
selective memory contents are transferred into long-term memory storage, depending on
relevance, salience, and rehearsal (e. g. Atkinson & Shiffrin, 1968; Smeets et al., 2009;
Sutherland & Mather, 2012). Whereas short-term memory relies on structures in prefrontal
cortex, long-term memory consists of the medial temporal lobe system with hippocampus,
entorhinal, perirhinal, and parahippocampal cortices (hippocampal region; Baddeley, 2001).
But what aspects does it depend on whether information gets consolidated into long-term
memory? A crucial part of this decision depends on limbic areas, especially on activation of
the basolateral complex of the amygdala during memory encoding (Roozendaal, McEwen, &
Chattarji, 2009; Roozendaal & McGaugh, 2011). Memory encoding is the phase of learning
or acquisition of memory, consolidation is when the encoded information is being transferred
into long-term memory for permanent storage, and retrieval is recall or recognition of stored
memory content. The influence of stress on memory processes depends on the timing of the
stressor, precisely on whether the stressor occurs during encoding, consolidation or retrieval
(Joéls, Pu, Wiegert, Oitzl, & Krugers, 2006; Roozendaal, 2002; Roozendaal & McGaugh,
2011). While stress and arousal are beneficial for encoding and consolidation (Henckens et
al., 2009; Joéls et al., 2006; Lupien et al., 2002) to enable remembering the most crucial
aspects of a stressful situation for the future, it impedes or even utterly blocks memory
retrieval (de Quervain, Roozendaal, & McGaugh, 1998; de Quervain, Roozendaal, Nitsch,
McGaugh, & Hock, 2000). This effect, in real-life situations such as oral examinations
sometimes experienced as “blackout”, is apparently due to cortisol causing a consolidation
state of the brain while impairing retrieval (Kuhlmann & Wolf, 2006). As described in section
1.1., the allostasis causes the organism to switch to a state of maximum efficiency, also
reflected by a shift of instrumental behaviour from more prefrontal cortex based goal-directed
to dorsolateral striatum based habitual behaviour (Schwabe, Tegenthoff, Hoffken, & Wollf,
2010), while executive control is repressed (Elzinga & Roelofs, 2005). This demonstrates the
focus of the stress response on optimum use of the available sources. Additionally, an optimal
state for neuronal plasticity induced by stress hormones is created (Henckens et al., 2009).
Both, the effect of stress and emotion in the phase of encoding as well as during the

consolidation processes after encoding are mediated by amygdala activation (Hamann, 2001).
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During acute stress, locus coeruleus, core of the SNS, floods hippocampus and amygdala with
noradrenaline, accounting for a hypervigilant state which lasts for approximately half an hour
(Joéls, Fernandez, & Roozendaal, 2011), interacting with neuromodulators like acetylcholine
and stress hormones for long-term memory formation (McGaugh & Roozendaal, 2002, 2009).
A low-affinity membrane version of MRs is involved in quick (several minutes) and
reversible non-genomic actions of glucocorticoids in hippocampus (de Kloet, Karst, & Joéls,
2008; Joéls, Karst, DeRijk, & de Kloet, 2008), which in neurons of basolateral amygdala can
have long-lasting encoding effects for emotional stimuli (Karst, Berger, Erdmann, Schiitz, &
Joéls, 2010). During this phase, long-term potentiation (LTP) is increasingly promoted
(Wiegert, 2006). Hereby, the amygdala functions as a neuronal interface integrating actions of
noradrenergic processes and stress hormones to facilitate memory consolidation (Roozendaal,
2000). In addition, the basolateral amygdala is equipped with corticosteroid receptors, such
that there is not only an indirect, but also a direct influence of stress hormones on amygdala
activation (Kim & Diamond, 2002; Reul & de Kloet, 1985). The influence cortisol exerts on
noradrenergic action in the nucleus of the basolateral amygdala is crucial for memory
enhancement; in turn amygdala activation is a prerequisite for cortisol’s effects on memory
(Roozendaal, 2000). Slower (= 1 hour) genomic actions involve both receptor types, MRs and
GRs, and induce long-lasting changes and memory traces if the encoded material is crucial
enough, as during this phase, the potential for LTP induction is reduced (Kim & Diamond,
2002). These processes reflect that combined action of the HPA-axis and the SNS is a
prerequisite for the beneficial effects of stress on memory. Amygdala activation hereby leads
to a superiority for emotional information to get stored and also consolidated into long-term
memory (Abercrombie, Speck, & Monticelli, 2006; Cahill et al., 1996; Canli, Zhao, Brewer,
Gabrieli, & Cahill, 2000). Emotional memory contents are better remembered, even in
absence of enhanced cortisol release during encoding or consolidation (Abercrombie, Kalin,
Thurow, Rosenkranz, & Davidson, 2003). This effect can partly be attributed to emotional
binding, an item-specific consolidation process for storage of item-emotion bindings by
regions in the medial temporal lobe, mediated by the amygdala (Mather, 2007; Yonelinas &
Ritchey, 2015). Enhancing effects of emotional, in particular highly arousing and stressor-
related, stimuli on memory have been found to be facilitated by stress (Smeets et al., 2009).
Hereby, valence seems to be not as important a determinant for amygdala activation (Canli et
al., 2000; Hamann, Ely, Grafton, & Kilts, 1999) and memory outcome as arousal. While
cortisol release is not necessarily related to enhanced subjectively experienced negative affect,

subjective emotional intensity seems to correlate well with amygdala activation (Canli et al.,
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2000). It is suggested that it contributes to affective responses such that emotional arousal is
actually the outcome of amygdala activation (Canli et al., 2000). As not mentioned so far, the
amygdala has several direct as well as indirect connections to hippocampal regions
(Pikkarainen, Ronkko, Savander, Insausti, & Pitkidnen, 1999) via which it exerts crucial
influence on hippocampal functioning (see for review: Kim & Diamond, 2002). Evidence
shows that co-activation of hippocampus and amygdala, combined with release of the
neuromodulators involved in the stress response, are a prerequisite for memory effects, and
that the amygdala plays a central role in stress effects on memory encoding and consolidation
(Cahill & McGaugh, 1998; Hamann, 2001; LeDoux, 2000). Additionally, amygdala activity
during encoding can predict memory outcome (Canli et al., 2000; Hamann et al., 1999), even
so in a linear relation — the stronger the amygdala is activated, the higher the potency of
glucocorticoids to enhance memory for emotional input (Canli et al., 2000). Since one of the
main input channels is our visual system, it is likely to be influenced by stress leading to
altered fixation and attention processes.

Memory enhancement under stress has been shown to be initiated from the moment of
stress onset with enhanced attentional selectivity (Chajut & Algom, 2003) for the potentially
meaningful items competing to be encoded. Different attentional processes under stress are
responsible for this effect. Evidence indicates that stress contributes to peripheral narrowing
(Williams, Tonymon, & Andersen, 1991). This shows a stress-induced modification of visual
processes, reflecting an effect of stress at an early perceptual stage. In situations with socially
induced stress, the narrowing of focus is even more pronounced (see for review: Chajut &
Algom, 2003). Thus, stress induction with the TSST is well-suited for investigations on these
effects in combination with memory performance. It has previously been demonstrated that
memory for objects in the TSST is enhanced when assessed 24 hours later (Wiemers,
Sauvage, Schoofs, Hamacher-Dang, & Wolf, 2013). Since this effect was particularly
prominent for objects which have been central for the situation, this suggests that attentional
narrowing processes had taken place. That is, attention is drawn towards potentially relevant
and salient items (see for review: Christianson, 1992). However, fixation behaviour as a
measure of attention towards items in a stressful situation such as the TSST has not been

investigated yet.

1.3. Olfaction
As described in the previous section, the encoding of stimuli depends on the arousing or
stressful context of the situation, as of relevance for the current thesis, as well as on features
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of the to be encoded stimuli themselves. Whereas emotionally laden objects in themselves
lead to more pronounced encoding, even more enhanced in an emotional or stressful situation,
other objects might only gain relevance through an emotional/stressful context. Besides these
effects, stimuli can have a special potency of being well encoded and remembered due to the
modality they are presented in. Since a special potency of stimuli presented in the olfactory
modality with regard to memory processes has been believed and discussed since more than a
century, part of this thesis is dedicated to the role of olfactory stimuli in memory formation
under stress.

Already in the 18" century, Schultze (1863) provided accurate description and graphical
illustration of olfactory receptor cells (Zippel, 1993). Receiving early attention by scientists
and researchers, our olfactory system in fact holds a special role amongst our senses which is
mainly owed to the close connectivity of the olfactory system with emotional structures. The
olfactory system consists of the olfactory bulb, the olfactory epithelium, which is part of the
olfactory mucosa (Doty, 2015), and the olfactory cortex with anterior olfactory nucleus, tenia
tecta, olfactory tubercle, piriform cortex, lateral entorhinal cortex, periamygdaloid cortex, and
cortical nucleus of the amygdala (Doty, 2001; Figure 1.2., partly based on Wilson, Chapuis,
& Sullivan, 2015). Right orbitofrontal cortex was found to be activated by odours together
with the piriform cortex (Zatorre, Jones-Gotman, Evans, & Meyer, 1992) which it has a
strong reciprocal connection with (Ekstrand et al., 2001; Johnson & Leon, 2000).
Orbitofrontal cortex is not exclusively dedicated to the olfactory system, but involved in

activity within all sensory systems.
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The olfactory cortex fulfils the role of primary sensory and association cortices, such that both
characteristic as well as context information of the odour are being integrated (Gottfried,
2009, 2010). The olfactory bulb consists of mitral cells whose axons form the lateral olfactory
tract and in form of a fibre bundle project to the “vomeronasal amygdala” which consists of
(postero)medial cortical nuclei of the amygdala and the nucleus of the accessory olfactory
tract (Kevetter & Winans, 1981). By means of glomeruli, the mitral cells communicate with
the bipolar receptor cells via their axon terminals (Doty, 2001). Lateral entorhinal cortex
receives input from mitral cells and piriform cortex (Carmichael, Clugnet, & Price, 1994). Its
cell units express more response selectivity than cells in the rest of the system (Xu & Wilson,
2012).

Volatile odours are perceived by the olfactory epithelium where olfactory receptor neurons
synapse in the main olfactory bulb (Ennis & Holy, 2015). In contrast to neurons of other
sensory modalities, neurons in the olfactory epithelium are able to regenerate after damage
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(Jang, Youngentob, & Schwob, 2003; Leung, Coulombe, & Reed, 2007; Iwai, Zhou, Roop, &
Behringer, 2008), even in older people (Holbrook, Wu, Curry, Lin, & Schwob, 2011), which
was discovered in 1940 in rodents and 20 years later in primates (Schultz, 1960). Apparently,
olfactory neurons undergo a more or less constant neurogenesis (Andres, 1969), whereby cells
in different states of their lifespan co-exist (Farbman, 1992). Nevertheless, olfactory receptor
cells can be relatively long-lived (Hinds, Hinds, & McNelly, 1984), underlining the complex
structure of the olfactory system.

Increasing evidence shows that those odours which are not volatile are being processed by
the accessory olfactory system in the vomeronasal organ before being transmitted to the
accessory olfactory bulb (Ennis & Holy, 2015). Since studies in the framework of this thesis
focussed on volatile odours, the system for processing non-volatile odours will not be
explained any further. Still it is important to note the existence of an accessory olfactory
system parallel to the main olfactory system.

A further unique quality of the olfactory receptor cells is their concomitant direct tangency
of central nervous system and external environment due to lack of synaptic connection before
projecting into the brain (Ding & Xie, 2015). Incoming olfactory information lacks thalamic
gating and hence has direct access, amongst other core areas, to the cortical nucleus of the
amygdala (Doty, 2001; Shepherd, 2007). Piriform cortex receives its main sensory input from
mitral and tufted cells in the olfactory bulb instead of the thalamus (Wilson et al., 2015).
Additionally, piriform cortex has three layers unlike cortices of the other sensory systems
featuring six layers, and it is not topographically but highly associatively organised (Wilson et
al., 2015). Apparently, activity within piriform cortex evoked by odours does not follow
specific spatial patterns (Rennaker, Chen, Ruyle, Sloan, & Wilson, 2007; Stettler & Axel,
2009) as the case in the highly orientation-specific neurons of the visual system (see for
review: Vaney, Sivyer, & Taylor, 2012). Olfactory processing in piriform cortex seems to be
comparable to visual processing only in that sense that it has a parallel processing structure
(Payton, Wilson, & Wesson, 2012). Hereby, single glomerulus activation is not sufficient for
activity of neurons in piriform cortex; rather a threshold has to be reached by multi-activation

of glomeruli (Davison & Ehlers, 2011).

1.4.  Odours and memory

Early evidence of a special role for olfactory stimuli in memory comes from Proust (1922)
describing a flashback into early childhood triggered by the smell and gustatory experience of
a madeleine like his aunt used to bake (Proust, 1960). His description led to definition of the
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‘Proust phenomenon’, lending the olfactory system significance concerning the potency of
odours in triggering relatively old memory contents (Herz & Cupchik, 1992) as well as
memories which are fairly emotional in nature (Adolph & Pause, 2012; Herz, 1998; Herz &
Cupchik, 1995; Herz & Schooler, 2002; Willander & Larsson, 2007). Compared to visual and
word cues, odours cue memories which are more closely related to the personal life and

feature more affective associations (Hinton & Henley, 1993).

Neuronal correlates

As shown in section 1.3., the olfactory system has a direct reciprocal connection with several
amygdaloidal structures. Since the amygdala gets rapidly activated by emotional, especially
fear-related, stimuli and contributes to a large extent to memory consolidation of arousing and
stressful events (Joéls et al., 2011; McGaugh & Roozendaal, 2002), its crucial involvement in
the olfactory system’s main circuits is conducive to the potency of odours to trigger affective
responses and carve deep memory traces. Hereby, f-adrenergic activation of the receptors in
the basolateral amygdala (lateral, basal and accessory basal nuclei) modulates influences of
glucocorticoids and epinephrine, integrates information from the different structures and
elements activated under stress (see for review: McGaugh, 2000) and mediates the amygdala’s
interaction with hippocampus (Strange & Dolan, 2004). Its crucial role within the circuit of
olfactory stimuli processing makes odours prone to being well consolidated into long-term
memory.

It could be shown that, in accordance with its significance in spatial memory, the
hippocampus is involved in flexible orderly organisation of odours in a relational map
(Bunsey & Eichenbaum, 1996; Dusek & Eichenbaum, 1997), which relates to its input from
entorhinal cortex (EC). As a part of the memory system in the temporal lobe, EC has a crucial
role in providing the hippocampal formation with information (Mayeaux & Johnston, 2004;
Young, Otto, Fox, & Eichenbaum, 1997). Furthermore, EC exhibits evidence for internal
memory structures (Young et al., 1997). As it receives direct input from mitral cells of the
olfactory bulb (Doty, 2015) in combination with being a major input for hippocampal
formation, its crucial role in odour memory is evident. Results of a study using field potential
recordings in rodents propose that lateral EC modulates stimulus-specific, experience- and
state-dependent olfactory coding (Xu & Wilson, 2012). This accounts for enhanced sensitivity
to specific encoding under states of arousal and stress. Besides, EC is important for odour
discrimination, mainly in dependency of location of novel and known olfactory stimuli, again
underlining its relationship with the hippocampal system (Mayeaux & Johnston, 2004).

Furthermore, the close connection of EC and hippocampal circuits is one of the
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neurophysiological elements documenting a special role of olfactory stimuli in memory

formation and consolidation.

1.5. Startle paradigm

Investigations involving stress and other affective states and judgements, e. g. of stimuli, often
rely on explicit feedback and self-assessment of the participants in questionnaires. On the one
hand this depends on the honesty of the participant when filling in the questionnaire beyond
responding in favour of social desirability; on the other hand it involves a reflective self-
monitoring process and the ability to correctly interpret one’s own emotions, motives and
characteristics. When stimuli like odours are involved, which may be processed
subconsciously due to their lack of thalamic gating as described in section 1.3., it is of
advantage to implicitly assess the affective state of a participant. This can be done for a
person’s judgement of a single stimulus as well as for the affective state of a person, for
instance in a situation of stress and/or arousal, by means of the startle paradigm.

Our organism is equipped with reflexes which operate automatically, may not or only with
great difficulty be repressed, and whose function is protection against potential threat and
harm. One of these useful mechanisms is the startle reflex. In situations of abrupt and acute
exposure to acoustic (loud noise), tactile (blow) or visual (flash) stimuli, the startle reflex
helps us protect the organism against minacious injury (Koch, 1999). Even when the stimulus
is acoustic in nature, the protection mechanism of the startle reaction involves an eye-blink
response for eye protection due to cross-modal summation of acoustic, tactile and vestibular
stimulation, accounting for a higher effectivity than proceeding within a single modality only
(Yeomans, 2002). Furthermore, heart rate acceleration and flexor contraction of head —
especially of dorsal neck muscles to prevent exposure of the dorsal surface (Yeomans &
Frankland, 1996) — and skeletal muscles prepare for motoric action in terms of a “fight-or-
flight” response (de Kloet et al., 2005), while sensory and cognitive processing and ongoing
muscle activity come to an arrest (Graham, 1975). The origin of the startle response is not a
zero baseline (Koch, 1999); condition, affective state, and external stimuli all contribute to the
organism’s responsivity. This is why even this most extensive reflex can easily be
manipulated, that is enhanced (fear-potentiated startle; Hamm, Cuthbert, Globisch, & Vaitl,
1997; Lang, Bradley, & Cuthbert, 1990) as well as attenuated, by simple external and also
internal stimuli (Koch, 1999). Since it is a protection mechanism, it can be enhanced by
presenting aversive stimuli. Thus, negative pictures (Balada, Blanch, & Aluja, 2014; Bradley,
Cuthbert, & Lang, 1993; Bradley, Codispoti, & Lang, 2006) or olfactory/chemosensory
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stimuli (Pause, Adolph, Prehn-Kristensen, & Ferstl, 2009; Prehn, Ohrt, Sojka, Ferstl, &
Pause, 2006) have the potency of pronouncing the startle response, whereas stimuli in these
modalities eliciting positive affect can reduce it (see for review: Lang, Bradley, & Cuthbert,
1990; Schmid, Koch, & Schnitzler, 1995). Hence, the startle paradigm has become a valuable

experimental tool for assessing sensor-motoric response patterns and internal affective states.

Fear-potentiated startle in experiments

In an experimental context, the startle response can be elicited by noise, air-puff on the eyes
or electrical stimulation. By far the most commonly used startle setup in experiments
featuring the greatest amount of data gathered so far (Koch, 1999) is the acoustic startle. The
startle stimulus consists of a loud white noise with an instantaneous rise time. The startle
response can be measured using electromyography (EMG), electrooculography as well as
potentiometric, photoelectric or magnetic coils (Blumenthal et al., 2005). The most common
method in psychophysiological research is measurement of action potentials on the surface
via EMG. It is done with bipolar EMG compatible electrodes — typically sliver-silver chloride
(Ag-AgCl) pelletised (Fridlund & Cacioppo, 1986) — attached to the lower orbital portion of
the orbicularis oculi, a striated sphincter muscle surrounding the orbital fissure, of the left eye
(Blumenthal et al., 2005). Preferential use of this surface method is owed to the sound
correlation between its broad contraction detection and that of the muscle groups underlying
the general startle response (Lawrence & De Luca, 1983). The EMG signal is conducted by
skin, adding transduction liquid to the surface of the electrode before attaching it with
adhesive collars (Fridlund & Cacioppo, 1986). The acoustic startle reflex has a very short
onset of about 14-151 ms in humans (Yeomans & Frankland, 1996). The eye-blink reflex
typically occurs at around 30-90 ms after startle stimulus onset, and its underlying
mechanisms are thus considered pre-attentive. It has to be noted that startle responsivity can
be influenced by a lot of different factors, amongst which are the intensity of the white noise
used (Pilz, Caeser, & Ostwald, 1988) and the current motoric behaviour. Moreover it varies
from one individual to another (Plappert, Pilz, & Schnitzler, 1993) with some individuals
being startle stimulus resistant non-responders. Genetic prerequisites might partly be
responsible for this (Paylor & Crawley, 1997).

Different models on pathways and areas involved in the startle response have been
suggested, agreeing on a few basic elements. According to this, the neurophysiological basis
for the startle reflex is a ponto-medullary pathway, from ventral cochlear nucleus through
ventro-caudal pontine reticular formation to the spinal cord (Frankland, Scott, & Yeomans,

1995; Yeomans & Frankland, 1996). An indirect pathway from amygdala via rostro-lateral
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midbrain to midmedulla apparently mediates the startle response (Yeomans & Pollard, 1993).
Since the second pathway does not habituate, the startle response is most prone to emotional
modulation when the first pathway is already habituating (Bradley, Lang, & Cuthbert, 1993).
Due to its rapid action, the circuitry of shortest latency must be based on very few synaptic
relays interconnecting cochlea and motor neurons, while rapid axonal transmissions must be
responsible for signal transduction from cochlea to limb muscles (Yeomans & Frankland,
1996). These rapid interconnections account for the reflex-like appearance of the startle
response, while involvement of the amygdala explains how modulation of this fast acting

circuit by valent stimuli can proceed.

1.6. Aims of the dissertation

The experiments within the framework of this dissertation aimed at investigating different
sensory variables in the influence of stress on memory enhancement. As stress is known to
produce especially vivid and strong memories of stimuli central to the situation, fixation
behaviour and its association with these processes were investigated (experiment 1). It was
intended to shed light on whether stress causes different fixation patterns and hereby close the
gap in finding a potential mediator in addition to cortisol between stress and memory. Despite
its close association with amygdaloidal and memory structures, the potential of the olfactory
system to create even stronger memory traces under stress has not been investigated yet.
Hence, the potency of olfactory stimuli to produce emotional memory content which can be
re-accessed pre-attentively with the startle paradigm was investigated as well as general
startle responsivity one day after psychosocial stress (experiment 2). Finally, the findings
concerning stress effects on odour memory and startle responsivity were extended to the acute

stress phase in immediate aftermath of psychosocial stress (experiment 3).

15



2.  Experiment 1: The influence of stress on eye fixation as a

facilitator for memory enhancement

2.1. Introduction

The organism’s stress response exerts an influence on memory enhancement not only in terms
of affecting brain structures responsible for memory effects, but also with regard to
manipulating attention prior to memory processes (Chajut & Algom, 2003). It was shown that
stressed compared to control participants exhibit amplified visual area activation in response
to pictures, reflecting higher-order visual processing (Heinze et al., 1994; Henckens,
Hermans, Pu, Joels, & Fernandez, 2009; Moran & Desimone, 1985). Further evidence showed
that very early indices of attentional processing (N1m and N1) are enhanced, as revealed in
imaging studies (Elling et al., 2012; Shackman, Maxwell, McMenamin, Greischar, &
Davidson, 2011), and that sensory input is potentiated during the state of hypervigilance
caused by stress (Munk, Roelfsema, Konig, Engel, & Singer, 1996).

As described in section 1.2., memory is improved under stress, in particular for
information relevant to the stressful situation, such as for the central objects used in the TSST
(Christianson, 1992; Echterhoff & Wolf, 2012; Mather & Sutherland, 2011; Wiemers,
Schoofs, & Wolf, 2012). While this facilitation of potentially meaningful information to get
transferred into long-term memory has been concluded to be related to enhanced cortisol
release (de Quervain, Aerni, Schelling, & Roozendaal, 2009; Lupien & McEwen, 1997; Quas,
Yim, Edelstein, Cahill, & Rush, 2010; Roozendaal, McEwen, & Chattarji, 2009; van Ast et
al., 2013; Wolf, 2009) attentional narrowing, directing focus towards salient items
(Christianson, 1992), apparently also contributes to the memory effects. Several studies
demonstrated stress leading to improvement of selective attention (Chajut & Algom, 2003) as
well as attentional processes in connection with executive functioning in the brain (Beste,
Yildiz, Meissner, & Wolf, 2013; Weerda, Muehlhan, Wolf, & Thiel, 2010). However,
evidence for the opposite pattern was obtained in parallel (Arnsten, 2009; Plessow, Kiesel, &
Kirschbaum, 2012; Shields, Sazma, & Yonelinas, 2016). These diverging results might have
their origin in the underlying processes of the specific tasks used. While the results showing
improvement are based on bottom-up processes, the opposite results were shown for top-
down control based tasks. Stress induces domination of bottom-up, stimulus-specific
attentional selection (Buschman & Miller, 2007) in order to focus on the most salient features
and enhancing memory for these (Mather & Sutherland, 2011; Sutherland & Mather, 2012).

In contrast, prefrontal top-down control is diminished (Arnsten, 2009; Singer, Bechtold,
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Schoofs, Blaszkewicz, & Wascher, 2014). This effect might explain the varied results. It is yet
unclear whether these different forms of attentional processing are associated with different
fixation patterns, such that stress exerts its influence not only internally, but also causes the
external input to be processed in a modified manner due to focussing on other features, longer
fixation times, and more frequent fixations.

Fixation is supposedly equivalent to orientation of attention during exploration of a scene
(Henderson, 2007). When attention is directed towards the object fixated, its features are
combined into a unified object representation (Treisman & Gormican, 1988). For forming a
coherent object description, visual attention is a prerequisite (Rensink, 2000a, 2000b).
Whereas object representations are retained in visual short-term memory — resistant to brief
disruptions — unattended information is subject to rapid decay to be replaced by novel visual
input, despite having been initially fixated (Rensink, 2000a). Subsequently, salient enough
objects are potentially consolidated into long-term memory (McGaugh, 1966). These
processes are thus based on fixation in concert with focal attention, both enhanced by stress-
induced neurophysiological responses.

Experiment 1 aims at investigating whether psychosocial stress modifies fixation towards
longer or more frequent fixation times, and if so, whether these measures facilitate subsequent

memory processes assessed by free recall and object recognition tasks.

Hypotheses

Stressed participants are hypothesised to exhibit longer and more frequent fixation times on
stimuli involved in the stressful situation, particularly for potentially relevant stimuli, that is
central objects in the TSST. This, in turn, is presumed to be associated with enhanced
memory performance in stressed compared to control participants and central compared to

peripheral stimuli, on the next day.

2.2.  Methods

2.2.1. Participants

The sample consisted of 63 non-smoking male (n = 32) and female students from the Ruhr-
University Bochum, none of whom reported psychological or physiological diseases. Only
women taking hormonal contraceptives (restricted to monophasic compounds with
ethinylestradiol (0.02-0.035 mg) and gestagenic components) during their pill intake phase
were included (Merz et al., 2012). The participants’ age ranged from 18 to 34 years (M =
23.63, SD = 3.8) with a Body Mass Index (BMI) from 18.75 to 28.23 kg/m2 (M=2293,5D =

2.53) due to cortisol related exclusion criteria, as mentioned in section 1.1.1. For participation
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they were paid an expense allowance of 15 € or received course credits. The local ethic
committee of the Faculty of Psychology granted approval for the study and the Declaration of

Helsinki was followed.

2.2.2. Experimental procedure

After having signed informed consent, participants were randomly assigned to a stress or
control condition. A modified version of the Trier Social Stress Test was applied for stress
induction (TSST; Kirschbaum, Pirke, & Hellhammer, 1993; Wiemers et al., 2013). The
control condition consisted of the friendly version of the TSST (f-TSST; Wiemers et al.,
2012). Before stress induction, participants filled out the Positive and Negative Affect Scale
(PANAS; Watson, Clark, & Tellegen, 1988) in a preparation room. A baseline saliva sample
(-1 min) was collected by means of a Salivette® (Sarstedt, Niimbrecht, Germany).
Participants were then led to a testing room where the experimenter fitted the eye tracking
glasses to the participant and calibrated them. Until then, participants did not know which
condition they had been assigned to. The experimenter left the room, which marked the onset
of a 5 min preparation phase for either of the conditions. Upon their return after 15 minutes,
the experimenter removed the eye tracker and led the participant back to the former room.
Participants delivered the first post procedure saliva sample (+ 1 min) and again filled out the
PANAS. During the final phase, participants engaged in a computer task extraneous to this
investigation. At the end, the last saliva sample (+ 20 min) was collected and participants
from the stress group were debriefed about the TSST being a standardised procedure.

On the second day, again the PANAS was filled out and a saliva sample to control for
baseline cortisol concentration (d2a) was delivered. Afterwards, the experimenter asked
participants to freely recall as many of the 20 objects present in the testing room. They were
not informed about the number of objects, and after the free recall reported to have not been
aware that their memory would be tested. Next, participants engaged in an object recognition
task on the computer and delivered the final saliva sample (d2b). Finally, they were debriefed

and remunerated (Figure 2.1.).
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Figure 2.1. Experimental timeline and procedure of experiment 1.

2.2.3. Material

2.2.3.1.Stress and control procedure

Trier Social Stress Test (TSST)

Since the TSST (Kirschbaum et al., 1993) is the strongest of the established laboratory
stressors (Skoluda et al., 2015), reliably activating SNS and HPA axis (Dickerson & Kemeny,
2004), as described in section 1.1.2., it was used for stress induction. In the slightly modified
version used in all the here described studies, the TSST included objects which served as
stimuli for memory assessment. Selected were 20 office items as they are most suitable to the
laboratory situation, 10 of which were used by the committee members in a fixed time course,
whereas 10 were present without being used. In order to avoid revealing the constructed and

simulated character of the situation and in particular item usage, the speech part was extended
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to 10 minutes (Wiemers et al., 2013; Wiemers & Wolf, 2015), such that objects would not be
handled too often to make it obvious. Further, during arithmetic tasks, it was experienced that
some people tend to close their eyes or gaze at the ceiling or wall in order to concentrate,
which would have a mediating influence on fixation behaviour towards the objects and
committee members. Hence, the arithmetic task was omitted in favour of a longer speech part.

On initiation of the preparation phase, participants were asked to fill in a self-estimation
questionnaire on their general intelligence, presentation and maths skills, and individual
appearance, on a 6-point scale. Subsequently, they took notes to prepare their free speech, but
were not allowed to read those during the speech. Before the speech started, participants
handed the self-estimation questionnaire over to the committee who used it to enhance
psychosocial threat by studying it, taking notes on it, and revising the participants’ rating

during the course of the speech.

Friendly TSST (f-TSST)

The recently established f-TSST is a highly comparable control condition not activating the
HPA axis (Wiemers et al., 2012). Previously used control conditions to the TSST mostly
lacked comparability due to missing social interactions (e. g. Het, Rohleder, Schoofs,
Kirschbaum, & Wolf, 2009) or dissimilar tasks and cognitive affordance. Similarly to the
TSST, participants stand in front of a table, a male and a female person are seated at, featuring
the same objects as in the stress condition. The male and female are introduced by their names
and behave warm and friendly in contrast to the committee members of the TSST. Committee
members are wearing white long-sleeved shirts for comparability with the stress condition and
to avoid varying colours influencing the participant’s attention or mood. In order to provide a
similar preparation phase, participants are being advised to take notes for a general outline of
the talk, while one of the friendly committee members leaves the room to avoid an awkward
situation when the participant is finished taking notes or would like to start with their speech
straight away. In this case, the other member remarks that the conversation can begin with the
return of the colleague. Meanwhile, they engage in reading to maintain comparability to the
stress condition that is not to engage the participant in a previous conversation and keep their
attention off the objects on the desk. Instead of holding a monologue, participant and friendly
committee members then engage in a mutual interaction. The participant can select a topic
with suggestions being provided which resemble the content of a job interview such as

curriculum vitae or career aspiration. The situation is not videotaped.
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2.2.3.2. Physiological stress measures

Salivary cortisol

To assure a reliable measurement, participants were instructed in advance to their appointed
time to refrain from taking any form of drugs or medication, as well as from drinking alcohol
or engaging in excessive sports one day and from drinking anything except water and
brushing their teeth one hour before the appointed testing time. Five saliva samples, three on
the first and two on the second day, were collected using Salivettes®. Subsequently, samples
were deep-frozen at -18 °C and analysed using a Dissociation-Enhanced Lanthanide
Fluorescent Immunoassay (DELFIA) as described elsewhere (Dressendorfer, Kirschbaum,
Rohde, Stahl, & Strasburger, 1992). The detection limit for salivary cortisol was set to 0.5
nmol/L. Intra- and inter-assay coefficients of variation were below 13%. As previously
explained in section 1.1.1., cortisol is released in a pulsatile fashion, following a circadian

rhythm. Hence, testing was restricted to a time window from 9:00 a.m. to 12:30 p.m.

Salivary a-amylase (sAA)

To assess sympathetic activity, the enzyme a-amylase (SAA) was analysed from the saliva
samples (Rohleder & Nater, 2009). A colorimetric test with the substrate reagent 2-chloro-4-
nitrophenyl-o-maltrotriosoide (CNP-G3) was applied for measuring sAA concentration
(Lorentz, Giitschow, & Renner, 1999; Winn-deen, David, Sigier, & Chavez, 1988). Intra- and

inter-assay variabilities were below 10%.

2.2.3.3. Affect measurement

Stress typically enhances negative subjective mood which can be assessed with
questionnaires. The Positive and Negative Affect Scale (PANAS; Watson et al., 1988)
includes 20 items, 10 of which express positive whereas 10 express negative affect.
Participants rated the 20 emotional adjectives on a 5-point scale for their intensity, ranging
from 1 = “very slightly or not at all’ to 5 = ‘extremely’. Answers result in a positive (PA) and
a negative affect (NA) score. The German version of the PANAS exhibits a good up to
excellent reliability quantified in a Cronbach’s a of .86 for the PA and .93 for the NA scale
(Breyer & Bluemke, 2016). In the current sample, the internal consistency was good, marked

by a Cronbach’s a of .834 for the PA and .806 for the NA scale.

2.2.4. Eye tracking recordings
The eye tracking recordings were done with SMI Eye Tracking Glasses 2.0 (SensoMotoric

Instruments GmbH, Teltow, Germany) connected to the appendant notebook. The recording
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screen was visible to the committee members for the whole procedure. The eye tracking
device records the scene of the participant’s field of view with an inbuilt camera. Two
separate eye cameras on the inside of the frame record the participant’s gaze according to the
pupil position which is assessed by six infrared LEDs on each side. The scene camera has a
resolution of 1280 x 960 pixels with a 60° horizontal and 46° vertical field of view. The gaze
tracking range of the eye cameras is 80° horizontally and 60° vertically and their sampling
rate was set to 60 Hz. Gaze position accuracy of the device is 0.5° across all distances. Since
participants were standing at an approximate distance of 1 m, the distance from the
participant’s eyes to each of the AOIs has a variation of approximately 1.30 to 1.70 m. In
consideration of the eye tracker’s accuracy of 0.5°, the error margin is below 1.5 cm, resulting
in sufficient accuracy to track even the smallest objects used in the study (e. g. the rubber).
The eye tracker fuses the images of the three different cameras, such that the participant’s
fixations are mapped as focus circles onto the scene image. The glasses were adjusted for
each participant individually with different variable nose pads and an adjustable bandeau. The
participant was asked to focus on three target points positioned to cover distances and space
of the field of view during TSST/f-TSST. The fixation point was displayed as a focus circle
on the output screen of the eye tracking notebook where it was aligned with the actual locus
the participant fixated on. This was repeated for the two other points for a precise 3-point
calibration. The recordings started with initiation of the preparation phase, five minutes before
TSST or f-TSST, respectively, and were stopped by the experimenter when re-entering the
room after 15 minutes. Data were processed with the corresponding SMI software iView 3.5

and analysed with BeGaze 3.5.90, both included in the SMI Experiment Center 3.5.

2.2.5. Areas of Interest

Objects relevant for the analyses were defined by marking them in BeGaze as Areas of
Interest (AOI) to determine the stimuli whereupon participants’ fixations would be compared.
They included 10 central and 10 peripheral objects and the faces of the committee members.
Whereas the central objects were used by the committee members, the peripheral objects were
static objects at fixed positions on the table (Wiemers et al., 2013). Central objects included a
beaker, two clipboards, two pencils, a candy box, a rubber, a sharpener, a shelf, a stapler, a
timer and a water bottle. Peripheral objects included a book, clips, a mug, a folder, a puncher,
a dustbin, a ruler, scissors, a text marker and tissues. A semi-automatic detection mechanism
calculated significant fixations according to an algorithm provided by the software BeGaze,

which is named “event detection”. An “event” includes multiple image frames for a less time
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consuming analyses. Verification was done by two independent raters, confirming fixation
position relative to the AOI by mouse click. The software calculated the total and average
fixation time (in ms) for each AOI according to the rater’s verifications. Adding up fixation
duration on an item does not necessarily represent a better memory encoding of the object.
Gain of information about the object could become saturated after having fixated it for a
certain amount of time. Thus, the number of fixations on central and peripheral objects was

also included in the analyses.

2.2.6. Memory assessment

On the next day, participants were asked to unexpectedly freely recall as many objects as they
could remember having been present the day before in the testing room. Being common office
items, their naming was unambiguous such that the experimenter simply checked the boxes
beside the object names on a list when named by the participant. To make sure that any sort of
memory task was indeed unexpected to the participant, they were asked whether they had
expected a memory test. The number of items remembered was calculated separately for
central and peripheral objects. Subsequently, participants underwent a computerised object
recognition task. The 20 objects which had been in the room the day before, 20 similar objects
differing in shape and colour, and 20 unrelated distractor objects were presented for two
seconds each (Wiemers et al., 2013). Participants were instructed to indicate on a 6-point
scale how sure they were to have seen the exact object, concerning shape as well as colour,
the day before (1 = ‘very sure to have seen the object’; 6 = ‘very sure to have not seen the

object’). Scores were summed up, again separately for central and peripheral items.

2.2.7. Statistical analyses

Mean values of all variables were calculated separately for stress and control group and, for
the parameters concerned, separately for central and peripheral objects. In case of violation of
the normal distribution, the data were log-transformed.

For comparison of memory performance between stress and control group, a
discrimination index (DI) was calculated from the raw data of the object recognition task.
Therefore, all replies indicating the respective object to have been present the day before were
categorised as “seen”, regardless of the level of certainty, and “unseen” in the opposite case
(Green, & Swets, 1966/1974). Participants’ correct categorisation of an item present during
the TSST as remembered counted as a hit, whereas an item mistakenly categorised as

remembered resulted in a false alarm. Hit and false alarm rates were calculated from these
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variables in relation to the sum of actual and distractor objects. The DI consists of false alarm
rate subtracted from hit rate, which was done separately for central and peripheral objects.

For correlation analyses differential measures were calculated for cortisol and negative
affect (NA). The Area Under the Curve (AUC;) was calculated representing cortisol increase
as measured over time, from baseline to 20 minutes after termination of the stressor
(Pruessner, Kirschbaum, Meinlschmid, & Hellhammer, 2003). For the NA, a delta value was
calculated by subtracting the pre-assessment score from that of the post-assessment.

The data were analysed using SPSS 22.0.0 for Windows (IBM Corp., New York, USA).
They were computed and entered into repeated-measures analyses of variance (ANOVA) with
between-subjects factors CONDITION (stress, control) and SEX (male, female). For
physiological and affective stress measures, the within-subjects factor TIME (baseline (-1
min), +1 min, +20 min or pre- and post-assessment, respectively) were included. Fixation and

memory data included the within-subjects factor object CATEGORY (central, peripheral).

2.3. Results

2.3.1. Participants

Of the 63 participants tested, five did not show up on the second day. As the calibration of the
eye tracking device was not successful for one participant, the recorded data could not reliably
be analysed. Finally, two participants were excluded, one due to outliers in baseline cortisol
(> 3 standard deviations (SD) from the mean) and one due to being a cortisol non-responder
(delta-cortisol value negative > 1.5 SD). The final sample thus included 55 participants, 29 in

the control and 26 in the stress group.

2.3.2. Stress induction

2.3.2.1.Physiological stress measures

Salivary cortisol

Since the data lacked normal distribution, analyses were conducted with log-transformed data.
In the following, Greenhouse-Geisser corrected p-values (¢ = .625) are reported due to
violation of the assumption of sphericity (y*(2) = 44.909, p < .001). The repeated-measures
ANOVA resulted in a significant CONDITION x TIME interaction (F(1.08,62.5) = 16.563, p
< .001), with an increase of cortisol in the stress and a decrease in the control group (Figure
2.2.). This shows that the stress induction was successful. Moreover, a significant TIME x
SEX (F(1.08,62.5) = 7.154, p = .006) interaction was found due to a more pronounced
cortisol increase in men, whereas in women only at time point +20 significant group
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differences were shown. A post-hoc t-test for all participants revealed no significant
differences between the groups in cortisol level at baseline, but at time points +1 min (#53) =

-4.037, p < .001) and +20 min (#(53) =-5.133, p < .001).
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Figure 2.2 Time course of log-transformed cortisol data for both groups and
sexes. Error bars refer to standard error of mean. Significances concern
group differences. *p <.05**p < .01, ¥**p < .001.

Salivary a-amylase (sAA)

The ANOVA for sAA showed a significant effect of TIME (F(2,100) = 24.876, p < .001),
reflecting a significant increase in SAA release in both groups one minute, and a decrease 20
minutes after TSST or f-TSST, respectively (Figure 2.3.). No other significant effects were

detected.
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Figure 2.3. Time course of log-transformed sAA data for both groups. Error
bars refer to standard error of mean.

2.3.2.2. Affect measurement

No differences in affect ratings for the pre-assessment were shown, but an increase in NA in
the stress and a decrease in the control group for the post-assessment, whereas the PA showed
no difference in the stress, but an increase in the control group (Table 2.1.). For the analyses
of affect changes from pre to post-assessment with the PANAS, separate repeated-measures
ANOVAs for NA and PA were performed with within-subjects factor TIME (pre, post) and
between-subjects factors CONDITION (stress, control) and SEX (male, female).

Negative affect (NA)

For NA a significant CONDITION x TIME interaction was revealed (F(1,51) = 21.408, p <
.001), showing an increase in NA from pre to post-assessment in the stress and a decrease in
the control group. A post-hoc t-test showed that the groups did not differ in the pre-
assessment (#(53) = -.448, p = .656), but significantly differed in the post-assessment of the
NA (#(53) =-5.028, p < .001). Thus, negative affect was induced by the TSST.
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Positive affect (PA)

For PA, the ANOVA resulted in a significant CONDITION x TIME interaction (F(1,51) =
8.778, p = .005) and a significant within-subjects effect of TIME (F(1,51) = 10.427, p = .002),

with an increase in the control and no change in the stress group (Table 2.1.). In a post hoc t-

test no differences between the groups were shown for the pre-assessment (#(53) = .587, p =

.559), but significant group differences for the post-assessment of PA (#53) = 2.982, p =

.004). There were no sex effects in affect measures.

mean (SD) stress control

NA-pre 13.35 (3.21) 12.90 (4.12)
NA-post 16.58 (5.74) 10.72 (1.56)
PA-pre 29.50 (5.59) 30.34 (5.08)
PA-post 29.65 (6.39) 34.52 (5.71)

experimental manipulation.

Table 2.1. Mean and standard deviation (SD) for negative affect
(NA) and positive affect (PA) before (pre) and after (post) the

2.3.3. Memory performance

Free recall

For the free recall task a significant main effect of CONDITION (F(1,51) = 48.740, p < .001,

n> = 489), with superior memory performance in the stress group, was revealed. The

ANOVA further resulted in a significant within-subjects effect of CATEGORY (F(1,51) =

115.810, p < .001, ;12 = .694), with more central than peripheral objects recalled. Additionally,
a significant CONDITION x CATEGORY interaction (F(1,51) = 29.309, p < .001, 712 =.365)

was found (Figure 2.4.). The stress effect on free recall memory performance was more

pronounced for central than for peripheral objects.
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Figure 2.4. Mean number of central and peripheral objects named in
the free recall task in both groups. Error bars refer to standard error
of mean. Significances concern group differences.*p <.05 ***p < .001.

Discrimination index (DI)

For memory, as assessed in the object recognition task, a main effect of CONDITION was
shown (F(1,51) = 6.321, p = .015, 772 = .110), with better recognition performance of stressed
compared to control participants, for both central and peripheral objects (Figure 2.5.).
Moreover, a significant within-subjects effect of CATEGORY was revealed, showing a better
recognition memory for central than for peripheral objects in both groups (F(1,51) = 75.041, p
<.001, #* = .595).
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Figure 2.5. Discrimination Index (DI) for central and peripheral
objects recognised by stress and control groups in the object
recognition task. Error bars refer to standard error of mean.
Significance concerns group differences.*p < .05, §: trend (p=.091).

2.3.4. Fixation measures

Areas of Interest

As the semi-automatic detection mechanism in BeGaze was operated by two different raters,
an intraclass-correlation coefficient was calculated for fixation duration on the AOI
(MacLennan, 1993). The correlation coefficient of r = .995 demonstrated excellent reliability

of the raters’ judgements about the fixation parameters.

Total fixation duration

The total fixation duration on the AOI was calculated separately for central and peripheral
objects. A main effect of CONDITION (F(1,51) = 15.324, p < .001) showed longer total
fixation times on both central and peripheral items by participants from the stress compared to
the control group. The ANOVA further resulted in a significant main effect of CATEGORY

(F(1,51) = 39.603, p < .001) and a significant CONDITION x CATEGORY interaction
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(F(1,51) = 15.153, p < .001). Fixations on central objects were longer than on peripheral
objects, resulting in a significant stress effect on fixation duration only for central objects

(Figure 2.6.A).

707 ek 1907 —_— Bl stress
] Il control

604 180

—
~
(=]

average fixation in ms
- -
o [=))
(=] (=]
L 1

total fixation duration in sec

140 4

central objects peripheral objects central objects peripheral objects
object category object category

Figure 2.6. Mean total fixation duration in seconds (A) and average fixation duration
in miliseconds (B) in stress and control group for central and peripheral objects.
Error bars represent standard error of mean. Significances refer to group
differences***p < .001.

Average fixation duration

For each AOI the average fixation duration was calculated and summed up separately for
central and peripheral objects to be compared between the groups. The ANOVA revealed a
main between-subjects effect of CONDITION (F(1,49) = 4.194, p = .047), again with longer
fixation times in stressed than in control participants (Figure 2.6.B). Moreover, a main within-
subjects effect of CATEGORY showed significantly longer average fixation duration on
central than on peripheral objects (F(1,49) = 8.400, p = .006). A significant CONDITION x
CATEGORY interaction (F(1,49) = 8.743, p = .005) reflected a significantly more

pronounced effect in the stress compared to the control group.

Fixation count

The AOIs were fixated more often by stressed (M = 164.5, SD = 140.12) than control
participants (M = 60.4, SD = 62.98). An ANOVA for number of fixations on central and
peripheral objects showed a main effect of CONDITION (F(1,51) = 14.443, p < .001), with

stressed participants fixating all objects more frequently than participants of the control group.
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A within-subjects effect of CATEGORY (F(1,51) = 53.257, p < .001) and a CONDITION x
CATEGORY interaction (F(1,51) = 16.308, p < .001) showed that this effect was more

pronounced for central objects.

Central object fixation

As the categorisation in central and peripheral objects is based on manipulation by the
committee members, the fixation behaviour during object manipulation was assessed. No
significant group differences in object fixation by the time of manipulation were found
(F(1,50) = .013, p = .909). Both groups fixated on average 7 of the 10 objects used by the
committee members, [mean (SD)] 6.62 (2.86) in the control and 6.72 (2.48) in the stress
group.

To verify categorisation based on object manipulation, fixation count and average fixation
times before and from onset of object manipulation by the committee members were
compared.’ The results show that before the respective object was used, both groups exhibited
less frequent fixations (stress: M = 1.86, SD = 2.73; control: M = 1.34, SD = 3.54) than
afterwards (M = 7.09, SD = 6.50; M = 3.54, SD = 8.46). Average fixation times were also
shorter before (stress: M = 56.25 ms, SD = 55.00 ms; control: M = 36.68 ms, SD = 33.21 ms)
than after object use (M = 127.75 ms, SD = 69.62 ms; M = 80.26 ms, SD = 46.16 ms). A
repeated-measures ANOVA with the factors TIME (pre, post) and CONDITION (stress,
control) showed for fixation count a significant within-subjects effect of TIME (F(1,51) =
30.681, p < .001) and a significant CONDITION x TIME interaction (F(1,51) = 5.144, p =
.028), demonstrating significantly more frequent fixations from the time of object
manipulation than before, with a pronounced effect in the stress group. A similar significant
within-subjects effect of TIME was revealed for average fixation times on the objects
(F(1,51) = 61.080, p < .001). Moreover, a strong trend towards a CONDITION x TIME
interaction (F(1,51) = 3.787, p = .057) was found, demonstrating significantly enhanced
fixation times from the moment the objects became central compared to before, with a
tendency of being more pronounced in the stress than in the control group. A main effect of
CONDITION further reflected generally longer fixation times in stressed than in control
participants (F(1,51) =7.755, p = .007).

1Only 5 of the 10 central objects were considered for this calculation, since half of the items were central either
from beginning of the trial (stop watch, clipboards, and pencils) or only at the very end (stapler, shelf). The
remarkable differences of the mean to values across all objects are caused by excessive revisits of the clipboards
the committee members were taking notes on, which are not included in this calculation. Further, objects not
fixated were included, accounting for the low average fixation times.
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2.3.5. Correlations between the variables
Partial correlations controlling for condition showed a strong correlation between fixation
duration and number of fixations for central objects (r = .934, p < .001 for total and r = .317,
p = .020 for average fixation duration), suggesting longer total fixation times to be owed to a
more frequent fixation.

Despite longer average fixations and an increased memory performance in the stress
compared to the control group, in particular for central objects, no bivariate correlation
between fixation and memory was found. Furthermore, neither cortisol nor negative affect

correlated with the two memory measures (Table 2.2.).

control variable: CONDITION cortisol (AUC) NAudta average fixation
free recall r -.108 156 -.076
(central objects) p 440 264 585
DI r 016 107 .107
(central objects) p 909 444 443

Table 2.2. Partial correlations of memory data for central objects with physiological
(cortisol) AUCi and affective (NAdeita = post- substracted from pre-assessment score)
stress measures as well as average fixation duration for the central objects (df= 52).

2.3.6. Mediation analyses

In addition to the conducted analyses for correlations between the crucial variables, a formal
mediation analysis was performed to investigate whether the influence of stress on memory
was mediated by the average fixation duration. Since the strongest stress effects on memory
were found for the free recall performance, a multiple regression analysis including the
parameters stress, average fixation duration and free recall memory performance was
conducted. No mediation was found (Figure 2.7.). The explained variation of the predictor

fixation on memory had an estimate of R’ = 2.5%.
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Figure 2.7. Mediation analyses with stress as
independent variable, average fixation duration as the
mediator, and free recall performance as the dependent
variable. Path coefficients are the standardised -
coefficients from multiple regression analyses, whereas
the direct effects are represented by bivariate 4
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2.3.77. Committee faces

The ANOVA for fixation duration on the committee faces showed a main effect of
CONDITION (F(1,51) = 4.641, p = .036), with control participants exhibiting longer fixation

times on the committee faces than stressed participants (M = 65.20 sec, SD = 63.29 versus M

=36.03 sec, SD = 35.23).

2.4. Discussion

The purpose of this study was to investigate the associations between stress effects on fixation
behaviour and stress effects on memory, 24 hours after stress exposure. Both, fixation and
memory measures were enhanced after stress in contrast to a non-stressful situation. However,

there seems to be no direct relation between longer and more frequent fixations of the objects

and better memory for them.

2.4.1. Stress induction

2.4.1.1.Physiological stress measures

Salivary cortisol

The data show an enhanced cortisol response after stress exposure in the stress group, but not

in the control group. Before the experimental manipulation, the groups show no different




baseline cortisol. Thus, the stress induction was successful. Women exhibit a less pronounced
cortisol response to the stress condition, but the female stress and control group differ
significantly at time point +20 min. Their blunted cortisol response can be explained by their
intake of oral contraceptives, as previously shown (Kirschbaum et al., 1999). Nevertheless,
stress effects on memory in women were similar to those found in a previous study (Wiemers
et al.,, 2013) and thus may occur even in the absence of a strong cortisol response.
Additionally, there are no further variables co-varying with female cortisol measures, and no

other sex differences were detected.

Salivary a-amylase
Both groups show comparable SNS activation as measured by sAA, which has been shown
before (Wiemers et al., 2013, 2012). As both conditions include a social interaction, arousal is

enhanced and thus is SAA release.

2.4.1.2. Affect measures

Stress effects are also due to the affective response (see sections 1.1.2., 1.2., and 2.2.2.3.), and
affect ratings confirm a successful stress response in the stress group, in both males and
females, with increase in NA in the stress group after the experimental manipulation and

decrease of NA in the control group.

2.4.2. Memory measures

Memory performance in the stress group was superior to that in the control group, as
previously shown (Wiemers et al., 2013). With the current investigation this could be
demonstrated for recognition memory by using the object recognition task, as well as for
recollection by means of the free recall task. The impact of stress was more pronounced with
regard to the free recall task which is in line with previous findings of enhanced recollection
in contrast to familiarity (Anderson, Wais, & Gabrieli, 2006; Kensinger & Corkin, 2003;
Sharot, Delgado, & Phelps, 2004; Sharot & Yonelinas, 2008; Wiemers et al., 2013).
Moreover, the stress effect was especially pronounced for central contrasting peripheral

objects.

2.4.3. Object fixation
As hypothesised, stressed participants fixated the objects more often and longer than
participants of the control group. Total, as well as average fixation times were prolonged in

stressed participants, and fixation count showed a higher frequency. As the case for memory
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measures, this effect was more pronounced and significant for central objects. Fixation times
during object usage by the committee did not differ between the groups, thus, attentional
focus on the items is comparable for the groups. However, from the moment they are used,
particularly stressed participants exhibit even more pronounced fixation times on the objects
than before they are used. This demonstrates the validity of the categorisation into central and
peripheral objects. The differing fixation times after object manipulation suggest an
association with attentional narrowing in stressed participants (see section 2.1.), as previously
observed (Chajut & Algom, 2003). In contrast, more frequent fixations for emotional
contrasting neutral and unusual slides have been observed before (Christianson, Loftus,
Hoffman, & Loftus, 1991), but with shorter fixation times in the emotional condition than the
two other conditions. This difference to the current study might be due to the objects used
here being not innately emotional, but their context. In line with the current findings, though,
fixation times were not correlated with memory outcome. According to another investigation,
the number of fixations is a better predictor for memory outcome (hits) in contrast to fixation
duration (Loftus, 1972). Interestingly, Loftus also found a covariation of memory

performance with fixation duration, in line with the current findings.

2.4.4. Face fixation

People are experts in face detection and interpreting facial expressions. This makes faces
highly salient emotional stimuli, rich in information (Bahrick & Lickliter, 2014; Caulfield,
Ewing, Bank, & Rhodes, 2016; Crivelli, Jarillo, Russell, & Fernandez-Dols, 2016). During a
conversation as in the f-TSST, participants are thus expected to fixate the social agents often,
i. a. for emotional feedback, whereas in the TSST participants are more likely to avoid eye
contact. Since the committee members are the source of social evaluative threat and thus
stress, due to their cold and neutral behaviour, they are perceived as aversive. Negative and
threatening stimuli are mainly avoided (Wilson & MacLeod, 2003; Mogg & Bradley, 1998;
Mogg, Mcnamara, Powys, Seiffer, & Bradley, 2000), as disengagement of attention is an
essential self-regulation strategy (Posner & Rothbart, 2000). Additionally, a situation of social
evaluative threat during a task that is prone to cause self-monitoring and motivation to
perform well is most likely to elicit embarrassment and shame. In many different cultures
gaze avoidance is an expression of this condition (Edelmann & Neto, 1989). This explains the

dissociation of face fixation measures between the groups.
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2.4.5. Relations between the variables

Partial correlations controlling for Condition showed no significant correlations of the stress
markers (NA, cortisol, and SAA) or memory with fixation measures. Mediation analysis did
not result in average fixation duration being a mediator between stress and free recall either.
Despite the influence of stress on both, memory and fixation parameters, a powerful and
direct relation between them could not be confirmed. Although only a few hundred
milliseconds are needed to form lowest level representational structures of objects fixated
(Rensink & Enns, 1998), without focussed attention, the object representations have an
extremely restricted coherence in space and time (Rensink, 2000a, 2000b). Fixating an object
thus does not guarantee the object representation to be consolidated when attention is not
focussed towards it. The influence of stress on fixation patterns might be a prerequisite, but no
warrant for object representations to be consolidated into long-term memory. There might be
a direct influence on item information in visual short-term memory initial to the decision
about their relevance for being consolidated into long-term memory. Experimental
manipulation of fixations on stimuli is necessary to shed light on the causal relation between

fixation behaviour and memory for these stimuli.

2.4.6. Conclusion

The study investigated effects of social evaluative threat on fixation measures and their
association with memory outcome. The results confirmed the expected memory enhancement
in stressed participants which was most prominent for central objects. As hypothesised,
stressed compared to control participants indeed exhibited significantly longer total and
average fixation times as well as a higher number of fixations on central objects. For face
fixation, this pattern was reversed as an expression of gaze avoidance towards the committee
members in stressed participants. Despite the influence of stress on both, memory and fixation
measures, a direct relation between fixation and memory could not be confirmed. A stressful
situation might create a vantage point in terms of modified fixation patterns associated with

stress effects on memory at a later stage.

36



3.  Experiment 2: Odour perception and memory 24 hours after its
involvement in a stressful episode and enhancement of the

startle response?

3.1. Introduction

Anyone has likely, for at least once in their lives, had the experience of a fulminating odour
triggering very old and intense memories. Often, the memory for the odour itself is of a rather
implicit nature such that it cannot be explicitly labelled despite the certainty of having been
experienced before. As described in section 1.3., the olfactory pathway lacks thalamic gating
(Doty, 2001; Shepherd, 2007). It is probably for this reason that odours can leave a strong
implicit trace and in many cases cannot be specified, although well-known. This tendency of
odours to manifest themselves without explicit awareness could be demonstrated in a
laboratory setting applying the fear-potentiated startle paradigm. Samples of “anxiety sweat”,
collected from students before their oral examinations, and “exercise sweat”, collected during
ergometric training, were delivered via olfactometer in an auditory startle setup (Prehn et al.,
2006). Even though only three participants were able to consciously distinguish the sweat
samples from room air, startle responses were significantly enhanced for anxiety sweat in
contrast to exercise sweat or room air. Thus, pre-attentive odour processing seems to have
occurred accounting for a more pronounced startle reflex in response to the aversive odour
(Prehn et al., 2006).

As described in section 1.3., odours have been found to trigger memories of emotional,
personal, and mainly old autobiographical nature (Herz, 1998; Herz & Cupchik, 1992, 1995;
Herz, Eliassen, Beland, & Souza, 2004; Herz & Schooler, 2002; Hinton & Henley, 1993;
Willander & Larsson, 2007). Since the olfactory system maintains an intense connection to
the amygdala which plays a prominent role in the effects of stress on memory, it seems likely
that odours occurring within a stressful situation leave an exceptionally strong memory trace.
In line with this, odours were proven to have the potential of triggering memory retrieval as
contextual cues for long-term memory contents of a stressful situation (Wiemers, Sauvage, &
Wolf, 2014). Apparently, odours could be associated with items experienced during the
stressful episode, and re-experience of the odour reactivated the association facilitating access

to long-term memory contents previously paired with it. In line with this, a functional

? The experiment has been published slightly modified as Herten, N., Otto, T., Adolph, D., Pause, B. M.,
Kumsta, R., & Wolf, O. T. (2016). Enhanced Startle Responsivity 24 Hours After Acute Stress Exposure.
Behavioral Neuroscience, 130(5), 521-530.
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magnetic resonance imaging (fMRI) study showed more pronounced activation in right
anterior hippocampus, which is part of the extended olfactory network, for visual stimuli
learned in combination with an odour compared to “visual-only” acquisition of these stimuli
(Ghio, Schulze, Suchan, & Bellebaum, 2016). At a behavioural level, effects of that kind
often remain undetected, particularly when odours are involved being hard to quantify.
Alongside imaging methods, paradigms like the fear-potentiated startle described in section
1.5. offer the opportunity of assessing effects which might not be visible in behavioural
measures.

The startle paradigm exhibits sensitivity to state of arousal (Balada et al., 2014) and to
modification by stress. It was shown that during cold pressor stress the startle eye-blink
response was similar compared to during baseline period, but diminished after stress induction
(Deuter et al., 2012). Acute stress was argued to diminish the startle response in order to lend
enhanced focussed attention to aspects of the stressful situation. In contrast, an inverted U-
shaped pattern was suggested due to a low dose of cortisol (5 mg) enhancing and a high
cortisol dose (20 mg) reducing the startle response in a pharmacological stress study
(Buchanan, Brechtel, Sollers, & Lovallo, 2001). It is yet unclear whether emotional memory
traces can be created by a one-time stress experience and one day later, when the
physiological stress response has ceased, be triggered by re-experiencing stimuli present
during the stressful episode on the previous day.

This study was designed to connect the enhancing effects of stress on memory with the
potency of odours to trigger strong, often implicit, emotional memory traces. It aimed at
demonstrating that an odour can be associated with a stressful situation and thus become an
aversive stimulus, although previously unknown and neutral. As this effect might proceed
implicitly, the startle paradigm, pre-attentively assessing affective states, was applied to detect
emotional responsiveness to the respective odour. Moreover, effects of psychosocial stress on

general startle responsivity one day after stress induction were investigated.

Hypotheses

It was hypothesised that 24 hours after stress induction enhanced startle responsivity in
stressed compared to control participants can still be detected. Furthermore, the startle
amplitude in response to the odour present during the stressful experience was predicted to be
enhanced in the stress group. Additionally, participants stressed were assumed to show
recognition memory for this odour superior to control participants, and further more aversive

subjective ratings of it.
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3.2. Methods

3.2.1. Participants

Participants included 70 non-smoking male (n = 36) and female students from the Ruhr-
University Bochum. Exclusion criteria concerned mental and physiological diseases,
smoking, regular medication use and intake of drugs exerting their influence via the HPA
axis. Female participants were not tested during their time of menses or during pregnancy,
and women taking hormonal contraceptives were excluded (Kirschbaum et al., 1999). The age
of the sample ranged from 18 to 34 years (M = 24, SD = 3.65), with a BMI from 18.04 to 29
kg/rn2 (M = 22.65, SD = 2.74). Participants either received course credits or an expense
allowance of 25 € for taking part in the study. The local Ethics Committee of the Faculty of
Psychology approved of the study, and the Declaration of Helsinki was followed.

3.2.2. Experimental procedure

Participants were randomly assigned to either a TSST or f-TSST, without their knowledge
about the condition. First, they signed informed consent and then filled in the Social
Interaction Anxiety Scale (SIAS; Mattick & Clarke, 1998) in a preparation room. Afterwards,
the first Salivette® (Sarstedt, Niimbrecht, Germany) was handed over for collecting the first
saliva sample (-1 min), while participants filled out the PANAS (Watson et al., 1988). In the
testing room participants were brought to, same sized towel strips had before been charged
with a constant amount and concentration of an odour, methyl benzoate — in the following
referred to as the target odour. The odour was dispersed using a ventilator the towel strips
were attached to, while the participants held their speech (Wiemers et al., 2014). After the
speech, participants were brought back to the preparation room where they rated their current
affect using the PANAS and delivered another saliva sample (+1 min). Finally, participants
filled in the NEO Five Factor Inventory (NEO-FFI; Costa & McCrae, 1992) and delivered
another two saliva samples (+10 min, +30 min). Participants of the stress group were
debriefed about the standardised procedure of the TSST, featuring fixed and constructed
response patterns of the committee. At the beginning of the second day’s testing session the
PANAS was again filled in before initiation of the startle procedure. Participants pseudo-
randomly started with either a visual or an olfactory stimulus presentation of the same
temporal sequence and presentation times. Each block had approximately 17 min duration,
during which the startle stimulus was applied on average 24 times in the presence and 42
times in the absence of a stimulus. Subsequently, participants rated seven odours for their
pleasantness on a 4-point scale (1 = very pleasant, 2 = pleasant, 3 = unpleasant, 4 = very

39



unpleasant). Odours included a target odour and two distractor odours (section 3.2.7.1.) which
had been delivered by means of the olfactometer for comparison of startle responses. Finally,
participants were instructed to give a forced-choice reply on which of the seven odours they
thought was the odour ambient in the testing room on the previous day (Figure 3.1.). The four
other odours were included to mask the target odour and compare odour ratings. These were
the unknown odour damascenone and the known odours lemon, lavender, and vanilla

(Sulmont, Issanchou, & Kdoster, 2002).
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Figure 3.1. Experimental timeline and procedure of experiment 2.
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3.2.3. Material

3.2.3.1.Stress and control procedure

Trier Social Stress Test (TSST)

For stress induction, the same modified TSST (Kirschbaum et al., 1993; Wiemers et al., 2013)
as described in section 2.2.3.1. was used, including the same objects, material, and time
course as in Experiment 1. For a detailed description of the procedure please see section 1.1.2.

and 2.2.3.1.

Friendly TSST (f-TSST)
The control condition again consisted of the f-TSST (Wiemers et al., 2012) as described in

section 2.2.3.1.

3.2.3.2. Physiological stress measures

Salivary cortisol

As described in section 2.2.3.2., participants received the instruction not to take any
medication or other drugs, drink alcohol, or engage in excessive sports for 24 hr, as well as
drinking anything except water and brushing their teeth 1 hr before testing. On the first day,
four and on the second day two saliva samples were collected using Salivettes®.
Subsequently, samples were deep-frozen at -18° C and analysed at our local biochemical
laboratory using the DEMEDITECs Cortisol Free in Saliva enzyme-linked immunosorbent
assay (ELISA) Kit, according to the manufacturer’s manual. A coefficient of variation (CV%),
expressed as the percentage deviation from the mean of < 15% to retain any given duplicate
sample, was used. Intra- and inter-assay CV were below 10%. As described in section 1.1.1.,
the release of the hormone follows a circadian rhythm. Thus, testing only took place in the

afternoon, when the cortisol level has declined and stabilised, between 12:30 and 4:00 p.m.

Salivary a-amylase (sAA)

The sympathetic nervous system response was assessed with measuring the enzyme sAA
(Rohleder & Nater, 2009; Rohleder, Nater, Wolf, Ehlert, & Kirschbaum, 2004). The
measurement was based on an enzymatic action of the sAA using the substrate CNP-G3. At
405 nm the enzymatic action of SAA can be spectrophotometrically measured. With this
method, sAA activity of the sample is directly proportional to the increase in absorbance at

405 nm. Intra- and inter-assay variabilities of the samples were both below 10%.
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3.2.3.3. Affect measurement
Participants again provided ratings of their affect using the PANAS (Watson et al., 1988). For
a detailed description of the questionnaire, please see section 2.2.3.3. As previously described,

the ratings result in a positive (PA) and a negative affect (NA) score.

3.2.4. Trait questionnaires

Social Interaction Anxiety Scale (SIAS)

Since social interaction anxiety may have an influence on the stress response and might lead
to stress responders in the control condition, participants were instructed to fill in the Social
Interaction Anxiety Scale (SIAS; Mattick & Clarke, 1998) to control for this factor. The
questionnaire includes 20 items to be rated on a 5-point scale for their expression, ranging
from 1 = not at all to 5 = extremely. The German version of the SIAS exhibits a good
reliability, quantified by a Cronbach’s alpha of .90 (Heinrichs et al., 2002). In the current

sample, the scale exhibited an excellent reliability with a = .962.

NEO Five Factor Inventory (NEO-FFI)

The NEO Five Factor Inventory (NEO-FFI; Costa & McCrae, 1992) is based on a factor
model (Borkenau & Ostendorf, 1985; Ostendorf & Angleitner, 1994) reflecting the most
distinctive dimensions within the attribution of personality traits based on behavioural studies
(Borkenau, 1988). The questionnaire assesses the value of the Big Five personality traits
Neuroticism, Extraversion, Openness to Experience, Agreeableness, and Conscientiousness.
The five scales consist of 12 items each, to be answered on a 5-point scale ranging from
strongly agree to strongly disagree. The NEO-FFI was mainly applied to validate the answers
given in the SIAS via the scale Agreeableness. The focus was further on the scale
Neuroticism for comparing the groups on the basis of a reliable and significant personality
parameter. The scales of the German version (Borkenau & Ostendorf, 1985) exhibit a good

internal consistency with a Cronbach’s alpha up to .85 (Neuroticism, Conscientiousness).

3.2.5. Startle evocation

A startle stimulus of 100 dB white noise and 50 ms duration with an instantaneous rise time
was applied via 80 dB headphones (DT770M, beyerdynamic GmbH & Co. KG, Heilbronn,
Germany). It occurred randomly in between 5 and 7 s after odour delivery or picture
presentation onset, respectively. The white noise occurred in combination with a visual or
olfactory stimulus at a 50% rate during trial and inter-stimulus intervals (ISI). The startle

session consisted of two blocks, one with startle stimuli accompanied by pictures, the other by
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odours. Participants randomly started with either the olfactory or the visual startle block to
avoid habituation effects, even though the second startle response pathway usually does not
habituate (Bradley et al., 1993), as described in section 1.5. To habituate the first response
pathway for maximum emotional modification of the startle response via the second pathway

(see above), both blocks started with a 30 s habituation phase including six startle stimuli.

3.2.6. Data recordings

Two bio potential electrodes (EASYCAP GmbH, Herrsching, Germany) were attached to the
orbicularis oculi muscle of the left eye as described in section 1.5. for recording the startle
amplitude (Blumenthal et al., 2005; Fridlund & Cacioppo, 1986; Lang et al., 1990).
Additionally, a disposable ground electrode (GOLMED GmbH, Weddel, Germany) was
attached to the forehead. The data acquisition device MP150 (BIOPAC Systems Inc., Essen,
Germany) was used for transmission and amplification of the electrode signal, with filter
settings of 10 to 500 Hz. The recording process was supported by the software MatLab

(version R2012a, MathWorks Inc., Ismaning, Germany), providing the recording output files.

3.2.7. Startle stimuli
3.2.7.1. Olfactory stimuli
The odour essences methyl benzoate, bornyl acetate, and linalool (Sigma-Aldrich Co.,
Munich, Germany) were used as they had previously been rated as unfamiliar and neutral
(Sulmont et al., 2002). Unfamiliar, as any experience with an odour can lead to an affective
tone and thus influence rating and startle response to it; neutral, as the intention was to lend
the odour an affective component through the stressful experience, which could only be tested
if not already laden in the first place. The essences were dissolved in 50 ml scentless
paraffinum liquidum, in concentrations of 60 pl for methyl benzoate, 850 ul for bornyl
acetate, and 100 pl for linalool, in order to achieve comparable odour intensity (Wiemers et
al., 2014). Odour delivery was done by means of an in-house-built 6-channel constant-flow
(50 ml/s) olfactometer as described elsewhere (Lorig, Elmes, Zald, & Pardo, 1999) via
oxygen masks covering nose and mouth. The mean latency of the olfactometer was measured
as 447.5 ms for onset and 608.5 ms for offset of the odour essence in the mask. Activation of
all channels was adjusted to the latency of the olfactometer to ensure maximum and constant
intensity of odour delivery.

Since it had been demonstrated that participants comply well with breathing instructions

and produce reliable respiration patterns (Adolph & Pause, 2012; Prehn et al., 2006), we
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abstained from applying a breathing belt. Each odour was delivered for 7 s to provide
sufficient dispersion time for inhalation (average respiratory frequency of an adult = 12/min;
Silverthorn, 2009). Additionally, a countdown was shown on the computer screen, counting
backwards from 3 to O with the instruction to inhale when 0 is displayed. The respective
odour channel was activated 500 ms before 0 was displayed to overcome the latency of the
olfactometer’s odour delivery into the oxygen mask. Each odour was presented seven times in
a pseudo-randomised manner, such that no odour was presented twice in a row to avoid
olfactory receptor habituation. The ISIs in between offset of the previous and onset of the next
odour had durations of 20 seconds each. The countdown was randomly also shown in the ISI

in order to prevent conditioning effects.

3.2.7.2. Visual Stimuli

As pictures have been proven to modify the startle response, a block with picture
presentations was implemented for comparison. To directly compare startle responses in the
two different modalities in relation to stress exposure, the picture stimuli included
photographs of the committee members familiar to the participants from the previous day as
well as unfamiliar committee members. These pictures were in-house made, showing the
committee faces only, while other features like hair and background were masked. Since only
two committee members were involved, each picture was repeated three times to ensure being
provided with valid startle responses to both. Pictures of the International Affective Picture
System (IAPS; Lang, Bradley, & Cuthbert, 2008) were included to control sensitivity and
validity of the experimental startle setup in terms of fear-potentiated startle. Six positive
(mainly landscapes) and six negative (mainly attacks) photographs were presented, which
were matched for arousal within each category. These pictures were shown to have a robust
effect on the fear-potentiated startle response in the previous study they were adapted from
(Bradley, Codispoti, Sabatinelli, & Lang, 2001). Each of the pictures was presented twice, but
only once combined with a startle stimulus to avoid any conditioning effects to the visual
stimuli. The presentation screen had a measure of 15 inch x 12 inch with a brightness adjusted
to 100 and a resolution of 1,280 x 1,024 pixels. In the ISI, a 20 x 20 pixels fixation cross was
displayed at the centre of the screen. The participants were seated in a chair at an approximate

distance of 45 cm from the screen.
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3.2.8. Startle data processing

A semiautomatic mechanism of the software BrainVision Analyzer 2.0 (Brain Products
GmbH, Gilching, Germany) was applied for selection of valid startle response data. The
mechanism was set to detect startle responses occurring within a time frame of 50 ms to 225
ms from startle onset. The signal was baseline corrected (0-50 ms) and a 50 Hz notch filter
was applied. Before applying a peak detection mechanism, the signal was rectified and finally
manually verified. In total, 1.33% of the startle responses during odour or picture stimulus
presentation were rejected due to reactions outside the expected time scope for startle
responses (0.48%), artefacts of eye-blinks occurring close to the probable startle response (0—
20 ms before or after startle probe onset; 0.43%), or non-responsiveness (amplitude did not

exceed largest baseline amplitude by a factor of 2; 0.43%; Adolph & Pause, 2012).

3.2.9. Statistical analyses

For each single STIMULUS (three odours, four picture types) and each sensory MODALITY
(olfactory, visual) mean values were calculated. A repeated-measures analysis of variance
(ANOVA) with within-subjects factors MODALITY (odours, pictures) and between-subjects
factors CONDITION (stress, control) and SEX (male, female) was conducted. For both
modalities separately an ANOVA was repeated with ODOURS (3) x CONDITION (2) x SEX
(2) or PICTURES (4) x CONDITION (2) x SEX (2), respectively. Statistical analyses were
performed using SPSS 20.0.0.

3.3. Results

3.3.1. Participants

As the focus of this study lay on the impact of a stress-induced HPA response on startle
responsivity, a stringent responder criterion was used which differed from the cortisol criteria
used in experiment 1. A delta cut-off value was calculated by subtracting the baseline value
from that of the saliva sample collected 10 minutes after termination of the stressor (+10),
representing the peak of the hormonal response (Dickerson & Kemeny, 2004; Het, Schoofs,
Rohleder, & Wolf, 2012; Kirschbaum & Hellhammer, 1994; Kirschbaum et al., 1993). For the
current analysis, a stress response was defined as a difference score of > 2.5 nmol/L, while a
non-response was defined as < 2.5 nmol/L (Kirschbaum et al., 1992; Schoofs & Wolf, 2009;
Wiist et al., 2000). This cut-off value caused exclusion of nine participants who were lacking
a robust cortisol response in the stress condition and seven who expressed a cortisol increase
to the control condition. Moreover, six participants were excluded due to being non-
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responders to the startle stimulus, another seven participants due to technical issues with the
electrodes, and one who did not show up on the second day.

The 40 participants remaining are equally distributed over the two groups. Since the
menstrual cycle phase has an influence on the cortisol response as explained in section 1.1.1.,
women gave self-reports about the dates of their last three menses, such that the cycle phase at
the time of the experiment could be calculated for group comparison. The 21 female
participants included 7 who were in their luteal and 11 in their follicular phase, and 3 who
were ovulating. To check for differences in the distribution of the different cycle phases in
female participants between the two groups, the Chi-Square test was applied. No significant
differences between the groups in menstrual cycle phase distribution were found (x2(2) =

1.25, p = .535).

3.3.2. Physiological stress measures

Salivary cortisol

Due to a lack of normal distribution, the data were log-transformed. A repeated-measures
ANOVA was conducted, with time of measurement as a within-subjects factor (baseline (-1),
+1, +10, +30) and CONDITION (stress, control) and SEX (female, male) as between-subjects
factors. Mauchly’s test revealed a violation of sphericity (x2(5) = 26.77, p < .001), hence
Greenhouse-Geisser corrected p-values (¢ = .654) are reported. Cortisol responses show a
successful stress induction, as participants stressed exhibit a rise in cortisol concentration,
reflected in a significant CONDITION x TIME interaction effect (F(1.96, 70.60) = 35.73, p <
.001), as well as a significant main effect of CONDITION (F(1, 36) = 47.93, p < .001) and
TIME (F(1.96, 70.60) = 12.89, p < .001). Salivary cortisol levels at time points +1 (#(38) = -
6.588), +10 (#(38) = -8.181), and +30 (#(38) = -7.580) showed significant differences between
stress and control group (all p < .001), with a maximum difference at time point +10 (Figure
3.2.). Significant salivary cortisol baseline level differences between the stress and the control
group were found (#(38) = -3.083, p = .004), which are accounted for by conducting an
ANOVA with baseline cortisol response as a covariate proving them not to be the cause of
any of the resulting group differences (see section 3.3.5.). Cortisol responses on the second
day showed a significant within-subjects effect of TIME (F(1,36) = 14.26, p = .001) and a
trend towards a CONDITION x TIME interaction (F(1,36) = 3.33, p = .076). Moreover, a
main effect of CONDITION was detected (F(1,36) = 10.35, p = .003). Post-hoc t-test showed
significant differences in salivary cortisol concentration between the groups before (#(38) = -

3.428, p =.001) and a trend after testing (#(38) =-1. 681, p = .101).

46



5 -
55 + TSST

= —@— fTSST

—_ % Hokok

5
i

E :6 Hok ok

-

g 37 7=

= 7}

g £

1

g

=

=

2

£ 25+

s

] Al

=

E

- -

=

s

=)

= 2 -

)

v

=]

=

=)

)

15 I T T

baseline (-1 min) +1 min +10 min + 30 min

time of assessment

Figure 3.2. Time course of log-transformed cortisol data for both groups.
Error bars refer to standard error of mean. Significances concern group
differences **p < .01,**p < .001.

Salivary o-amylase

As the sAA data lacked normal distribution, they were log-transformed. A repeated-measures
ANOVA was conducted with factors TIME (baseline (-1 min), +1 min, +10 min, +30 min) x
CONDITION (stress, control) x SEX (male, female). A significant within-subjects effect of
TIME (F(3,108) = 22.5, p < .001) for both groups was detected. Release of SAA peaked one
minute after termination of the stressor, declining steadily (Figure 3.3.). Neither
CONDITION (F(1,36) = .075, p = .786) nor the CONDITION x TIME interaction (F(3, 108)
= 1.765, p = .158) showed significant differences, indicating a similar time course of sAA

release for participants of both groups. No sex differences were detected.
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Figure 3.3. Time course of log-transformed sAA data for both groups.
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3.3.3. Affect measurement

Data for pre- and post-assessment of the affect show no differences in affect ratings between
the groups before the experimental manipulation. Participants of the stress group scored lower
in PA and higher in NA than the control group after the experimental manipulation (Table
3.1.). A repeated-measures ANOVA with the within-subjects factors TIME (pre, post) and the
between-subjects factors CONDITION (stress, control) and SEX (female, male) was

performed separately for the two affect scales (PA, NA).

Negative affect (NA)

For the NA scale a significant two-way interaction of CONDITION x TIME (F(1,36) = 9.63,
p = .004) was shown. A follow-up ANOVA comparing pre- and post-assessments of NA
within the respective group resulted in a significant effect of TIME for both control (F(1,18) =
9.53, p = .006) and stress group (F(1,18) =4.48, p =.049), with a decline of NA in the control

and an increase in the stress group. There were no group differences in NA before the
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experimental manipulation (#38) = .518, p = .607). A follow-up comparison of pre- and post-
assessments of NA between the groups revealed a significant difference with regard to post-
assessment (F(1,36) = 5.52, p = .024). On the second day, stressed participants did not

anymore show enhanced negative affect.

Positive affect (PA)
For PA, the ANOVA showed a significant within-subjects effect of TIME (F(1,36) =41.22, p
< .001), with both groups exhibiting a higher PA score after the experimental manipulation.

There were no group differences in PA on the second day.

mean (SD) stress control

NA - pre 13.55/(3.25) 13.70(2.77)
NA - post 15.10 (7.10) 12.25 (2.80)
PA - pre 27.45 (4.24) 31.00 (4.55)
PA - post 30.15 (9.60) 35.35 (5.72)

Table 3.1. Mean and standard deviation (SD) for negative affect
(NA) and positive affect (PA) before (pre) and after (post) the
experimental manipulation.

3.3.4. Trait Questionnaires
Social Interaction Anxiety Scale (SIAS)
No differences between the stress and control groups were revealed in social interaction

anxiety as measured by the SIAS (F(1,36) =.353, p =.556).

NEO-Five Factor Inventory (NEO-FFI)
For the NEO-FFI, no differences in the measured factors Neuroticism, Extraversion,
Openness to Experience, Agreeableness, and Conscientiousness between stress and control

group were shown (all p > .10).

3.3.5. Startle responses

Since startle data were not normally distributed, they were log-transformed for the following
analyses. A repeated measures ANOVA comparing startle responses between the two groups
was conducted with between-subjects factor CONDITION (stress, control) and within-
subjects factor STIMULUS (3 odours, 4 picture types). Mauchly’s test resulted in a violation
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of sphericity (x*(20) = 168.492, p < .001), thus Greenhouse-Geisser corrected p-values (g =
.302) are reported.

B stress
= El control

0.35 4

0.3 1

startle response in pV (log-transformed)

0.1- ' ' '
target odour odour 3 committee faces negative pictures

odour 2 distractor faces positive pictures

stimuli

Figure 3.4. Mean log-transformed startle responses in both modalities
(odours and pictures) for both groups. Error bars represent standard
error of mean.

target odour = methyl benzoat, odour 2 = bornyl acetate, odour 3 = linalool

The ANOVA revealed a significant main effect of CONDITION (F(1,36) = 4.530, p = .040),
indicating enhanced startle responsivity in the stress group across both modalities (Figure
3.4.). A trend for the within-subjects factor STIMULUS (F(1.810,65.158) = 2.723, p = .078)
was detected. The ANOVA was repeated with baseline cortisol concentrations as a covariate,
as described in section 3.3.2., due to cortisol baseline differences found between the groups.
An even larger significance of the difference in startle responsivity between the groups when
accounting for the baseline difference on the first (F(1,35) = 8.730, p = .006) as well as the
second day (F(1,35) =9.199, p =.005) could be shown.
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3.3.5.1. Olfactory startle paradigm

A repeated measures ANOVA with the within-subjects factor ODOUR (target and two
distractor odours) and between-subjects factors CONDITION (stress, control) and SEX
(female, male) showed no differences in startle amplitude in response to the different odours
(F(2,72) = .326, p = .723). The between-subjects factor CONDITION had a significant
influence on the startle response (F(1,36) = 4.339, p = .044), but none of the other factors.

3.3.5.2. Visual startle paradigm

For pictures, the same ANOVA was conducted as for odours. It resulted in a main effect of
PICTURE (F(2.485,89.462) = 5.056, p = .005), but only a trend towards a main effect of
CONDITION (F(1,36) = 3.160, p = .084), and no CONDITION x PICTURE
(F(2.485,89.462) = .627, p = .570), nor other interactions. A grouped comparison for picture
types revealed a typical fear-potentiated startle; responsivity was significantly enhanced for
negative compared to positive stimuli (#(39) = 2.615, p = .013). Moreover, startle responsivity
to familiar committee members was higher than for unfamiliar committee members, and

tended to become significant (#(39) = 1.975, p = .055).

3.3.6. Subjective odour ratings and odour recognition

In order to test for differences in affective quality of the target odour between the groups, the
subjective ratings of the three odours from the participants of the two groups were compared
conducting an ANOVA with CONDITION x odour RATING (3 odours). A trend towards a
CONDITION x RATING effect was shown F(2,68) = 3.071, p = .053), as stressed rated the
target odour more aversive than participants of the control group (Table 3.2.). Only
participants of the stress group rated the target odour significantly more aversive than the two
distractor odours, as revealed by a paired-samples #-test (#(17) = 3.198, p = .005; #(19) =
6.469, p < .001). Odour ratings of the distractor odours do not differ between the groups.
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rating condition mean SD

methyl benzoat stress 3.10 .553
target odour control 2.55 .826
bornyl acetat stress 2.33 .594
distractor odour 1 control 2.55 .826
linalool stress 1.75 716
distractor odour 2 control 2.15 .745
damascenone stress 2.40 754
not included in startle block control 2.50 946

Table 3.2. Mean (SD = standard deviation) subjective odour
ratings (1 = very pleasant, 2 = pleasant, 3 = unpleasant, 4 =
very unpleasant) in both groups.

Testing for startle conditioning effects of odour delivery on odour ratings towards a more
emphasised aversion, as found for heart rate data in a rodent study (Young & Leaton, 1994),
ratings of each of the odours included in the startle block were compared to the rating of the
neutral and unknown odour damascenone. This odour was encountered by the participants in
recognition task and odour ratings, but not in the startle block. Data show that the differences
in pleasantness ratings were not influenced by the odour having previously been paired with
the aversive startle stimulus, for the ratings showed variation independently of that.
Additionally, the rating of the target odour showed neither difference to the ratings of the
startle distractor odours in the control group, nor to damascenone (all p < .167). Contrasting
this, the target odour was rated significantly more aversive in the stress group than any of the
other odours, independently of having been included in the startle block (all p < .019). Odour
recognition performance showed no group differences; in each group the target odour was
identified correctly as the odour ambient in the room on the previous day by only two
participants. The remaining participants chose one of the other six odours included in the

odour recognition task.

3.4. Discussion

This study aimed at investigating startle responsivity one day after exposure to social
evaluative threat. General enhancing effects on responsivity as well as specific fear-
potentiated startle in response to the odour present during the stressful episode were assumed.

The data confirmed enhanced startle responsivity in stressed participants 24 hours after stress
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exposure. However, response specificity to the odour was declined, reflected in similar
responsivity to all odours delivered. As hypothesised, stressed participants rated the odour as
more aversive than participants from the control group, but both groups showed an equally

poor odour recognition performance.

3.4.1. Stress induction

3.4.1.1. Physiological stress measures

The stress induction was successful, reflected in cortisol rise only in stressed participants,
peaking at +10 min as previously shown (section 1.1.2.), after application of a strict responder
criterion with a cut-off value of 2.5 nmol/L to distinguish between stressed and non-stressed
participants. The criterion led to exclusion of 20 participants, which is comparable to other
studies using the TSST (e. g. Kirschbaum et al., 1993), even though slightly higher than in a
previous study from the department (Wiemers et al., 2012). Accounting for baseline cortisol
differences between the groups, an ANCOVA proved them not to be the cause of differences
in startle responsivity. Further, there were no group differences in relevant personality traits,
such as social interaction anxiety or neuroticism, as well as in SAA response (see section
3.3.4.), demonstrating their high comparability. Since metyrapone, repressing endogenous
cortisol production, was shown to significantly increase startle responsivity (Roemer, Nees,
Richter, Blumenthal, & Schichinger, 2009), cortisol might not mediate the stress effect on
startle eye-blink at all. As suggested by the above mentioned authors, it might have been
corticotropin-releasing hormone to have influenced the effect of metyrapone on startle
responsivity, which might account for the lack of differences in startle amplitude between the
groups despite cortisol baseline differences. It has to be acknowledged that HPA activation

measured via cortisol is only one out of multiple factors composing the stress response.

3.4.1.2. Affect measures

Participants’ affect ratings additionally confirm that stress successfully induced mood changes
causing differences between stress and control group. Higher PA in the stress group after the
experimental manipulation can be explained by included adjectives like ‘“attentive” and

“awake” which might be increased after the TSST, despite being part of the PA scale.

3.4.2. Startle responsivity
The findings of generally enhanced startle responsivity across all stimuli and both modalities

extend the result of a previous study showing diminished startle eye-blink responses 45
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minutes after stress exposure (Deuter et al., 2012) to a period of 24 hours. The current study
shows that stress can have long-term effects on startle responsivity, even when the acute stress
situation has terminated. In line with this, a one-time stress experience was demonstrated to
have an effect on eye-blink conditioning 24 hours later in male rats (Beylin & Shors, 1998).
Thus, emotional modulation by stress is not only apparent in immediate responding, but can
be maintained over a 24 hour time-course. It was shown that the lateral/basolateral nucleus of
the amygdala is involved in facilitating eye-blink conditioning during stress exposure,
mediated via N-methyl-D-aspartate receptor activation (Shors & Mathew, 1998). Moreover,
another rodent study showed a gradual build-up of avoidance behaviour up to 10 days after
acute immobilisation stress accompanied by increased spinogenesis in the basolateral
amygdala. These findings indicate that the effects on the startle response detected in the
current study might be based on altered processing of the amygdala.

In contrast to the affective ratings, which did not differ between the groups on the second
day, cortisol differences were observed. The ANCOVA, as described in section 3.3.2.,
showed that these differences did not contribute to the effects on startle responsivity in
stressed participants. A context-effect due to the same preparation room and experimenter
might be responsible for the cortisol response on the second day in stressed participants. As
discussed on the basis of the results of the study of Roemer et al. (2009) in section 3.4.1.1.,
combined with the results of the ANCOVA, context-induced cortisol enhancement is very
unlikely to have caused stress effects on the startle eye-blink response. The higher cortisol
level in participants of the stress group on the second day was not reflected in the affect
ratings, as previously mentioned. Thus, the lasting stress effect on the startle response and
physiological markers occurred without conscious mood alteration. In line with this, it was
previously reported that neuroendocrine factors might modulate the startle response without
any subjective fear- and anxiety-related affect (Miller, McKinney, Kanter, Korte, & Lovallo,
2011).

The hypothesis that stressed participants would exhibit an even more pronounced startle
response to the target odour methyl benzoate could not be confirmed. Rather, participants
from the stress group seemed generally sensitised. Since the startle paradigm is very sensitive
to detecting arousal and negative affect (Balada et al., 2014), the long-term effects of the
stressor might have caused a “spill-over” effect, leading to a responsivity so strong that
differential effects in response to the odours could not be detected. The low specificity in the
stress group might have been caused by a shift of amygdala function shown in an fMRI study

featuring highly negative movie clips (van Marle, Hermans, Qin, & Fernandez, 2009). The
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heightened sensitivity to potential threat shown in this study was accompanied by lower levels
of specificity. The direct access of the olfactory sensory system to the amygdala might have
caused an even more emphasised impact of its shift of function than the case for pictures, such
that the difference in startle responsivity to negative and positive pictures was less affected.
This would explain why startle responses to pictures might show a more distinctive specificity
in comparison with responses to odours in the stress group. Descriptively startle responses to
the pictures indeed are less specific in the stress than in the control group. This also becomes
evident in the stronger startle response to the faces of the committee members known
compared to the unknown faces in the control group, which might reflect a recognition effect
as previously shown for skin conductance response and heart rate (Stormark, 2004).
Furthermore, startle amplitudes in response to odours were generally more pronounced than in
response to pictures which would also suggest a greater impact of olfactory stimuli in general.
Since participants were wearing an oxygen mask for odour delivery, it cannot be ruled out
that this might have caused an uncomfortable feeling contributing to more pronounced startle
responsivity to odours than to pictures (Adolph & Pause, 2012). Nevertheless, the fear-
potentiated startle response was successfully replicated from previous studies (Ameli, Ip, &
Grillon, 2001; Bradley et al., 1993; Greenwald, Bradley, Cuthbert, & Lang, 1998; Paschall &
Davis, 2002), indicating high sensitivity and validity of the experimental setup.

3.4.3. Subjective odour ratings and odour recognition

The hypothesis of a more aversive subjective rating of the target odour in participants of the
stress compared to those in the control group could be confirmed at a trend level. Apparently,
the target odour was negatively associated with the stress experience, indicating that the
paradigm was successful. However, no memory differences were found in recognition of the
target odour - only two participants in each group correctly identified the target odour. It
seems to be an implicit effect the increased negative odour rating in stressed participants is

based on.

3.4.4. Conclusion

The present study provides evidence for enhancement of human startle responsivity one day
after exposure to an acute psychosocial stressor. This effect was found to be based on an
overarching sensitivity at the expense of specificity for olfactory or visual stimuli experienced
during the stressor, apparently associated with amygdalar responding in the aftermath of

stress.
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4.  Experiment 3: Odour and object memory in the immediate
aftermath of a stressful episode and its enhancement of startle
responsivity

4.1. Introduction

A one-time stressful experience has the potential of generally enhancing the human startle
response one day later, as shown in experiment 2 (Herten et al., 2016). However, through
influence of amygdaloidal processes, specificity of the startle response declines — an odour
ambient during the stressful episode in the TSST does not enhance the startle response on the
next day. It was previously shown that acute stress can lead to a diminished startle response
immediately after stress exposure (Deuter et al., 2012). Since the results from experiment 2
showed enhanced startle responsivity being accompanied by lowered specificity (Herten et al.,
2016), more blunted startle responsivity might go along with enhanced specificity. Thus, the
current experiment focusses on startle responsivity in the immediate aftermath of the TSST,
expecting enhanced specificity to the odour present during the stressful experience.

In experiment 2, a more aversive subjective rating of the odour was shown, reflecting a
long-term memory trace despite the lack of conscious recognition, which was poor (section
3.3.6.). In accordance with a possible reversion of effects towards a more pronounced
specificity, odour memory in closer temporal proximity to its experience is hypothesised to be
improved in comparison to 24 hours later and better in the stress than in the control group.

Experiment 1, as well as previous studies with the same setup (Wiemers et al., 2013;
Wiemers & Wolf, 2015), have shown that memory for central objects of a stressful experience
is enhanced 24 hours later in comparison to a control situation. Despite the increase of
fixations and fixation duration in the stress group in experiment 1, the data did not correlate
with memory outcome, nor did they mediate the relation between stress and memory.
Apparently, memory of a stressful episode becomes increasingly consolidated over a time-
span of 24 hours. There is not much known yet about stress effects on memory for objects
involved in the stressful situation in the immediate aftermath of the stressor, before
consolidation processes come into action. Rapid effects of stress on vigilance and attention as
described in the introduction (section 1.1.) are suggestive of beneficial effects on shortly
delayed free recall and recognition memory. Experiment 3 was conducted to assess stress
effects on memory in the acute phase in contrast to those one day later, in combination with

stress effects on immediate startle responsivity.
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Hypotheses

It is hypothesised that participants of a psychosocial stressor in its immediate aftermath
exhibit enhanced startle responsivity to an odour ambient during the stressful experience,
reflecting more pronounced specificity than 24 hours after the stressor. Memory for the odour
as well as for central objects of the stressful situation is hypothesised to be enhanced due to

increased vigilance caused by acute stress.

4.2. Methods

4.2.1. Participants

Participants included 70 non-smoking male (n = 35) and female students from the Ruhr-
University Bochum. Exclusion criteria were mental and physiological diseases and regular
medication use, a BMI under 18 or over 29 kg/m?. Only free cycling women having a regular
menstrual cycle were tested, outside menses and pregnancy.

The participants’ age ranged from 18 to 33 years (M = 23.59, SD = 3.62) and their BMI
from 18.07 to 28.99 kg/m2 (M = 22.69, SD = 2.63). Psychology students received course
credits for their participation, while the other students were paid an expense allowance of 20
€. The study was approved by the local ethic committee of the Faculty of Psychology at the

Ruhr-University Bochum, and the Declaration of Helsinki was followed.

4.2.2. Experimental procedure

Participants were randomly assigned to either TSST or f-TSST. After signing informed
consent, they filled in the SIAS (Mattick & Clarke, 1998) in the preparation room. Current
affect was rated by filling in the PANAS (Watson et al., 1988) while the first saliva sample
was delivered. Subsequently, participants were led into a testing room with either the TSST
evaluation committee or the friendly f-TSST team, without previously having been informed
about the condition. A fixed amount of an odour concentration, methyl benzoate (Sigma-
Aldrich Corp., St. Louis, Missouri, USA), was dispersed during the participants’ speech
(Wiemers et al., 2014) using a compact ventilation device (TaoMaus, TAOASIS GmbH,
Detmold, Germany). Back in the preparation room, participants delivered the first post saliva
sample (+1 min) and then filled in the PANAS. Before the first startle block was initiated, a
third saliva sample (+10 min) was collected. Participants then randomly started with either an
olfactory or a visual startle block. Afterwards, the last saliva sample (+35 min) was delivered.
For memory assessment, participants were instructed to freely recall as many objects present
in the testing room as possible. Additionally, they engaged in an object recognition task,
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rating on a 6-point scale how sure they were to have previously seen the objects displayed in
the testing room.

Finally, participants rated six odours for their pleasantness on a 4-point scale (1 = “very
pleasant”, 2 = “pleasant”, 3 = “unpleasant”, 4 = “very unpleasant”) and were asked to decide

which of the six odours had been present during their speech or social interaction, respectively

(Figure 4.1.).
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=120 min r = saliva sample (salivette)
Figure 4.1. Experimental timeline and procuedure of experiment 3.

Besides the target odour methyl benzoate, two neutral unknown distractor odours presented
during the startle session (bornyl acetate and linalool), as well as the unknown odour
damascenone, and the known fragrances lemon and lavender (Sulmont et al., 2002) were part

of the forced choice selection. Duration of the experiment was approximately 2 hours.

4.2.3. Material

4.2.3.1. Stress and control procedure

Trier Social Stress Test (TSST)

Stress was elicited using the modified version of the TSST (Kirschbaum et al., 1993; Wiemers

etal., 2013). Please see section 1.1.2. and 2.2.3.1. for a detailed description of the procedure.

Friendly TSST (f-TSST)
As a control condition the f-TSST (Wiemers et al., 2012) was used as described in section

2.2.3.1.
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4.2.3.2. Physiological stress measures

Salivary cortisol

In advance to the appointment, participants were instructed to refrain from any drug intake
and physical exercise 24 hours before testing as well as drinking nothing but water and not
brushing their teeth one hour before. Four saliva samples were delivered by each participant
and deep-frozen at -18 °C immediately after testing. The cortisol analysis was performed at
the local laboratory of the Ruhr-University Bochum with the DEMEDITECs Cortisol Free in
Saliva enzyme-linked immunosorbent assay (ELISA) Kit. The resulting intra- and inter-assay
CVs were below 10%. Due to the circadian rthythm of cortisol release, as described in section
1.1.1., participants were assigned to two time slots, either from 10 a.m. to 12 p.m. or 12 p.m.
to 2 p.m. Assignment was done pseudo-randomly to assure equal distribution of the sexes and

the two conditions over the two time slots.

Salivary alpha amylase

For measuring the response of the sympathetic nervous system, the enzyme o-amylase (SAA)
was analysed from the saliva samples (Rohleder & Nater, 2009; Rohleder et al., 2004). The
substrate CNP-G3 was used for measuring the enzymatic action of sAA at 405 nm. Intra- and

inter-assay CV were both below 8%.

4.2.3.3. Affect measurement
Affect ratings were provided using the PANAS (Watson et al., 1988), as described in detail in
section 2.2.3.3. Affect is calculated as a positive (PA) and a negative affect (NA) score.

4.2.4. Social Interaction Anxiety
To control for social interaction anxiety, the SIAS (Mattick & Clarke, 1998) was applied, as
described in section 3.2.4. In this sample, an acceptable reliability derived with Cronbach’s a

=.710.

4.2.5. Startle evocation

The startle stimulus consisted of a 100 dB white noise with 50 ms duration and an
instantaneous rise time, randomly presented via 80 Q headphones (DT770M, beyerdynamic
GmbH & Co. KG, Heilbronn, Germany). In contrast to experiment 2, the startle procedure
included only one block with pictures and odours presented intermittently. This was done in
order to avoid that the oxygen mask would be a confounding variable in modality comparison,

as now participants wore the mask during both picture and odour presentation. At the
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beginning of the startle block, 7 startle stimuli were presented during the 30 sec habituation
phase. Between 0.5 and 2.5 sec after presentation onset of odour or picture the startle stimulus
was applied. Every picture or odour was paired with the stimulus, but only in 50% of the
presentations. Each visual or olfactory stimulus was presented twice for 3 seconds. During the

ISI, which lasted for 8.5 sec, O to 2 startle stimuli were randomly applied.

4.2.6. Data recording

The electromyography recordings were conducted by means of two bio potential electrodes
(EASYCAP GmbH, Herrsching, Germany) attached to the orbicularis oculi muscle of the left
eye as described in section 1.5. (Blumenthal et al., 2005; Fridlund & Cacioppo, 1986; Lang et
al., 1990). Additionally, a disposable ground electrode (GOLMED GmbH, Weddel, Germany)
was attached to the forehead. For amplifying and transmitting the signal, the MP150 data
acquisition device (BIOPAC Systems Inc., Essen, Germany) with filter settings 10 to 500 Hz
was used. The startle programs were synchronised and executed with the software MatlLab

(version R2012a, MathWorks Inc., Ismaning, Germany).

4.2.7. Startle stimuli
4.2.7.1. Olfactory stimuli
Since one of the intentions of this experiment was to extend the findings of experiment 2
regarding acute stress effects, the same odours were used as in experiment 2. They had been
chosen due to previous ratings as unfamiliar and neutral (Sulmont et al., 2002). The three
essences methyl benzoate (60 pl), bornyl acetate (850 ul), and linalool (100 ul) (Sigma-
Aldrich Co., Munich, Germany) were dissolved in 50 ml scentless paraffinum liquidum.
These different odour concentrations were to assure comparable odour intensity (Wiemers et
al., 2014). The odours were delivered by means of an in-house built 6-channel constant-flow
(50 ml/s) olfactometer (Lorig et al., 1999) via oxygen masks (ROESER Medical GmbH,
Essen, Germany) covering nose and mouth. In order to achieve maximum intensity of odour
delivery at the moment of inhalation, the odour channel activation was adjusted to the
olfactometer’s mean latency (447.5 ms for onset, 608.5 ms for offset). For comparing startle
responsivity on the basis of room air, five trials activating a channel containing a non-odorant
cotton pad were included. Each odour was pseudo-randomly (never twice in a row) presented
7 times.

In accordance with experiment 2 (Herten et al., 2016), no breathing belt was implemented

due to participants’ compliance with breathing instructions (Adolph & Pause, 2012; Prehn et
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al., 2006). The instructions consisted of a countdown (3 to 0) announcing participants to

inhale when 0 is displayed, in synchronicity with the olfactometer’s latency for odour onset.

4.2.7.2. Visual stimuli

As a variable for comparison, pictures were included in the startle block due to their known
potency of modifying the startle response. This way, they provided reliable values to compare
to startle responses to the odours. Pictures of unknown as well as the respective committee
members known to the participant were included, as described in section 3.2.7.2. to assess
modality effects associated with stress exposure. Each face was presented four times in order
to assure valid trials with only two known committee members. Negative and positive stimuli
of the IAPS (Lang et al., 2008) were the same as described in experiment 2, matched for
arousal within each category and adapted from a previous startle study (Bradley et al., 2001;
Herten et al., 2016) as described in section 3.2.7.2. To ensure comparison with olfactory
stimuli, each picture was presented twice, but only once in combination with a startle
stimulus. The presentation screen measured 15” x 12” and had a resolution of 1280 x 1024
pixels with a brightness of 100. During the ISI, a 20 x 20 pixels fixation cross was displayed
at the centre of the screen. Participants were seated in an office chair at an approximate

distance of 45 cm from the screen.

4.2.8. Startle data processing

Identification of valid startle trials was done with a semiautomatic mechanism of the software
BrainVision Analyzer 2.0 (Brain Products GmbH, Gilching, Germany). Hereby, peak
detection was set to a time range of 50 ms to 225 ms from startle onset. Before, a 50 Hz notch
filter and a baseline correction mechanism (0-50 ms) were applied and the output was
rectified. Verification and revision were done manually. In total, 3.2% of the startle responses
were rejected, due to reactions outside the usual time scope (0.0613%) or non-responsiveness
(amplitude did not exceed largest baseline amplitude by factor 2; 3.13%; Adolph & Pause,
2012).

4.2.9. Memory assessment

For assessing differences in memory performance between the groups, a free recall task and

an object recognition task were applied as described in detail in section 2.2.6.
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4.2.10. Statistical analyses

For startle analyses, mean values for each stimulus (three odours, four picture types) and
sensory modality (olfactory, visual) were calculated. A repeated-measures ANOVA with
within-subjects factors MODALITY (odours, pictures) and between-subjects factors
CONDITION (stress, control) and SEX (male, female) was performed. It was repeated
separately for the two modalities, with ODOURS (3) x CONDITION (2) x SEX (2) or
PICTURES (4) x CONDITION (2) x SEX (2), respectively.

For memory data, mean values were calculated separately for stress and control group and
for central and peripheral objects. In case of violation of the normal distribution, the data were
log-transformed. To compare memory performance between stress and control group in the
object recognition task, a discrimination index (DI) was calculated as described in detail in
section 2.2.7. A repeated-measures ANOVA was performed with within-subjects factor object
CATEGORY (central, peripheral) and between-subjects factors CONDITION (stress, control)
and SEX (male, female) for both free recall and object recognition task. All statistical

analyses were performed with SPSS 20.0.0.

4.3. Results

4.3.1. Participants

Of the 70 participants 2 were excluded due to software failures of the startle program, 3
participants were startle non-responders, and one expressed an enlarged startle amplitude of
more than three SD from the mean. Another 5 exclusions concerned participants with
unusually high baseline cortisol levels (> 3 SD from the mean), 4 exhibiting a cortisol
decrease in the stress group, and one due to technical issues with the electrodes. Since cortisol
as a measure of HPA activity is a questionable mediator between stress and the startle eye-
blink response (section 3.4.1.), milder cortisol criteria than in experiment 2 were applied in
favour of statistical power®. Of the 54 participants remaining, 26 were in the stress and 28 in
the control group. As for menstrual cycle phases, 10 of the 26 female participants were in
their luteal, 8 in their follicular phase, and 8 were ovulating. The Chi-Square test checking for
differences in distribution of the different cycle phases between the groups showed no

significant differences (X2(2) =.248, p = .884).

* When applying the same 2.5 nmol/L cortisol responder criterion, the data show no changes in characteristics to
the data reported here.
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4.3.2. Physiological stress measures

Salivary cortisol

Since the cortisol data lacked normal distribution, they were log-transformed. A violation of
sphericity was revealed by Mauchly’s Test (/°(5) = 44.269, p < .001), hence Greenhouse
Geisser corrected p-values (¢ = .645) are reported. An ANOVA with within-subjects factor
TIME (baseline (-1), +1, +10, +35) and between-subjects factors CONDITION (stress,
control) and SEX (male, female) was conducted. It showed that stress induction was
successful, with participants of the stress group expressing an increase in cortisol
concentration, reflected in a significant CONDITION x TIME interaction (F(1.94,85.13) =
33.129, p < .001). There were significant salivary cortisol differences between stress and
control group at time points +1 (#51) = -2.666, p = .010), +10 (#(50) = -4.938, p < .001), and
+35 (#(51) =-4.919, p < .001), with maximum difference occurring at time point +10 (Figure
4.2.).
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Figure 4.2. Time course of log-transformed cortisol data for both
groups and sexes. Error bars refer to standard error of mean.
Significances concern group differences.*p < .05,***p < .001.
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A significant main within-subjects effect of TIME (F(1.94,85.13) = 29.297, p < .001) and
significant main between-subjects effects of CONDITION (F(1,44) = 7.979, p = .007) were
detected. Women exhibited slightly lower cortisol levels than men, which was expressed in a

significant between-subjects effect of SEX (F(1,44) =8.512, p = .0006).

Salivary a-amylase

The sAA were log-transformed as they lacked normal distribution. Mauchly’s Test showed a
violation of sphericity (;(2(5) = 6.178, p < .001), thus Greenhouse Geisser corrected p-values
(¢ = .789) are reported. The ANOVA with within-subjects factor TIME (baseline (-1), +1,
+10, +35) and between-subjects factors CONDITION (stress, control) and SEX (male,
female) detected a significant within-subjects effect of TIME (F(2.37,104.1) = 40.456, p <
.001), with a peak of sAA release one minute after the TSST/f-TSST, declining steadily in the
aftermath in both groups (Figure 4.3.).
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Figure 4.3. Time course of log-transformed sAA data for both
groups and sexes. Error bars refer to standard error of mean.
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No significant main effect of CONDITION (F(1,44) = .024, p = .878) and no CONDITION x
TIME interaction (F(2.37,104.1) = 1.188, p = .317) were found, indicating a similar time
course of SAA release in participants of both groups. In females, the SAA level of participants
of the control group was slightly higher than in the stress group, whereas in males the
opposite pattern was shown, reflected by a significant between-subjects CONDITION x SEX
interaction (F(1,44) =4.126, p = .048).

4.3.3. Affect measures

The PANAS scores show no group differences in affect ratings before the experimental
manipulation. Participants of the stress group reported lower positive affect (PA) and higher
negative affect (NA) compared to the control group after the experimental manipulation
(Table 4.1.). A repeated-measures ANOVA with within-subjects factor TIME (pre, post) and
between-subjects factors CONDITION (stress, control) and SEX (male, female) was

conducted separately for the two affect scales (PA, NA).

Negative affect (NA)

The ANOVA for NA resulted in a significant within-subjects effect of TIME (F(1,50) =
8.918, p = .004) and a significant CONDITION x TIME interaction (F(1,50) = 26.490, p <
.001), with the control group exhibiting lower post-assessment scores for the NA compared to

pre-assessment scores, whereas the opposite pattern was shown in the stress group.

mean (SD) stress control

NA-pre 12.77 (3.80) 12.14 (1.78)
NA-post 18.23 (6.59) 10.68 (0.91)
PA-pre 29.50 (4.49) 28.54 (7.00)
PA-post 29.38 (5.93) 33.39 (7.54)

Table 4.1. Mean and standard deviation (SD) for negative affect
(NA) and positive affect (PA) before (pre) and after (post) the
experimental manipulation.

Moreover, a significant main effect of CONDITION (F(1,50) = 25.743, p < .001) was

detected. Participants stressed had significantly higher scores at post-assessment of NA than
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the control group (#(52) = -6.005, p < .001), whereas no differences were shown at pre-
assessment (#(52) = -.785, p = .436).

Positive affect (PA)

Participants from the control group exhibited a higher PA after the experimental
manipulation, reflected in a significant within-subjects effect of TIME (F(1,50) = 12.712, p =
.001). Moreover, the analysis revealed a significant CONDITION x TIME interaction
(F(1,50) = 14.583, p < .001). At post-assessment, participants of the control group showed a
significantly higher PA than participants stressed (#52) = 2.160, p = .035), whereas at pre-

assessment there were no group differences (#(52) = -.597, p = .553).

4.3.4. Social Interaction Anxiety
No differences in SIAS scores between stress and control group were found (F(1,52) = 2.704,

p>.10).

4.3.5. Startle responses

Descriptively, the startle responses of stressed participants in general are more pronounced
than those of control participants (Figure 4.4.). As the startle data were not normally
distributed, they were log-transformed for further analyses. Mauchly’s Test resulted in a
violation of sphericity (¥*(27) = 53.600, p = .002), thus Greenhouse-Geisser corrected p-
values (¢ = .785) are reported. An ANOVA including the four factors MODALITY (odours,
pictures), STIMULUS (3 odours, 4 pictures), CONDITION (stress, control), and SEX (male,
female) revealed a significant main within-subjects effect of MODALITY (F(1,50) = 8.305, p
=.006), with a higher startle responsivity for odours than for pictures (M = .323, SD = .21; M
=.300, SD = .21).
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Figure 4.4. Mean log-transformed startle responses in both modalities
(odours and pictures) for both groups. Error bars represent standard
error of mean.

target odour = methyl benzoate, odour 2 = bornyl acetate, odour 3 = linalool,
non-odour = cotton pad

Neither a significant main effect of CONDITION (F(1,50) = 1.682, p = .201), nor a
CONDITION x STIMULUS interaction (F(5.49,274.66) = 1.209, p = .303) were found. There
was a trend towards a threefold CONDITION x MODALITY x STIMULUS interaction
(F(3,150) =2.413, p = .069). A post-hoc independent-samples t-test for group comparison of
startle in response to the different odours showed a trend towards higher startle responsivity to
the target odour in stressed participants (#(52) = -1.768, p = .083). Startle amplitudes in

response to the non-odour showed no significant differences to the other odours in the groups.

4.3.6. Odour recognition and odour ratings
Of participants from the stress group, 53.8% (14 out of 26) identified the target odour

correctly out of 6 odours included in a forced choice trial. In contrast, only 25% (7 out of 28)
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of the control participants recognised the target odour. This group difference showed a trend
towards significance (;(2(1) =2.645, p =.104).

The subjective ratings of the three odours were compared in a repeated-measures ANOVA
with the factors CONDITION (stress, control) x ODOUR (1 target, 2 distractor odours) x
SEX (male, female) to test for group differences in judgement of the affective quality of the
target odour. No significant CONDITION x ODOUR interaction (F(3,150) = .372, p = .773),
and no significant main effect of CONDITION (F(1,50) =.255, p = .616) were detected.

4.3.7. Memory performance

Free recall

A repeated-measures ANOVA was conducted with within-subjects factor object CATEGORY
(central, peripheral) and between-subjects factors CONDITION (stress, control) and SEX

(male, female).

B stress
Il control

number of objects recalled

central objects peripheral objects

object category

Figure 4.5. Mean number of central and peripheral objects named
in the free recall task in both groups. Error bars refer to standard
error of mean. Significances concern group differences.**p < .01.
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A significant CONDITION x CATEGORY interaction was shown for the free recall task
(F(1,50) = 4.937, p = .031, 172 = .090), as well as a main effect of CONDITION (F(1,50) =
9.265, p = .004, 172 = .156), with participants stressed demonstrating a generally better
memory performance than control participants, particularly for central objects (Figure 4.5.). A
significant within-subjects effect of CATEGORY was shown (F(1,50) = 121.082, p < .001, ;72
= .708), as both groups showed a better memory performance for central than for peripheral

objects.

Discrimination Index (DI)
The repeated-measures ANOVA for the DI as calculated from the object recognition task
resulted in a significant main effect of CONDITION, revealing a better memory performance

in the stress than in the control group (F(1,48) = 5.193, p = .027, 5> = .098).

B  stress
Bl control

discrimination index (DI)

central objects peripheral objects

object category

Figure 4.6. Discrimination Index (DI) for central and peripheral
objects recognised by stress and control groups in the object
recognition task. Error bars refer to standard error of mean.
Significances concern group differences.**p< .01.
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This effect was particularly pronounced for central objects, reflected in a significant
CONDITION x CATEGORY interaction (F(1,48) = 5.532, p = .023, * = .103) (Figure 4.6.).
A significant main effect of CATEGORY (F(1,48) = 84.507, p < .001, 772 = .638) shows the

stress effect to be more pronounced for central than for peripheral objects.

4.4. Discussion

The current study on human startle responsivity and memory for a stressful situation in its
immediate aftermath showed that stressed participants tended towards higher startle
responsivity to the target odour. Stressed participants additionally exhibited descriptively
higher general startle responsivity across all stimuli and modalities compared to control
participants. Moreover, they showed a trend towards better recognition of the target odour and

significantly enhanced memory performance for the central objects of the stressful situation.

4.4.1. Stress induction

4.4.1.1. Physiological stress measures

The cortisol time course of the groups, with stressed participants exhibiting a cortisol rise
peaking at +10 minutes, whereas control participants show a decline, indicates a successful
stress induction. The physiological response in terms of cortisol and sAA is of the same
characteristics as previously shown with this paradigm (Wiemers et al., 2012). The sex
differences are assumed to be due to a previously observed lower cortisol responsivity in
women in confrontation with the TSST (Kirschbaum et al., 1999), as described in section

1.1.1., and do not lead to sex differences in the dependent variables.

4.4.1.2. Affect measures
The affect measures, in particular the higher post-assessment NA score in stressed and lower

score in control participants, confirm subjective stress induction.

4.4.2. Startle responsivity

Descriptively, stressed compared to control participants show enhanced startle responsivity in
immediate aftermath of the stress experience, in contrast to the findings of Deuter et al. (2012)
describing an even diminished startle response. Their findings are based on the CPT as a
stressor which lacks the social component of the TSST. Thus, the results lack comparability.
Apparently, the increased vigilance caused by stress (section 1.1.) leads to a more pronounced
startle response in order to protect the organism from potential threat. Since the CPT elicits a
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stress response solely based on physiological stress due to triggering the organism’s
temperature regulation system, the response differs from a situation of psychosocial stress
including ego threat.

The hypothesis that stressed participants show enhanced specificity, expressed in a
stronger startle response to the target odour, was confirmed at a trend level. As startle
responsivity in general was increased, this contrasts the findings of experiment 2 of enhanced
responsivity at the expense of specificity (Herten et al., 2016). Since the startle paradigm
occurred in closer temporal proximity to odour exposure, implicit and explicit memory for it
was stronger, which might have mediated enhanced responsivity to the target odour. Since
stress was found to potentiate sensory input (Munk et al., 1996), experience of the odour in
the acute stress phase was probably intensified.

In line with experiment 2 and a previous study comparing these modalities (Adolph &
Pause, 2012), startle responsivity for the olfactory modality was higher than for the visual
modality. As explained in section 4.2.5., participants were wearing the oxygen mask during
presentation of stimuli in both modalities in the current experiment. Thus, it can be ruled out
that it was responsible for enhanced responsivity to odours compared to pictures in
experiment 2. The olfactory system’s strong bond with the cortical nucleus of the amygdala
explained in sections 1.3. and 1.4. might cause this effect (Doty, 2001). It is conceivable that
rapid responses in areas of the amygdala elicited by odours led to a state of increased

vigilance for an amygdaloidal response cascade initiated by the startle stimulus.

4.4.3. Subjective odour ratings and odour recognition

As hypothesised, recognition of the target odour was superior in the stress contrasting the
control group, at a trend level. This supports the notion of potentiated odour experience in the
acute stress phase, as discussed in the previous section. In the immediate aftermath of the
stressful episode including the odour, explicit memory for its aspects are enhanced. This
demonstrates the modified attentional and short-term memory aspects under stress before
consolidation processes come into play.

In contrast to this, the odour ratings between the groups did not differ — the target odour
was not rated more negative than the distractor odours. This indicates that implicit memory,
accounting for a more aversive affect in connection with the odour experienced during the
stressful situation, does not immediately benefit from the stress effects. Since the odour
ratings differ after one day, as shown in experiment 2, implicit memory might be boosted with

consolidation processes, causing the odour ratings to become increasingly negative with time.
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4.4.4. Memory measures

The memory effects found 24 hours after stress induction in experiment 2 as well as previous
studies (Wiemers et al., 2013, 2014) apparently are present already in the immediate
aftermath of the stressful experience. Consolidation thus does not seem to be the main process
accounting for these effects. As described in section 1.1., glucocorticoids acting on the
noradrenergic system of the basolateral amygdala facilitate the beneficial effects of stress on
memory consolidation (Roozendaal, Okuda, de Quervain, & McGaugh, 2006). However,
rapidly proceeding non-genomic effects on immediate attentional and mnemonic processes in
the acute stress phase (de Kloet et al., 2005) apparently are pivotal for increased memory as
found in experiments 1 and 3. In line with this, increased vigilance under stress has been
shown to create a vantage point for processing of stressor-related information of relevance
(Hermans, Henckens, Joéls, & Fernandez, 2014; Ramos & Arnsten, 2007). In a stressful
situation, attention and memory for stimuli of potential relevance for similar future situations
is exceptionally promoted (de Kloet et al., 2005). Objects used might be linked to the specific
situation to potentially reoccur in the future and are thus encoded and as a result remembered

better, even before being consolidated into long-term memory storage.

4.4.5. Conclusion

The results of this experiment show that at a trend level psychosocial stress enhances the
auditory fear-potentiated startle response in the acute phase, apparently due to increased
vigilance triggering the organism’s protection mechanisms. This effect was shown
particularly in response to the odour ambient during the stressful episode, indicating increased
response specificity. The enhancing stress effects on memory are detectable in the immediate
aftermath of the psychosocial stressor, even before salient enough stimuli are then being

transferred into long-term memory.
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5. General discussion

The investigation reported in this dissertation was conducted in three experiments to shed
light on whether stress influences

- fixation behaviour, hereby mediating memory outcome,

- odour perception and memory combined with startle responsivity after 24 hours,

- odour perception and memory in combination with startle responsivity and object

memory in immediate aftermath of psychosocial stress.

In this section, the findings of the three experiments are integrated for drawing a final
conclusion on the topics the dissertation aimed to contribute to. The general discussion is
overarching with regard to similar findings of the three experiments as well as concerning the

different parameters assessed.

5.1. Summary of the main findings

5.1.1. Experiment 1

The findings of this experiment show a significant enhancement of stress on fixation duration
and number of fixations on central objects. At the same time, fixation on the faces of the
committee members was more pronounced in the control than in the stress group, presumably
due to gaze aversion of stressed participants towards the aversive source of stress. Even
though the beneficial effects of stress on recognition memory and free recall after 24 hours
could be replicated, fixation and memory measures did not correlate, nor did fixation mediate
the effects of stress on memory. The results indicate that modified fixation patterns under
stress cause advantageous stimulus processing potentially influencing the selection of stimuli
of relevance to subsequently be consolidated into long-term memory. Nevertheless, they show
that there is no direct and no strong relation between fixation measures and memory outcome

under stress.

5.1.2.  Experiment 2

In this experiment, stress effects on startle responsivity, affective olfactory perception and
odour memory 24 hours after stress exposure were investigated. The results show generally
enhanced startle responsivity 24 hours after psychosocial stress, combined with a decrease in
specificity. The odour ambient during the stressful episode tended to be rated more aversive,
however, recognition memory of and startle responsivity to the odour were not increased.
Apparently, the stress experience leads to increased vigilance and response sensitivity to

aversive stimuli as assessed by the startle paradigm on the next day. This effect might be
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based on a shift in amygdala processing towards increased anxiety, causing a “spill-over”

effect with regard to responsivity at the expense of specificity.

5.1.3. Experiment 3

Similar to experiment 2, stress effects on startle response specificity to an odour ambient
during the stressful episode were assessed in immediate aftermath of the psychosocial
stressor. To expand the findings of experiment 1, object memory was assessed in the acute
stress phase. The results show enhanced startle response specificity under stress with an
increased response to the odour present during the stressful experience, at a trend level.
Stressed participants further tended to recognise the odour better than control participants.
Memory for central objects was found to be significantly increased in the stress group. The
findings suggest that stress exerts immediate influence on startle responsivity and in particular

memory processes, before consolidation processes come into play.

5.2.  Stress induction

All three studies used a modified version of the TSST for stress induction (sections 1.1.2. and
2.2.3.1.), in comparison to the f-TSST as the control condition (section 2.2.3.1.). By eliciting
psychosocial evaluative threat, establishing a motivated performance, and integrating the
aspect of uncontrollability, the TSST leads to a strong stress response in the laboratory.
However, it has to be noted that, in comparison to natural situations like accidents, the stress
response elicited by the TSST in terms of cortisol release and affective reaction is of a rather
moderate nature and by no means comparable to a traumatic event. The use of a responder
criterion thus provides a tool to distinguish stressed from non-stressed participants within the
given range of cortisol rise elicited by the TSST. If the investigation focusses on HPA axis
activation, a stringent responder criterion, as used in experiment 2, ensures that all
participants in the stress and no participant in the control condition exhibit a stress response in
terms of cortisol release triggered by HPA axis activation. As the influence of stress on
fixation behaviour was not believed to be mainly based on HPA axis activation — actually, a
stronger association with the rapidly increasing sAA response would have been more
conceivable — the responder criterion in experiment 1 differed from that used in experiment 2;
only responses distinctively deviating from the mean of the respective group were excluded.
This criterion was adopted in experiment 3 for increased statistical power. The exclusions in
all three experiments were comparable to the number of excluded participants in previous
studies with the TSST (e. g. Kirschbaum et al., 1993).
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In all three experiments, the TSST successfully elicited stress by means of HPA axis
activation, expressed in stronger cortisol elevation, as well as increased negative affect after
the experimental manipulation. Hereby, the main source of social-evaluative threat and thus
of stress was the committee. Due to their reserved and cold behaviour, the context of the job
interview becomes its meaning and is perceived as stressful, despite the knowledge about it
being a simulated situation. Sex differences in cortisol release as observed in experiment 1
were due to intake of hormonal contraceptives (Kirschbaum et al., 1999; Nielsen et al., 2013)
and did not cause other sex differences in the dependent variables assessed. Neither did the
sex differences in cortisol release found in experiment 3, which are presumed to be due to
dampened cortisol release in women, as previously observed in laboratory stress situations
such as the TSST (Kirschbaum et al., 1999). At the same time, the f-TSST provided a well-
controlled and comparable control condition not activating the HPA axis, whereas SNS

activity in terms of a rise in SAA is comparable in stress and control group.

5.3. Fixation and attention

Experiment 1 aimed at establishing a link between fixation measures and memory
performance in stressed participants. That is, to investigate whether memory enhancement in
stressed participants is mediated by longer and more fixations on the objects memorised. As
hypothesised, stressed participants exhibited significantly prolonged fixation times and more
frequent fixations on the central objects than control participants in experiment 1. Thus, stress
exerts influence on fixation behaviour. Despite the missing correlation and mediation between
fixation measures and memory outcome on the next day in connection with stress, fixation
patterns seem to have an impact on information encoding and, in concert with attentional
processes, contribute to optimal selection and processing of relevant input. In line with this,
stressed participants in experiments 1 and 3 demonstrate significantly enhanced memory for
central objects. The presence of these effects in the immediate aftermath of the stress
experience in experiment 3 shows that processes of attentional narrowing towards potentially
relevant items have occurred. Since stressed participants did show different fixation patterns
from control participants, these are obviously associated with the attentional modification
which apparently accounted for the narrowing of focus on the central objects. As discussed in
section 2.4.5., the impact of this immediate effect might decrease with time and with
increasing action of consolidation processes, which would be the reason why no direct
correlations could be detected. Moreover, it was only assessed whether participants did or did
not remember the objects, but not memory for details. Longer and more frequent fixations
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would however suggest a better encoding of and thus memory for details, whereas less
attention towards an object does not necessarily mean that it is not going to be remembered,
but memory for details might be weak. Since lowest level representational structures of
objects are formed within a few hundred milliseconds of fixation (Rensink & Enns, 1998),
features, for instance the object category, can be processed rapidly. However, focussed
attention is needed to form a coherent and more detailed object representation, as low level
structures are fragile and may be overwritten by new concurring input (Rensink, 2000a,
2000b). Memory for details is thus more likely to be correlated to fixation times. In
experiment 1 the memory effects were assessed with an “all-or-nothing” method, especially
with regard to the free recall which showed the strongest effects. Assessment of the number of
details remembered in an additional memory task might demonstrate a closer relationship
between fixation and memory.

Since the fixation measures fixation count and average fixation duration showed enhanced
expression from the moment of object usage, it can be confirmed that the categorisation of the
objects based on their use by the committee members is reasonable. As the committee
members are the main threatening stimulus in the TSST, their behaviour, including the items
they involve, are bound to the main stressor and thus become of relevance themselves. Hence,
the categorisation as central refers to the role of the item in the situation and its potential
importance. This shows that location is not the main factor regarding the meaning of an object
as was previously referred to for categorisation as central (Wessel, De Kooy, & Merckelbach,
2000). Previous studies have categorised central and peripheral items on the same basis as in
the current dissertation (Peth, Vossel, & Gamer, 2012; Wiemers et al., 2013). Their results
suggested this categorisation to be well-founded. However, the current investigation is the
first to introduce eye tracking measures to validate this categorisation and expand the related
findings to attention and fixation measures.

On the basis of these findings it could be shown that the effect of stress on fixation
measures, as the case for the memory parameters, was particularly significant for central
objects. This might be due to more stimulus related bottom-up processing under stress. As
previously described in section 2.1., stress leads to dominance of bottom-up processes, €. g. in
attentional selection (Buschman & Miller, 2007), whereas top-down processes are curtailed
(Arnsten, 2009; Sidnger et al., 2014). Since top-down control relies on prefrontal areas
(Buschman & Miller, 2007), this effect might be due to strong inhibition of prefrontal
activation under stress as found in an fMRI study (van Stegeren, Roozendaal, Kindt, Wolf, &

Joéls, 2010). Volitional direction of focus and thus attention as a result of top-down selection
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for both locations and objects are thought to rely on neural circuits in prefrontal cortex
(Desimone & Duncan, 1995; Kastner & Ungerleider, 2000). With stress impairing functioning
of the prefrontal cortex (Schwabe & Wolf, 2010), attention is thus drawn on basis of bottom-
up processes towards more specific, situationally relevant aspects. As the central objects are
being used by the main stressor, the committee, they gain relevance in this specific situation
and thus are prioritised. This mechanism is mainly dependent on the amygdala which
enhances perception and representational activation of stimuli of emotional relevance
(Anderson & Phelps, 2001). In visual scene perception stimuli compete with each other for
focussed attention. It was shown that arousal increases mutual inhibition effects between these
competing stimuli (see for review: Mather & Sutherland, 2011). Neutral stimuli competing for
attention can either be impaired or enhanced in dependence of their priority, which is defined
by stimulus based perceptual salience (bottom-up) or attentional focus through motivational,
goal-directed top-down processes, respectively. Particularly negative emotional arousal
increases attentional selectivity (Sutherland & Mather, 2012). Hence, in a situation of high
arousal, the selection of stimuli of relevance becomes more precise, as representations of
equal priority might all be suppressed. A more sensitive detection of differences in relevance
between the stimuli is thus promoted by amygdaloidal processes. Perceptual thresholds in the
respective sensory brain areas are lowered, facilitating enhanced sensory processing (Davis &
Whalen, 2001). In line with this, the amygdala was found to be activated as a moment-to-
moment representation of affective experience related to the stimulus perceived, subsequently
leading to memory enhancement dependent on emotional intensity of the respective stimulus
(Canli et al., 2000). Amygdaloidal processes thus seem to contribute to enhancement of the
signal-to-noise ratio for relevant and central aspects versus peripheral aspects. The process of
competition for representation just described is initiated with perception and ongoing up to
subsequent long-term consolidation processes (Mather & Sutherland, 2011). These findings
indicate that arousal, as elicited by stress, but also caused by affective features of the stimulus
itself, modifies fixation and attention processes which in successive mechanisms cause
selective items to be consolidated and remembered. Experiment 1 demonstrates modified
fixation patterns under stress which seem to be beneficial for later stages of stimulus
processing. Even though a direct correlation between fixation and memory is lacking,
subsequent mechanisms causing the memory enhancement under stress can only process what
earlier sensory stages provided them with.

In contrast to the object fixation data, the fixation measures on the faces of the committee

members show the reversed pattern, with stressed participants fixating the faces less often and
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for shorter times than control participants. In situations of social evaluative threat, the eyes of
the persons involved were shown to be the strongest fear-inducing feature (Ohman, 1986).
This makes gaze avoidance a common and successful strategy for reduction of discomfort in a
social stress situation (Posner & Rothbart, 2000). In addition to this affective component,
findings demonstrate an association of psychophysiological stress measures with gaze
avoidance, as a quadratic relation with cortisol concentration was found in children (de Veld,
Riksen-Walraven, & de Weerth, 2014). Especially in socially anxious individuals direct gaze
is perceived as a threat, causing its avoidance (Horley, Williams, Gonsalvez, & Gordon, 2003;
Wieser, Pauli, Alpers, & Miihlberger, 2009). As fear of social evaluation has been identified
as the main component of social anxiousness (Kocovski & Endler, 2000), participants under
socially evaluative threat, as elicited by the TSST, are very likely to avoid direct eye contact
with the committee members. Fixation measures of experiment 1 can confirm these findings

and expand them in terms of behavioural data of a controlled laboratory investigation.

5.4. Memory

Experiment 1 sought to replicate the findings of enhanced memory performance 24 hours
after a stressful experience (Wiemers et al., 2013) to investigate whether this effect is
mediated by fixation behaviour on the objects encoded and memorised. This investigation was
expanded to memory effects in the acute stress phase in experiment 3. Both experiments
assessed object recognition memory via a computerised task as well as free recall for the
objects involved. Memory results of experiments 1 and 3 confirmed previous findings of
memory enhancement under stress, and experiment 3 added to the question whether these
effects occur already after a short delay or are mainly based on consolidation processes,

promoting better memory performance on the next day.

Stress-induced memory enhancement

In all three experiments, stress was induced with the TSST. Memory encoding thus took place
during stress exposure. This way, close temporal proximity of the affective and hormonal
stress response with stimulus encoding did occur, which is essential for successful memory
enhancement under stress, as described in section 1.2. (Henckens et al., 2009; Joéls et al.,
2006; Lupien et al., 2002; Roozendaal, 2002; Roozendaal & McGaugh, 2011). Besides, it was
previously shown that encoding is exceptionally successful when the to be remembered input
is in close association with the stressor (de Kloet et al., 1999). Since in the TSST the encoded
objects are directly related to the stressful source, the committee members handling them, this

facilitating effect was thus given in all experiments of this dissertation. Moreover, stress
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intensity and memory enhancement are generally assumed to maintain an inverted U-shaped
relationship (section 3.1.). That is, very low levels of stress and thus cortisol concentration as
well as very strong stress responses do not promote memory enhancement, while moderate
stress does so. The TSST usually elicits medium levels of stress — in contrast to real-life
experiences such as an accident — with moderate cortisol increases, which is optimal for
memory effects. The optimal requirements for the memory promoting effects of noradrenergic
activity in basolateral amygdala enabling the effects of GR activation in hippocampus, as

described in section 1.2. (Roozendaal, 2003), were thus fulfilled.

Time course of memory enhancement

Whereas experiment 1 shows effects on delayed recognition and free recall memory
performances 24 hours after the stressor, results of experiment 3 imply that these effects are
already present in the immediate aftermath of the stressful experience, circa 40 minutes
afterwards. During this relatively short time span, encoding and selection processes of the
stimulus representations take place, but memory for them is not yet stabilised by
consolidation processes. Nevertheless, after a short delay, memory for selective items is
already enhanced by stress. Thus, it can be concluded that consolidation processes are not
essential for detection of stress effects on memory enhancement. The main contribution of
consolidation processes might lie in further enhancing the signal-to-noise ratio in a way that
more relevant information becomes an even stronger memory trace, whereas irrelevant
information, which has not proved to be central, gets overwritten. Supporting this notion, data
of experiment 1 shows much stronger effects of group differences in free recall for the
Condition main effect (° = .489) as well as the Category-Condition interaction (5° = .365) 24
hours after the stress experience compared to the immediate aftermath as assessed in
experiment 3 (;72 =.156 and 772 =.090), despite the smaller sample size in experiment 1. Thus,
the differences in memory performance between the groups are more pronounced 24 hours
later, but already present in the direct aftermath. Additionally, the effect is even more
pronounced for central objects on the next day, as shown by the Category-Condition
interaction. In relation to the fixation findings, this implies that modification of processes
during encoding is a main contributor to stress effects on memory enhancement of objects in

the TSST, as already discussed in section 5.3.

Differential memory processes
In section 5.5., olfactory memory is discussed to rely on rather implicit memory processes in

contrast to encoding and consolidation of the visual stimuli used in the experiments of this
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thesis. To further compare olfactory to visual memory processes as assessed with the two
different memory tasks used in this thesis, the differences between the memory processes
underlying free recall and object recognition which have been found in experiments 1 and 3
are discussed and related to implicit and explicit memory processes in the following section.
Since free recall is based on recollection rather than familiarity, the stronger stress effects
in this task compared to the object recognition task in experiment 1 confirm previous results
of particularly enhanced recollection under stress (Wiemers et al., 2013). However, there
seems to be a dissociation effect regarding the different forms of memory in immediate
aftermath (experiment 3) versus 24 hours after stress (experiment 1) — data of the object
recognition task show a stronger effect for the Condition-Category interaction than results of
the free recall task in experiment 3. This indicates that free recall memory (recollection-
based) and memory in the object recognition task (familiarity-based) are differently
influenced by acute stress effects and by consolidation effects after stress during the course of
one day. In line with these findings, results from an event-related functional MRI study
suggest that emotion effects on retrieval memory are based on recollection rather than
familiarity, in particularly after lengthy (1 year) retention intervals (Dolcos, LaBar, & Cabeza,
2005). Moreover, this study could show more pronounced activity in amygdala, entorhinal
cortex, and hippocampus when emotional visual stimuli were correctly remembered than the
case for neutral visual stimuli. In addition, only in amygdala and hippocampus, not in
entorhinal cortex, this influence of emotional stimuli was superior for recollection compared
to familiarity. Thus, the effect of emotional stimuli seems to particularly influence
recollection memory via enhanced activation of amygdala and hippocampus. Not only for
emotional stimuli, but also for emotional contexts and neutral stimuli within these contexts, a
dominance of recollection over familiarity has been found. During retrieval of neutral objects
that had previously been associated with an emotionally laden (negative or positive) context, a
late central-parietal old/new difference in event-related potential (ERP) of 400 to 700
milliseconds was shown (Ventura-Bort et al., 2016). This describes a positive maximum in
parietal ERP modulation which has its onset at around 400 to 700 milliseconds after stimulus
presentation when correctly identifying the respective item. Centro-parietal waveforms for
old/new differences in this range (> 500 ms) have previously been found to reflect
recollection-based remembering (Rugg & Curran, 2007). The association with this ERP in the
investigation of Ventura-Bort and colleagues, in combination with the effects of stress on
particularly recollection-based memory performance as previously found in other studies and

the current dissertation, indicate an influence of stress particularly on recollection of affective
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stimuli. Recollection memory is thought to be based on more effortful processes, rather
slowly accessing conscious information about the respective object and its context (Rugg &
Curran, 2007). Moreover, recollection memory benefits from meaningful encoding and
requires more attention, both during encoding and retrieval, compared to familiarity (see for
review: Rugg & Yonelinas, 2003). This fits well with the findings of enhanced fixation
measures under stress as shown in experiment 1, reflecting more elaborate attentional
processes in stressed compared to control participants. It further underlines the role of central
objects as their utilisation is goal-directed and thus promotes encoding within a meaningful
context in contrast to the peripheral items. Recollection memory is further assumed to be a
continuous process inducing a mnemonic state after a certain threshold for memory retrieval
strength has been exceeded (see for review: Yonelinas, 2002). As discussed in this and the
previous section, stress promotes sensitivity in selection of stimuli of potential relevance to be
successfully perceived, encoded, and finally consolidated. Threshold dependency of
recollection memory would thus explain why this form of recognition memory is more
affected by stress and arousal, leading to more pronounced memory differences between

stress and control group.

Central versus peripheral object memory

In line with previous evidence (Kensinger, 2009; Mather, 2007; Waring & Kensinger, 2011;
Wiemers et al., 2013), experiments 1 and 3 both confirm the effect of enhanced memory in
stressed participants particularly for central objects. As described in section 5.3., the
categorisation of the items as central and peripheral objects is underlined by the fixation data;
central objects are fixated longer and more often than peripheral objects, in particular by
stressed participants. This has been shown to be the case after the central objects had been
used by the committee members, further validating this categorisation. Hence, even though it
were office items not emotionally laden in nature, they gained an emotional valence through
their association with the main stressor, the committee. In line with this, it has formerly been
shown that initially neutral elements are remembered better through pairing with an
emotionally charged context (Ventura-Bort et al., 2016). In this thesis the effect was shown
with a relatively moderate stress induction contrasting experiences like accidents or attacks.
For persons experiencing a traumatic event, the effect of previously neutral objects which are
encountered during the experience to become associated with the trauma is even stronger.
Thus, neutral objects can cue strong emotional memories through this previous association
and can be subject to fear generalisation. Given that the emotional context, which in the TSST

are the committee members, confers affective qualities on the items experienced within this
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context, these objects are subject to emotional binding processes promoting their encoding as
well as memory consolidation. That is, arousing stimuli lead to affective responses promoting
their binding to the context (see for review: Mather, 2007), which in the current investigation
is the situation of socially evaluative threat. In addition, cortisol has been found to enhance
item-context binding of central memory contents, suggesting to serve a protective function
against memory generalisation (van Ast, Cornelisse, Meeter, & Kindt, 2014). The items are
thus associated with and bound to the stressful situation by being used by the committee
members, as also supported by the findings of the fixation data discussed in the previous
section.

Stress did especially promote memory for central items, but also enhanced memory for
peripheral items, in the free recall task in experiment 1 even significantly (section 2.3.3.).
These findings contrast those of a previous study reporting a memory trade-off effect under
emotionally arousing conditions, with better memory for central aspects while memory for
peripheral aspects was impaired (Mather, 2007). A possible explanation for these
contradictory findings might refer to the cognitive demands of the free speech task in the
TSST, leading to fewer resources available for memory encoding. The suppression of the
emotion-induced trade-off effect by inclusion of a cognitively demanding secondary task has
been addressed before (see for review: Kensinger, 2009). A further possibility could be of
methodical nature, as studies reporting the trade-off effect made use of emotionally arousing
stimuli capturing attention, such as pictures of car accidents. It was demonstrated that in
studies without “attention magnets” the emotion-induced trade-off effect could not be
replicated in favour of generally improved memory rather than memory narrowing (see for
review: Laney, Campbell, Heuer, & Reisberg, 2004). Since none of the items used in the
TSST can be regarded as an “attention magnet” for they are not emotionally arousing or
salient in nature, but only gain their relevance through becoming related to the main stressor,

this could explain why the data does not replicate any memory trade-off effects of stress.

5.5. Olfaction

Experiments 2 and 3 both investigated whether a stressful experience influences the
perception of a previously unknown and neutral odour towards a more negative rating of and
enhanced memory for the odour, and thus a fear-potentiated startle in response to this odour,
24 hours after or in the acute stress phase, respectively.

For experiments 2 and 3 mixed results were found with regard to recognition of the odour
as well as its rating. The target odour was recognised by 53.8% of the stressed participants in
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experiment 3 — in the immediate aftermath of the stressful experience — compared to only
10% of correct identifications after 24 hours, in experiment 2 (Herten et al., 2016). In
experiment 3, in closer temporal proximity to the experimental manipulation, stress and
control groups differed at a trend level (53.8% versus 25% of correct identifications), unlike
on the next day where the exact small amount of participants (two) in each group recognised
the target odour. The data further show a dissociation of subjective rating of and memory for
the target odour — whereas acute stress effects seem to be beneficial for memory of the odour
present, it does not influence its subjective rating; one day later, though, explicit memory for
this odour apparently declines in parallel to consolidation of the affective response eliciting a
more negative rating (Herten et al., 2016). Different forgetting rates of explicit and implicit
memory contents might be responsible for this dissociation. Explicit and implicit memory
processes have been shown to act independently of each other (Cowan & Stadler, 1996; Graf
& Schacter, 1985; Roediger, 1990; Schacter, 1987). Explicit memory might decrease more
rapidly than implicit memory, as was previously found particularly for fear-related memory
contents (Packard, Rodriguez-Fornells, Stein, Nicolds, & Fuentemilla, 2014). This could have
caused the more negative rating of an odour whose conscious association with the stressful
experience on the previous day has ceased. In the light of these findings, the memory
processes discussed in the previous section suggest a relation of the different time courses of
recollection and familiarity with implicit and explicit memory processes. Models on these
different forms of memory have suggested that familiarity and implicit memory both underlie
the same main memory process (e. g. Mandler, 1980). It can be presumed that explicit
memory is rather associated with recollection, whereas implicit memory affords cues which
are related to familiarity judgements (see for review: Rugg & Yonelinas, 2003). Thus, the
more pronounced impact of stress on recollection of the objects 24 hours later, as found in
experiment 2, would suggest an improvement of explicit rather than implicit memory. This
contrasts the notion that explicit memory declines more rapidly than implicit memory
(Packard et al., 2014). However, this might be dependent on the modality of the stimuli
encoded and retrieved. It is conceivable that visual stimuli form stronger explicit memory
contents which are enhanced under stress and consolidated, such that their recollection is
better after one day. Due to the lack of thalamic gating described in section 1.3., olfactory
stimuli are prone to create strong implicit memory contents. This might explain the
differential effects with regard to odour rating and odour memory, as implicit memory for the
odour might have been consolidated, leading to a more negative rating on the next day. At any

rate, odours have strong potency to become related to an experience, also due to their
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connections to crucial emotion and memory structures like amygdala and hippocampus. A set
of novel visual stimuli was shown to become associated with specific odours in a functional
magnetic resonance imaging study, causing increased activation in right anterior hippocampus
in contrast to ‘visual-only’ acquisition of those stimuli (Ghio et al., 2016). Enhanced
activation of memory structures by olfactory stimuli might reflect a potential of odours to
initiate additional memory processes, maybe of implicit nature. These and the findings of
experiment 3 indicate a high amenability of the olfactory system to become related to new
memory contents.

It was hypothesised in experiments 2 and 3 that the odour ambient in the testing room
would later elicit an enhanced startle response due to a negative association with the odour
present during the stressful experience. One day after stress exposure, this prediction could
not be confirmed, and in the immediate aftermath only at a trend level. The explanation might
be a shift towards enhanced responsivity at the expense of specificity, based on activity shifts
in the amygdala, as previously discussed (section 3.4.2.). In this case, the increased vigilance
would lead to a “spill-over” effect masking specific responses to the stimuli presented during
the startle block. This alone would not explain why the same effect was shown not only for
the acute stress phase in immediate aftermath of the stressor in experiment 3, but also in
experiment 2, when the acute stress response had ceased. A possible explanation for this
would be that context effects of memory of the stressful episode lead to re-experiencing the
same internal state as on the previous day. Memory retrieval is known to be better when
taking place under the same contextual circumstances as memory encoding, which does not
only refer to the external environment (Godden & Baddeley, 1975; Schwabe & Wolf, 2009),
but also to internal emotional states (see for review: Bookbinder & Brainerd, 2016). It was
shown that odours have the potential of being efficient contextual cues for stress-related
memory contents, as described in section 3.1. (Wiemers et al., 2014). Since stress has been
found to enhance item-context binding (van Ast et al., 2014), context effects of memory
encoding and retrieval are likely to be enhanced by stress. It would thus be conceivable that
re-exposure to the odour during the startle session triggered the same affective internal state
as on the previous day and thus lead to the same “spill-over” effect found before. The
negative affect in participants of the stress group was not found to be increased after testing
on the second day. However, the assessment was not done immediately after the startle block
as it was on day one, instantly after stress exposure, but at the end of the testing session,
approximately 35 minutes after the startle session. It thus remains unclear whether negative

affect was enhanced in the stress group at the moment of startle exposure.
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5.6.  Startle responsivity

Experiment 2 and 3 were designed to show that stress leads to enhancement of startle
responsivity, particularly with regard to an odour experienced during stress induction, 24
hours later or in immediate aftermath of the stressor, respectively. Since the startle reflex is a
protection mechanism against potential threat to the organism (section 1.5.), increased
vigilance induced by stress is bound to enhance this reflex. For the acute stress phase this was
found in experiment 3, even though only at a trend level. Interestingly this effect was still
shown one day later in experiment 2, after cessation of the acute psychophysiological stress
response. The raw startle response voltage was found to be slightly higher in the acute stress
phase, as shown in experiment 3, than 24 hours later according to the results of experiment 2
(Herten et al., 2016). The more prominent group differences in this experiment are due to a
more pronounced startle response in the control group in direct aftermath of the f-TSST,
which might be explained by SNS activation due to the social interaction. As already
discussed in section 2.4.1.1., the f-TSST as a control condition also leads to SAA increase
(Wiemers et al., 2013, 2012), indicating similar SNS activation as in stressed participants.
Noradrenergic activation reflecting SNS activity has been shown to lead to sensitisation of the
acoustic startle response in rodents (Fendt, Koch, & Schnitzler, 1994). In humans, the startle
response was also found to be highly sensitive to arousal (Balada et al., 2014). Thus, arousal
in control participants in experiment 3 could have caused enhanced startle responsivity
immediately after the control procedure, whereas in experiment 2, SNS activity on the second
day had ceased. This might explain the more pronounced differences between stress and
control group found in experiment 2 compared to the acute phase in experiment 3. Experiment
2 is the first investigation to show enhanced human startle responsivity one day after stress
exposure and demonstrates a long-term effect of the TSST on increased vigilance, even in the
absence of an acute psycho-physiological stress response.

As part of the hypothesis of experiment 2 and 3, startle response specificity was predicted
to be enhanced under stress, such that the startle amplitude in response to the target odour
methyl benzoate should be higher than in response to the two distractor odours bornyl acetate
and linalool. Experiment 2 did not confirm this expectation, but in experiment 3 this was
found at a trend level. It was assumed that this result had not been found 24 hours after stress
induction in experiment 2, since enhanced responsivity was accompanied by reduced
specificity due to a shift of amygdala functioning. However, besides increased specificity,
startle responsivity in general was increased in immediate aftermath of the stressor in
experiment 3, which contrasts the assumption made for the results of experiment 2 claiming
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enhanced responsivity at the expense of specificity (Herten et al., 2016). As previously
described in sections 1.1. and 5.3., stress leads to increased bottom-up habitual at the expense
of top-down controlled stimulus processing (Buschman & Miller, 2007). This mechanism
might have contributed to more stimulus-based responsivity during the acute stress phase in
experiment 3 and thus to more pronounced startle amplitudes in response to the odour just
experienced during the stressful episode. In contrast to this, the cessation of the acute stress
response might have caused elimination of the odour aversion. This assumption would be
supported by findings of a study on taste-potentiated odour conditioning, showing that
extinction of the previously conditioned taste aversion thoroughly extirpated the potentiated
odour aversion of the paired olfactory stimulus (Hatfield & Gallagher, 1995). In addition to
this, participants of the stress group were being debriefed about nature and purpose of the
psychosocial stressor, with the committee behaviour being standardised and by no means
related to their performance, after the first day’s testing session in experiment 2. This
knowledge about the previous stressor might have influenced the startle outcome on the
second day, similar to the experiment of Hatfield and Gallagher demonstrating this extinction
in the olfactory modality. Since the startle response is a very sensitive measurement tool, it is
possible that the target odour as an aversive stimulus was extinguished by the knowledge
about the stressor in combination with the diminished psychophysiological stress response of
the acute stress phase on the previous day. Contrasting this, stressed participants in
experiment 3 were not debriefed until after completion of the experimental session. Thus, they
were still of the belief that the voice and video recordings taken of them would be used for
further analysis by a committee they have just had an unpleasant encounter with, in addition
to the acute psychophysiological stress response causing the increasingly promoted stimulus-
response processing. In addition to this, odours are thought to be more dependent on the
original encoding context than stimuli in other modalities, mainly due to their non-lexical
nature (Hinton & Henley, 1993).

It was shown in experiments 2 and 3 that odours seem to have a special potency to trigger
strong responses under stress-induced increased vigilance, expressed in a significantly more
pronounced startle response than the case for visual stimuli. In experiment 2 participants were
wearing oxygen masks solely for odour delivery and not during the visual startle block. To
exclude this being a confounding variable causing the increased startle response for the
olfactory modality, a single startle block with visual and olfactory stimuli presented
intermittently was applied in experiment 3. Participants thus were wearing the oxygen mask

during both visual and olfactory stimuli presentation. Experiment 3 confirmed the finding of
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more pronounced startle responsivity to olfactory than to visual stimuli which had apparently
not been caused by the oxygen mask. This finding is in line with a previous investigation’s
showing higher startle magnitudes in response to odours than to pictures (Adolph & Pause,
2012). Furthermore, in direct comparison of responses in three modalities, olfactory, visual
and lexical, odours have been found to elicit qualitatively and quantitatively different
responses with the largest amount of affect (Hinton & Henley, 1993). Once again these effects
can be related to amygdala activation. Results of a Positron Emission Tomography (PET)
study demonstrate that pleasant and unpleasant affective feedback in response to stimuli in
any sensory modality relies on activation of the same core network consisting of the
orbitofrontal cortex, the temporal pole, and the superior frontal gyrus, each of the left
hemisphere (Royet et al., 2000). However, only judgements on pleasantness of stimuli in the
olfactory modality led to additional increase in regional cerebral blood flow in the amygdala.
This finding of superiority of the olfactory system in activating the amygdala by odours of
affective valence in direct comparison to visual and auditory stimuli is supported by the
results of experiments 2 and 3 of this dissertation, demonstrating more pronounced startle
responsivity to olfactory than to visual stimuli. It has to be noted, though, that the startle
reflex is designed to provide the organism with a fastest-response overall-protection
mechanism, soon as danger is detected in any sensory modality. By this signal-integration of
the different sensory modalities, a clear separation of the potencies of these modalities can
hardly be made, since the evolving startle response might be a potentiation of multiple inputs
to the different channels. However, the lack of specificity thought to be related to
amygdaloidal shifting processes is more pronounced in response to the odours — in both
experiments 2 and 3 — than to the pictures, as the negative pictures and the pictures of known
in contrast to unknown committee members still elicit higher startle amplitudes than the
positive pictures in stressed participants, reflecting the typical fear-potentiated startle response
in experiments 2 and 3. This would also support the assumption of special potency of
olfactory stimuli in enhancing the startle amplitude and thus leading to stronger responsivity
than visual stimuli. In the acute stress phase, the emphasis of the effect on olfactory stimuli
seems to be even more pronounced, as stressed participants exhibit a slightly lower specificity
in response to pictures, contrasting a slightly higher specificity in response to odours, while
the opposite pattern was found 24 hours later in experiment 2. The main findings discussed

here, compared to similar findings of previous studies are summarised in table 5.1.
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effect

supporting findings

consistent results of this thesis

narrowing of focus towards improved attentional selectivity in

significant items and selec-
tive attention under stress
and arousal

memory enhancement
under stress for central
information

no correlation of fixation
times and memory out-
come

covariation of memory per-
formance with fixation du-
ration

enhanced startle eye-blink
response 24 hours after
stress exposure

more pronounced startle
eye-blink reflex in response
to odours than to pictures

stressed participants (Chajut &
Algom, 2003); more attention to
central details in the emotionally
arousing condition (Christianson et
al., 1991)

better memory performance in
stressed participants for central
objects (used by committee) in the
TSST (Kensinger, 2009; Mather,
2007; Waring & Kensinger, 2011;
Wiemers et al., 2013)

stimulus exposure time does not
predict memory performance when
fixation time is partialled out (Lof-
tus, 1972)

better memory for central details in
emotional condition in subjects with
equal number of eye fixations on
that critical central detail (Christian-
son et al., 1991)

a one-time stress experience had an
influence on eye-blink conditioning
one day later in male rats (Beylin &
Shors, 1998)

odour presentations during emotion
regulation were accompanied by
larger startle magnitudes than picture
presentations (Adolph & Pause,
2012)

enhanced fixation on central items in
stressed participants in experiment 1

experiment 1 and 3 demonstrate a
better memory in the stress group in
particular for central items, in both a
free recall and an object recognition
task

despite enhanced fixation and me-
mory measures in stressed partici-
pants in experiment 1, they did not
correlate

both memory performance and fixa-
tion duration varied dependent on
group membership in experiment 1

the 15 minutes TSST elicited a stress
response strong enough to enhance
general startle responsivity one day
later

both the stress and control group ex-
hibit more pronounced startle respon-
sivity to odours than to pictures in
experiments 2 and 3

Table 5.1. Main findings of the experiments in this thesis and related findings from

previous studies.
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5.7.  Clinical implications and practical application

In many countries, particularly in the USA, eye witness reports are crucial for evidence and
their testimonies can have serious consequences, especially when death penalty is an option.
Due to their relevance, they exert a literally pivotal influence on the decision of the judge and
jury and thus the impact of their misidentifications contributes to a great extent to wrongful
convictions (National Academy of Sciences, 2014). Experiment 1 has shown that stress,
which is experienced in even more extreme forms in witnesses of crime or accidents,
influences fixation behaviour. Although this is a functional mechanism in order to focus on
potentially significant features in this specific situation for an appropriate response, this does
not warrant flawless encoding and, above all, retrieval of the information in an eye witness
situation. Besides suggestive questioning and other confounding factors, study 1 of this thesis
has shown that stressful situations influence fixation measures associated with different
attentional processes. Additionally, it was demonstrated that there is no direct translation of
fixation behaviour into memory outcome. It has to be considered that eye witness reports
might be produced on basis of effects such as weapon focus and item-context binding. As
previously discussed (section 5.4.), an “attention magnet” can lead to an emotion-induced
trade-off effect at the expense of memory for details not related to the central item (Mather,
2007). It was shown that scenes involving weapons lead to attentional narrowing, as
previously described in this thesis (section 2.1.), so that eye witnesses focussing on the
weapon can divide less attention to other details of the scene leading to a poor memory for
crucial details of the crime, for instance the culprit’s face or appearance (E. F. Loftus, Loftus,
& Messo, 1987; Maass & Kohnken, 1989). Results of experiment 1 indicate that a stressful
context has the potency of lending initially non-arousing items an affective character. Thus, in
a situation of high arousal and stress, context effects like this might lead to trade-off effects
even for stimuli non-salient in nature. Context effects, as discussed in this thesis (Godden &
Baddeley, 1975; Schwabe & Wolf, 2009), may furthermore lead to more accurate
identifications when potential suspects are being presented to the witness in the context of the
crime. Knowledge gained from results of psychological investigations like this has been
applied and institutions do already consider phenomena like weapon focus and context
effects, for instance by showing witnesses pictures of suspects at the crime scene (National
Academy of Sciences, 2014). Eye tracking research with participants under stressful
conditions and with simulated crime scenes would certainly add to the understanding of
processes eye witnesses go through during their encoding experience and when retrieving the
information.
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Other forms of emotional memory are thought to rely on emotion-induced context binding,
such as “flashbulb memories”. Most people have found themselves in a situation where they
heard about a strong emotionally arousing event, such as the 9/11 incident. Experiences like
this lead to strong memories for location, people’s company and other details of the occasion
people first heard of the incident. However, it was shown that these putatively strong
memories are mainly based on a higher confidence of accurately remembering the event in
every detail, rather than proving to be factually different to memories of other non-emotional
events (see for review: Hirst & Phelps, 2016). This underlines the finding in experiment 1
about a lack of one-to-one correspondence between emotional memory encoding and retrieval
processes, which is also relevant for eye witness cases. Flashbulb memories are for instance
strongly influenced by consolidation and rehearsal processes. With every recall of the event,
the memory is bound to be modified by other witness and media reports, not necessarily in the
accurate direction. Adaptive mechanisms like the stress response do thus not always turn out
to be functional.

A further issue demonstrating this is the pathology of PTSD, a condition caused by
extremely stressful, often highly traumatic experiences. It is characterised by re-experiencing
the event in terms of intrusive memories and intense dreams. Often, these re-experiences are
triggered by cues which can occur in any sensory modality like odours, flashes, pictures, and
loud noises and can take forms of intense flashbacks leading to hallucinations and illusions.
As part of the pathology, patients are in a state of increased arousal with hypervigilance
leading to an exaggerated startle response (e. g. Butler et al., 1990). These symptoms
demonstrate a binding of the experience to the original encoding context of the traumatic
event, a mechanism which is believed to actually serve a protective function in order to avoid
memory generalisation (van Ast et al., 2014). Part of this effect is believed to be based on
heightened HPA axis in concert with SNS activity during the traumatic experience,
influencing amygdaloidal and hippocampal processes in such intensity that a “failure to
recover from a nearly universal set of emotions and reactions” (Yehuda, 2002) derives. This
reflects the myriad processes under stress and concurrence of its various effects in the
different sensory modalities, which unfortunately can have negative and dysfunctional
consequences. A moderate stressor as used in the experiments of this thesis has shown that
neutral items can become central through being associated with a stressful context
(experiments 1 — 3) and that a negative perception of an odour involved in this situation can
be induced (implicitly in experiment 2 and explicitly in experiment 3). Patients suffering from

PTSD often associate stimuli perceived as neutral by other people with the negative
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experience and thus perceive the stimuli itself as negative, such as an odour (Vermetten,
Schmahl, Southwick, & Bremner, 2007). An approach to remediate or weaken the main
symptoms of PTSD is to untie the fearful memories from their original and generalised
context by re-exposure under protective circumstances or under administration of cortisol
promoting new encoding. A thorough understanding of memory strengthening processes
under stress, including all sensory modalities, can contribute to elaboration of the appropriate

method to weaken or even cure PTSD symptoms.

5.8.  Limitations

The TSST was shown to successfully induce stress in all three experiments, causing the
expected cortisol response as well as increased negative affect in the stress group. Moreover,
the f-TSST proved to be a suitable control condition, not activating the HPA axis and not
leading to an increase in negative affect in the control group. Even though these two
conditions are highly comparable, they are different in the nature of their respective social
interaction — while the TSST is characterised by a social evaluative situation causing the
participant to hold a monologue, the f-TSST is a friendly and casual interaction. While these
features do not influence the main parameters assessed in experiment 2 and 3, they do have an
influence on fixation measures in experiment 1. Since it is natural to keep eye contact and to
more or less constantly try to read the facial expression of an interaction partner in a relaxed
dialogue, participants of the f-TSST are expected to show more and longer fixations on the
committee faces than stressed participants who tend to avoid gaze towards and eye contact
with the committee as explained in sections 2.4.4. and 5.3. The motivation of participants of
the control group to direct focus onto the committee members evidently distracts from
directing their attention towards the objects. Although this difference is certainly owed to the
stress response in the one group versus the more naturalistic non-stressful interaction in the
other, it is rather the nature of the tasks causing the control participants to face towards the
committee members, whereas the stress group avoids this and might even focus on the objects
for reasons of emotion regulation. Nevertheless, also in non-stressful situations it is natural to
scan the environment, and many natural, non-laboratory stress situations also involve social
interactions, such that the data conducted in experiment 1 are still valid and representative.
This is also shown in fixation measures for peripheral objects which demonstrate no
significant differences between the groups. With regard to experiments 2 and 3, the

differences in the nature of the two conditions do not seem to have influenced the startle
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response to the committee faces, since no group differences in startle amplitude in response to
the pictures of the committee known as well as unknown were found between the groups.

Since memory for the committee faces has not been assessed, experiment 1 cannot answer
the question how the dissociation in fixation times on objects and faces between the groups
did actually influence differences in memory performance. If the more pronounced fixation of
the faces in the control group would have resulted in a better memory performance in
comparison to the stress group fixating the faces less often, the association between the
fixation measures and memory outcome would probably have been strengthened and might
even have led to a correlation between the measures. This however remains unclear.

Since olfactory stimuli are likely to have access to implicit memory contents (sections 1.3.
and 3.1.), and differences in object memory between free recall and object recognition have
been observed in both experiments 1 and 3, it is discussed whether stress differentially
influences free recall and object recognition memory, and — at the background of implicit
olfactory memory as well as the rather implicit assessment of the startle paradigm — implicit
and explicit memory processes. With regard to this, a differentiation between recognition and
familiarity is discussed. Since free recall is un-cued memory retrieval, it is based on
recognition rather than familiarity (section 5.4.) which is why this task has been included in
addition to the object recognition task. Results of the object recognition task have however
been dichotomised and not been analysed with a Receiver Operating Characteristic of the
AUC, such that no clear distinction between recognition and familiarity can be made in the
memory data of experiments 1 and 3.

Moreover, memory assessment with free recall is an “all-or-nothing” method, and object
recognition memory has been analysed as “remembered” versus “not remembered”. Thus, it is
unclear whether stressed participants did also have a more detailed memory for the objects
than control participants. Inclusion of this variable would have also provided a measure to be
associated with fixation times, as it is conceivable that longer and more frequent fixation lead
to better encoding of object features rather than just memory for the object in general.

The results in startle responsivity to the target odour show no (experiment 2) or only weak
enhancement (experiment 3), respectively, in the stress group. In both experiments 2 and 3, no
disgust-related or negative odours were included which would have provided a direct
comparison to the valence of the three odours presented, reflected in the respective effects on
the startle response. Thus, the data can neither provide a direct comparison of the effects of
negative olfactory stimuli with the odours presented, nor a comparison of the effects of

negative stimuli on the startle response between the two modalities. Thus, no conclusion can
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be drawn on why the target odour did not lead to a stronger startle response in the stress group
in experiment 2 and only a non-significant trend in experiment 3. Due to the significantly
more negative rating of the target odour in the stress group as reported in experiment 2 as well
as the trend towards an increase in startle responsivity to this odour in experiment 3, a lack of
negativity associated with the target odour seems unlikely.

In experiment 2, baseline cortisol differences between stress and control group have been
found. The ANCOV A has shown that these baseline differences, neither on the first nor on the
second day, have not been responsible for the differences in startle responsivity as found on
the second day. They might however be responsible for other differences between the groups,
mediating the outcome in an uncertain way. The fact that the effect of enhanced responsivity
in the stress group is even more pronounced when conducting the ANCOV A suggests a slight
influence of the cortisol baseline difference. As far as could be assessed with trait
questionnaires, the groups have been shown to be very similar. Of special interest in this
regard are social interaction anxiety and neuroticism. Hence, the baseline cortisol differences
could be due to for instance more participants of the stress group showing up too late for
testing rather than personality differences. As mentioned before (section 3.4.1.1.), it is unclear
whether cortisol influences startle responsivity at all. As it is not the only neuroendocrine
factor composing the stress response, other factors the stress response consists of might be

more crucial for influencing startle responsivity.

5.9. Future directions

As all our senses are finely adjusted to rapidly provide us with pivotal information needed to
deal with challenges of everyday life as well as with extraordinary situations of extreme stress
and threat, future research is needed to focus on the influence of stress on our sensory systems
and adjacent brain regions and processes to add to our understanding of organisms under
stress. This is especially important considering clinical conditions deriving from the growing

demands of work life, increasing the rate of stress-induced diseases in the population.

Fixation and memory

Experiment 1 indicates, despite lacking correlations, an influence of stress on fixation
behaviour and encoding processes. To further investigate potential interrelations between
stress, fixation, and memory, an experimental manipulation of fixation patterns in a controlled
setting would be necessary to draw conclusions about how the time spent fixating an object is

associated with memory. This way, fixation times can be kept constant in both groups and the
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direct influence of stress in terms of cortisol and affect can be assessed and related to the
fixation times.

As previous studies have already shown (Wiemers et al., 2013, 2012; Wiemers & Wolf,
2015), the experiments in this thesis confirm that the friendly version of the TSST leads to a
similar SAA secretion as the stress condition. Since the effects of SAA are more immediate in
comparison to the effects of cortisol, a stronger association of SAA secretion with fixation
measures can be assumed. Thus, a control condition not activating the SNS would shed light
on the relation between SNS activity and fixation behaviour.

The effects of stress on memory enhancement were assessed 24 hours later in experiment
1, combined with findings of stress effects on enhanced fixation measures at the moment of
stress. This difference in the assessment time of fixation and memory might be the reason for
the lack of correlation between these variables. A direct association of fixation behaviour with
short-term memory processes might be more likely than with regard to long-term memory
processes. It would thus be interesting to assess fixation in combination with memory
performance in immediate aftermath of the stress induction, as done in experiment 3, before
consolidation processes come into play. Hereby, memory for details should be additionally
assessed. It would also add to the comprehension of fear acquisition and trauma-related
diseases such as PTSD to thoroughly understand encoding mechanisms under stress and their
later representations in long-term memory. For this kind of pathologies, it would be of special
interest to find out more about item-context bindings, such that these could be extinguished to
avoid generalisation of fear and triggering of fearful memories by contextual cues. Evidence
suggests that arousing stimuli trigger emotional reactions prioritising binding of those stimuli
to their context (Hadley & MacKay, 2006; Mackay et al., 2004; MacKay & Ahmetzanov,
2005). Moreover, strong memory effects have been found for emotional items, particularly in
combination with a stressful situation (Abercrombie, Speck, & Monticelli, 2006; Bradley,
Greenwald, Petry, & Lang, 1992; Kuhlmann & Wolf, 2006). In the experimental setup used in
this dissertation, inclusion of emotional and arousing items would provide a comparison to the
neutral office items in terms of fixation times, memory strength, and temporal development of
their representations from short-term to long-term memory storage. Even though central
objects had the potential of becoming important in the stressful episode and lead to enhanced
memory, they might not have exceeded a certain threshold (like e. g. a gun feasibly would
have done) to demonstrate a direct correlation of fixation on and memory for them, since
memory was basically assessed with “all-or-nothing” tasks. This could have been overcome

by assessing memory for details of the objects. It is conceivable, that details of a gun are
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remembered better than details of a ruler, as a weapon is more salient and emotionally
arousing. Future investigations with this experimental setup should thus consider assessing
memory for details of central and peripheral objects to have a more precise measure for
comparing the memory performance of stressed and control participants and achieve a closer
association with fixation times. Additionally, items of different categories could be included
in future studies to investigate whether this would enhance more categorical memory contents
in contrast to more item-specific memory contents. Further, the inclusion of emotional and
neutral out-of-context items (e. g. a skull versus toaster) would be interesting for a direct
comparison of the influence of an emotionally arousing, stressful context versus a non-
stressful context on neutral versus arousing items, as well as the influence of arousing versus
non-arousing stimuli on item-context binding.

For future studies in the field of stress, especially when investigating memory effects,
fixation behaviour should always be taken into consideration. Hereby, also processes like top-
down and bottom-up control, influencing scanning behaviour and the perception of items as
salient or mundane, need to be considered. Also studies comparing the impact of stress on
memory in adults and children (Quas, Rush, Yim, & Nikolayev, 2014) should include fixation
behaviour as an additional measure to account for the different developmental stages of
experience-related top-down and bottom-up influences in adults and children.

Finally, with expanding knowledge about fixation behaviour under stress, it could
potentially provide a new measure of stress, in addition to heart rate and other biomarkers.
Relating behavioural parameters like fixation measures to inner states is a useful and
convenient measure that has been previously considered as such. As described in sections
2.4.4. and 5.3., gaze avoidance is considered as an expression of shame and embarrassment in
several cultures (Edelmann & Neto, 1989). In terms of stress, fixation times would be a useful
behavioural measure which is not intrusive, relatively easy to establish, and presumably very

congruent and stable across different cultures.

Olfaction and startle responsivity

Due to their high potency to enter long-term memory storage in combination with very
emotional memory contents (Herz, 1998; Herz & Cupchik, 1992, 1995; Herz & Schooler,
2002; Hinton & Henley, 1993), which is mainly due to their strong and direct connection to
areas of the amygdala (Herz et al., 2004), odours should be increasingly integrated into future
research. As the olfactory system is prone to trigger implicit processes, new study designs for
detection of odour-related affective states and memories might have to be considered. Since

the startle paradigm is very useful in doing so, a refinement of the startle setup and procedure
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for odours should be implemented in future studies. Also concerning the stimuli, it would be
helpful to further investigate the applicability of olfactory stimuli in laboratory set-ups, for
instance with regard to being neutral and unknown. The odours delivered besides the target
odour during the olfactory startle block in experiments 2 and 3 were included for comparison
of startle responsivity to see whether the target odour elicits a stronger response. Therefore,
the distractor odours were selected due to being neutral and unknown (Sulmont et al., 2002).
However, to be able to judge whether the similarity of the startle responses to the three odours
in experiment 2 (and only a trend towards stronger responsivity to the target odour in
experiment 3) is based on lack in negative affect in response to the target odour or on a “spill-
over” effect causing anxiety generalisation, a negative and a positive odour would have to be
additionally included in future investigations.

In experiment 2, a strict cortisol responder criterion was applied to include only
participants stressed based on HPA axis activation (Herten et al., 2016). Through this
selection criterion, it could be assumed that the enhanced startle responsivity detected in the
stress group was at least partly based on the increase in cortisol. However, to really
investigate the influence of cortisol on startle responsivity, a pharmacological study
manipulating the cortisol concentration by administration of hydrocortisone would reveal
causal relations between the two measures. This would be helpful to investigate, to really gain
knowledge about the influence of cortisol on startle responsivity which cannot be answered by
experiment 2 and 3.

Besides the instant effects of acute stress on startle responsivity, investigating long-term
effects of stress on startle responsivity would be of interest, particularly with regard to
pathologies. In a study with Gulf War veterans suffering from PTSD, enhanced startle
responsivity to different kinds of stimuli could be demonstrated, reflecting increased
sensitivity to stressful experimental contexts due to fear generalisation (Grillon & Morgan,
1999). It is conceivable that the experienced trauma in PTSD patients leads to a long-term
effect based on the shift of amygdala function discussed in section 3.4.2., such that general
sensitivity is enhanced, whereas stimulus specific responsivity decreases. Investigating long-
term startle responsivity in healthy but stressed participants would provide a measure for
comparison with startle responsivity in trauma patients.

In line with other findings (Adolph & Pause, 2012), results of experiments 2 and 3
demonstrated a generally more pronounced startle responsivity to odours than to pictures. As
discussed in section 5.6., the startle reflex integrates the input and thus sensory response of

the different modalities. Future studies comparing startle responsivity of different modalities,
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such as the visual and olfactory system, should therefore always include a startle block with
both visual and olfactory stimuli presented together at the same moment for a more reliable
comparison. This would also offer the possibility to calculate a delta-value providing an

additional measure.

5.10. General conclusion

5.10.1. Concluding “bigger picture”

The organism’s stress response is a well-adjusted mechanism initiated from the very onset of
the stressful event to cope with the current situation, and ongoing in the aftermath of the
stressful experience to consolidate its central information for the future. Hereby, all available
sources are concentrated on the main aspects of the situation to make use of any advantage
and transfer the pivotal aspects of the experience into long-term memory storage. Thus, the
processes during stress cannot be regarded in clear separation of one another, as they all serve
the main purpose of an instant and appropriate response to threat and the consolidation of the
contents learned from that situation. For this purpose, the available sources support each
other, which is why they have to be acknowledged as a holistic mechanism, processing the
same main input rather than just separately processing different inputs in a temporally
deferred manner. This dissertation therefore aimed at building a bridge between different
sensory modalities as well as between encoding and consolidation processes, thus immediate
and delayed effects. It was shown that during acute stress, behavioural modifications in terms
of fixation measures are detectable. These serve the purpose of focussed attention on and
extraction of the central and most crucial aspects of the stressful situation in the very moment
of stress for optimal coping. Since it would not be cognitively economical to initiate these
processes anew with every time a similar situation reoccurs, other processes come into play to
preserve the useful information, maintaining specific attributes of central aspects involved, as
well as contextual features. This is by no means restricted to visual input, but concerns all the
input available, even if not explicitly and consciously perceived in the stressful situation.
Since from the very moment of stress onset, the organism is adjusted to perceive and encode
information of no future use rather than to miss out on pivotal information, and rapidly acting
processes after encoding further filter the encoded representations and select whatever turned
out to be useful. For maximum efficiency, this is an ongoing mechanism preventing crucial
information from getting lost, whereas less useful representations become overwritten. This
selection is supported by amygdaloidal processes, as the amygdala signals on a moment-to-
moment basis. Items initially fixated and encoded might thus not be those items best
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remembered in the end, if they in the later course of the situation did not turn out to be
essential. However, memory formation is especially promoted from the very beginning of the
stressful situation, and memory effects can thus be detected after a short delay (in experiment
3, 40 minutes) as well as after one day, as replicated in experiment 1. The same can be
detected for the increased vigilance caused by stress; it leads to pronounced startle
responsivity, reflecting enhanced general sensitivity, in the immediate aftermath as well as 24
hours later. Like the neuroendocrine stress response, the startle reflex also is a mechanism to
concentrate available sources rapidly in a situation of threat to the organism in a multimodal
fashion. Hence, the startle response becomes even potentiated by stress. The findings of the
experiments conducted in the framework of this thesis underline the highly specialised and
adaptive multi-sensory integration of the stress response and the time course of some main

effects caused by it.

5.10.2. Conclusion of the thesis

The current thesis demonstrates modified fixation behaviour under stress, leading to longer
fixation times and more fixations in stressed participants. This finding reflects optimised
attentional processes promoting encoding of the most relevant information, as it was
particularly found for objects central to the situation contrasting peripheral objects. In concert
with this effect, memory processes were shown to be enhanced by stress especially for central
objects, in direct aftermath as well as one day later. Information bound to the stressor thus
promotes increased selective attention to and memory for it, in contrast to features not bound
to the stressor and information of a non-stressful episode. This information is not only
restricted to visual, but could also be shown for olfactory input. Hereby, formation and
consolidation of explicit memory contents is suggested to show a different time-course to
implicit memory, dependent on the modality of the encoded stimulus. Whereas explicit
memory for visual stimuli seems to increase with time, reflected by more recollection-based
memory one day later, explicit memory for an olfactory stimulus seems to decrease,
demonstrated by better odour recognition in the immediate aftermath compared to 24 hours
later. In contrast, implicit memory for olfactory stimuli seems to benefit from consolidation
processes, reflected by a more negative perception of the odour only on the next day. The
association of these findings with increased vigilance under stress is nicely shown by
generally enhanced startle responsivity under acute stress as well as 24 hours later. Whereas
response specificity to the odour in stressed participants seems to decline over the course of

one day, it increases for visual stimuli. These findings demonstrate highly adaptive and
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specialised processes in response to stress, with modalities operating in concert with each
other under acute stress, subsequently revealing separate developments with progressing
consolidation processes, in dependence of the salience and intensity of the stimuli in the
respective modalities. This thesis thus expands current knowledge about attentional processes
in terms of fixation measures under stress, the time course of stress-induced memory effects
in two different modalities within one day, and effects of stress on vigilance in terms of startle

responsivity, again in two different modalities within one day.
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